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Fig. 8.24 Simulation results for the output pole voltage THD (upper trace) and line-to-
line voltage THD (lower trace) for different 5L-inverter topologies. (a) 5L-MDCI, (b)
5L-M?DCl, (c) 5L-M?T2Cl and (d) 5L-M2S2Cl. ....ccccoevvrireririiiiieeeisie e 172
Fig. 8.25. Experimental results for the output characteristics performance of a 5L-
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Fig. 8.26. Experimental results of the zero current switching of the inner cell switch of
5L-M2DCI during switching state Tal = Ta2 = Ta3 = Ta4 = 1 or 0 condition. (a) Tal
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rectifier

Seven-level/multiple-pole multilevel diode-
clamped inverter

Seven-level/ active-clamped multiple-pole

multilevel diode-clamped inverter

Equivalent capacitance value in the DC-link

RC filter capacitance value of phase (a, b, )
Hysteresis band value

Input or output current of the rectifier or inverter
circuit for phase (a, b, c)

Inner capacitor current terminal (a, b, c) of 3L-
MFCI

Output rectifier current

Neutral-point current of the multilevel rectifier or
inverter topologies

Zero sequence current through the virtual ground
voltage of the rectifier center point capacitor to
the ground of the grid

Output measurement of grid phase current and ‘s’
represent as terminal (a, b, ¢)

DC positive rail current

DC negative rail current
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Kp

Ks

Kr

La, L, Lc

L(s)

Ma(t), Mo(t), Mc(t)

m

n
Ra, Rb, Rec
Rfa, Rfb, Rfc

Sa(t), So(t), Sc(t)

sign(la(t)), sign(lo(t)), sign(la(t))

Vam (t) ; me (t) y ch (t)

Van (t) ) Vbn (t), Vcn (t)

Vao(t), Vio(t), Veo(t)

Vera(t), Vem(t), Vere(t)

Vei(t), Vea(t), Ves(t), Vea(t)

Ve (t)
Vpeak
Vinn(t)

Vom(t)

AEdc
Alx(t)

APgc

Proportional gain of the controller

Feed-forward gain

Resonant gain

Inductance value of phase (a, b, ¢)

Open-loop transfer function of the controller
Modulation control signal

Modulation amplitude

Number of voltage level

Resistance value of the inductive component for
phase (a, b, )

RC filter resistance value of phase (a, b, c)
Switching function of phase (a, b, c) of the
VIENNA rectifier’s switches

Function of the polarity of the current

Input or output pole terminal (a, b, c) voltages
referenced to node ‘m’

Input grid phase (a, b and c) voltages referenced
to ground ‘n’

Output phase terminal (a, b, ¢) voltage referenced
to node ‘o’ of the RC filter

RC filter phase terminal (a, b, c¢) wvoltage
referenced to node ‘o’

Capacitor voltage in DC bus

DC-link voltage

Peak value of the grid phase voltage

Virtual ground voltage of the rectifier circuit
Virtual ground voltage of the RC filter at the
output terminal of inverter circuit

Rate of change of the energy stored

Ripple current of the grid

Rate of change of the power store in the DC

capacitor
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Displacement angle between the fundamental
component of grid phase voltage and current
Firing angle

Power factor



Abstract

The presented research work explores and proposes an efficient multilevel converter for
single dc bus configuration without any isolated dc sources connected in the dc-link.
The experimental prototype in a three-phase/three-level rectifier topology is focused on
four functionalities of the unity power factor controller: (a) dc-link voltage balancing,
(b) switching frequency range to achieve low THD current, (c) fault tolerance capability
for two-phase operation, and (d) dynamic response of a feed-forward current control.
The dc-link voltage balancing method for the three-phase/three-level and three-
phase/five-level inverter topologies for neutral-point-clamped (NPC) inverter and flying
capacitor (FC) inverter are also investigated. According to the experimental results,
balanced capacitor voltage in the dc-link of a three-phase/three-level NPC inverter are
achieved by using the dc offset modulation. However, three-phase/five-level/multilevel
diode-clamped inverter (5L-MDCI) topologies require additional active balancing
circuit in order to achieve stable and balanced capacitor voltages in the dc-link. The RC
filtter voltage balancing approach is well suited for flying capacitor inverter topology

with more than three-levels based on PS-PWM technique.

The optimum reduction on the component count in five-level converters (rectifier and
inverter) is proposed. Both five-level rectifier and inverter topologies are developed
based on the multiple-pole concept. This approach reduces the number of power
semiconductor devices with distributed voltage sources in a single dc bus configuration.
By observing the switching operation of a level-shifted pulse width modulation (LS-
PWM) in multiple-pole multilevel converters, zero current switching is achieved in the

inner cell switch naturally.

The multiple-pole multilevel rectifier with reduced number of physical measurements
sensors is achieved by implementing an observer control technique. Even when single
phase fault is experienced, continuous operation is achieved for the five-level multiple-
pole unity power factor rectifier topology using the proposed sensorless grid voltage and
load current method. A high control bandwidth for two-phase operation is possible
under severe unbalanced three-phase grid condition. The two-phase operation in a three-

phase multiple-pole multilevel UPF rectifier is carried out with an in-phase current

XXX



control technique based on balanced power condition in a three-phase three-level
rectifier. A 1 kHz LS-PWM is developed for five-level rectifier topologies in order to
take advantage of its simplicity and well regulated switching profile.

In order to limit the switching loss to minimum a shorter conduction period control is
proposed for a three-phase/five-level/six-switch multiple-pole multilevel UPF rectifier
configuration. The hybrid-switching scheme based on LS-PWM/PS-PWM and shorter
conduction period minimizes the switching losses incurred by inner cell switches THD

of the input grid current under light load conditions.
Overall, the hardware prototypes of proposed converters have been totally realized and

experimental results of Chapters 3 to 12 (except Chapter 11) are verify all analytical

results and guarantee an optimum performance converter.
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Chapter 1 - Introduction

This chapter briefly discusses the growth of power electronic drives with the supported
statistical results. The statistical analysis investigates several factors such as electricity
consumption in Singapore context, industrials’ market overview, future trend of power
electronic technology and international standard requirement for the need of power

electronic conwverters.

1.1 Statistical Report on Energy Consumption in Singapore

Region

The trends in development of power electronic topologies for both low voltage medium
power and medium voltage high power drives have been introduced in many leading
industries. Traditional mechanical equipment has been replaced by power electronic
equipment due to its fast and precise acting control and ultra-high power density.
Moreover, power electronic converters are the most dominant power conversion
systems for several applications such as renewable and clean energy power systems (i.e.
photovoltaic, fuel cell, wind generation, etc.), electric vehicle (EV), utility grid
interface, high voltage direct current (HVDC), variable speed drive (VSD), HVAC
(heating, ventilation and air conditioning), telecommunication center, etc. Further
investigation of Singapore’s electricity consumption it is known that, most of the energy
is consumed by commerce and services-related sector followed by industrial sector [1]
as shown in Fig 1.1. The high power demand as shown in Fig 1.1 is consumed by
industrial use of machines and air-conditioning [2]. Hence, developing smart energy
saving techniques for electrical machines and air-conditioning would result in greater

financial savings and environmental benefits.

Looking at Singapore’s context, a minimum requirement of energy performance
standards in buildings have been addressed under National Environment Agency (NEA)
to improve the overall efficiency of appliances in every building [3]. As shown in Fig
1.2 the major energy demand in Singapore arises from Air-cooling system, refrigerator

and lighting.
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Fig. 1.2 Chart of energy consumption in buildings in Singapore. (Left Figure) Energy
demand in buildings and (right Figure) Energy demand for typical household

appliances.

Therefore, a comprehensive solution for high energy savings in power converter drives
has to be developed and further research has to be carried out in order to improve the

efficiency of the drives to meet the power demands of rapid growth in urbanization.

To achieve a highly efficient and high power density power system network, a proper
interfacing (efficient ac/dc rectification and dc/ac inversion drives) between utility
supply and load is required. However, such modern converter used for fluorescent lamp,
variable speed drive, switch-mode power supply, air-conditioner and others may distort
the grid distribution line due to non-sinusoidal current waveform created by the load.
Hence, a fast acting controller to mitigate the effects generated by this non-linear load
is required.
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1.2 Harmonic Distortion Effect on Grid Side

Harmonic distortions in the grid are usually known as pulses operation. This type of
phenomenon can influence the power quality of the grid, which result in high injected
current distortion into the bus and unbalanced the three-phase supply voltage. In general,
high harmonic current distortion can be found in AC line, interaction between the grid
and the equipment loads. High distortion value in AC line can cause high voltage stress
along the line and increase noise level of the transformer, as well as high energy loss is

consumed in the network and efficiency of the converter are also affected.

Energy loss of the passive filter, AC transformer and cables are mainly caused by the
current distortion [4, 5]. Every electrical network system is consisting of core resistance,
where the loss and heat is dissipated from the core resistance. The basic principle of loss
analysis can be analyzed as I°R and | is the RMS current distortion where the square of
product of harmonic current order is summing up together. As the percentage level of
the harmonic distortion is increased, the power factor of the grid is significantly reduced.
Therefore, most of the system components are usually oversized in practice to tolerate
the maximum injected harmonic currents and reactive power circulates around the

electric network.

1.3 International Standard for Harmonic Distortion Limit

The power electronic converters are commonly used to drive non-linear loads. This
results in high harmonic distortion in voltage and current waveforms. The electronic
equipment installed in the system causes harmonic distortion (as discussed in subsection
1.2). High harmonic content has many deteriorating effects such as, fluctuating power
factor, mismatch in meter reading and other possible effects on the grid [6, 7]. In order
to avert such power quality problems IEEE Standard 519-1992 has been introduced to
provide a direction on dealing with harmonics introduced by static power electronic
converters. International Electrotechnical Commision (IEC) [6-8]. Table 1.1 and 1.2
lists the least possible minimum voltage/current harmonic content injected by power

electronic equipment into the grid or any other sensitive load.
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TABLE 1.1

CURRENT DISTORTION LIMITS FOR GENERAL DISTRIBUTION SYSTEMS (120V
THROUGH 69 000V)

Maximum Harmonic Current Distortion in Percent of I

Individual Harmonic Order (Odd Harmonics)

l/l. | <11]|1l<h<17|17<h<23]23<h<3535<h] TDD (%)
<20 40 2.0 15 0.6 03 5.0
20<50 | 7.0 35 25 1.0 05 8.0
50 > 100 | 10.0 45 40 15 0.7 12.0
100 < 1000 | 12.0 55 5.0 2.0 1.0 15.0
>1000 |15.0 7.0 6.0 25 14 20.0

lsc = maximum short circuit current at PCC

IL = maximum demand load current (fundamental frequency component) at PCC

TABLE 1.2

LOW-VOLTAGE SYSTEM CLASSIFICATION AND DISTORTION LIMITS

Special General Dedicated
Applicationl] System Systeml2]
Notch Depth 10% 20% 50%
THD (voltage) 3% 5% 10%
Notch Area
16 400 22 800 36 500
(An)E!

Note: The value An for other than 480V system should be multiplied by /480

[1] Special applications include hospital and airports

[2] A dedicated systemis exclusively dedicated to the converter load

[3] In volt-microseconds at rated voltage and current

1.4 Power Electronic Market and Technology Overview

In mid-1970s, a multilevel neutral-point clamped inverter (NPC) topology has been

patented by MIT researcher, Baker. The development of multilevel inverter topologies

for low and high power drives have been widely used in many leading industries as

4
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listed in Table 1.3 and 1.4. The multilevel inverter provides the dc-link voltage with
staircase waveform shape and is approximated to be equivalent to a sinusoidal wave
form. This approach has been implemented for various industrial applications. Many
leading industries are facing a challenge to design and build an advanced multilevel
converter for high power applications. A 200MW voltage source converter for HVDC
with multiple voltage steps has been successfully introduced by ABB, Siemens and
Alstom companies. This type of inverter topology is known as modular multilevel
converter (M2C) [9, 10]. Besides, the trend of power electronic converter in the global
market is estimated around 15% to 20% growth until 2015. The steep estimated growth
of power electronics market is attributed to astronomical investments on renewable and

clean energy and this was reported by Yole Developpement, France [11].

As reported by U.S Department of Energy and GE Lineage Power industry in the year
2011, global energy consumption in telecom industry is estimated at around 160 billion
kwh. 60% of the energy is used by the network equipment and remaining energy is
consumed by HVAC system [12]. A highly efficient rectifier suitable for low voltage,
medium power applications with power factor correction (PFC) unit can be
implemented as front-end rectifier for higher level inverter to improve the overall plant

efficiency and decrease the production cost.

Among the economic statistics reported by the government and industry, the key factors
that propel research and development on advance power electronic converter are to
increase the overall efficiency of the plant and to reduce the energy consumption in the
near future. To achieve the above mentioned objectives it is a necessity to increase the
number of operating levels of an advanced multi-level inverter. By increasing the
number of operating voltage levels, the voltage stress on the inverter switches reduces
by a great extent. Hence, semiconductor switches with lower voltage/current rating is

used. This as well results in lower device dependent losses.
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1.5 Current and Future Trend of Multilevel Converters

As discussed in subsection 1.4, the utilization of multilevel converters increases rapidly
as the cost of semiconductor devices goes down. More industries are willing to invest
and develop new multilevel converters topologies for low-high power application such
as renewable energy, more electric aircraft (MEA), locomotive and other possible
application as listed in Table 1.5. Power electronic researchers are also looking towards
an alternative solution for reducing the number of components per converter alongside
reducing/eliminating the size of transformer and filter. The purpose of reducing the
amount of active and passive components is: (1) to increase in reliability, (2) to reduce
the initial cost of investment, (3) to maintain low maintainability for spare parts
required, (4) to achieve compact and efficient converters, as well as (5) to avoid the

complexity of multi winding transformer.

Current research trend in mulilevel converters aligns with investigation of new
modulation techniques and alternative rectifier/inverter topologies. Both methods are
implemented to improve the efficiency of the power system network by reducing the
total harmonic distortion in the grid with active multilevel rectifiers. The impact of grid
interfacing is affected by the harmonic content as mentioned in previous section 1.2.
Besides, switching and conduction losses and global reliability of the multilevel
converters can be improve by reducing the amount of components count, as well as
wider control bandwidth in PWM technique has to be further explore the possible
modification.

The milestones of success in multilevel converters for academia research are shown in
Fig. 1.4. Numerous new topologies have been developed for various range of
application. The trends in the development of multilevel converter as illustrated in Fig.
1.4, suggest that multilevel converters are highly applicable for low power utilities as
well. The major advantages that multilevel converters offer are improved power quality,
higher efficiency, lower THD and reduced utilization of filter while operating at very
low frequency (500-700 Hz).
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THD Cost

Size

Weight

Stresses

Optimize

Fig. 1.3 Future trend of advance multilevel converters based on reference [13].

The desired characteristics so far mentioned form the guidelines for further development
of compact electrical systems as indicated in Fig. 1.3. The size and weight reduction are
a major concern for certain applications as in transportation industry and offshore wind
turbines. The power electronic equipment for offshore wind turbines is installed on top
of the tower integrated to the mechanical part of the turbine and generator. Hence, the
converter plays an important role in weight and size reduction so as to relieve additional
stress on tower and overall size of the turbine. In addition, the space occupied by
electrical installation in sustainable energy building with the renewable energy sources

in Singapore is a critical consideration for optimizing the space usage.
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1.6 Objective and Contributions of this Thesis

The research work done so far constitutes the study and development of novel multilevel
converter topologies (rectifier and inverter configurations), design of suitable dc-link
voltage balancing techniques and various control strategies to improve efficiency and
reliability of the drive systems. Three-phase five-level and seven-level converter
topologies are selected for high power conversion with low switching frequency
operation. Optimum size of multilevel converter topologies is achieved by reducing the
number of semiconductors devices. Furthermore, an alternate switching strategy is
developed to maintain a stable and regular switching pattern for higher-level voltage

source converter.

A Feasibility study of the novel multilevel inverters and rectifiers are evaluated through
the experimental set up and several control strategies are also introduced to achieve
wider control bandwidth in the unity power factor control scheme. The study shows that
with proposed control strategy, better reliability is achieved during two-phase operation

(one phase down) for three-phase power supply system.

A significant reduction on the components count utilize in the external circuit board of
amplifier circuit and measurement sensors are achieved by implementing new control
measurement techniques. This type control technique reduces the possibility of device
failure and production cost. In addition, switching schemes for minimizing switching

losses higher-level voltage source rectifiers are also investigated.
The main objectives, proposed methods and contributions of this thesis are listed in

Table 1.6. The proposed concepts as mentioned in the following Table are

experimentally verified with a laboratory prototype.

12
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Chapter 2 — Review on Existing Rectifier Topologies

Rectifiers are usually connected to ac grid to transfer power to industrial loads. In many
cases, ac loads are fed from high frequency inverter, which may inject high harmonic
current into the grid. Hence, a front-end rectifier with nearly sinusoidal current will
boost the energy savings and provides the grid with a minimum maintenance life cycle

and cost.

In this chapter, a short survey on the existing topologies, starting from the basic diode
bridge rectifier till present day pulse width modulation (PWM) rectifier [45-49] with a

high power factor control is presented.

2.1 Fundamental Rectifier Topologies

The fundamental rectifier topologies are classified into three basic groups and a short

introduction of those are given in the following sub-sections.

2.1.1 Unidirectional Diode Bridge Rectifier

A conventional three-phase diode bridge rectifier (shown in Fig. 2.1) is one of the basic
structures to dewvelop for low and medium power applications. However, topology
shown in Fig. 2.1 does not meet the harmonic standards listed in IEC61000-3-4 and
requires a bulky input filter to compensate the input harmonic current. Majority of the
leading industries are manufacturing a series stack of multiple modules on unidirectional
bridge rectifier circuit for high power application as shown in Fig. 2.2. The series stack
of multiple modules of unidirectional bridge rectifier is known as multi-pulse diode
rectifier and is usually connected to a three-phase isolated phase-shifted transformer for
a high transformer utilization factor [45]. This type of topology serves the advantages
of naturally fixed output dc wvoltage, cancelling input current harmonics, reduction in
size of the dc capacitor/input filter or even without any dc capacitor/input filter, and

neglecting any energy process for the active switching
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Fig. 2.1 Traditional uncontrolled three-phase bridge rectifier.
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Fig. 2.2 Classical uncontrolled three-phase multi-pulse bridge rectifier.

device [45, 50, 51]. Although this topology serves as a benefit for high power
applications, but in terms of the physical size it is relatively large, costly and even

involves a complicated transformer design.
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2.1.2 Thyristor Controlled Rectifier

In Fig 2.3 the first development of traditional controlled rectifier is shown. It is further
constructed into a modular configuration similar to a multi-pulse diode bridge rectifier.
This approach of multi-pulse configuration of thyristor controlled rectifier is able to
achieve higher power capacity and reduction in harmonic content through a phase-
shifted transformer. A few years back, multi-pulse thyristor controlled rectifier was one
of the most favorable topology in industry and this configuration is usually installed in
VSDs, FACT devices and HVDC system. When compared with three phase diode
bridge rectifier multi-pulse thyristor controlled rectifier has advantages such as:
controlled output dc voltage, high forward current and fast reverse recovery current as
compared to three-phase diode bridge rectifier [45, 52, 53]. The design structure of this
topology is simple and controller is easily implemented. But the design of the gate pulse

triggering unit for thyristor devices is complex.

Both the Topologies (shown in Figs. 2.1 and 2.2) do not meet the requirement of the
harmonic limit as dictated by IEEE Standard 519-1992 and IEC61000-3-4. Due to high
harmonic content, several undesirable factors may occur in the system. High harmonic
current injection into the system will distort the source voltage and results in low input

power factor operation, low efficiency and requires a large input/output filter [54].
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Y, transformer
a
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Fig. 2.3 Traditional thyristor controlled rectifier.
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2.1.3 Pulse Width Modulation (PWM) Rectifier

The advancement of power semiconductor industry has enabled a rapid growth on the
development of high power switching devices like insulated gate bipolar transistor
(IGBT), metal oxide semiconductor field-effect transistor (MOSFET) and gate turn-off
thyristor (GTO) with flexibility in self-commutation characteristics. A PWM strategy is
applied to these switching devices for the linear control operating mode. Hence, most
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L 2
Ve ~rn c
7C =G =G % x x
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_® o NN c
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Fig. 2.4 PWM rectifier topologies (a) Current-source converter and (b) voltage-
source converter.
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of the classical thyristor controlled rectifiers have been replaced by this technology due

to its capability to switch at high frequencies [49].

Beyond that, several types of PWM rectifier is easily developed with the solid-state
switching devices. A minimum power quality standard at the input grid is achieved with
unity power factor control in the utility grid interfacing. Fig 2.4 (a) and (b) illustrates
the two different types of PWM controlled rectifier configuration, a current-source
converter (bidirectional buck rectifier) and a voltage-source converter (bidirectional
boost rectifier) respectively. Both topologies have different safety mode of operation.
In current-source converter, an unintended open circuit operation at the output dc link
terminal must be avoided. Besides, short-circuit operation of the output dc terminal

should not applied for the voltage-source converter.

Current-source rectifiers with LC filters at the ac terminal are usually implemented for
harmonic cancellation. This type of circuit configuration requires complex control
algorithm to control input displacement factor or additional hardware to compensate ac
capacitor current. Moreover, transient oscillations may occur in the supply current due
to the resonant circuit. To nullify the oscillations in the supply current, large resistances
are required for damping purpose. Hence, this type of current-source converter may lead

to high power loss and a complex controller design is required [55, 56].

The voltage-source rectifier is one of the simplest solutions to overcome the resonant
effect in the current-source rectifier. This type of voltage-source converter consists of
an AC inductor in the input terminal to compensate for the harmonic content. However,
this configuration requires bulky ac inductor and dc capacitor for unity power factor
control. And to reduce the physical size of the dc capacitor a complex control algorithm

is essential for this system [57].

2.2 Power Factor Correction Rectifier Topologies

Active and passive filters are commonly used for harmonic current reduction along with
conventional rectifier. However, implementing these filters has limitations such as,

bulky, uneconomical and efficiency of the complete system is reduced due to the passive
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resistance of the filter. Thus, new rectifier topologies are recommended for filtering
harmonic current to gain unity power factor performance eliminating the use of any

active or passive filters in the system [54].

2.2.1 Unidirectional Boost Rectifier

Unidirectional power factor correction rectifiers have been widely used in industrial
applications for low and medium power range; this serves the benefit of less active
switching devices, low conduction losses and natural short circuit protection at dc bus
terminal [50]. Several unidirectional boost rectifier topologies have been addressed in
many publications on unity power factor control. Fig 2.5 is a single stage boost rectifier
with single switching device, a boost inductor and capacitor for a harmonic current
compensation at the utility interface. This type of topology is operated at very high
switching frequency in order to obtain reduction in the size of the dc boost inductor.
However, high operating switching frequency will lead to higher conduction loss of this
converter [47] and complicates the common choke design for medium power
application. Single switch boost rectifier in Fig 2.5 (a) is operated in different
conduction modes, such as discontinues conduction mode (DCM), and continues
conduction mode (CCM) and boundary conduction mode (BCM) control [49]. To
provide a good current waveform shaping with DCM, a low cost and simple control
method is used. But high ripple current will occur in a boost inductor and this approach
will limit to medium power applications [49, 58]. Due to the occurrence of higher peak
current in DCM, a higher rating of power semiconductor device has to be selected for
the design. However, higher rating of power semiconductor devices are usually quite
expensive and result in more device dependent losses than the low power rated devices
[59].

Thus, an alternative boost rectifier in Fig 2.5 (b) is easily constructed in DCM mode
with switching devices of lower power rating to overwhelm the problem of a single
switch boost rectifier as mention above. The circuit design is known as modular single-
phase boost rectifier in three-phase system and it consists of three single phase single
switch boost rectifier connected in parallel mode of operation. The modular single-phase

boost rectifier in three-phase system is implemented for achieving high power density,
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low di/dt and simple control strategy for an unbalanced grid condition [58]. Although
such topology allows one to operate on higher power level, but complexity in
synchronizing the gate signals increases and as well size of the converter increases. The

switching frequency of the dc-dc converter depends on load [60].

2.2.2 Unidirectional Buck Rectifier
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Fig. 2.5 Three-phase unidirectional boost rectifier topologies. (a) Single switch

boost rectifier and (b) modular single-phase boost rectifier.
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Three-phase two-stage buck type rectifiers are commonly used in high power
telecommunication industry [50, 61-64]. A bidirectional rectifier which acts as a front-
end rectifier has limited applications in telecommunication industry [50]. Hence a
unidirectional rectifier which is more reliable, cost effective and requiring a simple
control techniqgue would be the possible solution. A basic configuration of a single
switch buck rectifier as shown in Fig 2.6 (a) is suitable for low power applications.
However, in high power applications this topology does not achieve the optimum
efficiency as semiconductor switches of higher rating are used in single switch
configuration. The operating modes of a single switch buck rectifier have similar

limitations as that of single switch boost rectifier [61] mentioned in subsection 2.2.1.

In advance telecommunication power supply systems, multiple modules of DC/DC buck
converters are usually connected in parallel with output dc link terminal. Several authors
have proposed numerous rectifier topologies for telecommunication system with low
input THD current achieving unity power factor with a grid interface [61-65]. Fig 2.6
(b) shows an isolated three-phase buck rectifier with two units of DC/DC buck
converters based on Scott transformer. This type of topology requires two single-phase
transformers to form a Scott connection and transform three-phase input grid voltages
into two-phase output voltage to feed the bridge rectifiers. This type of Scott
configuration reduces the harmonic content in input current and eliminates large ripple
dc current due to DCM mode. Hence, power density of this topology is improved

compared to converter configuration shown in Fig 2.6 (a).

Both topologies in Fig 2.6 (a) and (b) promise good power quality by achieving low
THD in the input current and improved dc ripple current in DCM conduction mode. But
these benefits come alongside increasing of the physical size of the converters and
higher blocking voltage/current stress on the devices. So rating of the switching devices
have to be safely selected and such architecture design will lead to relatively low
efficiency of the power conversion [64]. The single stage buck rectifier topology in, Fig
2.6 (c) gives a reduced physical size converter circuit and lower rating of the power

semiconductor  devices, which makes it suitable for  high  power
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Fig. 2.6 Three-phase unidirectional buck rectifier topologies. (a) Single switch buck
rectifier, (b) isolated buck rectifier based on Scott transformer configuration and (c)
three-switch buck rectifier.
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telecommunication industry. This converter is used to regulate the output voltage for

wide input voltage range from 280 to 480Vrms [63].

2.2.3 Unidirectional Multilevel Rectifier

In variable speed drive applications and future electric aircraft system a high dc link
voltage is necessary, [14, 66]. A booster rectifier to generate high dc link voltage is
achieved by a two-stage topology approach and this is connected to form AC-to-DC
then DC-to-DC energy conversion as discussed before. However, DCM conduction
mode in two-stage topology will lead to high current stress on single switching devices
of a DC/DC converter and large filter size is necessary for mitigating the
electromagnetic interference (EMI). Hence, this approach is reduced into a single-stage

rectifier (Vienna Rectifier, Fig. 2.7) to optimize the cost-to-performance ratio.

A detailed analysis of Vienna rectifier is presented in [67] and this topology has
excellent features like lower blocking voltage stress, lower conduction loss and requires
a filter of smaller size as compared to the classical single-stage boost rectifier in Fig 2.4
(b). In Vienna rectifier, the current can flow through the neutral point of the two series
connected dc capacitors and through upper/lower diodes. The direction of the current
flowing through the diodes is determined by the switching state of the semiconductor
switches. Therefore, the peak current flowing through each phase is reduced and
blocking voltage stress on the diodes is greatly minimized (half of the dc-link voltage).
The reduction in the peak of the phase current leads to lower EMI effect. Since the dc

link capacitor is clamped to the center point, the phase/ pole voltage has a shape of a

*Dbl *Dcl
~Cl
Da+ Db Db
o g
Dyp AD,. D& I £D.. o
N S
D¢ D+ ==C2
KDaz ZIsDbz Dcz

Fig. 2.7 Three-Phase unidirectional Vienna rectifier
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three level stepped voltage waveform. This results in lower THD and requirement of

filter is minimized.

2.3 Discussion

In this chapter, an overview of the unidirectional rectifier topologies for low-to-high
voltage application is presented. Basic unidirectional bridge rectifier topology can be
classified into topology with uncontrolled operation and single/multi-stage controlled
rectifier. The most commonly used rectifier topology in many land based system is the
unidirectional uncontrolled bridge rectifier. This type of topology is usually developed
with isolated phased shifted transformer to shape the grid current waveform by
increasing the number of secondary outputs. However, this topology with uncontrolled
feature does not achieve unity power factor performance. In order to attain both features,
a control switch (i.e. IGBTs, MOSFET, etc.) in the topology with the power factor

control is required.

Among many topologies with the controlled switches presented in the literature review,
a multilevel rectifier topology has been considered for investigation study. Multilevel
rectifier topology is one of the most well-known topology that reduces the size of the
filter inductance and eliminates the use of isolated transformer, hence achieving high

efficiency and compact size.

Therefore, research work performing on the three-level rectifier (VIENNA) topology is
firstly explored. The possible modification on the higher-level rectifier topology is also
further investigated. Basic converter operation and feedback control scheme for
achieving unity power factor and low current distortion is analyzed in the following
Chapters 3, 10, 11 and 12.
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Chapter 3 — High Power Factor Rectifier with

Instantaneous Power Balanced Control Strategy

under Unbalanced/Distorted Grid Condition

This chapter introduces a three-phase three-level unity power factor control rectifier as
shown in Fig. 3.1 with the power balanced control strategy based on decoupling
hysteresis current control. Such decoupling current control is the new reference current
generated by the grid current control and zero sequence current control. The proposed
controller is able to minimize the input current THD as well as achieving near unity
power factor under unbalanced and distorted grid voltage condition with wide load
variation. Such control scheme is designed to maintain a power balance between the ac
and dc bus, stable input current with low THD and fast dc-link voltage tracking. To
obtain the least possible THD, the voltage across the capacitors C1 and C2 must be
balanced. In order to achieve equal dc voltages across both the capacitors for a wide
load range, a decoupling hysteresis current control is implemented as illustrated in Fig.
3.2. The control algorithm is divided into two control loops, an inner loop with
decoupling current control for a balanced capacitor voltages and dc-link voltage
regulator as an outer loop. The detailed theoretical analysis of the controller design is
presented in the following sub-sections and is verified by extensive simulation and

experimental results.

3.1 Power Factor Correction Rectifier Topologies

The rectifier topology is shown in Fig. 3.1(a), this topology consists of two series
connected capacitors and three bi-directional switches Sp, Sb and Sc. The bi-directional
switch in each phase is constructed with four diodes and an IGBT to accommodate for
a bi-directional current flow as in Fig. 3.1(b) [68, 69]. Referring to Fig. 3.1, the rectifier
circuit is examined under balanced or unbalanced supply condition without considering
the switching losses. The analysis of a three-phase instantaneous voltage supply is

formulated as:
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Fig. 3.1 A three-phase three-level unity-PF control rectifier with unidirectional

power flow. (a) Rectifier configuration with bi-directional switches and (b)

implementation of bi-directional switches Sa, Sb and Sc.

_Vam(t)+an (t)+L,
Van (t)
Voo (1) | =] Vom (£)+ Vi (1) + Ly
V,, (1)

Vo (1) + Vi (1) + L

3.1)

where Vam(t), Vom(t) and Vem(t) are rectifier input voltage of node a, b and c referring to

node m. Vmn(t) is the voltage of the virtual ground measured across dc link midpoint
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(node m) and the supply ground (node n). The rectifier phase voltage is expressed as a

function of switching states as shown below:

Vam(t)
Vi (1) = (1—Sb(t))\/dCT(t)sign(lb(t)) (3.2)
Vo (t
M s, e sign )
- [1-5, (t) ]sign(1, (t))
Vi (t):‘ch() +[1-8, (t)]sign(1, (1)) (3.3)
+[1-S,(t) ]sign (1, (t))

Sa(t), Su(t) and Sc(t) denote the switching function of SWa(t), SWha(t) and SWc(t) of the
bi-directional switch respectively. Whereas the function of sign(.) defines the direction

of the filter inductor current flow, which is represented as:

sign (1, (t)) = (3.4)

{1 if 1,(t)>0

~1if 1,(t)<0

The total per-phase input current is the sum of currents flowing through the diodes and

bidirectional switch of that particular phase. This is expressed in equation (3.5).
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1y (t)fen (—Vom (1)) (3.5)

where lswa(t), lswo(t) and Iswc(t) are the bi-directional switch currents flowing through
the star-connected point. Ipa(t), lobi(t) and lpci(t) are the current through the upper
diodes and Ipai’(t), Ipvi(t), Ipci>(t) are the currents flowing through their respective

complementary diodes. Where the function of fcn(.) is written as:

1 if V,,(t)>0
fen(V,, (1)) = o 3.6
(Van (1) {o if V,,(t)<0 (3.6)
The injected current at the midpoint of dc link is written as:
I () =S, (1)1, () +S, () 1, (1) +S, (t) 1. (1) (3.7)

Based on the above analysis the voltage Vmn(t) is assumed to be balanced. However,
unbalanced and distorted grid supply can create an unbalanced neutral point, hence the
expression of voltage Vmn(t) is different from equation (3.3). Such unbalanced grid
condition can complicate the control algorithm if direct voltage control is applied for
this system and vyields to unbalanced capacitor wvoltages. Therefore, a simple
instantaneous power balanced control strategy is used, based on decoupled current

control for dc voltage balancing.

3.2 Proposed Controller Scheme

Fig. 3.2 shows the power balanced algorithm with the unity power factor control.
Proposed control algorithm -decoupled current control based on equation (3.7) is
derived from an AC equivalent circuit of the star-connected bi-directional switches. In
the case of balance grid condition and identical capacitor parameters, the injected

current through the wvirtual ground is zero. However, in practical cases supply is
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Fig. 3.2 A decouple current control with instantaneous power balanced control

strategy based on fixed hysteresis band algorithm.

unbalanced and due to non-identical parameters of the passive elements. Hence, a zero

sequence current component is injected into virtual ground of two series connected

capacitors. This additional zero sequence current will cause the virtual ground to float

at a certain dc offset value, which results in unbalanced dc-link. Moreover, the

instantaneous peak current of the grid does not shape uniformly as no switching during

the transition of the fundamental peak current [70].

To achieve a unity power factor under balanced or unbalanced grid condition, the net

input reactive power of the rectifier must be zero with the power angle, 6 = 0. With this

scheme, the net input active power is the sum of the output dc power and rate of change

of the energy stored in the passive elements irrespective of the grid condition. The active

power balance expression is obtained in the following equation (3.8).

Ve (1) 14 ()

o %
(O] (0)-L 1 (0 220,
(0
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Ls and Rs denote three phase filter inductance and filter resistance [La Lo Lc] and [Ra
Ro Rc] respectively. Whereas, Ceq is the equivalent dc capacitance value of the output

rectifier.

Assume that the switching loss to be zero and the active power after filtering is fully
transferred to the dc-link. Based on this assumption, the dc load current is directly
estimated from the net active power of the ac side. The generated reference dc current
is formulated by equating with equation (3.8) in summation with the rate of change
voltage across the equivalent capacitors. According to the power balancing principle,

the dc reference current of the inner control loop is obtained in equation (3.9).

. dv,. (t
lge (1) = ligaa (1) + leq (1) = Vo 0 +Cqq ‘(’;t() (3.9)
dc
N J N J
Y Y
First term Second term

Is(t) is the input grid current. la(t), In(t) and Ic(t) are the phase current. Vsn(t) is the grid
voltage of phase a, b and ¢ when referred to node n. The desired instantaneous reference

grid current in Fig 3.2 is formulated as shown in equation (3.10):

15 () = [ lioaa () + lceq (t) |sin, reference
15 () = [ Hioag (1) + Iceq (1) Jsin, reference (3.10)

15 (1) =[ lioga () + I ceq (t) ]sin, reference

where lceq(t) is the dc current flow in the energy stored in the passive elements of the
rectifier as stated in the second term of equation (3.9). The dc current Iceq(t) is obtained

by a simple first order PI(s) controller as mentioned in sub-section 3.2.1.

During unsymmetrical grid condition, the phase angles between any two phases of a

three-phase supply system are unequal. The measurement of unequal phase angles

under such conditions is difficult using phase lock loop as the design of PLL gets

complicated. Therefore, a sine template generator for the proposed converter is

calculated from the reference peak voltage and phase voltage of the grid. While the
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- Estimated load current
15m—wa__ e e e Y .z
S Soa e e T S g
1 [ [ [ [ [ [ [ [ [
4.95 4.955 4.96 4.965 4.97 4.975 4.98 4.985 4.99 4.995 5

Fig. 3.3 DC load current referred to measured and estimated value under +10%

unbalanced grid condition.

ﬂ n n
4.95 4.955 4.96 4.965 4.97 4.975 498 4985 499 4.995 5

Fig. 3.4 Output control signal of the outer voltage controller under +10%

unbalanced grid condition.

phase voltage of the grid is measured using the hall-effect voltage transducers and the

reference peak voltage is obtained by the peak detector based on the following equation.

12
1 1 1 1

(3.11)

where Van(t), Von(t) and Ven(t) are the instantaneous phase voltage of the input grid
supply.

Using equation (3.11), a simple reference sine template for unbalanced grid supply is

obtained by the following equation (3.12).

sing reference= Ven (1) (3.12)
peak
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Disturbance

Store energy model

Vic*(s) * 3V, J |Vae(s)
V;c CeqS I
|
= l—H
R
________ |

Fig. 3.5 Outer loop voltage controller of Fig. 3.2.

sinsreference is known as the reference sine wave template for the instantaneous
reference current in equation (3.10). The small letter's’ denotes phase a, b and ¢ of the

three-phase grid voltage measurement.

3.2.1 DC-Link Voltage Control

Fig. 3.5 shows the closed loop model of the outer loop voltage control. The PI regulator
tracks the dc-link voltage with respect to the reference control value. The disturbance
shown in Fig. 3.5 is the injected current during load change. To design the parameters
of the PI regulator, the rate of change of stored energy in the dc-link is formulated as

follows.
The dc current of the equivalent capacitors is given by

K

lceq (8)=[ Ve (8) = Ve (8) ~ Vez (S)]|:Kp +T_-Z} (3.13)

where Kp is the proportional gain constant of the voltage control loop and Ti is the
settling time of the dc-link voltage. The dc capacitor is charged by the three-phase
instantaneous grid power during the time interval (to — t1) as shown in Fig. 3.4. This

results in dc-link voltage variation due to the rate of change of the energy stored, AEqc.

The proportional gain is obtained by the following equation:
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1
AEdc = Eceq [dec (tl) _dec (tO )} (3.14)

Based on three-phase power balancing principle, the energy stored in the inductor is
assumed to be equal to that of energy stored in the dc capacitors during the power
transferred. Hence, the peak of the fundamental input current is equivalent to the peak
of the capacitor current. With this assumption, the amplitude of the instantaneous dc

current lgc(t) is obtained from the instantaneous grid power and expressed as follows:

Vi (8)1, (8)+ Vi ()1 ()4 Vi (t)lc(t)zgv , (3.5)

where Vm and Im are the amplitude of the instantaneous ac wvoltage and current
parameters respectively. Based on equation (3.14) and (3.15), the rate of change of
power is defined by the relationship between the output dc power and load power. Thus,

rate of change of power in the equivalent dc-link capacitor is simplified as:

G () 3, VA

AP -
©"92 dq¢ 2™ R

(3.16)

where R is known as the load resistance of the rectifier. From equation (3.16), the
capacitor current in equation (3.9) is calculated as

ICeq (t) = lge (t)_ lioad (t)
dVie (1) 3V, 1, 2V (t) (3.17)
Wodt Ve(t) R

From equation (3.17), the proportional gain of the outer loop voltage control is designed
accordingly to the open-loop transfer function of the voltage control as shown in Fig.

3.5. Therefore, the open-loop transfer function L(s) is written as

3V,

L(s)= K, |14 | x Vm 1 (3.18)
P Tis ) VgCe S+6V, 7V, CyR
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Fig. 3.6 Root locus of respective system in (a) open-loop system and (b) close-loop

system with Kp = 0.16 (frequency unit: rad/s).
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Fig. 3.7 Obtained results of voltage control in Fig. 3.2.

where the parameter of K, is selected based on the pole cancellation for a stable system

as given in the following.

p

_ VaCeR
6V,

m

(3.19)

The root locus of the energy store model is shown in Fig. 3.6(a). Based on the pole
trajectory in Fig. 3.6, the gain Kp is selected as 0.16A and T; is 0.02s. With this control

parameter, the pole of the close-loop system is placed at the left-half-plane and it gives

a stable close-loop system.
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With control parameter Kp = 0.16A! and Ti = 0.02s, the voltage control shows a good
tracking performance as shown in Fig. 3.7. From Fig. 3.7, one can see that the steady-
state error of the dc voltage is zero at time t = 0.065s, this shows that the controller

tracked the desired reference value.

3.2.2 Current Control

Average current control (ACC) and hysteresis current control (HCC) are often used for
current error compensation [69-71]. Both the above current control techniques are used
to reduce the harmonic content at the grid side. In ACC, the current error is shaped with
a carrier waveform. Whereas current error of HCC is suppressed within the hysteresis
band limit as shown in Fig. 3.8. However, HCC provide better dynamic behavior than

the ACC method when there is a step change in the reference current [70].
This sub-section provides a study on the HCC method with the decoupling current

control. The switching function of the bidirectional switches is given in the following

equation.

SW, (1) = ; (3:20)

[N/ 011 4 AR off

Fig. 3.8 Hysteresis current control in the controller of Fig. 3.2.
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With HCC method, the dc voltages across the capacitors are not equal due to non-
uniform charging. Furthermore, unbalanced grid can inject zero sequence current
components into the neutral-point of the dc-link capacitors. Therefore, a decoupling
current control is employed to eliminate the zero sequence current from entering into

the neutral-point as shown in Fig. 3.2.

Assume the three-phase supply is operating under balanced condition; summation of

phase voltages of the grid and pole voltages of the rectifier are

V,, (1)+V,, (t)+V, (t)=0
an( )+ bn( )+ cn( ) (3.21)
Vam (£)+ Vi (1) + Ve (1) =0
Substituting equation (3.21) into (3.1) is obtained by
v (t) dl (t) di (t) dI,(t
mn(): a()+ b()Jr 0() (3.22)

L dt dt dt

From equation (3.22), it is clear that an additional zero sequence current is flowing
through the virtual ground. Based on this assumption, a zero sequence current is added
in the current control loop to compensate the zero sequence components in the floating

ground. This is expressed as

Vi (1) i, (1)
L dt (323)

Hence, the zero sequence current from equation (3.33) is decoupled with the reference

current as given in the following expression.

s () =1, (t) =1, (1) (3.24)
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where L = La = Lp = Lc of the input filter inductance and Io(t) is written as

L o [ s sl (0)
1, (t)=— gCL( )j +(1-S, (t))sign (1, (t)) |dt (3.25)

1S, (1) sign (1
+(1-S,(t))sign (1. (1))

Thus the capacitor voltage unbalance is successfully eliminated by the new reference

currents in (3.34) under balanced and unbalanced grid conditions.

3.3 Simulation and Measurement Results

The operation behavior of the three-phase unity power factor rectifier under several
operating conditions is verified in MATLAB Simulink with SimCoupler PSIM
simulator. The obtained results show the reliability and robustness of the proposed
power balanced control strategy with the decoupling current control based on hysteresis
fix band in three difference operating conditions. Three cases are simulated from

balanced to extreme unbalanced grid condition as shown from Fig. 3.9 to Fig. 3.14.

CASE 1 illustrates the input and output performance of the unity power factor rectifier
under balanced and clean grid condition: (Fig. 3.9 and Fig. 3.10).

Balanced grid operation (Fig 3.9) results in low THD content in the input grid current
and zero phase shifts on the main phase voltage. Besides, the dynamic behavior (load
change) of the converter shows that the dc voltage is tracked well even during a short
interval of the voltage dip. With stable dc-link voltage, the voltage across each capacitor
is balanced before and after the load change as shown in Fig. 3.10.

100 T T T r

OO

[ r
4,75 4.8 4.85 4.9 4,95 5
(a)
39
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Fig. 3.9 Three-phase voltage and current in CASE 1. (a) Grid voltage, (b) grid
current, (c) THD on grid current before load change and (d) THD on grid current
after load change at t =4.875s.
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(b)

Fig. 3.10 DC bus in CASE 1. (a) DC-link voltage and voltage across capacitor C1

and C2 and (b) balance capacitor voltage before and after load change at t = 4.875s.

CASE 2 illustrates the input and output performance of the unity power factor rectifier
under +10% unbalanced and distorted grid condition: (Fig. 3.11 and Fig. 3.12).
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Fig. 3.11 Three-phase voltage and current in CASE 2. (a) Grid voltage, (b) Grid
current, (¢) THD on grid current before load change and (d) THD on grid current
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Fig. 3.12 DC bus in CASE 2. (a) DC-link voltage and voltage across capacitor C1

60—
483
and C2 and (b) balance capacitor voltage before and after load change at t = 4.875s.

To visualize the feasibility of the proposed power balanced control strategy, two
operating modes under unbalanced grid condition are analyzed. In CASE 2, the inner
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loop current control limits the harmonic current to minimum. The quality of the grid
current in CASE 2 is similar to balanced grid operation as shown in Fig. 3.9(c), (d) and
Fig. 3.11(c), (d). Under CASE 2 operating conditions, the dynamic performance of the

dc-link voltage is well tracked and both capacitor voltages are balanced as shown in Fig.

3.12.

CASE 3 lllustrates the input and output performance of the unity power factor rectifier
under £10% unbalanced with phase ¢ short to ground and distorted grid condition: (Fig.

3.13 and Fig. 3.14).
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Fig. 3.13 Three-phase voltage and current in CASE 3. (a) Grid voltage, (b) grid
current, (c) THD on grid current before load change and (d) THD on grid current
after load change att=4.875s.
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Fig. 3.14 Voltage across each capacitor and DC-link voltage in CASE 3 before and

after load change at t = 4.875.

