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Abstract

The purpose of the project is to develop a three-phase resonant converter suitable for standard
speed drives. The motivation for working with resonant converters is found in the problems of the
standard converter type used today.

In standard converter type Pulse Width Modulated-Voltage Source Inverter, PWM-VSI, the
switches are subject to high current and voltage stress during switching, which causes losses. The
fast switching of modern switches reduces switching losses. Unfortunately this produces increased
dv/dt and the size of the input/output filters of the PWM-VSI must be increased. The high speed
of the switches cannot be fully utilized.

By using a parallel resonant converter the switching happens at low or zero voltage which
reduces switch losses. The dv/dt is controlled by the resonant circuit, and it is therefore reduced
significantly. The perspective using a resonant converter is high switching frequency combined
with a high converter efficiency and low dv/dt.

In the first report several resonant converters are investigated to find a resonant converter that
can compete with the standard PWM-VSI converter. Four converters were selected for the
theoretical analysis, and the converters are simulated. An evaluation of the resonant converters
is made, and one converter is selected for realization.

In the second report the realization of the selected resonant converter is described. This
includes analysis, design and test of the converter.

A new control principle, using no additional power electric components, is eliminating the
high voltage peaks associated with the resonant circuit. The resonant link voltage peaks are
limited below 2.1 times the DC link voltages.

A new principle eliminating former resonant converter stability problems are proposed,
implemented and tested. A resonant converter efficiency of 97 [%] was measured. The low dv/dt
of the converter makes it possible to drive long cables without filtering. A successful test with
a 300 [m] long cable and an induction machine load was carried out.

It is concluded that a stable, high efficiency and high switching frequency three phase parallel
resonant converter is realized.
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Introduction

7.7

In this chapter first an introduction to power electronics and variable speed drives is made.
Next the standard converter used in the variable speed drives is described. The converter

performance is discussed and then the resonant converter is introduced. Finally, a description
of the report structure is made.

Introduction to power electronic and
converters

Electronics has for many years been in rapid development with the result that electronic
components are capable of conducting high currents and blocking high voltages. The components
are controlled with low voltage signals and often direct from a micro chip with a powerful
calculation unit. Combination of easy controlled power components and powerful calculation
chips has emerged a new field of electronics called power electronic.

The new generations of power electronic components are characterized by: smaller size,
higher current and voltage levels, easy control and integration with micro electronic.

Today power electronics is widely used to convert electrical energy, and it is used in places
as household, industry and utility systems. The power range is from a few VA to hundreds of
MVA. Conversion of electrical energy using power electronics is of course not ideal, but it offers
so great advantage that the application area is still increasing. Power electronic converters replace

mechanical converters, and the development of power electronic itself results in new converters
that replace older generations.

A major application area of power electronic converters is speed drives. This type of drive is
typically available in the power range from 1-500 [kVA] and used in the industry. In 1993 the
estimated world market value of converters was £7bn /7/. The power used by power electronics

drives world-wide was estimated to 35 [GW] in 1993. Converters used in open loop and servo
drives had a value of 61 % from world market value.

More than 50% of the applications used standard induction machines. The market of speed

drives is growing fast. From 1993 to 2000 the open loop drive market value is expected to grow
100% and the servo drives 150% /7/.

Variable speed drives are found in industry for mills, winders, hoists, fans, and pumping
applications. The most used machines in speed drives today are induction machines. Other types

of three-phase machines might be popular, but many of them are controlled by the same type of
speed drive as induction machines.

The induction machine dominates the market today, and in the near future no other machine
is seemed to take over. The resonant converter application is therefore selected to be a variable

Chapter | Introduction



2

speed drive used for controlling standard induction machines. The drive is shown in Fig. 1.1.

i i
a a
A

Line Converter Induction machine

AT

A

A
Fig. 1.1 View of speed drive system with induction machine load

The converter type dominating today consists of a rectification unit, a stiff DC link voltage,
and an inverter(PWM-VSI'), and it has been the same over more than two decades. The converter
is today considered mature. However, despite the development of the converter it has some
undesirable qualities. There are limitations of switching frequency due to switching loss and high
level of electromagnetic interaction due to high dv/dt.

7.2 Undesirable interaction beftween
converters and environment

There are two undesired main interactions between the converter and its environment, one is
the heat flow and the other arises from electromagnetic interaction.
Main reasons of heat flow are:
Converter losses
- switching losses in power electronic components
- conduction losses in power electronic components
Losses in load machine generated by converter
- non-sinusoidal converter output voltage
Losses in electrical network generated by converter
- non-sinusoidal converter input currents
Main reasons of electromagnetic interaction are:
Distorted converter input current
Conducted and radiated emission from the converter
Because high EMI* can cause disturbance or mal function of other electrical equipment
connected to the electrical network, there are made EMI regulations. The sources of EMI are

many and interference level is depending on converter topology selection, layout, and operation
mode/33/.

One source of importance is the capacitive coupling between switching elements and ground.
The capacitive coupling generates common mode currents, i.:

dv
i = C— 1.1
i, = C (L)

! pulse Width Modulated Voitage Source Inverter, PWM-VSI
2ElectroMagnetic Interaction, EMI

Chapter 1 Introduction



3

The capacitance should be minimized, and the dv/dt limited, to lower the level of common
mode current.

A summarization of the above discussion and statements covering the most used converter type
in electrical machine drives today is showed in Table 1.1. The converter is a PWM-VS]I.

Desired converter How to improve Future importance
improvement
low switching loss increase switching speed of ,,
components increase due to higher energy
. costs
low conduction loss use low on state voltage
components
near sinusoidal input/output increase converter switching | increase due to increased
voltage frequency and components energy costs and attention
switching speed towards low harmonic
content
low dv/dt, low EMI decrease component increase due to new EMI
switching speed regulations

Table 1.1 Desired converter improvements for the PWM-VSI converter, and how to improve
performance. And expected further importance of each performance parameter.

From Table 1.1. it can be seen that the improvement of PWM-VSI converter performance
includes both a decrease and an increase of power electronic component switching speed. This
contradiction creates a dilemma. The problem has been present from the beginning of power
electronics, but due to the increased attention to harmonic content, energy costs, and EMI, it gets
harder to make PWM-VSI converters for speed drives that have satisfactory performance.

1.3 Introduction to resonant converters

Much research has been done to increase the performance of the PWM-VSI converter by
adding auxiliary circuits, but none of them has been satisfactory. In 1986 a new type of converter
was proposed by D.Divan "The Resonant DC-Link Inverter - A New Concept in Static Power
Conversion" /1/. This converter uses the principle of zero voltage switching for the power
electronic components which means that the switching loss ideally is zero, and the dv/dt is low
compared to PWM-VSI. The zero switching loss allows high switching frequency, and in fact the
switching frequency can be raised a factor of ten compared to the PWM-VSI.

Table 1.2. shows a performance comparison between PWM-VSI and the resonant converter

proposed in /1/.

Desired converter Relative performance of converters
performance improvement PWM-VSI Resonant converter
low switching loss - +
low conduction loss + -
near sinusoidal input/output 0 0
voltage

low dv/dt, low EMI - +

Table 1.2 Performance comparison between PWM-VSI and resonant converters.
Rating: 0 no difference, + better, - worse.

Chapter 1 Introduction



Table 1.2. shows that resonant converters have potential to be a competitor with the PWM-
VSI, and this is the basis for further investigation of the resonant converter.

1.4 Structure of report

In the project a resonant converter is chosen for realization, and in this report the selection is
done. This involves an investigation of different resonant converter topologies carried out using
papers as source. The very broad view obtained is used to select a particular converter topology
which is the parallel resonant converter topology, and this is done in Chapter 2. The resonant
converter performance must compete with the standard PWM-VSI performance, and there is
made a set of specifications that the resonant converter must fulfil. The resonant converter
specifications are described in Chapter 3. Next step is a theoretical analysis and simulation of four
selected parallel resonant converters which is done in Chapter 4, 5, and 6. In Chapter 7 a PWM-
VSI converter is simulated so its performance can be compared with the resonant converters. In
Chapter 8 the modulation strategies used in the resonant converters are described. In Chapter 9
the converter performance parameters are put into tables that makes it easier to compare the
converter performance. In Chapter 10 the converters are compared and one converter is selected
for realization. The realization and further work are described in the second project report.

1.5 Conclusion

In this chapter an introduction to power electronics and the application area is given. An
important application is variable speed drives, low and medium power range. Improvement of
power electronic components increases the variable speed drives performance and this increases
the application areas. Expectations of a growth of 100% on the open loop drive marked value are
expected from 1993 to 2000. Increasing energy costs and EMI demands increase the need of high
converter efficiency and low distorted input and output voltage. A relatively new type of
converter, the resonant converter, has potential performance improvement, relative to the standard
PWM-VSI converter. The fact that the resonant converter has the potential to be a superior
competitor, to the PWM-VSI, is the basis for further investigation of the resonant converters.

Chapter 1 Introduction



SELECTION OF CONVERTERS FOR
DETAILED STUDY

This chapter gives first a short introduction to soft switching and then describes different
resonant converters. The purpose of the description is to select a few resonant converters that
seem the most useful, in low to mid. power range area, variable speed drive applications. The
selected converters are described later in the report. A detailed description of all the resonant
converters reported in papers would be overwhelming time-consuming, and therefore the different
converters are sorted in groups of converters that shear a particularly fundamental circuit
configuration. Then by evaluating the different particular circuit configurations the number of
converters to be looked at is reduced. Four fundamental circuit topologies are described:

Parallel resonant DC link: = Serial resonant circuit is energized by DC voltage source and the
resonant circuit is placed in the converter link.

Series resonant DC link:  Serial resonant circuit is energized by DC current source and the
resonant circuit is placed in the converter link.

Pole commutated DC link: A resonant commutating circuit is connected to the centre of
each converter leg which is energized by a DC voltage source.

ACresonant link converter: The link voltage and current are AC quantities and serial or
parallel resonant circuit can be used.

When the topology is selected, a few converters are selected for a comprehensive study, and
a more specific list of performance and characteristic parameters can by set up in the next chapter.

2.1 Basic resonani switching principle

A resonant converter has one or more resonant circuits, a circuit could be a L-C serial or a
parallel circuit. Using resonans it is possible to obtain ZCS' or ZVS?, and compared with HS? the
switching losses and dv/dt or di/dt are lower. But there are higher conduction losses, and the
circulating energy of the resonant circuit causes losses. A serial resonant circuit is shown in F ig.
2.1

With correct initialization values of the components the voltage above the capacitor vy, is
oscillating between 0 and 2V, the time domain equations of the circuit are shown in appendix A.
If the voltage is fed into an inverter bridge and the inverter switching happens, then the resonant
voltage reaches zero, the switching loss is ideally zero. The switching trajectories of ZCS, ZVS,
and HS are shown in Fig. 2.2.

‘Zero Current Switching, ZCS
2 Zero Voltage Switching, ZVS

? Hard Switching, HS

Chapter 2 Selection of converters for detailed study



Fig. 2.1 Serial resonant circuit

1
\Y + c
1 v
<> Cres — do s [ Ver

\/
CE

Fig. 2.2 The switching trajectories of ZCS, ZVS
and HS.

The switching trajectories shown imply that there are switching losses using ZCS and ZVS.
This problem is not considered in this report. It is assumed that the ZCS and ZVS are without loss.
If hard switching is used it assumed the switching time is infinite small and loss less.

2.2 Parallel resonant DC link

The parallel resonant DC link converters have an oscillating link voltage that oscillates
between zero voltage and a peak voltage. During the zero voltage period the converter
switches can be turned on and off without switching loss. Fig 2.3 shows a parallel resonant
converter without any link voltage clamp circuits. The switches in the converter must be

Vdo Vab
0 ® 0 )
i do

g

pdeied | 7 gheded
SR 55

Fig. 2.3 Parallel resonant DC link converter

synchronized with the link zero voltage periods. This strategy eliminates the possibility of regular
PWM?*, and instead a discrete pulse modulation DPM? must be used. In /1/ DPM is described, and
it is concluded that the DPM theoretically has a performance comparative with
PWM-VSI if the resonant switching frequency is more than 4 times higher. The spectral
performance of the resonant converter is worsened because the link frequency is dependent on the
link current.

Fig. 2.4 shows the resonant link voltage v,, and inductor current i ,. The figure shows an
example of an increase in the resonant capacitor energy due to link current changes.

The result of the energy increase is a higher resonant link voltage amplitude. The energy is
removed from the resonant components (inductor L) by the antiparallel diodes in the converter
bridge, and the energy removal introduces an increased zero voltage interval. The zero voltage

4 Pulse Width Modulation, PWM

3 Discrete Pulse Modulation, DPM
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interval also increases when the resonant inductor energy is increasing as shown in Fig. 2.4. The
resonant switching frequency is often chosen to be higher than 20 [kHz]. By the resonant
frequency is meant the average switching frequency of the inverter switches. The loss less
switching has been reported using IGBT with a switching frequency of 65 [kHz] /35/.

The spectral performance of the resonant converter is dependent on the modulation index
m=V,/V,. When a comparison of total harmonic distortion, THD, is done in /2/ it shows that
DPM converter's spectrum performance is decreased at lower voltages.

Compared to hard switching converters with a stiff DC voltage link, the voltage peak to peak
amplitude could be more than twice the DC voltage. The peak voltage is often limited by an
auxiliary circuit/35/. A high peak voltage across the terminals has several disadvantages:

- High voltage rating of converter switches

- Stress on machine insulation which causes breakdown

The converters with link voltage clamp circuits typically have a clamp level of 1.3-1.5 relative
to the DC link voltage. The active devices in the clamp circuits are typically the most stressed
components in the converter. They have to work very close to the resonant frequency of the
resonant components, whereas the switching frequency of the converter switches is lower. Clamp
circuits without active components have been designed /22/ where the clamp level is 2.1 times Vd.
Therefore, high voltages are still impressed on the inverter switches and machine insulations if
the active clamp is avoided.

Resonant inverters which use soft switching could easily have a dv/dt lower than 500 [V/us]
and low values of dv/dt for diodes turning off. Hard switching of IGBT has dv/dt easily greater
than 2 [kV/us] and diode turn off has even higher dv/dt. Diode dv/dt higher than 10 [kV/ps] has
been measured in the laboratory.

Low dv/dt is a desirable feature, /11/ advices a dv/dt lower than 1300 [V/ps] for inverter
feeding standard 400 [V] induction machines.

2.3 Series resonant DC link

The series resonant DC link converter uses the principle of ZCS where loss less switching is
obtained. The converter is closely related to the thyristor converter and the link voltage is bipolar
which demands switches with symmetrical voltage blocking capability. The DC link current is
oscillating between zero and minimum twice the DC link current, which is supplied by a DC-
inductor, L,. The converter must always form a current path for the inductive DC link current and
inductive loads demand a capacitor filter. Fig 2.5 shows the series resonant DC link converter.

i do(t) i a(t)

A R N il L A
R i

Fig. 2.4 Series resonant DC link converter.
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One advantage is the low number of active components compared to the parallel resonant
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topology. The converter is born with the possibility of rectification with unity power factor and
bi directional power flow. When using a parallel resonant topology, the AC voltage rectification
is often done by diodes that eliminate the controlled switches, the bidirectional power flow and
the unity power factor correction options. Only 12 thyristors are needed for a full bridge three-

phase AC to AC conversion while using a parallel resonant converter 12 transistors and 12 diodes
are used.

The firing of the thyristors must be synchronized with the link zero current periods and again
DPM is used. Spectral performance is dependent of the switching frequency. Normally the
switching frequency is limited to 30 [kHz] due to relative slow switching times of thyristors /24/.
Modern high speed thyristors have a turn off time around 10 [ps] /25/.

The link current stress is minimum twice the DC inductor current and the conduction loss is
then relatively high compared to parallel resonant converters.

One general drawback of the serial converter is the necessary filter capacitance on the AC
sides /26/. The interaction of the filter capacitance and the motor load inductance cause high
frequency oscillations on the load current. Further on the ac capacitor is bulky. A passive 1st order
filter can be used to reduce the high frequency oscillation to an acceptable level at the expense
of extra components and ohmic power dissipation/26/. This solution makes the size of the
converter very dependent on the load.

