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ABSTRACT

T
HE output power quality, device voltage sharing, power converter fly-

ing capacitor voltage ripple and motor torque ripple at low-frequency/

speed operation are the major issues in high-power medium-voltage (MV)

motor drives. In this thesis, a new four-level multilevel converter (4L-MLC)

is proposed for MV drive applications. The proposed converter does not re-

quire series connection of devices, thereby the voltage sharing problems will

be eliminated. Also, the new MLC does not require any isolated direct cur-

rent (DC) sources and eliminates the need of complex phase-shifting trans-

former. Furthermore, the proposed MLC is also suitable for back-to-back

operation due to the presence of a common DC-link.

In addition, a simple voltage balancing approach with reduced complex-
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Abstract

ity is proposed to regulate the flying capacitors voltage in the proposed MLC.

The proposed approach eliminates the unwanted device switchings, thereby

the device switching frequency is limited to the carrier frequency only. Also,

a generalized pulse width modulator is developed to integrate the proposed

voltage balancing approach with different multi-carrier pulse width mod-

ulation schemes (PWM) to control the MLC. The performance of the pro-

posed voltage balancing approach is verified with phase-disposition PWM

(PD-PWM) scheme.

The MLC flying capacitors will have very high voltage ripple under low-

frequency/speed operation. To minimize these ripples, a modified multi-

carrier PWM scheme is proposed. With this approach, the converter flying

capacitors can handle a wide range of frequency/speed operation with a

smaller capacitance value. Hence, the overall system cost and required space

for installation will be low. The proposed converter and modified multi-

carrier PWM scheme are applied to variable-speed motor drive application.

The field-oriented control (FOC) in synchronous reference frame is imple-

mented to control the motor speed/torque and flux. Finally, the simulation

studies are presented to validate the dynamic and steady-state performance

of the proposed variable-speed MV drive.

Index Terms

• Capacitor voltage balancing.

• Capacitor voltage ripple.

• Field oriented control.

• Multilevel converters.

• Motor drive system.

• Pulse width modulation schemes.

• Reference frame theory.

• Total harmonic distortion.
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CHAPTER 1

OVERVIEW OF MEDIUM-VOLTAGE DRIVES

H
IGH -power converters and medium-voltage (MV) drives have enjoyed

an increasing attention since the invention of high-voltage semiconduc-

tor devices such as gate turn-off thyristor (GTO), integrated gate-commutated

thyristor (IGCT), and insulated gate bipolar transistors (IGBT) [1]. These

switching devices are widely used in high-power electronic applications ow-

ing to their optimal characteristics, low power losses, ease of gate control,

and snubber less operation [2].

Medium–Voltage

Drives

Mining Oil/Gas Metal Marine Paper/Pulp Cement Energy Other

-Conveyors

-Grinding Mills

-Crushers

-Shovels

-Water Pumps

-Ventilation Fans

-Hoists

-Oil Pumps

-Gas Compressor

-Water Injection

Pumps

-Mixers

-Rolling Mills

-Colling Fans

-Cooling Pump

-Coilers

-Extruders

Blast Furnace

Blowers

-Propulsion

-Thrusters

-Fuel Pumps

for Tankers

-Grinders

-Winders

-Fans

-Pumps

-Crushers

-Draft Fans

-Mills

-Kiln Drives

-Pump Storage

-Gas Turbine

Starters

-Wind Energy

Systems

-Boiler Feed

Water Pumps

-Water Pumps

-Traction Drives

-Wind Tunnels

-Test Stands

Figure 1.1. Applications of MV drives.
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Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

The MV drives have witnessed a great deal of development since 1980

in terms of power capacity and voltage rating, boosting their presence in al-

most all industrial sectors. MV drives are commercially available in single

or parallel modules ranging from a power capacity of 0.4–40 MW at a volt-

age level of 2.3–13.8 kV. Nevertheless, the installed MV drives dominated the

commercial applications with a power rating of 1–4 MW at a voltage level of

3.3–6.6 kV [3]. The MV drive applications cover a wide range of industry sec-

tors such as mining, oil/gas, metal, paper/pulp, cement, power/energy, and

other emerging areas as shown in Fig. 1.1. Around 85% of MV drives are used

in pumps, fans, compressors, and conveyors as their technical requirements

are relatively simple and can be achieved with standard MV drives [4].

The MV drives are available in both fixed and variable speed operations.

With the advancement of high-power converters, the variable speed opera-

tion of MV drives is widely accepted in industry due to the increase in pro-

ductivity together with significant saving of energy cost. However, the vari-

able speed MV drives need a sophisticated and reliable power converters to

handle MV operation, pulse width modulation (PWM) schemes to improve

the output power quality and reduce the common-mode voltage stress, and

high-performance closed-loop control methods [5].

In this thesis, a new multilevel converter (MLC) topology is proposed

for high-power MV drive. The new topology eliminates the need of phase-

shifting transformer and device voltage sharing problems, and reduces the

control complexity. Several conventional and advanced PWM schemes which

can improve power quality, reduce common-mode voltage stress, and mini-

mize capacitor voltage ripple are developed and studied for new high-power

MV drive. Also, a simple voltage balancing method is proposed to control

the new MLC topology.

This chapter is organized as follows: the structure and technical chal-

lenges of MV drive are presented in Sections 1.1 and 1.2, respectively. In

MV drive, the power converter plays a key role to attain various objectives

along with power conversion process. The overview of power converters
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1.1 MediumVoltage Drive Structure

and PWM schemes for MV drive are presented in Sections 1.3 and 1.4, re-

spectively. The thesis objectives are given in Section 1.5. In Section 1.6, the

outline of thesis is presented.

1.1 MediumVoltage Drive Structure

The medium-voltage (MV) drive system consists of AC-DC power conver-

sion (rectification) and DC-AC power conversion (inversion) stages as shown

in Fig. 1.2. The rectification stage includes an AC-grid, line-side filter, phase-

shifting transformer, and AC-DC converter (rectifier). On the other hand, the

inversion stage includes a DC-link filter, DC-AC converter (inverter), motor-

side filter, and MV motor [6]. The line-side and motor-side filters are op-

tional, and their presence depends on the type of power converter employed

and system harmonic requirements. The phase-shifting transformer with

multiple secondary windings is employed, thereby the lower order harmon-

ics such as 5th, 7th, 11th, and 13th will be cancelled to minimize the line-side

harmonic distortion to meet the IEEE-519 harmonic standards and to block

the drive common-mode current [7, 8]. The rectifier converts utility AC-grid

voltage to DC voltage with fixed or adjustable magnitude. The commonly

used rectifier topologies are multipulse diode-bridge rectifiers, multipulse

thyristor rectifiers, and PWM rectifiers.

Shaft

CC

LL

Cd

Ld

(Optional)(Optional)

AC

Grid

Line-side

Filter

Phase-Shift

Transformer

Rectifier

(AC-DC)

DC-Link

Filter

Inverter

(DC-AC)

Motor-side

Filter

MV

Motor

Figure 1.2. Structure of MV drive.

The DC-link filter is formed with either capacitor or inductor as shown

in Fig. 1.2. The capacitor provides a stiff DC voltage to the inverter and it is

referred to as voltage source inverter (VSI), whereas the inductor provides a
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Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

smooth DC current to the inverter and it is referred to as current source in-

verter (CSI). The VSI converts DC voltage to AC voltage with adjustable mag-

nitude and frequency [9]. On the other hand, the CSI converts DC current to

three-phase AC currents with adjustable magnitude and frequency [10]. The

selection of inverter topology depends on the motor-side requirements, avail-

able switching devices, and type of control and PWM scheme employed.

1.2 Requirements of MV Drive

The demand for variable speed MV drives is continuously growing in indus-

try due to their efficiency and sustainability along with economical benefits.

However, the design and control of MV drives are still a challenging task as

they need to fulfil various requirements related to power quality and grid in-

teraction of line-side converters, design and control of motor-side converters,

switching device constraints, and drive system requirements [11].

1.2.1 LineSide Requirements

The current and voltage distortion, poor power factor, and LC resonance are

the major issues on the line-side of the MV drive. Normally, the MV drives

are connected to AC-grid through a line-side converter, which draws a dis-

torted current and produces notches in voltage waveform. These waveforms

cause false tripping of computer-controlled industrial processes, malfunction

of control and protection circuits, heating of transformers, and equipment

failure. Particularly, the false tripping of industrial process and protection

circuits cause a longer downtime leading to a loss of production and revenue.

Hence, the line-side converters are designed with LC filters or phase-shifting

transformer to meet the harmonic standards such as IEC 1000-3-2 and IEEE-

519, 2014 [7, 12].

Furthermore, the high power factor on the line-side is an important re-

quirement in high-power MV drives as it represents the efficiency of energy
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1.2 Requirements of MV Drive

utilization. The use of capacitor banks is a simple and cost-effective solution

to improve the line-side power factor [13]. However, the capacitor banks

form LC resonant circuit with line inductance of the system. Due to the

low resistance of MV system, the lightly damped LC resonance cause os-

cillations leading to overheating and excessive noise when the drive is not

running [14]. Therefore, the design and control of line-side converters are

key aspect in MV drive to achieve an efficient and reliable operation [15].

1.2.2 MotorSide Requirements

The higher dv/dt, common-mode voltage (CMV), motor derating, and LC

resonance are the major issues on motor-side of the MV drives. The motor-

side converters are switched at a faster rate leading to high dv/dt at the falling

and rising edge of motor-side converter output voltage [16]. The high dv/dt

can cause premature failure of the motor winding insulation due to partial

discharges. It also induce rotor shaft voltage due to stray capacitance be-

tween stator and rotor, which produces a current flowing to the shaft bearing

leading to their premature failure [17]. The high dv/dt cause a voltage dou-

bling effect due to the wave reflections in long cables. This may increase the

voltage stress on the motor.

Shaft

InverterRectifier

3φ3φ Lg

g

o

n

SCIM
AC Grid

Cdc

Cdc

vog = vcmr vno = vcmi

vng = vcmv = vcmr + vcmi

Figure 1.3. Common mode voltage in MV drive.

The switching action of line-side and motor-side converters generate CMV,

which is normally a zero-sequence voltage superimposed with switching

noise. If the CMV is not mitigated, it appears on the motor neutral with re-

spect to the ground as shown in Fig. 1.3. The CMV increases the motor volt-
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Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

age stress leading to the premature failure of the motor winding system [18].

The replacement of a damaged MV motor is costly. Some of the CMV min-

imization methods are the use of isolation transformer and CMV filters, but

they are costly and require extra space to install in the drives. On the other

hand, the PWM schemes with flexible switching sequences are developed to

minimize the CMV [19–21]. However, these methods are not effective and

unable to mitigate it completely. Hence, the minimization of CMV is one of

the research issues in MV drives.

In addition, the switching action of motor-side converters generate a large

amount of harmonics in voltage and current waveforms. These harmonics

cause power losses in the motor winding and magnetic core. As a conse-

quence, the motor is derated and cannot operate at its full capacity. Thereby,

the filters are installed at the motor terminals to reduce the dv/dt and har-

monics [22]. However, the filters form LC resonant circuit with the motor

inductances. Even though, the winding resistance provides damping, but

this problem should be addressed at the design stage of the drive [23].

1.2.3 Switching Device Constraints

The higher switching frequency of semiconductor devices in line-side and

motor-side converters cause significant power losses in MV drive. These

power losses increase the MV drive cooling requirements along with physical

size, and manufacturing and operating cost. In addition, the higher switch-

ing frequency affects the device thermal resistance that may prevent efficient

heat transfer from the device to its heatsink [24]. Hence, the switching fre-

quency is limited to less than 1 kHz in MV drives. However, the low switch-

ing frequency operation leads to higher harmonic distortion in voltage and

current waveforms [25].