In extreme unbalanced grid conditions, the proposed controller is able to regulate two
line currents in phase with their respective phase voltages while the remaining phase is
shorted to ground. Besides, the THD current in this CASE 3 is high as compared to
CASE 1 and CASE 2. This is due to the occurrence of dominant second order harmonic
content in the dc-link. This as well causes distortion in the reference current wave in the
inner loop. Furthermore, dc voltage across each capacitor is not balanced due to the
existence of negative and zero sequence line current which are heavily injected into the
neutral point. However, the proposed controller regulates the power near to unity power

factor by which one can extract optimum active power from the grid.

Fig. 3.15 shows the performance of the voltage balancing property with and without
decoupling current control. Due to the non-identical parameters of dc-link capacitors,
the voltage across each capacitor will be unequal due to non-uniform charging and

discharging. In contrast with additional decoupling current control, both the capacitor

lm T T T T T T T T T
With decoupling current control
— pling
100 .
e —
0 | 1 I | | | | | I
0 0.3 1 13 2 25 3 3.5 4 45 3
200 T T T T T T T T T
Without decoupling current control
L_,_ J—
L S
0 | | | | | | | | |
0 0.3 1 1.3 2 25 3 33 4 43 3

Fig. 3.15 DC-link voltage and voltage across each capacitor in DC bus with and

without decoupling current control.
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RTI1103 with the MATLAB Simulink program and sampling time of the proposed

controller is set to 60}s.

From the obtained experimental results, one can notice that the proposed controller is
working well for three operating grid conditions. The obtained results for case 2 and

case 3 are constructed based on three isolated single-phase variac transformers.

CASE 1 - Balanced and clean grid condition

TABLE 3.1

Parameters rating for both simulation and experiment converter test

SIMULATED PARAMETER EXPERIMENTAL PARAMETER

Grid Condition Grid Condition
Description Extremely || pescription Extremely
¢ Balanced Unba;lance Unbalance 2 Balanced Unba:jlance Unbalance
d d
42.43 42.43 42.43
Vrms, Vrms, Vrms,
Grid voltage 42.43 38.18 38.18
Vrms, Vrms, Vrms,
42.43Vrms | 46.67 Virms 0 Vrms 42.43 42.43 42.43
Vrms, Vrms, Vrms,
5"_harmonic 0.77:Vrms, | 0.77VIMS, | i voltage | 42.43 38.18 38.18
0 0.76 Vrms, | 0.76 Vrms,
voltage 0.93 \Vrms 0 Vrms Vrms, Vrms, Vrms,
. 42.43Vrms | 46.67 Vrms | 2.14 Vrms
Noise
voltage
(random 0 3.5 Vpeak 3.5 Vpeak
variable)
Frequency 50 Hz 50 Hz 50 Hz Frequency 50 Hz 50 Hz 50 Hz
Filter Filter N 0 N
Inductor 5 mH 5 mH 5mH Inductor 5mH£5% [ 5mH£5% | 5mH 5%
Filter Filter
Resistor 0.2Q 0.2Q 02Q Resistor 02Q+1% [ 02Q+1% | 02Q+1%
DC DC 1000 yF = | 1000 pF + 1000 pF
capacitor Cl 1050 wF 1050 pF 1050 wF capacitor Cl 20% 20% 20%
ESRrCels'Stor 110mQ | 110mQ | 110mQ ESRrCels'Stor 100mQ | 100mQ | 100mQ
DC DC 1000 pF = 1000 pF = 1000 pF
capacitor C2 920 W& 920 pF 920 W& capacitor C2 20% 20% 20%
ERESO ] g0ma 80 m Q goma | EREET | jooma | 100me | 100ma
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Fig. 3.16 Three-phase voltage and current for CASE 1. (a) Grid voltage and (b)
grid current.
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Fig. 3.17 FFT of the three-phase grid current for CASE 1. (a) Before load change
and (b) after load change.
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Fig. 3.18 DC bus voltage for CASE 1. (a) DC-link voltage and voltage across each
dc capacitor and (b) voltage across both dc capacitors.
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Fig. 3.19 Power factor measurement is defined by the phase ‘a’ voltage and current for
CASE 1.

CASE 2 - Unbalanced and distorted grid condition with +10% of the nominal
phase voltage
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Fig. 3.20 Three-phase voltage and current for CASE 2. (a) Grid voltage and (b) grid
current.
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Fig. 3.21 FFT of the three-phase grid current for CASE 2. (a) Before load change and (b)
after load chanae.
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Fig. 3.22 DC bus voltage for CASE 2. (a) DC-link voltage and voltage across each
dc capacitor and (b) voltage across both dc capacitors.
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Fig. 3.23 Power factor measurement is defined by the phase ‘a’ voltage and current
for CASE 2.

CASE 3 - Unbalanced and distorted grid condition with phase ¢ down
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Fig. 3.24 Three-phase voltage and current for CASE 3. (a) Grid voltage and (b)
grid current.
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Fig. 3.25 FFT of the three-phase grid current for CASE 3. (a) Before load change
and (b) after load change
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Fig. 3.26 DC bus voltage for CASE 3. (a) DC-link voltage and voltage across each

dc capacitor and (b) voltage across both dc capacitors.
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Fig. 3.27 Power factor measurement is defined by the phase ‘a’ voltage and current
for CASE 3.
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The voltage across capacitors in case 1, 2 and 3 are balanced with reduced zero sequence
current through the neutral-point of the star-connected bidirectional switches as shown
in Fig. 3.18, Fig 3.22 and Fig. 3.26 respectively. The phase currents in the grid for case
1, 2 and 3 are shaped closely to a sinusoidal waveform with hysteresis current regulator
as shown in Fig. 3.16, Fig. 3.20 and Fig. 3.24 respectively. However, the phase currents
in the grid under balanced condition in Fig. 3.16(b) are slightly unbalanced. This is due
to the limitation of the sampling time of the dSPACE controller board, which results an
error in current within the limits of fixed hysteresis band. Hence, the peak current of the
grid can cause small overshoot current error. However, the THD of the three-phase
currents in case 1 and 2 are still considerably low and THD is limited in the range of 3
to 7%.

Such proposed power balance control strategy with the decoupled current control, a
good current compensation is obtained, voltage across the capacitors in the dc-link is

balanced and near to unity power factor operation is achieved.

3.5 Discussion

The objective of this chapter was to introduce the power balanced control strategy with
decoupling current control in this unidirectional three-level rectifier. With this proposed
control method, the rectifier does not require any bulky and expensive passive filters to
eliminate the input current harmonic while yielding low output dc ripple voltage. Hence,
the current compensation effort in the L filter (first order filter) is low due to the

synthesizing of zero pole voltage through the aid of three switches.

The experiment results in this chapter proved that the proposed current control can be
an alternative solution without the need of using complicated control algorithms. Based
on the obtained experiment results, the grid current has a sinusoidal waveform with low
harmonic distortion contents. Unity power factor is also achieved even after a sudden
load change is performed. Hence, the three-level rectifier behaves like a symmetrical
resistive load. Moreover, the voltages distributed across the two dc capacitors are almost

equal. This is achieved with the compensation from the zero sequence current control.
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Such power balanced control method with the zero sequence current control for the

multilevel rectifier can be an excellently retrofit for grid connected or PMSG connected
in wind turbine applications.
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Topologies

Variable speed drives have been widely used in many industrial applications. They
basically consist of an inverter to drive the machine. Besides, renewable energy such as
wind and solar is integrated with the inverter to supply the consumer loads. The high
power applicability of such systems for implementation in rural area is being

investigated.

Since the voltage source inverters (VSI) are allowed to conduct with high switching
speed and fast transient response VSI topologies will be reviewed instead of current
source inverter (CSI). CSI based on SGCT, GTO or SCR, as switching devices, will
limit the switching frequency range and involves a complex the gate circuitry design.
This contributes to more losses in CSI than in VSI configuration [72, 73]. Furthermore,
an inverter operating at low switching frequency and driving an induction motor can
cause a high ripple current and excessive heating of the windings of the motors [72].

Therefore, VSI topologies will be further investigated in this report.

4.1 Traditional Two-Level Inverter

A traditional two-level voltage source inverter is shown in Fig. 4.1. This type of inverter
topology has been widely used for induction motor drives since 1990s due to its fast
switching characteristic performance. The high switching frequency (at least 6 kHz)
must be selected for this converter [74] to suppress the magnitude of low order harmonic

component, which results in reduction in filter size.

The thumb rule in control theory of the operating switching frequency range for two-
level inverter must be 10 times higher than the resonant frequency of the LC filter, which
is proven by Steinke [74]. If a 5 kHz switching frequency is to be used for a two-level
inverter driving a load of 50 Hz, the resonant frequency of the LC filter must be set to a

minimum of 500 Hz. This shows that a reduction of filter requirement with high resonant
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frequency is done by selecting very high switching frequency. However, two-level
inverter with high switching frequency may cause high dv/dt across power
semiconductor devices. Under such condition, the switching device may experience
high voltage spike which is higher than the dc-link voltage. Hence, a device with higher
voltage rating must be selected. Devices with such high voltage rating incur an
additional switching loss due to additional stray losses occurring during the switching

transition.

4.2 Multilevel Inverter Topologies

In the late 1990s, multilevel inverters are the most attractive solution for high power and
medium voltage drive when high power IGBTs is commercially available in the market.
Multilevel inverters are implemented to overcome the disadvantages of traditional two-
level inverter due to several factors, and a few are:

(1) The converter is operated at lower switching frequency as the number of incremental
output voltage steps increase. This serves the advantages of low switching losses
and low dv/dt which leads to low electromagnetic interference (EMI) and a
requirement of snubber circuit is minimized.

(2) The LC filter in n-level inverter topologies is designed to operate at high resonant
frequency at the same carrier frequency than the one obtained in two-level inverter.
High resonant frequency gives reduction in the filter size. The factor of the resonant
frequency is at least 10 times fundamental frequency (50 Hz) multiple by the number
of level [74].
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(3) THD is reduced as the number of incremental output voltage levels is increased.
This serves as a benefit when the induction motor is connected to the drive system
with a long cable as the cable inductance is predominantly high. This acts as a filter
and results in reduced core losses in the machine and voltage stress at the contact
point of cables and motor.

(4) Semiconductor devices of lower rating can be used for low and high power inverter
applications. This is because the conduction loss is low as compared to higher rating

device.

The following sub-section will introduce several topologies of multilevel inverter.

4.2.1 Cascaded Multilevel Inverter (CMI)

Fig. 4.2 shows a three-phase cascaded H-bridge multilevel inverter. Each cell consists

of four switching device and a minimum of one dc capacitor to form a single-phase H-
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Fig. 4.2 Cascaded H-bridge multilevel inverter.

bridge inverter. The different cells are connected as depicted in Fig 4.2 to construct a
three-phase configuration. With this configuration, each cell in a leg will provide three-
level output phase voltage (Van, Von and Ven) and five level line voltages (Vab, Vioe and
Vea). The number of incremental voltage step is increased by connecting additional cell

in series, where the number of phase voltage level is formulated as (nt"-cell x 2) + 1.
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This type of multilevel inverter topologies can reduce the number of switching devices,

but it requires multiple isolated dc supply to operate the converter [75].

4.2.2 Modular Multilevel Inverter (MMI)

Fig. 4.3 shows a three-phase modular multilevel inverter. Each cell can either be

constructed as a single-phase half-bridge or full-bridge inverter. The configuration of
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Fig. 4.3 Modular multilevel inverter.

the cell in Fig. 4.3 is based on single-phase half-bridge inverter. This type of inverter is
seen in HVDC application due to its merits on high power capability and single dc bus
[76, 77]. Such converter with single dc bus supply does not require any isolated phase-
shifted transformer as compared to cascaded H-bridge inverter. However, this converter
requires number of components which are bulky when compared to multilevel flying
capacitor inverter (MFCI). The increase in number of voltage levels causes floating

voltage across the capacitors [77].

54



Chapter 4 — Review on Existing Multilevel Inverter Topologies

4.2.3 Multilevel Diode-Clamped Inverter (MDCI)
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Fig. 4.4 n-level diode-clamped inverter.

Fig. 4.4 shows per-phase leg n-level diode-clamped inverter circuit (right) and three-
phase single-pole multilevel diode-clamped inverter diagram (left). The incremental
output voltage level is supplied by the series capacitors clamped through the diodes in
the single dc bus. The switching devices and diode elements are simplified into a single
switching pole as depicted in Fig. 4.4 (left diagram), which forms a per-phase single-
pole nth-level diode-clamped circuit. The capacitor voltage in dc bus for converters with
output voltage levels greater than three is unbalanced. Hence, the differential voltage
between the dc-link capacitors voltages is minimized with modified space vector
modulation [78] or dc voltage balancing circuit [34, 79-81], etc. Such problems and

proposed solutions for this converter will be further discussed in the following chapters.

55



Chapter 4 — Review on Existing Multilevel Inverter Topologies

T e W T T T T
T % [ e |
Ve ~~C I J_ : I J_ ! ba
N ; =1 A T ~ |
T T T T I i ] T T | |_
l r - L e F

Fig. 4.5 n-level flying capacitor inverter

4.2.4 Multilevel Flying Capacitor Inverter (MDCI)

Instead of diode clamped, Fig. 4.5 shows an alternative multilevel inverter with the same
amount of switching devices for the n-level approach. Each capacitor is supplied with
their respective dc voltage level and forms an incremental output voltage. This topology
has certain advantages when compared to MDCI topology i.e. simple balancing method
and better efficiency as compared to five-level diode-clamped inverter. The analysis and

proposed solution of this topology will be discussed in the following chapters.

4.2.5 Generalized Multilevel Inverter (GMI)

Fig. 4.6 shows the n-level generalized multilevel inverter, which is proposed by Fang
[82]. This topology serves the advantage of self-voltage balancing property and high
incremental voltage level. However, this topology is limited to certain power level due
to the higher rating switching devices required at the terminal connecting to the load.
Besides, this topology requires more number of switches and capacitors, which results
an increase in size of the converter and high production cost. Thermal aging and
capacitor sizing for unequal voltage stress level across each capacitor is complicated to
design. Therefore, this topology is applicable in low power application such as an

automobile system.

56



Chapter 4 — Review on Existing Multilevel Inverter Topologies

4>

I

|

I —
TN

i

Fig. 4.7 n-level generalized multilevel inverter.

4.2.6 Multilevel Flying Capacitor based ANPC Inverter

Fig. 4.7 shows a modification of flying capacitor multilevel inverter based on ANPC

inverter [83]. ANPC inverter is known as the active neutral-point-clamped, where both

N

G~

{}Sz 'K}Shz 'K}Sz

T P47 “ T - T
Ve ©) | cell1f | |_Ce||n|—a Cell1| |Cellnf—b Cell1| |Celln—c

T TV

e[l e -
R U

eI o -

Phase a’ ! V' \ Phaseb Phase ¢

L S VO

Fig. 4.6 n-level flying capacitor based ANPC inverter.
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active switching devices are clamped at the neutral-point of the dc capacitors as shown
in Fig. 4.7. The number of levels in this topology can be increased by adding more cells
in series. However, this type of topology will complicate the control algorithm for the
floating capacitor voltage when more cells are added in series.
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Inverter Topologies under Steady-State Condition

This chapter demonstrates the mathematical analysis of operating modes of the two
basic multilevel inverter topologies: three-level diode-clamped inverter and flying
capacitor inverter. Mathematical analysis in this section is examined on balanced load
and balanced dc bus voltage under steady-state condition. Where the analysis of a three-
level diode-clamped inverter in section 5.1 is adopted based on [84]. Moreover,
theoretical analysis in this section is verified in simulation and experimental results. To
obtain a better performance, voltage across each dc capacitor must be equally
distributed. Achieving balanced dc-link and balanced load has several perceived
advantages such as good output voltage/current quality and distributes the voltage stress

equally across the semiconductor devices [85].

5.1 Three-Level Diode-Clamped Inverter Topology

A three-level diode-clamped inverter circuit is shown in Fig. 5.1. This topology requires
six identical fast recovery diodes (i.e. Ds+ and Ds.) connected to the virtual ground node
‘m’, two dc capacitors and twelve identical insulated gate bipolar transistors (IGBT) to
generate a three-level output voltages waveform. The switching pattern of a three-level
diode-clamped inverter requires two unipolar triangular carrier and modulated control
signal (Ma(t), Mo(t) and Mc(t)) as shown in Fig. 5.2. The modulating signal is compared
with level shifted triangular waves to generate gate signals for switches in each leg.

Thus, switching requirement for per-phase leg ‘a’ is determined as:

Sal +Sa3 :1 (5.1)
Saz +Sa4 =1

Sa1, Sa2, Sa3z and Sas is represent the switching logic in 1 or O (turn on = 1 and turn off =
0).
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Fig. 5.1 Three-level diode-clamped inverter circuit.

Fig. 5.2 shows the switching pattern for positive modulation signal with a level shifted
pulse width modulation (LSPWM) techniqgue for both three-level diode-clamped
inverter and flying capacitor inverter. The modulation signals of phase ‘a’ is separated
into two sub-modulation (Ma1(t) and Maz(t)) to operate in a linear region within the

carrier frequency range. The positive modulation equation is expressed as:

-2
Mal(t)—?ta1+l
52 (5.2)
Maz (t) ?taZ
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Fig. 5.2 Switching pattern with a specific duty ratio at particular positive

modulation signal.

Ts is the time period of carrier wave. Assume the duty ratio D at any value between 0

and 1, then at a specific amplitude of modulation signal, the time interval of t = Ts(1-

D)/2 is shown in Fig. 5.2. Hence, equation (5.2) is simplified as:

n - ;_2 T, (1; D,.)
S
2T,(1-D
ma2=? S( 2 32)
S
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Fig. 5.3 Switching pattern with a specific duty ratio at particular negative

modulation signal.

Positive amplitude of modulation for both topologies (three-level diode-clamped

inverter and three-level flying capacitor inverter) is expressed as:

m=my,+m,,=D,+D,,-1=S,,+S,,-1 (5.4)

Fig. 5.3 shows the switching pattern on negative modulation signal with a level shifted
pulse width modulation (LSPWM) technique for three-level diode-clamped inverter.
The switching patterns on a negative modulation signal for a flying capacitor inverter
are opposite with the respect to the three-level diode-clamped inverter, equation (5.5) to

(5.7) are depicted for diode-clamped inverter. The derivation of negative modulation
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signals applied on phase ‘a’ are similar to the method presented in equation (5.2) to
(5.4). The negative sub-modulation equation is expressed as:
-2

Ma3(t)=?ta3+1
; (5.5)
-2
Ma4 (t) - ?ta4

Let t = DTs/2 and substitute t into equation (5.5)
_=2DgsTs

52D T, 6
My, = ?% = _Da4

S

Hence, the negative amplitude modulation signal for three-level diode-clamped inverter
[H

M =My +Myy =1-Dy3-Dyy =1-545 -S4 (5.7)

For three-level flying capacitor inverter the negative amplitude modulation signal is:

M=My3+M,, =1-D,5—D,y =1-5,5 -5, (5.8)

From the above details, the output pole voltage is derived from the two consecutive

equations as:

§<

—~
—

P
Il

me [Ssl(t)+ssz (t)} _Vdc (t) = Vdcz(t) [Ssl (t)+ssz (t)]_vdc (t)
V(1) =V [ Sia (1) +Sgq (1) ]+ Vi (1) =— Vdcz(t) [Ssa (1) +Sg (1) ]+ Vi (1)
Vi (0= ) Vo4 0] s, (054 (0]

_ Vdc4(t) {[Ssl(t)Jrssz (t):'_[ssis (t)+S, (t)]}

(5.9)

63



Chapter 5 — Mathematical Model for Three-Level Inverter Topologies under Steady-State Condition

Vsx(t) and Vsy(t) is the voltage occurring at the lower and upper terminal of the three-
level diode-clamped inverter with respect to node ‘x” and ‘y’ respectively. Whereas
Vsm(t) is the phase voltage for the individual leg of the inverter with respect to the neutral
point ‘m’. Based on equation (5.1) and (5.4), the average phase voltage Usm(t) is
regulated between the duty ratio and amplitude of the modulating signals. If ms change
from -1 to 1, then the average phases voltage vsm(t) change linearly from —Vqc/2 to

+Vuc/2. Thus, the average phase voltage Dsm(t) is known as:

\‘,sm(t):%{[ t)+S,, (1) |-[1-Sq (t +1—Ssz(t)]}
=[5, (1)+5,(0)-1] (5.10)

Ve,
2

where Dsm(t) is the individual average phase voltage (Dam(t), Dom(t) and Vem(t)) and ms is
the modulation signal (ma, my and mc) as stated in equation (5.4). For the simplicity of
control, a sinusoidal voltage/ current are given at the AC terminal of a three-level diode-
clamped inverter. The control loop must able to changes the amplitude of a modulation
signals with sinusoidal time function with the angular operating frequency wt and initial

phase angle fo. Thus, the phase voltages of the three-phase terminal are expressed as:

TABLE 5.1
THREE-LEVEL DIODE-CLAMPED INVERTER CORRESPONDING SWITCHING STATES

State Switching States Per-Phase Leg Voltage
Ss1 Ss2 Ss3 Ss4 Vsx Vsy Wiy
1 1 1 0 0 0 Ve Vc/2
2 0 1 1 0 -Vuc/2 Vc/2 0
3 0 0 1 1 -Vic 0 -Ve/2

Where ‘s’ represent phase a, b and ¢ and Ss1 to Ss4 are presented as the IGBT

switching devices for individual leg. Logic 1 represent as turn on and logic 0

represent as turn off for Ssi, Ss2, Ss3 and S
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_Vu mcos(a)t+00)

M cos(mt +6, —j

V,

Vom (1) = =M ( (5.11)
v mcos(wt+90 —j

Vo (1) = ;c M, (

In Table 5.1, the DC terminal current is determined by the switching states and both
node ‘x” and ‘y’ currents. If switching pattern is occurring in state 1, Iy(t) = OA and Ix(t)

is expressed as:

al a Sgn( a(t )
L (t) =] +Sly (t)san (M, (1)) (5.12)
+Sql. (t)sgn (M, (t))

clc

If switching pattern is occurring in state 3, Ix(t) = 0A and ly(t) is formulated as:

Sa4|a( )Sgn(_Ma(t))
1, (t) =—| +Spalp (t)sgn (M, (1)) (5.13)
+Sc4l. (t)sgn (-M, (1))

where sgn(.) function is defined as:

1, ifMg(t)=0

(5.14)
0, otherwise

s (v (1) -

Applying the same modulation analysis as stated in equation (5.2) to (5.7) into equation
(5.12) and (5.13). One can obtain that; the DC current is changed by the modulation

signal, which is shown in the following equation:
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(5.15)

From equation (5.15), the neutral point clamped current is formulated by KCL and it is

shown in the following expression. The neutral point clamped current consists of two

current components, one is the three-phase current at the AC terminal la(t) + In(t) + Ic(t)

and another is harmonic dc injection current fcna(t) + feno(t) + fene(t). The derivation of

this neutral point current will be further elaborated in the following sections.

I (1) =12 (8) + 15 (1) +1c (£) = L (1) + 1, (1)

L (1) =[ 1 (1) +1, (t) + 1 (t) ] =] fen, (t) +fen,, (t)+fen, () ]

(5.16)

(5.17)

where la(t), In(t) and Ic(t) is the output current of a three-phase three-level diode-clamped

inverter with the power factor angle of ¢ and fcna(t), fcno(t) and fene(t) are the dc current

function with respect to three-phase AC terminal current and modulation index

respectively. Both current equations are written as:

where sgn(.) - sgn(-.) in one cycle is defined as:
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sgn(.)—sgn(-.) =

(5.21)

@
—~
—
~—
S~——"
I

-1, —-r7<t<——

V4 V4
+], ——=—<t<—

> > (5.20)
-1, —<trz

1 & 7 _sgn(Ma (t))
;n=1,zz,:3,,,, '[T—Sgn(—Ma(t))]COS(m)dt cos[n(a)t+¢90)}
1 & T sgn (M, (t)) .
_;nﬂ;g,,,, '[r—sgn(—Mb(t))}cos(nt)dt cos{n(a)tﬂ%—?ﬂ
(

Substituting equation (5.14) and (5.17) into equation (5.15), one can obtain
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_ . sin(mjcos(n(wueo))
{ Y 2
n=135, n
oil sm( jcos((n—z)(a)t+6?o)+§)
fcna(t):? + _1235 -
. sin(mjcos((n+2)(a)t+00)—5)
2
>
n=1335,. n
Y sin(nzﬂjcos(n(wueo —D
2c0sS Y|
n=135... n
_ sin(n”jcos((n—z)(a)uﬁ0 —2”j+5j
mi S 2 3
fcnb(t)=7 + _123:5 - (5.22)
sin(jcos((n+2)(wt+90—2ﬂj—5]
= 2 3
3
n=135,. n

wFl{en )
5 i i 1)
il 7)o (MW—J—&J

fcnc(t)=ﬂi + i

If the AC terminal of the inverter is under balanced condition, then the first term of the
neutral point current equation as stated in equation (5.17) is neglected and the neutral

point clamped current is equal to the second component current as stated in the following

equation.
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|, (t)=—[ fen, (t)+fen, (t)+fon, () ] (5.23)

Substituting equation (5.21) into (5.23), the neutral point current is obtained in equation
(5.24). As a result, three-level diode-clamped inverter will experience triplen harmonic
currents and zero DC components in the neutral point clamped as shown in Fig. 5.4 and
5.5. Hence, to obtain a balanced dc wvoltage across the DC capacitors, the DC

components at the node of two series connected DC capacitor must be zero.

s i sin(rzrjcos(n(a)neo))

n=3.9.5,.. n

S e
. i sin(rzzjcos(n(a)ueo)—a)

n=39.15,.. n-2

(5.24)
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Trigg an edge

Il 1

Based on equation (5.24), the high harmonic current is dominated with the third order
harmonics. This is expressed in a simplify equation based on trigonometric properties

expressed in the following equation.
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L (1)~ %T[—%cos(é)cos@(a)t+90))—sin(5)sin (3(wt+00))} (5.25)

From the above equation (5.25), the neutral point current is depended on the load angle
which is also known as power factor angle (3). Hence, neutral point clamped current is

regulated within 0 < <90° and this is presented as:
[0.5093mi|cos (3wt +36, —7) < 1, (t) <[0.7639mi]sin (3ct +36, — ) (5.26)

The mathematical expression of Im in Equation (5.26) is defined to determine the

maximum current required for designing the PCB trace current capacity.

5.2 Three-Level Flying-Capacitor Inverter Topology

A three-phase three-level flying-capacitor inverter is shown in Fig. 5.6 and this type of
topology usually requires 12 identical IGBT devices and minimum of 4 DC capacitors
to generate a three-level output voltages. The switching strategy for this capacitor-
clamped inverter is similar to the three-level diode-clamped inverter as presented in
section 2.1 and switching states for upper leg and lower leg per phase is depicted in
Table 5.2. To generate all gating signals for safety operation, switching devices in per-

phase leg is expressed in the following equation.

S.+S.,=1
{al ad (5.27)

Saz +Sa3 :l

The output phase voltage of a three-level flying capacitor inverter is expressed in term
of the switching functions, similar to section 5.1. Since both topologies employ LSPWM
technique, the output voltage expression of the flying capacitor is the same as a diode-

clamped inverter and it is:
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Fig. 5.6 Three-level flying-capacitor inverter circuit.

TABLE 5.2

THREE-LEVEL FLYING CAPACITOR INVERTER CORRESPONDING SWITCHING STATES

State Switching States Per-Phase Leg Voltage
Ss1 Ss2 Ss3 Ssa Visx Vsy Vsm
1 1 1 0 0 0 Ve Vc/2
2 0 1 0 1 -Vic/2 Vc/2 0
3 0 0 1 1 -Vic 0 -Ve/2

Where s represent phase a, b and ¢ and Ss1 to Ss4 are presented as the IGBT
switching devices for individual leg. Logic 1 represent as turn on and logic 0

represent as turn off for Ssi, Ss2, Ss3 and Ssa.
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Vi (1) = Vo [8a ()20 (0] Ver (1) = Y s ()08, (6] Ve (1)

Viy (6= Vo 35520 ()] Ve (0=~ 5 (1), (0] Ve 1)

Vi (0= ) Vo4, 0] (0540
Vdc (t)

(5.28)

Based on the switching states given in Table 5.2, the instantaneous upper and lower dc
current are solely dependent on switching functions of that particular switch. For a stable
and balanced floating capacitor voltage, the instantaneous dc current for upper and lower
terminal (Ix(t) and Iy (t)) must flow complementing each other.(for i.e. Ix(t) = const, ly(t)

=0and Ix(t) =0, ly(t) = const). Thus, dc link current is known as:

(5.29)

The inner capacitor current of phase a, b and ¢ (lca(t), len(t) and lec(t)) of a three-level
capacitor clamped inverter is defined by the current division law and superposition

theorem. Fig. 5.7 shows the equivalent circuit for the derivation of the inner capacitor
current of phase a.

From Fig. 5.7, the inner capacitor current is found to be

(
e () = Tepa () + 1p2 (1) (5.30)
(
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Fig. 5.7 Equivalent circuit of phase ‘a’ three-level flying capacitor inverter with

derivation of mner capacitor current of phase ‘a’.

Rearranging equation (5.30) in terms of switching function we get:
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| I

Simplifying equation (5.31),
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.

32)

Functions fcna(t), fcne(t) and fone(t) are same as discussed in equation (5.18). Hence, the

equation (5.32) can be extended to a compact Fourier series form. This is expressed as

the following equation.

2

| (t)=—icos(wt+86, 5)+ﬂ
T

27

wt+gy—L 5|+ M
3

lg () =i cos(

)

T

sm(n2 Jcos( (ot+6,))

n

Ccoso i

n=135,...

sm(n2 jcos((n—Z)(a)t+90)+5)

n

sm(n2 jcos((n+2)(a)t+¢90)—§)

n
. sm(
2¢0sS Z

nz
2

jcos(n(
()

n
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Icc(t):—icos[a)tJr@O —4{—5]+ﬂ
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N—
o
(@]
w
7N\
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+
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sin(nzﬂ)cos((n —2)(a)t+¢90 —?}6]
(

n

(5.33)

Equation (5.33) shows a general expression for the inner capacitor current pertaining to

each phase of the three-level flying capacitor inverter. Based on equation (5.33), inner

capacitor current consists of fundamental and odd harmonic components. To simplify

the equation, the inner capacitor current is determined by the dominant current

component which is shown in Fig. 5.8 and 5.9. Therefore, the inner current is written

as:

la (t) = —icos(wt+6, — ) +—

lgp (1) =i cos(a)t+0 —2?”—5

)

mi
T

mi
VA
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2cos(wt+6,-5)

+§cos(cot+90 +6)

2
+§cos[3(a)t+90)—5]

—%cos[B(a)t+6’0)+5]_

2cos(wt+80—2§—5j

+gcos(a)t+¢90 —2—7[+5J
3 3

+gcos S(a)t+¢9 —2—”j—5
3 3
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Fig. 5.8 Simulated results based on inner capacitor current
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Fig. 5.9 Experimental results for load current and inner capacitor current.

5.3 Discussion

The current expressions derived based on the switching function for the three-level
inverters are presented in this chapter. The derived switching function of the LS-PWM
is verified with the relationship between the pole voltage and the modulation. After
expanding the pole voltage expressions, the final mathematical expression of the
modulation is expressed as 2Vam/Vdc. In conclusion, the modulation index for any
voltage level power converters is similar to the two-level inverter as long as the inverter

is operated under voltage-source inverter (VSI) operation.

Besides that, the amplitude of the low frequency harmonic order of the diode-clamped

and flying capacitor is also expressed by expanding the switching function. Analytical
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results based on the calculation method are verified through the experimental and
simulation results. According to the obtained results, the Fourier Series analysis only
provides correct amplitude for low harmonic order. To achieve the exact solution of the
amplitude for the remaining high frequency components, Double Fourier Series analysis
can be adopted in the future work. However, the method of achieving the switching
function expression is sufficient for the other mathematical analysis such as power

losses analysis and stresses analysis of the semiconductor devices.
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Three-Level Inverter Topologies

This chapter investigates the different voltage balancing schemes for dc-link capacitors
in three-level inverters. The major unbalanced voltage condition across the DC
capacitors is caused as the series connected diodes are clamped to the neutral point of
the two series connected capacitors. This gives rise to unequal flow of charging and
discharging currents in DC capacitors. Besides, in practical environment active/passive
elements also contribute to the unbalanced condition due to the existence of unequal
parameters. This introduces a dc component in the output voltage spectrum. This high
amplitude dc component is carried through the load terminal and results in excessive
heating [86].

6.1 Proposed DC Voltage Balancing Method

Voltage balancing with RLC elements for single-phase full bridge three-level diode-
clamped inverter has been proposed by Robert Stala [85] and analytical study based on
LC filter for three-phase three-level diode-clamped inverter has been discussed by Toit
Mouton [87]. However, the balancing method in [87] is required to connect the common
virtual ground in between LC filter and resistive load, which does not practically solve
for resistive-inductive load (RL load) application and without any common connected
virtual ground. In most of the cases, practical RL loads usually occur in the AC bus,
which is known as electrical drives. Furthermore, the analysis of the RLC elements for
the natural balancing properties proposed by Robert Stala does not discuss in detail.
Hence, this sub-section will introduce the dc voltage balancing method in terms of both

the control and passive filter (RC) balancing method.

Two types of dc voltage balancing methods will be discussed in the following sub-
section. The first proposed method is known as reduction of dc components with an
offset modulating control signals. This type of control strategy requires additional two

voltage sensors for the input dc voltage measurement. The dc components of the
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modulation function are obtained by the equation (6.6). The second balancing method
is based on the RC filter, which is also known as first order low pass filter. This type of
balancing method is solely depends on the natural reduction of the dc components. The
dc components of the three-phase voltage are injected through the RC star-connected
filtter, which provides a balanced dc voltage for each capacitor and rejects the high

frequency current components from entering the load terminal.

6.1.1 DC Components Offset for Modulation Control Signals

I
|
D,
. Vcl(t) -~ '§
—H:%saz —K}sz —K%Scz
Im a —>— 15(!)
Me—~Pp—i b —’— |b(t)
C ¢—p— I(1)
—H:%sas —H:%sbs —H:%scs
- {ch(t) -~ | E;
Ds.
Sta 4}‘:&&4
I
y Iy
T B
[ ]
|
| v, (t)T

Balancing Control
Ma(t)x Mb(t)v MC(t)

Fig. 6.1 Three-phase three-level diode-clamped inverter with dc voltage balancing

control without RC filter.
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Based on Fig. 6.1, the pole voltage across phase (a, b and c) and center pomnt ‘m’ will
experience an additional dc component Vo(t) and high frequency components are
created by the switching devices. Thus, the pole voltages of the three-phase three-level

diode-clamped inverter are expressed as:

Vp (1) = Vo (1) +V, (1) (6.1)

If the dc link capacitor voltages are not equal (Vc1 (t) # Vc2 (t)) due to tolerance value

of capacitance, then the three-phase pole voltages are shown as:

Vo (0 =215, )45, (0] 225,15, (1)
VCZ

Vi (1) =25, (0 53, (0] 228, (0-5..(0] 62

ch(t):V°1(t)[scl(t)+scz(t)]—VCZT(t)[Z—Scl(t)—Scz(t)]

2

By replacing switching function by modulation function, the phase wvoltages are

illustrated as linear modulation function below.

Vo (020, (1) Y O, ]
Vi (=2, 1)+ 1] Y2 1w, (1) 69
Vo (1)~ VClz(t)[Mc(t)u]_chT(t)[l_Mc(t)]

Equation (6.3) is derived from the following properties with the linear modulation

function under steady-state condition based on equation (5.4) and (5.7).

Sia (1) +S.2 (1) =S, (t)sgn (M, (1)) =S,4 (t)sgn(-M, (1)) +1 (6.4)
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Then,

S,a(t)san(M, (1)) =S,4 (t)san(-M, (t))+1
(6.5
~ M, (t)sgn(M, (t))+M, (t)sgn(-M, (t))+1

using sgn(Mx(t))+sgn(-Mx(t)) = 1, the updated three-phase modulation signal is shown
in the following.

Ve (1) _ Vet ()= Vea (1)
Mg (t)= 2Vdc(t) Vi ) =M, (t)-M, (1)

6.1.2 Measurement Results for DC Offset Modulation Control

The simulated results shown in Fig. 6.2 and 6.3 are used to evaluate the dc voltage
balancing with and without adding the dc offset voltage value while considering various
dc capacitor parameters. Fig. 6.2 shows the simulated results of the dc voltage across
each of the capacitor C1 and C2, and both of the capacitor voltages are balanced at 0.5
second with the proposed balancing control as given in Fig. 6.1. The unbalanced state
of the dc voltage without the balancing control is shown in Fig. 6.2. All the results are
based on parameters C1 = 1050 pYF, Resr: = 120mQ and C2 = 950 pF, Resrz = 105mQ.

The nominal capacitance value of 1000 pF with a tolerance value of £20% in Fig. 6.3
shows an extreme unbalanced dc capacitor voltage. Such an unbalanced scheme will
tend to inject dc components of higher value into the ac load as compared to the case
shown in Fig. 6.2.

To evaluate the performance of the balancing control, experimental results are shown in

Fig. 6.4 (ref. to page 77). Both dc capacitors of 1000pF value are selected for the

laboratory prototype. Fig. 6.4(c) shows the voltage across each capacitor in the dc bus
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IS unbalanced without any balancing properties. With the proposed balancing control,
the dc voltage across each capacitor is balanced as shown in Figs. 6.4(a) and (b). To
achieve a balanced dc voltage bus the controller is required to track the voltage error
precisely. This requires an accurate measurement from the voltage sensors. Such

accuracy voltage sensor is tuned by the gain of the analog amplifier circuit.

Tt
L T T T T T T T T T

Ve (t) and Veo(t): With balancing control

I I I 1 I I 1 I I
0.3 1 15 2 23 3 3.5 4 43 3

(=]
=)

ey
LU T T T T T T T T T

T -

Vei(t) and Veo(t): Without balancing control
33 E.IS I '_.IS IE E.IS I3 3!5 =I1- -'1-!5 5

Fig. 6.2 Simulation results with the parameter of C1= 1050uF, C2 = 950pF, Resr =
120mQ and Resr = 105mQ of the dc voltage across each capacitor Vei(t) and Vea(t).

T eTa
A 1 1 1 1 1 1 1 1 L

P
f__:-—
Vei(t) and Vea(t): With balancing control
n | | | | | | | 1 [
0 0.5 1 15 2 25 3 3.5 4 45 5
:m T T T T T T T T T
100 - -
Vei(t) and Vez(t): Without balancing control
| | | | | 1 | |

=

0 0.5 1 15 2 25 3 35 4 45 5
Fig. 6.3 Simulation results with the parameter of C1=1200pF, C2 = 800uF, Resr =
110mQ and Resr = 88mQ of the dc voltage across each capacitor Vc1(t) and Vea(t).
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Fig. 6.4 Experimental results with the specification of C1 ~ C2 = +1.2 x 1000uF
and Resr1 = Resr2 = 110mQ of the dc capacitor voltages of Vcl(t) and Vc2(t). (a)
With balancing modulation control, (b) Zoom in of Fig. 6.4(a), and (c) Without

balancing modulation control.

The neutral-point-clamped current waveform shown in Figs. 6.5 (simulated results) and
6.6 (experimental results) are almost same as Fig. 5.4. One can notice that the dc voltage
for each of the capacitor is not affected by the high frequency harmonic component and
third-order harmonic component. With the proposed balancing control, a third harmonic
current component will pass through the neutral-point-clamped without any dc current

component into the ac load during the switching state 2 as presented in Table 5.1.

85



Chapter 6 — DC Voltage Balancing Strategies for Three-Level Inverter Topologies

The simulated and experimental results of the pole voltage (phase ‘a’) are illustrated in
Figs. 6.7(a) and 6.8(a) respectively. The harmonic spectrum of phase ‘a’ voltage in Fig.
6.7(a) shows that no dc component has been injected into ac load terminal. The
simulated and experimental results of output load current waveform and its harmonic

order are shown in Figs. 6.7(b) and 6.8(b) respectively.

1 T T T T T T T
In(t)
o} H
1 I I I I I I I
408 4 963 4497 44975 448 4085 400 4,005 5
Fundamental (50Hz) = 0.002747 . THD= 28297 73%
0.25 T T T T T T T T T T

Im(t): FFT

0 2 4 il 8 10 12 14 14 18 20
Harmonic order

Fig. 6.5 Simulation results with the neutralpoint-clamped current waveform and

FFT analyzer of the two series connected dc capacitor.
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Fig. 6.6 Experimental results with the neutral-point-clamped current waveform and
FFT analyzer of the two series connected dc capacitor. (a) Neutralpoint-clamped

current waveform, and (b) FFT of the neutral-point-clamped current.
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Fig. 6.7 Simulation results with the output voltage and current of a three-phase
three-level diode-clamped inverter with the voltage balancing controller. ()
Voltage waveform (top figure) and respective FFT (bottom figure), and (b) Current
waveform (top figure) and respective FFT (bottom figure).
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Fig. 6.8 Experimental results with the output voltage and current of a three-phase
three-level diode-clamped inverter with the voltage balancing controller. (a) Phase
or pole voltage waveform, (b) FFT of the Fig. 6.8(a), (c) Output load current
waveform (R =150Q and L = 122mH), and (d) FFT of Fig. 6.8(c).

6.1.3 Natural Balancing Star-Connected RC Filter Circuit

Fig. 6.10 shows the natural balancing technique for DC capacitor voltage with star-
connected passive element for three-phase three-level diode-clamped inverter. In Fig.
6.11 shows the current through the neutral point is based on a zero crossing voltage
occurring in either of the phase terminals of a three-level diode-clamped inverter as
shown in Fig. 6.9. The variation of both DC-link capacitor voltages is observed by the
neutral point current Im(t) flowing in and out of the node. It can be inferred that the

neutral pont ‘m’ is a floating point of DC voltage across each DC capacitor

88



Chapter 6 — DC Voltage Balancing Strategies for Three-Level Inverter Topologies

I II 11 AV V VI
Vam(t) | : : : II
Pmtlfﬁh”nmu”nunu | I | |
M@’ | I AL ARARRT T
| | | | | ]
©Von® | My(t) I | | I |
| | |
| |
| |

Hﬁ;ﬁ;fff; i

 M(D)

ALY

[ L5 15954 i758

Fig. 6.9 Waveform of the output phase voltage and modulation signals [Vam(t),
Vbm(t) and Vem(t)] and [Ma(t), Mb(t) and Mc(t)] respectively with zero crossing

per-phase leg output voltage analysis.
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Fig. 6.10 Three-phase three-level diode-clamped inverter with star-connected RC
filtter balancing circuit.
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Fig. 6.11 Switching state for zero crossing voltage per-phase leg as stated in Fig.

6.9. (a) Intersection point | and VI, (b) intersection point 1V, (c) intersection point Il

and 111, and (d) intersection point V.

and generates a zero sequence output voltage in a three-level diode-clamped inverter.
With the natural balancing star-connected RC filter circuit, the zero sequence output
voltage can be diverted into the RC filter circuit. Whereby, the high switching harmonic
current will flow through the RC filter. The effect of the few high frequency harmonic
currents entering the load terminal can be neglected as the magnitude of such currents
is very low. The expression of the output per-phase RC filter voltages are given in the

following equation.

Vio (1) = Vo (1) = Vo (1) (6.7)

where Vom(t) is the zero sequence output voltage between ‘0’ and ‘m’. The zero
sequence output voltage with natural balancing RC filter circuit is express as:
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Vom (t) _ Vam (t)—l—vbn;(t)—l—vcm (t) 6.9)

As discussed in the previous sub-section on balancing control method, the voltage across
the RC filter is expressed in the terms of the given switching function equation. By
substituting equation (5.9) and (6.8) into equation (6.7), the output three phase voltages

of inverter with star connected the RC filter is expressed in the following form.

v (t)ZZVam (t)—me (t)—ch (t)
ao 3
Vi (1) = ~Vym (t)+2V§;m (t)= Ve (1) .
V (t):‘Vam () = Vi (1) +2Ven (1)
co 3
Extending equation (6.9) by substituting (6.3), we get
02 [Vcl(t)+vc2(t)]{ma(t)_%Mb(t)_ 1 Mc(t)}
Vv, (t)~=
| val vcz(t)][ _%_ﬂ
(1) [V01(t)+V°2(t)J[Mb(t)_%Ma(t)—lMc(t)}
Vio (1) = <
3 +[Vcl(t)—VC2(t)]{1_%_ﬂ
v 0] w0~ Sm, -2, 0]
VCO(t)zg 1 1 (6.10)
+Va (1) ch<t>]{1‘5‘ﬂ

Based on the equation (6.10), the dc component term on the right hand side of (Vci(t)-
Vez(t)) is zero. This type of star-connected RC filter is able to perform self-cancellation

of the dc component during the initial period of the dc capacitor charge and discharge.
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Hence, the output phase voltage of a three-level diode-clamped inverter can operate at

the balanced voltage waveform during steady-state condition.

