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Abstract

Dc-ac inverters convert a dc input voltage into a desired ac output voltage and are widely
used in many industrial applications, including utility grid interfaces, motor drives, and
wind energy systems. Because of their widespread use, there has been considerable
interest to try to make them more efficient to conserve energy. One way of doing so is to
reduce the losses that are generated by the switching of the inverter devices as they help
convert the dc input voltage into an ac output. As a result, there has been considerable
research into implementing inverters with so-called soft-switching - zero-voltage and
zero-current switching techniques that make either the voltage across a switch or the
current through it zero at the time of a switching transition (from on to off or off to on).
Since the power dissipated in a switch is related to the amount of overlap of voltage and
current during a switching transition, making either the switch voltage or switch current

zero at this time can result in a significant reduction in switching losses.

A new, reduced switch, zero-voltage switching (ZVS), three-phase dc-ac inverter is
proposed in this thesis. The proposed inverter does not have the drawbacks that other
previously proposed ZVS-PWM inverters have such as cost, increased conduction losses,
the appearance of distortion in the output waveforms, and the lack of bidirectional
operation capability. In the thesis, an extensive literature review of previously proposed
soft-switched inverters is performed. The new inverter is then presented and its operation

is explained in detail. The steady-state operation of the new inverter is analyzed and the



results of the analysis are used to determine the converter's steady-state characteristics.
Based on these characteristics, a procedure for the design of the inverter is developed and
then demonstrated with an example. Finally, the feasibility of the proposed converter and
the validity of the analysis are confirmed with simulation results obtained from PSIM, a

widely used, commercially available software simulation package for power electronics.
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Chapter 1

Introduction

1.1. Research Background

In recent years, three-phase power inverters (dc-ac converters) have been widely used in
many applications such as motor drives, active filters, uninterruptible power supplies
(UPSs), and utility interfaces. A circuit diagram of a three-phase inverter is shown in
Figure 1.1. To minimize low output harmonic distortion, acoustic noise, and size of the
circuit components, high frequency switching operation is required for inverters. For this
reason, inverters are normally designed with the highest achievable switching frequency
in power supplies and utility applications. In motor drive applications, such as electric
vehicle (EV) traction drives, higher switching frequencies can reduce the acoustic noises

as well as torque and speed ripples.
S S; Ss
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Figure 1.1. The schematic of a three-phase inverter




However, high-switching frequency operation of three-phase PWM inverters can cause
some difficulties due to the high switching losses of the power devices that reduce
inverter efficiency and affect power density. This phenomenon widely depends on the

semiconductor device technology, which is reviewed below.

1.2. Power Semiconductor Devices

Power semiconductor devices perform the on-off action that is the basic operation of
static power converters. In the evolution of power electronic inverters, the power devices
that have been used have included the mercury arc rectifier, the thyristor, the bipolar
junction transistor (BJT), the metal oxide field effect transistor (MOSFET), and the
insulated gate bipolar transistor (IGBT) [1]-[5]. Inverters were first able to operate with
higher switching frequencies with the introduction of the BJT. The BJT is a bipolar
device that can operate with low conduction losses, but its switching speed is still low
(although it is much higher than that of a thyristor), which prevents its use in applications

requiring high switching frequencies.

The power MOSFET, which was first introduced commercially in the late 1970s, can
operate with much higher frequencies than the BJT, and attractive for many applications
such as computer power supplies and automotive electronics. The current rating and the
conduction losses of a power MOSFET are determined by the drain-source resistance
(Ras, on) Of the device. The resistance can be reduced by making the channel length small,
especially in the case of devices with blocking voltages below 100 volts. Its on-resistance,

however, increases significantly with an increase in the blocking voltage, and thus it has



not been possible economically manufacture high voltage power MOSFETs with high

current ratings.

The IGBT (insulated gate bipolar transistor) device was first introduced in late 1980s to
combine the advantages both from MOSFET and BJT. These devices have the low-
conduction-loss feature of the BJT [6], but can operate at higher switching frequencies as
they have the gate features of MOSFETs. As a result, IGBT devices have become the
most popular choice for industrial drive applications [7]}-[10], which range from few KW

up to several MW and usually require a voltage rating higher than 500 volts.

1.3. Hard-Switching Inverters

The traditional three-phase inverter operates in hard-switching mode, which means the
power devices (IGBT or MOSFET) are driven “hard” directly by the gate driver during
the switching transient. As a result, a power device turning on has the whole bus voltage
(typically in the range of 350-600 V) across it as it changes state. During a switching
interval (less than 0.5 microseconds), there is a finite time when the power device begins
to conduct as the voltage across the device begins to fall at the same time as current
begins to flow through it. The simultaneous presence of voltage across the transistor and
current through it (overlap between voltage and current) means that power is being

dissipated within the device during the switching transition time.

A similar event phenomenon occurs when a transistor turns off with the full current
flowing through it. As the switching frequency is increased, the faster rise and fall times

generate more high frequency energy that is radiated and conducted out of the unit as



unacceptable electromagnetic interference (EMI) and radio frequency interference (RFI),
which further decrease the system efficiency. If the rise and fall times are intentionally
slowed to reduce the electromagnetic interference (EMI) and radio frequency interference
(RFI), the power losses in the transistor increase proportionally, increasing the thermal
stress put on the device, thus reducing its lifespan. In this way, older hard switching
topologies are a compromise between electrical efficiency reduction and EMI “noise”

trade-offs.

1.4. Losses in Power Semiconductor Devices

Generally, semiconductor losses can be grouped into the following three categories [11]:

L. Switching losses
a) Turn-on losses
b) Turn-off losses
IL. Conduction losses
a) On-state losses
b) Dynamic saturation losses

II1. Off-state Losses

Off-state losses are generally a very small portion of the total losses and are considered
negligible. The relative magnitudes of the switching and conduction losses, however, are
greatly dependent on the type of load, the turn-on and turn-off snubbers (switch
protection) used, and the characteristics of the transistor itself. Once a topology and the

appropriate switching devices are selected, there is little that can be done to reduce



conduction losses. Switching losses, however, can be reduced if the overlap between
voltage and current during switching transitions is reduced. Most efforts to improve the

efficiency of inverters have focused, therefore, on doing just that.

1.5. Soft-Switching Inverters

The overlap between voltage and current prior to switching transitions has to be reduced
to achieve an efficiency improvement and lower EMI noise. The purpose of soft-
switching techniques is to decrease or eliminate the simultaneous presence of voltage and
current through the power device. The soft-switching operation of the three-phase inverter
is typically done by some form of resonant technique that uses some auxiliary circuit
consisting of resonant components and auxiliary switch(es) to trigger the resonance.
There are some basic expectations for a three-phase soft-switching inverter, including the

following:

a) The overall system efficiency should be increased.
b) All the main switches including the auxiliary switches and all the diodes should be
soft-switched to reduce overall switching losses.

¢) The auxiliary circuit should be simple and cost effective.

In recent years, various soft-switching techniques have been developed. The categories of
soft-switching inverter techniques are shown in Figure 1.2. There are two major methods
in the Passive Approach category - lossy snubbers and lossless snubbers [12]-[21]. Lossy
snubbers use a resistor-capacitor-diode (RCD) combination as shown in Figure 1.3(a) to

improve the turn-off performance of a switch, and a resistor-inductance-diode (RLD)



combination as shown in Figure 1.3(b) to improve the turn-off performance of a switch. A
combination of both snubbers can be used to improve the switching performance for both

types of switching transitions.

At turn-off, the switching device current is diverted to the snubber capacitor, thus slowing
down the rate of increase of the voltage. This, in turn, reduces the overlap between the
rising voltage and the falling current. At turn-on, the snubber inductor slows down the
increase of the current, thus reducing the overlap between the falling voltage and the
rising current. The RCD snubber dissipates the energy stored in the snubber capacitor in
the snubber resistor when the switch turns on, while the RLD dissipates the energy stored

in the snubber inductor when the switch turns off.

In lossless snubbers the snubbered energy circulates in the snubber circuit and no energy
is dissipated in a resistor. Figure 1.4 shows an example of a passive lossless snubber for
inverters. Although passive snubbers help reduce switching losses, they are not effective
in reducing switching losses in converters operating with switching frequencies in the

range of tens of kHz, and active snubber approaches are typically used in these cases.



Soft-switching Inverters

; '

Passive Approach Active Approach
I ¢ |
Lossless Lossy AC-Side
I
Zero-Current Zero-Voltage
y Transition Transition
DC-Side (ZCT) (VA'AN)
]
Resonant Quasi-Resonant DC-Rail Zero-Voltage ~ DC-Rail Zero-Current
DC-link DC-link Transition Transition

Figure 1.2. Classification of soft-switching inverter techniques

Tum-Off Snubber Turn-On Snubber

(a) Turn-Off Snubber (b) Turn-On Snubber

Figure 1.3. Passive RCD and RDL snubbers
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Figure 1.4. Passive lossless snubber

1.6. Review of Three-Phase Active Soft-Switching
Inverters

Active snubbers (or active auxiliary circuits) are snubbers that contain an active switching

device in their circuit. Various types of active snubbers are reviewed in the section.

1.6.1 DC-Side Soft-Switching Inverters

The fundamental philosophy of the DC-side soft-switching inverter is to use auxiliary
circuitry to create a zero-voltage duration of the DC bus at desired switching instants
[22]-[24]. This allows the appropriate devices in the three-phase legs to be switched under
zero-voltage conditions. A typical configuration of DC-side soft-switching inverters is
shown in Figure 1.5. DC-side soft-switching topologies can be classified into the
following groups: resonant DC-link inverters [22], [23], [25]-[37], quasi-resonant DC-

8



link inverters [38]-[42], DC-rail ZVT inverters [43]-[45] and DC-rail zero-current-

switching inverters [46].