2.4 Pole commuitated DC link

The pole commutated converter has a voltage stiff DC link, but the converter switches are
switched under zero voltage conditions, and therefore low switching losses are obtained. To
obtain ZVS an auxiliary resonant circuit is used. Each converter branch uses one circuit and the
auxiliary circuit has three terminals, two are connected to the DC link terminals and the third
terminal is connected to the branch terminal. The name 'pole’ appears from that. An auxiliary pole
resonant commutated converter/27/ is shown in Fig. 2.6.

Vab

0
PRC
C4 I_D'—‘ m Cresi2 X
M g) XL i

- ichs(t) h :

Veresi2 (t)T =I=c L

res/2
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(o]
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i
L

m—————

1
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Fig. 2.5 Auxiliary pole resonant commutated converter

Unlike the parallel and series resonant DC link converters the pole commutated converter is
able to perform PWM. Another advantage is that the main load current is not flowing through the
resonant elements, and in this way the current stress on the resonant inductor is relatively small.
On the other hand the resonant frequency must be high to yield a good PWM modulation band
width. This is explained in the following paragraph.
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The auxiliary commutation circuit must be synchronized with the switching of the converter
switches, and the auxiliary commutation circuit which forms a resonant circuit has three main
states ensuring ZVS of the converter switch. The states are:

State 1. Initialization of resonant circuit

State 2. A resonant cycle changing the branch potential from zero voltage to dc link voltage

or opposites from dc link voltage to zero voltage

State 3. The resonant inductor discharges to zero current.

The total time required for the three states sets a minimum and maximum pulse width time
and this sets a limitation of the PWM performance. Compared to hard switching converters the
voltage stress on the converter switches is the same and the dv/dt of the output voltage is smaller.

There is a trade off between a low dv/dt and a small minimum, pulse width duration. An
increased resonant frequency given by L, and C,,, increases the dv/dt but lowers the minimum
pulse width. This will give a better spectral performance. The pole commutated converters obtain
a spectral performance close the to PWM-VSI for a given switching frequency/27/.

2.5 AC resonant link

The AC resonant link has a serial or a parallel resonant circuit operating at high frequency.
The link voltages and currents are both AC quantities, and therefore bidirectional converter
switches are necessary. The bidirectional switch in one package is not available yet. Today, it has
to be buildt from several discrete devices, and often it is necessary to add snubbers to make the
switch work properly /30/. The converter switches are turned on at ZCS or ZVS to obtain small
switching losses. Fig 2.7 shows a serial AC resonant link.

i, ®

T 1]
5]
T
L
o

53

Fig. 2.6 Series resonant AC link converter.

Using an AC link decreases the amount of energy stored in the link. The DC link capacitor
or inductor used in the earlier described topologies is eliminated, but the resonant components
must handle the total power flow through the converter. A high VA rating is needed for the
components /4/. The AC link converter must be operated in such a way that the energy demand
of the load side is supplied by the input converter. The energy flow control through the converter
must ideally be controlled instantly. In the real world this is not possible, but with fast signal
processors and a high link frequency the energy flow can be controlled satisfactorily/31/. The
coordination of rectifier and inverter is complex and the large number of switches to be controlled
makes the realization of the converter difficult.

2.6 Survey of converter fopologies

The topologies performance and characteristics are put into Table 2.1 and Table 2.2. The
tables offer a comparison between the topologies and the PWM -VSI hard switched converter.

Chapter 2 Selection of converters for detailed study
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2.7 Discussion

In this section a discussion of the topologies presented in this chapter is made.

Serial resonant AC link

The AC serial resonant link converter has no suitable bidirectional switches and the
realization of bidirectional switches must be done by discrete components. /29/,/30/ use additional
snubber circuits for the switch realization. The snubber causes high losses /29/. Comparing the
converter size, then the AC resonant link eliminates the need of energy storage that ensures a
voltage or current offset. With no energy storage the rectifier must deliver the needed power that
is demanded by the inverter. This control strategy of the AC resonant link converter is complex
to realize. If the same control strategy is applied to a DC parallel resonant link converter, the
capacitance of the DC link capacitor is reduced considerably /15/. It seems that the size advantage

of the AC serial resonant link is small, if any at all. No further investigation of AC resonant link
converter is done.

Serial resonant DC link

The serial resonant DC link converter uses more filter components than the parallel resonant
DC link converter, and with inductive loads there are problems with resonance between the load
and filter /24/. To eliminate the resonans a 1st order filter could be used /26/ at the expense of loss
and extra components. The serial resonant DC link has a relatively low number of switches and
diodes because thyristors are used. However, this switch type limits the link frequency to 30
[kHz]. The converter seems promising for high power applications using thyristors /24/, but for
medium power applications with demands of low THD a parallel resonant seems to offer a better
performance. The need of a capacitive output filter and the problems of resonant with inductive
loads are a major drawback, no further investigation of serial resonant DC link converters is done.

Pole commutated DC link converter

The pole commutated DC link converter has a spectral performance close to hard switched
VSI-PWM and no additional voltage stress. Therefore , it has superior performance compared to
the parallel resonant DC link converter performance. Comparing the component number in the
converters the pole commutated DC link converter uses twice the number of switches and diodes.
The number of passive components is increased too. In /28/ a combination of the pole
commutated DC link and parallel resonant DC link converter is proposed. A converter that uses
three switches and three diodes is made. The converter has good spectral performance and does
not use extremely many components relative to the PWM-VSI. This converter is disregarded here

due to high component count. For high power application the pole commutated DC link converter
must be reconsidered.

Parallel resonant DC link

The parallel resonant DC link converter is very similar to the PWM-VSI converter comparing
the number of components used. It is the DC voltage link converter of the resonant converters that
uses the smallest number of components. The main disadvantages are the high link voltage
amplitude that is twice the link voltage of the PWM-VSI converter. If the high link voltage is not
accepted, there must be added auxiliary circuits to clamp the voltage amplitude, or there must be
found new ways to limit the link amplitude voltage without using clamp circuits.

The switching frequency must be at least four times higher than the PWM-VSI switching
frequency to obtain the same output voltage and current quality. Further on is the spectral
performance more dependent of the load conditions that PWM is. At low modulation index is the
spectral performance of the resonant converter decreased somewhat compared to PWM. The

Chapter 2 Selection of converters for detailed study
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resonant converter has little switching loss and therefore the switching frequency is usually higher
than 20 [kHz]. Using a switching frequency of 20 [kHz] the resonant converter spectral
performance should be equal to a 4-5 [kHz] PWM converter.

2.8 Selection of resonant converters

Some basic requirements to the selected converter are:
- Voltage link
- Low DC link voltage peaks
- Good spectral performance for low and high modulation index
- Low number of devices
The voltage link is preferable to current link because it eliminates capacitive filters.

Of the resonant converter topologies described here the parallel resonant converter topology
is judged to be closest to the desired requirements. This is of course a subjective opinion. It is
discussed how good the fundamental circuit configuration of the parallel resonant converter in 2.2
fulfils the basic requirements, and from this a few converters are selected to work further on.

Voltage link : All the converters have a voltage link.

Low DC link voltage peaks: It is shown that the fundamental circuit configuration in Fig. 2.1
has a load dependent peak link voltage which is undesirable. The link voltage must be
controlled in order to limit the voltage ratings of the converter components and to keep the
link voltage peak amplitude constant to avoid sub-output voltage harmonics.

Good spectral performance for low and high modulation index: It is mentioned in several

papers that the DPM converter has a relative worse output voltage quality than the PWM
converter, at low modulation indexes.

Low number of devices: The fundamental circuit configuration in Fig. 2.1 only adds two extra
components relative to the standard PWM and this is a desirable feature. It is desired to keep
the number of power electronic auxiliary components low, but as it will be shown, the number
of components is increasing with the desire of fulfilling the upper requirements.

In Fig.2.8 the different converters that have been described in the papers used in this chapter are
shown, and there are added two converters that have not been found described in any paper. They
are described later. Under the Figure there is an explanation of the concentrated names

Resonant AC-AC Converter topology

|
l l

. AC-
DC-link link
Serie Pole com- Parallel Serie
Parallel resonant mutated resonant resonant
resonant |
RDCL
l l ' | } l RACL RACL
RDCL PCRDCL | ZSLPWM | MACRDCL ADPC ARP

ACRDCL QRDCVNI RDCLVPC

Fig. 2.7 Overwiew of converters dealt with in this report
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Parallel resonant converters

RDCL: Resonant DC Link,/1/

ACRDCL: Active Clamped Resonant DC link,/35/,/23/

PCRDCL: Passive Clamped Resonant DC link,/22/

QRDCVNI: Quasi Resonant DC link Voltage Notch Inverter,/5/,/14/

ZSLPWM: Zero Switching Loss PWM,/15/

RDCLVPC:  Resonant DC link Voltage Peak Control

MACRDCL: Modified Active Clamped Resonant DC Link
Serial resonant converters

RDCL: Resonant DC Link,/24/,/26/

Pole commutated converters

ARCP: Auxiliary Resonant Commutated Pole,/27/,/28/
AC resonant link converters

RACL: Resonant AC link,/30/,/29/,31/

The following converters of the parallel resonant converter are selected for a detailed study
including a theoretical description and a converter simulation, and there is a short explanation why
the converter is selected:

RDCL: Is the fundamental converter the parallel resonant converters.

RDCLVPC:  Eliminates the need of link clamp components while maintaining control of

peak link voltage, the control principle is new. A high efficiency is expected.

ACRDCL: Has the lowest resonant peak voltage.

MACRDCL: Is a modified ACRDCL resonant converter which is pulse width modulated

and expected to have superior output voltage quality.

The parallel resonant converters shown in Fig. 2.8, which is not simulated, are only described
briefly, due to the time a deeper analysis takes. The standard PWM-VSI is simulated in order to
compare the performance of the resonant converters.

2.9 Conclusion

Initially in the chapter the basic resonant switching principle is described. Then four different
resonant converter topologies are described, the purpose is to select a topology for further work.
The selection of topology is based on a paper study. This is a fast way to obtain a general
overview. On this very general knowledge the parallel resonant converter topology is selected
for further study. Seven parallel resonant converters are described in the following chapters.
Because it is very time-consuming to make a full analysis (based on idealized components) and
simulation of the converters, only four converters retrieve this treatment. The remaining
converters are only described very briefly. The four converters’ performance is compared to each
other. As the intention with the report is to find a converter with a superior performance relative
to the PWM-VSI converter, the PWM-VSI converter is also simulated. A comparison of the
resonant converters is made on the basis of the specifications found in the next chapter. The
highest rated converter is going to be realized.

Chapter 2 Selection of converters for detailed study



Resonant converter specifications

In the next chapters an investigation of the resonant converters selected in chapter 2 is done.
The investigation of the resonant converters must give a picture of each converter's performance.
In this chapter the performance and the characteristic parameters used in the evaluation of the
resonant converters are chosen.

The resonant converter is, as described in chapter 2, used in a variable speed drive, and the
load is a standard induction machine. There is, in this chapter, made an investigation of which
type of converter output voltages there should be applied to the induction machine. The
investigations are used to specify the demands to the resonant converters’ performance.

3.1 Resonant converter load specification of
DV/DT and maximum terminal voltage

Since the introduction of speed drives that generate high voltage pulses and dv/dt in the output
voltage, there has been an increasing need of knowing what level of voltage stress induction
machines can withstand. The allowable level of voltage stress has been discussed in /11/ where
is is referred to investigations made at the Technical University of Dresden, initiated by ZVEI".
Their results show from a questionnaire to machine manufacturers that standard low voltage
electrical machines can be stressed by output phase-phase voltage peak values of 1300 [V] and
dv/dt of 1300 [V/us]. The results from /11/ are shown in Fig. 3.1, and curve 1 is according to DIN

VDE 0530 Part 1. Supplementary sheet. Curve 2. is according to a manufacturer questionnaire and
curve 3,4 is special machine designs for high voltage.

2000

1500
7

P S A

1000

Phase-phase voltage Vab [V]

0 1 2 3 4 5 6 7
Rise time [ps]

Fig. 3.1 Phase-Phase voltage peaks versus voltage rise time /11/.

Curve 1 is in/11/ judged as too pessimistic and this curve is therefore not used as reference.
From the results shown in Fig. 3.1 curve 2 the resonant converter should generate phase-phase
voltage peaks less than 1300 [V] and with a dv/dt lower than 1300 [V/us], this curve is used as

lZentra!verband Elektrotechnik- und Elektroindustrie, ZVEI
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reference. Lower dv/dt can be desirable where long cable can cause voltage reflections.

3.2 Resonanit converter specification

One important feature of the PWM-VSI drives is the simplicity of the converter, only few
components besides the switches are necessary. The main current paths in the converter are kept
short to decrease stray inductance. Switching speed is set by the converter switches and drive
circuits. Examples of rise times and fall times of modern IGBT's aregiven in /10/. Voltage rise
times are measured from 70-400 [ns] and fall times from 100 - 1000 [ns] depending on drive
circuits of the tested IGBT's. The antiparallel diodes generate also high dv/dt during turn off, and
it can be higher than the dv/dt generated by the IGBT. dv/dt of 10 [kV/ps] has been measured in
the laboratory. The dv/dt is minimized by choosing soft turn off diodes.

Short rise times can give voltage reflections and long cables amplify this effect/11/. Some
ways of overcoming these problems are:
- An output filter reduces cable loss and insulation stress /12/.
- Integrate the converter as part of the machine /9/.
- Lower the dv/dt generated by the converter voltage

The first solution has some disadvantages, it creates losses and uses space. Second solution
solves the problem with voltage reflections due to long cables, but the machine windings are still

subject to high dv/dt. Third solution eliminates the problem of VSI converters by designing a
converter that generates low dv/dt.

The resonant converter is well-suited for the third solution because it generates low dv/dt. The
sinusoidal wave form of the resonant converter makes the combination of switching frequency
higher than 20 [kHz] and low dv/dt possible.

Vab

A \

Line Converter Induction machine

_ __Vgtvy

i / [,

a)

Fig. 3.2 a Shape of voltage wave form of parallel resonant speed drive.
b Zoom on resonant voltage wave form.

Typical voltage wave forms of the clamped parallel resonant converter are shown in fig. 3.2.a
and 3.2.b. The peak voltage is a sum of the clamp voltage and the DC voltage level of the DC
link. Clamp voltage V, will vary somewhat, in practice from 0.3V, to 1.2y ,depending on the

converter type, Vd is the link DC link voltage. V= 1.1V, 2, V, = 620 [V], \, = 400 [V]
allowing 10 % overshoot.

Selection of resonant link frequency

[t is desirable to have a high switching frequency keeping the voltage quality of the resonant
converter competitive with the hard switched PWM converter. The PWM converter switching
frequency is often limited by the power dissipation in the power electronic components. A PWM
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converter switching frequency of 5 [kHz,] is considered close to the switching frequency used in
industrial converters in the power range of 10 [kVA].

The resonant converter must have a link frequency, f, at least seven time higher than the
PWM- VSI switching frequency, f,,/38/ to have a comparative performance. A factor of
f./f=ten should ensure, the resonant converter using Delta Modulation, a superior output

voltage quality at higher modulation index. The demand to the resonant converter is a resonant
link frequency of least 50 [kHz].

The converter output dv/dt is determined by the resonant frequency. Is it assumed the resonant
circuit is ideal and not loaded, then the maximum output dv/dt is easily calculated. Dv/dt is
obtained by differentiating the voltage equation found for the resonant capacitor in appendix A.

dv

o V,2nf 3.1)

Using a V4= 620 [V] and a maximum dv/dt = 1300 [V/us] the resonant link frequency can
be 333 [kHz]. Using a resonant frequency of 50 [kHz], the dv/dt=195 [V/us].

Specification

One should expect superior performance from the resonant converter considering dv/dt and
switching losses compared to the PWM converter. On voltage and current quality, expressed by

DF and THD, defined in App. E, the resonant converter should have almost similar performance
as the PWM converter.

The desired specifications for a resonant converter are
- Output voltage, V =400 [V] RMS
- Link voltage, V,= 620 [V] including 10% overshoot of input voltage
- Peak output voltage maximum 1300 [V]
- Dv/dt <1300 [V/us]
- Resonant link frequency, f,., in the area of 50 - 333 [kHz]
- Distortion factor of inverter output voltage, DF similar to a PWM converter working
a 5 [kHz] if the resonant converter link frequency is 50 [kHz].

The selection of converters is done on basis of the fulfilment of the given specifications.
Besides this, a set of characteristic parameters is used. The performance and characteristic
parameters of converters are plotted into a table in chapter 9. In chapter 10 the table and gained
experience are used to select a resonant converter realization.

