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Abstract 

Soft-switching inverters have over the last decade received a lot of attention by re

searchers owing to the reduction or virtual elimination of switching losses that these 

circuits can achieve. Possible improvements in EMC performance due to the reduced 

levels of dv/dt have among other advantages triggered the development of a still 

growing number of zero-voltage or zero-current switching inverter circuits. More re

cently, the trend seems to have shifted from continuously resonant systems over to 

quasi-resonant topologies due to advantages in terms of device stresses and PWM 

compatibility. In this work, continuously resonant as well as quasi-resonant tech

niques are reviewed. A quasi-resonant circuit will be implemented in a three-phase 

PWM inverter system controlled by a network of transputers. It will be examined to 

which degree the working principle of this Parallel Resonant DC Link (PRDCL) in

verter affects the PWM compatibility and a suitable PWM strategy will be presented 

and implemented. The modified PWM technique shows output quality comparable 

to standard PWM methods while being fully compatible with the operation of the 

resonant link. The conversion efficiency and EMC performance of a PWM inverter 

drive based on the PRDCL circuit will be measured and compared to its hard-switched 

equivalent. It will be shown that improvements over hard-switching inverters are pos

sible. However, the investigation of the PRDCL PWM inverter also reveals a number 

of drawbacks which limit the achievable switching frequency and adversely affect the 

conversion efficiency. Despite the many previous publications these problems have 

generally been overlooked in the past. 

1 



Chapter 1 

Introduction 

1.1 Introduction 

Induction motors with squirrel-cage rotors are found in numerous industrial appli

cations because of their low cost and rugged construction. When induction motors 

are operated directly from the line voltages~ they run at a nearly constant speed, 

determined by the line voltage frequency and the number of poles in the machine. 

Variable speed drives using induction machines therefore require power electronic 

circuits that are capable of producing sinusoidal voltages of varying frequency and 

magnitude. The technology most commonly applied to cater for this is to rectify the 

ac voltages coming from the utility and to supply a matrix of switches that connect 

the positive and negative rail of the resulting dc voltage in quick alternation to the 

input phases of the ac machine. This type of inverter circuit is known as voltage 

source inverter (VSI). Applying adequate modulation techniques, it is possible to 

create voltages that - in conjunction with inductive loads - lead to phase currents 

that are approximately sinusoidal. 

The quality of this approximation depends mainly on the number of switching actions 

2 



1.1. INTRODUCTION 3 

that take place during each period of the desired fundamental of the output voltage 

waveform. The higher this number - ie. the switching frequency - is, the better the 

output waveform quality will be. Increases in the switching frequency have in the past 

been achieved through improved semiconductor devices that allow faster turn-on and 

turn-off processes. 

However, since the input to the inverter is a stiff dc voltage supply and the inverter 

switches are operated in a switch-mode in which they are required to turn on and 

turn off the entire load current, they are subjected to very high switching stresses 

and switching power losses. These losses stem from the fact that during switching, 

the switches are subjected to voltage and current simultaneously - a condition known 

as "hard-switching". To illustrate the problem consider one leg of a full-bridge dc-dc 

converter or a dc-ac inverter as shown in Figure 1.1. The load is assumed to be 

inductive (eg. induction machine) . 

.----------tt----_------ - - - -- -- - - - --

D. 

L--------ti--~---- - - - - - -- - - - - - --

Figure 1.1: One inverter leg. 

Due to the load inductance, the output current 10 is regarded as constant for the short 

switching interval. Figure 1.2a shows the linearised voltage and current waveforms 

for the lower switch T_. Initially, T_ is conducting the load current 10 , Upon 

receiving a control signal to turn T_ off, the switch voltage VT_ increases to Vd plus 

some overshoot voltage that is due to stray inductances. After that, the current iT_ 

falls to zero and 10 is carried by D+. During the turn-off process, the power loss in 
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L-----~--n~--------------~ 

o 

(a) 

Turn-on 

- - - - -- - - - - - - - - - - - - - - - - - - - - - - - --\ - -- - - -- - - - - -: SOA 

~-=========~=:===:JL_ :~ o ' /7 i,::, Turn-off 

(b) 

Figure 1.2: Hard-switching of inductive load: (a) voltage and current waveform for 
turn-on and turn-off; (b) switching loci. 

the switch is PT- = VT_ iT-, 

Now consider the case when T_ is to be turned on. Before T_ is turned on, the 

load current fo is conducted by D+. After closing T_, iT- increases to fo plus the 

reverse-recovery current of D+. The power loss during turn-on is· again given by 

PT_ = VT_ i T_· 

The resulting switching loci in the VT - iT plane are shown in Figure 1.2b. Due to 

the simultaneous presence of a large switch voltage and current, the switch has to 

withstand high switching stresses which must be kept below a safe operating area 

(SOA) as shown by the dashed lines. 
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The average power loss that is related to switching increases linearly with the switch

ing frequency. The limiting factor for the switching frequency is the maximum al

lowable loss in the switching devices. The resulting heat has to be removed from 

the semiconductor switches to ensure they are operated within their thermallimita

tions or the switching frequency has to be decreased. Typical commercial designs are 

therefore found to be thermally limited with switching losses accounting for 30-50% 

of total device losses [3]. If switching losses could be eliminated this would allow a 

significant increase of inverter switching frequency and current rating before thermal 

limitations occur, thus improving device utilisation and power density. 

Other significant drawbacks of the switch-mode operation used in inverters are the 

high levels of dv / dt and di/ dt that are due to fast switching transitions required to 

keep the switching losses in the switch as low as possible. These are a major source of 

conducted and radiated electro-magnetic interference (EMI). The high levels of dv/dt 

at the output terminals can also lead to insulation problems in machines. 

In order to achieve good output current quality, a good transient response, low acous

tic noise and high power density, it is necessary to use high switching frequencies. 

Higher switching frequencies however can only be realized if the problems of switch 

T. 

~-- Turn-off 

D. 

snubber 

Turn-on 

snubber 

Figure 1.3: Lower half of inverter leg with turn-on and turn-off snubbers. 

stresses, switching losses and the EMI associated with switch-mode converters can be 
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overcome. 

The switch stresses can be reduced by connecting dissipative snubber circuits, con

sisting of diodes and passive components, to the switches as shown for the lower half 

of an inverter leg in Figure 1.3. However, the application of snubbers merely shifts 

the switching power loss from the switch to the snubber circuit and does not provide a 

reduction in the overall switching power loss. Figure 1.4 shows the resulting switching 

loci for hard-switching of an inductive load with snubber circuits applied. 

Figure 1.4: Switching loci for hard-switching with snubbers. 