]
Wk Kk K

Figure 1.5. Typical configuration of DC-side soft-switching inverter

1.6.1.1. Resonant DC-link (RDCL) Inverters

A six-switch resonant DC-link voltage source inverter (RDCL) topology, for realizing
zero-voltage-switching (ZVS) has been proposed by Divan [22]. In this inverter, shown in
Figure 1.6, the DC-bus is made to oscillate at a high frequency so that the bus voltage
goes through periodic zero crossings. This allows the inverter switching devices to turn
on with zero-voltage-switching (ZVS). This topology has several advantages, including

the following [47]:

- Elimination of switching losses and snubbers

- Minimum number of power devices



- High switching frequency is achievable
- Excellent transient response

- Low acoustic noise

- Multi-quadrant operation

- Maximization of power density

- Simple power structure

However, this topology imposes considerable peak voltage stress ( > 2.5 times the DC-

bus voltage V) across the devices.

SH Ss—li%} K
1

La
"™
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oB

K K -IG

Figure 1.6. The six-switch resonant DC-link inverter [22]

Vdc_- —_ Ca -

An alternate topology for realizing zero-voltage-switching in high power converters is the
actively clamped DC-link (ACRDL) inverter [23], [33]-[35] shown in Figure 1.7. In this

topology, the presence of a clamp switch (S,) restricts the voltage stresses to nearly 1.3-
10



1.4 times DC-bus voltage (Vq), but, like the resonant DC-link inverter shown in Figure
1.6, RDCL inverters have to use discrete pulse modulation (DPM) instead of using PWM

control, which normally causes undesirable sub-harmonic oscillations [25].

SL_I Si_l Ss"l

oB
C

KE Ks

d ! i

Figure 1.7. Actively clamped resonant DC-link inverter [23]

An improved topology has been made to eliminate the problems associated with discrete
pulse modulation (DPM) strategies and resonant DC-link inverter topologies. This is the
synchronized resonant DC-link (SRDCL) that has been proposed in [36], [37] and is
shown in Figure 1.8. The control strategy that is used for this topology is a hybrid of
PWM and DPM. Although this topology offers improved performance for single-phase
applications over RDCL type converters [36], it has difficulties eliminating the sub-

harmonics of its output voltages when used in three-phase applications unless the
11



equivalent switching frequency is reduced considerably [37]. Some PWM have been
implemented in RDCL inverters [26], but the range of allowable PWM is very limited,
and the converter has difficulty maintaining the appropriate DC bus resonance required

for ZVS operation when operating under heavy load conditions [48].

Many improved topologies have been proposed to overcome the drawbacks of RDCL
inverters, either using one auxiliary switch [27]-[29] or two auxiliary switches [30]-[31].
These improved topologies still suffer from the switch overvoltage problem. The
topology proposed in [28] is complicated and bulky. In the DC-voltage-notch inverter
proposed in [29] and [47], the auxiliary switch has a hard turn-on and off that somewhat
offsets the expected savings in the losses in the main switches. Another improved
topology is proposed in [30], but it needs an initializing circuit to control the initial
inductor current, which makes the topology complex. The topology proposed in [31] has
the weakness that the auxiliary switch has a hard turn-off (with high current), which

results in high losses in the auxiliary circuit.

12
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Figure 1.8. Synchronized resonant DC-link inverter [36]

1.6.1.2. Quasi-Resonant DC-link (QRDCL) Inverters

Aiming to correct the drawbacks of RDCL inverters, many quasi-resonant DC-link
(QRDCL) inverter topologies (also known as parallel resonant DC-link (PRDCL)
inverters) have been proposed [38]. Their main objective is to avoid the high peak voltage
stress of the inverter switches and to allow the inverter to operate with PWM control.
Unlike RDCL inverters, the main auxiliary switch (DC-rail switch) in QRDCL inverters
is placed in series with the DC-link, and a controlled resonant branch is placed in parallel
with the main bridge circuit. A typical configuration of a QRDCL inverter is shown in

Figure 1.9.

13



Under normal operating conditions, the DC-rail switch passes the input power directly to
the main bridge. During switching transitions, the DC-rail switch separates the main
bridge from the input power, and the resonant branch helps to achieve soft-switching
conditions in a resonant manner. However, the main drawback of this topology is the fact
that the DC-rail switch must be placed in series with the DC-bus, so it has to conduct the
full load current of the inverter; this increases conduction losses. Also, the DC-rail switch
must be turned off under hard-switching conditions with high current, which also increase
switching losses. Other drawbacks include the fact that the PWM scheme needs to
synchronize the switching actions of the main switches (ultimately resulting in increased

ripple in the output).

The auxiliary circuits in QRDCL inverters are complicated compare to those in RDCL
inverters. The PRDCL inverter topology proposed in [38] has four auxiliary switches that
are turned off with high current. The QRDCL inverter proposed in [41], uses two
auxiliary switches, but the method used to control these switches and synchronize their
operation is very difficult and complex. The QRDCL inverter topology proposed in [49]
has a good soft-switching scheme, but it is difficult to get soft-switching operation for

wide operation range.

The parallel resonant DC link (PRDCL) inverters proposed in {50]-[52] have lower output
voltages than traditionally hard switching inverters using the same control strategies, and
the switches or resonant components in the DC link cause high losses [50]. In [53], a
novel resonant pole three-phase inverter that permits the zero-voltage switching of the

main switches and the zero-current switching of auxiliary switches is proposed. It has a
14



small power auxiliary circuit, low switching power losses, and low peak voltage stresses

due to resonant voltage and is the best PRDCL type inverter.

-1-'_{_:__2" ] T r—
e KA

T R b | -
| s, S Se Ao
x|k KFEK

Auxiliary circuit

Figure 1.9. Typical configuration of quasi-resonant DC-link inverter

1.6.1.3. DC-Rail ZVT Inverters

Three-phase DC-rail zero-voltage-transition (ZVT) inverters were first introduced in [43],
and an example inverter is shown in Figure 1.10. Like QRDCL inverters, DC-rail ZVT
inverters have an auxiliary switch (DC-rail switch) that is placed in series with the main
DC-bus, which causes high conduction losses. The DC-rail switch is turned off at high
current, which also causes high switching losses. Moreover, the implementation of the
auxiliary switch is complicated. A modification of this DC-rail ZVT inverter topology in

which the DC-rail switch is changed into diode so that the converter becomes a boost

15



rectifier is proposed in [44]. Because of this diode, bidirectional power flow is impossible

and thus boost topology cannot be used for inverters. Recently, a DC-rail parallel

resonant ZVT inverter topology has been proposed for three phase AC motor drives in

[45], but its auxiliary circuit consists of three switches, which makes the topology too

expensive for practical implementation.
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Figure 1.10. DC-rail ZVT inverter [43]

1.6.1.4. DC-Rail Zero-Current-Switching Inverters

The DC-rail zero-current-switching inverter proposed in [46] and shown in Figure 1.11

uses two auxiliary switches to reduce the main switch turn-off losses. The auxiliary

switches help make the current through a main inverter switch to zero during a turn-off

switching transition. Conduction losses, however, increase as the auxiliary switches are
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placed in series with the main DC-bus. Moreover, this topology requires the synchronous

turn-off of the main switches, which creates additional switching events, and increases the
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Figure 1.11. DC-rail zero-current switching inverter [46]

1.6.2 AC-Side Soft-Switching Inverters

AC-side resonant inverters do not have the drawbacks of DC-link resonant inverters.
Many AC-side soft-switching inverters have been proposed, and they are either ZVT or
ZCT (zero-current-transition) topologies. Both types of AC-side soft-switching inverters
put the auxiliary circuit in shunt with the main power-processing bridge circuit so that the
auxiliary circuit does not need to carry the full load current. This is one major advantage

of AC-side inverters over DC-side inverters, which often put the auxiliary circuitry in
17



series with the main power flow path. A typical configuration of an AC-side soft-

switching inverter is shown in Figure 1.12.
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Figure 1.12. Typical configuration of AC-side soft-switching inverter

1.6.2.1 AC-Side ZVT Inverters

The auxiliary resonant commuted pole (ARCP) inverter was the first topology of this kind
to be proposed [54], [55]. A circuit diagram of the ARCP inverter is shown in Figure
1.13. In this topology, each auxiliary circuit is composed of a resonant inductor and two
switches that form a bidirectional switch configuration. The ARCP inverter can operate
with zero-voltage turn-ons for the main switches and zero-current turn-offs for the
auxiliary switches. The auxiliary turn-off loss is partially reduced with the help of
snubber capacitors that are usually paralleled with each main switch. The ARCP inverter,

however, has many drawbacks, including the following [56]:

18



The need to determine exactly when to turn on an auxiliary switch necessitates
additional sensing and precise switch timing, which reduces the overall system
reliability [60]-[61]. Zero-voltage switching will be lost and extra loss will be
incurred if these measures are not taken [62].

Measures taken to protect the auxiliary devices against overvoltage due to the
reverse recovery energy stored in the resonant inductance result in extra loss and
circuit complexity [63], [64].