3.3 Conclusion

In the chapter a set of specifications for a resonant converter is selected. The purpose of the
specifications is to enable a judgement of the resonant converters, selected for analysis. There
is a problem of finding specifications, because the converter application, a speed drive for
induction machines, is not very specific. The specifications are found in papers dealing with
inverter output voltage influence on induction machines. There are made specifications of DC

link voltage level, output voltage dv/dt, resonant link frequency and the output voltage DF should
be equal to a 5 [kHz] PWM-VSI.

Chapter 3 Resonant converter specifications
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Non clamped parallel resonant
convertfers

This chapter describes two converters, the first is proposed by Divan /1/ in 1989 and it is
called RDCL'. Earlier in chapter two, this converter was found to possess a promising approach
of applying zero voltage switching in three-phase converters.

The RDCL converter operation is described and the link resonant circuit operation is
analyzed. The analysis of the RDCL results in a new converter, the new converter is the second
converter described in this chapter. With the second converter it is possible to limit the peak
output voltage to two times the DC link voltage and to make the link peak voltage load
undependent. The new converter does not introduce extra power devices, the name of the
converter is RDCLVPC?,

4.1 Parallel resonant DC link converter (RDCL)

Parallel resonant DC link converters have an oscillating link voltage as shown in Fig. 2.3. The
frequency of the link voltage is ideally given by the natural resonant frequency of the resonant
circuit. To obtain zero switching loss of the converter switches, the switches are restricted to
switch at the instant the link voltage is zero. To secure zero voltage switching there must be a
synchronization between the link oscillations and the inverter switches.

The resonant link oscillation must be sustained over time. If the link oscillation is not
sustained, the link voltage v,, might not reach zero voltage, and the zero voltage switching ability
is lost. It is necessary to be aware of the factors that influence on the resonant link oscillation.

The resonant link oscillation can be altered by removing or adding energy to the resonant link

components. If sufficient energy is removed from the oscillating resonant link, the v,, does not
reach zero voltage.

Resonant link energy is changed if the link current i, changes. If j,, is decreasing, the
resonant link energy increases, the resonant link energy could decrease during a resonant period
due to the load current. The difference in time constants between the load and the resonant link
is huge. Because of the big difference in time constant the i,, only changes little during the
resonant period, the increase of resonant link energy due to decreasing load current is small. The
resonant link is discharged if the iy, is increasing. Here one must ensure that the resonant link
contains enough energy to complete a resonant cycle where v,, reaches zero voltage.

The real world circuit always has losses. The resonant link must therefore be added energy
to ensure that the v,, reaches zero voltage. The resonant link energy is normally added in the zero
voltage period, and this is done by short circuiting the converter bridge. During the short circuit

'Resonant DC Link converter, RDCL

*Resonant DC Link Voltage Peak Control converter, RDCLVPC
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the resonant inductor L is charged.

The huge changes of resonant link energy happen due to the converter switching. The
converter switching can impress huge current on the resonant link and this could result in very

high v, amplitudes. The high v;, could be damaging to converter switches and load. The load
situations are therefore dealt with in the following paragraphs.

Analyzing the resonant circuit, a time solution of the second order differential equations that
describe the voltage and current is often used. Another method is to use the phase plane analyze.

Phase plane analy makes it easier to discover general patterns of behaviour. Both the time solution
and phase plane analysis are used in this report.

4.1.1 Link operation of the RDCL

No Load Condition ML res ido
Looking at no load condition, it is the behaviour of the DC —‘L*"’

link that is at concern. The equivalent circuit used is shown in

Fig. 4.1. At no load steady state operation the impact of initial e L .

conditions is investigated. An investigation of the initial¥, | () T e

conditions could lead to a way of controlling the resonant link

voltage of the RDCL converter.

res

The circuit is subjected to a step voltage V, and the initial

conditions are given by I and V, .In the phase plane theFig. 4.1. An equivalent circuit
oy of the RDCL.

Lres

trajectory describes a circle with a radius V

res*

v, = ‘/(vo - vd)z + (z Iom)z @.1)

in steady state. If a loss element is present, the phase plot
trajectories describe a spiral with a shrinking radius.

Fig. 4.2.a shows different phase plots at different
I, and V= 0. The trajectories begin

oLrel Cres

at (vCrcs’ istZrcs) = (0’ IOI_mZ )

res a)

If the absolute value of I, increases, the energy
L

res

absorbed by the resonant circuit increases. It is not
possible to decrease V  to a value lower than V, by

altering1,
Lres T
\ / 2 Veres
Fig. 4.2b shows different phase plots at different !
V, and I, = 0. The trajectories begin at \_//
Cres Lres b)
Ceresr Tires Zres) = (V%re.’ 0), the amplitude of VOC,,. Fig. 4.2. Phase plane plots for steady state
determines the amplitude of V... operation and different initial conditions.
If v, s positive, the amplitude of V,,, is decreasing a) Different initial current
Cres . e
because there is less energy in the resonant circuit. b) Different initial voltage

Otherwise, if Vocn is negative, the V  is increasing.
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In steady operation the trajectories are centered on V, at the horizontal axis. In a steady state load
situation the trajectories are symmetric around i 1oL e » hETE iy, IS ZETO.

Load Condition

What happens in load situations of the resonant DC link converter link? The three-phase
inductive load is assumed to have a time constant so large that the load current is considered

constant during a few oscillations of the DC resonant link voltage. The single phase equivalent
circuit considered is shown in Fig. 4.3.

A load current I, is impressed on the resonant cycle. The current change happens at zero

voltage (Vc,, = 0). The component values of the DC voltage and resonant circuit are shown in
Table 4.1.

Lres do
L res
o v FAN
V4 () Cres Cres @ I do

Fig. 4.3. Single phase equivalent of

RDCL with load.
V4 600 [V]
Resonant capacitor (C,,,) 100 [nF]
Resonant inductor (L) 150 {uH]
Load current (I,,) 40 [A]
Resonant impedance (Z,,,) 38.7[Q]
fres 41 [kHz]

Table 4.1.  Specification of parameter values used in simulation shown in Fig. 4.4.

A simulation result is shown in Fig. 4.4a and Fig. 4.4b. It shows I s and Ve, and a phase-
plane plot that shows i ., versus v,
The resonant cycle is divided into seven modes. Initially in mode 1 the resonant circuit is

impressed V. The final mode number 7 is identical to mode 1. Between the two modes a current
pulse (I,) is impressed.
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Fig. 4.4a. A load change in the resonant circuit. ~ Fig. 4.4b. Phase plane plots of i ., versus V
Time plots of V ., e a0 i ¢

ov LOKV 20KV 25KV

cres

Mode 1  Steady state operation current amplitude value is V4/Z,,. Voltage amplitude is 2V,
[V]. Phase displacement is ¢ = /2 [rad].

Mode2  When the load current is impressed, the diode D1 forms a current path. V. iszero

re:

and i, is built up at a current rate diLm/dt = VL., Fig. 4.5 show the components

conducting current. The link circuit is no longer forming a resonant circuit. The

inductor current increases until it equals the I, current. Energy is moved from V, to
1 2

L., E = —2—L 1,

res "do "

! Lres 140

LTBS

Ve O b1 L @ e

L

Fig. 4.5. Commutation interval of the resonant circuit.

Mode3  Then D1 stops conduction, V, is across L. The y-coordinate of the new circle center
is increased to I, Z__. The phase displacement is given by ¢ = 27 I oV [rad].
Mode 4 I, changed to a zero value. The initial conditions for the resonant cycle are
Iy Z, =14 Z,) (Vom = 0).Energy stored in L, is moved to C , the capacitor

Lres

is charged and id V  increased.
Mode S  Energy is moved from C_ to L

Tes res®
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Mode 6  Diode DI begins to conduct, energy in C,s 1s zero. Energy E =-1-LIdz° earlier
2

absorbed from the source, V, is transferred back. Fig. 4.5 shows the components
conducting. Note [,,=0.

Mode 7  Diode D1 stops conducting and a steady state trajectory with V., = V, is obtained.

4.1.2 Simulation of RDCL and introduction fto
SABER

The chapter contains a brief introduction to the simulator and how to build simulation
programs. Next a description of the implementation of the RDCL is presented in the simulation
program. Simulation results are shown and parameters are extracted.

Simulation of the resonant converter shown in Fig.2.3 is limited to the resonant link and the
inverter part. The used simulator deals with models that can describe the real world component
behaviour closely. Due to the complexity of the component models, long simulation times are
required. The objective of simulation is to gain knowledge about the converter behaviour,
adequate to make a comparison to other converter technologies.

It is chosen to use the basic component models in this report. Switches and diodes are
equivalent to variable resistors. The three-phase load is a R-L load.

The simulation program, SABER, offers the user a possibility of building a simulation
program from modules. The modules contain standard components and the users own algorithms
and control actions. Very often different converter topologies consist of the same modules. Some
modules are even the same at different converters. When developing the converter simulation
program, each converter is divided into modules in such a way the modules can be used in other
converters. The RDCL converter is shown in Fig. 4.6 using the modules implemented in the
simulation program.

Modulator

Lok Lv L : :
* syne T ga 4 ¥ Vop i WV Al

Link control

drive.a

branch.a
®

branch.b

C) Vd == ~res

va

k

Fig. 4.6. Components and modules used in simulation of the RDCL converter .

The function of each module is described. The link_control module generates the signal that
synchronizes the zero voltage link state with the switching of the inverter switches. The drive
modules have the same function as a real drive circuit. The ideal switches can easily be replaced
by an advanced IGBT model.

Load
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The implemented modulation is an ASCM? described in 8.1.2. Fig. 4.7 shows the modulator
module.

Link Clock

vi
refc

Fig. 4.7. Current regulated delta modulator module.

The converter data for the simulation are shown in Table 4.2.

v, 620 [V]
Load impedance 7.6 [Q]
Resonant capacitor (C,,,) 150 [nF]
Resonant inductor (L,,) 60 [uH]
Resonant impedance (Z,.,) 20 [Q]
fres 53.5 [kHz]
f, 50 [Hz]

Table 4.2 Converter data used in simulation of RDCL

The resonant link component values are selected in appendix B.

The RDCL converter is simulated for two fundamental periods of 50 [Hz]. The simulation
time of 40 [ms] was about 25 [min]. The simulation was carried out on an HP735-99 [MHz] work
station.

The modulation index m = V,/Vis changed from 0.1 to 1.05, with the load impedance of 7.6
[Q] there is the following realationship between the phase current and modulation index.

1, [A] 47 11.7 23.6 35.4 47.1 49.5

m 0.1 0.25 0.5 0.75 1.0 1.05

*Adjacent State Current Modulator, ASCM
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Fig 4.11 Phase-phase voltage amplitude spectrum of RDCL converter
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Fig. 4.12 Phase-phase voltage amplitude spectrum of RDCL converter
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Fig. 4.13 Peak phase current amplitude spectrum of RDCL
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Fig.4.14 DF and THD of the RDCL as function og modulation index and the effective
phase current.
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I phase a 33.01 [A]
I phase a ref. 33.30[A]
V,, fundamental of v, V= 620 [V] 618 [V]
V|, peak link voltage amplitude 1519 [V]
DF 4.28 [%]
THD 0.54 [%]
Cos () 0.8

Table 4.3 Calculated key numbers from the converter simulation.

4.1.3 Discussion

The description of the RDCL converter link has shown that at no load the resonant link
voltage oscillates between 0 and 2V, using the proper initial conditions. This gives the
opportunity of turning the inverter switches on/off at zero voltage and in this way eliminating the
switching losses. If the resonant link is loaded, it is still possible to obtain the zero voltage
condition but the peak voltage is dependent on the load current. A high load current change
generates a high resonant voltage peak which for the simulated converter was 1519 [V] at nominal
current. It is desirable to make the link voltage peak undependent of the load current. The peak
voltage can be limited by selection a low resonant impedance but peak current is then increased.
It is discovered that a way to control the link voltage is to select proper initial conditions of the
resonant capacitor voltage. This way of controlling the link voltage peak is investigated further
in the chapter 4.2. The RDCL output voltage load dependency is properly also generating
subharmonic due to the voltage changes, but due to the long simulation time this is not
investigated further. The frequency spectrum of the output voltage shows that there are switching
frequencies below 3 [kHz], and this is quite typical for this type of modulator used, but considered
the average switching frequency is around 20 [kHz], this is not good compared to PWM

converters. Therefore, in chapter 6 the possibility of making a resonant PWM converter is
investigated.

4.2 Parallel resonant DC link converter with
link voltage peak control (RDCLVPC)

The resonant DC link converter described in section 4.1 has a load dependent link voltage
amplitude. If the converter is not loaded, the link voltage peak is ideally two times the DC link
voltage, but loaded the voltage peak can be much higher. The normal way to limit the link
amplitude is to clamp the voltage and the link voltage clamp can be active or passive. The active
link voltage clamp uses additional switches, diodes, and capacitors, and the passive one adds a
transformer and diodes. Here a new way of controlling the link peak voltage without additional

power electronic components is proposed, and this is done by adjusting the initial conditions of
the resonant circuit.
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4.2.1 Operation principle of the RDCLVPC

In order to control the resonant link voltage amplitude, it is necessary to control the resonant
circuit energy. The resonant circuit energy is transferred to the resonant capacitor when the link
current decreases, which is shown in Fig 4.4.a., mode 4. The only way to stop the increases in the
link voltage amplitude is to insure that the changes in link current don't increase the resonant
capacitor energy. Already in section 4.1.1 is described how resonant capacitor energy can be
decreased. The result of this is non-zero voltage switching.

The following describes how the link amplitude can be controlled when there are no bounds
by the zero voltage switching condition. It is allowed that the converter switches are turned on or
off shortly before or after the zero voltage condition. This means the load current I, is impressed
before or after the zero voltage condition.

2.0KV

60A

10KV oA

20A

oV
S0A

0A

~20A

ov 0.5KV L.OKV 1.5KV 2.0KV

0s S0us 100us 150us 200us

Fig. 4.15a A load change in the resonant circuit. Fig. 4.15b Phase plane plots of i, ., versus V
Time plots of Vg, igioge AN 1 e

cres

Fig. 4.15 shows the amplitude of voltage v, earlier shown in Fig. 4.4 when the link current
is changed.

The trajectories after the load current is impressed have the following properties:
- The center of the circle, given by the trajectories, is (Vy, 14,Z,..).
- The radius of the circle is the distance from where the old and the new circle collide to
the center of the circle.

Given those properties it is easy to determine the trajectory given by a load current. At the
same time it is possible to control the amplitude of V., at different loads, simply by selecting a
proper instant to impress the load current.

In Appendix C an expression for the time instant a load change should be impressed. This ensures
that the V¢, always oscillates between 0 and twice V. The reference of the time instant (t,,) is
the time at zero voltage of V..
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The expression is:

: do “res
sin(a) = 4.2
(c) 2V, (4.2)
where
o : The angle, before V., reaches zero voltage, indicates the time instant the load
current change should be impressed on the DC-resonant link .
The voltage amplitude, at the instant the DC link load current is changed, is given by
AV =V (1 - cosw) 4.3)

Fig. 4.16 shows the voltage amplitude when the converter transistor is turned on and off, using
the proposed control strategy, denoted voltage peak control.

2.0KV

1.0KVY -

oV
S0A

AV anA, -
AR ATAA

oA Ox S0un 100ux 150us 200us " e e e e
Fig. 4.16a. A load changes in the resonant circuit Fig. 4.16b. Phase plane plots of i, versus
using VPC. Time plots of V. and i ., V res

4.4.2 Simulation of RDCLVPC

Except for the VPC strategy is the simulation program identical to the one used for the
RDCL and no component values has been changed. The converter data for the simulation is
shown in table 4.4
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Table 4.4 Converter data used in simulation of RDCLVPC

Vv, 620 [V]
Load impedance 7.6 [Q]
Resonant capacitor (C,,) 150 [nF]
Resonant inductor (L,,,) 60 [uH]
Resonant impedance (Z,.,) 20.0 [Q]
fres 53.05 [kHz]
f, 50 [Hz]

The modulation index m = V,/V, is changed from 0.1 to 1.05. With the load impedance of
7.6 [Q] there is the following relationship between the phase current and modulation index.