To realize high switching frequencies in converters, the aforementioned problems are 

avoided if each switch in a converter changes its status only when the voltage across it 

and/ or the current through it is zero at the switching instant. Such a switching con

dition is known as "soft-switching" and can be achieved as a result of a combination 

of proper converter topologies and switching strategies. 

To provide for either a zero voltage or zero current condition (or both), most soft

switching inverters apply some form of resonant LC network between the ac/dc and 

dc/ac sides of a converter circuit and are therefore broadly classified as "resonant 

converters." This LC network is used to resonate either the current in the devices or 

the voltage across the devices to zero for long enough to allow soft turn-off and turn-
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on of all devices that require a status change. The dv / dt and di / dt in the devices 

is therefore limited by the resonant tank components and can be greatly reduced 

compared with the hard-switched case. 

Figure 1.5 shows switching loci for the case that both turn-on and turn-off occur 

under soft-switching conditions. Switching loci for the hard-switched case are shown 

as dashed curves to allow comparison. 

Hard 
/Switching 

o -~::::~~:~:~---; \ 
- - - -1- -, 

t II 

! / 
:r 
1/ 
II 
// 
II 
\ 

Zero-voltagel I 
./ zero-culTent I 

,-/ switching I 
I 

L_-====~======~l' _____ VT. 
Vd 

Figure 1.5: Trajectories for zero-voltage/zero-current switching. 

Due to the reduction of switching losses that can be achieved, soft-switching inverter 

topologies have over the past ten years gained increasing interest by researchers. As 

a result, increases in switching frequency seem to be possible by applying new in

verter topologies and switching strategies rather than as a consequence of improved 

semiconductor materials. Soft-switching topologies possess a number of inherent ad

vantages over hard-switching topologies that are realized to varying degrees in the 

many approaches presented so far. They include: 

• reduction of switching losses down to virtual elimination 

• possibility of increased switching frequencies allowing smaller filter components 

• reduced device cooling requirements leading to 
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• reduced size/cost and better device utilisation 

• low dv / dt or di / dt leading to 

• less electromagnetic emission and 

• reduced audible noise 

It is expected that new legislations in the field of electro-magnetic compatibility 

(EMC) will require products with improved filter circuits in order to meet the spec

ifications. Soft-switching inverters are regarded as an alternative solution to avoid 

EMI and it is therefore expected that they will receive a lot of attention with regard 

to EMC regulations. 

The aim of this project is to analyse whether soft-switching technologies can achieve 

the above mentioned benefits in a realistic design example. This analysis will be 

done by means of an experimental three-phase prototype inverter. Any advantages 

gained will be evaluated against the increase in complexity that is required to achieve 

them. In addition to that, research work will be carried out to develop and implement 

suitable modulation strategies for soft-switching inverters and compare their perfor

mance to well established modulation techniques used in conventional hard-switched 

inverters. 

It is found that while improvements over hard-switching inverters are possible in some 

areas, the PRDCL PWM inverter also reveals a number of drawbacks which limit 

the benefits that can be achieved. These drawbacks adversely affect the conversion 

efficiency and restrict the maximum switching frequency. Some of the problems found 

with the PRDCL inverter have been overlooked in previous publications. 

1.2 Structure of this work 

The remainder of this thesis is subdivided into the following chapters: 
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• Chapter 2 will introduce a number of soft-switching topologies and highlight 

their respective merits and shortcomings. 

• A more detailed analysis of a particular type of soft-switching inverter topology 

will be carried out in Chapter 3. The construction of a three-phase transputer

controlled experimental prototype is also described in this chapter. 

• The impact of the operational characteristics of soft-switching inverters on ap

plicable modulation strategies will be addressed in Chapter 4. For the topolo

gies discussed in Chapter 3, a suitable modulation strategy is developed and 

analysed. 

• In Chapter 5, an analytical examination of the overall losses of the verified 

soft-switching inverter is given. 

• Chapter 6 contains experimental results of the three-phase prototype inverter. 

• Finally, in Chapter 7, conclusions are drawn from the present work and an 

outlook on the problems that remain to be solved in future work is given. 



Chapter 2 

Soft-switching inverters 

2.1 Introduction 

This chapter will give a short review of work that was previously carried out in the 

field of soft-switching inverters. The following sections will introduce a number of 

topologies and highlight their respective merits and shortcomings. Consequences of 

the various circuits for suitable modulation techniques will be pointed out and this 

was used among other criteria to decide which topology was to be implemented in a 

prototype inverter. 

To explain the operation of the different circuits, we will use the following classifica

tion, to distinguish between the two main approaches: 

1. Continuously resonant systems, in which the LC network is permanently in 

resonance and 

2. Discontinuously resonant systems, in which a resonant transition is initiated 

only when required, ie. when the modulation strategy demands reconfiguration 

of the inverter switch matrix. 

10 
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2.2 Continuously resonant systems 

The majority of resonant systems in the past have been continuously resonant systems 

in which an LC network that is inserted between the dc and the ac side of a converter 

is excited to resonate the dc bus voltage or current to zero in a periodic manner 

[1-7]. The occurrences of these zero voltage or zero current instants allow soft turn

off and turn-on of all inverter devices that require a status change. This family of 

resonant converters can be sub-classified in resonant ac link schemes and resonant dc 

link schemes. 

Resonant ac link converter. Figure 2.1 shows two types of resonant ac link 

converters, one employing a parallel-resonant circuit while the other one uses a series

resonant arrangement. The ac resonant circuits lead to link voltages and currents of 

(a) 

m 1\ COOO).~ 0 ( ~ 
Lee ee((~-ij-

(b) 

Figure 2.1: Resonant ac link schemes: (a) Parallel-resonant converter; (b) 
series-resonant converter. 

both polarities so that the switches for the input and output side of the converter 

have to be capable of carrying both positive and negative currents as well as blocking 

both polarities of voltage. This makes the use of bidirectional switches necessary 
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which can be realised as shown on the right in Figure 2.1. 

In the parallel-resonant circuit, an oscillating voltage is produced across the resonant 

components which allows zero-voltage switching (ZVS) after each half cycle of the 

oscillation. In a conventional dc voltage source inverter a large electrolytic capacitor 

is connected across the dc link that serves as a temporary energy storage to supply 

fast changing currents drawn from the link. In a resonant ac link converter the 

circuit element that provides the temporary energy storage is the LC tank, having a 

much smaller energy storage capacity than the electrolytic capacitor in a conventional 

voltage source inverter. Any imbalance between output and input current drawn from 

the link therefore adversely influences the link waveform which leads to distorted 

output waveforms and device protection problems when the voltage or current peak 

at levels that are higher than expected. To limit the extent of the link waveform 

variations, the average input and output powers have to be balanced to maintain 

constant energy in the link [2]. 