The potential variation of the DC-link capacitor center tap further reduces system
reliability - this is especially true when a half-bridge inverter is feeding a heavy
low-frequency load [65]. For a single or three-phase system where the net current
flowing into the center tap during a switching cycle may add up to zero in theory
[55], the stabilization of the center-tap potential may be lost when asymmetrical
operation conditions arise between the plus and minus semi-cycle of the ac load

current in each phase.
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Figure 1.13. The ARCP inverter [54], [55]



The topology proposed in [57]-[59], can realize zero-voltage turn-ons for the main
switches and zero-current turn-offs for the auxiliary switches without using any split DC
capacitor bank in the DC-bus, but a main switch will be exposed to high peak voltage

when it is turned off when the inverter operates with non-peak load current levels [56].

The topology proposed in [56], shown in Figure 1.14, uses coupled inductors to correct
the drawbacks found in ARCP inverters, but these inductors are bulky and difficult to
design, and ways must be found to properly reset them, which makes the converter more
complex. An approach proposed in [64] uses only three auxiliary switches - only one
auxiliary switch per phase leg as shown in Figure 1.15 - and allows the auxiliary switches
to conduct resonant current in both directions (unlike the ARCP inverter in Figure 1.13).
The turn-off of an auxiliary switch, however, must be precisely timed relative to the
operation of the rest of the converter or else inverter switch may lose the ability to turn on
with ZVS. This results in the need for additional current detection circuitry (even though
the rest of the inverter is sensorless), which makes this topology impractical of many
industrial applications. A similar drawback exists for the topology proposed in [66],
which also uses three auxiliary switches to help the main inverter switches operate with
ZVS. The topology proposed in [67], which is shown in Figure 1.16, has an auxiliary
circuit that uses only one auxiliary switch in the entire converter, but the auxiliary circuit

has high conduction losses that partially offsets the benefits of the simplified circuit.
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Figure 1.14. The ZVT inverter with coupled inductor feedback [56]
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Figure 1.15. The ARCP inverter using one auxiliary switch per phase leg [64]
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Figure 1.16. The ZVT inverter using one auxiliary switch [67]
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Previously proposed ac-side ZVT inverters all have at least one drawback that limits their
effectiveness. An ac-side ZVT inverter with two auxiliary switches (Figure 1.17) is
proposed in [68], but the auxiliary switches cannot be turned off softly. Another topology
proposed in [69] needs large and bulky inductors to operate properly, which are very
difficult to design. Another topology proposed in [70] is also complicated and difficult to
design. The topology proposed in [71], uses only one auxiliary switch for the soft-
switching of all the switches, but cannot work in bidirectional way as an inverter/rectifier,

as is the case for many ZVS inverters, which limits the applications where it can be used.

An inverter that allows its main power switches to operate with zero-voltage-zero-current
switching (ZVZCS) for turn-on and turn-off transitions is proposed in [72], but it uses a
third auxiliary switch in series with the main DC-bus, which increases conduction losses.
The ZVZCS inverter proposed in [73] does not have this problem, but its implementation
is complex and expensive. The same is true for the inverter proposed in [74], which
avoids the use of a split-capacitor DC bus. The ZVZCS topology proposed in [75] is

simpler, but requires the use of a sophisticated space-vector PWM control technique and

cannot be operated bidirectionally.
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Figure 1.17. The ZVT inverter using two auxiliary switches [68]
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1.6.2.2 AC-Side ZCT Inverters

Generally, zero-current-transition (ZCT) inverters have auxiliary circuits with L-C
resonant tanks [76]-[79], as shown in Figure 1.18. By controlling the timing of the
auxiliary switches, ZCT converters can realize zero-current turn-off and near zero-current
turn-on. The ZCT inverter proposed in [76] allows the main inverter switches to turn off
softly, but the auxiliary switches are not turned off softly. The improved ZCT inverter
proposed in [78] achieves a soft turn-off for the main diodes and a zero-current turn-off
for the auxiliary switches, but main switches turn-on exposed to at least the full DC-link
voltage (which can result in significant turn-on losses), and some topologies require at
least six auxiliary switches, which is not cost effective. The topology proposed in [80]
tries to correct these drawbacks, but its main switches still have considerable turn-on
losses, and these losses are more significant in the topology proposed in [81]. The

topology proposed in [82] also has issues with losses related to the inverter switches.
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Figure 1.18. The six-switch ZCT inverter
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1.7 Choice of ZVT or ZCT

Zero-voltage-switching topologies can eliminate turn-on losses by forcing the voltage
across a main power switch to zero before turning on. They can also reduce turn-off
losses with the assistance of snubber capacitors, but large snubber capacitances are
needed to reduce the turn-off losses to a satisfactory level. Moreover, if for any reason a
zero-voltage turn-on is not achieved, the energy stored in the snubber capacitors is
dumped directly into the switch, causing excessive turn-on loss. Zero-current-switching
topologies can force the current flowing through an inverter switching device to zero
prior to its turn-off, and can thus significantly reduce turn-off losses, but are not as

effective as ZVS topologies in reducing turn-on losses.

The choice between ZCT and ZVT depends on the semiconductor device technology that
is used. In case of minority carrier devices like the IGBT, the best choice would be ZCS.
An IGBT has lower capacitive turn-on losses than a MOSFET. An IGBT has a fixed
voltage drop across its collector and emitter that is nearly independent of the current it
conducts. The nearly fixed voltage drop of the IGBT along with its higher voltage rating
and power density (as discussed in Section 1.2.) makes it the device of choice in high
power applications where switches must conduct greater currents and conduction losses
must be reduced. The main disadvantage of an IGBT is that it is a minority carrier device
and thus charge cannot be quickly removed from it when it is about to be turned off. It,
therefore, turns off very slowly and with a considerable “current tail” that creates

switching losses. These losses can be reduced if ZCS techniques are used to make the
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current flowing through an IGBT zero, before it is turned off. Doing so eliminates the

current-tail that creates the turn-off losses.

A MOSFET acts as an equivalent drain-source resistance (Rgs0,) When it conducts
current. In high power applications, where the power devices conduct greater current, the
choice of MOSFET as a power switch will result in increased conduction losses.
However, in low power applications (lower current ratings), a MOSFET is generally a
better choice than an IGBT if the converter needs to operate with high switching

frequencies. In this case, ZVS techniques are used to improve efficiency.

1.8 Objectives of Research

The main objectives of this work may be summarized as follows:
e To propose a new three-phase inverter for low power applications (< 5 kW) that has

the following features:

- It should require fewer devices than previously proposed inverters. As can be seen
from the diagrams of several of the previously proposed inverters that have been
reviewed in this chapter, many soft-switching inverters have very sophisticated

and expensive auxiliary circuits.

- It should be able to operate with high switching frequency. High switching
frequency operation can reduce the size and weight of the inverter and make the
inverter produce three-phase output voltage waveforms that are closer to being

ideally sinusoidal than those achievable by low switching frequency operation.
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Its main power switches should operate with ZVS. ZVS is the standard, preferred

option over ZCS in high frequency, low power applications.

If auxiliary circuits are used to help the inverter's main power switches operate
with ZVS, then the switches in these circuits should operate softly, if possible, and
not be subjected to excessive voltage and current stresses. Moreover, the operation
of the auxiliary circuit should not interfere with the inverter's ability to produce

sinusoidal output voltages.

It should be able to operate as an inverter (dc-ac converter) and as a rectifier (ac-
dc converter). In other words, it should be able to operate in applications where
there is a need for the bidirectional flow of power. Such applications include
application where there is battery storage (the same converter can be used to
charge the battery or to allow the battery to supply power to the mains) or in small
wind energy systems. This is something many previously proposed soft-switching
inverters cannot do, since the mechanism used to ensure that the main power
switches operate with soft-switching restricts the inverter's ability to process

power bidirectionally.

It should be able to operate with PWM control. A number of previously proposed
inverters need to operate with non-standard, non-PWM, variable switching
frequency control methods that require the intricate timing of the switching

transitions so that the inverter switches can be turned on or off softly. These
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methods are very sophisticated and do not allow the inverter to produce the same

quality of output voltage as PWM methods can.

e To analyze the steady-state operation of the new inverter so that its steady-state
operating characteristics can be determined and its operation understood.

e To develop a design procedure that will allow for the proper selection of
components to be implemented in the inverter.

e To confirm the feasibility of the proposed inverter by computer simulation.

1.9  Organization of Thesis

The thesis is organized as follows:

In Chapter 2, the new inverter is introduced. A PWM scheme that the proposed converter
can use to ensure that three-phase sinusoidal output voltages can be produced is discussed
along with its operation. The various modes of operation that the inverter goes through
during a single switching cycle are explained and are analyzed mathematically, and the

inverter's features are stated.

In Chapter 3, the results of the analysis performed in Chapter 2 are used to determine the
steady-state characteristics of the new inverter and the effect that certain individual
parameters have on its performance. A design procedure for the selection of key inverter

components is established, and then demonstrated with an example.
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In Chapter 4, computer simulation results that demonstrate the feasibility of the proposed
inverter and the validity of the steady-state analysis are presented. PSIM, a recognized
commercially available power electronics simulation software package, is used to

perform the simulations.

In Chapter 5, the contents of the thesis are summarized, the main conclusions and

contributions of the thesis are stated, and suggestions for future work are made.
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Chapter 2

Proposed Three-Phase Reduced Switch ZVS-
PWM Inverter

2.1 Introduction

In this chapter, a new ZVS-PWM three-phase inverter is proposed and its operation is
discussed. A PWM method that can be implemented in the inverter is discussed, and the
various modes of operation that the inverter goes through during a single switching cycle
are explained and are analyzed mathematically. The results of the analysis are used in the
next chapter to help determine the converter's steady-state characteristics so that its

properties can be understood. Finally, the inverter's features are discussed.