Since dc component of the output phase voltage is cancelled by the RC filter property,
the voltage across each capacitor of the dc-link terminal is approximately equal. Then,

the expression of the output voltage with RC filter is written as:

V. 1 1
Var ()= M, (03 M, (0 3 M. (1)
_ Ve [mcos(a)t+¢9 )—lmcos(cot+6? —Z—EJ—lmcos(a)HH —4—”ﬂ
2 3 2 3
1 1
Vio ()= % M, (-2, (1) -2 1)
ﬁ{mcos a)t G, —2—”)—lmcos(wt+0 )—lmcos(a)t+¢90—4—”ﬂ
3 3 2 2 3
V., 1 1
~ 8| M_(t)-= M
(1)~ M (1), ()3 (1)
ﬁ{mcos a)t+6?0—4—ﬁj—1mcos(a)t+00)—lmcos(a)t+90—2—”]}
3 3 2 2 3
(6.11)

Based on the above approximation, the dominant harmonic present in output voltage
across RC filter is the fundamental component without any dc component occurs in the
system. The simulated and analytical results are illustrated in Fig. 6.12 (ref. to page 93),

both results shows that, the fundamental component of voltage are equal.
The RC filter current is expressed in terms of rate of change of capacitor voltages and

by using Laplace transformation. The final expression of the capacitor voltages of the

RC filter network are derived as:
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Fig. 6.12 RC filter voltage across node ‘a’ to node ‘o’. (a) Simulation result for
instantaneous pole voltage, (b) Simulated result for FFT analysis of pole voltage,

and (¢) analvtical result of equation (6.11) in FFT analvsis.
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(6.12)

Assume three-phase RC filter parameters are equal value, then Rfa = Ry = Rfc = R and

Ctfa = Cs = Csc = C. Thus, (6.12) is rewritten as:
V, (t) ;1(“60)

Vera (1) = aROC eRC
-1 2
V(1) 5ol tHo—
ch(t)=—§é)em( ;) (6.13)

-1 Az
v Veolt) el 0~
Cfc(t)_ RC e

Based on the above assumption, filter currents expression with the periodic time interval

are shown in the following.

I (t)=—Vd—°metF:z0 wsin(wt +6 )+icos(a)t+9)
fa R 0 RC 0
t+00—2?”_ _
Ifb(t)=—vd°me_ RC | wsin a)t+90—2—7Z L cos a)t+90—2—”
2R I 3 ) RC 3 )]
t+90—4?”_ _
Ifc(t):—vd—cme_ RC | wsin cot+¢90—4—7z +— cos a)t+90—4—7[
2R I 3 ) RC 3 )]

(6.14)

6.1.4 Measurement Results for Natural Balancing Method
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The simulated results are used to evaluate the analytical solution of the three-level
diode-clamped inverter topology with a mismatch in dc capacitance (C1 = 1200uF and
C2 = 800pF). The analytical solution of equation (6.14) is illustrated in Fig. 6.13(c) and
simulated harmonic order of the filter current is shown in Fig. 6.13(b). By comparing
both results, analytical solution shows order of the dominant harmonic component of
the filter current, where high switching frequency components are not included in the

Fourier analysis.

Fig. 6.14 (a) show the output pole voltage is stable and balanced under steady-state
condition. Ripple current of the load is low due to the highly inductive load and RC
filter as shown in Fig. 6.14 (b). This method can eliminate the additional sensors for the

hardware implementation and production cost is also reduced.

96



Chapter 6 — DC Voltage Balancing Strategies for Three-Level Inverter Topologies

10 T T T T T
of
-10 1 1 | | | 1 1
496 4965 497 4975 4908 4985 499 4905 5
(@)
Fundamental (50Hz) = 0.5692 , THD= 720.58%
1 T T T T T T T 19 T T
Simulation result for lsa(t)
0.8 .
0.6 .
=
Z
0.4} .
02F .
0 XL d M P T T U PR e B e
0 2 4 6 8 10 12 14 16 18 20
Harmonic order
(b)
1 T T T T T T T T T T
Analytical result for lsa(t)
0.8 .
0.6 -
=
E
04} .
02F .
[] | 1 | | 1 | | [ | |

0 2 4 ] ] 10 12 14 16 18 20
Harmonic order

(©)
Fig. 6.13 RC filters current flow of phase ‘a’ terminal. (a) Simulation result for

instantaneous filter current, (b) simulated result for FFT analysis of filter current,
and (c) Analytical result of equation (6.14) in FFT analysis.
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200 T T T T T T T T T
N
{/,/"‘
100 — -

Vel
Vc2

Fig. 6.14 Simulation results with the output voltage and current of a three-phase
three-level diode-clamped inverter with the balancing RC filter circuit. (a) Voltage

waveform (top figure) and respective FFT (bottom figure), (b) current waveform
(top figure) and respective FFT (bottom figure), and (c) distribution voltage level of

each capacitor in the dc bus.

To verify the balancing circuit with RC filter, experimental results are used to evaluate
the output performance of the three-phase/three-level diode-clamped inverter. Fig.
6.15(a) presents the output pole voltage waveform and respective harmonic order of a
three-level diode-clamped inverter. From the obtained results, one can observe that the
RC filters circuit has the balancing feature and does not comprise any dc component in
the output voltage. Thus, both the capacitor voltages in the dc bus are equally distributed
as shown in Fig. 6.14(c) and 6.15(c).

The limitations of RC filter balancing technique in multilevel inverters are the losses
caused by the resistors and value of the RC parameter is to be selected according to the
load power requirement. However, the RC filter balancing technique is a simple and

cost effective solution for obtaining a balanced DC-link voltage.

6.2 Discussion

A short description of the voltage balancing for a three-level diode-clamped inverter
topology is introduced. The unbalanced voltage in the DC link is critical for the load
and especially high voltage stress across each IGBT is experienced. This unbalanced
phenomenon can cause even order harmonic distortion in the neutral-point clamped as

well as the output AC terminal which may severely damage the motor winding.
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Fig. 6.15 Experimental results with the output voltage and current of a three-phase
three-level diode-clamped inverter with the balancing RC filter circuit. (a) Voltage
waveform (left figure) and respective FFT (right figure), (b) current waveform (left
figure) and respective FFT (right figure), and (c) distribution voltage level of each

capacitor in the dc bus.
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Therefore, a voltage balancing in the DC link with the active and passive balancing
methods is proposed. By comparing both methods, the active balancing method does
not contain any additional loss in the system. But this method requires high resolution
measurement for the voltage especially implementing in the DSP. When the DC link
voltage level is high, the measurement of both capacitors must be precisely tuned.
However, this active balancing method does not require any additional cost for the RC

filter as well as reduce the space required.
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This chapter explores the possibility of AC/DC/AC drive with near unity power factor
front-end rectifier and rear-ends multilevel inverters. The proposed front-end rectifier is
presented in chapter 3, which is used for AC to DC power conversion. Rear-end five-
level inverters provide low THD and better efficiency as no wvoltage oscillation is
occurred in the dc-link. Five-level inverters are usually employed with low switching
frequency to suppress the resonant filter size. Besides, the low switching frequency will
lead to low electromagnetic interference (EMI) and even allow us to use switching
devices of lower rating with better switching and conduction performance as compared
to the switching devices rated at full dc-link voltage in two-level inverter.

Five-level inverter topologies have perceived advantages such as low THD and better
efficiency when compared to two/three-level inverter topologies for high power
application. But in terms of AC/DC/AC drive with a single dc bus, rear-end multilevel
inverter will cause extreme unbalance in capacitor voltages in dc bus. Therefore, an
appropriate rear-end multilevel inverters for more than five-level incremental voltage

steps has to be selected.

Based on the analysis, modeling and experimentation results rear-end flying capacitor
inverters with number of voltage levels more than five result in a very low output THD
due to its self-balancing property when compared to diode-clamped inverter topology.
Having no diode components clamped in the neutral-point terminal, the flying capacitor
inverter produce better efficiency and good quality output voltage. The analytical

performance of the AC/DC/AC drives is verified on the 1.35kW laboratory prototype.

7.1 Switching Function Analysis for Five-Level Inverters
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Two types of five-level switching schemes will be covered in this sub-section. The
switching schemes are level-shifted pulse width modulation (5L LS-PWM) and phase-
shifted pulse width modulation (5L PS-PWM). 5L-LS-PWM and 5L-PS-PWM are
utilized in five-level diode-clamped inverter and five-level flying capacitor inverter
respectively. The analysis of both switching strategies is calculated based on the linear
modulating function, which is similar to chapter 5. [Note: The switching function
analysis is applied when the switching frequency is 10 times greater than the

fundamental frequency of the control signal.]

7.1.1 Five-Level PWM Referred to Level-Shifted Carrier Base (5L LS-
PWM)

Fig. 7.1 shows the level-shifted PWM for a five-level diode-clamped inverter topology.
Two positive carrier signals are modulated with the positive amplitude control signal
and similarly for both negative carrier signals as shown in Fig. 7.1. In one sampling
period, the control signal will intersect at both edges of the periodic carrier wave. The
intersection point for positive amplitude modulating control signal is formulated in a
form of linear expression. The half of the time interval between the intersection points

of the carrier signal and the turn on intervals of the switching device is expressed as:

— Viir(t)
Viia(1)
| Vais(t)
~ Viia()

DalTs | »
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1
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Fig. 7.1 5L LS-PWM for respective switching device from Sai to Sas of phase ‘a’.
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. _T(-Dy)

al — )

. _T(1-Dy)

a2 2 (7 1)
. T, (1— Dag) '
a3 — 2

. _T(1-Dy)

ad — 2

where ta1 t0 tas is the intersecting point for the initial turn on period of the switching

device Sa1 t0 Sas and Ts is one sampling time of the carrier frequency.

Da1 t0 Das is the duty ratio of the conduction period for the linear modulation control
signal, which is operating in the range of 0 < [ Da1 t0 Das ] < 1. The duty ratio of the
conduction period defines the relationship between the amplitude of the modulation
control signal and the edge of triangular waveform at half of the carrier frequency. The

linearized expressions for points of intersection is written as

-1
My (t)=—1t,+1

s

-1 1
M., (t)=—t
az() Ts a2 2

3 (7.2)
Mas(t) T_tas

s

-1 1
Ma4(t) fta4_5

Let assume Sai(t) to Sas(t) is equal to the duty ratio of Da1 to Das respectively. Then,
substituting equation (7.1) into equation (7.2), we get

Sa (1)~ 2My (1)-1
Saz (1) ¥ 2Mg, (1)

S.s(t)=2M 5 (1) +1
S.a(t)=2M,, (t)+2
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M, (1) =My (1) + M, (t)+ M5 (t)+M,, (1)
_ S (1) +S55 (1) +S45 (1) +Spa (1) -2 (7.3)
2

Equation (7.3) is the switching function with the change of the linear modulation with

respect to time and the complementary switching function is known as

_ 2_Sa5(t)_8a6(t)_8a7 (t)_SaS (t) (7.4)
2

7.1.2 Five-Level PWM Referred to Phase-Shifted Carrier Based (5L PS-
PWM)

Fig. 7.2 shows the phase-shited PWM for a five-level capacitor-clamped inverter
topology, which consists of four carrier waves. Each carriers wave are shifted by (360°/
(n-1)) apart from each other, where n is the number of level consisting in the inverter

circutt (i.e. five-level capacitor clamped inverter, n=5).

The analysis of the switching function explained in sub-section 7.1.1 is applied here,
while the expression of the initial conduction period in phase-shifted carrier is calculated
based on half modulation index for the ease of the analysis. The analysis of modulation
function with respect to the switching function does not consist of any sub-modulation
function as compared the LS-PWM, this is due to the fact that each carrier base is shifted
90° apart from the reference 0° carrier wave and each carrier slope is in line with the
same carrier wave. Hence, modulation analysis can be directly calculated with the
respective switching function. The initial period for the modulation signal cross over the

edge of the carrier wave is defined as
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Fig. 7.2 5L PS-PWM for respective switching device from Sai to Sas of phase ‘a’
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Based on equation (7.5), the linear expression for each phase-shifted carrier wave is set
at the reference slope of DTs/6. Hence, the slope for each crossing edge at 0 <t < DTs/6

of the modulation signal is known as
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(7.6)

(Mg (1), My, (1), Moz (1), My, (1)) <> M, (t) for PS—PWM technique only

The Duty ratio from Da1 to Das are determined by the switching function Saxi(t)-Saa(t).
While the complementary switching function from Sas(t) to Sas(t) in a five-level flying
capacitor inverter are complementary to switching functions Sai(t) — Sasa(t). The
switching functions are

2} (7.7)
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7.2 AC/DC/AC Drive with Rear-End Five-Level Inverter
Topologies

Multilevel AC/DC/AC drives are well adopted solutions for wind power systems
constituting permanent magnet synchronous generator (PMSG) and utility grid [68, 69,
88]. Topologies in Figs. 7.3 and 7.4 can be implemented for wind powered PMSG
system. Both the presented ac sources are required to operate at a very low THD and at

unity power factor.

The proposed multilevel AC/DC/AC converter is constructed based on unity power
factor front-end rectifier and rear-end five-level multilevel inverter, which is used for
high power renewable energy conversion. The comparison study of both topologies is
shown in Figs. 7.3 and 7.4. Both DC/AC configurations are connected to single dc-bus,
which is able to fit in the output terminal of a unity power factor front-end rectifier. The
proposed AC/DC/AC topologies address major limitations of existing inverter
topologies such as high voltage stress and high rate of change of voltage without using

any sort of snubber circuits.

7.2.1 Rear-End Five-Level Diode-Clamped Inverter (5L-MDCI)

A rear-end 5L-MDCI topology is shown in Fig. 7.3, which consist of 24 IGBT devices
and 18 diode components. The individual node of 4 series connected dc capacitors is
clamped with the respective node of two diodes connected in series. To achieve five-
level output voltage, each of the switching devices has to block one-quarter of the dc-
link voltage. Table 7.1 illustrates the five switching combination of the output pole
voltage level under balanced capacitor voltage in the dc-link. According to Table 7.1,

the output pole voltage per-phase leg of the SL-MDCI is expressed as:

Ve (1) Sq (t)sign (M (t))+Sg, (t)sign (M, (t))
e 7 s s, )-S5 )| 7
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Fig. 7.3 Muttilevel AC/DC/AC converter ith a rear-end five-level diode-clamped
inverter (5L-MDCI).

TABLE 7.1

REAR-END 5L-MDCI VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

State Switching States Per-Phase Leg Voltage
Ssl SsZ Ss3 Ss4 SsS Ss6 Ss7 SSS st Vsy Vsm
1 1 1 1 1 0 0 0 0 0 Ve Vc/2

2 o0 1 1 1 1 0 0 0 -Vu«f4 3Vuc/d Vc/4

3 o 0 1 1 1 1 0 0 -Vu&i2 Vc/2 0

4 0 0 0 1 1 1 1 0 - 3Vdc/ 4 Vdc/ 4 - Vdc/ 4

5 o 0 0 0 1 1 1 1 -V 0 -Vc/2

Where s represent phase a, b and ¢ and Ss1 to Ssg are presented as the IGBT
switching devices for individual leg. Logic 1 represent as turn on and logic O

represent as turn off for Ss1, Ss2, Ss3 and Ss4

where sign (Ma(t)), sign (Mo(t)) and sign (Mc(t)) are the unipolar sign function with
respect to the control sign of the modulation function Ma(t), Mn(t) and Mc(t). The sign

(Ma(t)) is expressed as:
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1 ifMa(t)ZO
0 otherwise

(7.9)

sn v, 1) -

If the dc capacitor voltage in the dc bus is balanced, then the final expression of the

output pole voltage is written as:

Vi (t
Vsm(balance) (t) = dT(>|:Ssl (t) +SSZ (t) +Ss3 (t) +Ss4 (t) - 2:| (7.10)

However in practice, the series connected node of the dc capacitors in the dc bus does
not distributed equally as presented in chapter 5 ( Vci(t) # Vea(t) # Vea(t) # Vea(t) ).
Hence, the expression of the output pole voltage is obtained from equation (7.8) and is

written as

Vsm(unbalance) (t) = (7.11)

Substitute the respective switching function based on LS-PWM scheme in sub-section
7.1.1 into equation (7.11), the expression of the output pole wvoltage with the dc

component injection is shown in the following derivation.

1

Vsm(unbalance) (t) z EVdC (t) MS (t) + VO (t) z Vsm(balance) (t) +V0 (t) (7.12)

where Vo(t) is the zero sequence voltage that cause the neutral-point voltage Vm(t) float

and this is written as

~ (7.13)
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Each of the dc capacitor will charge one quarter of the dc-link voltage during initial
period and discharge the energy at t = 0*. When the dc capacitor is discharge at t = 0%,
the output voltage will produce a certain magnitude of zero sequence voltage during
steady-state condition. Based on equations from (7.11) to (7.13), the final expression of

the output pole voltage is expressed as:

Vsm(unbalance) (t) = 2|:Vcl (t)ssl (t) _Vc4 (t)Sss (t):l (7'14)

From the above analysis, voltage across C2 and C3 are tending to decay at zero value
during steady-state condition, which is caused by the zero sequence voltage in equation
(7.13). The zero sequence voltage will force the dc voltage of C1 and C4 to be double
amplitude, which results the performance of a 5L-MDCI topology to behave like a three-

level diode-clamped inverter.

7.2.2 Rear-End Five-Level Flying Capacitor Inverter (5L-MFCI)

An alternative rear-end five-level inverter topology is shown in Fig. 7.4. This topology
is illustrated the flying capacitor inverter with the capacitor clamped to each switch. The
nominal voltage across each floating capacitor (for phase ‘a’) is Vcar = 3Vuc/4, Vcaz =
Vac/2 and Vcaz = Vac/4 respectively. The output voltage level is synthesized through the
PS-PWM scheme as stated in Table 7.2. Theoretically, this switching scheme provides
equally distribution wvoltage level for each floating capacitors with the redundancy

switching state. The theoretical voltage level for each capacitor is realized through the

Balancing
Filter
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|
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I
I
: ~Cal =<Ca2 ~<Ca3
I
I
I
]
]
I
I
I

Fig. 7.4 Muttilevel AC/DC/AC converter with a rear-end five-level flying capacitor
inverter (5L-MFCI).
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switching combination of Table 7.2. Few switching combination is illustrated in the

following points based on the given Fig. 7.5.

1) When Sa1 to Sas is off, each voltage stress of the IGBTSs is occurred at ¥4 of the dc-
link voltage.

2) When Sa1 is on and Sa2 t0 Sas is Off, the voltage stress across the complementary
switching device of Sa1 (Sas) is ¥ of the dc-link voltage as stated in the first point.
Voltage across the floating capacitor of Ca: is analyzed from the highest to lowest
potential. Based on this assumption, the highest potential is directly clamped to the
dc-link and lowest potential is Vdc/4. Hence, Caz is distributed at 3Vqc/4.

3) When Sa1 to Sa2 is on and Sa3 to Sas is off, the highest potential of Ca2 is Vi and
lowest potential of Ca2 is the summation of the voltage stress across Saz and Sas is
Vuc/2. Then voltage across Caz is appeared at half Vc.

4) Similarly, when Sa1 to Sa3 is on and Sas is off. Total voltage stress across Sas t0 Sas IS
3Vu/4 and the highest potential of Cas is at V. Then voltage across Cas is Vac/4.

Note: Sas — Sag are the complementary of Sai — Sas.

According to the nominal voltage level of each floating capacitor, MFCI configuration
exhibits equal voltage stresses, approximately equal to ¥ of the dc-link voltage in
theory.

However, practical design for more than four-level capacitor clamped inverter topology
does not provide the nominal voltage level for the floating capacitors. Although, most

of the paper has presented a PS-PWM has the self-balance property.
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Fig. 7.5 5L-MFCI topology for phase ‘a’.
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TABLE 7.2

REAR-END 5L-MFCI VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

State Switching States Per-Phase Leg Voltage

Sst Ss2 Ss3 Ssa Ss5 Sse Ss7 Sss Vsx Vsy Vsm

1 1 1 1 1 0 0 0 O 0 Ve Ve/2
1 1 0 1 O 0

2 1 1 0 1 0 1 0 O -Vuc/4 3Vuc/4 Vc/4
1 0 1 0O 0 1 O
1 1 0 0 1 1 0 O

3 1 0 1 0 1 0 1 O -Vdc/2 Vc/2 0
1 0 0 1 0 1 1 O

4 1 0 0 O 1 1 1 0 -3V«/h Vc/4 -Vuc/4

5} o 1 1 1 O O O 1 -Vc/4 3Vuc/4 Vc/4
o 1 1 0 1 0 0 1

6 0o 1 0 1 0 1 0 1 -Va2 Ve/2 0
o 0 1 1 0 0 1 1
o 1. 0 0 1 1 0 1

7 0o 0 1 0 1 0 1 1 -3Vald Valb -Vuc/4
o 0 01 0 1 1 1

8 o 0 0o 0 1 1 1 1 -Vic 0 -Vc/2

Where s represent phase a, b and ¢ and Ss1 to Ssg are presented as the IGBT

switching devices for individual leg. Logic 1 represent as turn on and logic O

represent as turn off for Ss1, Ss2, Ss3 and Sss.

But in term of more than four level approach, the most inner capacitor voltage does not

reach it’s desire voltage level. Therefore, an additional passive balancing circuit is

needed to filter the dc offset voltage in the floating capacitors.
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Based on the valid switching states in Table 7.2 of the output phase voltage (5L-MFCI
topology) under unbalance dc voltage in the floating capacitors, the expression of the

output pole voltage based on the PS-PWM scheme is written as:

Vsm<unba|ance> (t)_{ Vdc(t)ssl(t)+VCsl [SSZ(t)_Ssl(t):l } (7.15)

+Veea | Ssa (1) = Ss (1) ~1]+ Vegs [ Sea (1) -Sis (1) |

where Vesi(t), Vesz2(t) and Vess(t) are referring to the floating capacitor voltage of phase
a, b and c of the rear-end 5L-MFCI topology. Each of the floating capacitor voltages is
defined by the desire voltage level and additional dc offset voltage. The floating

capacitor voltages are written as:

stl(t)zgvdc(t) v, (1)
Vo (1) =3 Vae () Ve (1 .16
Vegs (1) = %Vdc (t)—Vys(t)

Vo1(t), Vo2(t) and Vo3(t) are the dc offset voltage of the floating capacitors voltage.
Where the dc offset voltages (small in magnitude) is estimated from the ESR resistance

of the dc capacitors.

The dc offset is reduced by the RC filter. This filter serves the balancing feature for a
5L-MFCI topology. RC filter is implemented in the output of a 5L-MFCI topology and
three RC filters are connected in a star configuration. The output phase voltage across
each RC filter is defined by the relationship between the output pole voltage of a 5L-
MEFCI topology and the virtual ground across node ‘z’ to node ‘m’. This is expressed
as:

Vaz (t) = Vam(unbalance) (t) _Vzm (t)
Vbz (t) = me(unbalance> (t) - Vzm (t) (7-17)
ch (t) = ch(unbalance) (t) _Vzm (t)
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where Vzm(t) is the virtual ground voltage, which is referred from node z to node m. The

expression of Vzm(t) is known as:

Vo (1) + Vi (1) + Vo, (T
Vi (1) =l b";( [ Ven 1) (7.18)

Expand equation (7.17) with the virtual ground voltage in (7.18), we get

2Vam unbalance (t)—me unbalance (t)_vcm unbalance (t)

v, (1) = 2 antdrc) ( : ) (unbaance)
-V t)+2V t)-V t

Vbz (t) _ am<unbalance>( ) bm<urj;)alance> ( ) cm(unbalance) ( ) (7.19)
_Vam unbalance (t)—me unbalance (t)+ 2ch unbalance (t)

V(1) = —emunoiee ( : ) (unbaance)

Then, substitute the pole voltage of equation (7.15) with their respective switching
function as stated in equation (7.7) into (7.19). The final expressions of the output phase

voltage of the RC filters are

Vi (1) = (7.20)

where Ma(t), Mp(t) and Mc(t) are the modulation index of phase a, b and ¢ respectively.
It is obvious that equation (7.20) does not contain any dc component injection in the
output terminal of a rear-end 5L-MFCI topology. By expanding the modulation index

in equation (7.20), fundamental magnitude phase voltage in the RC network is appeared
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Fig. 7.6 Harmonic spectrum of the output RC phase voltage of terminal a.

at the output terminal of 5L-MFCI. Both Analytical and simulated results shows the

fundamental component of the RC phase voltage, which is shown in Fig. 7.6.

If the phase voltage of equation (7.20) does not contain any dc component injection,
then the load current will not produce large magnitude dc component current. Hence,
the average current of the dc capacitors clamped in this topology is assumed to be zero
during steady-state condition. The average current through the dc capacitors is
expressed as

Icsl(t) s (Ssl,n (t)_ssz,n (t))
IcsZ(t) :%Z (Ssz,n (t)_ss3n (t)) Is,ntzo (7-21)
n=1 _S

less (t) avg (SSS,n (t) 54:ﬂ (t))

Since the average capacitor current is assumed to be zero, the voltage variation across
each capacitor is approximately equal to zero. Therefore, one can conclude that the

voltage balancing of each capacitor is at stable condition.

] _ @ |
aVCsl(t) _( Cﬂét)) avg
at ( (sl))
Neso (1) | lcsz (U avg |
el i c, ~0 (7.22)
M (ICSS(t))
ot avg
- - Cs3
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7.3 Controller Design

AL

Ls
Iay Ihy Ic

AN
A\

AC Grid
W Vam me Vcn
#

r }—Est(;sis_i
SWa

>
Vet " e
absolute SW; |
function ] »
r4—— == = - — — —
| sign
[ function L4
I Y] AV}
P A
| c2 c1
-
l Zero Sequence |
| Current Control A 1.0
_______ —_————a
(X}«
VertVe,
Rear-End
Multilevel Inverter
L
A 4 7
First Term of €N\ q
Equation (7.24) RC Filter

AC Load

Fig. 7.7 A decouple current control with instantaneous power balanced control
strategy based on fix hysteresis band algorithm for the front-end rectifier.

The controllers for both front-end rectifiers of the AC/DC/AC drives are implemented
with the power balance control strategy based on hysteresis current control as illustrated
in Fig. 7.7. The operating principle of this controller is similar to the presented
controller in chapter 3, except the load current estimation of this controller is obtained
from the ac side of the rear-end multilevel inverters. The power balance equation of the

rear-end multilevel inverter is written as

dV (t
Vo 0160 2 Vo (0 e (0 €V (02

From equation (7.23), the reference magnitude current for the inner current loop is,
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I;C (t) = Iac(inverter) (t)+ ICeq (t)

_ szm<inverter> (t) Is<inverter> (t) +C dvdc (t) (7-24)
Vdc (t) & dt

Vsmeinverter>(t) is the phase voltage of the RC filter and Is<inverter>(t) is the line current of

the rear-end multilevel inverter, where s is referred to phase a, b and c.

Thus, the final expression of the ac reference current with the injected zero sequence
current as presented in chapter 3 with the estimated rear-end inverter current in equation
(7.24) is written as

I, (t) = Ig (t)sin, reference + I, (t)
I, (t) = I (t)sin, reference + 1, (t) (7.25)

I5 (t) = I3 (t)sin, reference + 1, (t)

Since the dc-link voltage is regulated by the front-end side, an open loop control of the
rear-end multilevel inverters will be used for the comparison of both 5L-MDCI and 5L-
MFCI topologies performance. The modulation index of both rear-end multilevel

inverters will be set at 0.9.

7.4 Simulation Results

The results of the front-end rectifier were presented with hysteresis current controller
for unity power factor control with the fixed hysteresis band of 0.2A. All results are co-
simulated between MATLAB/ Simulink® and PSIM Simcouple. The switching

frequency of both the multilevel inverter configurations is set to 3 kHz.

AC/DC/AC drive constructed with rear-end five-level diode-clamped inverter:
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Fig. 7.8 Simulation results for a front-end rectifier based on rear-end 5L-MDCI
topology. (a) Three-phase grid voltage, (b) three-phase grid current and (c) THD
grid current of phase ‘a’.
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Fundamental (50Hz) = 170.1 , THD= 47.89%
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Fig. 7.9 Simulation results for rear-end 5L-MDCI topology. (a) DC-link voltage and

voltage across each dc capacitor of phase ‘a’, (b) three-phase output line-to-line

voltage and (c) THD output line-to-line voltage of phase ‘a’.

AC/DC/AC drive constructed with rear-end five-level flying capacitor inverter:

200 T T T T T T T T T
0
209 I I I I I I I I I
9 4.91 4.92 4.93 4.94 4.95 4.96 4.97 4.98 4.99 5
(@)
10 T T T T T T T T T

g

N
A" .»”M

I S— gt g W W LT
1 I I I I I I I I I
2.9 4.91 4.92 4.93 4.94 4.95 4.96 4,97 4.98 4.99 5

120



Chapter 7 — Comparative Study on Multilevel AC/DC/AC Drives under Unbalanced Capacitor
Voltage in DC Bus

Fundamental (50Hz) = 5.003 , THD= 5.80%
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Fig. 7.10 Simulation results for a front-end rectifier based on rear-end 5L-MFCI
topology. (a) Three-phase grid voltage, (b) three-phase grid current and (c) THD

grid current of phase ‘a’.
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Fig. 7.11 Simulation results for rear-end 5L-MFCI topology. (a) DC-link voltage
and voltage across each dc capacitor of phase ‘a’, (b) three-phase output line-to-line

voltage and (c) THD output line-to-line voltage of phase ‘a’
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The performance comparison of AC/DC/AC drive constructed with both the 5L-MDCI
and MFCI are done in this sub-section. Level-shifted PWM and phase-shifted PWM
scheme are used to synthesis five-level output voltage for the rear-end 5L-MDCI
topology and 5L-MFCI topology respectively. By comparing both topologies on
AC/DC/AC drive with unbalance capacitor voltage in a single dc bus, results show that-
rear-end 5L-MDCI topology has poorer performance as compared to 5L-MFCI
topology. Although, a front-end rectifier with decoupling current control is able to
distribute the wvoltages equally, four capacitors connected in series for 5L-MDCI
topology will still yield to unbalance state. This is due to the inner two capacitors voltage
are tend to decay nearly to zero value and lead to high THD quantity as shown in Fig.
7.9.

The front-end rectifier of the AC/DC/AC drive constructed with both the 5L-MDCI and
MFCI topology gives a low harmonic current as shown in both Figs. 7.8(c) and 7.10(c).
However, a rear-end 5L-MFCI topology with single dc bus has the self-balancing
voltage properties, which makes this topology suitable for AC/DC/AC drive application
with a reduced value of THD in voltage (Fig. 7.11). In addition, experimental results

verify the performance results of both configurations in AC/DC/AC drive.

7.5 Experimental Results

The performance results of AC/DC/AC drive with both rear-end MDCI and MFCI
topologies were tested experimentally using a 1.5kW laboratory prototype that is readily
configured to work as either 5L-MDCI or 5L-MFCI. The front-end rectifier controller
was implemented using a dSPACE RTI1103 development processor board under
MATLAB Simulink Real-Time Workshop (RTW) provided by Math Works
environment to generate the switching pattern from the hysteresis current regulator as
presented in chapter 3. The four numbers of level shifted carrier waves are generated
from a 3 kHz analog oscillator. The developed laboratory prototype is shown in Fig.

7.12 and detail parameters of the prototype are given as in Table 7.3.
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2MBI100TA-060

bank application.

TABLE 7.3
AC/DC/AC POwWER DRIVE PARAMETERS FOR EXPERIMENTAL HARDWARE

PROTOTYPE

AC/DC/AC Driwe for 5L-MDCI AC/DC/AC Driwe for 5L.-MFCI

Inverter switch IGB
Ss1t0 Ssg

2MBI100TA-060

Fig. 7.12 Laboratory prototype for AC/DC/AC drive with resisteve-inductive load

Inverter switch IGB
Ss110 Ssg

Bidirectional switch

Bidirectional switch

IGBT SWa, SWp and

IRG4PH50UPbF IGBT SWa, SWh and IRG4PH50UPbF
SW SW¢
Diode rectifier D1 to Diode rectifier D1 to
IXYS MDD26 IXYS MDD26
Ds De
Bidirectional diode Bidirectional diode
BYT200P1V BYT200P1V
Ds+ to Ds- Ds+ to Ds-
AC choke inductor La, Lp and Le 5mH AC choke inductor La, Lo and Lc 5mH
DC-link capacitor C1 to C2 1500uF

C1 to C4 1500uF

DC-link capacitor
. Cs1 560pF
Diode clamp Ds: to .
VS-VSKD56/12 5 Capacitor clamp Cs2 470pF
6
) Cs3 3304F
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Fig. 7.13 Experimental results obtained from AC/DC/AC drive constructed with 5L-
MDCI topology. (a) Per-phase grid voltage and current with 50V/div and 2.5A/div
of a front-end rectifier, (b) total harmonic distortion of the grid current of a frontend
rectifier, (c) capacitors voltage in dc bus, (d) Output line-to-line voltage Vap and load
current la with 100V/div and 5A/div of a rear-end 5L-MDCI, and (e) total harmonic

distortion of the line-to-line voltage Van of a rear-end 5L-MDCI.
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Fig. 7.14 Experimental results obtained from AC/DC/AC drive constructed with 5L-
MFCI topology. (a) Per-phase grid voltage and current with 50V/div and 5A/div of a
front-end rectifier, (b) total harmonic distortion of the grid current of a front-end
rectifier, (¢) DC-link voltage and capacitors clamped voltage, (d) Output line-to-line
voltage Vap and load current la with 100V/div and 5A/div of a rear-end 5L-MFCI,
and (e) total harmonic distortion of the line-to-line voltage Vap of a rear-end 5L-

MFCI.
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The experimental results in Fig. 7.13(e) and 7.14(e), confirm that the AC/DC/AC drive
with a rear-end 5L-MFCI topology has low output line-to-line voltage distortion. But
the rear-end 5L-MDCI topology has a poor quality as it contains high harmonic content,
and gives a two-level output voltage which depends on the output power as shown in
Fig. 7.13(d),. The distorted output line-to-line voltage in Fig. 7.13(d) is mainly caused
by the poor voltage balancing in the dc bus as shown in Fig. 7.13(c). As discussed in the
previous chapters 3 and 5, the impact of unbalanced capacitor voltage in the dc bus can
be analyzed in various viewpoints. Firstly, front-end rectifier with the star-connected
bidirectional switches does not provide zero neutral point current. Secondly, series
connected dc capacitor in the dc bus will lead to unequal amount of charge and discharge
current flow. This will cause some floating dc offset voltage across each capacitor as
explained earlier. Thirdly, high injection of dc component in the inner two dc capacitors
will lead to unbalance state during the switching transition. Finally, in practice due to
unforced manufacturing errors all the passive elements of equal value do not have
identical internal parameters. Hence, rear-end 5L-MDCI topology has to be installed
with a precise voltage balancing circuit to achieve better output voltage waveform.
However, 5L-MFCI topology appears to have a better balanced and stable dc voltage
across each capacitor, as shown in Fig. 7.14(c). This is mainly because of the rear-end
5L-MFCI topology not being directly clamped to the neutral-point of the series
connected capacitor in the dc bus. Moreover, RC filter with the star connected
configuration provides good distribution of voltage level across each floating capacitor
as presented in sub-section 7.2.2. Hence, one can conclude that, self-balanced voltage
across each capacitor in rear-end 5L-MFCI topology depends on the net dc-link voltage
provided by the unity power factor front-end rectifier. Rear-end 5L-MFCI topology does
not contain any even harmonic components in output line-to-line and pole voltage as
compared to rear-end 5L-MDCI topology and this fact is evident in Fig. 7.13(e) and
7.14(e).

To determine the efficiency of both rear-end multilevel inverter configurations in
AC/DC/AC drive a HIOKI 3196 power quality analyzer is used. The input power is
measured before the input filter inductors (Lfa, Lo and Lsc) and output power is measured
after the RC filter balancing circuit. The efficiency measurement results are obtained

from a relatively low power prototype of the AC/DC/AC drives.
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Fig. 7.15 Experimental results of input and output power of AC/DC/AC drives with
the respective rear-end multilevel inverter configuration. (a) Rear-end 5L-MDCI,

and (b) rear-end 5L-MFCI.

The input and output power measurements of both the AC/DC/AC drives constructed
with rear-end 5L-MDCI and 5L-MFCI configurations are shown in the Fig. 7.15(a) and
7.15(b) respectively. In Fig. 7.15(a), it is obvious that both the input and output power
of the AC/DC/AC drive consist of high harmonic component and large ripple power.
This high harmonic power oscillation and large ripple power is mainly because of the
high voltage distortion in the rear-end 5L-MDCI topology, which is due to unbalance

capacitors voltage in the dc bus. The voltage and current quality of the output rear-end
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TABLE 7.4
PERFORMANCE PARAMETERS COMPARISON
Grid
_ _ Efficiency,
Configuration | v/pltage, | Current, 1, | THD I, .
PF n (%)
Vam (Vrms) (Arms/phase) (%)
AC/DC/AC
Drive for 5L- 110 3.5 6 0.993 50
MDCI
AC/DC/AC
Drive for 5L- 110 3.5 6 0.991 82
MFCI

5L-MDCI topology is low, which results in low overall efficiency. Under extreme
unbalance, rear-end 5L-MDCI topology requires a higher current rating to drive a 1.3kW

load to meet the load power.

For the same input power, the efficiency of the rear-end 5L-MFCI topology is observed
to be higher than the 5L-MDCI topology. AC/DC/AC drive with rear-end 5L-MFCI
topology can achieve at least 82%, while a rear-end 5L-MDCI configuration has an
optimum efficiency of 50%. This proves that unbalance in capacitor voltage does not
provide the optimal power efficiency. And output voltage having low THD value will
lead to high current density and thus high conduction loss in diodes of a rear-end 5L-
MDCI topology. Therefore, rear-end 5L-MFCI topology has the advantage to overcome
the limitation of unbalanced capacitor voltage in single dc bus architecture and hence

yields better efficiency.

7.6 Discussion

The comparative study of the rear-end 5L-MDCI and 5L-MFCI topologies for the
unbalance capacitor voltage in a single dc bus architecture design has been conducted

in this chapter. Different voltage level inverters is used as a rear-end inverter with the
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proposed front-end unity power rectifier. If a diode-clamped inverter is required to
design for an AC/DC/AC drive, a three-level diode-clamped inverter is the preferred
topology for this AC/DC/AC drive where the voltage balancing is done by using either

dc offset modulation or RC filters balancing circuit as discussed in chapter 6.

For a given rear-end five-level inverter topologies in a single dc bus configuration, 5L-
MFCI topology is implemented for high power application. According to the
analytically and experimental results obtained, one can conclude that poor balancing of
capacitor voltages in the dc bus may result in a low harmonic distortion of output voltage
and lead to poor efficiency of the complete circuit. In conclusion, for a five-level inverter
with a unity power factor front-end rectifier, the five-level flying capacitor inverter
topology with the RC filter circuit is sure a winner, due to self-voltage balancing

characteristics of the capacitor.
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In this chapter, a new concept of five-level (5L) inverter topology is presented.
Numerous topologies on higher-level voltage source inverter have been detailed in
Chapters 4 and 7. Reduction in utilization of number of components has been quite
trending among researcher and industrial product developers around the globe [89]. In
order to maintain a high operational efficiency it is necessary to develop multilevel
converter with lower part count while achieving primary objectives such as low THD
and lower EMI. The importance of reduction in part count has been discussed in Chapter
1 previously. The prices of the power electronic equipment are decreasing due to
tremendous improvements in fabrication technologies and logistics. Only potential
energy savings in power converters only would probe the customers and manufacturers
to search for innovative converter designs. The key factors for achieving such
optimization are low owverall cost, high conversion efficiency and most importantly

reduced utilization of semiconductor devices.

The focus of this chapter is to design a transformer less, low loss and a lightweight

converter with lower device ratings. The proposed converter achieves significant

y Y
V4
Vdc/4 }\

Vdc I O\ Va

p2
pl
m

Fig. 8.1. Circuit diagram of per-phase leg single-pole existing S5L-MDCI topology

with switching position.
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reduction in components count and cost. The new multilevel inverter concept is based
on the single-pole inverter (ref. to Fig. 8.1) of a MDCI (Chapter 4, subsection 4.2.3)
topology. The topologies are developed based on the concept of multiple-pole hierarchy
as shown in Fig. 8.2. This type of hierarchy utilizes lesser number of switching elements
resulting in better efficiency while operating at a lower switching frequency for higher

level incremental voltage stepped waveform.

As mentioned earlier in Chapter 7, the dc-link capacitor voltage of a five-level diode-
clamped inverter is unbalanced. The total average current at each node of the dc-link
capacitors connected in series is not equal to zero. Thus, a balancing circuit is
incorporated to balance the capacitor voltage in order to achieve a balanced output
voltage. The balancing circuit as well regulates equal voltage among the dc-link

capacitors at the input of the 5L inverter.

The balancing circuit for the input distribution voltage level of the five-level inverter
circuit was first proposed by Newton [90] and this type of configuration has been
successfully installed in the motor drive application [34, 79, 91]. The following sections

will present the proposed five-level inverter topologies with balancing circuits. A
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Fig. 8.2. Circuit diagram of per-phase leg multiple-pole nL-MDCI topology with

switching position.
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comparative study between the proposed and classical inverter is presented in the

following subsection.

8.1 Five-Level Multiple-Pole Concept

The basic idea of this multiple-pole is based on a single-pole hierarchy by separating
the pole into a parallel structure. Each pole is connected with its respective desired dc
voltage value and each pole is operated at three-level incremental voltage stepped. A
higher the voltage level is achieved as the number of poles increase as shown in Fig.
8.2.

8.2 Operating Principle of 5L-Inverter Topologies

Operating principle of the proposed 5L-inverters is presented in this section. The
proposed topologies are classified as multiple-pole multilevel diode-clamped inverter
(M2DCI), multiple-pole multilevel t-type-clamped inverter (M2T2CI) and multiple-pole
multilevel single-switch-clamped inverter (M2S2CI1). The topological design aspects,
output characteristics and power quality are proven to be on par with conventional
MDCI configuration. The losses of the discrete components will be investigated later in
this chapter and performance of the gate control for respective inverters will be verified

through the laboratory prototype.

8.2.1 Five-Level/Multilevel Diode-Clamped Inverter (5L-MDCI)

The basic operation of 5L-MDCI topology with the switching scheme on LS-PWM is
detailed in Chapter 7. The expression of both output voltage and current flow through
the devices is obtained based on the following assumption. 1) Balance dc capacitors
voltage in the dc-link, 2) no ripple voltage in each dc capacitors, and 3) parasitic passive
elements are neglected. Based on the given assumption, the output voltage is expressed

as
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Fig. 8.3. Circuit diagram of the classical 5L-MDCI topology associated with the
5L-DC/DC balancing circuit.

Vsm(t)=VdCT(t)[Tsl(t)JrTsz(t)+TS3(t)+TS4 (t)-2] 1)

The instantaneous current through active switches with their respective operating angles
for different modulation depths are listed in Table 8.1. The operating angle is determined
by the commutation period for one cycle. For a topology requires a complementary
switch to synthesize the voltage stepped waveform, the active components in the upper
phase leg conduct only during the positive half cycle. While the lower phase leg devices
conduct only during the negative half cycle. Since, upper phase leg devices and lower
phase leg devices have the same current expression. The instantaneous current

expression for the switches in upper half of the leg is listed in Table 8.1.
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TABLE 8.1
INSTANTANEOUS PHASE ‘A’ CURRENT EXPRESSION OF 5L-MDCI WITH THE

RESPECTIVE ANGLE OF THE OPERATING SYSTEM AND THE RANGE OF MODULATION

DEPTH

Current Equation Operating Angle Modulation
Ipa (t) 1y (1) Taz ([ 1Tt (1) ] O<wt<z

Ipaz(t) la (1) Tag (1)[1=Taz (1) ] O<wt<z

Ipas(t) la () Taa (t)[1-Tas (1) ] O<ot<rw

Iran t) 1y () T (1) sint - <o <z—sin™t - | M %
ITa2(t) la (1) Ta2 (1) O<wt<rz

ITa3(t) la (1) Taa(t) O<wt<z

ITaa(t) la (1) Tas (1) O<at<rz

Ipar(t) la () Taz2 (1) O<ot<rm

Ipaz(t) la (1) Tas (V)[1-Taz (1) ] O<wt<r

Ipas(t) 0 O<wt<z

I7a1 (t) 0 O<wt<z M, <=
ITa2(t) la (1) Ta2 (1) O<wt<rz

Iras () la (1) Tas(t) O<wt<rz

ITaa(t) 1o (1) O<ot<z

Note: Ia(t) is the phase ‘a’ output current of the inverter, which consists ofpower factorangle between
the load and pole voltage. As the switches in upper and lower leg have similar operating principle, the

instantaneous current expression for currents through complementary switches is same.
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8.2.2 Five-Level/Multiple-Pole Multilevel Diode-Clamped Inverter (5L-
M?2DCI)

Fig. 8.4 shows the circuit diagram of the proposed 5L-MZ2DCI topology. In order to
operate a stable five-level output pole voltage waveform (i.e. Vam = -Vdc/2, -Vac/4, O,
+Vacld, +Vac/2), two cells/pole are connected in each phase. Each of the cells is
configured based on the classical NPC/MDCI topology and a five-level/level-shifted
PWM technique is used for generating required gating signals. The switching state of

the corresponding output voltage level is shown in Table 8.2.

The inner cell switches (Tal-Ta4) conduct only when the voltage level is operated at
+Vdc/4 and 0. By obtaining this switching condition, the middle two carrier based
comparison is selected for the switching commutation. The output five level voltage
stepped waveform is then finalized by the outer cell switches, where the first and last
carrier comparison is selected for the outer cell switches. The switching scheme and

switching state selection for the 5L-M?2DCI topology is shown in Fig. 8.5.