1, [A]

4.7

11.7

23.6

354

47.1

49.5

m

0.1

0.25

0.5

0.75

1.0

1.05

The RDCLVPC converter is simulated for one fundamental period. In tables 4.5 key
numbers for the converter are extracted.

Phase current [A]

a 0002 0.004 0006 0.008 001 0012 0.014 0016 0018 002

Time (s}

Fig. 4.17 Phase current of RDCLVPC converter
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Fig 4.18 Phase-phase voltage of RDCLVPC converter
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Fig. 4.23 DF and THD of the RDCLVPC

Isphase a 33.02 [A]
I phase a ref. 33.30 [A]
V;, fundamental of v,,, V=620 [V] 618 [V]
V,, peak link voltage amplitude 1289 [V]
DF 4.17 [%]
THD 0.54 [%]
Cos () 0.8

Table 4.5 Simulated key numbers from the converter simulation

g2.2.3 Discussion

It has been shown in theory that it is possible to control the resonant DC link voltage to
oscillate between 0 and 2 V when it is impressed load currents with out the use of clamp circuits.
The control strategy is called voltage peak control and it is used in a simulation of a three-phase
converter. The simulation shows that the resonant link voltage is well controlled. The voltage peak
level is kept below 2.08 times the DC link voltage and this is 1290 [V] using a 620 [V] link
voltage. Without the proposed converter control strategy the voltage peak level is 2.80 times the
link voltage, giving a link voltage amplitude of 1736 [V].

The selected values of the link impedance have not been optimized. It is expected that an
optimization would lower the link voltage amplitude below 2.08 times of the link voltage, the

improvement is expected to arrive from a more efficiency control of the converter switches.

The disadvantages using this control method are that some resonant link switching is no
longer done at zero voltage. This introduce hard switching losses as in the standard PWM-VSI.
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The energy dissipated in the resonant converter switches is limited because at the moment the
hard switching occurs, the voltage is low, and the number of lossy switching is low.

The Fourier spectrum of the phase-phase voltage is very similar to that of the RDCL

converter, but due to the almost constant voltage peaks the subharmonic content is expected to
be small compared to the RDCL.

4.3 Conclusion

In section 4.1 is dealt with the RDCL converter proposed by Divan/1/. The link voltage of the
converter proposed by Divan is unfortunately load dependent. In the non-loaded case the link
voltage amplitude is twice the DC link voltage, in load change situations the link voltage
amplitude could be much higher. This high link voltage amplitude is a server disadvantage. To
solve the problem Divan and Mertens/35/ have proposed a clamp circuit that reduces the link
voltage amplitude to about 1.3 times the DC link voltage. There are numerous suggestions besides
Divan's proposal to solve the voltage amplitude problem, but common to all of them is that they
use extra link components. Clearly the link components create losses. If switches are used in the

resonant link, they are subjected to relative high stress because they have to work at the link
frequency.

In section 4.2 a converter is proposed that limits the link voltage amplitude to 2.08 times the
DC link voltage and without the use of extra link components. The converter is named resonant
DC link converter with link voltage peak control, RDCLVPC, the converter circuit is analyzed

and the converter is simulated using a resistive-inductive load. The simulation shows the proposed
control strategy works well.
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Clamped parallel resonant DC
link converters

This chapter investigates resonant converters that limit the output voltage by clamping the
link voltage. The clamp circuit can be active or passive. Two converters are described, one active
and one passive.

The active clamped resonant converter is analyzed. First the operation of the active clamped
resonant link is described, and a simulation of the converter is done. In the analysis all
components are idealized and the active components are modeled by variable resistors. In the
simulation of the active converter the same resonant component values are used as in chapter 4,
which describes the parallel resonant DC-link converters. The passive clamped resonant converter
is described briefly.

5.1 Parallel active clamped resonant DC link
converter

In the active clamped resonant DC link converter the link voltage amplitude, v,, is limited
below two times V, by a clamp circuit. The ACRDCL' is shown in Fig. 5.1.

Fig. 5.1 Active clamped resonant DC link converters in AC-AC converter.

The link voltage amplitude v, is clamped by the voltages V,+V, if the diode D1 conducts.
During the period diode D1 conducts, the inductor L, discharges. In order to enable the next
resonant cycle to reach zero voltage, the inductor L ., must be recharged. Switch S1 is turned on
during the recharge of the inductor.

A simple control strategy of the active clamp is found by an energy consideration. Energy
flowing into the clamp source V, must be equal to the energy flowing out. Assuming V, to be
constant the control strategy only needs one current sensor. The current sensor measures the
current through the clamp circuit.

'Active Clamped parallel Resonant DC Link converter, ACRDCL
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The active clamp circuit uses an ideal voltage source, which is done for the convince of
simulation simplicity. In a realization of the clamp circuit voltage sources are often avoided, due

to the circuit complexity and costs. In /34/ several suggestions from the literature describe how
to realize the clamp circuit using a capacitor.

S5.1.17 Link operation of the ACRDCL

No load change condition of active clamped resonant link
Compared to the parallel resonant converters described in chapter 4, the voltage clamp circuit
has added new states. Fig. 5.2 shows a phase plot of the resonant inductor link current versus link

voltage.

The clamp circuit is active in state 2 and state 3. During state 2
the resonant inductor discharges, and during state 3 the resonant
inductor recharges. The resonant inductor current changes in such
a way a condition for a new resonant state 4 is obtained.

The circuit analyzed is shown in Fig. 5.3. The DC link current iy, is 2
zero, the equivalent diagram of the inverter bridge is found in |
Appendix F. Simulation results are shown in Fig. 5.4.a and 5.4.b. vy

Fig. 5.3

State 1
State 2

State 3

State 4

Zrcs ! Lres

Vk+vd

Fig. 5.2 Phase plane plot of
D1 the active clamped resonant

i —OQ“ DC link
vk
7\
s1

i i
Lres do

Equivalent diagram of active clamped DC link converter.

After the voltage step V, a resonant cycle begins.
V4o reaches the voltage clamp level (V; + V,). Inductor L, discharges through the

\'%
diode D1. Ai, = —£ At
res L 2

v
The switch S1 conducts and the inductor L, is charged. Aip = Ei At

Tes

3 *
res

A resonant cycle can begin: v,, changes from (V, + V) to zero
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Fig.5.4a  Simulated curves of the circuit ~ Fig. 5.4b  Phase plane plot of i, versus v,,.
shown Fig. 5.3. Curves are vy, i,
and iy ...

In chapter 4, which describes the RDCL, the resonant link frequency is dependent on the
resonant frequency of the resonant tank and the duration of the zero voltage interval. In the
ACRDCL the link frequency is also dependent on duration of the clamping interval of state 2 and
3. The duration of the clamping interval is dependent on clamp voltage V,, Ai,, and the resonant
inductor L, A decrease in clamp voltage decreases the resonant link frequency. The link
frequency dependency of the clamp voltage is shown in Fig 5.5.

1 Ll 12 13 14 18 s 7 13 1$ 0

Yk
Vd+1

Fig 5.5 Link frequency dependency on clamp factor at fixed resonant component values

The maximum link frequency shown in Fig 5.5 depends on 1+V,/V,, and & ... The ratio V/V,
is changed from 0 to 1. The w,,, is determined by L,.=53 [uH] and C =158 [nH] and the values
are the same as used in the simulation of the ACRDCL shown later.
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If the link is not clamped, the link frequency is 55 [kHz]. In the simulation of the ACRDCL
the link voltage is limited to 1.4V,. With this clamp level the resonant link frequency is decreased
from 55 to 40.4 [kHz]. The resonant link frequency decrease has a negative influence on the
converter output voltage harmonic performance.

From the function (D.14) in App. D, the average value of the resonant link voltage, v,,, was
found independent of the clamp voltage level. The average value of v, is V.

Load change condition of active clamped resonant link

The circuit shown in Fig 5.3 is loaded by a pulse current of I,,=25 [A]. The load condition and
the influence of load changes are considered. The simulation results are shown in Fig. 5.6.a and
5.6.b. The current spikes on i,, and i, are due to simulation errors.

1.0KV V]
v 4
do
ov
50A
lyk
-50A
50A
-20Z,., SRR : ;
"Lres \___é—_-——
: i 8
i
do
-40Z,,,
S0A [) 0.5 1.0

0 50us 100us 150us  200us Vgo [kVI

Fig. 5.6a  Simulated curves of the circuit ~ Fig. 5.6b  Phase plane plot of iyZ,, versus
shown Fig. 5.3. Curves are vy, i, Vio-
1 res and 1y,

State 1 After the voltage step V, a resonant cycle begins. Similar to no load situation.

State 2 A current (I,) is impressed on the resonant circuit. D1 conducts until i, reaches Iy,

res

State 3 A new circle with the radius V__ = V is drawn by the resonant trajectory in the phase
plane.

L
State 4 v, reaches the clamp voltage level. The voltage clamp time is. At, = —= 2 Aj

Vi

State S This state is similar to State 3.
State 6 The impressed current is removed at V, = 0 [V]. A third circle trajectory in the phase

plane with aradius v = \/de +(Z,,, Im)2 is started.
L
State 7 The clamp voltage level is reached, and the clamp time is. At, = —i-/?—s 2 Ai, . Time
k
interval At, is longer than the time intervals given by State 4, and the current stress is

higher.

State 8 A resonant cycle brings V,, to zero voltage. The excess energy absorbed by the resonant
circuit by State 6 is removed from the inductor. This is done through diode D1.

Chapter 5 Clamped parallel resonant DC link converters



41

Compared to the RDCL converter described in chapter 4, there is no difference in the resonant
states when the load current is impressed. The impressed load current increases the resonant
inductor energy with W, .='/,L. ]2 In the situation when the load current decreases, the resonant
inductor energy is decreased. In the RDCL the inductor energy is transferred to the resonant
capacitor and this generates a link voltage amplitude higher than two times V. In the ACRDCL
the resonant inductor energy is also transferred to the resonant capacitor, but the clamp circuit
prevents that the link voltage amplitude increases above V+V,. The clamp circuit energy is
increased, the duration of the clamp interval increases, and the link frequency decreases. The
increased duration of the clamp interval has a negative influence on the output voltage spectral
performance. It is noted that the load change increases the %/, of the link voltage.

5.1.2 Simulation of the ACRDCL
The DC-AC part of the AC-AC converter shown in Fig. 5.1 is simulated. The load is an RL
network and the parameters used in the simulation are shown in table 5.1.

\'A 620 [V]
V, 248 [V]
Resonant capacitor C,, 158 [nF]
Resonant inductor L, 53 [uH]
1+V/V, 1.4
Load impedance 7.6 [Q]
cos(d) 0.8
Resonant impedance Z, ., 18.3 [Q]
Resonant frequency f,,, 55 [kHz]
Fundamental frequency of current reference f| 50 [Hz]

Table 5.1

Converter data used in simulation of ACRDCL.

The converter is controlled by an adjacent state delta current modulator, described in chapter
8.1.2. The converter control part is identical to the ones used in the simulation of the RDCL and
RDCLVPC converters. The active clamp circuit is controlled in such a way the energy flowing
into the active clamp is equal to the energy flowing out. The modulation index m = V/V, s
changed from 0.1 to 1.05. With the load impedance of 7.6 [Q] there is the following relationship
between the phase current and modulation index:

1, [A] 4.7 11.7 23.6 354 47.1 49.5

m 0.1 0.25 0.5 0.75 1.0 1.05
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Fig 5.7 Phase current of ACRDCL converter
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Fig. 5.11 Phase-phase voltage amplitude spectrum of ACRDCL converter
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Fig. 5.13  DF and THD index of the ACRDCL converter as a function of modulation index
m and the effective phase current.
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I phase a 32.9 [A]
I phase a ref. 33.3[A]
V,, fundamental of v,,, V,= 620 [V] 615 [V]
V,, peak link voltage amplitude 868 [V]
DF 4.5 [%]
THD 0.7 [%]

Table 5.2 Simulated key numbers from the converter simulation with modulation index m=1.0.

5.1.3 Discussion

The ACRDCL converter operation is described at no load change situation, and a formula
describing the link frequency dependency, on clamp factor, is derived. The average link voltage
is found to be V,, and independent of the clamp level. With the chosen values of L., C.s and a
clamp level equal to 1.4, it is calculated that the link frequency of v,, is decreased from 55 [kHz],
which is the natural resonant frequency of the resonant circuit, to 40.3 [kHz]. The simulation of
the ACRDCL verifies that the link frequency is close to 40 [kHz].

The ACRDCL converter link operation is described, in load change situations, and it is shown

that a load current step decreases the link frequency. The simulation of the ACRDCL shows the
link frequency decreases at higher load currents.

Comparison of ACRDCL converters DF and THD indexes with the RDCL and RDCLVPC
converters shows worse performance. The higher DF and THD values of the ACRDCL are due
to the relatively lower link frequency. The simulation of the ACRDCL, RDCL and RDCLVPC
was done with the same resonant circuit components. To improve ACRDCL performance the
natural frequency of the resonant circuit must be increased. The dv,/dt of the ACRDCL would
be relatively high and it is shown that the dv/dt is load dependent.

The clamp level of the ACRDCL is K=1.4. With a link voltage V, of 620 [V] the link voltage
amplitude of v, is 868 [V]. This is substantially lower than the link voltages amplitude of 1520

[V] for the RDCL with K=2.45 and the link voltage amplitude of 1290 of the RDCLVPC
converter with K=2.08.

5.2 Passively clamped parallel resonant DC
link converier

The passively clamped parallel resonant DC link converter is described in /22/. The link
clamp circuit is a transformer with an diode as shown in Fig 5.14, the clamp is regenerative. The

transformer clamps the link voltage v, to a clamp level of 2.02. The clamp energy is transferred
back to V.
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Fig 5.14 Passively clamped parallel resonant DC link converter

The lowest link voltage clamp factor obtained in /22/ is 2.02. The link voltage amplitude is
1252 [V] with a link voltage V, =620 [V]. The converter is interesting due to its apparent
simplicity compared to the ACRDCL. In /22/ the design of the clamp transformer is described

as complex. The clamping level is close to the clamping level of the RDCLVPC and the
RDCLVPC uses fewer components.

5.3 Conclusion

In the chapter the actively clamped resonant DC link converter is described. The advantage
of this converter is a low peak phase-phase voltages around 1.4V,. It has been shown that the
clamp level has influence on the link frequency, a lower clamp level gives a lower link frequency.
The resonant link frequency must be increased in order to have a spectral performance equal to
the non-clamped resonant converter. The clamp circuit uses one switch and diode and one
capacitor, the switch is subjected to high stress/35/ because it works at the resonant frequency that
is much higher than the frequency of inverter switches. Instead of the active clamp a passive
clamp circuit with only a transformator and a diode/22/ is proposed.. By using a well-designed
transformator it is possible to obtain a clamp factor of 2.02. However, in/22/ the transformer
design is described as complex and it is decided not to deal with the passively clamped parallel
resonant DC link converter further.
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Parallel resonant PWM converters

This chapter deals with the type of resonant converters which uses PWM and has zero voltage
switching of the main switches. Three converters which combine PWM and soft switching
abilities are presented, "Notch commutated three-phase PWM converter' /5/, /14/, 'Zero switching
losses PWM converter with resonant circuit' / 15/, and the 'Modified ACRDCL converter for
PWM operation'. The last converter is not seen presented in any paper.

The two first converters are described briefly, and the third converter, the 'Modified ACRDCL
converter for PWM operation', is analyzed. First the link operation is described then a simulation
of the converter is done. All converter components are assumed ideal and the active components
are modeled by simple switches. The PWM strategy of the modified ACRDCL converter is
described in 8.2. In the end of the chapter there is a discussion of the three converters.

Noitch commutated three-phase PWM converter

The 'Notch Commutated Three-Phase PWM Converter' is presented in /14/ and is able to
generate PWM pulses and zero voltage switching of the converter switches. In the delta
modulated converter described in chapter 4 and 5 the converter switching was synchronized with
the zero voltage periods of the link. Now the zero voltage periods do not happen at discrete
instants but are syncronized with a pulse from the pulse width modulator. The syncronization
pulse, from the pulse width modulator, is commanded a short time before the converter switches
change to a new state. In this way the resonant link circuit can decrease the link voltage to zero
and the converter switching happens at zero voltage. Fig. 6.1 shows the converter.
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Fig. 6.1 Notch commutated PWM converter

The converter link circuit makes a synchronization with the converter switches possible. Until a
commutation is wanted, the switch S1 is off. Then S1 turns on and decreases the resonant inductor
current to an initial value which ensures a resonant period with ZVS. The time it takes to reach
the initial current is determined by the clamp voltage, V., and the size of the inductor L

TSt

The inductor value is limited by the trade off between a low resonant current, and the clamp
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voltage V, must be somewhat low due to a lossy turn on of S1. The energy in C,, is dissipated in
S1 at turn-on, and the clamp level is therefore low. In /14/ the clamp level is about 1.2.