Furthermore, the switching devices are often connected in series for MV

operation. However, they may not share the total voltage equally due to dif-

ferent static and dynamic characteristics of devices and gate drivers [26, 27].

Hence, the voltage equalization circuits are needed to protect the switching
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1.2 Requirements of MV Drive

devices and enhance the system reliability.

1.2.4 Drive System Requirements

The general requirements of MV drive are low manufacturing cost, high ef-

ficiency and reliability, small physical size, easy installation, fault protection,

and minimum downtime for repairs [28]. In addition, the MV drive should

meet various application requirements such as high dynamic response, re-

generative braking capability, and four-quadrant operation [29].

Voltage Source

Power Converters

Two–Level

MV Converters

Integrated Multilevel

Converters

Multi–Cell

Converters

Diode–Clamped

Converter

Flying Capacitor

Converter

Active Neutral–Point

Clamped Converter

Nested Neutral–Point

Clamped Converter

T-Type

Converter

Hybrid

Active Neutral–Point

Clamped Converter

Hybrid

Clamped Converter

Nested T-Type

Converter

Cascaded H–bridge

Converter

Cascaded

Neutral–Point

Clamped Converter

Modular Multilevel

Converter

Figure 1.4. Classification of voltage source power converters for MV drives.
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Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

1.3 Power Converters for MV Drive

The power converters play a key role in the development of high-performance

MV drives. These converters are categorized into current source converters

(CSCs) and voltage source converters (VSCs) depending on the DC-link filter.

Among them, the VSC technology is highly matured and exhibited higher

market penetration compared with CSC technology [30].

Some of the developments in VSC technology are shown in Fig. 1.4. The

two-level (2L) converter is a standard VSC, and it is widely used for low-

voltage (LV) and low-power applications. For high-power applications, the

2L-VSC requires either devices in parallel to increase the current carrying

capacity at LV operation or devices in series to achieve MV operation at low

current carrying capacity [31]. The latter approach is highly preferred due to

the availability of semiconductor devices and the reduction of power losses

as shown in Fig. 1.5. However, this approach does not reduce the dv/dt,

CMV, and power quality on the motor-side. Furthermore, they need output

LC filters to meet the motor-side requirements, but it causes LC resonance

problem. Also, the voltage equalization circuits are needed to ensure the

equal voltage sharing among the devices during blocking mode [32].

On the other hand, the power converters which use low-cost semiconduc-

tor devices; known as multilevel converters are developed for high-power

applications. These converters effectively meet the MV drive requirements

including low dv/dt and harmonic distortion, low common-mode voltage,

high efficiency due to low switching losses, elimination of output filters and

series connection of devices [33]. There are several developments in mul-

tilevel converter technology, and they are categorized into integrated and

multi-cell converters depending on their structure. The integrated multilevel

converters are available in three-level (3L) to five-level (5L) operation and

can handle an operating voltage of 2.3–4.16 kV. These converters need either

a significant amount of modifications or step-up transformer to increase their

operating voltage, and it is not cost-effective. Also, they have a longer down-

8
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Shaft

Devices

in Series

SCIM

Filter

Figure 1.5. Two-level converter fed MV drive.

time under faults leading to a loss of production and revenue [34]. Some

of the integrated multilevel converters are diode-clamped converter (DCC),

flying capacitor converter (FCC), active neutral-point clamped (ANPC) con-

verter, nested neutral-point clamped (NNPC) converter, T-type converter,

hybrid ANPC converter, hybrid clamped converter (HCC), and nested T-type

converter [35].

The multi-cell converters have a modular structure and can reach an oper-

ating voltage up to 13.8 kV. Moreover, the multi-cell converter output voltage

levels are easy to increase by connecting identical modules in series. Also,

they can continuously operate with reduced capacity even under faults [9].

Some of the popular multi-cell converters are cascaded H-bridge (CHB) con-

verter, cascaded neutral-point clamped (CNPC) converter, and modular mul-

tilevel converter (MMC) [36]. Among them, the CHB and CNPC converters

are available in odd voltage level operation. These topologies require iso-

lated DC sources, which are generated with the help of multiple secondary

phase-shifting transformer and rectifier system. The transformer increases

the physical size and cost of the system [37]. On the other hand, MMC can

reach an operating voltage up to 400 kV without transformer, and it does not

9



Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

require isolated DC sources. Also, MMC is suitable for fault-tolerant oper-

ation, and reduce dv/dt and harmonic distortion without output filters [38].

However, it requires a large number of semiconductor devices and passive

components.

This thesis mainly focused on the four-level (4L) operation of integrated

and multi-cell converters, and their limitations and challenges for MV drive

applications.

1.3.1 Diode Clamped Converter

Diode clamped converter (DCC) is one of the most popular and established

standard multilevel converters. It is commercially available in three-level

with an operating voltage of 2.3–3.3 kV. For higher operating voltages, the

DCC requires a higher number of output voltage levels to meet the motor-

side requirements [39]. Fig. 1.6 shows the 4L-DCC fed MV drive, which gen-

erates a voltage waveform with four-levels of 0, Vdc/3, 2 Vdc/3, and Vdc. The

number of clamping diodes, DC-link capacitors, and control complexity of

DCC drastically increases with output voltage levels [40].

Shaft

SCIM

Figure 1.6. Four-level DCC fed MV drive.
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The 4L-DCC consists of a DC-link with multiple neutral points, thereby it

is not attractive for back-to-back operation. Also, it is difficult to achieve the

DC-link voltage balancing with multi-carrier PWM schemes due to the lack

of redundancy switching states [41]. This topology also exhibits unequal de-

vice power losses and requires a complex PWM scheme such as space vector

modulation (SVM) scheme to overcome the above problems [42,43]. Thereby,

the 4L-DCC is not commercially popular for more than three-level operation.

1.3.2 Flying Capacitor Converter

Fig. 1.7 shows the structure of a four-level flying capacitor converter (4L-

FCC), in which each flying capacitor together with a pair of semiconductor

devices form a power cell. The output voltage levels can be increased by

adding power cells to the converter, thus it is considered as a modular struc-

ture converter [44]. Unlike 4L-DCC, the 4L-FCC topology does not require

any clamping diodes, thereby the DC-link neutral points are eliminated to

form a common DC-link bus for back-to-back operation.

Shaft

SCIM

Figure 1.7. Four-level FCC fed MV drive.

The 4L-FCC requires two flying capacitors with different voltage ratings.

11



Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

These capacitors have zero initial voltage and should be pre-charged during

the startup process of the converter. Hence, the 4L-FCC needs additional pre-

charging circuits or switching method to charge the flying capacitors [45]. In

addition, it needs a voltage balancing method to regulate the flying capacitor

voltages at their nominal values during steady-state [46, 47]. The natural

balancing of voltage balancing can be achieved with a phase-shifted carrier

PWM (PSC-PWM) scheme with high switching frequency [48]. In addition,

the PSC-PWM scheme ensures equal loss distribution among the devices and

makes the topology is more attractive for high-speed applications.

However, the capacitor voltage ripple at low-frequency operation is a se-

vere issue in the 4L-FCC fed MV drive. These converters need either a large

capacitance value or a high-switching frequency operation [49, 50]. The for-

mer solution increases the cost and physical size of the system, whereas the

latter solution increases the power losses and affects the system efficiency.

These issues limit the 4L-FCC to the medium switching frequency appli-

cations only. The 4L-FCC is commercially available for traction and water

pump applications.

Shaft

Devices

in Series

SCIM

Figure 1.8. Four-level SFCC fed MV drive.
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The outer flying capacitors in the conventional 4L-FCC topology are elim-

inated and resulting in a new topology named as a four-level single flying

capacitor converter (4L-SFCC) as shown in Fig. 1.8. The elimination of flying

capacitor improves reliability, and reduce the cost and physical size of the

converter. However, this approach leads to the series-connection of switch-

ing devices and causes the device voltage sharing problems [51]. Also, the

4L-SFCC loose the redundancy switching states and increases the complex-

ity of flying capacitor voltage balancing capability with conventional multi-

carrier PWM scheme [52].

1.3.3 Nested NeutralPoint Clamped Converter

Fig. 1.9 shows the structure of a four-level nested neutral-point clamped con-

verter (4L-NNPC). This topology combines the structure of DCC and FCC,

where the clamping diodes split the flying capacitors into two equal parts as

shown in Fig. 1.9. The 4L-NNPC uses an identical rating of clamping diodes,

semiconductor devices, and flying capacitors, thereby its manufacturing and

maintenance cost is low [53].

Shaft

SCIM

Figure 1.9. Four-level NNPC converter fed MV drive.
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In addition, the 4L-NNPC has redundancy switching states to achieve

the voltage balancing with multi-carrier PWM schemes. However, the bal-

ancing capability is limited to higher power factors and fundamental fre-

quency only [54]. Furthermore, the flying capacitor voltage ripples are quite

high during low-frequency operation [55]. Several modified PWM schemes

based on the carrier and space vector philosophies are developed to improve

the balancing capability while minimizing capacitor voltage ripple at low-

frequency operation [56, 57]. However, these methods increase the device

switching frequency leading to higher switching power losses and poor con-

verter efficiency.

1.3.4 Hybrid Active NeutralPoint Clamped Converter

The structure of a four-level hybrid active neutral-point clamped converter

(4L-HANPC) is shown in Fig. 1.10. This topology requires a lesser number

of switching devices and no need of clamping diodes and flying capacitors.

Unlike DCC topology, the DC-link neutral points in HANPC converter are

formed with active semiconductor devices and require DC-link neutral point

voltage balancing only [58].

Shaft

Devices

in Series

SCIM

Figure 1.10. Four-level HANPC converter fed MV drive.

Due to the lack of redundancy switching states, it is difficult to achieve

DC-link voltage balancing with conventional multi-carrier PWM schemes.
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The zero-sequence voltage injection with a modified carrier PWM scheme is

developed to control the DC-link capacitor voltages. However, the injected

zero-sequence voltage increases the converter CMV magnitude leading to

the failure of bearing and winding insulation. In addition, the 4L-HANPC

require a series-connection of switching devices to manufacture the converter

with identical voltage rating devices [58]. This will lead to voltage sharing

problems and require additional voltage equalization circuits.

1.3.5 Hybrid Clamped Converter

The hybrid clamped converter (HCC) is realized by connecting a flying ca-

pacitor across the series connected switches in each phase of the HANPC

converter. Fig. 1.11 shows the configuration of a 4L-HCC fed MV drive sys-

tem. Due to the presence of flying capacitors, the series-connection of devices

will be eliminated, and there is no need of voltage equalization circuits.

Shaft

SCIM

Figure 1.11. Four-level HCC fed MV drive.

Unlike HANPC, the redundancy switching states are available in HCC

for flying capacitors voltage regulation [59]. However, the need of additional

voltage sensors to measure flying capacitors voltage will increase the con-

verter cost and affect its reliability. The flying capacitors have higher volt-

age ripples at low-frequency operation, which will be minimized by injecting

common-mode voltage [60]. The injected common-mode voltage is also used
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to regulate the DC-link neutral point voltage similar to the HANPC [61]. The

injected common-mode voltage increases the voltage stress on the winding

insulation and leading to its failure over a long run.

1.3.6 Nested Ttype Converter

Fig. 1.12 shows the structure of a four-level nested T-type converter [62].