TABLE 8.2

5L-M2DCI VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

States Switching States Per-Phase Leg Voltage
Tsl TsZ TsB Ts4 TsS TsG Ts? TsB st Vsy Vsm

1 1 1 0 O 1 1 0 O 0 Ve Vie/2
2 1 1 0 O 0 1 1 0 | -Vald  3Vdald Vald

3 0 1 1 0 O 1 1 0 | -Vwl2  Vul2 0

4 0 0 1 1 0 1 1 0 | -3Vua/d Vald -Vyld

5 0 0 1 1 0 O 1 1 -Vic 0 -Vc/2

where ‘s’ represent phase a, b and ¢ and Ss1 to Ssg are IGBT switching devices for
individual leg. Logic 1 represent as turn-on and logic O represent as turn-off for Ts,
Ts2, Tsz and Tes.
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Fig. 8.4. Circuit diagram of the proposed 5L-M2DCI topology associated with the
5L-DC/DC balancing circuit.
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TABLE 8.3
INSTANTANEOUS PHASE ‘A’ CURRENT EXPRESSION OF 5L-M2DCI WITH THE

RESPECTIVE ANGLE OF THE OPERATING SYSTEM AND THE RANGE OF MODULATION

DEPTH
Current Equation Operating Angle Modulation
Ioar(t) | Ta (t) Taz (1)[1-Tag (1) ][1-Tas (1)] O<wt<z
Ipas(t) la ()[1-Tas (1) ] O<wt<rz
Ira (t) la (1) Taa (1)[ 1~ Tas (1) ] O<awt<r
M, > 1
a2 (t) la (1) Taz (1)1~ Tas (1) ] O<wt<z 2
.1 1 -
I7as (t) la (1) Tas () sin M, <wt <z -sin oM,
ITas(t) Ia(t) O<wt<nm
Ipat (t) la (1)[1-Tar (1) ] O<awt<r
Ipas(t) Ia(t) O<wt<rm
I7an () la () T (1) O<owt<rz
M, <=
Iraz(t) la (t) O<wt<rz
ITas(t) 0 O<wt<rx
ITas(t) Ia(t) O<wt<rm

Note: Ia(t) is the phase ‘a’ output current of the inverter, which consists of power factorangle between
the load and pole voltage. While the principle of operating instantaneous current expression for each

complementary switch is similar to the upper phase leg switches.

According to the level-shifted PWM technique, the output pole-voltage expression for
amplitude modulation greater than 0.5, under the balance capacitor voltage condition is

written as:

V,

sm

()=t

4 [TSl(t)+T52 (t)+T55 (t)+T56 ('[)—2} (8.1)
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For amplitude modulation less than 0.5, where the modulation wave is fall within two

center carrier waves. The output pole voltage is expressed as:

sm (t):Vdc—(t)I:Tsl(t)+T52(t)_1] (8.2)

From equations (8.1) and (8.2), it is noted that the modulation indices determine the
synthesis of output pole-voltage levels and selection of particular switching states. The
expression of the output pole-voltage for the five-level voltage source inverter with LS-

PWM is given by equation (8.1) which is similar to (7.10).

The current flow through the switches is determined by the power factor angle between
the output pole voltage and current of the inverter with the dependent modulation depth
of the switching state selection at positive half cycle. Expressions of the current flow

through the switches are given in Table 8.3.

8.2.3 Five-Level/Multiple-Pole Multilevel T-Type-Clamped Inverter
(5L-M?2T2Cl)

The schematic of multiple-pole multilevel T-type-clamped inverter topology (M2T2Cl)
is shown in Fig. 8.6. The T-type-clamped concept is derived according to the direction
of the current flow of the diode-clamped inverter as shown in Fig. 8.9 with the
corresponding switching states commutation. According to the switching states in Table
8.2, the current through the center switch (Ta2-Ta3 and Ta6-Ta7) is bidirectional and is
illustrated in Fig. 8.6. The bidirectional switching scheme is observed by the transition
of switching states (1 1) <> (0 1) «> (0 0) of the upper two switches. The transition
involves cumulating of NPC topology and T-clamped inverter into a multiple-pole

approach to form a five-level output voltage stepped waveform operation.

The switching states of five-level output voltage stepped waveform are shown in Table

8.4 with the corresponding switching commutation. In order to perform the desired
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Fig. 8.6. Circuit diagram of the proposed 5L-M?2T2Cl topology associated with the
5L-DC/DC balancing circuit.
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Fig. 8.8. Proposed modify four carriers switching scheme based on LS-PWM
strategy with the corresponding gating signal of phase ‘a’.

output voltage level with the corresponding switching states as listed in Table 8.4,
simple logic gates circuitry is developed to control two series switches connected in
between the node of each phase and center point of the dc-link. The control gate circuitry
for the 5L.-M2T2ClI topology is shown in Fig. 8.7.

In Fig. 8.7, the control signals of two switches connected in series is obtained from
indirect carrier based comparison. The bidirectional switches for (Ta2, Ta3) and (Ta6,
Ta7) are generated by comparing the absolute function of the modulation reference
signals with four upper carriers wave (Vtril, Vtri2, 180° phase shifted of Vtril and
Vtri2) to achieve the desired switching states.

However, the development of this control unit as indicated in the dotted box as shown
in Fig. 8.7 is more complex and costly for the hardware development, as well as requires
higher computation time for digital control. Thus, Fig. 8.8 shows the modification of the

control gating circuit to achieve the same switching states pattern in Table 8.4.

According to the switching states selection based on the LS-PWM technique, the output
pole voltage of 5L-M?T?Cl under high modulation for more than half amplitude is

expressed as

(0=, ()7, (0T () Ta 0] 83
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State (0 0)

Fig. 8.9. Derivation of bidirectional currents flow of the t-type-clamped switches

based on the switching states transition of the NPC topology.

TABLE 8.4

5L-M2T2CI VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

States Switching States Per-Phase Leg Voltage

Tsl TsZ Ts3 Ts4 TsS TsG Ts7 T38 st Vsy Vsm

1 1 0 0 0 1 0 0 0 0 Ve Ve/2
2 1 0 0 0 0 1 1 0 -Vac/d  3Vald  Vacld

3 0 1 1 0 0 1 1 0 -Va/2 Va2 0
4 0 0 0 1 0 1 1 0 | -3Vald Vald  -Vgld

5 0 o o0 1 o0 0o o0 1 -Vie 0 -Vic/2

Where s represent phase a, b and ¢ and Ss1 to Ssg are presented as the IGBT switching devices for

individual leg. Logic 1 represent as turn on and logic 0 represent as turn off for Tst1, Ts2, Tsz and Tsa
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TABLE 8.5
INSTANTANEOUS PHASE ‘A’ CURRENT EXPRESSION OF 5L-M2T2CI WITH THE

RESPECTIVE ANGLE OF THE OPERATING SYSTEM AND THE RANGE OF MODULATION

DEPTH
Current Equation Operating Angle Modulation

Iraa (t) 1y ()] Tar (1)~ Tas (1) ] O<wt<rz
Ira2(t) la (O)[1-Tar (1)~ Taa (1) ] O<wt<2z
ITa4 (1) 1o (1) Taa (1)~ Tag (1) ] r<wt<2rz

1
I7as (t) la (1) Tas (1) sin”t 21\1/|a <ot<z-sin™ 2|\1/|a 22
Irao(®) | 1o (1)[1-Tas (1)~ Tag (1) ] 0<wt<27
I7as(t) la (1) Tag (1) z+sint <wt<2z-sint

a a

ra (t) la (t) Tar (t) O<wt<rm
a2 (t) 1y (1)[1-Taa (1)~ Taa (1) ] O<wt<2r
Iraa(t) 1o (1) Taa (1)~ Tag (V)] T<ot<2n M, <=
I7as(t) 0 0<wt<2z
ITa6(t) la (t) O<wt<2r
I7as(t) 0 0<wt<2z

For amplitude modulation lower than 0.5, the output pole voltage is written as:

Vim (t):TI:Tsl(t)_TM (t)} (8.4)

Similarly, the current expressions for switches are determined by the switching function
with the range of the modulation depth. The expression of the current through the switch

is finalized in Table 8.5 based on one cycle of the commutation period.
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According to Table 8.5, voltage quality of a 5L-M?2T2ClI is poor at low modulation index
for M < 0.5. Poor output voltage quality will lead to three-level output pole voltage
operation and this increases the common-mode voltage level when a motor is loaded.
Three-level output pole voltage stepped waveform due to low modulation is operated at
the inner cell inverter and clamping power device of the output terminal of the inner cell
inverter is operated at continuous mode. However, a low modulation indices operation
is a rare occurrence in most of the applications. However, a momentary period of high
modulation indices will occur during the motor start up. Therefore, low modulation
indices will not be the primary focus for this work. Similarly, poor quality of the
classical MDCI and proposed M2?DCI topology during low modulation index for LS-
PWM technique.

8.2.4 Five-Level/Multiple-Pole Multilevel Single-Switch-Clamped
Inverter (5L-M?2S2ClI)

Fig. 8.10 shows a five-level/multiple-pole multilevel single-switch-clamped inverter
(5L-M?2S?Cl) topology. The structure of this topology is configured based on the
bidirectional switch, which allows bidirectional flow of current. Since 5L-M?T2Cl is
sharing the same gating signal for two switches connected in series to form bidirectional
current flow. Then, a simple structure of single switch bidirectional current flow is
implemented by incorporating with the diode bridge circuit as shown in Fig. 8.11.
Similarly, the same gating logic circuit is used, as shown in Fig. 8.12. The output pole-

voltage of this topology under high modulation depth is expressed as

m (t) = Vdc (t) [Tsl (t)_Ts

3 (1) + Toa (1)~ Tes (t)] (8.5)

where the output pole voltage of the inverter for low modulation depth is written as
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Fig. 8.10. Circuit diagram of the proposed 5L-M?2S2CI topology associated with the
5L-DC/DC balancing circuit.
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TABLE 8.6
INSTANTANEOUS PHASE ‘A’ CURRENT EXPRESSION OF 5L-MZ2S2CI WITH THE
RESPECTIVE ANGLE OF THE OPERATING SYSTEM AND THE RANGE OF

MODULATION DEPTH

Current Equation Operating Angle Modulation
Ipas (t) la ()[1=Tar (1)~ Tas () ] O<awt<r
Ibas(t) la ()[1-Tag (1) - Taz (1) ] T<wt<2m
Ips(t) la (D)[1-Tag ()~ Tas (1) ] O<awt<r
Ipar(t) la (1)[1-Tag (1)~ Tas (1) ] r<wt<2r
Iaa (t) la () Tat (1)~ Taa (1) ] O<awt<rz
ITa2(t) la (D)[1-Tag (1) - Taz (1) ] 0<wt<27 Ma 2%
ITa3(t) la (1) Tas (1)~ Tas (1) ] <ot <2z
Iraa 1) la (1) Taa (1) sin”! 2|\1/|a <ot<z-sin
Iras (t) la ()[1-Tag ()~ Tas (1) ] 0<wt<27
I7a6(t) la (t) T (1) r<wt<2r
IDar (t) la ()[1-Tag (1) - Taz (1) ] O<wt<rz
Ipas(t) la (D)[1-Tag (1) - Taz (1) ] T<wt<2r
Ipas (t) la () O<wt<z
Ipa7(t) la (1) T<wt<2rx
I7an (t) la (t) Tag (1) O<wt<z
M, <=
Iao(t) la (D)[1-Tag (1) - Taz (1) ] O<wt<2r
Iraa(t) o (1) Tas(t) T<wt <27
ITaa (t) 0 O<awt<z
I7as(t) la () O<wt<2r
Iras (t) 0 7wt <2z
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V(0= ()T 1] @0

Similarly, a low modulation operation is not recommended to operate as presented in
subsection 8.2.3. This is due to the design requirement for preventing oversizing and
improves the output quality of the inverter of both proposed five-level inverter
topologies with the bidirectional switch configuration. The instantaneous current

expression is shown in Table 8.6 with the range of modulation depth.

8.3 Switching Function of 5L-Inverters

The basic derivation of the switching function is detailed in Chapters 5. 5L-MDCI
topology with the use of LS-PWM technique is been derived and explained in Chapter
7 and is shown in Table 8.7.

The switching function expression for the proposed 5L-inverter topologies is listed in
Table 8.8. The switching function is selected according to the required switching state
as stated in the instantaneous current table (e.g., Table 8.1 for 5L-MDCI) for the
proposed topologies. The switching function expression for global current stress
analysis is discussed in the following sections. Power loss derivation for each switches

are also determined by the global stress analysis with the given switching function

expression.
TABLE 8.7
SWITCHING FUNCTION OF CLASSICAL FIVE-LEVEL INVERTER TOPOLOGIES
) ) Switching Function

5L-Inverters Topologies Switches )
Expression
Ta1(t) 2Ma(t)-1

Taz(t) 2Ma(t)

MDCI

Tas(t) 2Ma(t)+1
Ta4 (t) 2 M a(t)+2

where Ma(t) is the phase ‘a’ modulation signal, Ma(t) = Mesinot.
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TABLE 8.8
SWITCHING FUNCTION OF PROPOSED FIVE-LEVEL INVERTER TOPOLOGIES
) ) Switching Function
5L-Inverters Topologies Switches )
Expression
Ta1(f) 2Ma(t)
Ta2 (t) 2 Ma(t)+ 1
MZ2DCl
Tas(t) 2Ma(t)-1
Ta6 (t) 2 Ma(t)+2
Ta1(t) 2Ma(t)
Tas(?) -2Ma(t)
M?2T2ClI
Tas(t) 2Ma(t)-1
Tas(t) -2Ma(t)-1
Ta1(t) 2Ma(t)
Ta3 (t) - 2 M a(t)
M?2S2ClI
Taa(t) 2Ma(t)-1
Tas(t) -2Ma(t)-1

Note: For global stress analysis, modulation function for the respective switches is known as Mai(t) =
Ma(t) forall <i =1, 2, 3,....>.

If voltage expression of the output characteristic is derived, then product of each local modulation

8.4 Stresses on Power Devices

The following stress analysis in this subsection is used to calculate the conduction and
switching losses of the power devices. Average and RMS current stress approximation
is derived with the given switching function in Tables 8.7 and 8.8. The power devices
for 5L-Inverter topologies are selected according to the maximum voltage and current

stresses level. The chosen power devices rating are calculated based on the

147



Chapter 8 — Transformerless Five-Level/Multiple-Pole Multilevel Inverters with Single DC Bus
Configuration

TABLE 8.9
VOLTAGE STRESS EXPRESSION FOR 5L-MDCI AND 5L-M2DCI TOPOLOGIES
5L-Inverters
) Switches \oltage Stress Expression
Topologies
Tat Vdc [1 Ta (1)]
Ta2 Vd° [1 Ta2 (1)]
Tas VdC [1 Taa(1)]
MDCI Tas Vd° [1 Taa (1)]
Dz Voe (D ()
4
D Vdc(t Vae (e (14T, (1)]
V, t
Da3 de )[Tal +Ta2(t)+Ta3(t)]
Ta1 Vd° [1 Ta (1)]
Ve (t
Ta "“'T()[l—Taz (1]
Ve (t 1
Tes dCT()[l—Tas(t)J'[l—E[Tal(t)JfTaz(t)—Tae(t)ﬂ
M2DCI
Ve (t
Tas d°2( )[1—Ta6(t)]
Dajl_ Vdc—(t)Tal(t)
4
Vd t 1 T 6 t
Des #[Tﬂ(t)nﬂ(t)—1]-{Ta5(t)—§+ az( )}
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TABLE 8.10
VOLTAGE STRESS EXPRESSION FOR 5L-M2T2Cl AND 5L.-M2S2CIl TOPOLOGIES
SL-Inverters . )
. Switches Voltage Stress Expression
Topologies
Ta V"C [1 T (1) + Taa ()]
T2 Vo () r oy
4
T Ve (1)
a4 n [1—Ta4(t)+Tal(t)]
M2T2ClI
V, (t
Tas "Z( )[Z—Tal(t)+Ta4(t)—Tas(t)+Tas(t):|
Teo Voe (Vg )
4
T Ve (t)
a8 . [2+Tal(t)—Ta4(t)+Tas(t)—Tag(t)]
Vi, (t
Ta “Z( )[1—Tal(t)+Ta3(t):|
V. (t
Ta dz( )[Tal(t)+Ta3(t):|
Vi, (t
Tas “Z( )[1+Ta1(t)—Ta3(t)]
T Ve (t)
a4 n [2-Ta (1) + Tag (1)~ Taa (1) + Tas (1) ]
Vi, (t
Tes d°4( [Taa (1) +Tas (1)]
M2S2ClI
V, (t
Tas "Z( )[2+Tal(t)—Ta3(t)+Ta4(t)—Tas(t)]
Dat Vel (0
Das Vae (1 Tas (1)
4
Das Voo (1) Taa (1)
4
Dar Vee v 1
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approximation stress analysis as presented in [92-94]. The voltage and current stress

expressions are determined based on the following assumptions:

1) Current and voltage waveforms are ripple free from the load and dc-link.

2) Balanced dc-link capacitors voltage.

3) Zero voltage spike caused by the parasitic element due to low switching frequency
range.

4) Pure sinusoidal current due to highly inductive load.

8.4.1 Voltage Stress on Power Devices

Voltage stress expressions for each of the power devices in the upper phase leg are listed
in the following Table 8.9. The rest of the power devices are not listed in the Table 8.9
is the power devices of the lower phase leg, which is also known as the symmetrical
components of the upper phase leg devices. For symmetrical components, maximum
voltage stress level is same as compared to the upper phase leg power devices. With this

expression, the final value of the maximum voltage stress level is calculated by

TABLE 8.11
MAXIMUM VOLTAGE STRESS LEVEL FOR 5L-MDCI AND 5L-M?DCI| TOPOLOGIES
SL-Inverters )
_ Maximum Voltage Stress Level Based on Table 8.9
Topologies
Via =Viz =Mas =Mas = VYis
=Vie =Vor =Mas =Y =M = %B(
MDCI 1
Vo2 = Vs =§\éc
3
Voas = Vs =Z\éc
Vig Vi M Ve M Mo % N = g
3
M2DCI Vi = Vi :Z\éc
1
Vre =V =§\éc
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TABLE 8.12
MAXIMUM VOLTAGE STRESS LEVEL FOR 5L-M2T2CI| AND 5L-M?2S2C| TOPOLOGIES

S5L-Inverters Topologies | Maximum Voltage Stress Level Based on Table 8.9

V
Via =Vras = %
M2T2CI Va2 = Vqa3 = Vy6 = V- Ve
Ta2 Ta3 Ta6 Ta7 4
Va5 = Vrag = Ve

V,
Vrar = Vras = %

M2S2CI VTaZ = VTa5 = VDal = VDa2 = VDag y
= Vbas = Vbas = Vbas = Va7 = Vs = %

Vraa = Vras = Ve

substituting the switching states into the mathematical expression to obtain the

maximum voltage stress level as finalized in the following Tables 8.11 and 8.12.

8.4.2 Current Stress on Power Devices

This section is to calculate the current stress of the power devices based on the global
stress analysis with the local averaged values over fundamental period of the switching
period as detailed in [92]. The accuracy of the analysis is found to be commendable as
the analytical results are on par with simulation results. In addition, the loss modeling is
supported by using the approximation of current stress based on the derived switching
function. This approach has been adopted by the Infineon described in the application
note [95].

The adopted average and RMS current stress analysis is analyzed over one fundamental

period of the load requirement without any product of sum of the
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Fig. 8.13. Current commutaion in the respective switches as shaded in the carriers

region for different operating condition of a 5L-MDCI operation. (a) sin11/2Ma <&
for Ma> 0.5, (b) sin11/2Ma > & for Ma > 0.5 and (c) Ma < 0.5.

harmonic order of the load current. The load current is assumed to be purely sinusoidal
and is dependent on operating power factor angle, 5. The summation of the pulse current
during the switching commutation of the power device can be simplified by using the
integral of local values over one fundamental period of the switching states. For
simplification, the general expression of the average and RMS current stress with
respect to switching function is approximated (as stated in Table 8.7 and Table 8.8) and

expressed in the following equation:
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1 B 1 STai 1 B 1 STaitP
|Tai<avg>=2_n£ Ektzun:/t 1, (Kt ot) dmtz%‘o‘: . '([ I, (ot)dt, |dot
p 8.7
101 S 1 f| 1 b 0
|Dai<avg>:Z:[ Ekztm/tpla(ktp,wt) d(})’[z%?[ g El; Ia((,l)'[)d'[H dot
181 S, R
|Tai<rms> =\/Z£ Ektzm:/tpla(ktp,wt)]dwt = %:[ g z'; Ia ((L)'[)d'[u dot
_ _ (8.8)
1801 S, 181>,
| pai(rms) = Z{ Ekztzm:/tpla(ktp,wt) dot = Z{ E £ I; (ot)dt, |dot

where Stai is the switching function of the switching scheme as presented in Tables 8.7
and 8.8 and i = 1,2,3,... of the respective power devices, tp IS the time interval of the
pulses generated within one period of the switching scheme. a and B is the range of the
occurring switching pulse during one cycle. Based on equations 8.7 and 8.8, the final

general expression of the current stress analysis is shown in the following.

1 h 1P
ITai<avg> = %J. . (mt)'STai (mt)dmt = %J.ITai ((Dt)d(x)t

o

15 L0 (8.9)
o) = 5. [ 12 (01) S5 (0t) dot =~ [ I, (1) dot
18,
ITai<rms> = EJ‘ Ia (mt)'STai (@t)d())t
_ (8.10)

1 p
IDai<rms> = \/%J |§ ((Dt)'SDﬁi (wt)dwt

ITai(ot) and Ipai(ot) are the local currents through the power device with respect to the
switching function of the respective device. The local current is expressed as a function
of load current and switching function as shown in Tables 8.1, 8.3, 8.5 and 8.6 for the

respective 5L-inverter topologies.
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Substitute the boundary limit in the integral form of equations 8.9 and 8.10 to have better
visualization of the current stress expression in term of amplitude current, power factor
angle (operating load angle, &) and amplitude modulation. Simple graphical approach
of the current commutation period with the range of the modulation depth is shown in
Fig. 8.13. These figures illustrate the current through the switches during the switching
commutation period of a 5L-MDCI topology with the LS-PWM techniques under
various operating condition. The shaded area represents the current commutation in the
power devices of the 5L.-MDCI topology and analytical approximation of the compact
form of average current stress for the classical 5L- MDCI topology is written in Tables
Al, A2 and A3 (ref. to Appendix A) for various operating condition. The boundary
limit for the integration calculus obtained from the graphical approach as shown in Fig.
8.13. Similarly, the approximation of the RMS current stress of the power devices as
presented in equation 8.8 are finalized in Tables A.4, A.5 and A.6 (ref. to Appendix A)
with the various operating condition and the commutation period are shown in Fig. 8.13

for the boundary limit of the integration.

5L-M2DCI_Topology: With similar mathematical approach on the current stress

analysis used in 5L-MDCI topology is applied for the proposed 5L-inverter topologies.
The current commutation of the power devices within one full period of the switching
cycle is shown in Fig. 8.14. With this graphical approach, the boundary limit of the local
current for the average and RMS current calculation is analyzed for the lower and upper

limit of the integration.

Based on Fig. 8.14, a zero current switching is achieved for particular switching states
(states 1 and 5 of Table 8.2). The zero current switching occurs in Tai-Tas during
switching states 1 and 5 is clearly shown in Fig. 8.14 and it is not shaded in the middle
two operating region of the LS-PWM of Fig. 8.14.

The current stress expressions for the average and RMS current value for the proposed
5L-M?DCI topology are listed in the following Tables A.7 to A.12 (ref. to Appendix).
The average current stress expressions with the various operating conditions are shown
in Tables A.7 to A.9. RMS current stress expression with the consideration of the zero

current switching under high modulation is written in Tables A.10 to A.11. For low
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Fig. 8.15. Current commutaion mode of the respective power switches as shown in
the shaded area under different operating condition of a 5L-MZ2T2CI operation. (a)
sin11/2Ma < & for Ma > 0.5, (b) sin11/2Ma > & for Ma > 0.5 and (c) Ma < 0.5.

modulation indices, no zero current switching is achieved in the inner cell switches and
the expression of the average and RMS current expression is shown in Tables A.9 and
A.12. This is due to the output three-level operation in the inner cell switches and only
one switches of the outer cell converter is continuously conducting for full cycle

operation.

5L-M?2T2Cl and 5L-M2S2ClI Topologies: The graphical approach of the boundary limit
for the integration calculus of the current stress analysis of both proposed 5L-M?2T2CI
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and 5L-M2S2Cl topologies are shown in Fig. 8.15. Zero current switching is also
achieved in the power device of the inner-cell switches for both topologies as illustrated
in the two switching states 1 and 5 of Table 8.4. The average current stress expression
of both topologies based on the boundary limit and various operations are shown in
Tables A.13 to A.15 for 5L-M2T2CIl and Tables A.19 to A.21 for 5L-M2S2CIl. RMS
current expressions are indicated in the following Tables A.16 to A.18 for 5L-M?2T2Cl
and Tables A.22 to A.24 for 5L.-M?S2Cl.

According to Fig. 8.15, the boundary limit of the current pulses of the bidirectional
switches are commutated within the range of 0 to 2m of the sinusoidal load current
depending on the power angle and the switching states selection. The current stress
rating of each discrete diode elements of the bidirectional switches in 5L-M2S2Cl is half
that of the active switch of the bidirectional switches in 5L-M?T?Cl. The remaining
devices of 5L-M2S2Cl have the same current rating as compared to the 5L-MZ2T2Cl
topology, a list of current stress rating of each of the power device in 5L-M?2T2Cl

topology is shown in the following Tables.

8.5 Accuracy of the Current Stress Calculation

It is important to know the deviation margin of experimental results with respect to
simulation results. Approximation of the stress level of the power device may not be
same as compared to the simulation results but it is sufficient to prove the concept of
current commutation and prevent any oversizing of the converter. The main reason of
the error calculation is to validate the previous assumptions. Therefore, the accuracy of
the current stress analysis in the previous section is limited based on the assumptions
made.

The deviation in the calculated current stress for active switches is partly due to the
reverse recovery current through the anti-parallel diode. The current commutation for
every active switch and anti-parallel diode in every pulse during fundamental period is
calculated individually by the analytical solution, In order to determine the individual
losses incurred in active switch and anti-parallel diode, the analysis is carried out

separately. The on-state resistance for the active switch and anti-parallel diode are listed
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at different value and characteristics in the manufacturer’s datasheet, while the
simulation results of the reverse recovery current commutation for the active switch
cannot be determined through simulation results.

To verify the current stress expression as stated in the previous section 8.4.2, data for
comparative analysis is presented in Tables 8.13 to 8.16 for the respective 5L-inverters.
The simulated and analytical results for the analytical comparison are obtained from
Simulation tools PSIM and MATLAB R2010b. The current stress on the discrete
components is determined by modeling and simulating device in PSIM. Analytical
results are validated using MATLAB Script by setting boundary limits for integration.

Based on the data listed in Tables 8.13 to 8.16 with the supported simulation toolbox,
one of the power devices at the neutral-point-clamped for the presented 5L-inverter
topologies does not equal to the simulated results. This is due to the neutral-point
clamped diode or bidirectional switches in the inner cell dependent on the accuracy of

the current stress of the series connected switch of the bridge leg of the inner cell.

Although, one of the power device may deviate to some error value based on the global
stress approximation with the local average switching current integration method.
However, it is sufficient to analyze the owverall loss distribution of the power device,
where the concept of zero current switching is occurred in the multiple-pole hierarchy.
The loss modeling of the power device will be discussed in the following sections. The
efficiency of the proposed topology is to be significantly high due to reduction in the

number of active components.
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8.6 Losses in Power Devices

A loss modeling of power device is discussed in this section. The important aspect of
this modeling is to observe the loss distribution across each power device. This allows
us to design more economical 5L-inverter topologies with an optimum cost-to-

performance ratio.

The correlation between the voltage stress and current stress are related to the losses
occurring in every pulse during one cycle. The stress is applied for the conduction and
switching losses calculation. The summation of these two losses is the total loss
distribution in each power devices of the 5SL-inverter topologies. The device losses
depend on various factors such as temperature, switching frequency, gate voltage level
and power level of the load. For a proper development of the application, each of the
devices is selected based on the range of the switching frequency and power level of the

application as shown in Fig. 8.16.

Power (W)
A

1G —pmmy —————————m—m—mmm———————— —— —— — —

100M

High Power

10M - - §

IM =

100k

Thyristor

IGBT Medium Power
SiC

10k —
MOSFETSs

——

I ] T T ] ] I T >
10 100 1k 10k 100k 1M 1M 10M 100M

Switching Frequency (Hz)

Fig. 8.16. Power versus frequency characteristics of the power semiconductor devices

(this data is obtained from the application notes of the manufacturer Infineon [96]).
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8.6.1 Conduction Loss in Power Devices

The approximation of the conduction loss of the power devices in inverter operation
mode is mainly based on the multiple pulse calculation. This is also known as the current
stress commutation of the power device during every pulse in one fundamental period
as discussed in the previous subsection. The conduction losses are also calculated based
on the characteristic curve of the individual power semiconductor device. Since a low
switching frequency range is used for 5L-inverter topologies, two types of
semiconductor devices such as power MOSFET and IGBT devices are selected for the

possible implementation.

In general, a simple approximation of the conduction loss in power MOSFET device is
approximated by using the on-state resistance for temperature dependency [97, 98]. For
a conduction loss in IGBT device, a linear operation curve of the voltage drop that
implies with the gate voltage and typical junction temperature of the device is selected
for the loss approximation [95, 99, 100]. The linear operation curve can be selected from
any manufacturer datasheet that provide the output characteristic of collector current
versus collector-emitter voltage. Similarly, the conduction loss for the power diode can
also be calculated based on the linear expression of the forward voltage drop. The

conduction loss expressions for the respective power device are shown in the following.

MOSFET:
10
PTai<avg> = 2_1[.[ I, ((Dt) "l 'RDS<0n>dwt = ITai<rms> 'RDS<on> (8.11)
o
IGBT:
p
1 AV,
PTai(avg) = E! Ia (wt) " Oy {TTC; Ia (wt)+VCEo:|d0)t -
AV (8.12)
= ITai(rms) ) Al ITai<avg> “Veeo
Tai
Diode device:
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p

1
PDai(avg) = 2_11?"- |§ (mt)'aDai 'Rd<on>dmt = IDai<rms> 'Rd<on> (8.13)

0

ITai<rms> and Ipai<rms> are the root-mean-square (RMS) pulse current of active switch and
diode respectively. Rps<on> and Rd<on> are the on-state resistance of the power MOSFET
and diode respectively, where Vceo is the on-state zero current collector-emitter voltage

and AVce/Alc is the slope of the on-state resistance of the IGBT device.

8.6.2 Switching Loss in Power Devices

The theoretical calculations of the switching energy loss in power device of the
MOSFET and IGBT devices is the summation of the turn on and turn off energy loss
resulting within the switching pulse generated by the LS-PWM technique. The average
switching loss is the summation of each switching losses occurring at every switching
pulse during one cycle period. Summation of the discrete pulse of the switching energy

loss at switching frequency, Fs can be replaced by the integration limits, which is given

by

_1

B
PTai(avg) - 2 Z [Eon (}”’wt)-l_Eoff (;“’(Dt)]Fs

T o
B (8.14)

- % [[Eqn (1) + Eqg ((0t)]-F, dor

=3

The derivation of each turn on energy loss, Eon(wt) and turn off energy loss, Eoff(wt) has
been detailed in [99]. However, the PSIM thermal module does not consider switching
periods versus collector current for the simulation result. Hence, a simple approximation
of the switching energy loss can be expressed in term of voltage stress ratio as a
polynomial function of collector current [100]. For the theoretical analysis, the tail
current of the IGBT device during turn off period is assumed very small value and small

amplitude of overvoltage pulse is also neglected for low switching frequency operation.
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Based on equation (8.14) with the available information given in the datasheet of the

manufacturer Infineon, the final average switching loss expression is given by

p
Paw_Tai(avg) = Z\/TLiFSJ‘[a +b-i,sin(wt—8)+c-iZsin’ (ot —6)]du)t (8.15)
hom g

VTai is the voltage stress across the power device during turn off. Vnom is the nominal
voltage of the semiconductor device. a, b and ¢ are the slope factor of the polynomial
function of the energy loss as presented in the datasheet with the respective current
rating during operation. As a result, the expression of the total switching energy loss of

the device is formulated as a linear function.

8.6.3 Distribution of Power Loss in Device

The comparative study on the theoretical and simulation results on the discrete
components loss of the 5L-inverter topologies is discussed. Theoretical and simulated
results of the average conduction and switching losses in each power device for 5L-

inverter topologies are shown in the following Figs 8.17 to 8.20.

Obtained results show theoretical calculation is almost same as compared to the
simulated results. The error between the analytical and simulated results is due to the
deviation of the approximation of the current stress and some of the information in the
datasheet is not provided. However, the theoretical approximation of the discrete
components loss is acceptable to prove the overall efficiency. On top of that, the
analytical approximation can prevent over sizing of thermal management and cost of

the production.
The simulated results with PSIM Thermal Module is based on the available components

in the laboratory and all parameters/specification of the components used in the

simulation tools are listed in Table 8.17.
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TABLE 8.17
SPECIFICATIONOF THE SELECTED POWER DEVICES FOR EACH MULTILEVEL INVERTER TOPOLOGIES
TEST
Device Rating
Topologies Switches Manufacturer Voltage
Current (A)
M
Taa=Ta2=Taz3=Tas = )
5L-MDCI Infineon IKW30N60T 600 30
Tas = Tag = Tar = Tas
Taa=Ta2=Ta3=Tas Infineon IKW30N60T 600 30
5L-M2DCI Tas = Tas Infineon IKW25T120 1200 25
Tas = Taz Infineon IHW30N90T 900 30
Ta1 = Tas =Tas = Tag Infineon IKW25T120 1200 25
5L-MZ2T2ClI
Ta2=Taz =Tas = Tar Infineon IKW30N60T 600 30
Tar=Ta3=Tas = Tas Infineon IKW25T120 1200 25
5L-M2S2CI
Ta2=Tas Infineon IKW30N60T 600 30

Note: Manufacturer specification of the power diodes on IXYS DSP45-12A is selected for the entire

multilevel inverters test.

' |
Tal + DTal \Ii unuuTu\-"' :
) Ta2 + DTa2 inuuun uuunuT\uﬁuu | o SWitChiI’lg L oss
= Ta3 +DTa3 l\unun \uuuu“nu“\“rn (Analytical)
> C
o m Switching Loss
E Tad + DTa4 ﬂ\.u\.n\.u ni.\.\Z\.'\.'\.i\i.ii.'\.hiii\'\.i' R (Simulati%n)
S Dal+Dad [ assy :> Conduction Loss
Da2 + Da5 |T (Analytical)
| 2 Conduction Loss
Da3 + Da6 (Simulation)

O 3 0.6 0.9 1.2
Distribution loss (Watts)

Fig. 8.17. Simulation and analytical results of the switching and conduction losses
of each power device in 5L-MDCI topology obtained from PSIM Thermal Module
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Fig. 8.18. Simulation and analytical results of the switching and conduction losses

of each power device in 5L-M?DCI topology obtained from PSIM Thermal Module
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Fig. 8.19. Simulation and analytical results of the switching and conduction losses

of each power device in 5L-MZ2T2ClI topology obtained from PSIM Thermal

Module toolbox.
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1
Tal+DTal [RRRRaiaaawswws |

-
Ta2 + DTa2 A T '
' i - Switching Loss
g Ta3 +DTa3 o iivaaas : - :
2 " | : (Analytical) :
g Tad +DTad [[TTcivaasassn |  m Switching Loss
| - 1 H 1 1
2 Tas + DTa5 ».'w.-.;iai'».'i.-'.;\ii.i'ic{ii;'{a'T-‘..'-L'{aw'.ﬁ“nv . (Simulation) |
o ' = Conduction Loss !
i 1 :
+ Py 1 . 1
Dal + Da2 i\““ ' 2 Conduction Loss!
Dab + Dab K i g __(Simulation)

0 0.3 0.6 0.9 1.2
Distribution loss (Watts)

Fig. 8.20. Simulation and analytical results of the switching and conduction losses
of each power device in 5L-M?S2Cl topology obtained from PSIM Thermal Module

toolbox.
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Fig. 8.21. Simulation results of the per-phase leg total loss, switching and
conduction losses of multilevel inverter topologies obtained from PSIM Thermal

Module toolbox.
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According to the simulated results, efficiency of a multiple-pole hierarchy has been
improved even when higher rating devices are selected for the outer cell switch. The
total loss reduction in multiple-pole hierarchy is due to the zero current switching
occurred in the inner cell switches as discussed in the previous subsection of this

Chapter.

For low and medium motor drive application with better output voltage quality and
energy efficient converters, two types of transformerless and filterless multiple-pole
multilevel inverters (5L-M2T2Cl and 5L-M?2S2Cl) are suitable. The device rating of the
switches connected on the outer cell switches of the arm are larger than the inner cell
switch and bidirectional switch. Hence, high conduction and switching losses are
incurred due to high on state resistance and high voltage stress across the semiconductor
switches respectively. Therefore, both topologies are suitable for low voltage and

medium power application with the current available power semiconductor market.

On the other hand, 5L-M2DCI topology is applicable for medium voltage and high
power application. The total losses are significantly higher than the other two proposed
topologies (5L-M2T2Cl and 5L-MZ2S2Cl). This topology has several advantages as
compared to the 5L-M?2T2CI and 5L-M2S2CI topologies. The advantages 5L-M?2DCI
offers are: lower voltage stress across the outer cell switches, lower device rating and
no shoot-through in the dc-link capacitors during one switch fault. The concept of
proposed multiple-pole hierarchy has reduced the total power consumption by a
semiconductor device resulting in higher efficiency and a compact converter compared

to the classical multilevel diode-clamped inverter particularly for utility application.

8.6.4 Cost Overview

In this subsection, cost analysis of the 5L-inverter topologies is presented in order to
illustrate the benefits of energy efficient converter with lesser number of semiconductor
devices with higher power ratings. Total cost calculation considers cost of power
devices, passive elements and complete analog circuit board for the comparative study

between the classical and proposed 5L inverter topologies.
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Fig. 8.22. Components costs structure for 5L inverter topologies.

The component cost of 5L-inverter topologies considers factors such as:

1) Random cost factor include country, negotiation, shipment tax and order

quantity.

2) Different materials used in the components, design and fabrication process.

3) Time dependence on global economy includes market strategy and raw material
price.

However, the cost analysis for each components used in the laboratory prototype is
based on the components available in Singapore market. Besides, the approximation of
the development cost is also depends on the hardware circuit design and type of material
selected. With the partial cost calculation shown in Fig. 8.22, 5L-M?T?CIl and 5L-
MZ2S2CI topologies offer the less development cost with high energy efficiency for low
and medium power application. While for high power application, 5L.-M?DCI topology
still offers higher energy efficiency and lesser production cost as compared to the

classical 5L-MDCI topology as shown in Fig. 8.22.
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8.6.5 Measured Results

In order to verify the output performance of the proposed and classical 5L-inverter
topologies, 500V4c with two star connected output three-phase SOHz load (R1 = 100Q
L1=122mH and R2 = 100Q, L2 = 104mH) associated with the RC filter (Rf= 10Q2 and
Cf = 18uF) for the enhancement of the balancing features are simulated in PSIM with
SimCoupler MATLAB dynamic tools. The control signals of the LS-PWM technique is
set at modulation index, M = 0.9 and switching frequency, Fs =1 kHz.
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200 I 200
100 100
0 0
100 -100 |
-200 I I i -200 |' I
300 300
49 492 4.94 4.96 498 5 49 492 494 496 498 5
Time (s) Time (s)

200
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Fig. 8.23. Simulation results for the output pole voltage waveform (upper trace) and
line-to-line voltage waveform (lower trace) for various 5L-inverter topologies. (a)
5L-MDCI, (b) 5L-M?DCl, (c) 5L-M?T?Cl and (d) 5L-M?S2Cl.
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Fig. 8.24 Simulation results for the output pole voltage THD (upper trace) and line-
to-line voltage THD (lower trace) for different 5L-inverter topologies. (a) 5L-

MDCI, (b) 5L-M2DCl, (c) 5L-M2T2Cl and (d) 5L-M2S2CI.

The simulation results in Fig. 8.23 shows the output pole and line-to-line voltages of the
respective 5S5L-inverter topologies. Output voltage THD performance of the respective
5L-inverters topologies is 34% for the pole voltage and 17% for the line-to-line voltage
as shown in Fig. 8.24. As a result, the proposed 5L-inverter topologies have the similar

output characteristic as compared to the classical 5L-MDCI topology.

172



Chapter 8 — Transformerless Five-Level/Multiple-Pole Multilevel Inverters with Single DC Bus
Configuration

wert  Trig Horiz  Display  Measure  Wemary Uil 7 Wert  Trim  Horiz  Display  Measure  tdemary Ut 7
T 100%

S0%

f *Mﬁ%ﬁﬂﬁmelj

it I eer ion ef. Fundamental————

: : : il 3 chi: 123V thad=10% |100% -0° 487 Hz 116 W
= - . 1o0y L= ch2: 121 W thad=11% |100%  +0° 499 Hz 114 W
S ch3: 120 W thod=10% |100% -0¢ 500 Hz 113 W

3 chd: --—- thie—- |- o

1
(@) (b)

Trig on edge

<

Wert Trig Horiz  Display  Measure  Memory Ut Wert Trig Horiz  Display  Measure  temory Ut 2
100%
S0%

0%

250 A .
FETEFFTTEPTPPEPE 2|
ighal—————— —Reft Fundamenta ————
chl: 188 W the=7% 100% -0 49.9 Hz 185 W

S ch2 2001 W tho=B%  [[I00% -0° 499 Hz 193 v
Trig on edge ch3 188 W  tho=B%  [[100% +0°  S50.0 Hz 185 W
|y 1 chd --—  thde—— [l e e e

(© (d)
Fig. 8.25. Experimental results for the output characteristics performance of a 5L-
MZ2DClI topology. (a). Output pole voltage waveform, (b) THD of the output pole
voltage, (c) output line-to-line voltage waveform, and (d) THD of the output line-

to-line voltage.

Wert  Trigp Horiz  Display  Measure  Memory Uil ¢

Wert  Trig Horiz  Display  Measure  Memory Ut ¢

4 #

Tt T g e ................... : : : " ey : : :

: . oo . L = . Do
-+ Zero current during \ ------ “----i..y Zerocurrentduring \----i---- |5 00ms =
N\ turn on | LFFT cl.a_  turnon S| FFT

\. —_— — — :/ Tiddiw . R—— / -"di'\.-'lﬂ )
Trig on ecge 5.00ms 2 Trig on edge S0.0W 2
1 1 v | 250kSss 41 1 b

(@) (b)

Fig. 8.26. Experimental results of the zero current switching of the inner cell switch
of 5L-M2DCI during switching state Tal = Ta2 = Ta3 = Ta4 = 1 or 0 condition. (a)
Tal and (b) Ta2.
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TABLE 8.18
PERFORMANCE PARAMETER COMPARISON OF FIVE-LEVEL INVERTERS
Five-Level | Maximum Voltage Stress Level
Cost (SGD Total Loss
Inverter
: IGBT Diode $) (Watts)
Topologies
MDCI Vc/4 3Vuc/4 1074.852 7.5856
MZ2DCl 3Vuc/4 Vacl4 1083.492 7.1203
M?2T2ClI Ve 0 960.936 5.0376
MZ2S2Cl Ve Vac/4 1004.748 6.4557

For the sake of simplicity, the experimental results are shown in Fig. 8.25 only for 5L-
MZ2DCI topology with 400V supply. However, the results of the output performance of
other proposed 5L-inverter topologies are not listed in this report since the output
features of other proposed 5L-inverters are similar to 5L-MDCI as proven in the

simulation results.

In order to validate the performance of the zero current switching of the multiple-pole
hierarchy, experimental results of the mner cell switches (Tal and Ta2) of phase ‘a’ is
measured. In general, the built up voltage and current of the active switch for LS-PWM
technique in multilevel inverters have the same characteristic (Example: when the
switch is turning off, voltage will rise to the desired value and current falls to zero value,
similarly for turning-on switching). However, in multiple-pole hierarchy, the current
and wvoltage fall to zero value when the switch is turning on during the particular
switching states condition as discussed previous subsection. Fig. 8.26 shows the
experimentally obtained results of the voltage across the switch and current through the

switch during one cycle period.

8.7 Discussion

A new approach of multilevel inverter topologies is based on multiple-pole approach.

The proposed inverters structure can develop into different types of multiple-pole

174



Chapter 8 — Transformerless Five-Level/Multiple-Pole Multilevel Inverters with Single DC Bus
Configuration

multilevel inverter topologies such as M2DCI, M2T2Cl and M2S?CIl. Among all these
topologies, M2T2CI and M2S2CI have the lowest components cost as compared to MDCI
and M2DCI topologies (Fig. 8.22). However, the power rating of the converter is limited

to low and medium power depending on the device rating of the manufacturer.

Mathematical analysis is provided for the device rating selection based on the voltage
and current stresses. On top of that, voltage and current stress expression can be applied
to the loss analysis, which proves that the conduction loss is reduced due to the zero
current switching of the inner cell switch. The overall performances of the five-level
inverters are compared in Table 8.36. The multiple-pole approach, higher level and
energy efficient converter with optimum cost and components count can be investigated

for future development associated with the proper balancing circuit on the DC side.
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Solid state devices of high current and voltage rating are utilized in high voltage and
high power application in order to tolerate high voltage/current stress. To reduce the
amount of voltage or current stress on semiconductor devices, a multilevel approach
with more than one switch connected in series for upper phase leg is being chosen. Low
output voltage THD with low switching frequency operation can be further improve by
implementing a multilevel inverter topology for more than five-level output voltage

characteristics performance.

Due to its unbalanced capacitor wvoltage in the dc-link for seven-level inverter
topologies, these topologies have not been practically used in many applications.
However, several balancing methods have been reported in the literature, such as:
balancing algorithm in generic n-level inverter [101] and isolated multi-winding
transformer [102]. The first method requires more effort and time for engineers to design
the control algorithm due to the complexity involved, and this method has not yet been
verified practically. Second method is not well suited particularly for the applications
where space and weight are a major concern. Although in this type, transformer provides
galvanic isolation between dc and ac side of the converter, the capital cost and losses
incurred are significantly high. Therefore, an active balancing circuit for seven-level
inverter topologies is presented in this Chapter. The seven-level balancing circuit is
known as single-input multiple outputs (SIMO) balancing circuit, which maintains six

identical voltage levels in the dc bus.

In order to verify the performance of the SIMO balancing circuit, a new seven-level
active-clamped multiple-pole multilevel diode-clamped inverter (7L-AM?DCI) and a

multiple-pole multilevel diode-clamped inverter (7L-MZ2DCI) topologies are chosen.