The series-resonant circuit is excited by the application of a driving voltage across the 

resonant inductor which leads to a high-frequency sinusoidal current flowing through 

the resonant components. After each half cycle of the link oscillation, the current 

has a zero crossing and reverses direction at which instant the switch matrices can be 

reconfigured as required (zero-current switching, ZCS). Since the current naturally 

goes through zero, the devices do not need to be self-commutated and thyristors 

connected in antiparallel can be used to make up the bidirectional switches. One 

inherent disadvantage of the series-resonant circuit is that the resonant components 

are in the main power transfer path and thus have to carry the full load current. This 

leads to significant losses in the resonant tank, particularly in the equivalent series 

resistance (ESR) of the inductor. 

Both ac resonant circuits dictate that all switchings take place at the zero crossings of 

the link waveforms where the dv/dt or di/dt respectively reach their maximum values. 

The time available for reconfiguration of the inverter switch matrices is therefore very 

short and highly accurate timing is required for these circuits. The sampled nature of 
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the zero-voltage/zero-current occurrences also places restrictions on the modulation 

strategies that can be used. Since switching is restricted to the zero-crossings of the 

link waveforms, one half cycle of the link waveform becomes the basic unit from which 

the output waveform can be synthesised. Discrete modulation patterns have to be 

used that apply either a negative or positive half cycle of the link waveform to the 

output phases. These modulation techniques and their consequences on the output 

waveform quality will be discussed in detail in Chapter 4. 

Resonant dc link converter. Two resonant dc link circuits are shown in Fig

ure 2.2. In both circuits the high frequency resonance of the link is offset by a dc 

(b) 

Figure 2.2: Resonant dc link schemes: (a) Parallel-resonant converter; (b) 
series-resonant converter. 

level. While the parallel-resonant circuit is equipped with an additional dc link capac

itor Cd that keeps the dc component of the link voltage constant, the series-resonant 

circuit has an additional choke Ld that carries the dc component of the link current. 

The link voltage or current do not change their polarity, which means that unidi

rectional switches are sufficient for these circuits as illustrated in Figure 2.2. In the 

parallel-resonant dc link circuit, the resonant network is excited by the load side in-
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verter by first closing all devices to inject an initial current in the resonant inductor. 

When this current has been reached, half of the switches are opened and the voltage 

first resonates to about twice the supply voltage level, then swings back to zero at 

which point the inverter bridge can be shorted again to inject sufficient magnetic 

energy for the next cycle. The required initial current has to be controlled to com

pensate for losses in the resonant tank and the switching devices. It also depends 

on the present and future load condition which makes current measurement and pre

diction necessary. The oscillation of the link voltage allows zero-voltage switching 

(ZVS) of the inverter devices at the zero-voltage periods. However, voltage stresses 

for the inverter switches result from the resonant action of the LC elements. A dc 

link resonant cycle is initiated with a fixed value of initial energy in the resonant tank 

to make sure that the voltage can be brought back to zero under the instantaneous 

load condition. This requires voltage stresses across the dc link that exceed twice the 

supply voltage level in steady state operation and can reach more than three times 

that level in the presence of load transients [3]. 

The series-resonant dc-link circuit, which is the dual of the parallel-resonant scheme, 

is excited by pre-charging the resonant capacitor with an initial voltage. This is done 

by opening all switches in the load side inverter so that the current in the dc link 

inductor Ld charges the resonant capacitor to its desired voltage. The initial voltage 

plays the same role as the initial current in the parallel-resonant scheme, ie. to cover 

the losses in the resonant tank and to inject sufficient energy into the resonant tank to 

maintain link zero crossings for the following resonant cycle. After the pre-charging, a 

resonant cycle is started by closing the appropriate switches in the load side inverter. 

When the link current returns to zero (ZCS), the thyristors in the load side bridge 

turn off (natural commutation). The resonant capacitor is discharged at this moment 

and a reverse voltage is therefore applied across all switches. This reverse voltage will 

then increase with a rate of change that is determined by the dc link current and by 

the value of the resonant capacitor. The peak current that has to be conducted by 

the inverter switches is about twice as high as the dc current component. The fact 

that the current naturally returns to zero and that there is a subsequent period of 

negative voltage across the dc link means that thyristors can be used for the switching 
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devices, making this circuit inexpensive in its construction and interesting for high 

power applications. 

Like the resonant ac link circuits, the resonant dc link circuits allow switching only 

at discrete instants in time. Therefore, a suitable modulation strategy has to be of 

a discrete nature and the output voltage or current will consist of resonant pulses of 

varying polarity. The resonance in the two dc resonant schemes is offset by a dc level 

which makes these circuits very sensitive to losses in the LC tank. If insufficient energy 

is injected into the resonant tank to overcome all losses, the zero-voltage/current 

instants will be lost and soft-switching becomes impossible. Unlike the resonant ac 

schemes, the possible switching instants do not occur at maximum dv/dt or di/dt so 

that more time is available for reconfiguration of the inverter switches. Exactly how 

long the zero voltage or zero current condition exists depends on how long the inverter 

bridge remains shorted or open respectively to inject energy into the resonant tank 

for the next cycle. 

Actively clamped resonant dc link inverter A way of reducing the voltage 

stresses in the resonant dc link inverter with the help of an additional branch in the 

circuit (clamp) has been described in [3]. This branch consists of a clamp capacitor 

Ce , precharged to the desired clamp level minus the supply voltage and an additional 

switch 87 with an antiparallel diode. This extra branch allows reduction of the voltage 

stress to K times the supply voltage where 2 > K > 1. The actively clamped resonant 

dc link inverter (ACRDCLI) is therefore regarded as potentially the most promising 

inverter type within the class of continuously resonant dc link inverters. A simplified 

circuit diagram for this topology is shown in Figure 2.3. 

The ACRDCLI is operated as follows: Initially, the dc bus is shorted by closing all 

inverter switches to inject magnetic energy into the resonant inductor. When the 

short is released, the link voltage resonates towards its natural peak. As soon as it 

reaches KVs , the clamp diode starts conducting thus limiting the bus voltage. The 

clamp switch can then be turned on under zero voltage and will eventually take over 
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Cc 

ILr Lr 10 

Vs + Cr 

Figure 2.3: Circuit schematic of an actively clamped resonant dc link inverter. 

conduction from the clamp diode. The charge that has been transferred to the clamp 

capacitor is now recovered. When the net charge is zero, the clamp switch is turned 

off again and the LC tank completes its resonant cycle back to zero volts. 

The reduction in voltage stress however leads to a decrease in link switching frequency 

down to zero for K = 1 [3]. Thus, a lower limit exits below which clamping is not 

practical. 