2.2 Operating Principles

The new three-phase reduced switch ZVS-PWM inverter is shown in Figure 2.1. It is
based on the reduced switch inverter that was examined in [83]-[88]. The inverter consists
of four main switches Q;, O3, Q4 and Qs and four capacitors that are each connected
across a main switch C;, C3, Cyand Cg. Each of the two inverter legs that contain a pair of
switches has an auxiliary circuit connected to it. Q,; and O, are auxiliary switches, Cy,
and C;; are clamping capacitors and Ly, Ly and Ly, Ly are auxiliary circuit inductors.
The clamping capacitor C;; and C;; help to clamp of the voltage of a main inverter switch

voltage by storing energy whenever one of these switches is turned off. Inductors Ly, Lyy
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and Lg;, Ly are responsible to limit the rate of di/dt during a switching transition. The
auxiliary circuits allow each of the four main inverter switches to turn on with ZVS. The
main inverter switches do not need help to turn off with ZVS since the rate of voltage rise
(dv/dr) is limited by the capacitor across each switch. It should be noted that C;, Cs, Cq4
and Cs can be just the output capacitance of a switching device or the sum of such a

capacitance and an external capacitor.
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Figure 2.1. Proposed three-phase inverter

2.3 PWM Operation

The proposed inverter can produce three-phase sinusoidal output voltages if a valid PWM
method is used to produce appropriate gating signals that will turn the inverter switches
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on and off at the proper instants. Although there are numerous PWM techniques that can
be implemented in inverters in general and in the proposed inverter, it will be assumed
throughout this thesis that the inverter operates with sinusoidal PWM (SPWM), which is
the one of the simplest possible methods of PWM. This will be done for simplification as
the focus of the thesis is not on PWM methods and a detailed review of these methods is
outside the scope of this thesis. The PWM method that will be used in this thesis will be
briefly reviewed, however, to better understand how the proposed inverter can produce

sinusoidal voltages.

Consider a conventional six-switch inverter, as shown in Figure 2.2 and the line-to-line
output voltage waveform shown in Figure 2.3(a) [89]. This line-to-line output voltage
(which is the voltage between two output phases, before the output inductor filters) can be
produced by very low frequency switching. This waveform can be considered to be a
sinusoid with low order harmonic frequency components according to Fourier Analysis
theory, as shown in Figure 2.3(b). If this voltage is applied to the load (along with two
other identical waveforms that are spaced 120° apart), then the filter inductors will block
most of the harmonic frequency components so that the current through the load (and thus
the voltage across the load resistances), will be sinusoidal with some distortion, as shown

in Figure 2.3(c).

The harmonic current of the output line-to-line voltage can be improved if notches are
placed in the square-wave voltage waveform of Figure 2.3(a) at appropriate locations, as
shown in Figure 2.3(d). This alters the harmonic content of the line-to-line voltage

waveform so that the frequency of the harmonic components is increased, as shown in
31



Figure 2.3(e). If the line-to-line voltage waveform of Figure 2.3(d) is fed to the load,
along with the two other line-to-line voltage waveforms, then the current through the load
will have less distortion than the waveform shown in Figure 2.3(c), as can be seen in

Figure 2.3(f).

The key to producing sinusoidal output waveform is to determine how to "chop up" the
output line-to-line voltage waveform. With SPWM, this can be done as shown in Figure
2.4 [89]. Figure 2.4(a) shows a sinusoidal modulation signal and a triangular carrier
signal. The gating signal of a switch in an inverter leg, such as the one shown in Figure
2.4(b), can be determined from the intersections of the modulating and carrier waveforms.
For the signal shown in Figure 2.4(b), this has been done by making the signal high
whenever the sinusoidal modulating waveform is greater than the triangular carrier signal
and low otherwise. The gating signal for the other switch in the same inverter leg can be
determined by making the signal low whenever the sinusoidal modulating waveform is
greater than the triangular carrier signal and high otherwise. The gating signals of the
switches in the second inverter leg can be determined by using a modulating waveform
that has been shifted by 120° in one direction with respect to the one shown in Figure
2.4(a), while the gating signals of the switches in the third inverter leg can be determined
by using a modulating waveform that has been shifted by 120° in the opposite direction. It
is with these gating signals that line-to-line output voltage waveforms like the one shown
in Figure 2.4(c). It should be noted that the amplitude of the fundamental component of
the line-to-line voltage waveform is directly proportional to the amplitude of the

sinusoidal modulating waveform.
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Figure 2.2. Conventional six-switch three-phase inverter
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Figure 2.3. Inverter voltage and current waveforms with six-step and sinusoidal PWM (SPWM) operation.
(a) Square wave output line-to-line voltage. (b) Line-to-line voltage spectrum (square-wave). (¢) Output
line current (square-wave). (d) SPWM output line-to-line spectrum (SPWM). (f) Output line current

(SPWM). [89]
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The SPWM method can be used in the proposed reduced switch rectifier if a modification
is made. This modification is the phase difference of the signal related to the two inverter
legs that have switches. In a conventional six-switch inverter, this phase difference is
120°, but in the reduced switch inverter, it is 60°. This can be explained with reference to

Figure 2.5 and Figure 2.6.
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Figure 2.4, Sinusoidal PWM (SPWM). (a)SPWM scheme. (b)VSI switch O, gating signal (c)AC term. [89]

Fig. 2.6(a) shows a conventional three-phase system with a three-phase voltage source
feeding a three-phase load. The addition of a voltage V, that is opposite in phase and
equal in amplitude to Vyto all phases, as shown in Figure 2.6(b) results in a zero sequence
component that does not affect the current flow in the system if the star (or neutral) point

remains floating - the currents I, I, and /. still represent a balanced positive sequence
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three-phase system. The result of adding voltage V- to each phase can be seen in the
phasor diagram shown in Figure 2.6(c) - the phase voltage V; is cancelled and phase
voltages V, and V. are changed into voltages V; and V'y. The magnitude of voltages V; and
Vy is greater than that of the original phase voltages ¥, and ¥, by a factor of V3, and the
phase difference between V, and Vy is 60 degrees. Figure 2.6 (d) shows the equivalent

circuit when the original phase voltages are replaced by voltages V. and V.

CuJ: QJEE_,‘(L %EE:C;
Vo2 iy R
. l'b VV\"—' -
Va2
4 &

Figure 2.5. Reduced switch three-phase inverter

The current in the phase that is coming from the center of the split-capacitor bank i. is the
result of the currents i, and i, in the two controlled phases (refer to Figure 2.5). If currents
iy and i, are sinusoidal, then current i, must also be sinusoidal according to Kirchoff's
Current Law because the sum of the three currents flowing into a three-phase load must

be zero. As a result, current i. is left "alone" as it will naturally be sinusoidal as well.
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Figure 2.6. Supplying three-phase load from two voltage sources with 60° phase shift

2.4 Converter Operation

The quality of the output waveform improves as the switching frequency of the inverter is
made higher. For the SPWM method discussed in the previous section, this can be
achieved by increasing the frequency of the triangular carrier signal relative to that of the
sinusoidal modulating waveform. Higher switching frequency operation, however, results
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in more switching losses, thus the need for ZVS operation, and the need for auxiliary
circuits that will have the inverter switch do just that. In this section, the various modes
that the inverter encounters while it is going through a switching cycle during steady-state
operation are explained. It should be noted that the main focus of this explanation is on
the operation of the auxiliary circuits and that a switching cycle is considerably smaller

than the period of the output waveforms.

A mathematical analysis of each mode that the inverter goes through during a switching
cycle will also be performed. Some assumptions have been made to simplify the analysis,
including the following: It is assumed that the circuit operates in steady state; the inverter
components are ideal; and the voltage across capacitors Cs;, Cy; and the current through
the output inductors are constant during the switching period. The proposed inverter has
nine operating intervals for a half cycle of output current. The current waveforms of
components Cs;, Ls; and Ly are shown in Figure 2.7 and the equivalent circuit for each
interval is shown in Figure 2.8. For the sake of simplicity, the discussion below will refer
to only one of the two inverter legs with switches, but it is applicable to the other leg as

well.
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Figure 2.7. Current waveforms of the snubber elements Cy;, Ly; and Lyy

1) Interval-1(tyt)):
The description begins with the interval when the auxiliary switch Q,; is turned on.
During this interval, the output current i, is delivering energy to the source via diode D;.
At the same time, additional current, .4, is flowing in the loop consisting of Ls;, Qas, Cy;
and Ls,. At the end of this interval, the current through inductor Ly, reaches its maximum
value i1 may The current iz is the sum of i.s, and i, This stage precedes a switching
transition of main switch Q.. At time #,, current izgy becomes positive and increases
linearly. This current is ultimately responsible for the ZVS turn-on of Qs The key

equations that describe the operation of the inverter during this interval are:
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. |4
ipsa(£) = . 2.1)

ips1(t) = ipsa(t) + ig (2.2)
Vea(t) = E 4 Viesq (2.3)
Vear(t) = 0 (2.4)

where E '—‘%-l- V—ggand Ly=1Lg; + Lgy

2) Interval-2(t,-t)):
Interval-2 begins when auxiliary switch Q,; is turned off. The current izs, begins to charge
the capacitance C,; from 0 towards (E + V) and to discharge Cy from (£ + Vi)
towards 0. The key equations that describe the operation of the inverter during this

interval are

Vey (£) = — ‘i%“—"l t+ (E+ V) (2.5)
Vear (6) = L2 ¢ 2.6)

irsa () = irsa(max) (2.7)

irs1 () = lpsatmax) T la (2.8)
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3) Interval-3(t,-t3):
This interval starts when Cy is fully discharged and current begins to flow through the
anti-parallel diode across Qy, Dy. As soon as this happens, Oy can be turned on with ZVS.
Inductors Ly; and Ly each have a voltage E across them so that so both currents iz;; and

irs¢ decrease linearly, according to
. E .
lLs4(t) == L_s t+ lisaimax) (2.9

4) Interval-4(ts-ty):
This interval begins when i, reverses direction and ramps up while i;5; continues to ramp
down. This interval ends when i, also changes direction. The key equations that describe

the operation of the inverter during this interval are

. E
ipsa(t) = = Lot (2.10)

ips1(t) = ipsa(®) + ig(2) (2.11)