176



Chapter 9 — Proposed Single Input Multiple Output (SIMO) Balancing Circuit for Transformerless
Seven-Level (7L)/Multiple-Pole Multilevel Inverter Topologies

9.1 Basic Operating Principle

In this section, the basic operating principle of the new seven-level inverter topologies
and DC/DC balancing circuit is discussed. The derived concept of a multiple-pole
hierarchy is detailed in Chapter 8 with the complete mathematical analysis. The
proposed seven-level inverter topologies achieve zero current switching for particular
switching state in LS-PWM technique. The realization of zero-current switching is
similar to 5L multiple-pole multilevel inverter topologies. Hence, the following

subsection will briefly explain the switching operation of the converters.

9.1.1 Seven-Level/Multiple-Pole Multilevel Diode-Clamped Inverter (7L-
M2DClI)

Fig. 9.1 shows a complete schematic diagram of per-phase three-poles half bridge 7L-
MZ2DCI topology. The mathematical analysis for the output phase voltage of phase ‘a’
n-level M2DCI topology is presented here. A generalized equation for the output phase

voltage is given as follows:

V. (t upper switching devices | n-1

Vam(t)=“c—() 2 - 9.1)
n-1 per —phase leg 2

where n is representing the number of incremental output voltage steps for a single-

phase n-level multiple-pole multilevel diode-clamped inverter (nL-M2DCI). From

equation (9.1), a seven-level output phase voltage as a function of switching states is
written as:

V, (t
V(1) = dcT(){Tal(t)+Taz (t)+ Tos + Tog + Tag + Togo 3} 9.2)

From equation (9.2), we can infer that accurate switching sequence is required to

synthesize a good seven-level output. The switching states and sequence along with

corresponding output phase voltage is shown in Table 9.1.
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Fig. 9.1. Configuration of a three-phase seven-level/multiple-pole multilevel diode-
clamped inverter (7L-M?DCI).

TABLE 9.1

7L-M2DCI OUTPUT VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

States Switching States Pole Voltage
Ta T2 Tss T Tso Tsio Vsm

1 1 1 1 1 1 1 Vc/2
2 1 1 1 1 0 1 Vic/3
3 1 1 0 1 0 1 Vc/6
4 0 1 0 1 0 1 0

5 0 0 0 1 0 1 -Vc/6
6 0 0 0 0 0 1 -Vie/3
7 0 0 0 0 0 0 -Vic/2
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Fig. 9.2. Level-shifted PWM technique for 7L-MZ2DCI topology.

Valm
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Fig. 9.3. Output pole voltage waveform of each inverter cell of a 7L-M2DCl
topology, across node al to node m of cell 1, node a2 to node m of cell 2, and node

a3 to node m of cell 3 (ref., Fig. 9.1) under balanced dc-link voltage condition.

The output voltage levels for 7L-M2DCI topology are obtained by comparing
modulation control signal and each carrier frequency zone of Fig. 9.2. Each of the
modulated signals with the respective carrier zone is fed to the respective switching
device as shown in Fig. 9.2. The output pole voltage waveform of each cell in 7L-M2DCI
topology in Fig. 9.3 are obtained modulation index is high (e.g., reference control signals

above amplitude of carrier frequency of upper most triangle wave of Fig. 9.2). In the
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case of low modulation index (e.g,. reference control signals below amplitude of second
top and second bottom carrier wave of Fig. 9.2) will lead to five-level output voltage

waveform, which does not recommend to operate at low modulation index in this

topology.

9.1.2 Seven-Level/Active-Clamped-Multiple-Pole  Multilevel  Diode-Clamped
Inverter (7L-AM?DCI)

While extending the 7L-M?DCI topology concept to a 7L-AM?2DCI configuration of
Fig. 9.4 with the same incremental output voltage level, it is important to use switches
of lower rating so as to limit the conduction losses to minimum. The load terminal of
this proposed topology is connected to cell 2 with a seven-level switching characteristic.

Fuflfiling the above mentioned design considerations; two series connected switching

3Lait
Cell 2
fre
le(t)
1)
0 il

T
}TalZ

§Lai2

Fig. 9.4. Configuration of a three-phase seven-level/active-clamped multiple-pole
multilevel diode-clamped inverter (7L-AMZ2DCI).
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Fig. 9.5. Level-shifted PWM technique for 7L-AM2DCI topology.

TABLE 9.2
7L-AM?2DCI OUTPUT VOLTAGE LEVEL AND CORRESPONDING SWITCHING STATES

States Switching States Pole Voltage
Ta Tz Taa Tz Teo Tero Vsm

1 1 1 1 1 1 1 Ve/2
2 0 1 1 1 1 1 Vic/3
3 0 1 1 1 0 1 Vc/6
4 0 0 1 1 0 1 0

5 0 0 0 1 0 1 -Vuc/6
6 0 0 0 1 0 0 -Vue/3
7 0 0 0 0 0 0 -Vic/2

devices are directly connected to each dc capacitors of C1 and C6 through a small

inductance (Laiz and Lai2). The purpose of connecting an inductor in between the active

switch clamp of C1 and C6 and cell 2 — NPC inverter is to prevent circulating current

which causes high voltage stress across each IGBT devices.
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Valm

Va2m

Fig. 9.6. Output pole voltage waveform of each inverter cell of a 7L-AM?DCI
topology, across node al to node m of cell 1, and node a2 to node m of cell 2 under

(ref., Fig. 9.4) balanced dc-link voltage condition.

Similar switching strategy is applied, as in Fig. 9.5 and is used in Fig. 9.4. This generates
multiple gate signals required to synthesize seven-level switching characteristic. The
PWM signals are generated by the comparison of carrier frequency with three sinusoidal
waveforms shifted in phase by 120° with each other. The PWM signals are connected
to each switching devices Tai-Tai2 respectively. Note that the upper most gating signal
and bottom most gating signal are connected to the switching devices of Tai and Ta7

respectively (similarly for phase ‘b’ and ‘c’).

Based on the switching sequence shown in Fig. 9.5, the seven-level output voltage steps
with the corresponding gating signals per-phase are listed in Table 9.2 and output pole

voltage waveform of each cell in 7L-AMZ2DCI topology is shown in Fig. 9.6.

Referring to Table 9.2, the final output distinct voltage levels with the corresponding

switching function of a per-phase configuration can be written as:

V, (t
Vm (1) = dc—(){Tal(t)+Ta3 () +Tog + Ty + Tog + T — 3} (9.3)

6

182



Chapter 9 — Proposed Single Input Multiple Output (SIMO) Balancing Circuit for Transformerless
Seven-Level (7L)/Multiple-Pole Multilevel Inverter Topologies

9.1.3 Single Input Multiple Output (SIMO) Voltage Balancing Circuit

The proposed voltage balancing circuit is shown in Fig. 9.7. The wvoltage balancing
circuit is comprised of three dc/dc converters. Two identical balancing converters are
connected to the upper two dc capacitors (C1 and C2) and lower two dc capacitors (C5
and C6). This two balancing converters are operated at half the duty cycle in order to
distribute equal dc voltage across C1 and C2 for upper converter and C5 and C6 for the
lower converter. The dc capacitors connected to the neutral-point are connected to a
dual-buck/boost converter to obtain a balance dc voltage across C3 and C4. Accurate
switching periods are required for the switching devices for obtaining equalized voltage
across C3 and C4. These capacitors operate with step down voltage functionality. These
switches are operated at one-third the duty cycle of the inverter switches. Qinners and
Qinners are connected to switching devices Qinner2 and Qinners for the step down voltage
operating mode. The duty cycle for switching devices Qinner1and Qinners Can be expressed
as:

+Vdc rail mi
—H:}Qmpl Cl =
L1
_H:}Qinnerl Cs3 = """ m2
Csl= _H:}Qtopz C2 =
L2
m3
_K}Qinnerz C3 5
m
_H:}Qinnerii C4 =
L3
N ma
Cs2 = —H:}Qbm c5 =&
L4
_K}Qinnem Csd == —"——m5
—H:}Qbmz C6 =
-Vdc rail
mé

Fig. 9.7. Single input multiple output (SIMO) balancing circuit.

183



Chapter 9 — Proposed Single Input Multiple Output (SIMO) Balancing Circuit for Transformerless
Seven-Level (7L)/Multiple-Pole Multilevel Inverter Topologies

VCS VC4 1
== =iy 2 9.4
VCS1 VCSZ Inner 3 ( )

where dinner IS the duty cycle of dual-buck-boost balancing converter. As it can be seen
from equation (9.4), the voltage across dc capacitor (C3-C4) is one-third the main dc-
link voltage. The voltage transfer gain (Vcs/Vac) is equal to the duty ratio of the inner

dual-buck/boost balancing converter.

The voltage across the capacitors (C3 and C4) connected to neutral point m in Fig. 9.7
is one third of half the dc-link voltage. Then the voltage across the node (ml, m3) and
(m4, m6) is also two-third of half the dc-link voltage. This is due to the transfer of energy
from higher potential (C1, C2) to lower potential (C3, C4). From Fig. 9.7, the voltage
transfer gain for the upper converters and lower converter can be expressed as:

Vo Ve _y 1
VCsS VCsS o 2 (9 5)
Ves Voo g 1 |
VCs4 VCs4 " 2

where diop and dwot are the duty ratios of the upper converter of C1 and C2, and lower
converter of C5 and C6 respectively. The switching sequence for the voltage balancing

circuit is shown in Fig. 9.8.

Qtopl/
Qbot2

Qtop2/
Qbotl

Qinner2/ Qinnerl/
Qinner3  Qinner4

[ [
Ts/2 Ts

o

Fig. 9.8. Single input multiple output (SIMO) balancing circuit.
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9.2 Device Stress

In order to provide a general guideline of the components selection for the minimum
safety operation of the 7L-converters design, the stresses of the active components of
the converters are calculated analytically with dependence on the switching states
operation. The analytical approximation of the current stress for each active component
is not provided in this Chapter. However, the analytical derivation the current stresses
can be done by using the global and local current stresses approximation, which is
detailed in Chapter 8.

9.2.1 Voltage Stress on 7L-M2DCI Topology

Voltage stress on inverter switches for 7L-M2DCI topology can be written as:

Ve ()= 717, )]

Va2 (t) - Vdc—(t) _1_Ta2 (t)]

(9.6)

Similarly, the voltage stress for each of the IGBT devices on cell 2 can be written as:

Vi (=21 T (0 1T (O a0+ T 01
Veo()= 1 ]

Ve (9= 2017, 0] .
Via ()= 51T (1270 0 0+ (01
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and voltage stress across each IGBT on cell 3 can be written as:

Vi ()= 1T (012 0 T o )T 1)+ (0-2]
Vo (=17 1]

Vs (1) =11 1)

Vi (0= 1T (0] 1 T (O T 0o )T ()T (0)-2]
(9.8)

From equations (9.6), (9.7) and (9.8), a generalized mathematical expression for voltage

stress on each IGBT for above cell 2 can be formulated as:

Ta(t)+ T (t)-i-1

(9.9)
where n and i are the incremental voltage level and number of cell count for nth-level

M2DCI converter respectively. The range of any incremental cell I can be determined

as:
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TABLE 9.3
7L-M2DCI VOLTAGE STRESS AND CORRESPONDING SWITCHING STATES

Voltage States

Stress

(Volts) 1 2 3 4 5 6 7
Va1 0 0 0 Vc/6 Vae/6 | Val/6 | Vac/6
VTa2 0 0 0 0 Vae/6 | Val/6 | Vac/6
VTas Vac/6 | Vac/6 | Vacl6 0 0 0 0
VTas Vae/6 | Vacl6 | Vac/6 | Vacl/6 0 0 0
VTas 0 0 Vic/6 | Va/3 Viac/2 | Vul3 | Vac/3
VTa6 0 0 0 0 0 Va/3 | Va3
Va7 Vae/3 | Viel3 0 0 0 0 0
VTas Vc/3 Vae/3 | Vd/2 | Val3 Vuc/6 0 0
VTa9 0 Va/6 | Va/3 | Val2 | 2Vae/3 | 5Vael6 | Vac/2
VTat0 0 0 0 0 0 0 Vc/2
VTa11 Vc/2 0 0 0 0 0 0
Va2 Vac/2 | 5Va/6 | 2Vac/3 | Vacl2 Vac/3 | Vul/6 0

min(0)<i< max<n—;5> (9.10)

Applying equations (9.6) to (9.9), the maximum voltage stress on each IGBT for 7L-
MZ2DCI configuration is listed in Table 9.3 with the corresponding switching states.
From Table 9.3, the maximum voltage stress level for each of the inverter switches in
7L-M2DCl topology is described in the following parameters:
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Vra (t) = Vraz (t) = Va3 (t) = Vras (t) = Ve (t)/G
Vras (t) = Vrag (t) = Vrao (t) = VTall(t) = Vic (t)/2
Vs (1) = Vrar (1) = Vi t)/3

Va0 (t) = V5o, (1) =5V, (1)/6

9.2.2 Voltage Stress on 7L-AMZ2DCI Topology

(9.11)

The voltage stress across each of the switching devices in the clamping circuit and cell-

1 NPC inverter can be estimated as:

9.12)

The voltage stress across each switching device on cell-2 NPC inverter can be estimated

by measuring the voltage across the switching devices (Tas-Tag). Each IGBT in cell-2

NPC inverter will experience distinct voltage stress level depending on the conduction

period of each IGBT.
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The voltage across collector and node m (Vesm(Tas), Vesm(Tas), Verm(Ta7) and Vegm(Tas)) of
each series connected IGBT devices in cell-2 NPC inverter can be calculated as a

function of switching states shown in the following equation (9.13):

Vaniray (0= 2.7, (0] 1T (0]

Vasnran (0= T (0T () -1 T (0]

Vo 0227, ]2, 0] -
Varan (0= (O T (0T (04T 1 Toa 0]

The voltage across emitter and node m (Vesm(tas), Veom(Tas), Verm(Ta7) and Vesm(tag)) Of
each series connected IGBT devices in cell-2 NPC inverter can be calculated as a

function of switching states shown in the following equation (9.14):

Ve (0= 0 (0T (04 T (011 T 0]

Vanira (0= 2 (03[ Ton 0]

Vasmira (0= T (0T (041 (0] -
Vo (0= [T (0)-8][1- T (1)

The above equations (9.13) and (9.14) do not consider the voltage drop across the
inductors as it is negligible when compared to the dc-link voltage. A low switching
frequency at 1 kHz does not create any voltage spike with slow rate of voltage change
(dv/dt). The voltage stress across each IGBT of cell-2 NPC inverter is obtained in (9.15)
by subtracting (9.13) and (9.14).
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TABLE 9.4
7L-AM?DCI VOLTAGE STRESS AND CORRESPONDING SWITCHING STATES
Voltage States
gﬁgﬁf:) 1 2 3 4 5 6 7
Va1 0 | Va6 | Vaelo | Va6 | Vael6 | Va6 | Va6
Vra2 Vals | 0 0 0 0 0 0
Vras 0 0 0 | Va6 | Val6 | Va6 | Va6
Va4 0 0 0 0 | Val6 | Va6 | Val6
Vras Va6 | Vae/6 | Vals | 0 0 0 0
Vra6 Vel6 | Vac/6 | Va6 | Va6 | 0 0 0
Va7 0 0 0 0 0 0 | Va6
Vras Veels | Vao/6 | Va6 | Va6 | Val6 | Va6 | 0
VTa0 0 0 Va6 | Va3 | Va2 | Va3 | Va3
VTat0 0 0 0 0 0 Va6 | Vao/3
Vrat1 Va3 | Va6 | 0 0 0 0 0
Vrat2 Vel3 | Va3 | Va2 | Va3 | Val6 | 0 0
Vi ()= Y[ (]2 (0T (O T (0 Toa (01
Viao(t)= Vd°6 (1) [ Tea (6)+ Tog () =1][ 1= Tao () |- Tar (1) -3][1-Too (1) ]}
Ve (t)= Vdc6(t) {[2 T (O[3 Ty ()] Te ()4 Tog (1) -1 [1-Togg (t)]}
Vi (1) = Vd°6 (1) [1-Top (1)] {3— T (1) + Ty (1) Tog (1) + T (1) —1]}
(9.15)
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Based on the above equations (9.12) and (9.15), a maximum voltage stress level for each
of the switches with their respective switching states is listed in Table 9.4. From Table
9.4 it can be inferred that each of the 7L-AMZ2DCI switches have a different maximum
voltage stress level. For optimum efficiency and performance, IGBTs with suitable

voltage ratings have to be selected.

From Table 9.4, the maximum voltage stress level for each of the inverter switches in
7L-AMZ2DCI topology is described in the following parameters:

2 (9.16)
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9.2.3 Voltage Stress on SIMO Balancing Circuit

The voltage stress of the IGBT in SIMO balancing circuit is calculated based on voltage
ripple free across each dc capacitor and zero voltage drops across each buck/boost

inductor and the voltage stress of the switching device are approximated as:

9.17)

VQinnerl (t) = VQinnerZ (t) = VQinner3 (t) = VQinner4 (t) = Vdc (t)/z
Votopt (t) = Vatop2 (t) = Vabou (t) = Voot (t) = Ve (t)/?’

9.3 Experimental Results

A down-scale experimental setup is shown in Fig. 9.9 was used to demonstrate the
balancing capacitors voltage of SIMO balancing circuit on 7L-inverter with low power
load. The parameter of the laboratory prototype is listed as follows:

[1] DC supply, Vdc =100V

[2] Switching frequency, Fs= 1kHz

[3] Modulation frequency, F =50Hz

[4] Switching frequency of balancing circuit, Fp = 5kHz
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Fig. 9.9. Experimental setup on 7L inverter configuration with SIMO balancing

circuit.

[5] Resistive load, R = 150Q

[6] Inductive load, L = 122mH

[7] Balancing inductor, L1 =12 =L3 =14 =5mH

[8] DC capacitor, C1 =C2 =C3 =C4 =C5 =C6 = 2200uF

The output resistive and inductive loads of the inverter are connected in series and

finally form a star configuration for three-phase system.

Fig. 9.10 shows the output voltage waveform of the SIMO balancing circuit. The dc
capacitor voltages are almost equalized for an open loop control. However, there is a
significant small error between the actual dc capacitor voltage value and desired value.
This is due to the unregulated duty cycle of the SIMO balancing circuit, which is
manually set at a fix duty cycle by using the function generator. But in this thesis, a 7L
SIMO balancing circuit with the open loop system is used to demonstrate the concept
of the equal capacitor voltage is able to achieve with the proposed circuit diagram in
Fig. 9.6.
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Fig. 9.10. Experimental results of the dc-link voltage waveform for upper three dc

capacitors (Vc1, Vez and Ves) and lower three dc capacitors (Ves, Vs and Ves) of the
output SIMO balancing circuit.
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Fig. 9.11. Experimental results of the output voltage waveform of the 7L-M?2DCI
topology. (a) Pole voltage and (b) line-to-line voltage.
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Fig. 9.12. Experimental results of the output voltage THD of the 7L-M?2DClI
topology. (a) Pole voltage and (b) line-to-line voltage.
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With the balancing circuit connected at the input terminal of the 7L-M2DCI topology,
the output voltage waveform of the 7L-M2DCI is shown in Fig. 9.11. Output THD value
of the line-to-line voltage terminal (ref. to Fig. 9.11(b)) is noted to be less distorted due
to the thirteen-level incremental voltage steps (shown in Fig. 9.12 (b)), as well as the
THD of the output pole voltage (shown in Fig. 9.12 (a)). The voltage quality of a three-
phase 7L-inverter is improved due to low THD is observed in the output voltage

waveform with components count reduction.

9.4 Discussion

This Chapter presents a new balancing circuit for 7-level inverter topology with a multi
input dc capacitors components connected in series in a single dc-link configuration.
The balancing circuit is able to provide six distinct voltage levels for the 7L-inverter

topologies.

Besides, two proposed 7L-inverter topologies (M2DCI and AM2DCI) are discussed in
this Chapter. By comparing both proposed inverter topologies, 7L-AM2DCI topology is
able to limit the circulating current to the minimum and provide low voltage stress across
the IGBT devices. However, six discrete inductive components are required to prevent
any voltage spike occurring across the switches. However, the size of the high frequency
inductors can be reduced by using the mutual inductor (4 terminals with single core)
design. Therefore, a significant improvement is needed for the future development, such
as: balancing control algorithm for the SIMO balancing circuit and inductive

components design with different materials and configuration.
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Maintaining high quality of utility power supply is very important for the AC bus when
a single-phase or three-phase non-linear electronic load is installd. Non-linear
electronic loads like rectifiers system are frequently carried out with the power factor
correction (PFC) to make sure the input grid voltage and current are operating at the
same phase angle, as well as achieving low input current distortion. The power
electronic supply for high power electrical drive is usually implemented through two
stages of energy conversion. The first stage of energy conversion is the main ac voltage
converted into the dc voltage level and then the load voltage can be adapted with the dc-
dc converter with or without galvanic isolation for the AC electrical drive of the inverter
side. Often only three conductors are connected to the first stage of the AC-DC
conversion without any neutral conductor, which can be known as three-phase three

wire rectifier system.

In some application, three-phase/three-wire single stage energy conversion system has
implemented for medium and high power electrical drive such as the VIENNA rectifier
as presented in Chapters 3 and 7. However, the boost inductors at the input side of this
rectifier occupy a significant amount of space. Although the voltage stress across the
power devices are half of the dc-link voltage, which allow the high switching frequency
rectifier to operate at higher power density as compared to the conventional two-level
rectifier or diode bridge rectifier. But in term of low switching frequency operation for
high power inductive component with minimum cost implementation, volume and

weight of the rectifier is required to optimize.

Therefore, proposed new bidirectional and unidirectional five-level multilevel rectifier
based on multiple-pole approach is presented in this chapter to optimize the inductive
component with the low switching frequency operation. The derivation of multiple-pole

concept has discussed in chapter 8 and [103].
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10.1 Operating Principle of Five-Level AC/DC Topologies

This section presents the operating principle of two different 5L PWM AC/DC based
on the multiple-pole approach for bidirectional and unidirectional rectifiers. The 5L
PWM inverter can be retrofit as a load for the 5L AC/DC/AC drive with unity power
factor operation. The derivation of the proposed M2DCR and M?2SCR topologies are

explained in the following subsection.

10.1.1 Proposed Bidirectional Front-End 5L-M2DCR in AC/DC/AC drive

The proposed bidirectional 5L.-M?DCR topology used in an AC/DC/AC drive with a
5L-M2DCI topology as a dynamic load are presented in Fig. 10.1. This back-to-back
topology requires only eight power diodes in each phase to achieve same input and
output quality as the classical five-level diode-clamped converter presented in [91].
However, when the number of cell on this proposed topology increases, a total number

of 6(n-3) diode components are reduced.

Five-level voltage stepped waveform of the input rectifier side is achieved with the same

switching positions of 5L-M2DCI topology as describe in Chapter 8. The incremental

Phase ¢ Phase ¢
\ Phase b — \ Phase b

‘ Phase a l | Phase a
o e

Sal Sa5 =C2 {} Q2 Da5 Tal
Ve

n Vb Sa2 4(%1} Sab - Ta2 Tab [ B
Va La
= /\% Sa3 4%} Sa7 —=C3 {} Q3 Ta3 Ta7
Da8

Tab

sof2 ﬁ%SaQaﬂ' R f D26 0 e Ta8

= C4 Q4
-

Balancing Circuit
L

<«——Front-End 5L-Rectifier——» «+—— Rear-End 5L-Inverter ——

Fig. 10.1. Proposed bidirectional 5L-M2DCR at the front-end side of the
AC/DC/AC drive.
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TABLE 10.1
SWITCHING LOGIC FOR RESPECT IVE IGBT IN FRONT-END 5L-M2?DCR TOPOLOGY
Vom
\Vdc/4 0 -Vdc/4
\Vdc/2 -\Vdc/2
(Sector I & | (Sector I, lll, | (Sector IV &
(Sector II) (Sector V)
1)) IV & Vi) V1)
Switch
Sal, Tal 1 0 0 0 0
Sa2, Ta2 1 1 1 1 0
Sa3, Ta3 0 1 1 1 1
Sa4, Tad 0 0 0 0 1
Sab, Tab 1 1 0 0 0
Sab, Tab 1 1 1 0 0
Sa7, Ta7 0 0 1 1 1
Sa8, Ta8 0 0 0 1 1

input voltage step level can be classified into different sectors and switching states as
shown in Table 10.1.

10.1.2 Proposed Unidirectional Front-End 5L-M2SCR in AC/DC/AC

drive

A bidirectional front-end rectifier is not necessary needed for load application such as
propulsion, compressor or other contain non-regenerative braking system. Thus, a
proposed unidirectional multilevel rectifier is re-configured and modified from Fig. 10.1
by arranging and replacing the semiconductor devices to form a unidirectional power

flow.

By observing the current flow through two IGBTs and diode (i.e. Sal, Sa2 and Dal of
phase ‘a’) connected at the T-junction of the upper phase ‘a’ with the unidirectional

power flow operation, the current flow through the respective device is determined by
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Fig. 10.2. Proposed unidirectional five-level/multiple-pole multilevel switch-
clamped rectifier (5L-MZ2SCR).

the switching states as stated in Table 10.1, as well as the polarity of the grid current
(For example: When Dal is conducting, Sal = 0 and Sa2 = 1, current can either flow
through Dal or Da2 depending on the polarity of the grid current. When Dal is off, Sal
= Sa2 = 1, current will charge to the filter dc capacitor by passing through Sal and Sa2).
Based on this switching current operation, Sal and Sa2 can replace with the diode and
Dal is replaced by IGBT to form a unidirectional power flow. Hence, the unidirectional
5L-rectifier in Fig. 10.2 is named as multiple-pole multilevel switch-clamped rectifier
(M2SCR).

In short, each phase-leg of the proposed unidirectional 5L.-M2SCR consists of two cells
with four IGBTs and eight diodes to achieve five-level input pole voltage. In Fig. 10.2,
two switching devices (Sa3 and Sa4) of the inner cell are connected directly to the
neutral-point-clamped of the four dc-link capacitors, while other two switching devices
(Sal and Sa2) of the outer cell are clamped to the output terminal of the inner cell. With
this unidirectional rectifier configuration, higher power density is achieved due to lower

switching and conduction losses.
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10.1.3 General Characteristic of Proposed 5L Rectifier Topologies for
the AC/DC/AC Drive

The hardware implementation of the front-end rectifier and rear-end inverter of 5L
AC/DC/AC drives are operated independently with the LS-PWM technique. The LS-
PWM of the front-end rectifier and rear-end inverter are set at 1 kHz switching

frequency operation.

The switching function of the LS-PWM technique for the 5L rectifier and inverter

topologies as presented in the previous Chapter 8 is expressed as:

Su (1) =T, (t)=2m,sinwt-1

S, (1)=T,, (t)=2m, sinwt+2

S,5(1)=T,s(t) = 2m, sin ot (10.1)
Sus (1) =T,g(t)=2m, sinwt+1

where ma is the ratio of two times the fundamental component of the pole voltage to

the dc-link voltage.

Under the condition of steady-state and balanced capacitors voltage in the dc bus, the

general expression of the incremental output pole voltage is written as:

Vi (1) = Vd—(%js -”—‘1] 102)

where x represents as phase ‘a’, ‘b’ and ‘c’ and n is the number of voltage level. Sxiis

the switching states of each switching device depicted in the rectifier side.

The voltage transfer ratio of the both front-end and rear-end converters between the dc

bus voltage to the input and output voltage are defined as:
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+Vde/2 e
+tVdeld

Fig. 10.3. Incremental input pole voltage stepped waveform with the appropriate

sector occurring.

V.. (t
M rectifer (1) = dc—() v My reciier (1) >1
Ve ) (10.3)
2V, (t '
M, inverter (1) = V;m(i)) + My reciiier (1) <1

Vx,L-L(t) is the line-to-line voltage measured from the grid side and Vxm(t) is the output
pole voltage referred to the inverter side.

In general, high modulation index (Mx,rectifier(t) > 1) of the front-end rectifier is required
to mitigate high input current distortion and achieve good dc-link voltage tracking due
to its boosting effect in nature. Meanwhile the modulation index of the rear-end inverter
is usually operate at the linear region (Mx,inverter(t) < 1) to prevent any higher order
harmonic components incurred in the AC load. But high modulation index of the

inverter side will occur when an AC machine is loaded and during startup condition.

Thus, a low switching frequency can be used for 5L rectifier to achieve low ripple
current and better power conversion efficiency due to five-level voltage step. The ripple
current is expressed in the following equation (10.4) and is based on the previous
equations (10.2) and (10.3).
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3V, o (£)=343Vy, (1)
k 33
Al () ¥ = 10.4
- ( ) LXFS I\/lx,rectifier(t)vx,L—L (t){n—l _n—l} ( )
xi,d

B &

i=1

Fs is the switching frequency of the rectifier and Vmn(t) is the virtual ground voltage
referred from node m to node n in Fig. 10.1. Sxiq is the switching state with the respective
sectors shown in Fig. 10.3. k is the duty ratio of the switching state selection occur in

the sector (Fig. 10.3) and this is expressed as:

(10.5)

0<[k=2sinot]<1 0<ot<n/6
0<[k=2(sinwt-1/2)]<1 n/6<ot<m/2

The reduction of input inductance value for the 5L rectifier topologies can be estimated
with the duty cycle and the switching states with respect to the sectors shown in Fig.
10.3. According to equation (10.4), the maximum peak value of the input current ripple
is determined using differential equation at wt = 30° (assume Vmn = Va = 1p.u). Thus,

the critical inductance value is estimated as follows:

- 4'(Vxn —Vin ) _Vdc

Lo~
Xomex 4l F,

(10.6)

Vxn is the peak value of the grid phase voltage.

10.2 Comparative Evaluation of Three-Phase 5L.-M?DCR and
5L-M?SCR Topologies

Comparative evaluation of the design and implementation of the high power factor
rectifiers with 5L incremental voltage stepped waveform is discussed. The comparative
study of the proposed topologies will covers on the device rating, components count and

control algorithm as given in the following subsection.
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10.2.1 Semiconductors Voltage and Current Stresses

Voltage and current stresses are the dominant factors considered in the hardware
development process, so that the converter can achieve optimum performance and
higher reliability. Proper selection of the device rating for the proposed 5L rectifier

topologies are determined based on the local and global stress analysis.

The voltage and current stress expressions for the respective front-end rectifiers are
derived with the switching function in equation (10.1) and based on the following
assumptions: (a) high power factor, (b) current and voltage ripple free, (c) constant
switching frequency, (d) balanced electrolytic capacitors voltage in the dc-link, and €

zero voltage dropped across boost inductor, Lx.

The maximum voltage stress across the power devices of the unidirectional 5L-M2SCR
and bidirectional 5L.-M2DCR topologies are expressed respectively in the following
equations (10.7) and (10.8).

Va1 = ?)YTdC
Yo =" BVTdC (10.7)
Vbas = Vpas = Va3 = %
VSal = 3\me
e % (10.8)
Vsas = Vsas = Vpar = Vpas = %

Since the maximum voltage stress expressed in equations (10.7) and (10.8) are for the
power devices in the upper phase-leg, hence the respective complimentary power

devices in the lower phase-leg are also determined using the same expressions.
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2.5 U U U U U U U U U

I 5L-M2DCR
Bl 5 -\M2SCR

Average Current Stress (A)

0 Sal Sa2 Sa5 Sa6 Dal Da2 Dal Da2 Da5 Da6 Sal Sa2
Switching Device

Fig. 10.4. Average current stress level for each device of the respective front-end

rectifier topologies.

The average current stress is analyzed over one period of the fundamental frequency
based on the assumed factors (a) to (e). For simplification, the average current stress is

approximated as follows based on the respective switching function in (10.1).

17
ISa(Outer Cell) (t) - IDa(Outer Cell) (t) - Z_TE J. I, 8N (mt)Sa<Outer Cell>dCOt
0

2n

ISa<|nner Cell) (t) = IDa<|nner Cell) (t) = 2_];[ '([ Ia sin (O)t){z _%:ﬂ}sa(lnner Cell)dwt
(10.9)

Vam1 IS the peak value of the fundamental component of the grid phase voltage. With
the equation (10.9), the final expression of the average current and RMS current stresses
flow through each power device in the upper phase-leg of the proposed rectifier

topologies are shown in Fig. 10.4 according to the expression defined in Tables 10.2
and 10.3.
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TABLE 10.2
EXPRESSION OF AVERAGE CURRENT AND RMS CURRENT STRESSES FOR 5L.-M2DCR UNDER UNITY
POWER FACTOR OPERATION

Average Current Stress RMS Current Stress
. V, V, . V,
lsm’l[ de J— de cos[sm’l de ]
v v Ve 2 4Vam 8Vam 4Vam
dc a1 dc
1+cos|sin™ —— \. V, \V \V
Dal Vymila Vam1|: [ 4Vaml]:l i, |ame) e 725in’1[ ac ]+sin[25in’1¢ +7
W Vdcn aml aml
f
Da2 |22 rrsin| 2sintVee_ | pgint| Ve 2 LV Y
Ny VA +—cos| 3sin~ ¢ _ |—6cos| sin™ <
3 aml aml
Ve {sin—l( Ve ]_ Ve cos[sin’l Ve ]
Da3 v v L v v M 2Varn1L 4Vam1 4Vam1 4Vam1
a
\;Llla —9 |1— Zcos| sin"t—%_ | | _2gin7t| g Ve 16 41 1 Vg 1 Ve
e | Vam 2 ANy AV, —sin®| =sin"™"—%— |.| 2+ cos| sin
Da4 3 2 4Vm 4V
sin’l[—VdC ]—E
v ny 2
Sal ) rc+sin[25in’1 Vae j—%in’{k] de ant
Vamila ANam AVam1 i Vamt 2Vom 7005(5"1,1 Ve J{ Ve 76Vam:‘
a
Sad Vdcn _ Vdc cos[sin’l Vdc ] Vdcn aml 4Vam Vdc
aml aml V.
L cos| 3sint Ve
3 AV
m+sin Zsin’lk 14 Voo
4Vam1 Zvaml
.V ) vV, Ve |oin-1_ Ve
Sa2 21r+25|n[25m’1 g ]—4sm’1[ de ] {h - }Sm 4Vc
Vamli a aml aml i Vaml aml aml
Vet 5V, Ve ) VY * | Vger v, 1V, Y v
Sa3 —Z7de cos| sint—de |- de —| 3420 = T | leos) sinTt—de
aml am ) Vamt ‘ Vam 8\ Vam am1
. V,
+ L cos| 3sint Ve
3 AV
Esin“[isinAiJ{cos[sin’l&}—2}
a5 4sin’1[ Vo ]+2{2— Vae } cos[sin’1 Vi ] : 2 Pars Hany
Vamly ant ant am iy Vam +lcos{3sin’1—vdc ]—3cos[sin’1—v"° )
a8 VT —r:—sin[Zsin’1 Vo ] Ve 8 Vs HVam
aml
Ve n+sin[25in’li]—25in’li
2Vam1 4Vam1 4Vaml
. V, . V,
lcos[Ssm’1¢]—Scos[sm’1¢]
Sab GSin’l[ Vie ]+l|:9 Vie } cos[sin’l Ve ] 3 Ham Hom
Vamlia 4Vam1 2 Vaml 4Vaml ia Vaml T\:+Sin[25il’171 Vdc ]75"}71 Vdc
Sa7 Vi —sin(Zsin‘1 Ve ]71_:71 Ve + Ve aml AVam
o 2ot Ve cos[sin’l Ve ]
aml aml
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TABLE 10.3
EXPRESSION OF AVERAGE CURRENT AND RMS CURRENT STRESSES FOR 5L.-M2SCR UNDER UNITY
POWER FACTOR OPERATION

Average Current Stress RMS Current Stress
v v Ve [Sin—l Mie T _ VMac ool Gint Ve
Dal n+sin| 2sint —9 | 2sjn~t| —de i Vamt 2Vam1|_ Ny 2 WVyy ANam
Vil am1 aml a |y,
Ve Vo o1 Ve 1 -1 Vie
V™ V, Y/ +3cos| sin —=cos| 3sin
Da4 ——dc cos| sin~t—d¢
\VA " 4Vam1 aml aml
am:
Da2 . ’
Iy la
Da3 U 2
V, . . V, . V,
2Vd° {awsm[Zsm’l 4Vd° ]—Zsm’1 4Vd° }
aml aml aml
V, 7V, V,
4sinTtZde_ | " 7de cog) gjn~t_de vV, \Y/ v
Das Vi Ny Vo i i, | +L cos| 3sint e | _ 3c0s| sin L e
\E}Lla Vdc"I 3 4Vaml 4Vaml
T \Y
Da8 de —sin| 2sint—%¢_ |
V, V,
a1 +Esin4{lsin’l¢]- 2+cos[sin’1 de ]
3 2 4Vmt 4Vm
. V, . . V,
7 +sin 14 +sm[25m’1¢]
Vd aml aml
\Vi v _Vde
2sin™t—%_ _sin| 2sint—%— |- ¢ 2V,
Da6 . Ny Ny i Vam ami _osint Ve _ Ve cos| sint Ve
M ¢ s Vo AVam am1
Vi V, v,
Da7 ¢ +—9 |1+ cos| sin"t—dc 1 1V -1 Vg
amt amt +=cos| 3sin" —%— |- 3cos| sin T —%—
3 4Vam1 4Vam1
. V, . . V,
m+sint 4Vd° +sm[25ln’l4\/¢]
V, aml aml
V, vV _Tde
incl_Vde o in=1_Vde |_
Sl ) 2sin sin| 2sin T Vo | 2Vamt oo Ve Vi 4 Ve
Vamala aml aml iy v 2sin V_ TCOS sin”T——
-, _ dc™ aml aml aml
Vie™ V, \Y
Sa2 ‘ +=% |1+ cos| sin~t —& 1 Y R
am1 am1 +=cos| 3sin" —%— |- 3cos| sin " —%—
3 4Vam1 4Vam1
Ve ’Vsin—l Vie Vi "os[sin’l Ve ]
Sa3 Vi v v v i Vam1 ZvamIL 4Vaml 4Vaml aml
1 -1 d d i1 Vd a
\a/Ln{lzsm (4\/0 szvc cos[sm N, J} Vet | 16 a1 Ve ) | oo gint Vee s
a4 dc aml aml aml 3 2 4Vam1 4Vam1

Note: M. is the phase a modulation index, which is expressed as Ma = (2Vam/Vdc)sinot.

The data obtained in Fig. 10.4 has verified the analytical expression (10.9). It is proven
that during the negative cycle of the conduction period, the reverse current through the

semiconductor switches in the bidirectional 5L-M2DCR will be cancelled out from
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current stress during positive cycle period. Unlike the case for unidirectional 5L-
MZ2SCR, the current only flows through the diodes during positive cycle conduction
period. Hence, the final net average current stress of 5L.-M2DCR in Fig. 7 is found to be
lower compared to 5L-M?SCR.

10.2.2 Input Current Shaping in 5L-M2DCR and 5L-M2SCR Topologies

The performances of the grid current response for the proposed front-end unidirectional
and bidirectional rectifiers are carried out with the simulation as shown in Figs. 10.5(a)
and 10.5(b) respectively. The harmonic current distortions are obtained based on the

switching frequency (Fs) and the voltage transfer ratio (Mx,rectifier).

Fig. 10.5 shows that both the proposed front-end rectifiers have the highest current
distortions when the Mx rectifier IS @S low as 1. The harmonic current distortion can be

minimized in this case by increasing the Fsto 5 kHz and above.

However, the grid current distortion does not deviate much with any range of switching
frequency utilized when the voltage transfer ratio Mx rectifier IS more than 1.3. This can be
proved by substituting equations (10.6) into (10.4), where the Fs is found to be cancelled

away.

I

w

THD Current (%)
THD current (%)

r

—

—

3

1.4

Switching Frequency 518 MXx rectifier Switching Frequency 518 Mx rectifier
(kHz) ’ {kHz) '

@) (b)
Fig. 10.5. Harmonic current distortion characteristics of the respective front-end
5L-rectifier. (a) Unidirectional 5L-M?2SCR and (b) bidirectional 5L-M?DCR.
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The harmonic current distortion varies non-linearly for the unidirectional 5L-M2SCR as
shown in Fig. 10.5(a), while the results obtained for bidirectional 5L-M?DCR in Fig.
10.5(b) has a smoother curve. This is caused by the forward blocking voltage where the

current flows from the grid to the dc-link in one direction for the 5L.-M2SCR topology.

Even though there is slight difference in the performances, both proposed front-end
rectifiers have met the adopted standard current THD requirements of 6% below even
at a low switching frequency. Hence, the proposed low switching frequency rectifiers

are also found attractive for relatively high power applications.

10.2.3 Components Count

The number of components count in the front-end rectifiers is shown in Table 10.4. One
can observe that the number of the diodes used in the proposed bidirectional rectifier
topology is reduced. This yields better efficiency because of low conduction loss. For
unidirectional rectifier, the proposed topology reduces six MOSFET/IGBT devices. On

top of that, the required six isolated gate driver is also eliminated.

TABLE 104

NUMBER OF COMPONENT S USED IN FRONT-END RECTIFIER TOPOLOGIES

Topologies
Unidirectional Rectifier Bidirectional Rectifier
Devices Classical 5L- Classical 5L- ]
Proposed Classical Proposed
MDCI (ref. to [20] | MDCI (ref. to [20]
5L-M?SCR 5L-MDCI 5L-M?DCR
of Fig. 6) of Fig. 7)
Diode 24 24 24 18 12
IGBT/MOSFET 18 18 12 24 24
Capacitors 4 4 4 4 4
Complementary
0 9 0 12 12
Switch
Isolated Gate
18 18 12 24 24
Driver
Cost (USD) $7472.72 $8943.56 $5698.07 $6616.08 $7410.76
Efficiency (%) 77.37 80.44 85.42 80.99 82.30
Weight (kg) 8.01 9.63 6.17 7.14 7.91
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Moreover, the proposed rectifier topology also reduces the cost of implementation, as
well as the size of the converters. The overall components reduction not only consists
of the active switches, but also the number of necessary control circuit, and the size of
the heat sink. This can also improve the complexity of the control gating signals through
less isolated power supply requirement.

10.2.4 Synchronous-Reference-Frame Current Control Scheme

The proposed control algorithm with power factor correction technique is shown in Fig.
10.6. Two control loops, ie. Synchronous-Reference-Frame Current Control and
Constant Switching Frequency Modulation are implemented to regulate the dc-link
voltage and mitigate the current distortions. Due to the simplicity of the control strategy,
low cost integrated control circuit can be designed. The balancing control for the dc-dc

balancing circuit is presented in [90, 91].

The unity power factor (UPF) controller for the front-end five-level rectifiers (M?DCR
or M2SCR) designed in Fig. 10.6 is based on the synchronous-reference-frame (SRF)
current control with the LS-PWM technique. The detailed analysis of the outer-loop dc-
link voltage control and inner-loop current control are both presented in [104].SRF
controller provides a good dynamic response to achieve high quality input sinusoidal

current with constant unity power factor performance.

The open-loop transfer function of the dc-link wvoltage control under steady-state

condition is expressed as follows to achieve a stable control system:

N CE A
S CyqVie S+ (lo/CeqVac

L(s)

(10.10)

Kp and K; are the Pl parameters of the DC voltage control loop. Ceq and Lx are the
equivalent capacitance value of the dc bus and the put (phase ‘a’, ‘b> and ‘c’) filter
inductance value respectively. Vp is the rms value of the grid phase voltage and Ve is
the mean value of the dc-link voltage.
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Fig. 10.6. Proposed front-end rectifier controller for 5L-AC/DC/AC drive based on

Synchronous-Reference-Frame (SRF) Current Control.

As for lg is the peak value of the reference current which is obtained from the summation
of lsc (output of dc voltage control) and feed-forward current (output of Kyf). The feed-
forward current control loop under steady-state condition is derived based on the power

balanced principle, which is expressed as the following:

Vdc

V3V,

K, = (10.11)

10.3 Experimental Results

The AC/DC/AC hardware prototypes in Fig. 10.7 are constructed based on the proposed
circutt diagrams of Figs. 10.1 and 10.2 with the controller loop as shown in Fig. 10.6.
The controller is implemented utilizing the dSPACE RTI1103 controller board. The
experimental results are obtained based on chosen system parameters values shown in
Table 10.5.

The input current shaping of the two proposed front-end rectifiers is achieved through

the application of proper gating signals based on the LS-PWM. Since the front-end

bidirectional 5L-M2DCR consists complementary switches, therefore additional dead
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TABLE 10.5
PARAMETER SETTING FOR EXPERIMENTAL AC/DC/AC CONVERTERS

System Parameters Values
Input Grid Voltage 60 Vrms (50 Hz)
DC-Link Voltage 200 Vdc

Input Inductors (LX) 5mH

Mx,inverter 0.8

Switching Frequency 1 kHz

| I R
=Tl i -

DC power supply i

Isolated gate driver
1

(o

Multiple-pole inverter

Fig. 10.7. Experimental setup on AC/DC/AC converter with different configuration

based on bidirectional and unidirectional 5L unity power factor rectifiers.

time circuits are needed to prevent short circuit. Unlike the 5L-M2DCR, the
unidirectional 5L-M2SCR does not have any complementary switches. Hence, the

gating signals for 5L-M2SCR are generated with the four logic NAND gates as shown
in Fig. 10.6.
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Fig. 10.8. Input voltage and current waveform (Upper trace: grid phase voltage, and
current, lower trace: rectifier pole voltage) based on respective front-end multilevel
rectifier topologies. (a) 5L-M?2SCR, (b) 5L-M2DCR, and (c) THD of the grid
current of Fig. 10.8 (a), the THD of the grid current is also similar result for 5L-
M?DCR.
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Fig. 10.9. Output voltage of rear-end 5L-M?DCI topology in both AC/DC/AC
configuration. (a) Output pole voltage, and (b) output line-to-line voltage.
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The experimental results obtained in Figs. 10.8 (a) and (b) show the input voltage and
current quality of front-end unidirectional 5L-M2SCR and bidirectional 5L-M?DCR
respectively. Both proposed topologies achieve low input current distortions (as shown
in Fig. 10.8(c)) yielding a 0.99 power factor. The input pole voltage in Fig. 10.8 (b) is
slightly distorted as compared to the Fig. 10.8 (a). This is due to the instantaneous high
reverse peak lqc current fed into the close-loop controller. Thus the current error signal
is affected and the input pole voltage is synthesized from positive voltage step to the

negative voltage step or vice versa.