Research results indicate that the working principle can be applied over a wide range 

of power ratings [7] and that link frequencies - ie. switching frequencies - of 60 kHz 

are feasible using IGBT switching devices [5]. 

As was the case for the other continuously resonant circuits, zero voltage periods 

occur at fixed instants so that switching of the inverter matrix is only possible at 

these predefined points in time. As will be shown in Chapter 4, this has undesirable 

consequences on the output current quality. As a conclusion from this, research ac

tivities have been undertaken that led to the development of discontinuously resonant 

systems. The aim of this is to be able to create zero-voltage instants on demand in 

order to overcome the restrictions placed on inverter switching by the continuously 

resonant systems. Some of these systems are explained in the following sections. 



2.3. DISCONTINUOUSLY RESONANT SYSTEMS 17 

2.3 Discontinuously resonant systems 

As mentioned in the previous section, many soft-switching systems employ a resonant 

link that reduces the link voltage to zero at periodic instants and thus restrict inverter 

switching to these instants. 

However, some more recent research has been focused on the development of discontin

uously resonant systems in order to overcome this drawback [15-231. The underlying 

idea is to resonate the dc link voltage to zero only on demand, ie. when switching of 

the inverter devices is required. One such development is the Resonant Pole converter 

[3] that is presented in the following section. 

More recent developments have introduced not only a resonant LC circuit but also a 

varying number of additional switches in the resonant link in order to allow initiation 

of a resonant cycle at any desired point in time [17-211. Two parallel resonant circuits 

that employ this working principle will be introduced in Section 2.3.2. 

2.3.1 Resonant pole inverter 

Figure 2.4a shows a schematic of a single-phase resonant pole circuit. The two devices 

8 1 and 82 are configured in an inverter pole together with a resonant LC tank to 

provide zero-voltage switching conditions for both devices. The operation of the 

circuit is as follows: soft-switching implies that at device turn-on the anti parallel 

diode is conducting. Therefore, switch 81 is kept on until the current iL reaches a 

positive reference value Ip. At this point, 81 is turned off and the current is transferred 

to the capacitor CR. The resonant pole voltage Vm resonates to the negative supply 

rail, thus forcing diode D2 into conduction. Thus zero-voltage turn-off is provided by 

the presence of CR. When D2 is forward biased, 82 can be turned on in a lossless 

manner. While 8d D2 conducts, iL decreases and eventually reaches -Ip at which 

point 82 can be turned off and the sequence repeats itself. The relevant waveforms 

for the resonant pole circuit are shown in Fi~ure 2.4b. 
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Figure 2.4: (a) Single-phase resonant pole circuit schematic. (b) Pole voltage Vm 
and inductor current iL . 

To utilise the resonant pole principle for dcl ac conversion, a filter capacitor C f -

which is much greater than the resonant capacitor - is connected in series with 

the resonant inductor LR as shown in Figure 2.5. The load is placed across the 

filter capacitor. In order to produce say a dc voltage Vo across a load resistance R, 

Sl 

S2 D2 
Load R 

Vs 

Figure 2.5: Single-phase resonant pole circuit with filter capacitor for dclac 
conversion. 

the average inductor current has to equal VoiR. To generate this average current, 

the positive and negative trip currents (±Ip) have to be adjusted accordingly. In a 

similar way, sinusoidal reference voltages can be created by sinusoidally varying the 
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trip levels. Figure 2.6 shows a three-phase realisation of the resonant pole inverter 

(RPI) with filter capacitors C11 - C33. 

vs 

Ll 

TO LOAD 

Figure 2.6: Three-phase resonant pole inverter. 

Allowable switching instants are constrained by two conditions. Firstly, in order to 

ensure zero-voltage switching, it is necessary that current is flowing in the switch to 

be turned off. Secondly, the magnitude of this current has to be sufficient to resonate 

the pole voltage to the opposite supply voltage rail so that the anti parallel diode of 

the switch that is to be turned on takes over conduction before the switch receives 

its turn-on signal. 

A performance limiting constraint of the system is that the switching frequency varies 

with the output voltage Vo. In [3] it was shown that for a given load current, as Vo 

varies from zero to 0.8 Vs, the switching frequency varies from its maximum fmax to 

0.36 fmax. At maximum output voltage (Vo = Vs) the switching frequency reaches 

zero. Hence, the maximum obtainable modulation index is limited by the minimum 

acceptable switching frequency. For a sinusoidally varying reference voltage, the 

switching frequency would sweep from a maximum at the zero crossing of the reference 

voltage to a minimum at the peak output voltage. 

Another disadvantage of the RPI is that it requires high quality filter capacitors. 
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While for UPS applications, filters are required anyway, this adds additional costs 

when used in drive applications. Another drawback is that the resonant components 

have to be selected specifically for a given load. 

2.3.2 Parallel resonant de link inverter (PRDCL) 

A number of discontinuously resonant link circuits employing a parallel resonant 

link arrangement in conjunction with additional switches have been reported in the 

literature [16-18,20,21]. These have in common that the resonant link is only active 

when the bus voltage has to be reduced to zero in order to commutate the inverter 

switches. Figure 2.7 shows two such parallel resonant dc link inverter circuits. 

Both circuits apply the same basic idea. The resonant inductor is precharged with an 

initial current. Then, switch 8 1 is opened which separates the rectifier side from the 

inverter side. The energy stored in the resonant inductor then leads to the discharge 

of the resonant capacitor (C2 and C R respectively) so that the voltage across the link 

is brought down to zero. After the inverter switch matrix has been reconfigured, the 

resonant capacitor is recharged to supply voltage level with the energy stored in the 

resonant inductor and 8 1 is closed again. The cycle is initiated by closing 82 and 

83 and can be started at any desired time. The inverter switchings are therefore 

not restricted to periodically occurring zero voltage instants but can be performed 

whenever the modulation strategy dictates it. 

A more detailed discussion of the operation of the two circuits will be given in Chap

ter 3. However, two distinct advantages can be identified at this stage . 

• The voltage across the dc link is resonated from supply voltage level down to 

zero and back to the supply voltage again. Hence, the voltage stress for the 

inverter devices never exceeds the supply voltage . 

• A resonant cycle can be initiated at any time which enables inverter switching 

at any desired instant. 
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Figure 2.7: Circuit schematics of two discontinuously resonant parallel resonant dc 
link inverters. 

2.4 Summary 

A number of soft-switching circuits have been introduced and their respective mer

its and shortcomings have been pointed out. A list of the major advantages and 

disadvantages of each approach is given in Table 2.1 on the following page. 

In order to achieve good output current quality, modern inverters apply modula

tion techniques that require high accuracy in the timing of the inverter switchings. 
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Principle 
Continuously 
resonant 

Inverter circuit Advantages 
Parallel resonant ac link 

Series resonant ac link Switching at zero
current crossings 
allows use of thyris
tors. 