This topology combines the structure of FCC and T-type converter, where

the anti-series connection of semiconductor devices splits the flying capac-

itors into two equal parts as shown in Fig. 1.12. The anti-series connection

of devices needs voltage equalizing circuits to ensure equal voltage sharing

during blocking mode. The nested T-type converter does not require clamp-

ing diodes and it uses identical voltage rating of semiconductor devices and

flying capacitors only [63]. Thereby, it is easy to manufacture and conduct

maintenance during faults.

Shaft

SCIM

Figure 1.12. Four-level nested T-type converter fed MV drive.

The control philosophy of nested T-type converters is similar to 4L-NNPC,

where the redundancy switching states are utilized to achieve the flying ca-

pacitor balancing with multi-carrier PWM scheme [53]. However, the voltage

balancing capability is limited to higher power factors and fundamental fre-
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1.3 Power Converters for MV Drive

quency. In addition, the nested T-type converter has a voltage ripple problem

under the low-frequency operation, which make them less attractive for MV

drive applications. The predictive control methods are investigated for low-

frequency operation of nested T-type converter. Even though, these methods

are highly effective but they cause variable switching frequency operation

which is not desirable for high-power MV drives [64].

1.3.7 Modular Multilevel Converter

Fig. 1.13 illustrates the structure of modular multilevel converter (MMC).

Modular multilevel converter is one of the most promising topologies for

medium to high-voltage (HV) and high-power applications. Some of the

main features are modular construction, voltage and power scalability, fault-

tolerant operation with submodule (SM) redundancy, and direct connection

to HV networks without line-frequency transformers [65]. These features at-

tracted a wide range of industry applications including high-voltage direct

current (HVDC) transmission, motor drives, power quality, railway power

supplies, wind energy, and photovoltaic systems [66]. Each phase of MMC

is realized by connecting identical SMs in cascade, and these modules does

not require any isolated DC sources unlike CHB topology. Moreover, it is

possible to use various SM configurations to realize MMC depending on the

application requirements [67].

On the other hand, design constraints, SM capacitor voltage control, min-

imization of circulating currents, SM capacitor voltage ripple, and SM capac-

itor pre-charging process are the major technical challenges associated with

the operation and control of MMC [68]. Hence, MMC requires a complex

control system to achieve these control objectives. Moreover, MMC requires

a larger number of semiconductor devices and passive components, which

will increase the cost and affect the system reliability and efficiency. Besides,

when applied in MV drives, the MMC suffers from low-frequency fluctu-

ation in the SM floating capacitors [69, 70]. The high-frequency circulating

current and common-mode voltage are injected into the system to minimize
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Shaft

Half-bridge

SCIM

Figure 1.13. Four-level MMC fed MV drive.

the low-frequency fluctuation [71, 72]. This leads to higher device current

stress and power losses along with an increase in voltage stress on motor

winding. Hence, the MMC is not an attractive solution for MV drives.

1.4 Pulse Width Modulation Schemes

Pulse width modulation (PWM) schemes play a key role in generating AC

output voltage with adjustable magnitude and frequency. This is achieved

by controlling the turn-on and turn-off process of the switching devices in

the power converters. In AC drives, the PWM schemes are selected based on

the machine type, power level, type of switching devices used in the power

converters, performance, and cost [73]. Furthermore, the PWM schemes are

designed to achieve control objectives of AC drives such as power convert-

ers DC-link/flying capacitor voltage balancing, drive common-mode voltage

minimization, and output power quality improvement.

PWM schemes have been an intensive research topic during the past few
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years, and several methods are developed to meet the MV drive require-

ments. Some of the popular PWM schemes are carrier-based PWM, space

vector modulation (SVM), selective harmonic elimination (SHE), staircase

modulation, and optimal PWM methods [25]. Among them, the carrier-

based PWM and SVM schemes are widely used for MLC-fed MV drive ap-

plications due to the ease of digital implementation, flexibility in switching

vector selection, and excellent steady-state and dynamic response.

1.4.1 Multicarrier PWM Schemes

The carrier PWM scheme is also referred to as sine-triangle PWM, and it is

well established for two-level converters. In this scheme, the three-phase

modulation signals are compared with a single triangular carrier signal to

generate the gating signals for the switching devices in two-level convert-

ers. This approach is relatively easy to implement using digital control plat-

forms [74]. The carrier PWM schemes are extended to multilevel converters

and they are referred to as multi-carrier PWM schemes. In this approach,

the three-phase modulation signals are compared with multiple triangular

carrier signals to generate the gating signals for the switching devices in

multilevel converters. The multi-carrier PWM schemes are categorized into

level-shifted carrier (LSC-PWM) and phase-shifted carrier (PSC-PWM) PWM

depending on the carrier arrangement [75, 76].

The LSC-PWM is further categorized into phase-disposition (PD-PWM),

phase-opposition disposition (POD-PWM), and alternate phase-opposition

disposition (APOD-PWM) schemes [75]. Among them, the PD-PWM gener-

ates output voltage with the lowest harmonic distortion compared to POD-

PWM and APOD-PWM schemes. However, the LSC-PWM schemes do not

have natural flying capacitor voltage balancing capability and cause uneven

loss distribution among the devices. Recently, the modified LSC-PWM schemes

are studied, focusing on low-frequency operation, even loss distribution, and

natural voltage balancing of MLC flying capacitors [77, 78]. However, these

methods increase the effective switching frequency of the converter leading

19



Chapter 1 – OVERVIEW OF MEDIUMVOLTAGE DRIVES

to higher switching losses.

On the other hand, the PSC-PWM scheme can achieve natural voltage

balancing capability with high carrier frequency and is widely studied for

multi-cell converters [79, 80]. With an optimal selection of phase-shift, it is

possible to achieve harmonic cancellation with PSC-PWM thereby the out-

put power quality of MLCs can be improved [81–83]. However, the higher

carrier frequency increases the effective switching frequency of the converter.

Moreover, the elimination/minimization of drive common-mode voltage is

difficult to achieve with multi-carrier PWM schemes.

1.4.2 Space Vector Modulation Schemes

Space vector modulation (SVM) is one of the preferred real-time modulation

schemes and is widely used for the digital control of two-level and multilevel

converters. The SVM scheme allows the direct control of converter line-to-

line voltages, which in turn produces the phase voltages [84]. SVM has the

flexibility of selecting the best switching vector from the redundant switching

vectors, which can be used to achieve multiple control objectives such as DC-

link/flying capacitor voltage control, elimination/minimization of common-

mode voltage, and minimization of switching frequency [85, 86].

Furthermore, the SVM provides better DC-link bus utilization and har-

monic performance compared with carrier PWM schemes [87]. However,

the SVM is quite difficult to implement for more than three-level converters

due to the presence of a large number of switching vectors. There are sev-

eral simplified multilevel SVM methods in abc-coordinates, gh-coordinates,

and two-level SVM-based philosophy are developed to address the compu-

tational complexity issues. The simplified SVM methods do not involve the

selection of redundancy switching vectors, hence these methods will loose

the inherent features of conventional multilevel SVM [88–92].
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Figure 1.14. Summary of thesis directions/objectives.

1.5 Thesis Objectives

Aforementioned technical issues and requirements of high-power multilevel

converters and MV drives are addressed in this thesis. The research objec-

tives and contributions of this thesis are summarized in Fig. 1.14. The first

problem addressed in this thesis is the development of a four-level multilevel

converter (4L-MLC) to handle an operating voltage up to 4.16 kV without us-

ing the transformer and series connection of switching devices. The second

important aspect is the development of high-performance voltage balancing

methods with reduced complexity for 4L-MLCs. The third aspect is the de-

velopment of a generalized pulse width modulator to integrate the voltage

balancing method with different carrier-based PWM schemes to control the

4L-MLC. Finally, the challenges associated with the low-speed operation of

MV drives are addressed through the development of a modified pulse width

modulation scheme. The main contributions of this thesis are as follows:
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1) Research on Four-Level Multilevel Converter Topologies for MV Ap-

plications

The existing 4L-MLCs need a series-connection of devices, which leads to

device voltage sharing problems. These converters have a complex structure

with a large number of semiconductor devices, clamping diodes, and flying

capacitors. Hence, their manufacturing and maintenance cost are quite high.

Also, the existing MLCs need a complex control scheme due to the lack of

redundancy switching states. Some of the topologies have multiple DC-link

neutral points, which makes them less attractive for back-to-back operation.

Considering the above issues, a new 4L-MLC without a series-connection

of devices is proposed for MV applications. Hence, the proposed topology

does not require voltage equalization circuits. It also requires a lesser num-

ber of semiconductor devices and flying capacitors, and they do not need

any clamping diodes. Furthermore, the proposed topology has redundancy

switching states, which can be used to achieves the voltage balancing objec-

tive. Hence, it does not require a complex control system. Moreover, the

proposed topology is suitable for back-to-back operation due to the presence

of a common DC-link.

2) Research on Voltage Balancing Methods for 4L-MLCs

In the existing 4L-MLCs, the DC-link/flying capacitor voltage balancing is

necessary for reliable operation. The voltage balancing is achieved at the

modulation stage with zero-sequence voltage injection or by using an exter-

nal balancing method with redundancy switching states. The former method

increases the load voltage stress leading to their premature failure over a long

run. The latter method balancing capability is limited to higher power factors

and fundamental frequency only. In addition, the existing methods cause un-

wanted device switchings leading to higher switching frequency operation,

thereby higher switching power losses in the converter.

Considering the above issues, a new voltage balancing method is pro-

posed for 4L-MLC. The proposed method uses redundancy switching states
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to achieve the balancing of flying capacitors voltage. This method does not

cause unwanted device switchings unlike existing methods. Moreover, its

balancing capability is extended to low power factors and low fundamental

frequencies as well. The proposed method is designed such that it can be

implemented with both multi-carrier PWM and SVM schemes.

3) Research on Pulse Width Modulation Schemes for 4L-MLCs

Multi-carrier PWM and SVM schemes are the preferred choices for MLC con-

trol. Among them, the multi-carrier PWM schemes are widely used and easy

to implement for 4L-MLC compared with SVM scheme. However, there is

no unique structure of pulse width modulator in the literature to study the

various multi-carrier arrangements for 4L-MLC. The carrier arrangement di-

rectly affects the converter output voltage and current harmonic distortion,

and flying capacitor voltage ripple.

Considering the above issues, an unique structure of the pulse width

modulator is proposed to control the 4L-MLC. With the proposed structure,

it is easy to integrate the proposed voltage balancing method and study the

performance of various multi-carrier arrangements for 4L-MLC.

4) Research on Low-Speed Operation of MV Drives

Several industrial applications need MV drives with the capability of devel-

oping rated torque under a wide range of rotational speeds. In MV drives,

the power converters generate AC voltages/currents with adjustable mag-

nitude and frequency at the motor terminals, thereby the motor rotational

speed and torque production is varied as per the load requirements. The

quality of output AC voltages/currents directly depends on flying capacitor

voltage ripple, which in turn causes motor speed and torque ripple leading to

a poor load performance. To achieve high-performance MV drive, it is nec-

essary to limit the converter flying capacitor voltage ripple (peak-to-peak)

within 5% of their nominal voltage.
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Considering the above issues, a modified multi-carrier PWM scheme is

proposed to keep the flying capacitor voltage ripple within its limits through-

out the MV drive operation. By doing so, the converter generates voltage/cur-

rent waveforms with a less harmonic distortion, which in turn leads to a

smaller ripple in motor speed and torque. The field-oriented control (FOC)

in the rotor flux reference frame is applied to achieve the closed-loop con-

trol of motor speed/torque and flux in the proposed 4L-MLC fed MV drive

system.