5) Interval-5(t,ts):
Interval-5 starts when current i;; begins to charge C; from 0 towards (E + V¢y) and to
discharge C,; from (E + Vcy) towards 0. The key equations that describe the operation of

the inverter during this interval are

i1s1(min)

vey (8) = 2c, t (2.12)
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Veay () = — 228 44 (B4 V) (2.13)

2Ca1
i1 (£) = = ips1 (min) (2.14)
lL54 ()= - ile(min) — g (2.15)

6) Interval-6(ts-ty):
This interval begins when C,; discharges to 0 and current begins to flow through diode
D,;. This allows auxiliary switch O,/ to be turned on with ZVS. Currents i, and iz
decrease due to the voltage V¢, applied by the capacitor C;. The key equations that

describe the operation of the inverter during this interval are

. Ves
ips1(t) = —fs—l.t (2.16)
I1sa () =i (£) — i, (2.17)
Ve (V) = E +Vesy (2.18)

7) Interval-7(ts-t;):
This interval begins when current iz, changes its direction and flows through switch Q.
Currents i, and iz continue to increase linearly. The key equations that describe the

operation of the inverter during this interval are

i (t) = VLLS“.t (2.19)
ipsa (£) = ipsy (0) — ig (2.20)
Ve (©) = E + Vg Q221
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8) Interval-8(t;-ts):
This interval starts when main switch Qy is turned off. At this instant, the current through
(5, changes direction, moving from Q,; to D,;. Capacitor Cy charges from zero to
(E + V5,) and capacitor C; discharges from (E + Vi) to zero. The key equations that

describe the operation of the inverter during this interval are

i
Vey (t) = 2_34 .t (2.22)
i

vey () = — 2—2‘1 4+ (E+Vesy) (2.23)
i (t) = 252 At 224
Lsilt) = = =8 (2.24)

_ ile(min)Ls

where At; = D.Tg + B

Cst

9) Interval-9(ts-ty):
This interval begins when C; is discharged to 0 and current starts to flow through diode
D, while Cy is charged to (E + Vgq). During this interval, i, continues to decrease and
irs; continues to increase. At the instant when i reverses and moves from D,; to Q.
Interval-1 begins. The key equations that describe the operation of the inverter during this

interval are

. |4 4
()= =2 t+ LAty (2.25)

Ls s

ipsa(t) = —ig + Qs (0) (2.26)
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Three transition intervals, Intervals 2, 5, and 8, are very short. In Figure 2.7, i1cpmax
denotes the final current value of the auxiliary switch O, just before this switch is turned

off to initiate the ZVS turn-on of @ main switch.
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(e) Interval-5 (ts-ts)

(f) Interval-6 (ts-te)
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Figure 2.8. Operation Intervals. (a) Interval-1 (to-t;). (b) Interval-2 (t,-t,). (c) Interval-3 (t>-t3).
(d) Interval-4 (t;-ty). (e) Interval-5 (t4-ts). (f) Interval-6 (ts-t¢). (g) Interval-7 (ts-t7).

(h) Interval-8 (t;-tg). (i) Interval-9 (ts-to).

2.5 Inverter Features

The proposed inverter has the following important features:

e It has most of the benefits of a conventional three-phase inverter, but at a reduced

cost as it has four main power switches instead of six.

e The main inverter switches can be turned on with ZVS with the help of an auxiliary
circuit in each leg. Its main switches can be turned off with ZVS due to the presence

of a capacitor across each switch that helps slow down the rise in voltage that occurs
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whenever a main switch is turned off. Since the overlap of voltage and current that
would otherwise occur whenever a main inverter switch undergoes a switching
transition is significantly reduced (in the case of the turn-on transition it is close to

zero and as voltage across the switch is almost zero) so too are switching losses.

The switch in each auxiliary circuit also operates with ZVS.

Since the auxiliary circuit operates for a small fraction of a switching cycle, the
device that is used for the auxiliary switch can be a smaller, lower power rated,

cheaper device than a main inverter switch device.

The auxiliary circuits that are connected to each inverter leg do not interfere with the
inverter's ability to produce a sinusoidal three-phase output voltage unless the
switching cycles are very small. Extremely small switching cycles means that the
duration of auxiliary circuit operation becomes significant relative to the switching
cycle so that the output voltage pulses that appear before the filter inductors may be
distorted. Since very small switching cycles are due to converter operation with very
high switching frequencies that cannot be used with hard-switching inverters

(because of their switching losses), this phenomenon is not a concern.

A very attractive feature is that the presence of the auxiliary circuits in the inverter
does not interfere with the inverter's ability to operate as a rectifier (ac-dc converter)
as well as an inverter. This is unlike many other previously proposed ZVS-PWM
inverters that cannot operate with ZVS unless they operate only as inverters. This

feature is important because it allows the inverter to be implemented in applications
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where there is a need for the bidirectional flow of power. Such applications include
application where there is battery storage (the same converter can be used to charge
the battery or to allow the battery to supply power to the mains) or in small wind
energy systems. It should be noted that the details of rectifier operation will be not
discussed in the thesis as the converter waveforms and modes of operation are

identical to those produced by inverter operation.

The main limitation that the proposed inverter has when compared to the conventional
three-phase inverter is it can handle the maximum power. This is because it has fewer
main power switches so that each main switch is subjected to more current stress than is a
main switch in a conventional three-phase converter when the converter tries to deliver

the same amount of power.

2.6 Conclusion

In this chapter, a new three-phase inverter was proposed. The inverter is based on a
reduced switch topology that can produce three-phase sinusoidal output voltages. A PWM
method that allows the new inverter to produce these voltages was presented, and the
various modes of operation that the inverter goes through during a single switching period
were explained and a mathematical analysis of each mode was performed. The result of
the analysis will be used in the succeeding chapters of this thesis. Finally, the salient

features of the proposed inverter were stated.
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Chapter 3
Analysis and Design of the Proposed Inverter

3.1 Introduction

In this chapter, an analysis of the proposed inverter, related to its ZVS operation, is
presented. The results of the analysis are then used as part of a design procedure to ensure
that the main converter switches operate with ZVS. The design procedure is demonstrated

with an example that shows how the value of certain key components can be selected.

3.2 Minimum Current Required for ZVS

Consider the inverter leg that has switches Q; and Q,. The process that allows for the
zero-voltage switching (ZVS) turn-on of one of these main switches is initiated by turn-
off of the auxiliary switch Q,;. For example, say that the switch that is to be turned on is
Q,. When Q,; is turned off (Interval-2), the energy that is in inductors Ly and Ly
discharges switch output capacitance Cy and charges auxiliary switch output capacitance
Car, as the current that was flowing through Q,; must have a path to flow through (refer to
Figure 2.8(b)). Once switch output capacitance Cy is fully discharged, current starts to
flow through the body-diode of Q,, which clamps the voltage across this device to zero

(neglecting the body-diode's forward voltage drop) and thus allows the switch to be
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turned on with ZVS. A similar process allows Q; and Q4 to be turned on with ZVS with
the help of Q,;, and switches Q; and Qs to be turned on with the help of Q...

0, can turn on with ZVS only when there is sufficient energy in L;; and Ly to discharge
C,and charge C,;. Current must be flowing through the body-diode of a switch while it is
being turned on and this is not possible without the discharging of C,and the charging of
(.. Since the energy stored in L;; and Ly must be sufficient to make the voltage across
Cy go from (E+V¢y) to zero and make the voltage across C,; go from zero to (E+Vcs)),

the following condition can be formulated based on these energy considerations,
-2
Ls ' lLs4(max) = (Cal + 64)(E + VCsl)2 (3.1

where Vg, is the voltage value across Cgq (approximately constant during a switching
period), E is the dc-bus voltage, and L, = Ls+Lsq. Assuming that Ve << E, then eqn. (3.1)

can be written as,

., Cqrt C
lLs4(max) 2 E. alLS - 3.2)

The aim of the following analysis will be to find the necessary conditions to satisfy (3.2)
over the whole period of the line frequency. Since the time required for switch (J, to turn
on with ZVS is negligible compared to the switching period, therefore, only Interval-6

and Interval-7 will be considered in the analysis.
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Considering Interval-6 and Interval-7, an expression for current i;s4 (¢) can be obtained

from eqns. (2.17) & (2.20)),

. 14 .
ipsq () =— —Ifsl.t + i, (3.3)

s
It can be seen from eqn. (3.3) that /.. (?) is dependent on the voltage across the active-
clamp capacitor Cy,, and the per phase load current i,. The next steps in the analysis are,
therefore, to determine expressions for these parameters that can be substituted in eqn.
(3.3).