Parallel resonant dc link 

Series resonant dc link 

Actively clamped reso
nant dc link 

Thyristors can be used 
as switching devices. 

Voltage stress reduced 
to less than 2Vs. 

Discontinuously Resonant pole 
resonant 

Commutations are not 
restricted to periodic 
instants. Independent 
commutation of each 
output phase. 

Parallel resonant dc link No additional voltage 
stress for inverter de
vices. Unconstrained 
inverter switching. 
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Disadvantages 
Inverter switching con
strained to link zero 
crossings when dv / dt 
is at maximum. Bidi
rectional switches re
quired. Average input 
and output power have 
to be balanced. 
Resonant tank compo
nents lie in main power 
transfer path. Inverter 
switching constrained 
to link zero crossings 
when di/dt is at max
imum. Bidirectional 
switches required. 
High voltage stress for 
inverter devices. In
verter switching re
stricted to periodic in
stants. 
Inverter devices have 
to carry high currents. 
Inverter switching re
stricted to periodic in
stants. 

switching Inverter 
restricted to periodic 
instants. Clamp
ing reduces the 
resonant / swi tching 
frequency. Additional 
switch required. 
Switching frequency 
decreases with lll

creasing modulation. 
Expensive filter ca
pacitors required. 
Resonant tank com
ponents are load 
dependent 
Additional switches re-
quired. 

Table 2.1: Advantages and drawbacks of soft-switching topologies. 
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Continuously resonant systems would not allow the application of such modulation 

strategies since the switching is confined to the periodic occurrence of zero crossings of 

the link waveforms. The resonant pole inverter suffers from the fact that the switch

ing frequency varies with modulation depth and that it requires expensive filters. It 

was therefore decided to concentrate work on the parallel resonant dc link circuits 

with discontinuous operation. They do not restrict inverter switching and the inverter 

devices are not subjected to higher stresses than in a normal, hard-switched voltage 

source inverter. The following chapter therefore analyses two such circuits in more 

detail and describes the fabrication of experimental prototypes. 



Chapter 3 

Parallel resonant de link inverter 

3.1 Introduction 

In this chapter, two single-phase, soft-switching prototype inverters will be analysed 

and their operation verified through simulation and experiment. Both systems apply 

a parallel resonant dc link to resonate the dc bus voltage down to zero when required 

by the switching strategy. The first circuit was presented in [17] where the authors 

claimed that it is capable of providing high-frequency, three-phase dc-ac power con

version. A low power (50W) prototype inverter using MOSFETs as switching devices 

was presented in a later publication [18]. 

The second topology was first described in [20]. It was claimed to have minimum 

voltage stress for all inverter and auxiliary devices, the voltage being limited to the 

input voltage. Like the first one, it was also found to be able to provide zero-voltage 

instances when required and of controllable length. This allows the implementation 

of switching strategies that require accurate pulse positioning. Simulation results for 

a three-phase system switching at 20kHz were presented. 

It will be shown that the second type has a number of advantages over the first circuit, 

24 
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mainly concerning the timing of the on/off signals for the auxiliary devices. The first 

type also suffers from high voltage stress for one of the auxiliary devices. Hence it 

was decided to implement the second circuit in a three-phase prototype inverter. 

A description of the construction of this prototype and its transputer control will be 

given at the end of this chapter. 

3.2 PRDCL inverter type I 

Figure 3.1 shows the circuit of a Parallel Resonant DC Link Inverter in a simplified 

manner where the inverter input has been replaced by a current source. This simpli-

Vs 

L 

Figure 3.1: Parallel Resonant DC Link Inverter Type I. 

fication is justified since the duration of a resonant cycle can be made very short with 

regard to changes in the output currents by appropriate selection of the resonant tank 

components [17]. Note however, that the value of the inverter input current is bound 

to take step changes during a transition, ie. after all inverter switches have taken on 

their new states. 
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zero at this moment, switching of the inverter switches is not permitted and 53 is 

closed instead under zero current condition (ZC8). The current iL in the inductor 

then increases linearly until a critical value Ii is reached. The energy stored in the 

inductor (~LIn will have to be sufficient to resonate both C1 and C2 back to Vs to 

complete the resonant cycle. This mode is valid for the interval [to, tIl. 

When iL reaches h 51 can be turned off under zero voltage (ZVS) and the energy 

stored in L will begin to discharge both 0 1 and O2 in a resonant manner. At t2, iL 

reaches its positive peak value h,max and both VCl and VC2 will be zero. 52 is then 

opened while 54 is closed. In this way, the PRDCL circuit is divided into two parts 

and the voltage VC2 is clamped to zero in order to allow a change of inverter switch 

position under zero voltage condition. The resonant circuit now consists of Land 

0 1 and VCl goes through its negative peak value - VCl,max. At the end of this mode 

(t3), iL reaches its negative maximum value and starts to rise again towards zero. 

In order to recharge 0 1 and O2 to Vs, switches 52 and 54 must change their states 

again, from open to closed and vice versa. At t4 , while iL is still negative at a value 

-Iq, both capacitors are recharged to Vs and 51 can be turned on again under zero 

voltage. Finally, iL will go back to zero and 53 can be turned off with zero current 

at t = t5. All switches will then remain in their positions until another status change 

in the PWM inverter will be required. 

As can be seen, all additional switches in the PRDCL are operated under zero voltage 

conditions (ZV8) except switch 53, which is turned on and off under zero current 

(ZC8). The delay that occurs between initiation of a resonant cycle and the zero 

voltage condition as well as the total time needed for completion of one resonant 

cycle needs to be kept as small as possible. As will be seen in a design example the 

resonant transition frequency ir can be made very large compared to the inverter 

switching frequency is by appropriate selection of the resonant devices L, 0 1 and O2. 



3.2. PRDCL INVERTER TYPE I 28 

3.2.2 Waveform analysis 

Detailed waveform analysis is performed in [17]. The analysis is based on the following 

assumptions: 

• The resonant inductor is much smaller than the load inductance. 

• The inverter input current can be regarded as a constant current source 10 for 

the duration of a resonant transition. 

• All devices and components are ideal and the voltage source Vs is ripple-free. 