1.6 Thesis Outline

The research presented in this thesis is organized into four chapters. The

research outline of the thesis is summarized in Fig. 1.15. The work carried

out in each chapter is summarized as follows:

High–Power

Medium–Voltage

Motor Drive

Chapter 1

Review of Power Converter Topologies, PWM Schemes,

and Requirements of Medium–Voltage Drive

Chapter 2

Research on Multilevel Converters, Voltage Balancing Methods,

and PWM Schemes for Medium–Voltage Drive

Chapter 3

Research on Capacitor Voltage Ripple Minimization Under

Variable Speed Operation of Medium-Voltage Drive

Figure 1.15. Summary of the thesis.

• Chapter-1: In this chapter, the fundamentals of MV drives and their

requirements are presented. Also, the existing four-level multilevel

converters, pulse width modulation schemes and their issues are dis-

cussed. Finally, the research objectives and outline of this thesis are

presented.
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• Chapter-2: In this chapter, a new 4L-MLC is proposed for MV appli-

cations. Also, a new voltage balancing approach along with a sim-

ple pulse width modulator structure is proposed. The dynamic and

steady-state performances of the proposed balancing approach are ver-

ified on 4L-MLC with the PD-PWM scheme. To handle low-frequency

operation, a modified carrier PWM is scheme is proposed and its per-

formance is compared with the PD-PWM scheme.

• Chapter-3: In this chapter, a new 4L-MLC fed MV drive is proposed. A

modified multi-carrier PWM scheme is proposed to limit the flying ca-

pacitor voltage ripple within 5% of their nominal voltage. Finally, the

FOC scheme is implemented to achieve closed-loop control of motor

speed/torque and flux. The start-up, steady-state and dynamic per-

formances of the MV drive are presented with modified multi-carrier

PWM scheme.

• Chapter-4: The main contributions and conclusions of this thesis are

summarized in this chapter. The future directions to the research pre-

sented in this thesis are also suggested.
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CHAPTER 2

VOLTAGE BALANCING AND MODULATION OF

FOUR-LEVEL MULTILEVEL CONVERTER

M
ULTILEVEL converters (MLCs) have significant advantages compared

with two-level converters at medium-voltage operation. These con-

verters generate high-quality output voltage with low dv/dt, output current

with a smaller ripple, and low common-mode voltage (CMV). MLCs have

higher energy conversion efficiency and use low-cost and low-voltage semi-

conductor technology to handle medium-voltage (MV) operation. Further-

more, the MLCs use a smaller size of output filters (if needed) due to their

superior harmonic performance [36, 37, 39, 93].

In this chapter, a new four-level MLC (4L-MLC) without a series connec-

tion of switching devices is proposed for MV applications. The new MLC

uses flying capacitors to achieve multilevel operation. These flying capaci-

tors are pre-charged to their nominal values during start-up operation and

maintained at their nominal values during normal operation. To achieve

the voltage balancing, a simple balancing method based on logical func-

tions is proposed for 4L-MLC. This method guarantees the voltage balanc-

ing without an increasing device switching frequency and eliminates the un-

wanted device switchings compared with existing methods. In addition, a

simple carrier-based pulse width modulator is developed to implement the
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balancing approach with different carrier arrangements. The steady-state

and dynamic performances of the proposed 4L-MLC and voltage balancing

approach are verified through simulation studies. The conventional carrier

PWM scheme leads to a larger capacitor voltage ripple at low-frequency op-

eration. In this chapter, a modified carrier PWM scheme is proposed to re-

duce the capacitor voltage ripple at low-frequency operation. The simulation

studies are presented to verify the effectiveness of the proposed modified car-

rier PWM scheme.

2.1 New Four–Level Multilevel Converter

The circuit configuration of a new four-level multilevel converter (4L-MLC)

and its operation and switching states are discussed in the following subsec-

tions. Also, the detailed comparison of new 4L-MLC with existing multilevel

converters is presented.

a

b

c

N

P

rb, Lb Rb

o n

ra, La Ra

rc, Lc Rc

Ca1

Ca2

Cb1

Cb2

Cc1

Cc2

v
Ca1

v
Ca2

v
Cb1

v
Cb2

v
Cc1

v
Cc2

i
Ca1

i
Ca2

i
Cb1

i
Cb2

i
Cc1

i
Cc2

ia

ib

ic

Sa1

Sa2

Sa3

Sa4

Sa5

Sa6

Sa7

Sa8

Sb1

Sb2

Sb3

Sb4

Sb5

Sb6

Sb7

Sb8

Sc1

Sc2

Sc3

Sc4

Sc5

Sc6

Sc7

Sc8
Vdc

2

Vdc

2

Figure 2.1. Proposed 4L-MLC with a passive load.
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MULTILEVEL CONVERTER

2.1.1 Converter Configuration

The configuration of the proposed 4L-MLC connected to a passive load is

shown in Fig. 2.1. Each phase of the proposed topology is designed with

eight switching devices (Sx1–Sx8) of Vdc/3 rating each, and two flying ca-

pacitors (Cx1–Cx2) with a nominal voltage of Vdc/3 each, where x ∈ {a, b, c}
denotes the phase. In the proposed 4L-MLC, the switching devices are not

connected in series, hence the voltage equalization circuits are not needed.

The positive (P ) and negative (N) DC-link terminals are connected to a DC-

source of Vdc rating. The DC source is divided into two equal parts and its

midpoint is denoted as o. The three-phase AC terminals of the proposed 4L-

MLC are connected to a balanced three-phase star-connected passive load.

Each phase of the passive load is realized using a series connection of resis-

tive (Rx) and inductance (Lx) with internal resistance (rx) as shown in Fig. 2.1.

Table 2.1. Switching states of a new 4L-MLC

Sx1 Sx2 Sx3 Sx4 Sx5 Sx6 Sx7 Sx8 vxN Level (Sx) State

1 1 0 0 0 0 1 0 Vdc 3 D

0 1 0 0 0 1 1 0

2Vdc/3 2

C2

1 0 1 0 0 0 1 0 C1

1 0 0 0 1 0 0 1

Vdc/3 1

B2

0 0 0 1 0 1 0 1 B1

0 0 0 0 1 1 0 1 0 0 A

28



2.1 New Four–Level Multilevel Converter

2.1.2 Operation and Switching States

The proposed 4L-MLC consists of six switching states per phase as shown in

Table. 2.1. These switching states generate four distinct output voltages of

0, Vdc/3, 2Vdc/3, and Vdc at their AC terminals corresponding to four output

voltage levels of 0, 1, 2, and 3, respectively. The output phase voltage is

defined as the voltage at the output terminal with respect to the negative bus

(N) of the DC-link. The relationship between output phase voltage (vxN ) and

voltage level (Sx) can be expressed as

vxN = Sx

Vdc

3
(2.1.1)

As shown in Table 2.1, the output voltage levels 0 and 3 do not have

any redundant switching states, whereas the voltage levels 1 and 2 both

have two redundant switching states. The redundant switching states B1

[00010101] and B2 [10001001] will give the same output voltage of Vdc/3 with

different ON and OFF switches. Similarly, the redundant switching states

C1 [10100010] and C2 [01000110] will give the same output voltage of 2 Vdc/3

with different ON and OFF switches. These redundant switching states will

be employed in achieving flying capacitor voltage balancing, thereby the pro-

posed 4L-MLC can generate a four-level voltage waveform with a step of

Vdc/3.

Fig. 2.2 shows the voltage waveform of the new 4L-MLC at a modula-

tion index (ma) of 0.99 and fundamental frequency (fo) of 60 Hz. Appar-

ently, the pole voltage waveform has consisted of four levels with a step of

Vdc/3= 2200 V. This voltage is measured between phase terminal and the neg-

ative bus of DC-link. On the other hand, the line-to-line voltage has seven

levels with a step of Vdc/3= 2200 V. It is proven that the switching states given

in Table 2.1 are valid and can produce four-level voltage waveform at output

terminals of 4L-MLC.
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Figure 2.2. Basic operation of 4L-MLC.

2.1.3 Analysis of Flying Capacitors Voltage

As shown in Table 2.2, each state has different impact on flying capacitors Cx1

and Cx2 voltages depending on the current direction. The analysis of these

impacts are illustrated in Figs. 2.3, and 2.4, in which all the six switching

states are analyzed. Each phase of the new 4L-MLC has two flying capacitors

Cx1 and Cx2, whose voltages are denoted by v
Cx1

and v
Cx2

. The behavior of

these flying capacitor voltages depends on the state Sx and phase current ix.

For example, the switching states “A” and “D” corresponding to the volt-

age levels 0 and Vdc respectively do not have any impacts on the flying capac-

itors voltage as shown in Fig. 2.3. On the other hand, the switching “B1” cor-

responding to the voltage level Vdc/3 will discharge the flying capacitor Cx2

for positive direction of current, whereas it will charge for negative direction

of current, and there is no affect on the flying capacitor Cx1 irrespective of

the current direction as shown in Fig. 2.4. Similarly, the switching state “B2”

will charge both flying capacitors Cx1 and Cx2 for positive direction of cur-

rent, whereas they will discharge for negative direction of current. Hence, the

direction of current plays a key role in the selection of redundancy switching

states.
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Table 2.2. Flying capacitors voltage variation

Level (Sx) vxN State v
Cx1

v
Cx2

3 Vdc D No Impact No Impact

2 2Vdc/3

C2
Discharge (ix > 0)

Charge (ix ≤ 0)

Discharge (ix > 0)

Charge (ix ≤ 0)

C1
Charge (ix > 0)

Discharge (ix ≤ 0)

No Impact

1 Vdc/3

B2
Charge (ix > 0)

Discharge (ix ≤ 0)

Charge (ix > 0)

Discharge (ix ≤ 0)

B1 No Impact
Discharge (ix > 0)

Charge (ix ≤ 0)

0 0 A No Impact No Impact

xx

ix > 0ix > 0

ix ≤ 0ix ≤ 0

oo

(a) State = A (b) State = D

NN

PP

Cx1Cx1

Cx2Cx2

Sx1Sx1

Sx2Sx2

Sx3Sx3

Sx4Sx4

Sx5Sx5

Sx6Sx6

Sx7Sx7

Sx8Sx8
Vdc

2

Vdc

2

Vdc

2

Vdc

2

Figure 2.3. Impact of states A and D, and phase current on flying capacitor

voltages.
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Figure 2.4. Impact of states B1 and B2, and phase current on flying capacitor

voltages.

2.1.4 Comparison of 4L–MLCs

Table 2.3 illustrates the comparison of the proposed 4L-MLC with the exist-

ing four-level multilevel converter. Obviously, the proposed MLC requires

only 24 switches, which is much lesser compared with the 4L-MMC of 36

switches. The new 4L-MLC requires a 33.33% lesser number of switches com-

pared to 4L-MMC, thereby lowering the cost and size of the system. The pro-

posed topology employs the same number of switches with the 4L-HCC and

requires 33.33% higher number of switches compared with DCC, FCC, SFCC,

NNPC, and NTC. In terms of clamping diodes, the proposed 4L-MLC does

not require any clamping diodes compared with DCC and NNPC as shown

in Table 2.3. Also, it requires a lesser number of flying capacitors compared

with FCC and MMC.