From the mathematical analysis of the modes of operation presented in Chapter-2, the

average current of Cy, can be written as

ty (Vs . Ts [V . )
ft57 (ﬁt — ngl(min)) dt + ft7 ( Cs1 t— lle(min) - la) dt] (34)

s 1
l = —
Csi(avg.) T, [ Lg L

where T is the switching period. Since the time between the activation of Q,; and the
turning on of Qy is negligible compared to the switching period, therefore, the following

simplifications can be made

te =t = (3.5)

t,— ts=D.T, (3.6)
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where D is the time interval of Interval-6 and Interval-7. From eqn. (3.5) and (3.6), the
following expression can be written

t,=D.T, (3.7)

Substituting eqn. (3.7) into (3.4) gives

, 1 [ ¢D.Ts (Vis . Ts [V . .
lcsi(avg) = -T_s' [fo ('%t - lle(min)) dt + D.TS( f:l t— lisi(min) — la) dt](3-8)

As the voltage across clamping capacitors Cy;, and Cs; are considered constant during the

switching period, thus the following statement can be derived,

d 1 Ts .
= [Fs—l Jo© igs1dt + Vesy(t = 0)] = Constant 3.9

Taking derivative on both side of eqn. (3.9) yields,

> [ 1 T . _
- [C—Slfos icsy dt | =0 (3.10)
From eqn. (3.10) it can be seen that the average current of Cy, in a switching period is
zero. Since the average current of Cgq is zero, eqn. (3.8) can be solved to give the

following expression for Ves).

2.Lg 7. .
VCsl = [lle(min) + la(l - D)] (3.11)

Ts

The next steps in the analysis are to determine i, and D .
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If the per phase load current i, is a sinusoidal function and in phase with the per phase
output voltage, then the following expression can be derived from conventional pulse

width modulation theory [90],

Em,

i(wt) = .sinwt (3.12)

Lout
where m, is the modulation index for leg-A (containing switch O; and Q;), Z,. is the per

phase load impedance, which can be given by

Zout = R+j2*m=*f L) (3.13)
R is the per phase load resistance, f is the output voltage frequency, and L is the per
phase load inductance.
To determine an expression for D for eqn. (3.11), the inverter per phase output voltage
must be found. This voltage can be expressed from the standard equation [91], which is

given by
v, =E (D-2) (3.14)

2

where v, is the inverter per phase output voltage. From eqn. (3.14), D can be written as

Vg

1
D= ry + > 3.15)
The inverter per phase output voltage is given by
Vo (wt) = V2. 040ms) - Sin 0t (3.16)
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where wt is related to the line period. The rms output voltage can be written as

Em,

Va(rms) = 22 (3.17)

where m, is the modulation index for leg-A (contain switch Q; and Q). which can be

written as [90],

Veg (t
my =35, (t) = tv_d(g) (3.18)

2

From eqn. (3.15), (3.16), and (3.17), D can be determined to be

D(wt) = Z%.sinwt + % (3.19)

Since expressions for i, (eqn. (3.12)) and D (eqn. (3.19)) have been determined, these

expressions can be substituted into eqn. (3.11) to give the following for the capacitor

voltage Vg

Emg 2

E. mg

2.L . .
VCsl(wt) = —Tsi [lle(min) + sin wt —

4.Zout 4.Zout

.sin? wt ] (3.20)

From eqn. (3.3) and (3.20), an expression for iz« can be obtained as

E. m3%

ipsa(wt) = 2ile(min) T 2o

.sin? wt (3.21)

To guarantee that the inverter switches turn on with ZVS, the minimum value of current
i,¢4 Obtained from eqn. (3.21) must be greater than the value obtained from eqn. (3.2). As

in eqn. (3.2) the value of V¢, is neglected, thus the value of iz, provided by eqn. (3.2)
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will be less than the value of iy, provided by eqn. (3.21). Thus the condition shown in
eqn. (3.2) will be considered, as this is the worst-case condition for the circuit for the

design procedure.

3.3 Minimum Time-Interval Required for ZVS

During Interval-3, the supply voltage appears across L. As a result, current i;,; ramps
down linearly and becomes negative during this interval. Q4 should be turned on before
irs; ramps down to zero to achieve ZVS because by this time, the output capacitance of
Qy, Cy, is fully discharged and current is flowing through the body-diode of Oy, D,. If this
is not done the circuit goes back into Interval-2 and the voltage across Q,; builds up

again.

From the above discussion, it can be seen that for the ZVS of Q. its body capacitor should
be discharged fully and the voltage across Q, reduces to zero following eqn. (2.5), during

Interval-2, which can be written as,

Voo = (E + Vesy) — %(tz —t,)=0 (3.22)
where
E+V s
(t;—t) = L-le (3.23)
2C4
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In order to achieve ZVS for the switch Q,, it is necessary to have at least the time interval

shown in eqn. (3.23) to fully discharge the capacitor Cy.

3.4 Design Procedure

A systematic procedure is needed to design the proposed inverter so that it can be
implemented in a way that satisfies certain desired criteria. This involves selecting
appropriate values for the clamping capacitors C;, Ci2, and inductors Ly, Lgs and Lgs, Lgs
so that the following key design objectives are achieved.
(i) The current and voltage stresses of the inverter switches should be kept as
low as possible.
(ii) The conduction period of the auxiliary switches should be as low as

possible to decrease the auxiliary switching losses.

3.4.1 Converter Specifications

The converter is to be designed according to the following specifications:

E = % + V—;‘E =400 V bus voltage;

m, = 0.866 (for switch Q; and Q) modulation index;

P,,.= 1500 VA output power;

Vour = 120V r.m.s output voltage
i,=59A output current (per phase);
fs=25kHz switching frequency;

f =60Hz output frequency;

L =500 uH load inductance (per phase);
R=30 ohm load resistance (per phase);
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The above values are chosen considering the worst-case situation when the inverter is
running under full load condition. The voltage and current ratings of the main switches
are to be chosen to be 500 volts peak and 5 amperes r.m.s respectively. It is customary to

have at least 10% tolerance with the ratings.

It should be noted that the converter will be designed so that it begins to lose its ZVS
ability when operating with less than 40% of the full load current. It is a standard practice
not to design a converter to operate with ZVS under very light load conditions (i.e. close
to no-load) as the losses created by the auxiliary circuit would exceed the losses that are
trying to be saved. When the load dips below the 40% level, the main inverter switches
begin to turn on with some voltage across them. It is only when the load is very light,
close to no-load, that the main inverter switches turn on with significant voltage across

them.

3.4.2 Choice of Inductors Ls; and Lg,

Ls; and Ly should be chosen to satisfy eqn. (3.2), to ensure that the main converter
switches turn on with ZVS when the load is at least 40% of full load. They should also be
chosen to minimize the reverse recovery losses in the body-diodes of the main switches,
such as diode D,. Reverse recovery losses can be decreased by gradual decrement of
current from the diode D,. However, it’s important to have an overview on the reverse

recovery phenomenon of diode to make this concept clear.
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An ideal diode conducts current only in the forward direction and never in the reverse
direction. However, in reality, when a diode is reverse-biased, the stored minority carriers
in the device must return to the opposite material. It takes time for the electrons to move
from the p-material back to the n-material and the holes to move from the n-material to
the p-material. During this time the current flowing through a diode is decreased to zero,
and may momentarily become negative before finally becoming zero, as shown in fig.
(3.1). This negative current is referred to as reverse-recovery current in the power
electronics literature since it flows through the device during the time t; needed by the
diode to “recover” from its previous current conduction state. This reverse-recovery
current can lead to power losses in the diode due to the overlap of voltage and current that
exists while the diode is recovering. These adverse effects can be significant in high-
frequency applications, and thus fast-recovery diodes with short reverse recovery times

(t7) are widely used in high-frequency converters.

Referring to Interval-3 of converter operation, the time in which current is fully diverted
from the body-diode, D, to the main switch Qy is given by eqn. (2.9), which is

reproduced here,

. E .
lLs4(t3 - tz) = - ZS' (t3 - tz) + lLsa(max) = 0 (3.24)
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Figure 3.1 Reverse recovery current in a diode.

Rearranging eqn. (3.24) results in

(ts—t)) = ———l“"(;"“") L (3.25)

The duration of this (t3-t;) interval of operation given by eqn. (3.25) should be made such
so that that it is at least three times greater than the reverse recovery time of the body-
diode of a main power switch, (t3-t;) > 3t where t is the reverse recovery time for the
diode. This will ensure the gradual removal of charge from the diode, and thus the
elimination or near elimination of diode reverse recovery current (and thus the losses

associated with it).