The converter has the desirable features of PWM, but there are turn-on losses when S1 is

turned on due to a discharge of the C,., capacitors. Therefore, this topology is not investigated
further.

6.2 ZLero switching loss PWM converter with
resonant circuiils

This converter offers PWM and zero voltage switching as the notch commutated converter
described earlier, but the voltage stress on the converter components is lower. The converter is
presented in /15/. Fig. 6.2 shows the converter.
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Fig. 6.2 Zero switching loss PWM converter with resonant circuits.

The voltage stress on the converter switches is similar to PWM-VSI, but the topology requires
2 switches and 3 diodes compared to the notch converters’ 1 transistor and 1 diode.
The resonant circuit is different from the other resonant circuits described. It uses two resonant
states, determined by changing the resonant capacitor value. Changing a resonant state makes a
link oscillation possible without any DC-link voltage overshoot (V, = 0). However, there is a
higher current stress on the converter components. Due to the high number of switches and the
current stress on the devices, the topology is not investigated further.

6.3 Modified ACRDCL for PWM operation

This converter offers zero voltage switching of the converter switches and PWM operation
of the converter. It is an extension of the ACRDCL described in chapter 5.1, with an extra switch
and diode. Fig. 6.3 shows the converter.
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Fig. 6.3 Modified ACRDCL for PWM operation.

it

The voltage stress on the converter switches is limited to V,, until a converter switching is
needed. Before a converter switching takes place, the energy of the resonant inductor L, must
increase. The resonant inductor energy is supplied from the clamp source V,. During the charging
interval of the resonant inductor the link voltage v, =V, + V,.

Finishing the resonant cycles it is necessary to clamp the voltage at V, + V, During this clamp

interval is the energy applied during the charging interval of the inductor transferred back, to the
clamp circuit.

In this paragraph an analysis of the converter is done. First, the link operation is described and
simulations of the converter at the load side are shown.

6.3.1 Link operation of the MACRDCL

No load change condition of MACRDCL

Operation of the PWM MACRDCL is described by a single phase equivalent circuit derived
in app. F of a three-phase converter.

The three-phase inductive load is assumed to have a time constant so large that load current

is considered constant during a few switching of the DC link voltage. The circuit described is
shown in Fig. 6.4.

i
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<

Fig. 6.4 Equivalent of PWM MACRDCL converter with load.
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Simulation results are shown in Fig. 6.5.a and 6.5.b.
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Fig. 6.5a  Simulated curves of the circuit shown  Fig. 6.5b  Phase plane plot of i ., versus v,,.
in Fig. 6.4,

State 1:  Steady state operation, link voltage v, is V; and no resonant action happens. The
voltage above C, is V,+ V, because S1 is on.

State 2:  S2 turns on under ZCS conditions. Link voltage v,, is raised to V, + V, and energy
is transferred to L,,,. The energy of L., increases to a level which ensures that the
resonant cycle oscillates vy, to zero voltage.

State 3:  SI turns off, and the link is now able to resonate v, to zero voltage. Ensuring zero
voltage switching of the converter switches.

State 4:  Diode 2 conducts, and the voltage v,, increases until the clamp level V; +V{ is
reached.

State 5: DI and D2 conduct, and S1 is turned on and S2 is turned off. Energy is transferred

back to the clamp voltage source, and when L, is discharged, D1 and D2 stop
conducting.
State 6:  Is similar to state 1.

During the switching interval no other switching can take place and this has a negative effect
on the converter performance. A resonant converter switching has a relative long time duration
compared to hard switching converters. The influences of the resonant switching on the output
voltage amplitude are discussed now, and in the simulation of the MACRDCL the influence on
the voltage quality is shown. The converter output voltage is described by the modulation index

m that is defined as m=2V/V,=V,/V,.. V, is the amplitude of the converter branch potential and
V., is the amplitude of the phase-phase voltage.

A PWM strategy is chosen in chapter 8.2. The scheme has a minimum number of DC link
switching relative to the converter switching frequency. Fig. 6.5 shows that a certain distance
between each zero link voltage interval is necessary. Unfortunately, the necessary distance
between the zero link voltage intervals limits the PWM operation, and the result is a limited range
of the modulation index of the converter. There is a lower limit of the modulation index m given
by:
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2t

min

min = T (6.1)

sw

t min is the time duration of the clamping interval eg. state 2 or state 5 in Fig. 6.5 and Ty, is the
converter switching time. Formula (6.1) is found from Fig 6.6a showing time t, and t, for a 60 [°]
period. They are calculated from the modulation function shown in chapter 8.2. The times t, and
t, are used to calculate the duty cycles. Branch potential at branch a and b is shown in fig. 6.6b.
The branch potential v, is proportional to t, + t, shown in Fig. 6.6a in the interval of 0-60 [°]and

mTgy, = t,+t,.To ensure the necessary distance between two zero link voltage intervals the low
values of t, and t, are limited to t,,;,.

m ' 1 Tew
. . t1+2t2 : '
08 [ NG T g T,
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04 [ i NG ] 04 Ty
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0 0 Toy s S NS S S S
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Fig. 6.6a PWM duty cycle times for a 60° Fig. 6.6b  Branch potentials of converter and
interval.

phase-phase voltage shown in Fig.
6.3.

In fig 6.6a t, and t, are shown for a modulation index of m=0.2. Ift and t had a lower
boundary of t;, the lower limit of the modulation m is given by (6.1).

At modulation indexes near 1 it is also necessary to limit the duty cycle. In Fig 6.6at, +t,
are shown, and it must be ensured that t, + t, always is smaller than T, - 2t to prevent two
resonate switching intervals to collide. This gives a maximum modulation index that is smaller
than 1. A solution is to set the duty cycle of converter branch a to 1 and just control the duty cycle
of branch b. This solution introduces harmonics, but the output voltage amplitude is not reduced.

The actual limitation of modulation index is described in the simulation of the MACRDCL
converter.

Load change condition of PWM MACRDCL

The circuit shown in Fig 6.4 is loaded by a pulse current of I,,, = 25 [A]. The influence of the
load is considered. The simulation results are shown in Fig. 6.7.a and 6.7.b.
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Fig. 6.7.b  Phase plane plot of i, versus v,.
shown in Fig. 6.4.

Last action was the turn off of S1 and the link is now able to resonate V, to zero vol-
tage.

V4 reaches zero voltage and a load current is impressed on the link circuit. The anti
parallel diode turns on and V, is clamped to zero voltage until i, ., reaches the value
of is,. A resonant cyclus commence.

Diode 2 conducts. The voltage V, increases resonant until the clamp level V4 + V,
is reached.

D1 and D2 conduct, and S1 is turned on and S2 is turned off. Energy is transferred
back to the clamp voltage source, and when L, is discharged, D1 and D2 stop
conducting.

Steady state operation, link voltage v, is V4 and no resonant action happens. The C
voltage value is V, + V, because S1 is on.

S2 turns on under ZCS conditions. Link voltage v, is raised to V, + V, and energy
is transfered to L. The energy of L., increases to a level that ensures that,, v
oscillates to zero voltage.

S1 turns off and the link is now able to resonate V., to zero voltage. Ensuring low
zero voltage switching of the converter switches.

The impressed load current changes to zero current and C,, is chaged.The trajectory

res

of the new circle in the phase plane is V= \/V d2

is similar to state 4.
is similar to state 5.

* (Z,, 1,07

res

In the ACRDCL converter described in chapter 5 it was possible to control the energy flow
into the clamp circuit, the clamp voltage source could therefore be replaced by a capacitor. Using
the MACRDCL it is also possible to control the energy flow. The energy can be moved between
the clamp and link source through the resonant inductor. The resonant inductor L, stores clamp

source energy in eg. state 6 and transports the energy to the link source V, during the short circuit
interval shown in state 2 fig. 6.7.a.

6.3.2 Simulation of the MACRDCL
The DC-AC part of the AC-AC converter shown in Fig. 6.3 is simulated. The load is a RL
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network and the parameters used in the simulations are shown in Table 6.1.

v, 620 [V]
\A 248 [V]
Resonant capacitor C,,, 250 [nF]
Resonant inductor L, 15 [uH]
1+V/V, 1.4
Load impedance 7.6 [Q]
cos(p) 0.8
Resonant impedance Z,, 7,75 [Q]
Resonant frequency f,,, 82 [kHz]
Fundamental frequency of current reference f, 50 [Hz]

Table 6.1 Converter data used in simulation of MACRDCL

53

The converter is controlled by a PWM strategy described in chapter 8.2, and the simulation

was carried out in SABER.

Phase current [A]

Time [s}

Fig. 6.8 Phase current of MACRDCL converter
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Fig. 6.9 Phase-phase voltage of MACRDCL converter
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Fig. 6.11 Phase-phase voltage amplitude spectrum of the MACRDCL converter
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Fig. 6.13 Peak phase current spectrum of MACRDCL converter
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Fig. 6.14 DF and THD index of the ACRDCL converter
I.¢phase a 33.75 [A]
V,, fundamental of v, V,= 620 [V] 629 [V]
V,, peak link voltage amplitude 868 [V]
DF 4.60 [%]
THD 1.32 [%]

Table 6.2 Simulated key numbers from the converter simulation with modulation index m=1.0.

6.3.3 Discussion

The 'Modified ACRDCL for PWM Operation' is a modification of the ACRDCL so that it can
perform PWM operation. The modification is done by inserting an extra switch in the active
clamp circuit. Compared to the second converter the current stress is lower, but the voltage stress
of the converter switches is higher than the voltage stress for ACRDCL resonant converters. There
is high dv/dt due to engagement and disengagement of a clamp voltage source.

A general problem of all PWM converters combining a resonant dc link is the time the
resonant circuit needs to complete a full resonant cycle. The resonant cycle ensures zero voltage

switching at converter branch switch over, but during a resonant cycle no other branch switch over
can happen.

6.4 Conclusion

The first converter 'Notch Commutated Three-Phase PWM' /14/ uses a relatively low number
of components in the link, one switch and one diode. Unfortunately, the converter has a link
switch working with high losses which causes indirect limitations of the switching frequency. Due
to this disadvantage is the converter considered unusable in this project.

The second converter 'Zero Switching Loss PWM Converter with Resonant Circuits' /15/ uses
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two link switches and two diodes, but it poses a very desirable feature having a zero clamp
voltage. This means the voltage stress on converter switches is similar to a hard switched PWM
converter. One disadvantage of this converter is the link transistor placed in the main current path
which causes high conduction loss. The converter possesses desirable properties, but the link

switch in the main current path is considered as such a drawback that the converter is considered
unusable in this project.

The third converter 'Modified ACRDCL for PWM Operation' is a modification of the
ACRDCL so it can perform PWM operation. The modification is done by inserting an extra
switch in the active clamp circuit. Compared to the second converter the current stress is lower,
but the voltage stress of the converter switches is higher than the voltage stress for ACRDCL
resonant converters. There is high dv/dt due to engagement and disengagement of a clamp
voltage source. This undesirable property is also found in the first converter.

A general problem of all PWM converters combining a resonant dc link is the time the
resonant circuit needs to complete a full resonant cycle. The resonant cycle ensures zero voltage

switching at converter branch switch over, but during a resonant cycle no other branch switch over
can happen.

The time used on a converter branch switching could easily take 10 % of the switching period
time due to the resonant cycle, and this gives limitations of output voltage amplitude.
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PWM-VSI converifer

This chapter describes a PWM-VSI' converter, which is today the most used converter in
variable three phase speed drives. The converter technology has been developed for more than two
decades and it is considered mature. The design of the converter is described in most power
electronic books and the special hardware used to build the converter is available from many
manufactures. The two dominating modulation techniques for the VSI are a sinusoidal function
with third harmonic injection and stator flux oriented modulation. Both are popular, but they are
derived in different ways, the sinusoidal modulation with third harmonic injection is derived by
considering how the converter output voltage can be generated as close as possible to a sinusoidal
voltage. The first modulation derived in this way was called a sinusoidal modulation, but that
modulation had the disadvantage of reduced output voltage. Then it was modified by adding a
third harmonic, and by this way the output voltage was boosted, and the voltage gain of the
converter is unity. The stator flux orientated modulation is found from direct consideration of
optimizing the machine flux pattern, and it has been shown that the stator flux orientated
modulation called SFAVM has a superior performance/18/, compared to the sinusoidal
modulation with third harmonic injection. The modulation considered here is a stator flux
orientated modulation strategy. Considering the implementation of the two different modulation
strategy types in a microcontroller there is not much difference. Both modulation strategies are
often implemented by using a look-up table which is simple to implement.

The converter is used in applications from a few 100 [VA] to 500 [kVA]. One huge benefit
of the PWM-VSI is that the design procedure of the converter of low power compared to higher
power is almost the same. The control logic for the low power converter is equal to the high
power converter .There has to be taken special considerations of the power electronic layout. The
PWM-VSI converter is introduced and then it is simulated using the PWM strategy called
SFAVM described in chapter 8.2.1.

s 1 PWM converier

The converter has a relative simple link circuit consisting of a capacitor and it is assumed the

capacitor is large enough to ensure a low ripple DC voltage v,,. The converter is shown in Fig.
7.1.

'Pulse Width Modulated Voltage Source Inverter, PWM-VS|
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Fig. 7.1 Parallel DC link PWM converter in AC-AC converter

With an ideal converter the maximum voltage stress on the load is only V,; but the converter
switches turn on and off with V, impressed. This is hard switching and the losses it causes in the
non-ideal switches are a limiting factor of the switching frequency. In /10/ there is made an
investigation of IGBT's and their behaviour in hard switching. It is concluded that the switching
losses can be minimized by selecting a proper switch gate drive and switch technology. This

subject is interesting, but in this report the switches are considered ideal whereas the second report
in the project deals more with the subject.

72 Simulation of PWM-VSI/

The DC-AC part of the converter shown in Fig. 7.1 is simulated, and the modulation strategy
SFAVM is used. The switching sequence used in the first 0-60 [°] period is
000->100->110->111->111->110->100->000
Further information of the derivation of the SFAVM is found in /18/,/19/ and in chapter 8.2.
The load is an RL network and the parameters are shown in table 7.1.

Vy 620 [V]
Load impedance 7.6 [Q]
cos(d) 0.8

fow 5.0 [kHz]
Fundamental frequency of current reference f| 50 [Hz]

Table 7.1 Converter data used in simulation of PWM converter
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Fig. 7.4 Phase phase voltage amplitude spectrum of the PWM converter
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Fig. 7.5 Phase phase voltage amplitude spectrum of PWM converter
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Ia Peak phase current [A]

Fig. 7.6 Peak phase current spectrum of PWM converter
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Fig. 7.7 DF and THD index of the PWM converter as function of modulation index m and the
effective phase current.
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Isphase a 41.8 [A]
V,,, fundamental of v, V= 620 [V] 615 [V]
DF 4.57 [%]
THD 1.21 [%)]

Table 7.2 Simulated key numbers from the converter simulation with modulation index m=1.0.

The fundamental of v,, is for modulation index m= 1 not equal to V; but it is 5 [V] below.
This is due to the conduction voltage of the switches and diodes. The conduction voltage drop is
given by the internal resistance in the diode and switch and on-state voltage used in the
simulation. The modulation indexes in the simulations are m= 0.1, 0.3, 0.6, 0.75, 0.9, 1.0.

73 Conclusion

The PWM converter is simulated with a switching frequency of 5 [kHz], and the SFAVM
strategy is used. The voltage frequency spectrum of the converter shows that the harmonic content
is concentrated in narrow bands around multiple of the switching frequency. The spectrum is
deterministic opposite the delta modulated converters which have a random spectrum. Using a
PWM strategy in machine drives gives a distinct noise with a frequency equal to the switching
frequency. With the energy concentrated at multiple of the switching frequency it is advisable to
avoid hitting mechanical resonant points. Another factor to be considered where humans are
present, is noise. It is often considered unpleasant. For the convince of the user the switching
frequency should be high enough to be in an area where the human ear is not so sensitive.
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Converter modulation strategies

In this chapter different modulation strategies are described, first the DPM' and then the
PWM? strategy. Four different DPM strategies are described briefly and one is selected to be used
in the simulation of the converters. The PWM strategy used in the hard switched converter which
is simulated in chapter 7 is described. The PWM strategy is modified to be used in the zero
voltage switching converter described in chapter 6.