A 3-φ, 3 kW, 208 V, 60 Hz proposed converter cost is compared with exist-

ing converters considering the IGBT module of SKM100GB12T4 ($55/mod-

ule), gate driver of SKHI 22B H4 R ($100/module), clamping diodes of SKKD

75F12 ($45/module), and flying capacitors of EPCOS 2200µF/450 V ($80/ca-
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Table 2.3. Comparison of four-level converters

Topology Number of Number Flying Components Common Components

Switches of Diodes Capacitors in Series DC-link Cost ($)

DCC 18 18 – Yes No 1800

FCC 18 – 9 Yes Yes 2115

SFCC 18 – 3 Yes Yes 1635

NNPC 18 6 6 No Yes 2010

HANPC 24 – – Yes No 1860

HCC 24 – 3 No No 2100

NTC 18 – 6 Yes Yes 1875

MMC 36 – 18 No Yes 4230

MLC 24 – 6 No Yes 2340

pacitor) as shown in Table 2.3. The proposed converter cost is much lesser

than MMC, but it is slightly higher than other converter topologies. How-

ever, the proposed topology does not require series connection components

unlike existing converters, and there is no issue of voltage sharing prob-

lems. Also, it has a common DC-link and is suitable for back-to-back op-

eration. Although, the NNPC is relatively competitive with the proposed

topology, NNPC consists of three types of different components, including

clamping diodes, flying capacitors, and switching devices, whereas the pro-

posed converter comprises two types of components, involving capacitors

and switches. As a result, the proposed topology requires less variation of

components, leading to reduced maintenance cost and control complexity of

the system.

2.2 Level–Shifted Carrier Pulse Width Modulation Scheme

A wide range of modulation strategies has already been reported in the lit-

erature to control the multilevel converters. Among them, the carrier-based

and space vector modulation (SVM) schemes are the most prevalent tech-
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niques. Several approaches have been presented to depict the performances

and efficiencies of the SVM method affecting the system under a few partic-

ular operating conditions. However, the carrier-based strategies will remain

broadly adopted owing to their inherent simplicity and reduced computa-

tional requirements [87].

The triangular carrier signals can be arranged within the linear modula-

tion range in either vertically or horizontally. The modulation scheme with

a vertical disposition of carrier signals is referred to as level-shifted carrier

pulse width modulation (LSC-PWM). The LSC-PWM requires (m − 1) tri-

angular carriers, where m represents the voltage level of the converter. All

triangular carrier signals have the same frequency and magnitude and are

vertically disposed. The amplitude modulation index of the LSC-PWM is

defined as

ma =
V̂ ∗

x

V̂cr (m− 1)
(2.2.1)

where V̂ ∗

x is the peak magnitude of the sinusoidal reference signals and V̂cr

is the peak magnitude of each carrier wave.

The LSC-PWM has three different variations named as; phase disposi-

tion (PD), alternative phase opposition disposition (APOD), and phase op-

position disposition (POD). In this thesis, the phase disposition pulse width

modulation (PD-PWM) scheme is employed because of giving the best har-

monic profile over the two remaining methodologies. The implementation

of LSC-PWM scheme for the proposed multilevel converter mainly consists

of the following steps:

2.2.1 Generation of Modulation Signals

Fig. 2.5 illustrates the control block diagram of the proposed 4L-MLC. This

methodology consists of various stages involving the generation of modu-

lations signal, pulse width modulator, voltage level generation, and capaci-

tor voltage balancing. In the present approach, the three-phase modulation

signals (v∗a, v∗b , v∗c ) are constituted by the user with the required modulation
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Figure 2.5. Control block diagram of the proposed 4L-MLC.

index (ma), output frequency (fo), and phase angle (θx). The mathematical

expression of the modulation signal is given by,

v∗x = ma cos(2 π fo t+ θx) (2.2.2)

2.2.2 Generation of Carrier Signals

To apply the PD-PWM, the modulation scheme requires three triangular car-

rier signals (m − 1 = 4 − 1 = 3) as the proposed converter is the four-level

converter. These carriers are generated with an amplitude of V̂cr and carrier

frequency of fcr, and they are vertically arranged with the same phase angle

as shown in Fig. 2.6. The generated modulation signals and carrier signals

are fed to the pulse width modulator.
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Figure 2.6. Representation of modulation and carrier signals in PD-PWM.

2.2.3 Pulse Width Modulator

The pulse width modulator is designed to generate the gating pattern for

the switching devices in the proposed 4L-MLC. The modulation signals are

compared with triangular carrier signals using pulse width modulator. The

comparison of each phase modulation and carrier signal gives a virtual pulse

(Crx1–Crx3). These virtual pulses are added together to realize the phase

voltage level information Sx as shown in Fig. 2.6. The normalized voltage

waveform is given as an input to the capacitor voltage balancing approach

as shown in Fig. 2.5. The normalized voltage waveform has voltage levels

of 0, 1, 2..., m. The capacitor voltage balancing approach uses the measured

output current to identify its direction and instantaneous value of capaci-

tor voltage along with voltage level information in the selection process of

redundancy switching state. The resultant switching state is applied to the

converter which will generate the required output voltage at their AC termi-

nals while maintaining flying capacitors voltage at their nominal values.
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2.3 Voltage Balancing Method

The main objective of the voltage balancing approach is to control the charg-

ing and discharging period of flying capacitors by applying a proper switch-

ing state. The selection process of switching state requires current direction,

deviation of instantaneous value of capacitor voltage, and voltage level in-

formation. Based on the available information, a simple voltage balancing

approach is proposed for 4L-MLC, and its structure is shown in Fig. 2.7.

Pulse Width

Modulator

Voltage Level

Generation
0

2
3

Sx: (Level)

Sx = 0 Sx = 3

ix v
Cxj

Sx = 1 Sx = 2

Sx

State: A

(Ref. Table 2.4)

State: D

(Ref. Table 2.4)

Detection of Current (ix)

Direction and Capacitors

Voltage Deviation

(Ref. Table 2.4)

State: B1/B2

(Ref. Table 2.4)

State: C1/C2

(Ref. Table 2.4)

Figure 2.7. Implementation of the proposed voltage balancing approach.
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2.3.1 Implementation of Voltage Balancing Method

The implementation of voltage balancing method involves following steps:

• Obtain the voltage level information (Sx) from voltage level generator;

• The voltage levels “0” and “3” do not have any redundancy switching

states. Hence, the current direction and instantaneous value of capaci-

tor voltage deviation are not required in the selection process of switch-

ing state.

• To generate voltage level “0”, the device switching states correspond-

ing to the state “A” are selected. In this state, the devices Sx1, Sx2, Sx3,

Sx4, and Sx7 are OFF, while the devices Sx5, Sx6, and Sx8 are ON as

shown in Table 2.1;

• On the other hand, the device switching states corresponding to the

state “D” are selected and applied to the converter to generate a voltage

level “3”. In this state, the devices Sx1, Sx2, and Sx7 are ON, while the

devices Sx3, Sx4, Sx5, Sx6, and Sx8 are OFF as shown in Table 2.1;

• The voltage levels “1” and “2” have two states each. To select the right

state, the voltage balancing approach uses the current direction and ca-

pacitor voltage deviation as shown in Table 2.4. For example, if the

voltage level is “1” and the current direction is positive (ix > 0) then the

device switching states corresponding to state “B1” are selected when

the capacitor Cx2 voltage deviation is positive (∆VCx2 ≥ 0). On the other

hand, the device switching states corresponding to state “B2” are se-

lected when the capacitor Cx2 voltage deviation is negative (∆VCx2 < 0)

as shown in Table 2.4. Similarly, the states “C1” and “C2” are selected

based on the criteria given in Table 2.4;

• During this process, the present voltage level is compared with the past

voltage level sample. If they are equal then the balancing approach ap-

plies the device switching states corresponding to past sampling inter-
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val during the present sampling interval irrespective of current direc-

tion and flying capacitors voltage deviation. Otherwise, the capacitor

voltage balancing approach follows the above philosophy in the selec-

tion process of redundancy switching states corresponding to the new

voltage level. By doing so, the unwanted switching actions will be elim-

inated such that the average device switching frequency is maintained

approximately equal to the carrier frequency.

Table 2.4. Selection of redundancy switching states

Sx State ix > 0 ix ≤ 0

3 D – –

2 C2 ∆v
Cx1

≥ 0 ∆v
Cx1

< 0

C1 ∆v
Cx1

< 0 ∆v
Cx1

≥ 0

1 B2 ∆v
Cx2

< 0 ∆v
Cx2

≥ 0

B1 ∆v
Cx2

≥ 0 ∆v
Cx2

< 0

0 A – –

Table 2.5. Simulation system parameters

Variable Description Simulation

S Load apparent power (kVA) 5000

v
LL

Load L-L RMS voltage (V) 4160

fo Frequency (Hz) 60

i Load RMS current (A) 693.93

Vdc Net DC-link voltage (V) 6600

V
Cxj

Flying capacitor voltage (V) 2200

Cxj Capacitance of flying capacitor (µF) 3000

L Load inductance (mH) 1.8

R Load resistance (Ω) 3.5

fcr Carrier frequency (Hz) 2000
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2.3.2 Performance with Step Change in Modulation Index

Fig. 2.1 shows the system configuration under study and it is designed with

the parameters given in Table 2.5. The designed system can handle a power

capacity of 5 MVA and a voltage rating of 4.16 kV. The peak value of line-to-

line voltage is given as vLL,p =
√
2 ∗ vLL =

√
2 ∗ 4160 = 5883V. For a four-

level inverter, the total DC-link voltage given as Vdc = 1.122∗VLL,p = 6600V.

The net DC-link voltage of 4L-MLC is realized by using a constant DC source

of 6600 V. The selection of the flying capacitor size can be given as follow:

Cxj = Ip/(fsw ∗ ∆Vcxj), where j ∈ {1, 2} is the index number of flying ca-

pacitors, Cxj is the capacitance of the jth-flying capacitor in phase-x, ∆Vcxj

is the peak-to-peak flying capacitor voltage ripple, fsw is the switching fre-

quency, and Ip is the peak value of the output current. Typically, the ca-

pacitance of the flying capacitor is designed to limit the peak-to-peak fly-

ing capacitor voltage ripple within 5%-10% of nominal flying capacitor volt-

age. Based on the above formula, the calculated capacitance value is equal to

(693.93*
√
2)/(2000*2200*0.075) = 2974µF. Based on the availability of capac-

itors in the market, each flying capacitor with a capacitance of 3000µF and

nominal voltage of 2200 V is chosen. The proposed 4L-MLC is controlled

with PD-PWM scheme. The PD-PWM requires three triangular carrier sig-

nals, which are generated with a frequency of 2000 Hz. The passive load is

designed with a resistance of 3.5Ω and an inductance of 1.8 mH.

The performance of the proposed 4L-MLC and voltage balancing approach

with a step change in the modulation index is shown in Fig. 2.8. Initially, the

modulation signals are generated with ma = 0.45 and fo = 60 Hz. The pro-

posed 4L-MLC topology generates a line-to-line voltage waveform with 5-

steps as shown in Fig. 2.8(a). The output voltage has a total harmonic distor-

tion (THD) of 41.43% as shown in Table 2.6. The load draws balanced three-

phase currents with a peak value of 430 A and these currents have a THD of

1.61% as shown in Fig. 2.8(b). The phase-a and -b flying capacitor voltages

are shown in Fig. 2.8(c) and 2.8(d), respectively. Each flying capacitor voltage

is regulated with an average value of 2200 V and they have a peak-to-peak
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Figure 2.8. Step response with change in modulation index (fo = 60 Hz and

PF = 0.80 (lag)).

ripple of 201 V as shown in Table 2.6.