These assumptions allow us to simplify the circuit for the purpose of analysis to the 

one shown in Figure 3.1. The quantities of particular interest during the resonant 

transition are iL and Vel' For notational clarity, we let 

1 
WI 

..jLC 
C Cl +C2 

Zo ~ 
For the time interval [to, tIl Vel will stay at Vs while iL ramps up linearly with 

. Vs( ) 'tL = - t - to 
L 

The following interval [tl, t2] yields 

-(Ii - 10)zosinwl(t - t l ) + VSCOSWl(t - t l ) 

(Ii + 10) COSWl(t - td + Vs sinwl(t - t l) - 10 
Zo 

For the interval [t2' t3] we have 

- Vel ,max sin W2 (t - t2) 

h,max COSW2(t - t2) 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 
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where 

1 
(3.6) W2 

JLC1 
VCl,max w2Lhmax , (3.7) 

IL,max Vs I (3.8) -+ 0 
Zo 

During [t3, t4], the capacitors C1 and C2 are recharged and the describing equations 

are 

(h,max - Io)ZOsinwl(t - t3) 

(fo - h,max) COSW1(t - t3) - fo 

(3.9) 

(3.10) 

The remaining interval [t4' t5] consists of VCl constant at Vs and iL ramping up linearly 

to zero again. During the whole cycle, VC2 equals VCl except for the interval [t2' t3J 

where VC2 is clamped to zero to enable the inverter switches to change to their required 

states under zero voltage. Note that the duration of this zero voltage· period is not 

determined by the resonant elements but can be specified to allow sufficient dwell 

time for the inverter switches to change to their desired new states. 

The resonant cycle has a transition frequency of 

1 
ir=-

t5 - to 
(3.11) 

With the results given above, it is possible to derive the waveforms of iL and VCl that 

were given in Figure 3.2. 

3.2.3 Design considerations 

One design objective is the minimization of VCl,max as well as h,max to keep the voltage 

and current stress of the auxiliary switching devices low. The resonant transition 

frequency should be as high as possible to allow a high inverter switching frequency 

and to minimize the duration of the zero voltage notch in the output voltage. 



3.2. PRDCL INVERTER TYPE I 30 

From the results of the previous section it can be seen that it is possible to dis

tribute the device stresses in the resonant circuit through choice of the characteristic 

impedance Zoo A compromise situation in which Zo = Vs/Io gives a maximum value 

for the resonant current of h,max = 210 and a maximum value for the voltage across 

C1 of VC1,max = 2Vs (Equations 3.7 and 3.8). The maximum current has to be con

ducted by S3 and S2 has to block the maximum voltage. The resulting waveforms 

for this compromise solution are shown in Figure 3.2. By appropriate selection of the 

resonant components L, C1 and C2 it is possible to yield a different distribution of 

device stresses, ie. one can either reduce the maximum current stress while increasing 

the maximum voltage or vice versa. This fact is demonstrated in Figure 3.3, which 

shows a normalized plot of the maximum capacitor voltage against the maximum 

inductor current for a fixed resonant frequency. The situation in Figure 3.2 with Zo 

1.3.----r-----,-----.------.-----, 

1.2 

1.1 

0.9 

0.8 

1.2 
ILmax 

~ L increasing 

~ C increasing 

Figure 3.3: Maximum capacitor voltage against maximum inductor current for a 
fixed resonant frequency with varying L, C1 and C2 .. 

as given above has been chosen to normalize the plot in Figure 3.3. 

The graph given in Figure 3.4 shows how the maximum voltage and current stresses 

vary with the value of the characteristic impedance Zoo In this example, C1 and C2 

are fixed while L is variable. Zo is normalised with respect to the previously discussed 

compromise value. Note that the resonant frequency is not fixed in this case. 
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Given a desired resonant transition frequency, the equations that were derived and 

the graphs given in this section can be used to select resonant components which lead 

to device stresses that lie within the specifications for the switching devices that are 

to be used. 

3.2.4 Simulation results 

To validate the theoretically derived equations given above and in order to gain a 

deeper insight into the behaviour of the resonant circuit, a PSPICE model of the 

PRDCL inverter was developed, based on the simplified circuit in Figure 3.1. The 

PSPICE model for an ideal, voltage-controlled switch was used and the switching 

instants were calculated off-line. The PWM inverter is modeled by a current source 

whose value changes as a step function from +10 to -10 during the first resonant 

transition. Step changes in the inverter input current will inevitably occur under 

normal operating conditions and their influence on the behaviour of the resonant 

circuit has to be examined. Figure 3.5 contains a plot of the inductor current iL as 

well as the inverter input current 10 for two successive resonant cycles while Figure 3.6 

shows the voltage across 0 1• As can be seen in the two plots, the resonant current 
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as well as the resonant voltage both have higher peak values in the second resonant 

transition than in the first. This is due to the reversal of inverter input current that 

takes place during the first resonant cycle. Maintaining the same switching instants 

in the second cycle means that more energy is transferred to the resonant tank than 

would be necessary to complete the cycle. A current prediction scheme in the control 

strategy of the inverter is therefore necessary to ensure resonance is maintained while 

no more than the necessary magnetic energy is stored in L. 

3.2.5 Experimental results of single-phase prototype inverter 

To further verify the theoretical results, a prototype of the proposed circuit was built. 

The switching devices were chosen to be IGBTs rated at 600 V and a continuous 

current of l3A. The values of the resonant components were L = 47.5/LH, 0 1 = 
0.47/LF and O2 = 0.047/LF, yielding a resonant transition frequency of about 32kHz. 

The control logic for the switching instants of the auxiliary switches 51 to 54 was 

constructed using CMOS-logic gates. The voltage across 0 1 and the inductor current 

iL are measured and fed into the control circuit. The supply voltage Vs is 70V at 

a maximum inverter input current of about lA. The basic operation of the PRDCL 

inverter is not dependent on the number of inverter legs. Therefore, only one inverter 

leg was built up and a center-tapped voltage source was chosen. The load consisted of 

a series connected RL network. Resulting waveforms of the resonant current and dc 

bus voltage are shown in Figure 3.7. It can be seen that the dc bus voltage resonates 

to zero and is clamped to that value for about 15 /LS. The experimental results agree 

well with the theoretically predicted behaviour. 

Increasing the resonant transition frequency proved to be not a trivial task, mainly 

because of the rather large number of firing signals that have to be timed with high 

accuracy. The control logic has to react very accurately and quickly to the zero 

crossings of Vel' Any mistiming in the switch signals for 52 and 54 leads to loss of 

energy in the resonant tank which may in turn mean that the link voltage does not 

resonate back to supply level, thus making soft-switching of 51 impossible. Another 
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drawback of the circuit is the high voltage stress for S2 that - depending on the 

resonant tank layout - lies around twice the supply voltage level. 

3.3 PRnCL inverter type II 

Due to the drawbacks of the first PRDCL scheme, it was decided to investigate a 

second circuit that operates on a similar principle. Figure 3.8 shows the simplified 

circuit of this second Parallel Resonant DC Link Inverter. Here again, the inverter 

input has been replaced by a current source to simplify the analysis. 