8.1 Delta modulation

This paragraph contains a description of commonly used DPM strategies, and one of them is
selected to be used in the simulation of the RDCL, RDCLVPC, and ACRDCL converter.

When using DPM the resonant converter switch is synchronized with the resonant link. The
switching of the converter switches should happen at discrete instants in synchronization with the
link voltage zero interval. The most wide spread modulators are described in /23/,/34/, and /37/.

8.1.1 Delta current modulator

The Delta current modulator is a single phase modulator with zero hysteresis comparator.
Because of the zero hysteresis comparator the modulator does not generate zero voltage vectors
/37/. Then the active vectors are changed. There is more than one BSO®. Therefore, the phase-
phase voltage changes polarity relatively often compared to PWM. PWM usually only allows one
BSO between two succeeding active vectors. The resonant link current changes polarity often,
therefore the link stress is relatively high.

Link Clock
For each phase l
s / s
'refa H vgatea

'a

Fig. 8.1 Delta current modulator

' Discrete Pulse Modulation
* Pulse Width Modulation

* Branch Switch Over, BSO
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8. 1.2 Adjacent state current modulator
The adjacent state current modulator is a modification of the delta current modulator. The

adjacent state modulator allows only the converter to generate succeeding active vectors which
are adjacent vectors.

Link Clock

a4

three phases n—:]ﬂ

irefa \
;V gateb
a [ >v gatec

Fig. 8.2 Adjacent state current modulator

M 1
» Batea

AAd

The vector sequence 100->110->010 is allowed, but the vector sequence 100->010 is not
allowed. If the succeeding vector to an active results in more than one BSO, a zero voltage vector
is selected. The zero voltage vector which is closest to the proceeding vector is selected/34/. In
this way the switch stress is distributed more equally.

The use of zero voltage vectors limits the link stress considerably because the link current
reversals are eliminated. In/34/ it is claimed that the current performance is much better than the
delta current modulator. In /23/ a more moderate judgement of the current performance is stated.
At low current /23/ the ASCM* performance claims to be worse than the DCM®.

8.1.3 Sigma delta modulator

Sigma delta modulators are more simple to realize than the DCM and ASCM because it only
needs a voltage reference and no feed back current from the load. The sigma delta modulator has
a low dynamic performance compared to the DCM and ASCM, but it has superior THD
performance /34/. SDM° is a good choice for open loop control of induction machines /34/.

‘Adjacent State Current Modulator, ASCM
*Delta Current Modulator, DCM
“Sigma Delta Modulator, SDM

Chapter 8 Converter modulation strategies



67

Link Clock
For each phase l
S v
v ] L » gatea
e Je H

Fig. 8.3 Sigma delta modulator

8. 1.4 Selection of modulation sitrategy

The modulators described here could be extended to more advanced modulators, like the
synchronous reference frame versions/34/, but this is not done here because the main purpose is
to realize a resonant converter, and a close study of modulation stragies is a huge project. For
further study in this report a converter with high dynamical performance is wanted and the link
current stress should be low. Therefore, the adjacent state current modulator is chosen to be used
in the simulations of the resonant converters.

8.2 Pulse width modulation

This chapter describes a PWM strategy called SFAVM? which is used in the hard switched
converter simulated in chapter 7. The SFAVM strategy is described in detail which is done
because the strategy is modified also to be used in the zero voltage switching converterter
MACRDCL simulated in chapter 6.

The modification of the SFAVM strategy for the MACRDCL is done to optimize the ratio of

link frequency zero periods versus converter switching frequency and the chosen strategy is called
LOSFAVMS,

8.2.1 Stator flux oriented asynchronous vecior
modulation
Introduction to voltage vectors and flux polygons:

The converter output voltage is transformed by Park transformation, from the three-phase
system to the stator fixed ab-system /21/.

Vi S, Vet s v @1

" Stator Flux Oriented Asynchronous Vector Modulation, SFAVM

# Link Optimized Stator Flux orientated Asynchronous Vector Modulation, LOSFAVM

Chapter 8 Converter modulation strategies



68

The voltage vector is the stator voltage vector, and time functions v,, v,, v, are the branch
potentials of the converter. It can be shown that branch potentials and phase voltages have
identical voltage vectors, the vector V, hence is a stator phase voltage vector. The constant 2/3
adjusts the length of V| so it has the amplitude of the fundamental phase voltages.

The converter branch potentials are determined by the branch switch positions and with three
branches there are 8 different branch potentials each given by a particular state of the converter
switches. The branch potential with reference to the midpoint of DC link voltage can be equal to
the half link voltage (V/2) or minus half the link voltage (-V4/2). A convenient representation

is described by a one bit operator. '1' means the branch potentials are V4/2, and '0' means -V /2.
Three branches are represented by a tree bit number.

Nr. v, v \A \'A bits
S
0 vy vy vy 0 111
2 2 2
o ISR 7R R BV
2 2 2
2 v v , 2, |10
2 2 2
3 Ve Y4 Ve Z'—vdejz’“/3 010
2 2 2
4 \# \# vy zv " 011
2 2 2 3¢
S /T Yoo | Zy,enm | 001
2 2 2
N R 7 e
2 2 2
7 v, v, v, 0 000
2 2 2

Table 8.1 Connection between the eight different branch potentials and voltage vectors.

The voltage vectors are impressed on an induction machine having a smooth air gab. In /21/ there
is a set of differential equations for the machine. The stator flux can be found by integration.

d¥,
RI +

V, = RJ, (8.2)
dt

i

For convenience the stator resistance R, is neglected, and the stator flux is

¥, - [V, (8:3)

Impressing the 8 voltage vectors in an appropriate way a stator flux trajectory is built up, and
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in steady state the trajectory describes a polygon that deviates a little from a circle circumference.
Two of the 8 voltage vectors are the zero vectors '111' and '000' and they do not change the flux.
The other six called active vectors change the flux.

Stator Flux Oriented Asynchronous Vector Modulation, SFAVM

In /19/ general demands of vector based modulation strategy are formulated . In steady state
the stator flux vectors must describe a flux polygon, centered around origo in the ab-plane, while
the angle deviation to the reference circle flux must be kept with in an acceptable level by
impressing active and zero voltage vectors in changing order.' Further on in /19/ there are
suggested 4 different vector sequences that could be used in a modulation strategy. The vector

sequences do not use more than one branch switch over, then the next vector is impressed. One
example is

000->100->110->111

The reasons for allowing only one BSO between the voltage vectors are

1: Using two BSO’s between a zero and an active vector increases the switching losses.

2: If there are two BSO’s between two active vectors, a voltage reversal happens and dc-link
current changes polarity causing increased reactive power circulation. This problem is known
from DPM. While two BSO’s give a 120° turn of the flux trajectory instead of a 60°, this will
give an unnecessarily increased amplitude and angle error.

It is shown in /19/ that the flux vector angle error in most cases is minimized if the active
vectors are centered in the switching period. This is important if the ratio of switching and

fundamental frequency are low. This is seen from Fig 8.4 and equation 8.4.

a8

8

ref

™ A0

™~ A8

4

2

~ AD

8
' ref 8ot

A/
g —t
ty ty t ty oty !

Fig. 8.4.a U ical fl T Fig. 8.4.b Angle error at not centered active
1g. 8.4.a Unsymetrical flux trajectory vectors at top and angle error at centered active

vectors at bottom.

Fig 8.4.a shows a flux trajectory and the angles change due to two active vectors, and Fig
8.4.b shows the reference angle and angle from the flux trajectory. The two top figures show the
angel error at non- centered active vectors in the switching period. The two bottom figures show
the angle error for centered active vectors in the switching period. In equation 8.4 the angle

change for a switching period is shown, and it is seen that a high ratio of f1/fsw must minimize
the angle error shown in fig. 8.4.b.
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AB =2 n-t-} (8.4)
Equation 8.4 shows the angle change for a switching period, and it is seen that a high ratio of

f1/fsw must minimize the angle error shown in fig. 8.4.b.

From Table 8.1. the active vector

sequences are found as shown in Table ] -
8.2, and the pulse pattern is shown in — I
fig 8.5. - B ]
0-60° 100 -> 110 w
60-120° 010 -> 110 X
120-240° 010 ->011 — .
240-300° 001 ->011 "
300-360° 001 -> 101
360- 0° 100 -> 101 Tsw

Table 8.2 Active vector sequences

Fig 8.5 Theto Ise pattern consist of an vector
used in PWM modulation stragegy. £ ¢ lop pulse pa 1 ecto

sequence and an reversed vector sequence and the
bottom only by one vector sequence.

The pulse pattern shown in Fig 8.5 at the top has the advantage to have the same number of
BSO's as the bottom pulse pattern, but average flux amplitude error is smaller.

The SFAVM is optimized with respect to the number of flux turns per switching period and
a minimized angle error and a low number of BSO's. In /19/ the vector sequence of a switching
period of the first 0-60 [°] of a voltage vector V, using SFAVM is
000 ->100->110->111
This sequence is found not to be optimum in the MACRDCL converter because then there
is needed a high number of link zero voltage intervals. The next paragraph describes the
modulation sequence used in the MACRDCL.

8.2.2 Link optimized stator flux oriented
asynchronous vector modulation, LOSFAVM
A modulation strategy used in the MACRDCL should have a minimum number of link zero

voltage periods. In other words, the link frequency should be minimum for a given converter
switching frequency.

The reason to keep the link frequency low is that the resonant link circuit must be activated
to make the link voltage to go zero. After the zero voltage interval the link voltage is changed
back to the DC link voltage. The whole cycle needed to obtain the zero voltage interval takes
time, and this time is a limit of how close two BSO”s can appear. There should be as few BSO’s
per switching as possible.

For the PWM converter it is desirable to have a low DC link frequency, and the minimum link
frequency strategy is called LOSFAVM.

? Branch Switch Over, BSO
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Selection of modulation strategy

Equation 8.4 shows the angle change for a switching period, and it is seen that a high ratio
of fow/f; decreases the angle error. This is used to make the following assumption:
For a high swithcing frequency 10-20 [kHz] with a f, ., = 50 [Hz] is the angle error at non-

centered active vectors is considered acceptable, and two BSO’s between a zero and active vectors
are acceptable.

The active vectors don't have to be centered in the switching period, and the number of BSO’s
is not critical having zero voltage switching. It is decided to avoid current reversals in the link and
there is therefore only allowed one BSO between two active vectors. Changing from a zero vector
to an active or opposite it is allowed that there is more than one BSO.

The active vector sequence shown in table 8.2 is used, but the zero vectors must be placed
with respect to a minimum number of DC link switchings per switching period.
Table 8.3 shows four vector sequences, number 1-2 is from / 18/,/19/.

DLS: Dc Link Switching per switching period, BSO: Branch Switch Over per switching period.

Vector sequence DLS |BSO |Number of
Vavg pr. Tsw
->000->100->110->111-> 4 6 2
->000->100->110->111->111->110->100->000-> 6 6 4
->111->100->111->111->110->111-> 4 6 2

->000->100->110-> 3 4 2

Table 8.3 Vector sequence combinations and there is searched for a minimum number of DLS
for a given switching frequency.

In the beginning of chapter 6.3.1 it was stressed that the link frequency must be low. The
vector sequence with the lowest DLS has the lowest link frequency and number of BSO’s. The
selected vector sequence is:

000 - 001 -~ 011

ty 4 t

By simple geometry /18/,/19/ the time of each active vector is found. t,, t, and t, are

t, =T, m (—\/g—cosﬁ - lsin@) (8.5)
2 2

t, = T, m sin0 (8.6)

t, = Ty = () 8.7)
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Fig. 6.9 shows the modulation curve and branch potential, phase-phase voltage and a fourier
spectrum of phase-phase voltage, the dc link voltage is constant.
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Fig. 6.9 Modulation curve, branch potential and phase-phase voltage fouier spectrum using
the LOSFAVM strategy.

The modulation strategy is used in the MACRDCL converter simulated in chapter 6.

8.2.3 PWM used in resonant link converters with
oscillating link

Using the delta modulation technic has the disadvantage of variable swithcing frequency, and
this makes the PWM spectral performance superior at particular lower modulation indexes. Here
a small investigation is made to see if it is realistic to use PWM in resonant link converters with
discrete voltage pulses.

If PWM is used in a resonant link converter, the resonant link frequency must be high to
obtain satisfactory pulse width resolution, in typical PWM-VSI the pulse width resolution is
higher than 128. The pulse width resolution is defined as the ratio.

PWM timer frequency

pulse resolution= : (8.8)
converter switch frequency
The pulse width resolution using a resonant converter
pulse resolution = link _frequency (8.9)

converter switch frequency

With a pulse resolution of 128 and a switch frequency of 5 [kHz] the resonant link frequency
should be 640 [kHz]. With this resonant link frequency the dv/dt is about 2000 [V/us] which value
is close to the values obtained in hard switched PWM converters, the IGBT switches used in
converters have a maximum switching frequency about 100 [kHz].

Generation of PWM patterns using a resonant link needs a resonant link with a very high

resonant frequency, and considering that this generates high dv/dt, the subject is not dealt with
further.
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8.3 Conclusion

The modulation technics most often used in resonant and VSI converters are described. For
the resonant converters having discrete switching zero voltage instants a simple delta current
modulator is selected which is synchronized with the DC link zero voltage instants. There is
selected a PWM strategy called SFAVM for the PWM-VSI converter and for the modified
resonant converter where the DC link zero voltage instants can be initiated almost arbitrary. There
is seleced a modified SFAVM strategy which minimizes the DC link switchings for a given
switching frequency. The strategy is called LOSFAVM. Finally, it is considered if a PWM
strategy with benefit could be used in a resonant converter with discrete zero voltage instants, but
it is concluded that the DC link resonant frequency has to be very high. And such a high resonant
frequency generates dv/dt similar to the standard PWM converter. The switches typically used
in medium power converters do not switch fast enough so this possibility is disregarded.
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of converfers

The performance and characteristic parameters are divided into three categories: High level
properties, describing simple observations. Medium level properties, describing more specific
parameters. Low level properties, describing a particular configuration of converters in detail, the
properties are found by simulation. Converter topologies investigated are particular for motor drive

applications, but with the investigation it should be possible to select a topology for other
applications. UPS, and AC power supplies.

Table 1. High Level properties

Performance and characteristics

Link device count Input filter | Output filter
Converter Input Output Link type . . . .
type converter converter S“{ltches, Passive Passive Passive
diodes compo- compo- com-
nents nents ponents”'
L.C L,C
RDCL DPM voltage 0 IL
res. DC link 2C
RDCLVPC DPM voltage 0 1L
Diode or res. DC link 2C
ACRDCL DPM DPM voltage 1S 1L 3L 0
res. DC link 1D 2C
MACRDCL PWM DC voltage 28 1L
2D 1C
PWM DC voltage 0 1C
PWM-VSI

*1

Inductive load assumed
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Table 2. Medium level properties

Switch Main Average | Link control | Max. output | Approx. Approx.
Converter type switch switching complex- voltage™ | main switch | main switch
type switching frequency ness V stress 2 I stress ™
[kHz]
RDCL ZVS ~20 simple <1 2.8>V>2 1
RDCLVPC ZVS, ~20 very <1 2.08>V>2 1
IGBT, Hard |
MOS-FET ar complex
ACRDCL ZVS ~18 complex <1 14=V 1
Uni-
MACRDCL directional ZVS 5 complex <1 1.4>V>1 1
Sinusoidal Hard Hard middle, simple 1 11
PWM-VSI high

*1

The base of comparison max. output voltages is six-step operation, V=1.273*V /2

2 The base of comparison is the voltage stress in the sinusoidal PWM-VSI

Table 3 Low Level properties

Inverter Link device
Converter Device DF THD

type (%] [%]

Voltage peak | Voltage peak
switch [V] clamp =] =]

switch [V]

RDCL 1519 - 428 0.54
RDCLVPC 1289 - 4.17 0.54
ACRDCL 850 148 4.50 0.70
MACRDCL 850 148 4.60 1.32
PWM-VSI 620 - 4.57 1.21
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Fig 9.1. shows the distortion factor, DF /39/ and the total harmonic distortion, THD /8/ for the converters

And the converters are:

A ACRDCL
MACRDCL
RDCL
RDCLVPC
PWM-VSI

v < ®m 2

[%]

(%]

0 5 10 15 20 25 30 35 40
[ [A]

Fig. 9.1 Spectral performance of simulated converters. Note that m = Va/Vy, and I is the effective
value of the fundamental phase current.
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10

Conclusion

In this chapter a revision of the initial problem leading to this report is made. Then there is
made an evaluation of four selected resonant converters. The evaluation is based on the analysis
and simulation of the converters. Finally, there is selected one resonant converter for further work.