At t= 0.03 s, the modulation index is suddenly changed from 0.45 to 0.90

while maintaining fo = 60 Hz. The output voltage has 7-steps and its THD

is reduced to 23.66% as shown in Table 2.6. The load current magnitude

is increased to 860 A due to the increase in voltage magnitude as shown in

Fig. 2.8(b). The load current has a lesser ripple leading to a lower THD of

0.75%. Even though, there is an external disturbance but the flying capaci-

tors of phase-a and -b are perfectly regulated at 2200 V with the help of the

proposed voltage balancing approach. However, the flying capacitor voltage

ripple is increased to 269 V due to the rise in current magnitude.
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Table 2.6. Analysis with change in modulation index

ma %V
THD

%I
THD

∆ vcxj (p-p)

0.45 41.43 1.61 201 V

0.90 23.66 0.75 269 V
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Figure 2.9. Step response with and without balancing approach (ma = 0.75,

fo = 60 Hz and PF = 0.80 (lag)).

2.3.3 Performance with and without Voltage Balancing

The performance of the proposed 4L-MLC topology is further investigated

by activating and deactivating the voltage balancing approach for a short du-

ration of time and corresponding results are shown in Fig. 2.9. In this study,

the modulation signals are generated with ma = 0.75 and fo = 60 Hz. From
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t= 0 s to 0.05 s, the voltage balancing is activated and the 4L-MLC generates

a 5-steps voltage waveform with a step of 2200 V as shown in Fig. 2.9(a). The

three-phase output currents are balanced and they have a peak value of 720 A

as shown in Fig. 2.9(b). The phase-a and -b flying capacitor voltages are per-

fectly maintained at their nominal values of 2200 V as shown in Fig. 2.9(c)

and 2.9(d), respectively.

At t= 0.05 s, the voltage balancing is deactivated. The converter output

voltage waveform is highly distorted due to asymmetrical voltage steps. This

leads to an increase in device voltage stress and causes their failure over a

long time. The asymmetrical voltage stepped waveform forces distorted cur-

rents into the load as shown in Fig. 2.9(b). The flying capacitor voltages are

diverged from their nominal values due to the absence of the voltage balanc-

ing approach. At t= 0.1 s, the voltage balancing is activated. The 4L-MLC

operation becomes normal as it generates symmetrical stepped output volt-

age and balanced three-phase load currents. Also, the flying capacitor volt-

ages are brought back to their nominal values of 2200 V with the help of the

voltage balancing approach.

2.3.4 Performance with Step Change in Output Frequency

The performance of the proposed voltage balancing method is verified with

a step change in output frequency as shown in Fig. 2.10. Initially, the modu-

lation signals are generated with ma = 0.9 and fo = 60 Hz. The 4L-MLC gener-

ates an output voltage with a step of 2200 V and its THD is around 23.66% as

shown in Table 2.7. The three-phase output currents are balanced and they

have a lesser ripple leading to a THD of 0.75%. The phase-a and -b flying

capacitor voltages are balanced around their nominal voltages of 2200 V as

shown in Fig. 2.10(c) and 2.10(d), respectively. Each capacitor has a voltage

ripple of 258 V as shown in Table 2.7.

At t= 0.04 s, the modulation signal frequency is changed from 60 Hz to

30 Hz. The change in frequency has no effect on the balancing of flying capac-

itors voltage, but their ripples are increased to 496 V as shown in Fig. 2.10(c)

43



Chapter 2 – VOLTAGE BALANCING AND MODULATION OF FOURLEVEL

MULTILEVEL CONVERTER

0.0

0.0

0.0 0.04 0.08 0.12

8000

4000

–4000

–8000

1200

600

–600

–1200

3000

2600

2200

1800

1400

3000

2600

2200

1800

1400

vab

ia
ib
ic

v
Ca1

v
Ca2

v
Cb1

v
Cb2

fo = 60 Hz fo = 30 Hz

Time (s)

(a) Output line-to-line voltage in V

(b) Output currents in A

(c) Phase-a flying capacitor voltages in V

(d) Phase-b flying capacitor voltages in V
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PF = 0.80 (lag)).

Table 2.7. Analysis with change in fundamental frequency

fo %V
THD

%I
THD

∆ vcxj (p-p)

60 Hz 23.66 0.75 258 V

30 Hz 23.32 2.11 496 V

and 2.10(d). The increase in voltage ripples causes higher distortion in out-

put currents as shown in Fig. 2.10(b), and its THD is increased to 2.11% as

shown in Table 2.7. These ripples have a little effect on the output voltage

waveform quality and there is no much difference in output voltage THD as

shown in Table 2.7.
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2.3.5 Performance at Different Load Power Factors

The steady-state performance of the proposed 4L-MLC and voltage balanc-

ing approach at different load power factors is shown in Fig. 2.11 and 2.12. In

this study, the modulation signals are generated with ma = 0.99 and fo = 60 Hz.

The load power factor is adjusted by varying the load resistance and induc-

tance values. At load power factor PF = 0.8 (lag), the 4L-MLC generates a

7-steps voltage waveform with a THD of 23.04% as shown in Fig. 2.11(a).

The load draws balanced three-phase currents with a peak value of 950 A as

shown in Fig. 2.11(b) and these currents have a THD of 0.81% as shown in

Table 2.8. Each flying capacitor voltage in phase-a and -b is perfectly main-

tained at their rated value as shown in Fig. 2.11(c) and 2.11(d), respectively.

Each flying capacitor has a peak-to-peak voltage ripple of 243 V as shown in

Table 2.8.
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Figure 2.12. Steady-state response at ma = 0.99, fo = 60 Hz, and PF = 0.45 (lag).

Table 2.8. Analysis with change in load power factor

PF %V
THD

%I
THD

∆ vcxj (p-p)

0.80 23.04 0.81 243 V

0.45 22.92 0.53 256 V

Fig. 2.12 shows the simulation performance at load power factor 0.45,

while operating the converter with the same modulation index and output

frequency. The 4L-MLC generates a 7-steps voltage waveform with a THD

of 22.92% as shown in Fig. 2.12(a). The load draws balanced three-phase cur-

rents with a peak value of 950 A as shown in Fig. 2.12(b) and the current THD

reduced to 0.53% due to the increase in load inductance which acts as a fil-

ter. Each flying capacitor voltage in phase-a and -b is perfectly maintained

at their rated value as shown in Fig. 2.12(c) and 2.12(d), respectively. The
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flying capacitor voltage ripple increased to 256 V due to the increase in load

reactive power demand.

2.4 Modified Carrier PWM Scheme

With the proposed voltage balancing method, the conventional PD-PWM

scheme is effectively maintaining the flying capacitor voltages at their nom-

inal values irrespective of the operating condition. However, the flying ca-

pacitor has a very large voltage ripple at low-frequency operation. These

ripples cause a higher total harmonic distortion (THD) in the output current

and increase the device voltage stress.
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(a) Modulation and Carrier Signals

(b) Normalized Phase Voltage

Figure 2.13. Representation of modulation and carrier signals in modified car-

rier PWM.

To minimize the flying capacitor voltage ripple, a modified carrier PWM

scheme is proposed for a new 4L-MLC. The triangular carrier signals ar-

rangement in the proposed modified carrier PWM is shown in Fig. 2.13(a).

The proposed modified carrier PWM scheme also require three carrier sig-

nals to achieve the four-level operation with 4L-MLC. Among the three car-

riers, the upper and lower carrier signals are equally disposed in the linear

operating range with the same magnitude and phase angle. On the other

hand, the middle carrier signal is disposed in the same phase, but its magni-
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tude is twice that of the upper/lower carrier signal as shown in Fig. 2.13(a).

The modulation signal is compared with carrier signals and it results in a

normalized phase voltage waveform as shown in Fig. 2.13(b). The normal-

ized voltage waveform has multiple voltage levels jump and leading to an

increase in the device switching frequency. The increase in device switch-

ing frequency effectively minimizes the flying capacitor voltage ripple in 4L-

MLC. However, by applying the voltage balancing algorithm, the average

switching frequency of the inverter is maintained at the carrier frequency.

2.4.1 Performance with Change in Modulation Index

The performance of the proposed 4L-MLC with modified carrier PWM under

step change in the modulation index is shown in Fig. 2.14. Initially, the mod-

ulation signals are generated with ma = 0.45 and fo = 60 Hz. The proposed

4L-MLC topology generates a line-to-line voltage waveform with 5-steps as

shown in Fig. 2.14(a). The output voltage has a total harmonic distortion

(THD) of 47.68% as shown in Table 2.9. The output THD is increased by

15.08% compared with the conventional PD-PWM scheme. The load draws

balanced three-phase currents with a peak value of 430 A and these currents

have a THD of 1.22% as shown in Fig. 2.14(b). The output THD is decreased

by 24.22% due to the reduction in capacitor voltage ripple. The phase-a and

-b flying capacitor voltages are shown in Fig. 2.14(c) and 2.14(d), respectively.

Each flying capacitor voltage is regulated with an average value of 2200 V

and they have a peak-to-peak ripple of 49 V as shown in Table 2.9. With the

modified carrier PWM, the ripples are decreased by 75.62%.

Table 2.9. Analysis with change in modulation index

ma %V
THD

%I
THD

∆ vcxj (p-p)

0.45 47.68 1.22 49 V

0.90 41.35 1.28 83 V

At t= 0.03 s, the modulation index is suddenly changed from 0.45 to 0.90

while maintaining fo = 60 Hz. The output voltage has 7-steps and its THD
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Figure 2.14. Step response with change in modulation index (fo = 60 Hz and

PF = 0.80 (lag)).

is increased to 41.35% as shown in Table 2.9. The load current magnitude

is increased to 860 A due to the increase in voltage magnitude as shown in

Fig. 2.14(b). The load current has a THD of 1.28%. The flying capacitor volt-

age ripple is increased to 83 V due to the rise in current magnitude.

2.4.2 Performance with Change in Output Frequency

The performance of 4L-MLC with modified carrier PWM scheme under a

step change in output frequency as shown in Fig. 2.15. Initially, the modu-

lation signals are generated with ma = 0.9 and fo = 60 Hz. The 4L-MLC gen-

erates an output voltage with a step of 2200 V and its THD is around 41.35%
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as shown in Table 2.10. The output voltage is increased by 74.78% compared

with PD-PWM. The three-phase output currents are balanced and they have

lesser ripple leading to a THD of 1.28%. The phase-a and -b flying capaci-

tor voltages are balanced around their nominal voltage of 2200 V as shown

in Fig. 2.15(c) and 2.15(d), respectively. Each capacitor has a voltage ripple

of 83 V as shown in Table 2.10. The voltage ripples are decreased by 67.83%

compared with the PD-PWM scheme.
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Figure 2.15. Step response with change in fundamental frequency (ma = 0.9 and

PF = 0.80 (lag)).

At t= 0.04 s, the modulation signal frequency is changed from 60 Hz to

30 Hz. The change in frequency has no effect on the balancing of flying capac-

itors voltage, but their ripples are decreased to 76 V as shown in Fig. 2.15(c)

and 2.15(d). With the modified carrier PWM scheme, the capacitor voltage
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ripples are decreased by 84.68% compared with the PD-PWM. These results

show that the modified carrier PWM is capable of limiting the flying capac-

itor voltage ripple within 5% of their nominal during low-frequency opera-

tion. Thereby the output current distortion is reduced to 1.12% as shown in

Table 2.10. These ripples have a little effect on the output voltage waveform

quality and there is no much difference in output voltage THD as shown in

Table 2.10.