Same rear-end 5L-M2DCI topology is implemented for both front-end uni and
bidirectional topologies. The experimental results of the output pole voltages and output

line-to-line voltages are obtained and shown in the Figs. 10.9 (a) and (b) respectively.

10.4 Discussion

A new generation of front-end unidirectional 5L-M2SCR and bidirectional 5L-M2DCR
topologies are introduced to reduce the number of semiconductor devices usually
required in conventional converters. The experimental results show have proven the
theory, analysis and also verified the feasibility of the proposed AC/DC/AC topologies.

Excellent performance and low input current distortion with high power factor is
achieved even while operating at low switching frequency of 1 kHz. This is without the
use of any bulky LC passive filter. Low voltage/current stress and low switching losses
due to reduce components count lead to better converter efficiency. The size of input
reactors requirement is also reduced thanks to the number of voltage level increased
while operating at low switching frequency. This is at the small cost of an additional

balancing capacitor voltage circuitry to balance the capacitors voltages in the dc-link.

Alternatively dc-link balancing strategies such as modulation schemes or control
algorithms can be implemented to replace the additional balancing circuit. These will
provide a more cost effective and energy efficient solution for a higher-level AC/DC/AC
drive and can especially be suitable for renewable energy conversion where high

efficiency is paramount.
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Chapter 11 — New PWM Switching Technique with
Low Conduction Period Control on Five-
Level/Multiple-Pole Multilevel VIENNA Rectifier
Topologies for Energy Efficiency

This chapter introduces a new unidirectional three-phase five-level rectifier topology
that requires only a minimum of six IGBT devices as shown in Fig. 11.1. The concept
of this rectifier topology with reduced number of operating device is derived and
modified from the unidirectional multiple-pole multilevel switch-clamped rectifier
topology presented in Chapter 10. Hence, this rectifier is named as Multiple-pole
multilevel VIENNA rectifier (M2VR) topology. The M2VR topology achieves high
power factor in the main line requiring only a small inductor with the five-level input
voltage stepped waveform. The reliability of this converter is improved by employing
lesser number of components as compared to the unidirectional 5L rectifier topology in
Chapter 10, which does not require any dead time circuitries and additional isolated gate
drivers. However, alternative method for reducing the losses in unidirectional 5L

rectifier is required to investigate not only reducing the number of components count.
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N\ Da4

<«—5L-Multiple-Pole VIENNA Rectifier ———» «— Balancing Circuit —»

Fig. 11.1. Proposed unidirectional five-level/multiple-pole multilevel VIENNA
rectifier (5L-M?VR) with balancing circui.
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Fig. 11.2. Alternative configuration of proposed unidirectional 5L Multiple-Pole

Multilevel Rectifier Topologies based on various types of four quadrant switches.

Several methods for reducing the stress and switching loss across the semiconductor
devices have been proposed based on: (1) low conduction period control [105, 106], (2)
resonant DC-link circuit [107], and (3) transformer-assisted PWM zero voltage

switching technique [108].

The proposed method (1) has the advantage of reducing the losses and stresses on the
semiconductor devices, but the converter would still need a large input reactor for lower
conduction angles [69]. The proposed methods (2) and (3) achieve lower switching
losses due to zero voltage and zero current switching. However, the disadvantage of
both methods will increase the complexity of the control scheme and the overall weight

of the converters.

A new switching scheme in this Chapter is proposed to achieve lower losses by
remaining the minimum number of switches in unidirectional 5L rectifier topologies in
Fig. 11.1. Two types of switching schemes — PWM techniques and low conduction
period control [105, 106] are applied to the outer cell and inner cell switches respectively
to achieve low switching and conduction losses as compared to the classical switching
method. PWM techniques such as Level-Shited PWM (LS-PWM) or Phase-Shifted
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PWM (PS-PWM) can be applied to this topology. The performances of both the PWM

techniques are evaluated in the following section.

11.1 Operating Principle and Device Rating

A conventional three-phase VIENNA rectifier topology consists of three switches. Each
of the switches is connected across the four adjacent diodes to enable a bidirectional
current flow between the grid and the neutral-point-clamped of the two dc-link
capacitors. Zero voltage conduction across the switching device is achieved due to the
configuration of VIENNA topology. Thus, three voltage levels (+Vdc/2, 0 and —Vdc/2)
are synthesized.

The proposed five-level rectifier topology (5L-M?VR) in Fig. 11.1 is configured with
two VIENNA rectifier cells in each phase, which are constructed based on the multiple-
pole hierarchy. According to the pole diagram concept (Fig. 8.2), alternative structures
of the bidirectional switches are configured as shown in Fig. 11.2. Therefore, the five-
level stepped input wvoltage waveform is obtained with the proposed M2VR

configuration.

Vgrid

Sa2

Sh2

0° 30° 60°

Sc2

Sal

Shl

Scl

120° 150° 180° 210° 240° 270° 300° 330° 360°
Angular Frequency

8-——-
©
o

Fig. 11.3. Two proposed switching scheme: switching angle firing method for Sx1
and LS-PWM techniques through the logic gate for Sx2.
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Two types of switching schemes are utilized to modulate the gate signals for both outer
and inner cells, in order to achieve low current distortion. The switches (Sa2, Sb2 and Sc2)
in the outer cell of rectifier are operated with the PWM techniques as shown in Fig. 11.4.
While the switches (Sa1, Sbr and Sc1) in the inner cell of rectifier start conducting at each
zero crossing point of the grid voltage with a switching angle (o)) of 30° as shown in Fig.
11.3.

The approximated maximum current (peak value of the current) flow through the power
device can be estimated using differential equation together with the summation of an
initial value. This initial value is determined by the maximum input current obtained

from previous group of 30° switching angle, which is explained in [109].

11.1.1. Current Stresses on Power Device

The average current and RMS current stresses are estimated using the local and global
stress analysis as presented in Chapter 8. Theoretical analysis of the switching function
of the local current stress of all the power devices mainly depends on the switching
states selection of the outer cell switch. While the average value of the global current
stress estimation on particular devices like Sa2, Dall and Dal2 in the inner cell are
form by the integration limit within the switching angle period, o over one main period
(ot = 2m) of the grid.

The expression of the average and RMS current stress on each power device based on
the integral limit with the switching function analysis is expressed in Tables 11.1 and
11.2. The final expression of the current stress is extended in term of modulation
amplitude and with or without the switching angle depending on the conduction period
of the power device. Derivation of the switching function for the switching device is
detailed in Chapter 5. The amplitude of the carrier waveform in LS-PWM technique is
normalized at 1 p.u, which is set at 0 to 1 p.u for the upper triangle wave and 0 to -1 p.u
for the lower triangle wave. Similarly for the PS-PWM, both carrier waves are
normalized at -1 to 1 p.u. With the LS-PWM through the logic gate, the final switching
function expression can be written in equation (11.1). Similarly for a PS-PWM can

expressed with the same derivation concept as presented in Chapter 5 and remaining
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TABLE 11.1
AVERAGE CURRENT STRESS BASED ON INTEGRAL LIMIT WITH THE SWITCHING

FUNCTION EXPRESSION

Power . Final Expression of the Average
) Average Current Stress Expression
Device Current Stress
1F m,i,
Dal 2—n£'a3'”®t[1—5a1(®t)]d®t ;
Da2 [, sinotdot la
21y, T
17 . i Tm
Da5 — i, sinot-S,; (ot)dot 2.2-—
211-! : a(0t) Zn{ 2 }
i 1 T—o
1% . 2 1+c050c——m{ . }
Da7 2—I|33|nwt-sal(wt)dmt 2n 2 “|+sinacosa
T
03
15 . i Tm
Da8 — i, sinwt-S,, (wt)dot 222
271:! : (o) ZTE{ 2 }
Dall iTiasinoat-Sal(o)t)dmt Iy 1—0030c+1ma [sin 20— 20
2y 27 4
Sal 1jiasin ot-S, (ot)dot '—a{Z— “ma}
T T 2
I, 1 :
Sa2 1-coso+=m, [sin 20— 2a]
4

l.[iasin ot-S,; (ot)dot
T

T

current stress analysis for PS-PWM technique will not be further discussed in this

Thesis.

Su(ot)=1-m,sinot
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TABLE 11.2
RMS CURRENT STRESS BASED ON INTEGRAL LIMIT WITH THE SWITCHING FUNCTION
EXPRESSION
Power ) Final Expression of the Average
] Average Current Stress Expression
Device Current Stress
(1 F ., 2m
Dal I, [—|sin“ot|1-S., (ot) |dot i a
i
Da2 \/ I sin? otdot 2
2
r 1 2m
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11.1.2. Voltage Stresses on Power Device

The maximum voltage across the switches can be determined based on the switching
conditions. Thus, the maximum voltage stress for Sx2 is obtained when Sx1 is switched
off and vice versa. Therefore, the maximum voltage across the inner cell switches (Sx2)

and outer cell switches (Sx1) will be Vu/4 and Vac/2 respectively.

11.2 Controller Design

The proposed power balance control technique outlined in Chapter 3 is applied for this
5L-M?VR topology. Two control loops (DC-Link Voltage Control and Carrier-Based
Current Control) in Fig. 11.4 are derived according to the power balance principle,

which are briefly explained in the following subsections:

11.2.1. Power Balance Principle

High input power factor can be achieved for both balanced and unbalanced grid
conditions with the simplest power balance control technique based on the dynamic
current control. According to the power balance principle, the reference current is
equivalent to the summation of load current estimator (first current component) and the

equivalent capacitor current (second current component) is as given below:

First current component
dV (t)
M dt

| ——
Second current component

I, (t):{ o (t))}in ot = Ve (1) sin mt

(11.2)

‘x” is denoted as the phase ‘a’, ‘b’ and ‘¢’ for the grid phase voltage Vxn(t) and input

current ix(t). Ceqis the equivalent capacitance value of the dc-link capacitors.
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Fig. 11.4. Proposed power balanced control technique for 5L-M?VR topology.

The equivalent capacitor current (iceq) in (11.2) is obtained from the dc-link voltage
control. The unit template of the supply voltage, sin(wt), in (11.2) for the reference

current phase ‘a’ is formulated as follows:

2 1 1 2 (1 1 27"
Vpeak = |:(§Van (t)_gvbn (t)_évcn (t)j +(ﬁvbn (t)_ﬁvcn (t)J :|
(11.3)

Van (1) (11.4)

11.2.2. DC-Link Voltage Control

The second current component depends on the variation of the dc-link wvoltage.
Therefore, the energy storage model can also be derived based on the power balance
principle. With this model, a simple Pl control is implemented to regulate the dc-link
voltage in the outer control loop. Thus, the open-loop transfer function of the energy
storage model is written as:
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Fig. 11.5. Input characteristic performance of the novel rectifier with the proposed
switching technique based on 1 kHz PWM with the respective switching angle
range between 0° to 50°. (a) Input power factor and (b) THD of the input grid

current.
L(s)= K, | 1+ = |x2Vm_ - (11.5)
Tis Vcheq S+ 6Vm /Vcheq R load

Based on equation (11.5), the proportional gain K; is selected accordingly to the pole
cancellation in order to achieve a stable output dc voltage.

11.2.3. Carrier-Based Current Control

Two types of low switching modulation schemes are applied to the switches (Sx1 and
Sx2) in the 5L-M?VR topology. For the outer cell switches (Sx1), the PWM techniques
are implemented by comparing the two triangular carrier waves of 1 kHz frequency with
the current error. Thus, two modulated signals are generated. However, only single gate
signal drives the switch (Sx1), therefore the two modulated signals are fed into logic
NAND gate.

As mentioned, the inner cell switches (Sx2) are controlled by the switching angle during
zero crossing point of the grid voltage. In order to achieve optimal performances for the
5L-M2VR, it is very important to define the range of the switching angle for Sx2 due to
the combination with the PWM techniques applied for Sx1.
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An input power factor of 0.99 is achieved with switching angle more than 10° as shown
in Fig. 11.5 (a). Besides that, the range of switching angle to achieve low current
distortion is defined between 20° to 30°, which can be observed from Fig. 11.5 (b). The
comparison results of two PWM techniques (LS-PWM and PS-PWM) are presented in
Figs. 11.5 (a) and (b) are obtained based on the same constant modulation index. These
results have clearly shown that the optimum performances can be achieved by the
combination of LS-PWM with the switching angle of 30° or PS-PWM with 25°.

In the closed-loop control strategy (Fig. 11.4), the inner cell switches driven by the fixed
switching angle are unable to control the dc-link wvoltage. Due to 5L-M?VR
configuration, only the outer cells are directly connected between the input grid and the
output dc-bus terminal. Hence, the dc-link voltage is regulated with the outer loop

voltage control involving only outer cell switches.

Such power balance control technique does not include any balancing control for the
dc-link capacitors voltage. Thus, additional DC/DC balancing circuit is required to
balance the capacitor voltage in the dc-link. The voltage balancing DC/DC converter is
not discussed in this chapter. The voltage balancing control strategy and analysis are
detailed in [90, 91].

11.3 Simulation Results

The results for the proposed 5L-M?VR topology with the proposed controller scheme
are obtained with the aid of MATLAB simulator. The results are shown in Figs. 11.6 to

11.8 with the implementation of LS-PWM technique for Sx1 and a fixed switching angle
of 30° for Sx2.

In Fig. 11.6, the input characteristic of 5L-M2VR (Fig. 11.1) results in a good

approximation of current ripple reduction with the time varying DTs, which is expressed

in following equation (11.6):

* Van (1) = Vam (1) =V (1) (11.6)
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Fig. 11.6. Input rectifier line-to-line voltage (voltage referred from node ‘a’ to node
‘b’) refers to Fig. 11.1.
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Fig. 11.7. Grid phase voltage (voltage referred from node ‘a’ to node ‘n’) and line

current of phase ‘a’ with power factor of 0.99.
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Fig. 11.8. Input line current THD of phase ‘a’.
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With this approximation, the rate of change of the current depends on the variable duty
cycle (0 < D < 1) of PWM signals. Due to the advantage of having higher-level stepped
voltage waveform, low switching frequency of PWM signals for Sx1 are sufficient to
improve the quality of the line current, together with a fixed switching angle of 30°
conducted by Sx2. As the number of synthesized voltage steps increase, the shape of the
input voltage is more sinusoidal in nature. This results in a drastic reduction in the size

of the input line inductance with lower switching and conduction losses.
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The input line current THD obtained from the FFT analysis tool is below 6% as shown
in Fig. 11.8. Having such low THD current results high power factor (cos ¢) near to
unity (Fig. 11.7), THD and power factor are related as shown in the equation (11.7):

pE___ 05O (11.7)
1-(THD,)*

As a result, the displacement factor (cos 1) in (11.7) is approximately equal to 1 due

significantly low distortion in the input current and voltage waveform.

11.4 Discussion

In this Chapter, a high power factor five-level rectifier topology (5L-M?2VR) based on
the concepts of three-phase three-switch three-level rectifier (VIENNA rectifier) is
discussed. The proposed 5L-M2?VR tilizes lesser number of components as compared

to the conventional unidirectional diode-clamped rectifier.

The advantages of this topology over conventional topologies are discussed in the

followings:

(@) Good performance is achieved even while operating at lower switching frequency
requiring no complicated EMI filter.

(b) Low cost integrated control unit for two semi-conductor switches in each phase.

(¢) Wide bandwidth control for achieving low THD current and high power factor as
compared to [105].

(d) Elimination of short circuit fault due to the failure of switching devices results in

high reliability of the converter.
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Most of the commercially available multilevel inverters require a bulky phase-shifted
transformer with multiple bridge rectifiers (Fig. 2.2 in Chapter 2) connected at the front-
end side [89]. However, the volume and the weight of such configuration are large and
heavy. In addition, more losses are experienced in the transformer during low utilization
due to its core resistance. Several new transformerless multilevel rectifier topologies
with low switching frequency operation have been reported in the literature. Recent
developments on high incremental wvoltage level rectifier topologies with reduced
number of components are found namely: (i) packed U cells multilevel converter (PUC)
[110], (ii) reduced-part-count diode-clamped rectifier (RPC-DCR) [20], and (i) hybrid
diode-clamped and flying capacitor rectifier (DCLP-FC) [111].The mentioned low-cost
topologies have achieved good efficiency and also proven that the filter size can be
drastically reduced even with the low switching frequency operation as discussed in
Chapter 10.

However, each of these topologies has its limitations and disadvantages. For instance, a
complex control algorithm is required to balance the flying capacitors of the three-phase
star-configured PUC topology. While in the case of RPC-DCR topology, only two
switches are reduced in each phase-leg but the total component counts are not
significantly optimized. Hence, huge number of gate drivers and isolated gate supplies
are still required. As for the DCLP-FC topology, a good arrangement of hybrid approach
is introduced to reduce 50% of the switching devices as compared to both conventional
diode-clamped and flying capacitor rectifiers. Nevertheless, a total of thirteen dc
capacitors are still needed for this three-phase topology to synthesize a five-level phase
voltage stepped waveform. Due to the involvement of dc electrolytic capacitors, the

lifetime of the power converter will eventually be affected by the thermal aging.
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TABLE 12.1
SWITCHING STATES FOR CORRESPONDING PHASE ‘A’ VOLTAGE LEVEL
Switching
States sign(la) Input Pole Voltage Level, Vam
Sal Sa2
1 0 0 + Vdc/2
2 1 0 + Vdc/4
3 1 1 +or- 0
4 1 0 - -Vdc/4
5 0 0 - -Vdc/2

sign(la) is the phase ‘a’ current direction flow from the grid through the switching

devices.

This Chapter presents a components count optimization for the proposed five-
level/multiple-pole multilevel unity power factor rectifier (5L-M2UPF) topology in Fig
12.1 with a simple design and cost effective control algorithm based on the proposed
observer control technique. This observer control technique is implemented with the in-
phase quantity current control, which can eliminate some of the physical measurement
sensors in the feedback control loop and provide excellent dynamic response for two-
phase operation in the grid. As a result, more compact size and high reliability of three-

phase five-level/multiple-pole multilevel unity power factor rectifier is achieved.

12.1 Basic Operating Principle

A proposed five-level (5L) M2UPFR topology shown in Fig. 12.1 is constructed using
two three-level (3L) VIENNA rectifier cells in each phase-leg. The multiple-pole
structure is similar to Fig. 11.1 and the multiple-pole concept is presented in Chapters
10. The output terminals of both VIENNA rectifier cells are connected to the respective

dc capacitors with the aid of balancing circuit.
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Since each cell is characterized with a three-level input voltage stepped waveform, the
overall performance for a five-level incremental voltage stepped is synthesized based
on the switching state selection and the direction of the corresponding grid phase current
stated in Table 12.1. Therefore, the expression for the input pole voltages of the
proposed 5L-M2UPFR is written as follows:

Ve (t

~~—

Van () 4 [Z_Sal(t)_SaZ (t)]'Sign(la(t))
Vi (1) = VdCT(t)[Z—Sbl(t)—sz ()] sign (1, (1)) (12.)
Vi 0) -2, ()-8, (0 i1, 0)

where Vqc(t) is the dc-link voltage and sign(.) indicates the directional flow of the
respective phase current according to the condition given in (12.2). For simplicity, the
equations in this paper expressed with phase ‘a’ term are applied for the other phases

‘b’ and ‘c’ as well.

sign (1, (t)) —{11 :rr |I:((tt))j(()) (12.2)

The current through the four quadrant switch of the outer VIENNA rectifier cell is
expressed in following equation (12.3) based on the respective switching states in Table
12.1.

Ly () =15 (1) S (1) (12.3)

The output bidirectional current (la2(t), Ib2(t) and Ic2(t)) of the inner cell is depending on
the current expression in (12.3) and the corresponding switching states of the inner cell
switch. Hence, the neutral-point-clamped current Im(t) through node ‘m’ written in

(12.4) is the summation of these three-phase output bidirectional current.
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L (8) = 150 (1) Sap (1) + Ty () S (1) + 10 (1) S (1) (12.4)
=1, (1)Sa (1) Sa () + 15 (1) Spr (1) Spa (1) +1c () Sey (1) Seo (t)

The bidirectional current through outer and inner switches (Sal and Sa2) of the 5L-

M2UPFR expressed in (12.5) is always positive over the fundamental period due to the

floating diodes (Da3 — Das and Dag — Da12).

ISal(t) :‘Ia (t)Sal(t)‘
lsaz (t) = ‘Ia (t)Sal (t)saz (t)‘

(12.5)

The instantaneous current through the respective diode elements of both outer and inner
cell are determined by the current flow over the fundamental period and expressed as

follows:

Outer Cell 5L-M2UPFR:

During positive half cycle

IDal(t) = Ia (t)lil_sal(t)}
lps2 (1) =0 (12.6)
I a3 (t) = Ipas (t) =1, (t)sal(t)
IDa4(t)= Ipas (t)=0
During negative half cycle
I (1) =0
|Da2(t)= Ia(t)[l_sal(t)] (12.7)
I pas (t) = lbae (t) =0
Ipas (t) = lpas (t) =1, (t)sal(t)

Inner Cell 5L-M2UPFR:
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During positive half cycle

a7 () =1, (t)S, (1)[1-S,, (1) ]

s () =0 (12.8)
I pag (t) = lpa2 (t) =1, (t)sal (t)Sal (t)

I pato (t) = lpans (t) =0

During negative half cycle

lpag (1) =0

IDaZ(t): la (t)Sal(t)[l—Saz (t)] (12.9)
IDa3(t)= IDa6 (t):O

IDa4 (t) = IDa5 (t) = Ia (t)sal(t)sal(t)

12.2 Switching Function

The gating signals for the switches Sal and Sa2 based on the switching states given in
Table 12.1 are obtained by comparing the absolute function of the modulation signal
with the triangular carriers as shown in Fig. 12.2. The switching states are achieved

according to the condition given in (12.10).

6. (1) 1 if M, (t)< V()

al 0 otherwise (12.10)
- if M, ()< Vg, (1) |
a2 0 otherwise

where Virir(t) and Viriz(t) are the triangular carriers and Ma(t) is the phase ‘a’ modulation

signal.
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Fig. 12.3. Space vector calculation for the amplitude modulation. (a) Schematic

diagram, and (b) phasor diagram.

The switching function of the respective phase ‘a’ switches is expressed i (12.11),
which describes the corresponding duty cycle distribution following the condition in

(12.10) when the modulation signal crosses the edge of triangular carriers.

{Sal(t)—Z[lmsin wt] 1211

S,,(t)=1-2msin ot

where m is the modulation amplitude obtained according to the space vector diagram in

Fig. 12.3 and is expressed as follows:

= (12.12)
Vdc
1 T X
Vtril
\ I\/I/ X
a
0.5~ X
Vuiz
O v
0 Ts/2 Ts

Fig. 12.2. Switching scheme for 5L-M2UPFR topology.
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Vm is the amplitude of the grid voltage, L is the input line inductance, ® is the angular
frequency of the grid side expressed in terms of rad/s and P4 is the output power of the
rectifier.

12.3 Device Stresses for 5L-M?UPFR Topology

In order to maintain a minimum safety requirement for the rectifier operation in the grid,
an analytical approximation of the device stress level is calculated based on the
presented analytical method as detailed in Chapters 10 and 11. To select the components
rating for a 5L-M2UPFR topology, a worst case operating condition is considered. The
voltage stress level across the power device is selected according to the dc voltage
reference set by the feedback control loop in the control algorithm and current stress of
the power device can be determined by the minimum modulation indices as given in
equation (12.12) for the minimum worst case scenario. The analytical approximation of

the minimum voltage and current stresses is presented in the following subsection.

12.3.1 Voltage Stress

Voltage stress analysis is essential to prevent the power devices from being damaged
and affect the reliability of the converter. Thus, minimum safety requirements and
smooth operations can be assured with the proper blocking capability. Two conditions
are assumed for the wvoltage stress analysis which are: (i) negligence of overvoltage
caused by the parasitic inductance due to low switching frequency operation, and (i)
negligence of transient output dc voltage caused by the inrush current since pre-charging

circuit is typically employed in the dc-link for practical cases.

The overall voltage stress for outer and inner cell of 5L-M2UPFR is approximately Ve
and 3Vq/4 across the respective clamped dc-link capacitors to the negative dc rail.
Therefore, the maximum voltage stress across each active component during the steady-

state operation is expressed in the following.
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Switching Elements:

V,
\V/ — dc
Sal 3
V,
VSa2 = %
Switching Elements:
VDal = VDaZ = Vdc
V, =V =V =V = ﬁ
Da3 Da4 Dab Da6 3
V
Va7 = Vbag = %
V
VDa9 = VDalO = VDall = VDa12 =&

12.3.2 Current Stresses

(12.13)

(12.14)

Several assumptions are made for the current stress analysis: (i) pure sinusoidal grid

current without any ripple content, (i) unity power factor, (iii) zero voltage dropped
across the inductors, (iv) constant switching frequency, (v) balanced input grid condition

and (vi) negligence of any losses in the balancing circuit. Hence, the average and RMS

of the approximated global current stress are expressed in equations (12.15) to (12.16).

B Yai
ISai(avg) = 2_];'5‘[ i l, (ktp,&)t)] dot

ol tp k:ton/tp

1 B Yaitp
zz—j = [ 1,(wt)dt, |dot
T

\/%.? 1 YZ: Ii(ktp,a)t)}dwt

Sai(avg) =

1 B_ 1 Yaitp )
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vai IS the switching state function of the instantaneous grid current. k is the duty cycle
during turn on period. o and B is the switching time occurring one fundamental period.
Similarly, the current stress for the diode elements can also be expressed using the same
expressions in (12.15) and (12.16).

Based on current stresses expression, the final expression of the current stresses for each

power device is written as:

Average current stress:

sal(avg) ~ _a{z +2c0s [sinl %J +m, {25“11 % —T— sin(z sint %H}
n ma ma ma

. 1 . 1
__a _ -1 _ -1
Sa2(avg) {2 2m, sin _Zma cos[sm 5 J}

a

_ _ iy jmy : o 1) 1] 401
IDa1<an>—IDa2<avg>—n{ > {n+sm(2sm —2ma] 2sin —2ma cos| sin _Zma

a

Sal{avg)
IDa3<avg> = IDa4<avg> = IDr:15<avg> = IDa6<avg> = T
B i3 (1) m, (L1 41
IDa7<avg> - IDa8<avg> —;{ECOS(SIn EJ_T mw+sin| 2sin E —4sin E
ISa2<avg>
IDa9<avg> = IDalO(avg) = IDa11<avg> = IDa12<avg> = T

(12.17)

RMS current stress:

) .11 . 1 1 .9 1
T+ S1n 2Sln — |—Smm " — ——COS| SiIn  ———
2m, 2m, 2m, 2m,
+Ma cos 35in*1L —9c0s sin*li
3 2m, 2m,
.11 1
sint— = cos|sint——
2m, 2m 2m

sa2(RMS) ~ la 7] 16 1 1 1
—~=—m,sin*| Zsin™" —— |-| cos| sin"t —— |+2
3 2 2m, 2m,
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12.4 Proposed Controller Design

(12.18)

M | 9cos| sin ™t —L— |- cos| 3sin"t —
. 1 6 Zma 2ma
IDa1<RMs> = IDa2<RMS> =l |-
n
. n+sin| 2sin! L —2sin! !
4 2m 2ma
ISa1<RMs>
oasiaus) = oad(aws) = loasieme) = lossiaus) =~ 5
1 n+sin| 2sin™ 1 —2sin™t !
2 2m Zma
1 _
| ba7(rms) = Ipas(rms) =1a | cos| 3sin™ sint
T om, m,
e
\ +16sin* lsm cos| sin™* ! +2
2 Zma Zma
lsa2(rms)
'oas(rms) = Ioatorus) = loasyrms) = lpasz(rms) = = 5
|C1<RMs> = |C4<RMS> = \/3(|2Da1<RMS> 3|2Da1<avg>)
|C1<RMS>
|c2<R|v|s> = |03<R|v|s> = 2

The proposed control algorithm is implemented by employing MATLAB Simulink

toolbox with the configuration parameter of fix time step based on Runge-Kutta ODE4

and the sampling time of the control algorithm is set at 90ps. The close-loop control

system based on the proposed observer technique and power factor correction control

loop is discussed in the following subsection:
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12.4.1 Unity Power Factor Control

The proposed unity power factor control with both grid voltage and load current
observers is shown in Fig. 12.4. The basic structure of this controller is constructed using
Synchronous-Reference-Frame (SRF) current control [104]. However, the d-q
transformation in SRF control requires complicated phase lock loop (PLL) design which
limits the control bandwidth. Therefore, the in-phase quantities current control
technique in the proposed control is implemented to eliminate the mentioned
disadvantages of the d-q transformation. Moreover, two-phase operation is allowed with
this proposed control which provides higher reliability in a three-phase power supply
system [112].

This control method consists of dc-link voltage control at the outer loop and current
control at the inner loop. The outer loop control computes the dc equivalent capacitors
current and regulates the output dc-link voltage. Meanwhile, the load current is

formulated from the power balanced principle as shown in the following:

Vielge (t) = Z{vsn (t)-Lg dl;—gt)—Rsls (t)} I () +Coq Ve (1) dv‘;(t) (12.19)

Vanvanvvcn

Saleblyscl
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Iaylbvlc Vdc SaZvaZ:SCZ y Isensur
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- = | ’J: -

|Grid Voltage |l Van.Von,Ven ,, % j i 1 E g : Isolated Gate

| Observer ;L : Driver

1 Sa1,561,Sc1
Abs AcC Su2:S02.Sc2
g Ip, e
Load Current
R Observer <7Vamvbmvcn } } } }

Pl (+—Sa1,5b1,Sc1 Vsensor .
Ve QL Balancing

DC Load
NN Y

Fig. 12.4. Block diagram of the unity power factor controller with the proposed grid
phase voltage and load current observers.
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The actual load current measurement is replaced with the load current control loop of
Fig. 12.5. The feed-forward observer technique is implemented to achieve better dc-link
voltage tracking response during load change. The load current expression in (12.20)
can be estimated from equation (12.19) assuming that the average power in the energy

storage elements is zero.

| Vdc(IDa1+ I + IDcl)
load —
Vo, + Vo, + Ve

al

(12.20)

1-—» _
X ).
Sa1,9p1,S¢1—— W
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Van,Vbn,Vcn4 rms > Z ™ D .

<
®
>
.>< ﬁ‘

Ve —+——1/3 \/_ ™ D > Vpeak
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Van, Vbn and Ven are the rms value of grid phase voltage. Vdc and lgc are the mean value
of the dc-link voltage and output rectifier current respectively. Since six IGBTs are used
in this rectifier configuration, the lac current can be easily obtained by using the feedback
gating signals and the summation of the diodes current (Ipa1, Ipb1 and Ipc1) from equation
(6) during the positive half period.

12.4.2 Voltage Control

In order to compute the equivalent dc capacitor current in the second term of (12.19),

the dc-link voltage is regulated with a simple Pl controller which is expressed as follows:

_K Ts+1

C
WP T

| [ Vie (1) = Vi (1) ] (12.21)

where Ky is the proportional gain of the dc-link voltage regulator and Ti is the settling

time of the dc-link voltage tracking.
The approximation value of Kp is obtained from the energy storage model as shown in
Fig. 12.7. The derivation of this model is based on the power balanced principle to

determine the output equivalent dc capacitor current.

During the time interval from (to-t1) of the charging period of the capacitors, the voltage

variation due to the charge of energy storage, AEqc is shown in the following expression.

Disturbance

Energy storage model

Vdc* (S) *

Fig. 12.7. Energy storage model of the output rectifier.
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C
Mg = Vi (1)~ Ve (o) (12.22)
The power of the Ceq, APqc in (12.23) is obtained from derivative of energy stored.

C.., dV2 (t
s fjct()

:gvmlm —P,(t) (12.23)

where Vm and Im are the amplitude of the grid voltage and grid current. Assuming losses

are neglected for the balanced three-phase system in this case.

According to stability criteria, the proportional gain of the control system expressed in
(12.24) is derived from open-loop transfer function of Fig. 12.7 with the pole

cancellation.

Vic
K,=—2"% (12.24)
6P,V

o™m

where Ceq is the equivalent dc-link capacitors and Po is the average output load power.

12.4.3 Current Control

The grid current control technique of the active rectifier can be classified into four main
categories such as space vector modulation (SVM) [113], fix hysteresis band current
control (FHBCC) [69, 71, 104], variable hysteresis band current control (VHBCC)
[114],and average current control (ACC) [71, 115].The SVM scheme requires high
computational effort due to the complex sector control algorithm required for higher
voltage stepped level rectifier topology [116].Both HBCC and ACC can overcome the
stated problems of SVM scheme. However, FHBCC scheme exhibits the disadvantage
of variable switching frequency which complicates the design of the input inductance
filter. The comparison performance of the FHBCC and ACC method is detailed in [71].
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The carrier based ACC scheme is applied for the proposed 5L-M2UPFR and allows the
desired voltage space vector to be modulated using simple analog comparators. By
doing so, lower cost implementation and lesser computational effort needed are

achieved.

The input current shaping of 5L-M2UPFR depends on the carrier based modulation
scheme in Fig. 12.2 and the condition given in (12.10). Hence, the current error which
is the difference between the measured current and the sinusoidal reference current

template will be the modulation signal Ma(t) of Fig. 12.2.

The sinusoidal reference current template is realized from the grid voltage and the peak
detector as shown in the Fig. 12.4. The peak detector is designed based on the

mathematical analysis of the space vector diagram as shown in in Figs. 12.3 and 12.6.

12.4.4 Grid Voltage Observer

Several observer techniques have been proposed for various types of rectifier
configuration [66, 117, 118]. Besides the advantage of eliminating the sensors needed,
the observer technique reduces the size of converter and provides a lower production
cost as well. A PWM rectifier without voltage measurements is presented by Ohnuki et
al in [66]. Even though the information of three-phase grid currents are sufficient to
derive and estimate the AC and DC voltages, but large dc-link voltage ripples are
experienced during the computational process. Hence, causing the input current THD
to be considerably high. As a result, a bulky input inductor is required to filter the current

distortion.
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Fig. 12.8. Grid voltage observer of Fig. 12.4 based on equations (12.25) and
(12.26).

In [66], a three-level VIENNA rectifier without current sensors is proposed. The power
factor control is designed based on the phase angle difference between the grid and pole
voltages of the rectifier, which is determined for calculating the modulation index space
vector. Although this method provides a good dynamic response during load change,

but unbalanced grid condition is not considered in this case.

The grid voltage observer of the proposed controller shown in Fig. 12.8 is modified from
the single-phase two-stages PWM rectifier in [118]. High accuracy of grid phase voltage
is estimated with three-phase grid currents and dc-link voltage measurements using the
proportional + resonant control method. Low input current THD is achieved with the
proposed observer and good dynamic response is performed as well for the case of one

phase grid voltage down during operation.

The voltage across the input phase ‘a’ inductor is expressed as follows:

Via (t)+VRa (t) = Vin (t) ~Vam (t) Vi (t)
2[2-5, (t)=S,, (t)]-sign(1, (1))

2 -5y, (t) =S, (1) ]-sign (1, (t))

2-S, (t)=Se (1) ]-sign (1. (1))

v, (1) el

-
-

(12.25)

Vmn(t) is the virtual ground voltage of node m referred to the ground terminal of node

N. VRa(t) is the voltage drop across the inductor core resistor of phase ‘a’.
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The grid phase voltage can be calculated by expanding the voltage expression in (12.25)

and it is given by

dt  (12.26)

From equation (12.26), a proportional + resonant controller is used for the grid phase

voltage estimation and is expressed in the following equation (12.27).

s? +

Vi () =] 1, (1)1, (t)]-{Kp LY } (12.27)

o is the angular frequency of the grid side (o = 314 rad/s) and proportional gain and

resonant gain is chosen to be Kp = 3.25 and K, = 125 respectively.

12.5 Simulation and Experimental Results

The laboratory prototype is developed with the control algorithm implemented in the
dSPACE DS1103 development controller board to wverify the performance of 5L-

M2UPFR. Both simulation and experimental results have proven the feasibility of the

— Average Error
7V Actual Voltage
_.z —Estimated Voltage

AN AAAATA LA
A
TRIRTATATATRIRTRIRTRIAIAIRIN
RERRAARRR IR

Fig. 12.9. Grid phase voltage of the estimation method and actual measurement.
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Fig. 12.10. Peak voltage measurement and three-phase grid phase voltage with one

phase 20% unbalance.

proposed rectifier topology with the controller based on grid phase voltage and load
current observers.

The dynamic response of the grid phase wvoltage estimation during unbalanced grid
condition is verified with both estimation and actual measurement as shown in Fig. 12.9.
In addition to that, the peak value of the grid phase voltage obtained by the peak detector
is stable in Fig. 12.10 even during sudden grid phase voltage changed.

The experimental results in Fig. 12.11 show the input characteristic performance of the
new 5L-M2UPFR with the proposed controller under balanced grid supply condition.
The power factor for balanced grid supply is high and low THD current is achieved with

low input inductance filter.

On top of that, the experimental results in Fig. 12.12 show the feasibility study of the
converter response during two phase operation with the same in-phase quantity current
control. Even though one of the phase voltages is down during the operation,
comparatively low THD current in Fig.12.12(c) is achieved with the same input
inductance filter. With the supported experimental results, the proposed controller
proved that high reliability of the three-phase power supply unit is achievable under

extreme unbalanced grid condition.
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Fig. 12.12. Input voltage and current performance of a 5L.-M2UPFR topology under
extreme unbalanced grid condition. (a) Input pole voltage, (b) dc-link voltage
(upper trace), grid phase voltage and line current (lower trace), input line current,
and (d) THD of line current.

Based on both experimental results obtained for balanced and unbalanced grid
operation, five-level incremental stepped waveform is synthesized with the proposed
low switching frequency carrier based ACC scheme. The proposed dynamic control

with the observers reduces the cost implementation and the complexity of the algorithm.
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12.6 Discussion

A new cost-effective 5L-M2UPFR topology is introduced in this Chapter to achieve high
power factor and low current distortion with drastically reduced in the total number of
switching devices and sensors. Moreover, no isolated gate power supply is required for
the rectifier side since there are no complementary switches used in this proposed
rectifier topology. The great advantage of this proposed rectifier is that low grid current
THD is achievable with constant low switching frequency operation and the reduced

input inductance filter size

Both simulation and experimental results proved the dynamic response of the proposed
in-phase quantities current control using observer technique. Therefore, the proposed
controller provides higher reliability of the three-phase power supply even during the
extreme unbalanced grid condition. Since grid voltage and load current observers are
designed in the control loop, the reduction of sensors can avoid technical issues such as
sensor failure and measurement errors. On top of that, light weight and high power
density can be achieved for the proposed 5L-M?UPFR topology.

Several technical challenges and improvements need to be considered for future
development such as dc balancing and dc voltage ripple content occurred during extreme
unbalance grid condition. However the dc voltage ripple can be filtered out by replacing
larger filter capacitor. Thanks to the use of in-phase quantities current control using
observer technique, a 0.85 power factor with low current distortion of 7% is achievable.
The proposed rectifier with the control technique is recommended for high power
application on AC/DC/AC drives for energy efficiency.
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of Multilevel Power Converters for Power

Application

In this chapter, both switch-clamped and diode-clamped multilevel inverter/rectifier
topologies are selected for the fair comparison including the two-level power converter.
By analyzing the statistical results of all the physical performance, hence the type of
multilevel power converters can be selected appropriately for the suitable power
application. In order to verify the overall performances of these multilevel power
converters with the single DC link configuration, several factors are considered for

analyzing the comparative evaluation.

13.1 Cost Comparison

The selection of power semiconductor devices with the lowest cost possible is the core
consideration for any industry, especially for constructing the multilevel power
converters. Many existing multilevel power converters have been addressed with the
improvement of the physical performance (i.e. efficiency, voltage and current quality
and physical components dimension) as compared to other topologies. But the cost

comparison of the multilevel power converters is not shown in many papers.

By observing the prices of the semiconductor devices in Figs. 13.1 and 13.2, the cost of
the single IGBT device is linearly increased as a function of the current rating. When
constructing a medium power application, a power module is usually selected for
dewveloping higher woltage and lower current application. For the minimized
development cost consideration, the lower voltage rating with higher current switching
device is much cheaper than the 3300V switching device as shown in Fig. 13.1 (b).
Based on the statistical results given in Figs. 13.1 (a) and (b), the design of the multilevel
power converters is good to have lower voltage stress for the cost saving, similarly for

the diode components.

245



Chapter 13 — Comparative Evaluation and Selection of Multilevel Power Converters for Power

Application
! IGW60T120 2500 —
FZ1500R33HE3 RS 1200\/
3.5 = 1700V
2000+ 3300V
3 IGWANTI120 IGW75NGOT FZ1200R33HE3
Z o RZIOCORS SR FZ3600R17HP4
Z 55/ IGW25T120 o 1500} 36
L § FZB0OR33ML2C  £72400R17HP4 BY gl
3 = 2718 THP. G SGU0R12]
2 27 GW30NG6OT ~ EL800RLTERS. B FZ2400R12HP4 B9
A GWI15T120 1000 FZ1800R12HP4 B9
FZ1600R17HP4
1.5¢ [GW30NGOT FZ1200R17HP4 FZ1600R12HP4
/3 ) FZ1200R12HP4
IGWO08T120 500
l |
—e" 1200V FZ900R12HP4
2 IGP15SNGOTXKSAL —== 600V 0 FZ600R12HP4 )
0.5 0 20 40 60 80 0 1000 2000 3000 4000
Collector Current @ 100°C (A) Collector Current (A)

Price (€/1K)

@) (b)

Fig. 13.1 Cost comparison of single IGBT device rating reference to Infineon
Technology. (a) Cost versus collector current rating — IGBT discrete component

and (b) cost versus collector current rating — IGBT module.
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Fig. 13.2 Cost comparison of single diode device rating reference to Infineon
Technology. (a) Cost versus anode current rating — diode discrete component and

(b) cost versus anode current rating — diode module.
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Fig. 13.3 Cost comparison of three-phase five-level inverter topologies include gate
drives (F3L300RO7PE4), IGBTs and Power Diodes.

In order to evaluate the cost of the multilevel power converters, few topologies are
selected for the comparison with the classical five-level diode-clamped inverter as
shown in Fig. 13.3. Based on the statistical result in Fig. 13.3, the 5L.-MZ2S2CI topology
offer the minimum cost for the low power application.

13.2 Filter Size Comparison

The AC filter of the AC supply or AC load are required to design in such a way that the
quality of the input/output of the system are kept within the specified requirement as
listed in the international IEEE standard. Taken into the consideration of the 50 Hz

application, the minimum requirement of system is described shortly in the following.

[1] Peak-to-peak current ripple of the filter inductor must achieve as low as possible
depending on the power level of the system. Low current ripple will lead to low
grid current THD. The current distortion must be achieved less than 5% for the
grid connected system.

[2] Peak-to-peak output voltage ripple of the L-C filter must achieve less than 5%
THD of the output voltage which means a maximum of 5% of the peak-to-peak
voltage ripple is allowed.
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TABLE 13.1
CURRENT RIPPLE EXPRESSION WITH RESPECTIVE MODULATION ANGLE
Voltage Current Ripple Expression
Level 0° < ot < 30° 30° < ot < 90°
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Theoretically, the volume of the inductor is linearly increased with the inductance value

as detailed in [119] and the volume of two to n-level power converter ratio is expressed
as.

L

Vn—level = EIeV&I V2L (13.1)
2L

Vn-tevel is the volume of the inductor for n-level converter, similarly for VoL is the volume

of the inductor for two-level converter. Ln-level and Lap is the inductance value for n-level
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Fig. 13.4 Physical size of the AC inductor. (a) Top view and (b) side view.

and two-level converters respectively. The physical dimension of 10 mH and 1.6 mH
with the current rating of 30 and 26 Arms is shown in Figs 13.4 (a) and (b). This shows

that the volume of the inductor is scaled proportionally to the inductance value.

Moreover, the losses of the inductor are also proportionally scaled with the volume of
the inductor [120] and the relationship between the inductance and power loss of the

inductor is expressed as:
I:)Ioss,L o 2B (13.2)

In order to obtain the inductance value, the current ripple expression has to be analyzed
first. The final current ripple expression of the general two, three and five level power
converters are given in Table 13.1. Detailed derivation of the current ripple for the

respective converters is presented in Appendix B.

According to the formulated current ripple expression in Table 13.1, the maximum
current ripple is selected for obtaining the minimum inductance as shown in (13.3).
Based on the maximum current ripple, the modulation index of 1 has the highest peak-

to-peak current ripple value for all converters as shown in Fig. 13.5 (a).

249



Chapter 13 — Comparative Evaluation and Selection
Application

of Multilevel Power Converters for Power

2L-Rectifier/Inverter

3L-Rectifier/Inverter]|

Inductance, L (mH)
Inducance. L (mH)

SL-Rectifier/Inverter

% 200 400 600 800
DC Link Voltage. V4. (V)

@)

1000

2L-Rectifier/Inverter

3L-Rectifier/Inverter

5L-Rectifier/Inverter
1 2 3 4 5 o6 7 8 9
Switching Frequency. F, (kHz)

(b)

10

Fig. 13.6 Inductance comparison curve for the respective n-level rectifier/inverter

based on 30% of the nominal AC amplitude current of 25 A and modulation, m =1.

(@) Inductance versus DC link voltage and (b) Inductance versus switching

frequency with Vg =270 V.
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Comparing the current ripple for various n-level

(13.3)

power converters, the five-level power

converter achieves the smallest ripple among the two and three-level power converters

at high modulation range. By observing the current ripple versus switching frequency

range in Fig. 13.5 (b), high switching frequency is not required for 5L power converter.

Therefore, 1~5 kHz switching frequency range is sufficient for 5L power converter

operation.