10. 1 Revision of the initial problem

In this report is dealt with analysis and simulation of resonant converters, used in three-phase
speed drive systems. The motivation for the work is the problems with switching losses, and high
dv/dt, generated by the standard converter PWM-VSI used today. Today the switching frequency
of the medium power standard converter is limited below 20 [kHz]. This is due to the increase of
switching losses and dv/dt at higher switching frequencies. By using resonant converters the
problems can theoretically be solved, and switching frequencies higher than 20 [kHz] are easily
obtained. But the resonant converter increases voltage and current stress of the converter
components and load machine. Several resonant converters are investigated to find a resonant
converter that is able to compete with the standard converter used today.

10.2 Evaluation

There are suggested many resonant converters and all cannot be evaluated in the period of the
project. From a study of the paper literature is it decided to investigate the parallel DC link
converters further. There are selected four parallel DC link converters to be subjected to a deeper
analysis and simulation.

The four selected converters are named RDCL, RDCLVPC, ACRDCL, and MACRDCL and
from the analysis and the simulation results there is selected a converter for implementation in

laboratory. To be able to compare the resonant converters’ performance with the widely used
PWMS-VSI. That converter is also simulated.

The evaluation of the converters RDCL, RDCLVPC, ACRDCL, and MACRDCL is first done
by comparing the converters to the specification given in chapter 3. The desired specifications for
a resonant converter are repeated:

- Phase-Phase voltage, V = 440 [V] RMS for link voltage, V,= 620 [V]

- Phase-Phase peak output voltage maximum 1300 [V]

- Dv/dt <1300 [V/ps], a dv/dt = 200 [V/us] is desirable

- Resonant link frequency, f,, in the area of 40 - 150 [kHz]

- Distortion of inverter output voltage, DF similar to a PWM-VSI converter working at 5

[kHz] for a resonant link frequency of 50 [kHz]
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Converter Max. Peak dv/dt fres
Phase-Phase Phase-Phase DF
voltage, RMS voltage similar to
m=1 PWM-VSI
V] V] [V/us] [kHz]
RDCL 438 1519 > 200 54 yes
RDCLVPC 438 1289 ~ 200 54 yes
ACRDCL 438 850 > 200 54 yes
MACRDCL | 438 850 > 500 100 yes

Table 10.1. Converter performance of four investigated converters

The RDCL converter is seen to have the highest peak phase-phase output voltage. The peak
phase-phase output voltage amplitude is a serious disadvantage, the output voltage is high, and
the peak voltage is heavily load dependent. The only way to decrease the peak phase-phase
voltage is to decrease the impedance of the resonant link circuit, but this gives higher reactive
losses. It cannot be expected that standard induction machines, as the ones described in chapter
3.1, can withstand this high voltage without insulation breakdown. The amplitude of the peak
phase-phase voltage disqualifies the RDCL converter form further investigation.

The RDCLVPC converter has also the problem of high peak phase-phase output voltage, but
compared to the RDCL the voltage is much lower and it is not load-dependent. The peak phase-
phase output voltage amplitude is not higher than standard 1700 [V] IGBT can be used, and the
voltage is within the specification limits of 1300 [V].

It has the lowest number of additional power electronic components of all the resonant
converters, and because the peak link voltage amplitude is relatively constant and not clamped,
the dv/dt would be close to 200 [V/ps] for a link circuit resonant frequency of 54 [kHz], except
for the hard switched turnoffs at relatively low voltage. The other converters could under load
change operation states have dv/dt somewhat higher, like 500 [V/us]. Compared to the other
resonant converters there is no additional components in the link than the resonant circuit.

The control of the link voltage amplitude is done by the converter switches, and it is possible
to control the resonant circuit energy by turning the converter switches on a little time before the
zero voltage condition. Turning the converter switches on a little time before the zero voltage
condition gives hard switching and high dv/dt. The design of the problem of the RDCLVPC is to
minimize the link voltage at the instant the converter switches are turned off.

Despite the simplicity of the power electronic circuit one must consider that the control of the
RDCLVPC converter is quite complex and requires very fast control electronics.

The ACRDCL converter introduces a switch in the DC link circuit to clamp the output
voltage. The link switch is working at relatively low voltage, but is working at the link frequency
and therefore believed to have high losses. This is described in /35/. Comparing the output voltage
quality with the other converters it is seen that the converter is performing worse. This is due to
the fact that the link frequency is dependent on the clamp level. A low clamp level gives a lower
link frequency and to increase the voltage quality the resonant link component frequency must
be increased. Resonant frequency can be increased by decreasing L or C. If L is decreased, this
decreases the resonant impedance and the peak current increases. If C is decreased, the resonant
impedance increases, but the inverter switches are going to be more stressed. The total loss is
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therefore properly rising when the resonant frequency in the ACRDCL converter increases, but
a final judgement is impossible to make without knowledge of which type of switches is used and
the data for the resonant components. The converter has a lower output voltage peak compared
to the RDCLVPC but at the expense of a switch. The control of the converter is considered not
as complicated as the RDCLVPC. The ACRDCL converter control is simpler because the control
of the link switch can be done quite independent on the inverter switching state.

The MACRDCL converter combines PWM and zero voltage switching and does this by a link
circuit using two switches. It is shown that the output voltage quality is quite similar to the one
the standard PWM-VSI converter produces. This means the voltage quality at lower modulation
index is better than the other resonant converters described. It must, however, be noted that the
modulation is limited by the time it takes to initiate the resonant link circuit and make the resonant
cycle. The way to have a wide modulation area is to have a high resonant circuit frequency.

MACRDCL is the converter that uses most additional components in the resonant link. It uses
two switches and diodes more than the RDCL and the RDCLVPC converter do. On the other hand
it offer the best modulation quality because it uses PWM.

10.3 Selection of converter for further work

The three converters to be considered selected for further work are the RDCLVPC, ACRDCL,
and MACRDCL. It is concluded they all are within the specification limits and it is decided to
make a choice based on two qualities:

High efficiency
High output voltage quality

It is considered that the RDCLVPC has the potential of the highest converter efficiency, due
to the minimum number of power electronics components used, and it is shown the modulation
quality at high modulation indexes must be considered good. The MACRDCL converter is
considered to offer the potential of highest output voltage quality, at a broad modulation index
range because it uses a PWM strategy. The ACRDCL is between these two converters’
performance, and it is decided not to consider that converter further. The choice is between the
MACRDCL and the RDCLVPC. It is believed that the RDCLVPC is complicated to control, but
due to the quite advanced custom designed chip available today, it is hoped that the control can
be implemented in such a chip. The converter power circuit would then be quite simple, almost
as simple as the PWM-VSI converter, and therefore and due to the expected high efficiency the
RDCLVPCis selected for further study and implementation in laboratory.

Chapter 10 Conclusion



82



Bibliography

1/ "The Resonant DC-Link Inverter - A New Concept in Static Power Conversion"
IEEE-IAS 1986, Conference Record, pp. 648-655
D.M. Divan.

12/ "Comparison of Resonant Converter topologies"

ISIE 1993, Budapest, pp. 765-770
M. Dehmlow, K.Heumann, R.Sommer.

/3/ "Alspa GD4000 A Revelation in Drive Technology"
Sales brochure: Cegelec Industrial Controls Ltd.
West Avenue, Kidsgrove, Stoke-on-Trendt,
Staffordshire, ST7 1TW, England.

14/ "A Guide to the Application Oriented Selection of AC/AC Converter Topologies"
IEEE Transactions on Power Electronics. Vol. 8. No. 2. April 1993, pp. 156-163
Shibashis Bhowmik, Rene Spee.

15/ "Optimum Use Of DC Side Commutation In PWM Inverters"
PESC 1991, Conference Record, pp. 277-282
V. G. Agelidis, P. D. Ziogas, Deza Joos.

16/ "Zero Switching Loss Inverters For High-Power Applications"
IEEE IAS Ann. Mtg. Conf. Rec. 1987, pp. 627-634
D. M. Divan, G. L. Skibinski.

17/ "Drives"
EPE 1993, Conference Record, volume 1, pp. 33-39
C. T. Wheatly, Control Techniques plc, UK

18/ "Power Electronics, Converters, Applications and Design"
Book printed 1995, 2nd ed. ISBN 0-471-58408-8 (cloth)
N. Mohan, T. M. Undeland, W.P. Robbins.

/9/ "Grundfoss reklame for X3000"

/10/ "Comparison of NPT and EPI Technology Given by Toshiba Second and Siemens
First Generation IGBT"

Report no. 93. 1, Aalborg Universtity, Institute of Energy Technology, 1993
F. Blaabjerg, S. Munk-Nielsen, J. K. Pedersen

11/ "Drive & control"

Siemens Industrial products and systems, 1994 March 1994, pp.20-23
E. Hentschel, K. Niedermeier, K. Schifer

Bibliography



84

/12/ "Danfoss Journalen"
Danfoss Journalen nr.2 1994, pp. 12-13
J. Unbehaun

/13/ "A Compact High Performance 16-Bit Microprocessor Controlled AC-Servodrive"
IEEE-ISIE 1992, Xian, pp. 146-150

F. Blaabjerg, J. K. Pedersen, J. W. Jensen, S. Munk-Nielsen.

/14/  "An Optimum Modulation Strategy For a Novel Notch Commutated 3-® PWM
Inverter"

IAS 1991 pp. 809-818
V. G. Agelids, P. D. Ziogas , G. Joos.

/15/ "Resonant Link Bi-directional Power Converter Without Electrolytic Capacitor"
IEEE PESC 1993 pp. 293-299
J. W. Choi, S. k. Sul.

/16/  "The Use of Harmonic Distortion to Increase the Output Voltage of a Three Phase
PWM Inverter"

IEEE Transactions on Industry Applications Vol. IA-20, No. 5, September/October
1984 pp. 1224-1227
J. A. Houldsworth, D. A. Grant.

/17 "Reduction of Acoustical Noise Emission in AC-Machines by Intelligent Distributed
Random Modulation"
EPE 1993, pp. 4.319-4.324
F. Blaabjerg, J. K. Pedersen, P. S. Frederiksen.

/18/  "Stator Flux Orientated Asynchrous Vector Modualtion for AC-drives"
PESC 1990, pp. 641-648

P. Thogersen , J. K. Pedersen.

119/ "Statorfluks-orienteret asynkron vektor-modulering til trefasede AC-drevsystemer"
Ph.D report 1989, Aalborg University, Danmark
P. Thegersen.

120/ "Control of Electrical Drives"
ISBN 0-387-13650-9 Springer-Verlag, 1984
W. Leonhard.

21/ "Vector Control of AC Machines"
ISBN 0-19-859370-8 Oxford University Press, 1990
P. Vas.

122/ "The design and implementation of a passsive clamp resonant dc link inverter for high
power applications”
Ph.D thesis, University of Wisconsin-Madision, 1992
G. L. Skibinski.

123/ "Topology, Analysis and Control of a Resonant DC Link Power Converter"
Ph.D thesis, University of Wisconsin-Madision, 1992
V. G. Vekataramanan.

Bibliography



124/

125/

126/

127/

128/

129/

/30/

/31/

/32/

133/

/34/

85

"Dual-Flow Pulse Trimming Concept for A Series Resonant DC Link Power Con-
version"

PESC 1991, pp 254-260,
Y. Murai, S.G. Abeyrante, T.A.Lipo, P. Caldeira.

"Thyristor Power Inverter Types"
International Rectifier
Data book 1993.

"High-Frequency Series-Resonant DC Link Power Conversion"

IEEE Transactions on Industry Applications vol. 28. No. 6, November/December
1992, pp. 1277-1285
Y. Murai, T. A. Lipo.

"The Auxiliary Resonant Commutated Pole Converter"
IAS 1990, pp. 1228-1235
R.W. De Doncker, J.P.Lyons.

"The Auxiliary Quasi-Resonant DC Link Inverter"
PESC 1991, pp. 248-253
R.W. De Doncker, J.P.Lyons.

"AC-AC Conveter with Soft-Switching"
EPE 1991, pp. 4.151-4.157
J.B. Klaassens, M.P.N. Van Wesenbeeck.

"Design and Control of A Class of Multiphase Series Resonant Power Converters"
Ph. D thesis, 1992, Delft Universiy of Technology
ISBN 90-6275-825-8/CIP

H. Huisman

"Power Conversion Distribution System using a Resonant High Frequency AC Link"
IEEE-IAS Annual Conference Record, 1986, pp. 533-541
P.K. Sood, T.A. Lipo.

"Power Electronic NdFeB PM Motors and Their Drives an Important Part of the Area
Selected for Special Attention -- SMART Technology (ST)"

Research report form Aalborg University and Hefei University of Technology
B. Alvsten, C. Zhitong

"High Frequency Interferences Standards, Problems and Solutions"
Presented at COMET in Aachen d. 10.02.93

Philips Research Laboratory, Postfach 1980, D-5100 Aachen

M. Albach.

"Development and Control of A Resonant DC-Link Converter For Multiple Motor
Drives"

Ph.D thesis, 1992, University of Trondheim
ISBN 82-7119-359-7
A. Petterteig.

Bibliography



86

135/

136/

137/

138/

139/

"A High Frequency Resonant DC Link Inverter Using IGBTs"
[PEC 1990, pp. 152-160
A. Merterns, D.M. Divan

"Toshiba data sheet"
Toshiba GTR module
MG30V2YS40 Silcon N channel IGBT

"Preformance Characterization of A New Discrete Pulse Modulated Current
Regulator"

IEEE-IAS Annual Meeting 1988, pp. 395-405

T. G. Habetler, D.M. Divan

"Preformance Analysis of Three Phase Inverters Controlled by Synchronous Delta-
Modulation Systems"

IEEE Transactions on Industry Applications, July/August, vol. 30,nr.4,1994
A. Mertens

"State of the Art Carrier PWM Techniques: A Critical Evaluation”

IEEE Transactions on Industry Applications, March/April, vol. 24, nr.6, 1988
M.A Boost, P.D. Ziogas.

Bibliography



87



88



App. A

Basic serial resonant circuit

In this appendix the time domain equations of the series resonant circuit are derived. The
circuits are assumed ideal.

i

L \ L
w7
/ic
A
O
Vau =v, -v. =0 (A.d)
d 1 ;
-L-L - = [i.dt -v.(0) =0 .
V,u - C{xc ve(0.) (A2)

takes the Laplace transformation and then takes the inverse Laplace transformation

i = iLo(O_) coswt + —;-Vd = v.(0))sinwt (A.3)

and using

Appendix A Basic serial resonant circuit



ve =V, - v, (A4)
L dic (A.5)

V - ittt .

k dt
is found

Ve = Vi = (Vg -ve(0-))coswt + Zi (0_)sinwt (A.6)
where Z = L
C

and w = L
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App. B

Selectltion resonant Ilink
components

The resonant link component values are selected and they are used in the simulated converters
the RDCL, RDCLVPC, ACRDCL, and the MACRDCL The three first converters use the same
resonant link values for the purpose of comparison, but the MACRDCL cannot function properly
with a switching frequency of 5 [kHz] and use the same resonant component values. There are
selected particular resonant component values for the MACRDCL converter.

In chapter 3 specification for the resonant converters were found. The specifications used in
the selection of converter L, and C,., components are repeated in Table B.1.

Link voltage amplitude max. 1300 [V]

Resonant link frequency 50 [kHz]

Table B.1 Desired specification for a resonant converter

The selection of the resonant link component L., is based on an experience rule given in /35/,
the criteria are low current ripple, low resonant circuit loss, and low switching loss. Guidelines
are that the resonant inductor current should increase to about one quarter to one third of the
maximum output current, during a shortening interval. During the shortening interval the resonant
inductor energy increases. The purpose is to compensate energy loss in the real world
components. If the loss in the real components is higher than the energy stored in the inductor

during the shortening interval, the link voltage of the next resonant cycles does not reach zero
voltage.