Table 2.10. Analysis with change in output frequency

fo %V
THD

%I
THD

∆ vcxj (p-p)

60 Hz 41.35 1.28 83 V

30 Hz 41.43 1.12 76 V

2.5 Summary

In this chapter, a new four-level multilevel converter (4L-MLC) is proposed

for medium-voltage (MV) applications. The proposed topology is compet-

itive in cost compared with existing four-level converters. Moreover, the

proposed topology is attractive for MV applications due to the elimination

of devices series connection, thereby the voltage equalization circuits are not

needed. Also, it has a common DC-link and is suitable for back-to-back oper-

ation. In addition, a generalized carrier-based pulse width modulator along

with a simple voltage balancing approach is proposed for 4l-MLC. The sim-

ulation results show that the proposed voltage balancing approach is highly

effective in maintaining the flying capacitor voltages at their nominal values

irrespective of the operating condition. However, the conventional carrier

PWM scheme is unable to limit the flying capacitor voltage ripple within 5%

of their nominal values under low-frequency operation. A modified carrier

PWM scheme is proposed to minimize the capacitor voltage ripple in the 4L-

MLC. The simulation results show the proposed approach is highly effective

in limiting the capacitor voltage ripple within 5% of their nominal values

under low-frequency operation.
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CHAPTER 3

A NEW FOUR-LEVEL MULTILEVEL CONVERTER

FED MEDIUM-VOLTAGE DRIVE

T
HE medium-voltage (MV) motor drives became popular due to the ad-

vent of multilevel converters. A number of MV drive products are

available in the market today. These drives come with different power con-

verter topologies and control schemes. Each drive offers some unique fea-

tures but also has some limitations. Particularly, the variable speed opera-

tion with low torque ripple is one of the requirements for MV drives. The

modern MV drives come with flying capacitor-based multilevel converters,

and these converters have higher capacitor voltage ripples at low-speed and

rated torque conditions. These ripples significantly affects the output cur-

rents, which in turn affect the motor torque and causes a higher torque ripple.

In overall, the drive performance greatly depends on the converter topology

and its control scheme.

In this chapter, a new four-level multilevel converter (4L-MLC) fed MV

drive is proposed. The MV drive can handle an operating voltage up to 4.16

kV with the proposed 4L-MLC. The indirect field-oriented control (IFOC) is

applied to control the speed/torque and flux in the proposed MV drive. The

4L-MLC has a very high flying capacitor voltage ripple at low-speed opera-

tion. To minimize the converter flying capacitor voltage ripple, a modified
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carrier pulse width modulation scheme is employed with IFOC scheme. The

simulation studies are presented to verify the performance of the proposed

MV drive under start-up, transient, and low-speed conditions.

3.1 Fundamentals of 4LMLC fed Motor Drive

In this section, the configuration of the proposed 4L-MLC fed motor drive

system and its control schemes are discussed.

Shaft

MV

SCIM

Figure 3.1. Proposed 4L-MLC fed MV drive.

3.1.1 System Configuration

In motor drive applications, the power conversion takes place in two stages.

In the first stage, the AC grid supply is converted into DC supply using a rec-

tifier. In the second stage, the DC supply is converted into variable-voltage,

variable-frequency AC supply using an inverter. In the proposed drive sys-

tem, there are two possibilities for the rectifier stage. The first possibility is

to use a diode bridge converter. Another possibility is to use the proposed

4L-MLC in both rectifier and inverter stages. This kind of system is suitable

for regenerative applications, and possible to control the grid power factor as

well. In this work, the rectifier stage is replaced with a constant DC source,
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whereas the converter AC terminals are connected to the medium-voltage

(MV) squirrel-cage induction motor (SCIM) as shown in Fig. 3.1.
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Figure 3.2. Control block diagram of the proposed 4L-MLC fed MV drive.

3.1.2 Drive Control Schemes

The 4L-MLC connected to an MV SCIM is shown in Fig. 3.1, in which the

4L-MLC is used to meet the drive requirements such as accurate control of

speed/torque and flux. To achieve these objectives, several control methods

such as direct field orientation control (DFOC), indirect field orientation con-

trol (IFOC), and direct torque control (DTC) methods are discussed in the

literature [4]. These control methods are well established and used in com-

mercial motor drive systems. In this work, the IFOC scheme is employed to
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control the proposed 4L-MLC fed MV drive system as shown in Fig. 3.2.

3.2 Indirect Field Oriented Control

In this work, the DC-link voltage is maintained constant at the rated value of

Vdc using a constant DC power source. The DC-link voltage is used to pre-

charge the 4L-MLC flying capacitors to their nominal values of Vdc/3. These

flying capacitors are controlled to generate variable AC voltage at the motor

terminals depending on the motor speed/torque and flux demand.

The control block diagram of the 4L-MLC fed MV drive is shown in Fig. 3.2.

This control scheme is implemented in the rotor flux reference frame, where

the measured currents are transformed into rotor flux reference frame rotat-

ing at a speed of ωs. The motor speed and rotor flux are controlled using the

IFOC scheme. The actual speed/torque and the magnitude of flux and its

position are obtained from the rotor/torque calculator. The IFOC controller

generates reference modulation signals v∗sa, v∗sb, v
∗

sc. These modulation signals

are applied to the carrier pulse width modulator, which is implemented us-

ing a modified carrier PWM scheme. The resultant comparison of modula-

tion and carrier signal is used together with the voltage balancing method to

generate the device switching signals Sx1–Sx8.

3.2.1 Principle of Field Orientation

The field orientation is classified into stator flux, air-gap flux, and rotor flux

orientations. Among them, the rotor flux orientation is simple and easy to

implement for motor drives [4]. The SCIM electromagnetic torque is given

as,

Te =
3P Lm

2Lr

(λdr iqs − λqr ids) (3.2.1)

which is a function of d and q-axis rotor flux components λdr and λqr, respec-

tively. The decoupled control of rotor flux λr and electromagnetic torque Te

can be achieved by aligning the rotor flux vector λr along with the d-axis of
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the dq-reference frame rotating at a speed of ωs given by

ωs = 2π fs (3.2.2)

where fs is the stator frequency of the motor drive. The process of rotor flux

vector aligned with the d-axis is referred to as field orientation. As a result,

the q-axis component of rotor flux λqr becomes zero. The d-axis component

of rotor flux λdr is equal to λr. Finally, the simplified electromagnetic torque

is given as,

Te = K
T
λr iqs (3.2.3)

where “K
T
= 3PLm/2Lr” is the torque constant, λr is the magnitude of rotor

flux vector λr, and iqs is the q-axis stator current component. With the field

orientation, the electromagnetic torque has a linear relationship with the q-

axis stator current component iqs.

vs

ωs

ωs ωs

ωs

ωr

d-axis

Rotor

Stator

is
ids

iqs

q-axis

θsl

θr
θf

λr

Figure 3.3. Space phasor diagram of field orientation.

The stator current vector is can be resolved into two orthogonal current

components (d and q-axis current components) as shown in Fig. 3.3. The

d-axis current component (ids) is the flux-producing component, while the q-

axis current component (iqs) is the torque-producing component. In field ori-

entation, the rotor flux λr is maintained constant at its rated value. Therefore,
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the ids become constant and equal to its rated value. The iqs is independently

controlled to meet the torque demand.

The determination of rotor flux vector position θf is one of the key issues

in the field orientation. In IFOC scheme, the rotor flux vector position is

obtained by

θf = θr + θsl (3.2.4)

where, θr and θsl are the measured rotor position angle and calculated slip

angle, respectively.

3.2.2 Estimation of Rotor Flux Vector

The IFOC scheme requires the magnitude of rotor flux vector λr and its posi-

tion θf , which are determined from the measured stator currents, rotor angu-

lar speed (ωr), and calculated angular slip speed (ωsl). The induction motor

model in the arbitrary reference frame is employed to calculate the λr and θf

values.

is
Rs Lls ir

Rr
j(ω − ωr)λrLlr

im

Lmvs vr
d
dt
λs

d
dt
λr

jωλs

Figure 3.4. Space vector model of induction motor in the arbitrary reference

frame.

From the equivalent circuit shown in Figure 3.4, the stator and rotor volt-

age vectors are defined as,

vs = Rs is +
dλs

dt
+ jω λs

vr = Rr ir +
dλr

dt
+ j(ω − ωr)λr

(3.2.5)
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where, vs and vr are the stator and rotor voltage vectors, is and ir are the sta-

tor and rotor current vectors, λs and λr are the stator and rotor flux vectors,

Rs and Rr are the stator and rotor winding resistances, ω is the rotating speed

of arbitrary reference, and ωr is the rotor angular speed.

The stator and rotor flux vectors are given by

λs = Ls is + Lm ir

λr = Lr ir + Lm is

(3.2.6)

where, Ls = Lls+Lm is the stator self-inductance, Lr = Llr +Lm is the rotor

self-inductance, Lls and Llr are the stator and rotor leakage inductances, and

Lm is the magnetizing inductance.

The SCIM model in the dq-reference frame is obtained by replacing the ω

with the ωs, and vr = 0 in the equation (3.2.5), and it results in

vs = Rs is +
dλs

dt
+ jωs λs

0 = Rr ir +
dλr

dt
+ jωslλr

(3.2.7)

where, ωs is the angular speed of a dq-reference frame and ωsl is the angular

slip speed (ωsl = ωs − ωr).

From equation (3.2.7), the angular slip speed (ωsl) is given as

dλr

dt
= −Rr ir − jωsl λr

(3.2.8)

From equation (3.2.6), the rotor current is given as,

ir =
1

Lr

(λr − Lm is) (3.2.9)

which is substituted in the equation (3.2.8) and results in

dλr

dt
= −Rr

Lr

(λr − Lm is)− jωsl λr (3.2.10)

from which

λr (1 + τr (p+ j ωsl)) = Lm is (3.2.11)
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where, p is the derivative operator (p = d
dt

) and τr is the rotor time constant

(τr = Lr

Rr
).

Considering the field orientation (λqr = 0 and λdr = λr), the equation

(3.2.11) is decomposed into two orthogonal components in dq-reference frame

as,

λr (1 + p τr) = Lm ids

ωsl τr λr = Lm iqs
(3.2.12)

From equation (3.2.12), the magnitude of rotor flux vector and the angular

slip speed are given by

λr =
Lm

1 + p τr
ids

ωsl =
Lm

τr λr

iqs

(3.2.13)

From the measured angular rotor speed (ωr) and calculated angular slip

speed (ωsl), the position of rotor flux vector (θf ) is given by

θf =

∫
(ωr + ωsl) dt (3.2.14)

The digital control implementation of the rotor flux magnitude and its

position estimator is shown in Fig. 3.5. The three-phase stator currents in the

abc-frame are transformed into the dq-reference frame. Rest of the blocks are

simple constant blocks and derived from the equation (3.2.13) and (3.2.14).

The output of the rotor flux estimator is the rotor flux magnitude λr and

angular slip speed ωsl. The measured rotor mechanical speed is multiplied

with the pole pairs (P ) to obtain the rotor electrical angular speed (ωr). The

angular slip speed is added to the rotor electrical angular speed, and results

in the rotor flux vector angular speed in the dq-reference frame. The angular

position of the rotor flux vector (θf ) is obtained by integrating its angular

speed as shown in Fig. 3.5.
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Figure 3.5. Estimation of rotor flux magnitude and position (λr and θf ).
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Figure 3.6. Control block diagram of IFOC.

3.2.3 Block Diagram of IFOC Scheme

The control block diagram of the IFOC scheme for SCIM is shown in Fig. 3.6.