According to maximum current ripple in (13.3) with the 30% of the nominal AC current

limit consideration, the minimum inductance is analyzed in Figs. 13.6 (a) and (b). By
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Fig. 13.7 AC Capacitance comparison curve for the respective n-level inverter
based on 30% of the nominal AC amplitude current of 25 A and 5% of the nominal
output voltage of the LC filter under Vg =270 V. (a) Inductance versus switching

frequency at m =0.6 and (b) Inductance versus switching frequency at m=0.9.

observing the inductance expression formulated in (13.3), the inductance value depends
on the relationship between the DC link voltage and the AC voltage amplitude, as well
as the PWM switching technique used. The reduction of the inductance also depends on
the current rating of the load as stated in the current ripple expression. One can finalize
that the volume and losses of the filter inductor for five-level rectifier/inverter can be

reduced significantly based on the relation given in equations (13.1) and (13.2).

L-C filter design is often implemented with the inverter for the motor drive application
to minimize the risk of experiencing high voltage stress in the motor winding or even
designing an AC power supply. To stabilize the output performance of the L-C filter,
the maximum cut-off frequency is selected according to the switching frequency of the
inverter. With this assumption consideration, one can calculate the final expression of

the minimum capacitance value for n-level inverter topologies, Chn-level,min iS given as:

1

C (13.4)

>
n—level,min = 22
4|-n—levelﬂ: Fs
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Besides that, the maximum capacitance of the filter for achieving low peak-to-peak
output voltage ripple of the L-C filter can be calculated based on the capacitive current
expression. Further simplifying the analysis of the capacitive current, let assumes the
current ripple of the capacitor is similar to the inductive current ripple in the single-stage
L-C filter. Therefore, the current ripple expression of the inductor in the L-C filter
(second order filter) is assumed to be similar to the filter inductor (first order L filter) in
the rectifier operation. With the assumptions stated above, the relationship between the
permissible voltage ripple and the maximum capacitance of the L-C filter referred to the

inductor current ripple in equation (13.3) is finalized as:

2
V m 1 m
2L, max :% —+- |1+
’ 16L, AV.F L4 3 2
2
C VM m 1 (13.5)
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Fig. 13.8 Simulated efficiency based on five-level diode-clamped and switched
clamped inverters family with the parameters of 1 kHz, PF =1and M =0.9. (a)
Efficiency versus output per-phase current rating based on constant DC link
voltage, Vdc =400 V and (b) efficiency versus input DC link voltage rating based
on constant power, Pac 3¢ = 7.15 KW + 2%.

252



Chapter 13 — Comparative Evaluation and Selection of Multilevel Power Converters for Power
Application

100 100
—— . &
— 98 /——’—*’_’—4
96
S e ——
—_ — 9%
e )\6\9\9\9\6 s
2 > g 92
A 2 ]
B = 9 [
2 g 88
Sl = g6
- 5L-M"DCR (Bidirectional) by 5L-M“’DCR (Bidirectional)
- 5L-M’SCR (Unidirectional) 84 <€~ 5L-M“SCR (Unidirectional)
€ 5L-MDCR (ref. to [20] of Fig. 7) € 5L-MDCR (ref. to [20] of Fig. 7)
5L-MSCR (ref. to [20] of Fig. 6) 82 5L-MSCR (ref. to [20] of Fig. 6) |
* 5L-MDCR (Bidirectional) | 20, * 5L-MDCR (Bidirectional)
i3 5 10 15 20 25 30 05 06 07 08 09 1 1.1 1.2
DC Current (Auy) Modulation, m = 2V2V,,/ Ve
(@) (b)

Fig. 13.9 Simulated efficiency for unidirectional and bidirectional rectifiers based
on five-level diode-clamped and switched clamped rectifiers family with the
parameters of 1 kHz and PF = 1. (a) Efficiency versus DC load current at Vac =
110Vims/phase and Vg = 270V, and (b) efficiency versus modulation depth at Py =
9.33 kW.

The maximum capacitance curve with respect to the permissible voltage ripple at 5% of
the nominal output AC voltage is low for five-level inverter as compared to the two and
three-level inverters. But for a high modulation operation, the required AC capacitance
is higher than the two and three-level inverter (ref. to Fig. 13.7), which is used for the
practical consideration. However, the overall weight and volume of passive element
including the inductive component employed in the inverter is still consider small as

compared to the two and three-level inverter.

13.3 Efficiency Comparison

The mathematical loss analysis of the semiconductor devices for the presented power
converters are detailed in Chapter 8. With the analytical assumptions given, the
efficiency of the power converters in this Chapter considered only the semiconductor
devices losses. However, the passive components loss is not included for the efficiency
comparison since the same switching PWM technique is used. Therefore, the efficiency

of the 5L inverters and 5L rectifiers are determined directly from the PSIM circuit
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simulator with the supported Thermal Module version 9.0.3. The efficiency of the power
converters is determined by the ratio between the output power and the input power of
the power converter. The input power is determined by summing up the output power
of the converter with the individual active components losses. Finally, the efficiency is

represented as:

|:)
out (13.6)

Pout + I:,IGBT,Ioss + PDiode,loss

n

Figs. 13.8(a) and (b) show the efficiency curve comparison of the 5L inverters. The
proposed 5L inverter topologies with the multiple-pole hierarchy achieved higher
efficiency as compared to the conventional 5L inverter due to the zero current switching
performance. Among the proposed 5L inverters, the efficiency rate of the power inverter
is increased with the reduction of total amount of semiconductor devices used (ref. to
5L-MZ2T2ClI has the highest efficiency as compared to other topologies). The efficiency
of the 5L inverter also depends on the DC link voltage operation, which can observed
from Fig. 13.8(b). Due to the relatively low switching frequency operation, the
switching loss of the semiconductor device is not affected much by the DC link voltage

operation with constant output AC power.

On top of that, the efficiency comparison of the 5L rectifiers configuration with the
system operation close to unity power factor is shown in Figs. 13.9(a) and (b). Low grid
current distortion is exhibited with the near unity power factor operated rectifier. This
system operation allows the DC link voltage to be controlled which particularly fit for
the rear-end 5L inverters so that a wider input voltage range can be achieved. The Fig.
13.9 shows that the efficiency of the bidirectional 5L-M?DCR topology achieves better
efficiency as compared to other 5L rectifier topologies (ref. to [20] of Figs. 6 and 7)
under modulation index, m = 1.15. On top of that, the efficiency curve of the 5L-M?DCR
topology is almost constant as a function of DC current as shown in Fig. 13.9(a). For
high modulation range above 0.7, the efficiency of the conventional 5L-MDCR is higher
than the proposed 5L-M2SCR topology. Due to the high conduction loss experienced in
the inner pole, the unidirectional 5L-MDCR has lesser diode component count

connected in the series from DC+ to DC- terminal as compared to the proposed
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unidirectional 5L-M2SCR topology. Therefore, reduced series-connected diode
components count between the DC+ to DC- terminal has to be considered for designing

a unidirectional power rectifier.

13.4 Discussion

Comparative evaluation of both 5L inverters and 5L rectifiers is presented to determine
the overall performances of 5L power converters based on the proposed multiple-pole
hierarchy. The advantage of designing higher voltage level power converters (inverter
and rectifier) is to reduce the size of the passive element in the three-phase system. The
volume of the inductive components can be reduced by minimizing the inductance value
as well the power loss of the core. Although the size of the capacitive component in the
LC-filter is large for particular modulation index, but the weight of the inductor is
remained significantly lower than the two to three-level power converters. Therefore,
the volume and weight of the AC capacitor in the L-C filter is not a critical issue as

compared to the inductor filter.

In addition to that, a short comparison of both cost and efficiency are also presented in
this Chapter for the 5L power converters. For the given 5L inverters including the
proposed multiple-pole hierarchy, the efficiency of the 5L-MZ2T2CI topology is still
better than the other presented 5L inverters. However, the cost of the 5L-M2S2Cl
topology is much lower than the cost of the 5L-M2T2CI. Due to the reduced number of
high power IGBT modules and gate drivers used in the 5L-M2S2Cl, the cost can reduce
approximately by 1k ~ 3k euro when compared to the rest of the presented topologies
as shown in Fig. 13.3. The cost is not much reduced for developing 5L power converters

with the discrete IGBTS since the cross sectional area of the chip is small.

In the rectifier operation, the efficiency comparison of the selected 5L rectifier is
presented. The efficiency of the diode-clamped topology (ref. to Bidirectional 5L-
MDCR) with the IGBTs connected in series from the positive to negative DC rail can
be increased when compared to those series-connected diodes type in the phase leg (ref.
to [20] of Fig. 6, 5L-MSCR topology). Therefore, the only possibility of improving the

efficiency to the maximum is achieved by reducing the amount of diode-clamped such
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as developing the bidirectional 5L.-M2DCR topology. However, the cost of developing
the 5L-M2DCR topology is high which results similar to the 5L inverters. Overall, this
concluded that there is a tradeoff between the cost and efficiency of the 5L power

converters.
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14.1 Summary

In Chapter 3, a proposed power balance control strategy based on in-phase current
control principle with a novel fixed hysteresis band switching scheme is presented. The
propose feedback controller for a three-phase/three-switch/three-level rectifier is
implemented with an additional control loop to balance the output rectifier’s capacitor
voltage. Balanced dc-link capacitor voltages algorithm is based on the decoupling zero
sequence current control. Detailed analysis and theoretical concept of the control
algorithm is provided. The fixed hysteresis band current control allows the rectifier to
shape the current near to sinusoidal and achieve near unity power factor at input grid.
This topology can be operated at high switching frequency in order to reduce the size of
the input line-inductance. In-phase current control method as well allows two-phase

operation with good dynamic response on the AC side.

In Chapter 5, a mathematical model of three-level NPC and flying capacitor inverters is
presented. Mathematical model of both converters is derived according to the switching
state function analysis. The switching function of the respective switches is calculated
based on the control signal edge crossover of the carrier waveform. This analysis is used
to observe the dominant low order harmonic of the neutral-point-clamped current (3L-
MDCI/NPC) and flying capacitor current (3L-MFCI) during balance capacitor voltage
condition The experimental analysis of diode-clamped NPC demonstrates that during
balanced voltage condition triplen harmonic current flows through the neutral point of
the dc-link capacitor bank. In flying capacitor operation, the harmonic current through
the floating capacitors is of even order. In the sense that both three-level inverters is
operating at symmetrical three-level output voltage waveform when the dc capacitor

voltages is balanced.

In Chapter 6, a passive and active balancing method for three-level NPC topology is
proposed and analyzed. In a passive balancing approach, RC filter is connected at the
output terminal of the three-level NPC inverter. While the active balancing method is

the developed with an additional DC offset modulation. This modulation signals scheme
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Is used to compensate an actual DC component of the output voltage, which limits the
dc capacitor voltage error to minimum. By comparing both the methods, passive
balancing method does not require any additional dc capacitor voltage measurement and
this can be simply designed with any film type capacitive material. As for the active
balancing method, it does not require any passive elements to balance the capacitor
voltage. This allows the converter to operate at a higher efficiency as ohmic losses

occurring in capacitors are eliminated.

In Chapter 7, AC/DC/AC drives with two types of five-level rear-end multilevel inverter
(5L-MDCI and 5L-MFCI) topologies are constructed and investigated. Both topologies
for a front-end rectifier and rear-end inverter are connected through an intermediate
single dc-bus. With the single dc bus configuration, both rear-end multilevel inverters
will experience an unbalanced capacitor voltage in dc-link (for 5L-MDCI) and floating
capacitors (for 5L-MFCI). However, 5L-MFCI topology can be balanced by simply
using the phase-shifted PWM technique and RC filter. In 5L-MDCI configuration, the
voltages across both the capacitors connected to neutral point decay to zero resulting in
a three-level output voltage waveform. By observing the obtained experimental results,
the efficiency of the drive is dependent on the THD content of the voltage and current
waveform. A 5L-MDCI topology associated with a balancing circuit can be considered
as an alternative topology with its reduced capacitive component count. Reduction in
component count improves reliability as it mitigates the adverse effect of thermal aging
and inrush current. This type of configuration can improve the overall efficiency if the

number of components count is reduced.

In Chapter 8, several new topologies for five-level inverters with reduced part count are
proposed. The proposed topologies are classified as multiple-pole multilevel diode-
clamped inverter (M2DCI), multiple-pole multilevel t-type-clamped inverter (M2T2Cl)
and multiple-pole  multilevel single-switch-clamped inverter (M2S2Cl). The first
proposed topology is known as 5L-M2DCI, which is modified from single-pole
hierarchy to multiple-pole. The number of diode components is reduced by increasing
the number of poles. This allows the converter to achieve low conduction loss and low
capital cost. On top of that, 5L-M2?DCI topology achieves zero current switching for a

particular switching state. The current through the clamped diode and switches can be
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replaced by a bidirectional switch to form a more compact and an optimum 5L-inverter
topologies. This type of configuration is more suitable for low voltage, and low to
medium power applications. Although, devices of higher rating are required for the outer

cell switches.

In Chapter 9, a single input multiple outputs (SIMO) balancing circuit for 7L-M2DCI
and 7L-AM?DCI topologies are proposed. The balancing circuit equalizes the voltage
across the six dc-capacitors supplying power to a 7L inverter. Open-loop control
algorithm examines the balancing capability of the circuit with a fix duty ratio. The
balancing circuit allows the switching devices to operate at a lower voltage stress. 7L-
AM?DCI topology is an alternative seven level inverter topology, which reduces the
number of diode units. However, this topology requires additional inductive
components to limit the circuiting current flow and prevent any additional voltage spike
across the switches. The 7L-AMZ2DCI provides low voltage stress across each power
device as compared to the M2DCI topology. Hence, switches of lower power rating are

to limit the losses to the minimum.

In Chapter 10, an experimental prototype demonstrates the possible modifications of a
multiple-pole multilevel diode-clamped inverter to operate as a rectifier. Two types of
five-level  rectifier  configuration  (bidirectional and  unidirectional  topologies)
investigate the input and output performance for the AC to DC power conversion. A
simple synchronous reference frame (SRF) current control technique based on level-
shited PWM scheme applied in 5L rectifiers is proposed. According to the obtained
experimental results, both configurations provides below 6% THD at 1 kHz switching
frequency operation and 0.99 power factor with balance three-phase supply. By
comparing both configuration (5L-M?DCR and 5L-M?2SCR), the unidirectional 5L-
MZ2SCR provides more uniform current ripple and more regular switching pattern for
the power switches. Moreover, five-level incremental input pole voltage waveform
helps in reducing the inductive components size at low switching frequency operation.
Theoretical analysis of the proposed front-end 5L rectifiers in AC/DC/AC based on

multiple-pole approach has been discussed and experimentally verified.
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In Chapter 11, the proposed control switching scheme for five-level multiple-pole
VIENNA rectifier topology (5L-M2VR) is discussed where the optimum efficiency of
the rectifier is considered. The structure of this rectifier is derived based on a multiple-
pole approach as detailed in Chapter 10. Switching loss of a 5L-M?2VR topology is
reduced if the switching frequency of the carrier waveforms is reduced. A very low
switching frequency range applies in a 5L rectifier topology, the input inductors are
required more effort to minimize the ripple current. Hence, alternative control method
for achieving optimum performance on low THD current and better efficiency of the
rectifier can be simply designed by using the proposed independent switching scheme
for the respective switches. The switching scheme of achieving low discrete components
loss incorporates short conduction period control for inner cell switch and low switching
frequency like LS-PWM or PS-PWM technique for outer cell switch. With the
combination switching operation of a 5L-M?VR, the output DC voltage is well regulated
and low THD current (below 6%) is achieved with the short conduction period occur in

the inner cell switch.

In Chapter 12, the size and cost of a propose five-level/multiple-pole multilevel unity
power factor rectifier (5L-MUPFR) is optimized by developing with the observer
control technique. The observer control technique includes grid phase voltage and load
current estimators. Both estimated measurement is to replace the actual measurement
sensors to achieve more compact fabrication board with reduce number of physical
isolation circuits board. The observer control technique is implemented for the in-phase
current control to achieve high dynamic response on the three-phase grid for two-phase
operation. A feed-forward current control technique based on the load current observer
is to maintain good dynamic response for sudden load change as discussed in Chapter
3. Besides having the advantage of this observer control technique, several technical
issues such as sensor failure and measurement errors can be minimized. Theoretical
analysis of the observer control technique with the in-phase current control is

experimentally verified.

The entire work of this thesis is to conclude the contribution of the proposed method
and topologies, and several recommendations for the future works are also provided in

the following sections.
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14.2 Thesis Conclusion

The multilevel rectifier and inverter topologies are primarily analyzed and
experimentally verified. In order to understand the characteristics of higher-level
multilevel inverters, a three-level converter is thoroughly analyzed initially. Classical
three-level converters will partially possess unbalanced dc capacitor voltages. This
unbalanced condition will increase the amplitude of low order harmonic components,
which are injected from the neutral-point-clamp to load. Thus, active and passive
balancing control methods for the partial unbalanced capacitor voltage condition in
three-level inverter are proposed and analyzed. The analysis demonstrates that passive
balancing method offers inherent advantage of equalizing dc-bus capacitor voltage in
three-level diode-clamped inverter and also for more than three-level flying capacitor
inverter topologies. While active balancing method can balance two capacitor voltages
in the dc-link and stabilize the neutral-point-clamped current. This is achieved by

injecting a dc-offset modulation to the control signal.

For a three-phase/three-switch/three-level rectifier operation, a decoupled current
control method with fixed hysteresis band operating at high switching frequency is
proposed. The control method is to limits the input current ripple to the minimum and
achieves a stable balanced capacitor voltage. This is achieved by injecting a zero
sequence current component to compensate for the circulating current flow from

neutral-point of the dc-link to the ground potential of the grid.

In practice, a three-level rectifier and a higher-level inverter are combined form a drive
system in order to minimize the switching frequency range and reduce/eliminate the
requirement of the filter. By operating at a lower switching frequency, multilevel
converters eliminate the necessity to resort to various soft-switching techniques and
snubber circuits. In addition to that, no EMI filter is required when operating at a
switching frequency range is less than 10 kHz. In a single dc-bus configuration, 5L
flying capacitor topology can be a preferable solution for self and natural balance of the
floating capacitor voltage as compared to a 5L diode-clamped inverter topology.

However, higher number of floating capacitors is required to achieve five-level
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incremental voltage stepped waveform. This will lead to poor thermal aging of the dc
capacitors and it requires slow start up for preventing any inrush current flow through

to the floating capacitors.

The proposed five-level inverter topology with reduce components count is known as
five-level/multiple-pole  multilevel  diode-clamped inverter. This topology offers
advantages such as reduction in component number and zero current switching for a
particular switching state which result in lower device losses. To obtain a further lower
component count (isolated gate driver and switches), T-type clamped and single-switch
clamped inverter based on multiple-pole approach is proposed. The proposed 5L-
M?2T2Cl and 5L-M?2S2ClI topologies consist of 6 isolated gate drivers (Toshiba TLP250)
to control the IGBT devices and minimize/eliminate the use of any dead-time analog or

digital circuit for preventing any shoot-through in the dc-link capacitors.

A five-level/multiple-pole multilevel inverter can as well operate in rectifier mode
provided the converter has a UPF control system. The experimental results demonstrate
the reduction of the filter size at 1 kHz switching frequency operation with THD well
below 6%. Moreover, total number of power switches utilized in unidirectional rectifier
is greatly reduced. The diodes connected in the top and bottom phase leg of each
respective cell provide more regular and stable switching pattern, which are switch on
and off based on the switching pattern of the adjacent IGBT clamped. Two types of
feedback controls (Synchronous-Reference-Frame (SRF) current control and In-Phase
Quantity Current Control) are experimentally tested in the laboratory. Both control
methods provide stable input grid current with low THD under balanced three-phase
grid supply. However, a three-phase five-level rectifier with SRF current control method
has poor current regulation during two phase operation, while PLL cannot track the

phase angle obtained efficiently.

With the in-phase current control method, owverall components count and global
reliability of 5L rectifier is further optimized by incorporating observer control
technique. This observer control technique only requires three current measurements
and one dc-link voltage measurement to estimate the three-phase grid voltage and load

current. By employing this observer control into an in-phase current control technique,
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the number of physical measurements required and impact of environmental factors
(i.e., accuracy and failure) are reduced. The sensors for physical measurement used are
based on LEM voltage and current transducers. The closed loop LEM transducers using
the principle of Hall Effect to isolate high power side and low power side of an analog-
to-digital (ADC) port. Accuracy of this sensor measurement is important for wide
variety load power applications and the accuracy depends on the resistance value of the
output measurement, which varies due to loading effect of the power level. To achieve
better accuracy measurement, linear operational amplifier is connected to the output pin
of LEM transducer to achieve minimal error at the ADC port. The experimental
prototype with observer control technique achieves 50% error reduction in physical
measurement of parameters and as well the isolation space between high power and low

power sides is minimized.

In order to optimize the switching loss to the minimum, alternative switching strategy
based on single continuous conduction pulse for the inner cell switching device of the
three-phase/five-level/six-switch rectifier is proposed. 50 Hz pulse based on short
conduction period control is conducts during the zero crossing of grid phase voltage.
The short conduction period is controlled by using the monostable block, which allows
us to vary the conduction angle over a wide range. The outer cell switching devices is
controlled by using LS-PWM or PS-PWM switching technique through dependent
voltage and current controller. This allows the converter to regulate stable dc-link
voltage and achieve low THD grid current with the overall optimum switching

performance.

The current research proposes optimum control method (observer control and short
conduction period control) are not been hybrid together. The main reason of not
implementing this hybrid controller is due to the output of the grid phase voltage
observer will not estimate accurately with a feedback 50Hz switching pulse generated
by the short conduction period control. With a 50 Hz pulse fed into the grid phase
voltage observer the output of the estimated voltage signal is distorted and will lead to

an unstable current compensation and unregulated dc-link voltage tracking.
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14.3 Recommendation for Future Works

This research work has successfully demonstrated the open-loop control for novel
multilevel inverter topologies namely multiple-pole multilevel diode-clamped inverter,
multiple-pole  multilevel t-type-clamped inverter and multiple-pole multilevel single-
switch-clamped inverter for various voltage level applications. There is a further scope
for improvement and investigation on these 5L-inverter topologies. The proposed
multiple-pole multilevel inverter topologies are worth to investigate for low modulation
index control to achieve wider control bandwidth. This is critical especially when an
AC motor is operating at low speed with relative slow transient during motor starting
[121]. However, proper modulation control can prevent any continues conduction on
the particular active switches under low modulation indices as well as maintaining low

output voltage distortion.

Three dimensional (3D) correlation between thermal, modulation range and distribution
loss analysis and modeling is worth investigating for optimization converter design
under severe environmental conditions. The experimental results suggest that the loss
distribution of active switches in multiple-pole multilevel inverter topologies is not even
due to the LS-PWM technique. Hence, the thermal stress of each power devices is
unequally distributed and this often results in over-sizing with expensive semiconductor
devices and heat sink design. Therefore, an alternate design or any other possible
switching methods is required to investigate for attaining symmetrical semiconductor
loss distribution in order to achieve cost effectiveness and optimum size of the heat sink
design, equal distribution thermal stress and optimum reliability on low dynamic

thermal stress characteristic performance.

The loss distribution (ref. Chapter 8) is calculated for various 5L multiple-pole
multilevel inverter topologies only, with the similar analysis carried out for various 5L
multiple-pole multilevel rectifier topologies. This surely can represent a good research
topic on loss distribution comparison between both 5L-rectifiers and 5L-inverters
topologies. Future research work can also explore the hybrid semiconductor material in
various 5L-rectifiers and 5L-inverters topologies to observe the optimum cost-to-

performance ratio of the converters design with various power levels. The whole
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structure is to replace the dominant distribution loss on the silicon devices to any one of
the Silicon Carbide Schottky (SiC) diode or JFET.

The constructed gate driver circuits for a scale downed hardware prototype in 5L-
rectifiers and 5L-inverters topologies are currently designed based on multiple isolated
DC power supply. The cost effective gate driver on bootstrap gate driver with minimum
isolated power supplies and self-powered isolated gate drivers have not yet been
explored in this thesis. Several case studies in bootstrap gate drivers [122] self-powered
isolation gate drivers [123] for multilevel converters have to be considered for increased
modulation depth, cost effectiveness, lower gate drive losses and wider switching

frequency range as shown in Fig. 14.1.

l Isolated Gate Driver DesignJ

A 4

Objective
v v v v
Minimum Minimize number of Low losses and

Wider control
bandwidth
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depth

Frequency
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implementation cost isolated power supplies small volume

Boostrap
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Self-Powered

Charge Pump

Possible Design

Fig. 14.1. Flow chart on the recommendation for future work on optimal isolated gate

driver design.

Comparative study between cost and efficiency of the proposed 5L/multiple-pole
multilevel rectifiers and inverters topologies is will be analyzed more elaborately.
Analytical study of the cost versus historical data of the dynamic energy demand is also
needs to be considered. Comprehensive analysis on cost comparison of optimum
multilevel converter functionality regarding efficiency, volume, number of layers on
printed circuit board (PCB), operating power level and type of cooling system have to
be analyzed mathematically as elaborated in Fig. 14.2.
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Fig. 14.2. Flow chart on the recommendation for future work on comparative study

between cost and efficiency of the proposed 5L/multiple-pole multilevel converters.

Although proposed multilevel inverters and rectifiers topologies based on multiple-pole

approach, significantly reduce the number of semiconductor devices. However, the

various aspects concerning reliability and availability have not been explained in this

thesis. In order to predict the minimum lifetime of the passive and active components,

several reliability aspects such as: (1) passive components design, particularly on the
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series stack of electrolytic capacitors connected in the dc-link and (2) fault tolerance

operation on short circuit and open circuit test have to be considered.

Optimization and modeling of the loss and size of the power inductive component in 5
L/multiple-pole multilevel rectifiers has not been discussed in this thesis. The 5L-
rectifier operating at 1 kHz switching frequency will experience high switching
frequency flux ripple along the 50Hz flux waveform. Therefore, a detailed analysis and
accurate modeling on several core shapes and core materials for handling high frequency

flux ripple and low frequency flux waveform promise an interesting research.

’ Multiple-Pole Hierarchy ]

\
v v

[ Inverter configuration

Rectifier configuration

\
R v
. Boost
Buck Inverter Boost Inverter Buck Rectifier Rectifier
_’_/ _’—/
v v i v
5L-M?DCI SL-Z-source SL-Vienna Unidirectional Bidirectional
5L-M?T?CI ? 7
. . 3 5L-M°SCR 5L-M°DCR
5L-M°S”CI Have not been explore in this Thesis

5L-M?T?CR

5L-M3VR
5L-M2UPFR

Fig. 14.3. Flow chart on the recommendation for future work on Buck type multilevel

5L-M?S?CR

rectifier and boost type multilevel inverter with multiple-pole approach.

The conceptual derivation of the proposed multiple-pole multilevel unity power factor
rectifiers in this thesis primarily focus on boosting the output voltage through a single-
stage configuration. The buck or buck-boost operation with single-stage multilevel unity
power factor rectifier based on multiple-pole approach has not yet been explored. The
overview of the future research work on multilevel buck rectifier topologies is shown in
Fig. 14.3. Therefore, a further investigation and development on the above-mentioned
rectifier configuration for a particular application (i.e., more electric aircraft and
telecommunication) is considerable. Also, comparison evaluation of both single-stage

and dual-stage (i.e., output active rectifier connect with a dc-dc converter) rectifier
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operation based on multilevel approach have to be carried out and demonstrate the fault
tolerance capability under two-phase operation. The investigation could as well explore
possibilities of parallel operation of more than two rectifier system. This type of
configuration is often used in high power application, where multiple low
semiconductor components rating are implemented to achieve low current stress. As
well as circulating current flow in the parallel system and all of the above mention
optimum features (i.e., optimization on cost, losses, volume, size and stresses factor)

and reliability issue has to be considered for further academic research.

Another possible research topic is to investigate on any alternative topology or methods
to reduce the semiconductor voltage stress in balancing circuit for more than three-level
converters. Since a PWM switching technique is employed in higher-level multilevel
converters (more than three-level), additional active balancing circuit is required to
maintain equal distinct voltage level in the dc-link. The balancing method for five-level
inverters and rectifiers topologies in this thesis are currently developed with the
conventional active balancing circuit; this method has been proposed by Newton.
Alternatively, space vector modulation (SVM) techniques for achieving balancing dc-
link capacitor voltage and low redundancy switching loss in 5L-multiple-pole multilevel
inverters and rectifiers topologies can be further investigated. 125 switching state
vectors in three-phase converter operation results in 60 non-zero voltage space vectors
in the SVM is required to be further investigated on how to enforce zero average value
of the current flow in and out from the center node of two series connected capacitor in
the dc-link [39].

Above all, the improvements suggested in the design of propose 5L inverters and
rectifiers topologies are based on tremendous contributions from various authors to
IEEE journals and database. The above ideas for future work focus on optimizing the
proposed converter design with an objective to benefit the customer through quality,

availability, safety and cost.
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Five-Level/Multilevel Diode Clamped Inverter (5L-MDCI):

The average current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.1 — A.3.

TABLE Al
AVERAGE CURRENT STRESS EXPRESSION FOR CLASSICAL 5L-MDCI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.13 (A)

S Average Current Stress BExpression of a 5L.-MDCI Topology under (sin-11/2M, <
witches
d) and (Ma> 0.5) condition
. m—sin™1/2m,
Ta ;i J. Sin(cot—S)-[Zma sincot—l]dcot
s
n—sin™1/2m, b
Ta2 ;_a J- sin(ot —8)dot + J. 2m, sin(ot)-sin (ot —§)dot
T ) n—sin™*1/2m,
) P n+sin™1/2m,
Tas ;i J.Sin(mt—S)dmt+ I sin(wt—6)~[2ma sin(wt)+1]dmt
T ) n
A n+sin™1/2m, n+d
Taa ;i I Siﬂ(mt—&)dwt+ J. 25in(mt—5)-[ma sin(wt)+1]dwt
T n+sin1/2m,
[ —sin™1/2m, 1
sin(wt—3)- [1 —m, sin (a)t)} dwt
iy S
Da1 = Ta2-Ta1 -
s Y
+ J m, sin (ot)-sin (ot —38)dot
n—sin™"1/2m, )
_ . -
j Siﬂ(mt—S)-[l—Zma sin(a)t)}do)t
D> = Tus-T i_a n—sin™1/2m,
= lania 21| msin?1/2m,
+ .[ sin(oat—&)-[2mél sin(a)t)+1]doat
L n |
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n+sin™1/2m,
- J m, sin(wt)-sin (ot —3§)dot
Da3 = Tas-Ta3 la g
T T+d
+ J- Sin(mt—é)[ma sin(wt)+l}dmt

| msin1/2m,

Dta1 = D1a2 = i p
’ : 2 j sin (ot —38)-[ 2m, sin ot —1 ]dot
Dra3 = Dra4 2 sin*1/2m

where my is the amplitude modulation of phase ‘a’ and ia is the amplitude load current with the power

factor angle & between the output pole voltage and the load current.

TABLE A2
AVERAGE CURRENT STRESS EXPRESSION FOR CLASSICAL 5L-MDCI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND LOW OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.13 (B)

Switche Average Current Stress Expression of a 5L-MDCI Topology under (sin11/2Ma > §) and
S (Ma> 0.5) condition

n—sin*1/2m,

Tal ;_a I Sin(cot—S)-[Zma sin wt—l]dwt
T sin1/2m,
[(sin*1/2m, n—sin"1/2m, T
I 2m, sin(wt)-sin (ot -5 )dot + J sin (ot —3)dot
g 8 sin1/2m,
Taz o .
+ J 2my, sin (ot )-sin (ot —35)dot
L n—sin™"1/2m, |

T+0

. T
Tas ;i Isin (ot —38)dot + J. sin(wt—3)- [Zma sin(ot)+ 1} dot
T ) n
i T+3

Taa 2—; .! sin (ot —38)dwt

[sin1/2m, n—sin*1/2m, 1

I m, sin(ot)-sin (ot —38)dot + j sin(wt—é)[l—ma sin(mt)}dmt
Da1 = [N sin™1/2m,
Taz-Ta1 n n
+ J. m, Sin(mt)~sin(wt—5)dmt
L n—sin™1/2m, i
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_sin’11/2ma T
j Sin(o)t—S)-[l—Zma sin(cot)]do)t+ J sin(cot—B)-[l—2ma sin(cot)]da
Daz = Ii 3 n—sin™1/2m,
Taz-Taz | 2n s
+ I sin (ot —8)-[2ma sin(mt)+1}dmt
L T
Das = L T+
) "la .[ M, sin (ot)-sin (ot — &) dot
Tas-Taz n -
Dra1 =
Draz2 =
Do = 0 (No reverse current flow through anti-parallel diode of the upper phase leg switches)
Ta3 =
Dras

TABLE A3
AVERAGE CURRENT STRESS EXPRESSION FOR CLASSICAL 5L-MDCI TOPOLOGY UNDER LOW

MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.13 (C)

Average Current Stress Expression of a 5L-MDCI Topology under Ma < 0.5

Switches -
condition
Tal 0
i T
Ta2 1J.ma sin(ot)-sin (ot —38)dot
T
5
. T n+0
Ta3 ;_an Isin(mt—S)dwt+ J- sin(a)t—S)-[Zma sin(wt)+1]d(ot
) T
i T+8
a .
Taa e j sin (ot —38)dwt
5
i T
Da1 = Taz-Ta1 ijma sin(ot)-sin (ot —38)dot
T
5
i n faxd
Da2 = Taz-Ta2 2 v.‘Sin(cot —6)-[1—2ma sin(mt)]dwt + j sin(mt—é)'pma sin (mt)+1}dcot
T ) T
i T+8
Das = Taa-Taz —& | mysin(ot)-sin(ot—38)dot

T

T
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Dta1 = Dra2 =

Dtas = Dras

The RMS current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.4 — A.6.

TABLE A4
RMS CURRENT STRESS EXPRESSION FOR CLASSICAL 5L-MDCI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.13 (A)

S RMS Current Stress Expression of a 5L.-MDCI Topology under (sin11/2M; < §) and (Ma > 0.5)
witches
condition
1 n—sin™1/2m,
Ta1 iy o }[ sin? (ot —38)-[2m, sin ot —1 |dot
1 n—sin™1/2m, P
Ta2 i o J. sin? (ot -8 ) dot + J. 2m, sin (ot )-sin? (ot —§)dot
T ) n—sin*1/2m,
1 n n+sin™1/2m,
Tas g |— Jsinz (ot—38)dwt + J sin? (wt—S)-[Zma sin((ot)+l]dmt
T
T
m+sin™1/2m, n+d
Tas i on J. Sinz((ot—S)d(ot+ J- 2sin? (mt—ﬁ)-[ma sin(cot)+l]dwt
g 3 m+sin™1/2m,
[ —sin™1/2m, 1
J. Sinz(wt—é)-[l—ma sin(wt)]dwt
.1
Da1 I3 ; 0 .
+ j m, sin((x)t)-sin2 (ot—38)dot
| 7m-sin™1/2m, ]
= - —
J. sin? ((ot—B)-[l—Zma sin(a)t)}d(ot
. 1| n-sin?1/2m,
Da2 la |5- o
2n| mt+sin1/2m,
\ + J‘ sin? (wt—6)~[2ma sin(a)t)+l}dmt
L n J
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i n+sin ™ 1/2m, ]
- J. mj sin(@t)-sin? (ot —§) dot
Das = ] T
| J—
Taa-Tas @ n ntd
+ I sin? (cot—S)[ma sin(cot)+l}do)t
| msin1/2m, )
Dra1 =
Dra2 = 1 8
22 =
iy P I sin? (u)t—S)-Dma sincot—l]du)t
Draz = T sin1/2m,
Dras
TABLE A5
RMS CURRENT STRESS EXPRESSION FOR CLASSICAL 5L.-MDCI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND LOW OPERAT ING LOAD ANGLE AS SHOWN IN FIG. 8.13 (B)
Switche | RMS Current Stress Expression of a 5L-MDCI Topology under (sin"11/2M, > §) and (Ma
S > 0.5) condition
n—sin*1/2m,
Ta iy o I sinz(wt—S)-[Zma sinot -1 |dot
T sin"1/2m,
[sin*1/2m, n—sin™1/2m, ]
J. 2m, Sin(oot)-sin2 (ot —38)dot + I sin? (ot —3)dot
T i 1 3 sin™1/2m,
2n T
+ I 2m, Sin(mt)-sin2 (mt—S)dwt
L n—sin™1/2m, )
T n+d
. 1 .2 . 2 .
Ta3 i o sin“ (ot—38)dot+ | sin (mt—ﬁ)-[Zma sm(mt)+1]dmt
T ) T
T+3
. .2
Tas fa o I sin® (ot —38) dot
8
[sin1/2m, n—sin*1/2m, ]
I m, Sin(u)t)-sin2 (mt—S)dmt+ .[ sin? (mt—S)[l—ma sin(wt)]dwt
.1 3 sin™1/2m,
Da1 Iy |—
T

T

+ I M, sin (ot )-sin? (ot —8)dot

n—sin*1/2m,
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sin'1/2m, i
I sin? (mt—8)~[l—2ma sin(wt)}dmt
3
Daz i ||+ ]E sin? (o)t—S)-[l—2m sin(mt)}dmt
a o ' a
n—sin1/2m,
T+
+ I sin? (ot —8)~[2ma sin(ot)+ 1} dowt
L n i
T+3
Das iy |— I m, sin(wt)-sin? (ot - §) dot
T T
Dra1 =
Dra2 =
0
Dra3 =
Dras
TABLE A.6

RMS CURRENT STRESS EXPRESSION FOR CLASSICAL 5L-MDCI TOPOLOGY UNDER LOW MODULATION
CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.13 (C)

Switches RMS Current Stress BExpression of a 5L-MDCI Topology under Ma < 0.5 condition

Ta 0
1 T
Ta2 i —Ima Sin(oot)-sin2 (ot —35)dot
T )
1 b n+d
Tas i o Isinz(mt—S)dmt+ I sin2(mt—8)~[2masin(0)t)+1]d0)t
g S n
+3
Tas 0[5 [ sin? (et -8)dot
Dat = Teo- n
woe iy Ejma sin(ot)-sin’ (ot -8 )dot
Ta1 n 5
Da2 = Taz- | . 1 T . 2 . e . 2 :
i |— _[S'n (mt—S)o[l—Zma s1n(0)t)]dcot+ J. sin ((Dt—S)-[Zma sm(oot)+l}dcot
Tz 2 S T
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Da3 = Tas- - o
iy -1 j m, sin(ot)-sin® (ot —3)dot
Tas T T
Dra1 =
Draz =
0
Dras =
Dra4

Five-Level/Multiple-Pole Multilevel Diode Clamped Inverter (5L-M2DCI):

The average current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.7 — A.9.

TABLE A.7
AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M?DCI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.14 (A)

Switche | Average Current Stress Expression of a 5L.-M2DCI Topology under (sin11/2Ma < §) and
S (Ma> 0.5) condition

n—sin™1/2m,

Ta1 la J Sin(oot—S)-[l—mé1 sinmt]dmt+ I m, sinmt~sin(mt—8)dmt
T
9

a

n—sin*1/2m,

[ 7—sin* 1/2m, P
j sin (ot —38)-[2—2m, sin ot [dot + j sin (ot —3)dot
)

n—sin™"1/2m,

Ta2 Ii .
2n n+sin*1/2m,
+ I sin(ot—3)-[ 2m, sinot +1 jdot
L n A
n—sin'1/2m,
Tas la I sin (ot —8) [ 2m, sinwt -1 |dot
2n 3
n+sin™1/2m, T+
Tas ;in I Sin((x)t—S)dcot+ I 2sin((ot—8)-[ma sinwt+1:|d(ut
3 n+sin1/2m,
Day = i m n+sin1/2m,
4 J‘ Sin(wt—8)~[l—2ma sin wt]dcot+ J‘ sin(wt—S)-Dma sin wt+1]d(ot
Taz-Tar 2n n—sin™1/2m, T
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[ m—sin1/2m,

m+sin*1/2m,

Sin(mt—6)~[2—2ma sin(ot:]d(ot+ sin(o)t—S)dcot

Das = i_a 3 n—sin™1/2m,
Tas-Tas 2n n+d
+ J. sin (ot —3)-[ 2m, sin ot +2 |dot
L n+sin*1/2m, i
Dra1 =
0
Dra2
)
Dras = i . .
: Z_a J. sin(ot—38)-[ 2m, sin ot —1 jdot
Dres & sin*1/2m,
TABLE A.8

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2DCI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND LOW OPERAT ING LOAD ANGLE AS SHOWN IN FIG. 8.14 (B)

Average Current Stress Expression of a 5L-M2DCI Topology under (sin11/2Ma > §) and

Switches .
(Ma> 0.5) condition
['sin t1/2m, n—sin*1/2m, ]
.[ my sin mt~sin(mt—6)dmt+ I sin(mt—S)-[l—ma sinmt]d(ot
i 5 sin1/2m,
Ta1 £
T
+ J. M, sin ot - sin (ot — 8 ) dot
L n—sin"1/2m, )
[ sin*1/2m, n—sin'1/2m, 1
I Sin((ot—S)dwt+ J sin(mt—S)-[Z—Zma sinwt]dmt
i 3 sin*1/2m,
Ta2 —a .
2n .1 m+sin” 1/2m,
+ sin(ot—8)dot + J. sin (ot —38)-[2m, sin ot +1]dot
| 7-sin”1/2m, T i
. m—sin'1/2m,
1 . .
T Zi I sin(ot—3)-[2m, sin ot —1|dot
T
sin1/2m,
i n+3
T 2 I sin (ot —8)dwt
a6 on ( )

8

276



Appendix A — Analysis of Current Stress

_sin’11/2ma T ]
I sin(mt—8)~[l—2ma sino)t]do)t+ .[ sin(mt—6)~[l—2ma sincot]do)t
Da1 = ii 3 n—sin*1/2m,
Ta-Ta1 2n n+8
+ I sin (ot —38)-[ 2m, sinot +1 |dot
L T ]
[sin1/2m, n—sin1/2m, T
I Sin(u)t—B)doat+ I sin(mt—&)-[Z—Zma sincot]d(ot
Das = | 8 sin™1/2m,
Tas-Tas 2n m+3
+ j Sin(mt—S)dwt
L n—sin*1/2m, ]
Dra1 =
Dra2 =
0
Dras =
Dras
TABLE A9

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M?DCI TOPOLOGY UNDER LOW
MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.14 (C)

Switches

Average Current Stress Expression of a 5L-M2?DCI Topology under Ma < 0.5

condition
i T
Ta1 %J‘ma sinot -sin (ot —3)dot
3
i T T+
Ta2 2 J-sin(mt—éi)dmt+ J. sin(mt—&)-[Zma sinmt+1:|dcot
2n
) T
Ta5 0
i T+d
Ta6 Z_jt J- sin (ot —38)dwt
3
i b3 T+d
Da1 = Ta2-Ta1 2_a J‘Sin((ot—S)-[l—2ma sincot]dwt+ J- sin(oot—S)-Dma sinoot+l]dmt
& o T
i T+d
Des = Tao-Tes = ! sin (ot —5) dot
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Dta1 = Dra2 =

Dras = Dras

The RMS current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.10 — A.12

TABLE A.10
RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2DCI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.14 (A)

Switche | RMS Current Stress BExpression of a 5L.-M2DCI Topology under (sin"11/2Ma < §) and (Ma

S > (.5) condition

a

n—sin™1/2m,

Ta1 iy [— f sin? (cot - 8) -[1 —my, sin a)t]dwt + J. mg, sinot - sin? (wt —S)dcot

4

5 n—sin™1/2m,

[ m—sin *1/2m, n ]
I sin (ot —8)-[2-2m, sin ot Jdot + I sin? (ot —38)dot
T2 i, i 5 n—sin™"1/2m,
2n n+sin™1/2m,
+ sin? (mt—8)~[2ma sinmt+1]d(ot
L n J
n—sin™1/2m,
Tas iy o J. sin? (ot—3)-[2m, sinot—1|dot
T
1 n+sin'1/2m, -+
Tas iy o j sin? (ot —38)dot + I 2sin? (ot —8)mg sinot +1]dot
T n+sin™ 1/2m,
= - =
J- sin? (wt—B)-[l—Zma sincot]doat
Da1 = i 1| n-sin™1/2m,
Ta2-Ta1 & 1om| mesin® 1/2m,
+ J‘ sin? (ot —3)-[2m, sinot +1dot
- TE -
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[ m—sin1/2m, n+sin™1/2m, ]
J‘ sin? (mt—S)-[Z—Zma sinmt]dmt+ I sin? (ot—38)dot
Das = I i 3 n—sin*1/2m,
Tas-Tas e 8
+ J- sin? (cot—S)-[Zma sino)t+2]dcot
| n+sin™1/2m, ]
Dra1 =
0
Dra2
)
Dras = .1 .
’ fa, [5 j sin? (ot —8)-[2m, sin ot —1]dot
Dras T sin*1/2m,
TABLE A.11

RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2DCI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND LOW OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.14 (B)

Switche | RMS Current Stress Expression of a 5L.-M2DCI Topology under (sin11/2Ma > 8) and (Ma
S > (.5) condition
[sin1/2m, n—sin™1/2m, ]
J- m, sin ot -sin? ((ot—B)d(ot+ J. sin? (cot—S)-[l—ma sin(ot]d(ot
Ta i, 1 5 sin™1/2m,
T n
+ I my sinot - sin? (ot—38)dot
L n—sin"1/2m, )
[ sin?1/2m, n—sin1/2m, ]
'[ sinz(mt—é)du)t+ '[ sin? (mt—S)-[Z—Zma sinmt]da)t
T i 1 ) sin™1/2m,
2 2 2 p wsin™1/2m,
+ f Sinz(wt—S)dthr J. sin? ((x)t—6)~[2ma sincot+1]du)t
n—sin™1/2m, n |
1 n—sin*1/2m,
Tas ia P J- sin? ((z)t—8)~|:2ma sinwt—l]d(nt
n sin™1/2m,
1 T+3
Tas P — I Sinz(mt—S)d(ot
T
3
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[ sin1/2m, 1
J. sin? (mt—8)~[l—2ma sincot]do)t
Da1 = . 1 5
I —_—
Ta2-Ta1 a 21 n T+d
+ J. sin? (ot —38)-[1-2m, sin ot |dot + I sin? (ot —8)[2m, sinot +1]dot
| m—sin”1/2m, T )
[sin1/2m, n—sin*1/2m, ]
sin? (ot—38)dot + I sin? (mt—8)~[2—2ma sinmt]do)t
Das = i 1 3 sin™1/2m,
Tas-Tas & lon n+8
+ j sin? ((ot—S)dcot
L n—sin1/2m, ]
Dra1 =
Dra2 =
0
Dras =
Dra6
TABLE A.12

RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2DCI TOPOLOGY UNDER LOW MODULATION
CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.14 (C)

) RMS Current Stress BExpression of a 5L.-M2DCI Topology under M, < 0.5
Switches "
condition
1 T
Ta iy —Ima sin wt - sin? (cot—B)dcot
T )
1 T T+d
Ta2 iy [— Jsinz(o)t—ﬁ)d(ot+ I sin® (ot—38)-[2m, sinwt +1 |dot
T 3 T
Ta5 0
T+0
Tas i S J- sin® (cot—B)dcot
4\l 2n
8
1 n n+d
Da1 = Ta2-Ta1 iy P '[Sinz (a)t—&) -[l—Zma sin (ot]du)t + J‘ sin? (cot—S)-Dma sin ot +l:|d(x)t
T S T
1 T+0
Daz = Tas-Tas ia 2— I sin2 (wt—S)dwt
T
8
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Dta1 = Dra2 =

Dras = Dras

Five-Level/Multiple-Pole Multilevel T-Type Clamped Inverter and Five-
Level/Multiple-Pole Multilevel Single-Switch Clamped Inverter (5L-M2T2CI and
5L-M2S2ClI):

The average current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.13 — A.15.