The DC link voltage is Vd= 620 [V], the shortening interval is ts=2 ], the link output current
is set to i,=60 [A], form /35/
3V ot

1es

L

i
P

and with f . = 50 [ kHz]
| 1

Tes ——TC
2 v chscrcs

the following values are found:

L., = 60 [uH] Coe =150[nF] | Z,, =20[Q] foo ~=53.1[Q]

Appendix B Selection of resonant link components
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The chosen value of Z,, is seen to give substantial higher link voltage than the desired 1300
[V] specified in Table B.1. The Z ., could be changed to a lower value and limit the link voltage
amplitude, but as seen from fig 4.7 the link impedance should be very low.

1300 {V]

t

[A]

inv

Fig B.1 Link voltage amplitude as function of different values of Z, and load change
currents (I;,,).

The resonant link components influence the current ripple, a large Z ., decreases the resonant
inductor current, but the resonant link voltage amplitude increases. If Z . is made smaller, the
current ripple increases and the loss increases. Fig B.1 shows the link voltage amplitude as
function of different values of Z ., and load change currents (I,,, ). The curves are calculated
fromVy =620 [V]and V2= V *+(Z,L.).

A Z . which limits the DC link peak voltage below the 1300 [V] introduces high resonant
currents. The value of Z ., could not be chosen to give acceptable amplitudes of link current and
voltages for the RDCL converter. But for the RDCLVPC and the ACRDCL converters the Z .,

value is realistic. For the sake of a performance comparison of the three converters the resonant
circuit values are kept equal.

The fourth converter MACRDCL cannot work properly with the selected resonant component
values. The converter is pulse width modulated, and therefore the link has two modes, a resonant
mode and a non-resonant mode with constant DC link voltage. The resonant mode is initiated
shortly before the inverter is changing switching state and the DC link voltage oscillates down to
zero voltage. In this way the switching takes place under a zero voltage condition, but due to the
resonant cycle there is a limitation on the switching of inverter switches. The inverter switches
cannot be switched during the resonant cycle and this limits the modulation range of the
converter. In order to make the limitation on the modulation index small, the resonant circuit
frequency must be high. The MACRDCL resonant circuit components are selected to be:

L. = 60 [uH] Coee =150[nF] | Z,, =20[Q] fe —=353.1[Q]

Appendix B Selection of resonant link components



App.

Derivation of voltage peak
conirol algorithm used in the
RDCLVPC converter

In this appendix the derivation of the voltage peak control strategy is done. The idea is to
impress current changes on the resonant converter link in such a way that the voltage above the
resonant capacitor does not exceed two times the DC link voltage.

The resonant circuit shown in Fig. C.1 is an equivalent circuit of the RDCLVPC converter.

lL res ldo

s

“C

o/
I

w (D

Fig. C.1  Equivalent circuit of the RDCLVPC converter.

Vy is the DC link voltage source and the ideal current source I, is an equivalent of the inverter
bridge and the load. iy, is assumed constant over time.

The resonant circuit components are assumed ideal, and in this way the equation for the serial
resonant circuit found in Appendix A can be used here.

The VPC strategy is derived from the plot of the resonant inductor current versus the resonant
capacitor voltage.

Fig. C.2 shows the resonant circuit phase plane plot when the current i,, is impressed on the
resonant circuit and the current changes happen when the link voltage v,, is zero.

Appendix C Derivation of voltage peak control algorithm used in the RDCLVPC converter
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4

res ’Lres

res

do

<

e
~~~~~~

Fig. C.2  Phase plane plot of the resonant link circuit current Z.[, ., and voltage v,,, when

the current iy, is impressed on the resonant circuit.

The dotted line in Fig. C.2 shows the overvoltage due to an undesired increase of the resonant
capacitor energy. This overvoltage can be eliminated by impressing the negative current change
AI on the resonant circuit when the two full line circles collide. The circles collide at a low
voltage and high voltage, the current change must be impressed at the low v,, voltage. By
impressing the load current change a little time before the zero voltage condition (v, = 0) it is
possible to maintain a constant resonant peak voltage at twice the DC link voltage (V). The
relationship between the time instant the negative current change Al should be impressed and the

magnitude of Al is found in the following equations. The equations for the two full line circles
are

1
res Lres

(vdo,Z i )= Vr(l - cos() + ersinoc (C.D

(Vd/o’ Zrcsilfrcs) - Vr/(l N COSOC/) N j(Zres AT + Vr/sin (Y./) (C2)

putting V_ = Vr/ and « = - o is found considering the imaginary port of (C.1) and (C.2).

ZmAI ;
sin¢ = + sin o
\Y%
r
. ZTCSAI
sino =
V.2

and V, is desired to be V; and o =

res*

1z, Al
t s = ——asin

(C.3)
w V.2

res d

Appendix C Derivation of voltage peak control algorithm used in the RDCLVPC converter
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With (C.3) it is possible to calculate at which time (t ) the negative current change Al should be
impressed on the resonant circuit in order not to cause an overvoltage.

Appendix C Derivation of voltage peak control algorithm used in the RDCLVPC converter
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App. D

ACRDCL converter link

frequency dependency on
clamp factor

In this appendices is the link frequency and the average value of the link voltage
calculated as function of the clamp factor and the resonant circuit components L, and Cres-
In the calculation are assumed:

- zero voltage time duration is zero
- ideal components
- no load change condition (iy, = 0)
The link waveform v, of the ACRDCL is drawn in Fig. D.1.

Ydo [—Kl——'
hvay
VkT Cl) T
VK +Vy T ido
(a3 3V
Lres iy
v, T O res
¢ T - v
At 1 Aty ' . do
! <> time
| N
i< T 2l
Fig. D.1 Link voltage v,, and the link circuit of the ACRDCL converter.
The average value of the link voltage v, is
5 T
Ve = 7 f v, dt D.1)

0

The integral is dived into two sections.

Appendix D ACRDCL converter link frequency dependency on clamp factor
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5 Aty 5 T2

Vao = 7 [ Vadt © o [ vy, dt (D.2)
0 At

where

V(1 - cosw, t) 0 <ts< At
V,, = .3)

V,+ Vg At <t < T2
and
0 =t D.4

- LICS Cl’CS ( ' )
and
T - At +A
2 =8y v Ay D.5)
D.1 Calculation of At,
Lies Zres
Vre
§) o g
7 Vdo
Va
>
Vy+ Vi
Fig. D.2 Phase plane plot of i . Z, versus v,,.
From the phase plane plot shown in Fig. D.2 is a equation of At, found
('ores Atl = 6 (D'6)
w, At =T-a ®D.7)
2 2
v.. -V

wres At! =T "‘Sil’l‘l re; d (D‘S)
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2 2
m-sin7t| Y K Vx
A v (D.9)
t. =

D.2 Calculation of At,
From Fig. D.1 is found

At = = A1 .
2 v, (D.10)

and from Fig. D.2 is found

\/

(D.11)

(D.12)

and At, is

V (D.13)

Using D.2, D.3, D.9 and D.13 a expression of the average link value V,, is found. Is assumed
that V., = V, is V,, in D.14 found to be V. The average link voltage V,, is indpendent of the
clamp level and the resonant circuit values.

sinw_ At A%
Vg = 2V, [Ay - e T a2 (D.14)
T wres 2 Vd
Vdo = Vd (D.IS)
The resonant link voltage v, period T is
2 2 2
vV, -V V,-V
T =-2|7%-sn" ‘/ K|, \/ i 'x (D.16)
W,

es d
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App. E

Definition of performance index
DF and THD

Definition of distortion factor, DF /39/ and the total harmonic distortion, THD /8/ used to
evaluate the converter output voltage.

2
100 - ¥

DF = o= X0 (=)
) "

100 ™
THD = — Zn=2 Iz(n)

1(1)

Appendix E Definition of performance index DF and THD
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App. F

Single phase Equivalent circuit of
three-phase converter

In this appendix a simple equivalent circuit of the three-phase converter bridge is found. The

equivalent circuit is used in the analyzation of the resonant link converter. The converter switches
and diode are assumed ideal.

The symbol of the ideal switch is an IGBT symbol. Fig. F.1 shows the converter from which
an equivalent circuit is found.

140
K HKF
<> v iba ibb ibe
do
kx| K F
i’ia \Lib ic
Fig F.1 Converter from which the equivalent is found.
The link current iy, is

ido - ibn * ibb * ibc (F'l)

4 is determined by the current i, iy, , and i, that is controlled by the converter switch states.
There are eight states of the output switches, and they are conveniently expressed by a switch
vector Vgy. In the converter branches only one switch conducts a time. If an upper switch
conducts, it is symbolized by the number 1. If a lower switch conducts, the number is 0. A switch
vector sequence could be V,=100.

There are three branches and the switch vector Vg, has three elements. The link current is

described as a function of Vg and iy, iy, iy in eq. F.2. In eq. F.3 the converter voltage vector is
described as a function of Vg, and v,,

Appendix F Single phase equivalent circuit of three-phase converter
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o = Yy | 2

1
v -2 (y_ - -1—) v, (F.3)
s 3 a2l V2 0

Using a resonant link circuit it is necessary to shorten the link. The short circuit happens if
the converter antiparallel diodes or switches conduct. It is assumed that all the diodes or switches
are turned on/off at the same time. The shortening state introduces a state number nine V. In state
Vg is vy, zero. Table F.1 shows the 9 states.

Vs Vsw Iy
A\ 000 0
vV, 100 i,
\'A 110 i, + iy,
\'A 010 iy
v, 011 iy + i,
vV, 001 i
' 101 i, + i,
vV, 111 0
A XXX 0

In Table F.1 iy, is found from 1 and 2.

The link current i, is modeled by one current source, in state V, the short circuit is modeled
by a switch and a diode. The equivalent of the converter showed Fig. F.1 seen from the link side
and the equivalent circuit of the converter seen from the three-phase side is shown in Fig. F.2.

Fig. F.2  Link side equivalent circuit and AC side equivalent circuit of a three-phase
converter

Appendix F Single phase equivalent circuit of three-phase converter



English summary

This is the first of two reports in the Ph.D thesis. Today the 'de facto' standard of converters,
used in three-phase electrical speed drives, is the pulse width modulated voltage source inverter.
The converter has a stiff DC link voltage, and using the pulse width modulation control of the
inverter switches is it possible to obtain an output voltage with low harmonic content. The
inverter switches are turned-on and turned-off at DC link voltage level, and this generates
switching losses and high dv/dt. Both are undesirable. Another type of converter called resonant
converters is using a resonant link where the link voltage and the current are oscillating, and in
this way it is possible to turn the inverter switches on and off at zero voltage or zero current. By
using a resonant converter it is possible to reduce the switching losses and to lower the dv/dt
considerably and in this way to operate the inverter switches at higher frequencies and at
increased output voltage quality. Many resonant converters have been proposed, but here the
detailed description is limited to four resonant converters, and they are analyzed and simulated.
One of the converters is selected for realization as the next step in the Ph.D. thesis. In order to
compare the resonant converters with the pulse width modulated voltage source converter the
converter is also simulated.

The first converter is the RDCL converter that is the most simple parallel resonant converter.
Its resonant link consists only by the resonant LC circuit. Using this converter there are problems
with high DC link voltage peaks which must be limited.

The second converter is the RDCLVPC which uses a control of the DC link voltage peak that
has not seen being described in any earlier paper. The converter controls the DC voltage peak by
turning the inverter switches off a little before the zero voltage condition, and in this way it is
possible to control the DC link voltage peak. The converter link is identical to the RDCL
converter and by introducing hard switching of the inverter switches the link voltage peak can be
controlled.

The third converter is the ACRDCL converter. The DC voltage peak is controlled by a clamp
circuit, and this circuit limits the link voltage peak below what is obtainable with the RDCLVPC
converter. The clamp circuit consists of a capacitor, a diode, and a switch. The converter is
modulated by a discrete pulse modulation strategy. This strategy is used because the DC link
voltage hits the zero voltage condition at an almost constant frequency, and the inverter switches
must be switched at the zero voltage instant. A pulse width modulation scheme is not realistic to
use for a converter with a constant frequency oscillating DC link voltage, and this is unfortunate
because the pulse width modulation performance is better than the discrete pulse modulation when
lower modulation indexes are used.

The fourth converter solves the problem of applying PWM to a resonant converter by only
initiating a resonant cycle when an inverter switch changes state. To initiate a resonant cycle that
ensures zero voltage switching takes a short time. During this time no other inverter switches can
change state and this limits the modulation range. By using a high resonant frequency the
modulation range can be made quite wide.

The fourth converter is called MACRDCL. The DC link voltage peak is similar to the third
converter and it is shown by simulation. The output voltage quality is quite similar to the standard
pulse width modulated voltage source inverter.

There is made a detailed evaluation of the four converters, and the RDCLVPC converter is
chosen for further work. The converter is going to be realized in the laboratory.
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Danish summary

Dette er et referat af den forste af to rapporter som udger Ph.D projeketet. Standard ‘Pulse
Width Modulation-Voltage Source Inverter’ PWM-VSI vekselrettere brugt i trefasede
frekvensomformere har en, ideelt set, konstant DC mellemkredsspending. Vekselretter-
transistorerne arbejder ved fuld DC mellemkredsspanding, hvilket medforer switchtab og hgj
dv/dt. Switchtab og hej dv/dt er uenskede. Inden for de sidste 10 &r har der varet stor
forskningsaktivitet omkring resonanskonvertere, med hvilke switchtabet og dv/dt kan reduceres
kraftigt.

Mange forskellige resonanskredsleb er blevet foreslaet. En analyse af dem alle, inden for
projekttidsrammen, er ikke realistisk. Der foretages en udvzlgelse af parallelresonanskonverterne
til yderligere analyse baseret pa et artikelstudium. For grundigere analyse og simulation valges
fire konvertere ud, herefter evalueres de pa baggrund af et szt specifikationer, og en konverter
udvalges til realisering.

Den forste konverter er RDCL konverteren, som er den simpleste parallelresonanskonverter.
Komponentantallet i mellemkredsen foreges kun med resonanskredsen, realativt til PWM-VSI
vekselretteren. Konverteren genererer heje udgangsspandingspeaks, og det er nedvendigt at
begraznse dem for ikke at skade invertertransistorerne og den tilkoblede elektriske maskine.

Den anden konverter er RDCLVPC konverteren, og den kontrollerer mellemkreds-
peakspendingen. Det sker ved at slukke vekselrettertransistorerne et lille ojeblik, for
mellemkredsspandingen bliver nul volt. Mellemkredsen er identisk med RDCL konverterens
mellemkreds, og konverteren er pa denne made meget simpel.

Den tredje konverter er ACRDCL konverteren. Mellemkredsspzndingspeakene er
kontrolleret med et hjzlpekredslob, og det begranser peakene til en lavere vardi, end det er

opnéeligt med RDCLVPC konverteren. Hjzlpekredslobet bestar af en kondensator, diode og
transistor.

ACRDCL og de to forrige konvertere er moduleret med diskret pulsmodulation. Diskret
pulsmodulation er anvendt som folge af, at mellemkredsspzndingen oscillerer med nasten
konstant frekvens, og invertertransistorerne skal switche i nul-volts perioden. Denne form for
modulationsstrategi genererer lidt darligere udgangsspandingskvalitet end PWM ved lave
moduleringsindex. Det er derfor enskeligt at have en PWM resonanskonverter. Den fijerde
konverter loser dette problem ved kun at initiere en mellemkredsresonanscyklus, nar en
vekselrettertransistor &ndrer status. P4 denne made skal vekselrettertransistorerne ikke tznde og
slukke pé diskrete tidspunkter, og der kan anvendes PWM. Den fjerde konverter kaldes
MACRDCL. Mellemkredspeakspandingsniveauet er det samme som for ACRDCL konverteren,

og udgangsspandings kvaliteten er tat pa at veere lig med udgangsspandingskvaliteten fra PWM-
VSI vekselretteren.

Der laves en detaljeret analyse af de fire konvertere, og de simuleres. Der valges at arbejde
videre med RDCLVPC konverteren, som realiseres i laboratoriet. Realiseringen beskrives i RKEE
projekt rapport nr. 2.
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