Substituting t,; into eqn. (3.25) yields

(b —t;) = =09 [ > 3¢, (3.26)

Rearranging eqn. (3.26) results in
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iLs4(max) > (Los+ Ls4)- (3.27)

From eqn. (3.2) (with the left-hand side of the equation equal to 40% of i;smay) and

(3.27), the following expression can be obtained

2
(L1 + Lgy) > Btrr)” (3.28)
2C,

This equation takes into account the ZVS condition (that ZVS occurs when the converter
is operating above 40% of full load) and the reverse recovery criterion. If the value of 1,
is chosen as 80 nsec (a typical reverse-recovery time for MOSFET body-diodes), and E =

400 volts, C4 = 5nF, then, from eqn. (3.28),

(Lo + Lgy) = 5.76 uH (3.29)
Since LSI = Ls.;,

Lgy = Ly, > 2.88 uH (3.30)

Based on this condition, a value of Ls; = Lsy= 3 uH is used. As larger inductor sizes will
result in the physical converter circuit becoming more bulky and heavy, so a value near

the lower boundary level for ZVS operation has been chosen for Lg; and Lsy.
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3.4.3 Choice of Capacitor Cy;
The maximum voltage across the main switch Oy is given by

Vo tmax) = (E + Ves1) +ipsa Zog (3.31)

Substituting eqn. (3.2) into (3.31) results in

2C
Vos maxy =E + E Es—f (3.32)

From eqn. (3.32), it can be seen that if the value of Cy; is increased, Vpy (maxy Will
decrease. On the other hand as the value of Cy; increased, the on-time of the auxiliary
switch (£,,) is increased, which results in lower conduction losses. So, to choose an
appropriate value for the clamping capacitor (Cy,) a trade-off is needed to ensure that the

key design objectives that were described in Section 3.4 are satisfied.

To ensure that this happens, it is necessary to have graphs of characteristic curves that
show the relationship between the on-time of the auxiliary switch (#,.) and the active-
clamp capacitor (Cs/), the main switch voltage stress (Vpsmax)) and the active-clamp
capacitor (Cs;), and the main switch peak current ({o4peary) versus the active-clamp

capacitor (Cy;). Such graphs are shown in Figures 3.2, 3.3, and 3.4 respectively.
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Figure 3.2 Switching stress of switch, Oy versus clamping capacitor, Cy;

3
{ &
1
I
|
1
1
|
- ST S S -
{ @3
1
|
|
|
1
! <
F--- B et el SRR i
I -
I
1
|
|
|
| =
- R e
|
1
1
| ~
} o
L1z E
=
[ r =
I &}
|
i
1
1
| €
- i ettt Bty B
i
|
I
1
1
!
.................. Lo lg
! o
|
|
I
1
) |
o I ~
oo L___13&
K = ot 1 1
I 1
woow |
] !
|
1
! =
L]
L7 WYy rey "Wy *©] 1 h—
<t I 1 —

{(oasn)

")

Figure 3.3 On-time of auxiliary switch, O, versus clamping capacitor, Cs;

64



6.0 T

3 i 1 i i H
wepn ] 5= 1 2uH ! { | l : ;
s5b|mm—ls=touH|___ 1 ______ I Ao Do e b R .
e ] = SuH 3 E E y
sol | o= GuH R S e ! . B
: ¥
i H
R e e L —
< ‘
e §
= e s o w2 vor b e e v il s o BT s om0 e o o o e D s § S .
a*or !
3, :
~ H
35 e b e gl e e i e o b =
H
3.0 o ot P e e e e M —
i &
H
i H
25Fmmm T T ST T B il EER Rl Rl bl Ehe b St ™
3 § i 1 i 4 ¥
i i I [} 1 H H
i ] ] I ] El H
20 i i (- 3 4 4 ke
100 200 300 40 500 600 700 800 900

Figure 3.4 Peak current of switch, O, versus clamping capacitor, C,

From Fig. 3.2 it can be seen that the main switch peak voltage (Vosmay) is decreased as
the clamping capacitor (Cs;) value is increased. Moreover, the main switch peak voltage
(Vop4maxy) is increased as the value of Lg is increased. However, Ls= 6 uH gives the best
result to minimize the main switch voltage stress. If the clamping capacitor value is
chosen within 500 nF to 600 nF with Lg= 6 uH, then the main switch peak voltage is
within the 10% tolerance level; whereas Lg= 8uH, Ls= 10 uH , and Ls= 12 uH would not
be good choices as they are more likely to result in main switch peak voltage that are not

within the 10% tolerance level.
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From Fig. 3.3, it can be seen that the on-time of auxiliary switch, Oy, is increased as the
clamping capacitor (Cs;) value is increased. Moreover, the on-time of auxiliary switch,
Q. is increased as the value of Ls is increased. If the clamping capacitor value is chosen
within 500 nF to 600 nF with Ls= 6 uH, then the on-time of auxiliary switch is just 2.5
usec to 3 usec which is considerably low to minimize the conduction losses in the
auxiliary switch and also to maintain all the condition for ZVS operation. A clamping
capacitor value within 500 nF to 600 nF with Lg= 6 uH also results in a low on-time for
the auxiliary switch.

In Fig. 3.4, it can be seen that the peak-current of the main switch (Zpspear) is increased as
the clamping capacitor (Cs;) value is increased. Moreover, the peak current of the main
switch (Ipsgpean) is decreased as the value of Lg is increased, and thus a trade-off between
switch voltage stress may need to be considered. However, if a clamping capacitor value
is chosen within 500 nF to 600 nF, the peak-current does not vary that much for various
values of L;. A clamping capacitor value of 500 nF is, therefore, an appropriate value for

the converter that will fulfill the design objectives stated in Section 3.4.

3.5 Conclusion

In this chapter, an analysis of the proposed inverter, related to its ZVS operation, was
presented. The results of the analysis were used as part of a design procedure to ensure
that the main converter switches operate with ZVS. The design procedure was
demonstrated with an example that showed how the value of certain key components can

be selected.
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Chapter 4
Simulation Results

4.1 Introduction

In the previous chapter of this thesis, it was shown how certain key components related to
the auxiliary circuits of the proposed converter can be selected so that the inverter
switches can operate with ZVS. In this chapter, results obtained from computer
simulation that demonstrate the feasibility of the proposed inverter with the component
values that were selected in the previous chapter are presented. PSIM, a recognized
commercially available power electronics simulation software package, is used to
perform the simulation. Simulations were performed for different load operating
conditions to see if the inverter can maintain its ZVS ability as predicted or if over

consideration need to be taken into account in the design of the inverter.

4.2 Simulation Results

Simulations were carried out to verify the feasibility of the proposed inverter. At first, the
inverter was simulated with 100% load and the following specifications: Bus voltage E =
400 V, output power Py = 1500 VA, switching frequency f; = 25 kHz. After that, the
inverter was simulated with 50% load and 30% load respectively. For all the load
conditions, the inverter was implemented with the following parameters that were
determined in the previous chapter: Ly, = L= L= L= 3 pH, Cs; = Cs2 = 500 nF, L=100

uH, R = 300hm.
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Figure 4.1 to Figure 4.6 show the simulation results that were done for 100% load. Figure
4.1 shows the voltage and current waveforms of the main switch Q;. From the figure it
can be seen that the switch Q; turns on with ZVS - that the current is following through
the body diode of Q; when the switch is supposed to be turned on. As a result, the voltage
across the switch is zero when it is about to be turned on and thus it can turn on with
ZVS. Figure 4.2 to Figure 4.6 show the voltage and current waveforms of switches Q.
03, Os. Oar, and Q,; respectively. In all these cases, the switches are turned on with ZVS,

which confirms the inverter’s ability to operate with all its switches turning on with ZVS.
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Figure 4.1. Voltage and current wave forms of switch, Q; (100 V/div, 3 A/div, 4us/div)
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Figure 4.2. Voltage and current wave forms of switch, Q, (100 V/div, 3 A/div, 4pus/div)
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Figure 4.3. Voltage and current wave forms of switch, Q3 (100 V/div, 3 A/div, 4ps/div)
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Figure 4.4. Voltage and current wave forms of switch, Qs (100 V/div, 3 A/div, 4pus/div)
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Figure 4.5. Voltage and current wave forms of switch, Q4 (20 V/div, 4 A/div, 8us/div)
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Figure 4.6. Voltage and current wave forms of switch, Q,> (20 V/div, 4 A/div, 8us/div)

Figure 4.7 to Figure 4.10 show simulation results for the main inverter switches for the
case when the inverter is operating with 50% load, and Figure 4.11 to Figure 4.14 show
simulation results for the main inverter switches for the case when the inverter is
operating with 30% load. When these two sets of results are compared to those shown in
Figure 4.1 to Figure 4.4, it can be seen that the negative current through the main
switches, which is an indication of ZVS operation, is largest for the case when the
inverter is operating with 100% load and non-existent for the case when the inverter is

operating with 30% load.