TABLE A.13
AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M?2T2CI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (A)

) Average Current Stress Bxpression of a 5L.-M2T2Cl Topology under (sin"11/2M, < §) and (Ma >
Switches
0.5) condition
n—sin™1/2m, T
Ta I;a J. Sin(mt—&)‘[l—ma sin mt]dmt+ J' m, sin wt-sin(mt—&)dwt
) n—sin1/2m,
sin™"1/2m, n ]
I sin(ot—35)-[1-2m, sin ot |[dot + I sin (ot —38)-[1-2m, sin ot |dot
I 0 n—sin1/2m,
Taz = Tas 2_71; n+sin*1/2m, 2n
+ J Sin(o)t—S)-Dma sin(x)t+1:|dc0t+ I sin((ot—B)-[2ma sino)t+1:|d03t
L T 2n—sin™1/2m, ]
2n—sin™1/2m, 2n
Tas la I sin(ot—3)-[1+m, sinot |dot - j m, sin ot -sin (ot -3 ) dot
Tl: n+d 2n—sin™'1/2m,
n—sin™1/2m,
Tas ;_an J Sin(wt—S)-[Zma sino)t—l]du)t
S
sin*1/2m, n—sin*1/2m, ]
J. sin(wt —5)dot + J. sin (ot —38)-[2—2m, sin ot [dot
Ig | 2n—sin™1/2m, sin™1/2m,
Tae = Tar % m+sin1/2m, 2n-sin™"1/2m,
+ I Sin(mt—B)dmt+ I sin(mt—S)-[2+2ma sinwt]dmt
| 7-sin™1/2m, m+sin™1/2m, i
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2n—sin™"1/2m,

—i . .
Tas 2_a j sin(wt—38)-[ 2mg sin ot +1 |dot
T m+3
sin?1/2m, 3
i : . . .
Dra1 £ J. m, sinot - sin (ot —§)dot + j sin (ot —3)-[1-m, sin ot |dot
T
0 sin1/2m,
. m+sin'1/2m, T+
iy . . . :
Drad 2- I M, sin ot - sin (ot —8) dot + j sin (ot —3)-[1+my sin ot jdot
T
T m+sin™1/2m,
: 5
Dras 2 J. Sin(o)t —8)-[2ma sin ot —I:Idu)t
sin"1/2m,
i n+d
Dras 2—:: I sin(ot —38)-[ 2m, sin ot +1 |dot
ntsin1/2m,
Dre2 =
Dra3 = 0
Dras =
Dra7
TABLE A.14

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M?2T2Cl TOPOLOGY UNDER HIGH

MODULATION CONDITION AND LOW OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15(B)

Average Current Stress Expression of a 5L-M2T2Cl Topology under (sin"11/2Ma > §) and (Ma >

Switches
0.5) condition
[sin1/2m, n—sin*1/2m, 1
J. m, sin ot -sin (ot —§)dot + I sin (ot —38)-[1-m, sin ot |dot
Tus Ii 8 sin*1/2m,
T
+ J. m, sin ot - sin (ot —§)dot
L n—sin"1/2m, )
sin?1/2m, p ]
I Sin(mt—6)~[l—2ma sinmt]d®t+ I sin(mt—&)-[l—2ma sincot]d(ot
ig 0 n—sin*1/2m,
T2 =Tas | 50 G 1/2m, on
+ I sin(wt—3)-[ 2m, sin t +1 Jdot + J. sin(wt—3)-[ 2m, sin ot +1]dot
T 2n—sin1/2m, )
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[ m+sin? 1/2m, 2n—sin*1/2m, ]
- I My sin (ot~sin((ot—8)dmt+ j sin(mt—S)-[1+ma sinmt]d(ot
i n+8 n+sin™1/2m,
Tas £ ’
2n
- J. m, sin ot -sin (ot —38 ) dot
L 2n—sin1/2m, i
. m—sin1/2m,
| . .
Tas Z_a J SIn(wt—S){Zma smcot—l]dcot
T
sin1/2m,
sin*1/2m, n—sin1/2m, ]
j Sin(mt—ﬁ)dmt+ j sin(mt—S)-[Z—Zma sinmt]dwt
i 2n—sin™1/2m, sin1/2m,
Tas = Taz 4 4 4
2m| m+sinT1/2m, 2n—sin™1/2m,
+ J- sin(ot —8)dot + I sin (ot —3)-[2+2mj sin ot |dot
| 7m—sin™1/2m, n+sin1/2m, ]
2n—sin ' 1/2m,
=1 . .
Tas Z_a I sin(ot—3)-[ 2m, sinot +1 jdot
s
n+sin™1/2m,
i 3
Dra1 ijma sin mt~sin(wt—8)dmt
T 0
T+d
—i, . .
Dras —a I M, sin ot -sin (ot —3 ) dot
T T
Dra2 =
Draz =
Dras =
0
Dras =
Drar =
Dras
TABLE A.15

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2T2CI TOPOLOGY UNDER LOW

MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (C)

Switches

Average Current Stress Expression of a 5L-M2T2Cl Topology under Ma < 0.5 condition

Ta1

- T
i , .
iJ-ma sinwt -sin (ot —3§)dot
n
3
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. T 2n
i .
Taz = Ta3 21 J.SIn (ot —3)-[1-2m, sinot |dot + I sin(wt—3)-[2m, sinwt +1 |dot
Tl d
i 2n
Tas —2 J. My sin ot - sin (ot — &) dwt
T T+8
Tas = Tas 0
i 2n
Tas = Tar = [ sin(wt-5)dot
i <]
Dra1 _aJ’ma sin cot-sin(coth)do)t
T 0
i n+d
Dras —2 I m, sin ot - sin (ot — &) dot
T T
Dra2 =
Dras =
Dras =
0
Dras =
Dra7 =
Dras

The RMS current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.16 — A.18

TABLE A.16
RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2T2Cl TOPOLOGY UNDER HIGH
MODULATION CONDITION AND HIGH OPERAT ING LOAD ANGLE AS SHOWN IN FIG. 8.15 (A)

) RMS Current Stress BExpression of a 5L.-M2T2Cl Topology under (sin"11/2Mj < §) and (Ma > 0.5)
Switches -
condition
n—sin*1/2m, T
Ta i |- J. sin? (ot —38)-[1-m, sin ot |dot + I m, sin ot -sin? (ot —3)dot
T 3 n—sin*1/2m,
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sin?1/2m, 1
I sin? (cat—S)-[l—Zma sinmt]du)t
0
T
+ .[ Sinz(u)t—B)-[l—2ma sin(ot]da)t
. 1 n—sin™1/2m,
Ta2=Tas Iy |— .
21 m+sin " 1/2m,
4 + I sin? (ot —3)-[2m, sin ot +1 |dot
T
2n
+ I sin? (ot —3)-[2m, sinot +1dot
| 2r—sin"1/2m, J
2n—sin1/2m, 2n
Tas ia |[= I sin? (ot —38)-[1+m, sin ot Jdot - '[ m, sinot-sin? (ot —8)dot
T
n+8 2n—sin1/2m,
1 n—sin*1/2m,
Tas i o j sin? (ot —38)-[2m, sin ot —1]dot
T
)
sin*1/2m, n—sin1/2m, ]
sin? (mt—S)dmt+ j sin? (mt—8)~[2—2ma sinmt]dmt
. 1| 2n—sin™1/2m, sin™1/2m,
Tas = Taz Iy |— . -
2w | m+sinT1/2m, 2n—sin " 1/2m,
+ J‘ sin? (cot—S)d(x)t+ J‘ sinz(cot—éi){2+2ma sin cot]dcot
| m—sin”1/2m, n+sin ™ 1/2m, ]
1 2n—sin™1/2m,
Tas iq ;— I sin? (ot —38)-[2my sin ot +1]dot
T
n+d
1 sin™1/2m, S
Dra1 i |- I M, sinot -sin? (ot -8 ) dot + J. sin? (t—3)-[1—m, sin ot |dot
n
0 sin"1/2m,
n+sin1/2m, o
.1 . .2 .2 .
Dra4 Iy |—|— m, sin ot -sin (u)t—S)du)t+ sin (0)‘[—8)-[1+ma sm(nt]do)t
T
T n+sin1/2m,
1 )
Dras iy |— I sin? (wt—S)-[Zma sin wt—l]dwt
sin™*1/2m,
1 T+d
Dras iy o> I sinz(o)t—S)-[Zma sinot +1 |dot
i

mwtsin ™ 1/2m,
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Dra2 =
Draz =
0
Dras =
Dra7
TABLE A.17
RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2T2CI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND LOW OPERAT ING LOAD ANGLE AS SHOWN IN FIG. 8.15(B)
. RMS Current Stress Bxpression of a 5L-M2T2Cl Topology under (sin"21/2Ma > &) and (Ma > 0.5)
witches
condition
[sin1/2m, n—sin"1/2m, ]
m, sin ot -sin? (cot—S)d(ot+ I sin? (cot—a){l—ma sinwt]dwt
T i 1 5 sin™1/2m,
T n
+ J. m, sin ot - sin? (wt—S)d(ot
L n—sin™1/2m, ]
sin™'1/2m, 1
.[ Sinz(mt—5)~[l—2ma sin(ot]do)t
0
T
+ I sin? (o)t—S)-[l—Zma sincot]da)t
—sin™1/2
Ta2 = Tas ia i " s%nil e
21 n+sin 1/2m,
+ J. sin? (ot —3)-[2m, sinot +1]dot
T
2n
+ I sin? (wt—S)-[Zma sinmt+l]dwt
| 2n-sin™1/2m, )
[ m+sin?1/2m, 2n—sin"1/2m, ]
- J. m, sin ot -sin? ((ot—S)doot+ I sin? (mt—8)~[l+ma sinmt]dmt
.1 +3 n+sin™1/2m,
Ta4 Ia —_
T 2n
- J. m, sin ot -sin? (ot—38)dot
L 2n—sin*1/2m, ]|
1 n—sin™1/2m,
Tas iy o J. sin? (ot —38)-[2m, sinot—1]dot
& sin"1/2m,
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sin?1/2m, n—-sin1/2m, ]
sin? (ot —38)dot + I sin? (ot —3)-[2-2m, sin ot |dot
1| 2n—sin™1/2m, sin™1/2m,
Tas = Tar i, |[— . L
2| m+sinT1/2m, 2m—sin " 1/2m,
+ J. sin? (ot—38)dot + J. sinz((;)t—8)~[2+2ma sin ot Jdot
n—sin™"1/2m, n+sin™1/2m, |
2n—sin™1/2m,
Tag iy |— .[ Sinz(mt—S)o[Zma sin ot +1 |dot
m+sin”1/2m,
d
.1 . .2
Dra1 i —J.ma sinot -sin” (ot —38)dot
T
0
o
Dras iy |— J. m, sin ot -sin? ((ot—f))da)t
T
T
Dra2 =
Dras =
Dras =
0
Dras =
Dra7 =
Dras
TABLE A.18

RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2T2Cl TOPOLOGY UNDER Low

MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (C)

Switches RMS Current Stress BExpression of a 5L-M2T2Cl Topology under Ma < 0.5 condition
T
.1 . .2
Ta iy —Ima sinot -sin” (ot -5 )dot
n S
1 b 2n
Ta2 = Tas is o J.sinz (0t—38)-[1-2m, sin ot |dot + J. sin? (ot —3)-[2m, sinot +1]dot
T 0 m
1 2n
Tas ip [— j m, sin ot -sin? (ot - 8) dot
T T+3
Tas = Tas 0
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2n

ia 2—1n I sin? (ot —8)dot

Tas = Taz

d
.1 . .
Dra1 iy —J.ma sinot -sin? (ot —§) dot
n
0

T+o
Dras iy |— I m, sin ot -sin? ((ot—ﬁ)do)t
n

T

Draz =
Dras =
Dras =
Dras =
Dra7 =

Dras

The average current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.19 — A.21.

TABLE A.19
AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2S2CI TOPOLOGY UNDER HIGH

MODULATION CONDITION AND HIGH OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (A)

) Average Current Stress Expression of a 5L.-M2S2CI Topology under (sin"11/2Ma < §) and (Ma >
Switches .
0.5) condition
n—sin™"1/2m, P
Ta la J. sin(cot—éi)-[l—ma sincot}dmt+ J. m, sin mt-sin(cot—B)d(ot
T 8 n—sin™1/2m,
sin?1/2m, p ]
I Sin(mt—6)~[l—2ma sinmt]d®t+ I sin(mt—&)-[l—2ma sincot]d(ot
ia 0 n—sin*1/2m,
Ta2 A A
21| m4sinT1/2m, 2n
+ I sin(wt—38)-[ 2m, sin wt +1 ]Jdot + J. sin(wt—3)-[ 2m, sin ot +1]dot
L T 2n—sin1/2m, )
2n—sin™1/2m, on
1 . . . .
Ta3 2 I Sln(mt—8)~[l+ma smoat]do)t— I m, smcot-sm(oat—&)do)t
T n+8 2n—sin~1/2m,
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n—sin™1/2m,
i . .
Taa Z_a J. sin(wt —3)-[ 2m, sin ot -1 |dot
T 3
sin™'1/2m, n—sin™1/2m, 1
J‘ sin(ot —8)dot + .[ sin (ot —8)-[2—2m, sin ot [dot
Iy | 2n—sin™1/2m, sin™1/2m,
Ta5 - A i1
21| mHsinT1/2m, 2n—sin"1/2m,
+ J. sin(ot—38)dot + J. sin (ot —8)-[2+2m, sin ot [dot
| m-sin”1/2m, m+sin1/2m, )
. | 2n-sin1/2m,
—i . .
Tas 2_a J. Sln(mt—S)'[Zma smmt+l:|d0)t
T T+d
sin?1/2m, 5
1 . . . .
Dra1 2 J m, sin ot - sin (ot —§) dot + I sin (ot —38)[1-m, sin ot |dot
m
0 sin"1/2m,
. m+sin”1/2m, )
ia . : . .
Dra3 = - I m, sin oat-51n(mt—8)d0)t+ J. s1n(c0t—5)-[l+ma s1n(ot]dcot
T
T m+sin " 1/2m,
i <)
Dras 21 I sin (ot —38)-[ 2m, sin wt —1 Jdot
sin*1/2m,
i n+d
Dras Z_a I sin (ot —8)~|:2ma sin cot+1]d0)t
T nt+sin™1/2m,
Dra2 =
0
Dras
Dpa1 =
_ sin*1/2m T
Dpa2 = iy . . . .
= j Sln(mt—S)-[l—Zma sin a)t]dcotJr J. s1n(cot—8)-[l—2ma1 sin a)t]do)t
Dpa3 = 2n %
n—sin~1/2m
Dpa4
Dpas =
_ sin1/2m n—sin1/2m
Dpas = [Py . . .
- J. Sln(cot—S)d(ot+ I sm(wt—&)'[2—2ma sin a)t]d(ot
Dpa7 = 2n . .
2n-sin™1/2m sin™1/2m
Dpas
TABLE A.20

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2S2CI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND LOW OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15(B)
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) Average Current Stress Expression of a 5L.-M2S2Cl Topology under (sin"11/2Ma > §) and (Ma>
Switches -
0.5) condition
[sin*1/2m, n—sin*1/2m, 1
I mg sin mt-sin(mt—S)dmt+ j sin(mt—S){l—ma sincot]d(ot
T ig. 3 sin1/2m,
T n
+ J- my sin c0t~sin(a)t—6)dwt
L n—sin*1/2m, ]
sin1/2m, T 1
J. sin(wt —38)-[1-2m, sin ot [dot + J. sin (ot —3)-[1-2m, sin ot |dot
i 0 n—sin™1/2m,
Ta2 2 _ :
27w | mtsin™1/2m, 2n
+ I Sin(mt—é)-[Zma sin mt+l]d0)t+ I sin(mt—&)-[Zma sin mt+l]dwt
L n 2n—sin1/2m, )
[ m+sin®1/2m, 2n—sin"1/2m, ]
- J. M, sin ot -sin (ot — 38 ) dot + I sin (ot —38)-[1+m, sin ot [dot
iy +d m+sin™1/2m,
Ta3 -
T 2n
- I m, sin ot - sin (ot —§) dot
i 2n—sin1/2m, i
n—sin™'1/2m,
1 . .
Tas 21 J sin(ot—3) [ 2m, sin ot —1 dot
T
sin"1/2m,
sin™1/2m, n—sin™1/2m, )
.[ sin(ot —8)dot + J‘ sin (ot —38)-[2—2m, sin ot |dot
iy | 2n—sin1/2m, sin™"1/2m,
Ta5 A Nt Pt
2| m4sinT1/2m, 2n—sin"1/2m,
+ J. sin(ot—5)dot + J. sin (ot —3)-[ 2+ 2m, sin ot Jdot
| 7m—sin1/2m, n+sin™1/2m, ]
2n—sin™1/2m,
—I . .
Tas 2_a '[ sin ((Dt - 8) o[Zma sin ot + l]doat
T
n+sin ™ 1/2m,
i <)
Dra1 —aJ'ma sinwt -sin (ot — &) dot
T 0
. o
—ig . .
Dra3 —& | m,sinot-sin(wt —3)dot
T T
Dra2 =
0
Dras =
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Dras =

Dras =

Dpa1 =
Dpa2 =
Dpa3 =

Dpasa

sin1/2m

;i '[ Sin(mt—6)~[l—2ma sin a)t]dmt+ J. sin(oot—é) -[l—zma sin a)t]du)t
T

a

n—sin1/2m

Dpas =
Dpas =
Dpar =

Dpas

sin™1/2m n—sin™1/2m

;_a J. sin (ot —3)dot + J Sin((ot—6)-[2—2ma sin a)t]dmt
T

2n—sin1/2m sin1/2m

TABLE A.21

AVERAGE CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M?2S2CI TOPOLOGY UNDER Low

MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (C)

Switches | Average Current Stress Expression of a 5L.-M2S2Cl Topology under M, < 0.5 condition
i T
Ta1 iJ‘ma sin mt~sin(a)t—8)dmt
T3
i n 2n
Ta 21 J‘Sin(wt—S)'[l—Zma sincot]dcot+ Isin(mt—S)-pma sino)t+1:|d0)t
T T
i 2n
Tas —2 I m, sin ot -sin (ot — 3§ ) dwt
T n+d
Taa = Tas 0
. 2n
Tas la J‘ Sin(mt—S)dmt
2n
i 5
Drat ijma sinwt -sin (ot —3&)dot
o
i nt+d
Dras — J- My sin ot -sin (ot —3 ) dot
T T
Dra2 =
0
Dras =

291



Appendix A — Analysis of Current Stress

Dras =

Dras

The RMS current stress expression of each power semiconductor device of phase ‘a’

over one period is expressed in the following Tables A.22 — A.24

TABLE A.22
RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2S2CI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND HIGH OPERAT ING LOAD ANGLE AS SHOWN IN FIG. 8.15 (A)

) RMS Current Stress Expression of a 5L-M2S2CI Topology under (sin11/2Ma < §) and (Ma > 0.5)
Switches
condition
n—sin*1/2m, T
Ta ia |[= J- sin? (ot —38)-[1-m, sin ot |dot + j m, sin ot -sin? (ot —38)dot
T 3 n—sin"1/2m,
sin1/2m, 1
J. Sinz(mt—5)~[l—2ma sin(ot]d(x)t
0
T
+ J. sin? (ot —8)-[1-2m, sin ot |dot
Tor i i nfs?nj 1/2m,
21 mn+sin~ 1/2m,
+ I sin? (ot —3)-[2m, sinot +1]dot
T
2n
+ J. sin? (wt—S)-[Zma sinmt+l]dwt
| 2n-sin™1/2m, ]
2n—sin1/2m, 2n
Tas iy 1 I sin? (mt—5)~[l+ma sinmt]dmt— J- my sin ot - sin? (mt—S)dmt
T n+d 2n—sin™1/2m,
n—sin*1/2m,
Tas iy 2—1n J. sin? (ot —3)-[2m, sinot -1 Jdot
S
sin™1/2m, n—sin™1/2m, ]
sinz((ot—S)dmt+ I sin? (mt—S)-[Z—Zma sinmt]dmt
. 1| 2n-sin™1/2m, sin*1/2m,
Tas la (7= - -
2w | m+sinT1/2m, 2n—sin " 1/2m,
+ I sin? (wt—S)dwt+ f sin? (wt—6)~[2+2ma sinwt]d(x)t
n—sin™1/2m, n+sin”1/2m, ]

292



Appendix A — Analysis of Current Stress

2n-sin™1/2m,
Tas ia ;— sin? (ot —38)-[2m, sin ot +1]dot
T T+d
sin™1/2m, S
Dra1 iy |— J‘ mg sin ot -sin® (a)t—S)dcot+ I sin® (wt—8)~[1—ma sinu)t]dcot
T 0 sin*1/2m,
1 n+sint1/2m, +8
Dra3 iy =] - I M, sin ot -sin® (ot -8 ) dot + I sin? (ot —8)-[1+m, sin ot |dot
T T n+sint1/2m,
1 )
Draa g [— I sin? (wt—3)-[2m, sinwt —1]dot
sin*1/2m,
1 T+d
Dras iy e I Sinz(mt—8)~[2ma sinmtﬂ-l]dcot
T m+sin™1/2m,
Dra2 =
0
Dras
TABLE A.23
RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2S2CI TOPOLOGY UNDER HIGH
MODULATION CONDITION AND LOW OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15(8)
) RMS Current Stress Expression of a 5L.-M2S2CI Topology under (sin"11/2Ma > §) and (Ma > 0.5)
Switches .
condition
[sin*1/2m, n—sin™*1/2m, ]
I M, sin ot -sin? (ot —8) dot + sin? (ot —38)-[1-my sin ot Jdot
Tas i 1 3 sin™1/2m,
T T
+ I my sin ot -sin® (mt—S)dmt
L n—sin"1/2m, )
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sin™'1/2m, 1
I Sinz(mt—5)~[l—2ma sin(ot]d(x)t
0
T
+ J. sin? (a)t—S)-[l—2ma sinmt]da)t
. n—sin*1/2m,
Taz Iy |— .
21 m+sin*1/2m,
+ J. sin? (ot —3)-[2m, sinot +1]dot
4
2n
+ J. sin? (0t—38)[2m, sin ot +1]dot
| 2n-sin™1/2m, i
[ m+sin®1/2m, 2n—sin"1/2m, ]
- J. m, sin ot -sin? ((ut—S)dmt+ I sin? (mt—S)‘[l+ma sinmt]dmt
.1 T+ m+sin*1/2m,
Tas Iy |—
s 2n
. .2
- M, Sinot -sin” (ot —3) dot
L 2n—sin*1/2m, ]|
n-sin™1/2m,
Taa iy o J. sin? (ot—3)-[2m, sinot—1dot
T
sin?1/2m,
sin1/2m, n—sin™1/2m, ]
Sinz(wt—S)dcot+ I sin? (cot—S)-[2—2ma sinu)t:ldcot
. 1| 2n-sin™1/2m, sin*1/2m,
Ta5 |a - - I
2w | m+sinT1/2m, 2n—sin~ 1/2m,
+ I sin? (ot—38)dot + I sin? (mt—ﬁ)-[2+2ma sinmt]doot
| 7m-sin”1/2m, n+sin™1/2m, i
2n-sin™1/2m,
Tas iy |[— j sin? (ot —3)-[2m, sin ot +1]dot
m+sin”1/2m,
d
.1 . .2
Dra1 I _J.ma sinwt - sin (wt—S)dcot
T
0
T+
. |-1 . .2
Dra3 Iy [— J. m, sinwt-sin (cot—&)dwt
T
T
Dra2 =
Dras =
0
Dres =
Dras
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TABLE A.24

RMS CURRENT STRESS EXPRESSION FOR PROPOSED 5L-M2S2CI TOPOLOGY UNDER LOW

MODULATION CONDITION AND ANY OPERATING LOAD ANGLE AS SHOWN IN FIG. 8.15 (C)

Switches RMS Current Stress Expression of a 5L-M2S2Cl Topology under Ma < 0.5 condition
T
.1 . .2
Ta i —Ima sinot -sin” (ot -5 ) dot
T 5
1 n 2n
Ta2 ia o Jsinz (0t—3)-[1-2m, sinot |dot + j sin? (ot —38)-[2m, sin ot +1]dot
T 0 T
1 2n
Ta3 iy |— I masinmt-sin2 (ot —35)dot
T n+d
Tasa = Tas 0
1 2n
Tas iy, o= [ sin® (ot -8)dot
: o [ [in (or-5)
1)
.1 . .2
Dra1 iy —Ima sinot -sin” (ot -5 ) dot
T 0
lﬂ:+8
Dra3 iy |— I m, sin ot -sin? (mt—S)dmt
T T
Dra2 =
Dras4 =
0
Dras =
Dras
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Derivation of Filter Inductor on Rectifier Side:

Two-level VSI:

ClHQ%Sal

ST
*Vam* 1

~C2 L

7] 77
|S(111) S(101) S(001)|

©)

——

Al La,rec

(b)

I -

%) s

]

77 1

|S(111)r5(101) 5(100)|

(d)

Fig. B.1 First order fitter (L-filter) for two-level rectifier operation. (a) Circuit diagram

of the two-level rectifier with the L-filter, (b) current ripple, (c) possible switching

state during 0° < wt < 30° and (d) possible switching state during 30° < wt < 90°.
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For S(111) under 0° < @t < 30°

The grid phase voltage can represent as:

di, V

Van:Lad_s""i"'an

V,, =-L %+£+V

bn — b dt 2 mn (B.l)
di, V,

Vcn=|-cd—t°+%+an

i, —i, +i, =0

with the KCL rule, the virtual ground voltage under S(111) can be written as:

V
Vim = _% (B.2)

Substitute equation (B.2) into phase ‘a’ voltage of (B.1), the ripple current can be

formulated as:

Van d a TS

Ai La,rec,5(111) L

(B.3)

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

_ Vsinot

L.rec,S(111) — T
s

Ai F msin ot +l} (B.4)
2 2

The maximum ripple current is occurred at ot = 30°, one can obtain as:
. \Y m
Al fec.s11) = ALF, {J”L?} (B.5)
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Appendix B — Filter Size Calculation

For S(101) under 0° < ot < 30°

The grid phase voltage can represent as:

di, V,

Van:Lad_ta""%"'an
di, V,

bn bdt 2 mn (B6)
di, V,

vm=|_cd—t°+%+vmn

i, —i, +i, =0

with the KCL rule, the virtual ground voltage under S(101) can be written as:

V
V., = —% (B.7)

Substitute equation (B.7) into phase ‘a’ voltage of (B.6), the ripple current can be

formulated as:

o

Ai

T \Y/
La,rec,S(101) a5 [Van —%}

La
R
LFEl2 ° 2 3

Calculate the ripple current expression into a general mathematical expression by

(B.8)

expanding it into trigonometric form, we get:
: 111 . 1 : V,
AIL,rec,S(lOl) = L_FS{E msin ot + E}[V sin ot —%} (B.9)
The maximum ripple current is occurred at ot = 30°, one can obtain as:

: 1 milVv V,
Al rec s101) = SLE {:HE} {E_%} (B.10)
S
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Appendix B — Filter Size Calculation

For S(001) under 0° < ot < 30°

The grid phase voltage can represent as:

di, V
Van:Lad_;_%"'an
di, V
V,, =-L,—2-—% Vv
di. V
Vcn=|-cd—t°+$+an
i, —i,+i,=0

with the KCL rule, the virtual ground voltage under S(001) can be written as:

v Ve

= (B.12)

Substitute equation (B.12) into phase ‘a’ voltage of (B.11), the ripple current can be

formulated as:

A %5y

La,rec,5(001) L
a
— L|:E Ma +l:||:van +E:|
LEl2 ° 2 3

Calculate the ripple current expression into a general mathematical expression by

(B.13)

expanding it into trigonometric form, we get:
. 111 . 1 : V
Al res s(001) = L_Fii msin ot + E} {V sin ot + %} (B.14)
The maximum ripple current is occurred at ot = 30°, one can obtain as:
. 1 miV Vg
Al rec s(001) = OLF, {1+E} [E+?} (B.15)
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Appendix B — Filter Size Calculation

For S(111) under 30° < @t < 90°

The grid phase voltage can represent as:

di, V,
Van:Lad_s'F%"’an
di, V,
bn bdt 2 mn (B.16)
di, V
Vcn=|—cd—t°+%+an
i, —i, +i, =0

with the KCL rule, the virtual ground voltage under S(111) can be written as:

Vi == B17)

Substitute equation (B.17) into phase ‘a’ voltage of (B.16), the ripple current can be

formulated as:

i _ YanYals
AILa,rec,s(lll) T L

: (B.18)

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

LF

S

. Vsinot| 1. 1
AIL,rec,S(lll) =—|:§m3|n 0)t+§} (B.19)

The maximum ripple current is occurred at wt = 90°, one can obtain as:

. \%
Al e si117) = E[:H m] (B.20)
S
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Appendix B — Filter Size Calculation

For S(101) under 30° < ot < 90°

The grid phase voltage can represent as:

di, V
Van:Lad_;"'i"'an
di, V
V,, =-L, —2-—% v
bn bdt 2 mn (B.Zl)
di. V
Vcn=|-cd—t°+$+an
i, —i,+i,=0

with the KCL rule, the virtual ground voltage under S(101) can be written as:

V
Vim = _% (B.22)

Substitute equation (B.22) into phase ‘a’ voltage of (B.21), the ripple current can be

formulated as:

o

Ai

T \Y
La,rec,S(101) a5 |:Van —%j|

La
- Ew v, Y]
LFEl2 * 2 3

Calculate the ripple current expression into a general mathematical expression by

(B.23)

expanding it into trigonometric form, we get:
. 171 . 1 . V,
AIL,rec,S(lOl) = L—FS |:E msin wt + E:l |:V Sin ot — %:| (824)
The maximum ripple current is occurred at ot = 90°, one can obtain as:
. 1 V,
Al rec s(201) = OLF, [1+ m]{V—%} (B.25)
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Appendix B — Filter Size Calculation

For S(100) under 30° < ot < 90°

The grid phase voltage can represent as:

di, V
Van = Lad_ta"'%"'vmn
di, V
bn b dt 2 mn (B.26)
di. V
Ven = Lcd_é:_%+vmn
i i, +i, =0

with the KCL rule, the virtual ground voltage under S(100) can be written as:

v Ve

m = g (B.27)

Substitute equation (B.27) into phase ‘a’ voltage of (B.26), the ripple current can be

formulated as:

La,rec,5(100) L an 3
a
= L[l M, +1HV&” _%}
LFEl2 ° 2 3

Calculate the ripple current expression into a general mathematical expression by

Ai — daTs I:V _ 2Vdc}

(B.28)

expanding it into trigonometric form, we get:
. 111 . 1 2V,
A} e 5100 :—[—m5|nwt+—}[\/sinmt——dc} (B.29)
LreeS00) | F | 2 2 3
The maximum ripple current is occurred at ot = 90°, one can obtain as:

: 1 2V,
Al rec s(100) = SLE [1+ m]{v - Tdc} (B.30)

S
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Appendix B — Filter Size Calculation

Three-level Rectifier:

"_4@ Sal
Da
~Cl1 B
O_H;} Saz L SXl SX2
Vam > - Na\kr\?% + l 1
0 0 0
O_”;} Sa 2 Vo, _ 0 1
~~C2 Dm x = phase ‘a’, ‘b’, and ‘¢’
’ Hﬁ}& Su |
@) (b)

0 - 0 -
/ | :
L
- AU (20 ™
B B
00 V) sa L Su
[s(++) (3(-0+) S(-0-) | [s(++)[5(+0-) | 5(-09]
() (d)

Fig. B.2 First order filter (L-filter) for three-level rectifier operation. (a) Circuit
diagram of the three-level rectifier with the L-filter, (b) description of the switching
state notation for three-level, (c) possible switching state during 0° < wt < 30° and (d)

possible switching state during 30° < wt < 90°.
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Appendix B — Filter Size Calculation

For S(+-+) under 0°< @t <30°
The grid phase voltage can represent as:

di, V

Van:Lad_s"'%"'an
di

V,, =-L,—2+V

bn b dt mn (B.31)
di. V

Vcn=Lcd—t°+%+an

I,—1,+i,=0

with the KCL rule, the virtual ground voltage under S(+-+) can be written as:

VA (B.32)

mn 3

Substitute equation (B.32) into phase ‘a’ voltage of (B.31), the ripple current can be

formulated as:

Al _ daTs |: _ Vdc :|
La,rec,S(+0+) — L an 6
8 (B.33)
_ Ma _ Vdc
- Van
LK 6

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. msin ot . V
Al L.rec,S(+0+) = T|:VSII’] ot — %:| (B-34)
s

The maximum ripple current is occurred at ot = 30°, one can obtain as:

, ~m Vi
AIL,rec,S(+0+) - 4LFS [V_?} (B.35)
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Appendix B — Filter Size Calculation

For S(-0+) under 0° < mt < 30°

The grid phase voltage can represent as:

di
Van =La d_;"'vmn
di, V.
V,, =-L,—2-—% Vv
bn b dt 2 mn (536)
di, V.
V,, = |_col—t6+%+vmn
i, —i,+i, =0
with the KCL rule, the virtual ground voltage under S(-0+) can be written as:
V,, =0 (B.37)

Substitute equation (B.37) into phase ‘a’ voltage of (B.36), the ripple current can be

formulated as:

i _ Yan¥a's
AILa,rec,S(OOJr) L

(B.38)

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

: V-msin? ot
AIL,rec,S(00+) = LF, (B.39)
The maximum ripple current is occurred at ot = 30°, one can obtain as:
. V-m
Ai = (B.40)

L,rec,S(00+) 4LF
S
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Appendix B — Filter Size Calculation

For S(-0-) under 0° < ot < 30°

The grid phase voltage can represent as:

di
Van:Lad_ta"'an
V., =-L %—ﬁ+v
di
Vcnchd_,E—l'an
i i, +i, =0

with the KCL rule, the virtual ground voltage under S(-0-) can be written as:

V, = e (B.42)

Substitute equation (B.42) into phase ‘a’ voltage of (B.41), the ripple current can be

formulated as:

. d.T. \Y/
AILa,rec,S(—O—) = E : |:Van _%}
a (B.43)
My Ve
- Van
L.k 6

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. i . V
Al reesi0) = m IS_IE ot [Vsm ot —%} (B.44)

S

The maximum ripple current is occurred at ot = 30°, one can obtain as:

. ~m Vi
Al LrecS(-0-) = TFS [V - ?} (B.45)
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Appendix B — Filter Size Calculation

For S(+-+) under 30°< @t < 90°

The grid phase voltage can represent as:

di, V

Van:Lad_ta""%"'an
di

V. =-L —2+V

bn b dt mn (B.46)
di. V

Vcn=|—cd—tc+%+an

I, =i, +i,=0

with the KCL rule, the virtual ground voltage under S(+-+) can be written as:

V
an = _% (B-47)

Substitute equation (B.47) into phase ‘a’ voltage of (B.46), the ripple current can be

formulated as:

i d.T. Vv
AILa,rec,S(+—+) = |a_ 3 [Van —%}
a (B.48)
_ M, Vi,
= Van _dc
LK 6

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

: msinwt| . V,
Al reos(+—1) = T{Vsm mt—%} (B.49)

S

The maximum ripple current is occurred at ot = 90°, one can obtain as:

. V.
AIL,rec,S(Jrf+) = _|:V_?d} (B.50)
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Appendix B — Filter Size Calculation

For S(+0-) under 30° < @t < 90°

The grid phase voltage can represent as:

di. V
Van :Lad_ta"'%"'vmn
di, V
di
Vcn =I—cd_,f—l'vmn
i i, +i, =0

with the KCL rule, the virtual ground voltage under S(+0-) can be written as:

V,

mn

-0 (B.52)

Substitute equation (B.52) into phase ‘a’ voltage of (B.51), the ripple current can be

formulated as:

. d.T. \V/
AILa,rec,S(lOO) = Ia_ > [Van _%}
a (B.53)
_ Ma Vdc
- Van
LK 2

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. msin ot . V,
AIL,rec,S(lOO) =T|:VSIH(D'[—%} (B-54)

S

The maximum ripple current is occurred at ot = 90°, one can obtain as:

: m V,
Al rec s(200) = L_FS[V_%} (B.55)
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Appendix B — Filter Size Calculation

For S(-0-) under 30° < @t < 9(°

The grid phase voltage can represent as:

di
Van = La d_;"'vmn
di, V
V,, =-L,—2-—% Vv
bn b dt 2 mn (B.56)
di
Vcn = Lc d_t(:+vmn
i, i, +i, =0

with the KCL rule, the virtual ground voltage under S(-0-) can be written as:

V
Vim = % (B.57)

Substitute equation (B.57) into phase ‘a’ voltage of (B.56), the ripple current can be

formulated as:

. d.T. \Y/
AILa,rec,S(lOO) = Ia_ : |:Van _%:l
8 (B.58)
L RV
- Van
LK 6

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. msin ot . V
Al L,rec,5(100) — LFS |:VSII’] ot — %:| (B.59)

The maximum ripple current is occurred at ot = 90°, one can obtain as:

. m V,
Al rec s(100) = L_Fiv_%} (B.60)
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Appendix B — Filter Size Calculation

Five-level Rectifier:

b, ¥
Noil o
&Sy

AY|

Da3 "'":}Seﬁ
~C2 ld

AFSu L, P1
__Vam_> =N, P2
eI : 0
~C3 1
Du 3, N1

Sx3

AY|

AY|

OOOOI—‘ﬁm
I—‘I—\Ol—\H%n

1
1
0
1
0

“OOOl—\H'g)

3

X = phase ‘a’, ‘b’, and ‘¢’

Dss s,

Das hlﬁ} S

~C4

AY|

(@) (b)

I | - |- I |
; : : Sm : : - Sm
0 7 O T
0 i o s
S(PNiPy) | S(N:0Py) | |S(P1N1P2ﬂS(P1N1N2)| S(P,ON) |
S(N2NyPy)
©) (d)

Fig. B.3 First order fitter (L-filter) for five-level rectifier operation. (a) Circuit diagram
of the five-level rectifier with the L-filter, (b) description of the switching state
notation for five-level, (c) possible switching state during 0° < wt < 30° and (d)

possible switching state during 30° < wt < 90°.
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Appendix B — Filter Size Calculation

For S(P,N{P;) under 0°< @t < 30°

The grid phase voltage can represent as:

di, V
Van:Lad_;"'i"'an
di, V
V,, =-L,—2-—% Vv
bn bdt 4 mn (B.61)
di. V
Vcn=|-cd—t°+$+an
i, —i,+i,=0

with the KCL rule, the virtual ground voltage under S(P2N1P1) can be written as:

V
Vim = _% (B.62)

Substitute equation (B.62) into phase ‘a’ voltage of (B.61), the ripple current can be

formulated as:

_ d.T. V
AILa,rEC,S(Plepl) - |a_as {Va” _1_;0} (B.63)
1 Vdc |
:—[ZMa _1] Van__
LR, +

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

Al L,rec,S(P,N,P;

):L[stin ot—1] Vsinmt—E (B.64)
LF 12

S
The maximum ripple current is occurred at ot = 30°, one can obtain as:

. 1 V,
AIL,rec,S(PleH) - E[m _1] |:V - %:| (B.65)
s
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Appendix B — Filter Size Calculation

For S(N>N1P7) under 0° < @t < 30°

The grid phase voltage can represent as:

di
Van:Lad_ta"'an
di, V
e Tt 4™ (B.66)
di. V
vm=|_cd—t°+%+vmn
i, —i, +i, =0

with the KCL rule, the virtual ground voltage under S(N2N1P1) can be written as:

V
mn — _1_32 (B-67)

Substitute equation (B.67) into phase ‘a’ voltage of (B.66), the ripple current can be

formulated as:

_ d,T. Ve
AILa,rec,S(NzNﬂ:’l) - |a_ : |:Van +1_%C:|
. B.68
1 Vdc ( )
=——[2M, -1]| V,, +
LR 12

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. . ) V.
Al recs(nnp) = E[Zm sin ot — 1]{V sin ot + 1—‘;} (B.69)

S

The maximum ripple current is occurred at ot = 30°, one can obtain as:

1

. V
Al Lorec,S(N,N,P,) ~ TFS [m _1] {V * %} (B.70)
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Appendix B — Filter Size Calculation

For S(N,0P,) under 0° < ot < 30°

The grid phase voltage can represent as:

di
Van:Lad_s"'an
di, V
V,, =-L,—2-—% Vv
di. V
Vcn=|-cd—t°+f+an
i, —i,+i,=0

with the KCL rule, the virtual ground voltage under S(N20P2) can be written as:

_ Ve

™= (B.72)

Substitute equation (B.72) into phase ‘a’ voltage of (B.71), the ripple current can be

formulated as:

_ d,T. V
AILa,rec,S(NZOF’z) - E : [Van _1_;(:}
a
(B.73)
:L[QMa _1][Van _ﬁ}
L.F, 12

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

Ai

. . V
L.rec,S(N,0P,) — é [2m Sinot— 1] |:VSII’1 ot - Tg:j| (B.74)

S
The maximum ripple current is occurred at ot = 30°, one can obtain as:

. 1 V,
AIL,rec,S(NZOPz) :ﬁ[m_l]{v_%} (B.75)
s
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Appendix B — Filter Size Calculation

For S(P;N1P,) under 30° < @t < 9(°

The grid phase voltage can represent as:

di, V,

Van:Lad_ta""%"'an
di, V,

V,, =-L, —2-—%4+Vv

bn bdt 4 mn (B.76)
di, V,

VC”:LCd_tC+%+Vm”

I, =i, +i,=0

with the KCL rule, the virtual ground voltage under S(P1N1P2) can be written as:

V,
Vi, = —% (B.77)

Substitute equation (B.77) into phase ‘a’ voltage of (B.76), the ripple current can be

formulated as:

. d,T V.
AILa,rec,S(PlNle) = Ia_ : |:Van _%:|
1a v (B.78)
=—[2m, -1]| v, ——%&
i

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

. . . \V/
Al e s(pp,) = E[Zm sin ot — I]{V sin ot — %} (B.79)

S

The maximum ripple current is occurred at mt= 90°, one can obtain as:

. 1 \Y/
Al rees(pnp,) :L_F[Zm_l]{V—%} (B.80)

S
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Appendix B — Filter Size Calculation

For S(P;N1N>) under 30° < @t < 90°

The grid phase voltage can represent as:

di. V

Van:Lad_;"'i"'an
di, V

V,, =-L, —2-—% v

bn b dt 4 mn (B.81)
di

Vcnchd_t(:+an

i, i, +i, =0

with the KCL rule, the virtual ground voltage under S(P1N1N2) can be written as:

V
Vim = _1_dzc (B.82)

Substitute equation (B.82) into phase ‘a’ voltage of (B.81), the ripple current can be

formulated as:

_ d,T oV,
A||_a,rec,S(P1N1Nz) - |a_ S {Van - 12dc}
a
(B.83)
=L om, _1]{van BV }
LF, 12

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

AiL,rec,S(PlNlNz) = E[
S

2msin mt—l]{Vsinmt—%} (B.84)
The maximum ripple current is occurred at ot = 90°, one can obtain as:

AiL,rec,S(PlNlNz) LF 12

S

=L rom _1]{V—5V—d0} (B.85)
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Appendix B — Filter Size Calculation

For S(P,0N>) under 30° < ot < 90°

The grid phase voltage can represent as:

di, V
Van=|-ad—ta+f+an
di, V
bn b dt 2 mn (B86)
di
Vcnchd_,E—l'an
i, —i,+i, =0

with the KCL rule, the virtual ground voltage under S(P20N2) can be written as:

V
mn — 1_20 (B-87)

Substitute equation (B.87) into phase ‘a’ voltage of (B.86), the ripple current can be

formulated as:

Ai

T V,
La,rec,S(P,0N,) L > |:Van _%:|

(B.88)

Calculate the ripple current expression into a general mathematical expression by

expanding it into trigonometric form, we get:

Ai

. ) V.
Lrec.S(P,0N,) = é [2msin ot —1] {V sin wt — %} (B.89)

S

The maximum ripple current is occurred at ot = 90°, one can obtain as:

AiL,rec,S(PZONZ) = L_F[
S

2m—1]{V—%} (B.90)
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