It will be shown that the diodes D2 and D3 conduct the resonant current for a large 

portion of a resonant cycle. The circuit therefore requires less firing signals for a 

resonant transition which makes control easier than for the previous system. Also, 

all additional switches as well as the inverter switches only have to block the supply 

voltage as compared to about twice the supply voltage level that one auxiliary switch 

has to block in the first scheme. 
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Figure 3.8: Parallel Resonant DC Link Inverter Type II. 

3.3.1 Operational Principle 

The circuit's operational principle will be explained in a similar way as for the first 

PRDCL inverter. The assumptions that are made are the same as before: 

• The resonant inductor Lr is much smaller than the load inductance. 

• The inverter input current can be regarded as a constant current source 10 for 

the duration of a resonant transition. 

• All devices and components are ideal. 

Consider the simplified circuit in Figure 3.8: A parallel resonant LC circuit is formed 

by Lr and Cr. This resonant tank - together with some additional switches (Sl to 

S3) - is inserted between the voltage source Vs and the input of a PWM inverter, 

modelled by a constant current source. The analysis given here can also be found in 

[20]. Figure 3.9 contains a plot of the link waveforms for a resonant cycle. 

For the analysis of the different modes of operation during one resonant cycle, the 

system is assumed to be initially (at t = to) in steady state. At this point, switch 
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Figure 3.9: Waveforms of iLr and VCr at a resonant transition frequency of 82kHz. 

Sl is closed and switches S2 and S3 are open, ie. Vs is connected to the input of the 

PWM inverter. At to, the switching strategy may demand a change of state of any 

of the inverter switches in order to produce a desired output current waveform. The 

voltage across Or equals Vs at this time, hence switching of the inverter switches is not 

permitted and S2 and S3 are closed instead under zero current condition (ZC8). The 

current iLr in the inductor then increases linearly until a critical value Ii is reached. 

This initial current will ensure that sufficient energy is stored in Lr to complete the 

resonant cycle. Its value depends on the present as well as the future output current 

and has to be predicted in order to control the amount of energy that is stored in Lr . 

This mode is valid for the interval [to, tlJ. 

When iLr reaches h Sl can be turned off under zero voltage (ZV8) and the magnetic 

energy stored in Lr will begin to discharge Or in a resonant manner. At t2 , iLr reaches 

its positive peak value Ip and VCr and hence the dc bus voltage are zero. This resonant 

mode lasts for the interval [tl' t2J. 

At t = t2, the diodes D2 and D3 take over the resonant current and the voltage VCr is 

clamped to zero in order to allow a change of inverter switch state in a zero voltage 
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condition. Assuming lossless components, the freewheeling current will remain at its 

peak value for the duration of this mode [t2' t3]. The zero voltage time can be chosen 

to allow sufficient time for all turn-on and turn-off processes in the inverter plus a 

safety margin to prevent shoot-through of the inverter devices. 

To end this mode, 82 and 83 are opened again under zero voltage. Resonance between 

Lr and Cr sets in again and the current now flows through the diodes D2 and D3 , 

recharging Cr to Vs. This mode is valid for [t3, t4]' The current iLr decreases in a 

resonant way and some energy (Ir) will remain in the inductor at the end of this 

mode. At t4, 81 can be turned on again with zero voltage and the antiparallel diode 

D1 starts conducting. 

The remaining energy returns to the voltage source via the diode D1 with the current 

decreasing linearly to zero during [t4' t5]. All switches will then remain in their states 

until another status change in the PWM inverter is required. 

As can be seen, all the additional switches in this PRDCL circuit are actuated in a 

zero voltage condition (ZVS) except switches 82 and 83 , which are turned on with zero 

current (ZCS) but turned off with zero voltage. In comparison with the first PRDCL 

inverter, less gating signals have to be timed per resonant link cycle. This is due to the 

fact that the diodes D2 and D3 conduct the resonant current for most of the duration 

of a resonant cycle, thus making control of the PRDCL type II inverter simpler. 

Another advantage over the first type is that the voltage stress of all additional 

devices and the inverter devices is limited to supply voltage level. 

Figure 3.10 shows the current paths in thick lines for all modes of a resonant transition. 

3.3.2 Waveform analysis 

For the analysis of the waveforms of interest within the inverter (ie. iLr and vcJ the 

following assumptions are made: 



3.3. PRDCL INVERTER TYPE II 

+ 
'It 10 I 

ModeD 

Mode 2 

'It, + 10 I 

Mode 4 

Mode I 

+ 

Mode 3 

Mode 5 

current freewheeling in 
inverter diodes 

10 I 

+ I j 't, 

Figure 3.10: Current paths for all modes of a resonant transition . 

38 

• The inverter input current does not change appreciably during one resonant 

cycle . 

• The devices and components are ideal and the supply voltage Vs is ripple-free. 

These assumptions allow us to simplify the circuit for the purpose of analysis to the 

one shown in Figure 3.8. Appendix B contains derivations for the equations in this 

section. We define the following parameters: 



3.3. PRDCL INVERTER TYPE II 39 

1. Resonant frequency, Wr = "';L~Cr 

2. Characteristic impedance, Zr = [li;. 

For the time interval [to, t l ], VCr will stay at Vs while iLr ramps up linearly to the 

initial value h 

The duration of this mode is 

Vs -t 
Lr 
Vs 

The following interval [tl, t2] yields 

Vs . Z sm(wrt) + (Ii + 10) cos(wrt) - 10 
r 

VCr (t) Vs cos(wrt) - (Ii + Io)Zr sin(wrt) 

This mode will last for 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

At the end of this mode, the inductor current will have reached its peak value Ip that 

can be obtained from (3.15) as 

(3.18) 

For the interval [t2' t3] the capacitor voltage is clamped to zero while the resonant 

current freewheels in a path made up by diodes D2/ D3 and switches S2/ S3' The 

equations for this mode are: 

(3.19) 

(3.20) 

The previous mode is valid until S2 and S3 are switched off again. Hence the instant 

when this happens can be controlled so that it becomes possible to keep the voltage 

at zero for as long as it takes to switch the inverter switches to their new states 
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plus a safety margin to prevent shoot-through. The inductor current stays constant 

in theory; in practice the equivalent series resistance of the choke plus the on-state 

voltage drops of the diodes and transistors will mean that iLr decreases. 