The IFOC consists of outer rotor flux and speed control loops, and inner cur-

rent control loops. The motor rotor flux is maintained constant at their rated

value by using rotor flux control. The reference rotor flux λ∗

r is compared with

the estimated rotor flux λr. Its difference is minimized using a PI-regulator

and results in a reference d-axis stator current component i∗ds. The speed con-

trol loop minimizes the error between the reference and actual speed. The

speed controller output is a reference electromagnetic torque T ∗

e , which is
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multiplied with the torque constant K
T

to obtain the reference q-axis stator

current component i∗qs as shown in Fig. 3.6.

The feedback dq stator current components are obtained by transforming

the measured three-phase stator currents ias, ibs and ics in the abc-frame to the

rotor flux dq-reference frame. The feedback signals ids and iqs are compared

with their references, and corresponding errors are given to the PI-regulators.

The PI-regulators generate the reference stator voltages v∗ds and v∗qs in the dq-

reference frame. The dq-reference voltages are transformed back to the abc-

frame. The reference stator voltages v∗as, v
∗

bs, and v∗cs are used with the pulse

width modulator to generate the gating signals for the switching devices.

Table 3.1. Three-phase SCIM Specifications

Motor Rating SI Unit Motor Parameter SI Unit

Output Power (Ps) 1475 hp Stator Resistance (Rs) 0.0726 Ω

Line-to-Line Voltage (Vs) 4000 V Rotor Resistance (Rr) 0.1182 Ω

Stator Current (Is) 159 A (rms) Stator Leakage Inductance (Lls) 3.9 mH

Speed (Nr) 1189 RPM Rotor Leakage Inductance (Llr) 3.9 mH

Torque (Te) 8835 N-m Magnetizing Inductance (Lm) 173.4 mH

Stator Flux Linkage (λs) 9.0 Wb (peak) Moment of Inertia (J) 10 kg −m2

Rotor Flux Linkage (λr) 8.35 Wb (peak) Number of Pole Pairs (P ) 3

3.3 Simulation Results

Fig. 3.2 shows the system configuration under study, where the motor is de-

signed with the parameters given in Table 3.1. The net DC-link voltage of

the 4L-MLC is realized by using a constant DC source of 6600 V. The flying

capacitors of the 4L-MLC are designed with a capacitance of 3000µF each

and their nominal voltage is 2200 V. The proposed 4L-MLC is controlled with

a modified carrier PWM scheme. The modified carrier PWM requires three

triangular carrier signals, which are generated with a frequency of 5000 Hz.
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3.3.1 Startup Operation

The start-up performance of the proposed 4L-MLC fed MV drive is shown

in Fig. 3.7. From t= 0 s to 0.5 s, the reference speed and load torque (Tm)

demand are set to zero. The converter is operated to establish the rotor flux

of 8.35 Wb in the motor. The actual motor speed and electromagnetic torque

follow their reference values as shown in Fig. 3.7(a) and 3.7(b), respectively.

During this period, the motor voltage and currents are DC in nature as shown

in Fig. 3.7(c) and 3.7(d), respectively. The phase-a flying capacitors are con-

tinuously charging due to the DC currents as shown in Fig. 3.7(e).

At t= 0.5 s, the motor reference speed is increased linearly and reaches

their rated speed of 1189 RPM within 0.5 s. The speed and flux controller

errors produce a finite value of the reference dq-axis currents, and these cur-

rents produce a rated flux and a finite electromagnetic torque in the motor

as shown in Fig. 3.7(b). The motor draws finite currents and voltage corre-

sponding to the produced electromagnetic torque. The flying capacitor volt-

ages are perfectly regulated at their nominal values of 2200 V. When the refer-

ence and actual speeds reach the rated speed as shown in Fig. 3.7(a), whereas

the motor developed torque becomes zero due to zero load torque (Tm) de-

mand as shown in Fig. 3.7(b). The motor only draws voltage and no-load

current component corresponding to the rotor flux. The flying capacitor volt-

ages have very small ripple and regulated at their nominal values as shown

in Fig. 3.7(e).

3.3.2 Transient Operation

In this study, the drive is operating at the rated speed of 1189 RPM as shown

in Fig. 3.8(a). At t= 0.5 s, a step-change is applied in the load torque (Tm)

demand from 0 kN-m to 8 kN-m as shown in Fig. 3.8(b). This sudden dis-

turbance affects the speed controller performance and due to its slower re-

sponse, it takes a longer time to reach its reference speed. The torque con-

troller loop has a faster response, and the actual torque developed by the
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Figure 3.7. Startup performance of the proposed MV drive.

drive quickly follows its reference. The motor torque has a very small ripple

due to the tight regulation of the flying capacitor voltages. This process leads

to a smooth rotation of the drive and significantly improves its performance.

During this process, the converter generates a voltage at the motor termi-

nals corresponding to the motor speed (voltage/frequency ratio) as shown

in Fig. 3.8(c). These voltages have 7 steps and their frequency are close to

59.45 Hz (≈ 60 Hz). From t= 0 s to 0.5 s, the motor develops 0 kN-m torque,

and it draws only a no-load current component corresponding to the mo-
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tor flux. From t= 0.5 s, the motor develops a 8 kN-M torque, and it draws a

current component corresponding to the motor flux and developed electro-

magnetic torque as shown in Fig. 3.8(d). During this process, the converter

flying capacitor voltages are regulated at their nominal values of 2200 V ir-

respective of the operating condition as shown in Fig. 3.8(e). The capacitor

voltage ripples (peak-to-peak) are well below 5% of their nominal values.
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Figure 3.8. Transient performance of the proposed MV drive.
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3.3.3 LowSpeed Operation

The proposed 4L-MLC fed MV drive is verified under the low-speed oper-

ating condition and corresponding results are presented in Fig. 3.9. In this

study, the drive reference speed is set to 300 RPM, whereas the load torque

demand is set to 8 kN-m as shown in Fig. 3.9(a) and 3.9(b), respectively. Dur-

ing this operation, the motor rotor flux is maintained constant at its rated

value of 8.35 Wb.
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Figure 3.9. Low-speed (25% of synchronous speed) operation of the proposed

MV drive.
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The speed and torque controllers perfectly maintain the actual speed and

electromagnetic torque of the motor at their reference values. The 4L-MLC

generates a voltage at the motor terminals with a frequency of 15 Hz as shown

in Fig. 3.9(c). These voltages have 3 steps corresponding to a low-speed oper-

ation. The motor draws a current of 250 A (peak) corresponding to the torque

developed by the motor as shown in Fig. 3.9(d). The converter flying capac-

itor voltages are regulated at their nominal values with less than 5% ripples

as shown in Fig. 3.9(e).

3.4 Summary

In this chapter, a new four-level multilevel converter (4L-MLC) fed medium-

voltage (MV) drive is proposed. The indirect field-oriented control (IFOC) is

applied to control the motor speed and torque. The IFOC scheme is imple-

mented in the rotor flux reference frame. The modified carrier pulse width

modulation (PWM) scheme is proposed along with the IFOC scheme to min-

imize the flying capacitor voltage ripple, thereby the drive has a very low

speed and torque ripple. The modeling and implementation of IFOC in the

synchronous dq-reference frame are presented. The simulation studies are

presented to validate the proposed MV drive performance under start-up,

transient, and low-speed operating conditions. The results show the pro-

posed MV drive achieved very good performance in terms of lesser speed

and torque ripple with the proposed control and PWM method. At the same

time, the 4L-MLC flying capacitor voltages have smaller ripple (less than

5% of their nominal values) even under the low-speed operating condition.

Hence, the converter flying capacitors can be designed with a smaller capac-

itance value, thereby the system cost becomes low.
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CHAPTER 4

CONCLUSIONS

T
HE medium-voltage drives found a wide range of applications with

the development of multilevel converters. However, the existing drive

technologies have some limitations due to the cost and complexity involved

in the multilevel converter topology. Moreover, the modern multilevel con-

verters have flying capacitors, and these capacitors have a very high ripple

at low-speed operation, causes higher speed and torque ripples in the drive.

These issues lead to a poor performance of the MV drive system.

In this thesis, a new four-level multilevel converter (4L-MLC) fed medium-

voltage motor drive is proposed. This work mainly includes the study on

four-level multilevel converter topologies, voltage balancing methods, gen-

eralized carrier pulse width modulator design, and pulse width modulation

schemes to handle the low-speed operation of the medium-voltage motor

drive, and motor drive closed-loop control schemes. This chapter highlights

the contributions and conclusions, as well the future work.

4.1 Contributions and Conclusions

The contributions and conclusions of this thesis are summarized as follows:
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1) A new four-level multilevel converter (4L-MLC) for medium-voltage

applications

A new 4L-MLC without series connection of devices is proposed for MV ap-

plications. Hence, the proposed topology does not require voltage equaliza-

tion circuits. It also requires a lesser number of semiconductor devices and

flying capacitors, and they do not need any clamping diodes. Hence, the

proposed topology is competitive in cost compared with the existing con-

verter topologies. Also, the proposed topology is suitable for back-to-back

operation due to the presence of a common DC-link. The proposed topology

has redundancy switching states, which can be used to achieve the voltage

balancing objective. Hence, it does not require a complex control system.

2) A new voltage balancing method for 4L-MLC

A new voltage balancing method is proposed for 4L-MLC. The proposed

method uses redundancy switching states to achieve the balancing of flying

capacitors voltage. This method does not cause unwanted device switchings,

unlike existing methods. Moreover, its balancing capability is extended to

low power factors and low fundamental frequencies as well. The proposed

method is designed such that it can be implemented with both multi-carrier

PWM and SVM schemes.

3) A new generalized carrier-based pulse width modulator for 4L-MLC

The carrier arrangement directly affects the converter output voltage and cur-

rent harmonic distortions, and flying capacitor voltage ripple. To investigate

the performance of different carrier arrangements, a new pulse width mod-

ulator is proposed to control the 4L-MLC. With the proposed structure, it is

easy to integrate the proposed voltage balancing method and study the per-

formance of various multi-carrier arrangements for 4L-MLC.

4) A modified carrier-based pulse width modulation scheme for the low-

speed operation of MV drive
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4.2 Future Work

The quality of output AC voltages/currents directly depends on flying ca-

pacitor voltage ripple, which in turn causes motor speed and torque ripple

leading to a poor load performance. A modified multi-carrier PWM scheme

is proposed to keep the flying capacitor voltage ripple within limits through-

out the MV drive operation. By doing so, the converter generates voltage

and current waveforms with a less harmonic distortion, which in turn leads

to a smaller ripple in the motor speed and torque. The field-oriented control

(FOC) in the rotor flux reference frame is applied to achieve the closed-loop

control of motor speed/torque and flux in the proposed 4L-MLC fed MV

drive system.

4.2 Future Work

In the present work, the classical PI-controllers are used to control the motor

speed/torque and flux. These controllers significantly affect the dynamic

response of the system. Furthermore, the modified carrier PWM scheme is

able to minimize the capacitor voltage ripple at the cost of an aincrease in the

average device switching frequency. Considering these issues, the following

future works are suggested.

1. Investigate the control methods with a fast dynamic response for MV

drives;

2. Investigate the pulse width modulation schemes with low device switch-

ing frequency to handle the low-speed operation of MV drive;

3. Develop a flying capacitor pre-charging method to 4L-MLC;

4. Develop a laboratory prototype to verify the feasibility of the proposed

converter and methodologies;

5. Prepare the manuscripts for scholarly publications.
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