When the converter is operating with 30% load, the inverter switches do not have the

ability to turn on with ZVS, and thus turn on with switching losses. This is consistent with
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the way that the inverter was designed in Chapter 3 to allow the main inverter switches to
operate with ZVS as long as the load is greater than 40% of full load. As can be seen from
the simulation results, the inverter switches can operate with ZVS at 50% load, but not at

30% load. This confirms the validity of the design procedure.
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Figure 4.7. Voltage and current wave forms of switch, O, (100 V/div, 3 A/div, 4ps/div)
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Figure 4.8. Voltage and current wave forms of switch, Q, (100 V/div, 3 A/div, 4us/div)
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Figure 4.9. Voltage and current wave forms of switch, Q5 (100 V/div, 3 A/div, 4us/div)
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Figure 4.10. Voltage and current wave forms of switch, Qs (100 V/div, 3 A/div, 4ps/div)
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Figure 4.11. Voltage and current wave forms of switch, Q; (100 V/div, 3 A/div, 4us/div)
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Figure 4.12. Voltage and current wave forms of switch, Q4 (100 V/div, 3 A/div, 4ps/div)
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Figure 4.13. Voltage and current wave forms of switch, Q3 (100 V/div, 3 A/div, 4ps/div)
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Figure 4.14. Voltage and current wave forms of switch, Qs (100 V/div, 3 A/div, 4ps/div)

Figure 4.15 shows the three-phase output voltage of the proposed inverter. It can be seen

that the presence of an auxiliary circuit in each inverter leg does not interfere with the

inverter's ability to produce a balanced three-phase output voltage like a conventional

three-phase inverter.
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Figure 4.15. Three-phase output voltage (100 V/div, 10 ms/div)

Figure 4.16 shows simulation results of the current through the inductors L,; and Ly, when
the converter is operating with 100% load. Since the currents through these inductors are
critical parameters in the design of the inverter auxiliary circuits, which are the
"mechanism" that helps the inverter switches to operate with ZVS, and since the design of
the auxiliary circuit is based in part on the Interval equations that were derived in Chapter
2, a test was made to confirm the validity of these equations. This test involved writing a
MATLAB program (Appendix-A) that used the necessary Interval equations to generate
real-time graphs of the currents in inductors Ly; and Ly, as shown in Figure 4.17, so that
the validity of the equations can be confirmed against the PSIM simulation results. It can
be seen that there is a close match between the PSIM results of Figure 4.16 and the

MATLAB results of Figure 4.17.
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Figure 4.17. Current through Ly, and Lsy (in MATLAB)

In order to further validate the Interval equation that were derived in Chapter 2, a
comparison of the peak voltage stress of the main inverter switches obtained using the

MATLAB program and that obtained by simulation using PSIM was made for the case
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when the inverter was operating with 100% load current. The comparison is shown in

Table 4.1. It can be seen that there is a close match between the two sets of results.

Switch Analytical Switching Simulated
Stress Switching Stress

0 456.57 V 458.50V

Oy 456.57V 462.70V

0; 456.57V 461.25V

Os 456.57V 460.75V

Table 4.1. Switching Stress

4.3 Conclusion

In this chapter, the operation of the proposed inverter was examined using PSIM, a
recognized commercially available power electronics software package. The results
obtained from the simulation confirmed the feasibility of the proposed inverter. Based on
these results, observations were made as well as a comparison between the simulated and
analytical results. The simulated and analytical results were found to be in good

agreement.
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Chapter 5
Conclusion

5.1. Summary

Dc-ac inverters convert a dc input voltage into a desired ac output voltage and are widely
used in many industrial applications, including utility grid interfaces, motor drives, and
wind energy systems. Because of their widespread use, there has been considerable
interest to try to make them more efficient to conserve energy. One way of doing so is to
reduce the losses that are generated by the switching of the inverter devices as they help
convert the dc input voltage into an ac output. As a result, there has been considerable
research into implementing inverters with so-called soft-switching - zero-voltage and
zero-current switching techniques that make either the voltage across a switch or the
current through it zero at the time of a switching transition (from on to off or off to on).
Since the power dissipated in a switch is related to the amount of overlap of voltage and
current during a switching transition, making either the switch voltage or switch current

zero at this time can result in a significant reduction in switching losses.

The focus of this thesis has been on a new, reduced switch, zero-voltage switching (ZVS),
three-phase dc-ac inverter. The proposed inverter has the following attractive features:
e [t has most of the benefits of conventional three-phase inverter, but at a reduced cost

as it has four main power switches instead of six.
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e The main inverter switches turn on with ZVS with the help of an auxiliary circuit in
each leg, and turn off with ZVS due to the presence of a capacitor across each switch.

e The switch in each auxiliary circuit also operates with ZVS.

e Since the auxiliary circuit operates for a small fraction of a switching cycle, the
device that is used for the auxiliary switch can be a smaller, lower power rated,
cheaper device than a main inverter switch device.

e The auxiliary circuits that are connected to each inverter leg do not interfere with the
inverter's ability to produce a sinusoidal three-phase output voltage.

e The inverter can also operate with ZVS even if it is operated as a rectifier (ac-dc
converter), which makes it very useful for applications that require a bidirectional

power flow.

In this thesis, an extensive literature review of previously proposed soft-switched
inverters was performed in Chapter 1 and the strengths and weaknesses of each type were
stated. The new inverter was then presented in Chapter 2 and its operation was explained
in detail. A PWM method was reviewed to show how a reduced switch inverter can
produce three-phase sinusoidal output waveform, and how the use of an auxiliary circuit
in each of the two converter legs with switches allows these switches to turn on with
ZVS. Since auxiliary circuits are placed at the inverter leg instead of at the dc bus, as is
the case with many previously proposed ZVS inverters, the proposed inverter can also

operate as a ZVS rectifier if needed.
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The steady-state operation of the new inverter was analyzed in Chapter 3. As a result of
the analysis, the boundary for ZVS operation was determined and graphs of key steady-
state characteristic curves were generated. The graphs provided insight as to the relations
between certain key parameters and were used as a part of a design procedure that was

demonstrated with an example.

The feasibility of the proposed converter was confirmed in Chapter 4 with simulation
results obtained from PSIM, a widely used, commercially available software simulation
package for power electronics. It was shown that the inverter switches can operate with
ZVS under various load conditions while providing sinusoidal three-phase ac output
voltages. The validity of the analysis in Chapter 3 and the interval equations in Chapter 2
were confirmed by comparing results obtained from PSIM with analytical results
obtained from a MATLAB program. The MATLAB program was based on the analysis
that was performed in Chapters 2 and 3 and generated auxiliary circuit waveforms that

closely matched those obtained from PSIM.

5.2. Conclusions

The following can be concluded based on the work that was done in this thesis:
e [t is possible to model the ZVS operation of the converter in a well-defined manner
so that its steady-state characteristics can be accurately determined and used in its

design.
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e The operation of the auxiliary circuits will not interfere with the inverter's ability to
produce a three-phase sinusoidal output voltage as long as the auxiliary circuits
operate for only a fraction of the switching cycle of the inverter.

e A number of trade-offs or compromises must be considered in the design of the
auxiliary circuit. The most significant of these include a compromise between the
length of auxiliary circuit operation time and the ability of the inverter switches to
operate with ZVS and the length of auxiliary circuit operation time and the peak

voltage stresses of the inverter switches.

5.3. Contributions

The following are the main contributions of this thesis to the power electronics literature:

e A new three-phase reduced switch ZVS-PWM inverter was presented in this thesis.
The new converter has many attractive features, as listed above.

e The ZVS operation of the inverter was analyzed so that the steady-state
characteristics of the converter were established. This allows for a solid
understanding of the operation of the inverter.

e A design procedure that can be used in the selection of key inverter components was
presented. The procedure can be used to ensure that the main inverter switches turn
on with ZVS.

e The feasibility of the converter and the validity of the analysis were confirmed with
simulation results. This confirmation proved that the inverter can be used in practical

applications.
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5.4. Future Work

The main future work that needs to be considered is experimental work. The simulation
work confirmed the feasibility and operation of the converter, but an experimental
prototype needs to be built to further confirm converter operation. Given the work that
has been done for this thesis (especially the analytical and simulation work), there is little
doubt that the proposed inverter will actually "work", but experimental work is needed to

establish how well the inverter will do so.
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Appendix A

Flowchart of program to generate real-time graphs of the currents in inductors Ly,

and L,y

The flowchart program is done based on the interval equations that were derived in
Chapter 2 to confirm the validity of these equations. The flowchart is shown in fig. A.1.
The program is done assuming the initial condition of izs is equal to zero (refer to fig.
2.7). In the first Interval a loop is run with changing the value of 7 according to eqn. 2.1 as

long as it touched the maximum value of iz (refer to eqn. 3.2).

In Interval-2 (with initial condition izs¢ = i754max ) the maximum value of izs, holds (with
changing the value of ¢) as long as the output of eqn. 2.5 come to zero (refer to fig. 2.7). In
Interval-3 (with initial condition izss= iLs4gmaxy and vcy = 0) a loop is run with changing the
value of r according to eqn. 2.9 as long as the output of eqn. 2.9 come to zero (refer to fig.
2.7). In Interval-4 (with initial condition i;5,= 0) a loop is run with changing the value of ¢
according to eqn. 2.10 as long as it touched the minimum value of i (refer to eqn. 3.2).
In Interval-5 (with initial condition izs; = irs/gmin) @ loop is run with changing the value of

t according to eqn. 2.13 as long as the output of eqn. 2.13 come to zero (refer to fig. 2.7).

In Interval-6 (with initial condition vc4; = 0) a loop is run with changing the value of ¢
according to eqn. 2.16 as long as the output of eqn. 2.16 come to zero (refer to fig. 2.7). In
Interval 7,8 and 9 (with initial condition i;;; = 0) a loop is run with changing the value of

t according to eqn. 2.26 as long as the output of eqn. 2.26 come to zero (refer to fig. 2.7).
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P ——
OPERATING PT

i Ls, Csl

INITIAL CONDITION
14 = 0

CHANGE t
INT

EQN. (2-1) = iLs-t(mnx)

iLes = iLsa(max)
! ‘ CHANGE t

vea=0, i = iLsd(mnx) ‘
CHANGE t

Ls, Cs1 iLss

; CHANGE l ‘ CHANGE\l

INT. 3
EQN. (2.9) =

CHANGE t
IN

EQN. (2.10) = iLs1(min)

151 = ILsi(min

ST e

{ch =0, ire1 = ILs1(min)

e x 1
EQN. (2.16)=0

iLa =0
CHANGE ¢

INT. 7

QN. (2.26)> 0

CHANGE t

Figure A.1. Flowchart of program to generate real-time graphs of the currents in inductors
Ly and Ly
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