During [t3, t4], the capacitor Cr is recharged to Vs with the resonant current flowing 

through the diodes D2 and D3 into Cr. The describing equations are: 

This mode is valid for 

(Ip - lox) cos(wrt) + lox 

Zr(lp - lox) sin(wrt) 

(3.21) 

(3.22) 

(3.23) 

where lox denotes the output current for the new inverter state. lox has to be predicted 

in order to determine the correct initial current in the inductor. At the end of this 

mode, the remaining current in the inductor can be obtained from (3.21) as 

(3.24) 

When the capacitor voltage reaches Vs at t = t4 , diode D1 will start to conduct and 

clamp the voltage to Vs. 81 can now be turned on again with zero voltage. The 

remaining energy in the inductor is returned to the voltage source. The equations for 

the interval [t4' ts] are: 

This mode is valid for 
Ts = Lrlr. 

Vs 

(3.25) 

(3.26) 

(3.27) 

With the previous results it is possible to derive waveforms of the relevant quantities 

iLr and VCr during a resonant cycle. A plot ofthese waveforms for a resonant transition 

frequency of 82kHz and no load was shown in Figure 3.9. 
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3.3.3 Design considerations 

As mentioned before, the stored energy in the resonant inductor Lr must be large 

enough to charge the resonant capacitor Cr back to Vs. A necessary condition for 

safe operation of the link can be derived from (3.24): 

Vs 
lp ~ Zr + lox (3.28) 

The load current lox of the next inverter state can be predicted from the instantaneous 

phase currents as 

(3.29) 

where Sx denotes the switch status of the respective inverter phase. From (3.18) and 

(3.28) the initial current Ii has to satisfy the following condition: 

(Vs )2 (VS)2 
Ii ~ Zr + 10 + lox - Zr - 10 (3.30) 

A graphical representation of the relation between present inverter input current 10 , 

next inverter input current lox and required initial current Ii is given in Figure 3.11. 
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Figure 3.11: Required initial current Ii as function of 10 and lox. 

It is important to note that the resonant transition frequency also depends on 10 

and lox respectively. Figure 3.12 shows a plot of the resonant frequency for different 
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values of 10 and lox. As can be seen in Figure 3.9, the voltage across the dc bus never 
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Figure 3.12: Resonant transition frequency fo as function of 10 and lox. 

exceeds Vs during a resonant cycle. The voltage stresses for all additional devices SI 

to S3 will therefore be limited to Vs. The minimum pulse width that can be created 
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"2T 

tpwmin 

-- -- ---b: ------- ----------- -- ----- -- ------ ------ -- ----- -- ----- - ----- -- --------------i ------

----;-.,..-;-----'--------------------.--------------------'------
-~ 

2 T5 

Figure 3.13: Derivation of minimum possible pulse width. 

by the PRDCL inverter can be derived as the sum of TI and Ts. To illustrate this 

fact, Figure 3.13 shows a theoretical waveform of the phase-to-midpoint voltage of a 

three-phase PRDCL inverter and the connection between T I , Ts and tPWmin' Under 

the assumption that Ii is optimally controlled the worst case minimum pulse width 

is given by 

(3.31 ) 
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3.3.4 Simulation results 

A SABER simulation of a single-phase PRDCL inverter in H-bridge configuration 

was developed in order to verify the theoretical analysis. The values for Lr and Or 

are 47.5j.lH and 0.141j.lF respectively. The load consists of an RL series combination 

with IOn resistance and 30mH inductance. Figure 3.14 shows resonant link current 

i Lr , resonant capacitor voltage vCr and load current io for one resonant cycle. The 
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Figure 3.14: Simulated dc-link voltage, resonant inductor current and load current 
of single phase PRDCL inverter. 

resonant inductor has a series resistance of 100mn which leads to the drop in current 

that can be seen in the graph. Also visible is a slight glitch in the capacitor voltage 

at the beginning of the resonant cycle. At this point, the resonant current should be 

supplied by the large dc bus capacitors. However, due to the inherent inductance of 

these electrolytic capacitors which was included in the model, Or is slightly discharged 

when 82 and 83 turn on. 

The next figure shows two successive resonant cycles. Note that the initial current Ii 

is the same for both transitions. For the first cycle, the dc link current before commu

tation (10) is negative and positive after commutation. For the second commutation 

the opposite is true. According to (3.18) this leads to a higher peak current Ip in 
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the second transition than in the first which is clearly reflected in the graph. After 

the first commutation, lox is positive and hence tends to remove energy from the link 

whereas after the second commutation, the dc-link current will be negative ie. the 

dc-link current lox supports the recharging of Or which results in the higher peak 

current. The simulation results confirm the theoretical analysis and prove the work-
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Figure 3.15: Simulated dc-link voltage, resonant inductor current and load current 
of single phase PRDCL inverter. 

ing principle. The necessity of initial current control and hence a current prediction 

also becomes evident. 

3.3.5 Experimental results of single-phase prototype inverter 

A prototype of the proposed inverter circuit was built up using IGBTs as switching 

devices. The device ratings are identical for 81 to 83 (600V, 70A 1). The values of the 

resonant components are Lr = 37.31.lH and Or = O.141I.lF, yielding a no-load resonant 

transition frequency of about 82kHz. The firing pulses for the auxiliary switches 81 

to 83 are produced by a network of transputers ·and customised interface circuits that 

will be presented in Section 3.5. The supply voltage Vs is 312V. Resulting waveforms 

lat 11 = 25°C, 39A at 11 = 125°C 
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of the resonant current and dc link voltage for no load are shown in Figure 3.16. 
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Figure 3.16: DC-link voltage and resonant current of prototype inverter. 

It can be seen that the dc link voltage resonates to zero and is clamped to that 

value for about 5j..Ls. During this time it is possible to change the states of the 

inverter switches without switching losses. The resonant current does not stay quite 

constant but decreases due to losses in the resonant components (mainly Lr) and in 

the switching devices. The resonant link action takes 11.6j..Ls, leading to a resonant 

transition frequency of about 86kHz. This corresponds well with the theoretically 

predicted value. The resonant tank components have the same values that led to 

the results shown in Figure 3.9. The calculated peak current is 19.2A which again 

agrees well with the practical result given above. At the beginning of the resonant 

cycle (when 82 and 83 turn on), Cr can be seen to be slightly discharged. The reason 

for this is that the comparatively small resonant capacitor has a much better high 

frequency response than the large electrolytic dc link capacitors and thus provides 

some of the current in Lr at this point. Any stray inductance along the path between 

Cr and the dc link contributes to this phenomenon. The ringing at the end of the 

resonant cycle is due to the same reason. Any residual current left in Lr after VCr has 

resonated back to dc link voltage level will tend to overcharge Cr rather than return 

to the dc link capacitors, thus setting up the oscillation shown in Figure 3.16. 
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3.4 Comparison of PRDCL circuits 

When comparing the two PRDCL inverter topologies, two distinctive advantages of 

the second type over the first one become apparent: 

• No additional voltage stress for the auxiliary as well as the inverter devices . 

• A resonant cycle requires less switching action by the auxiliary devices. 

For the second inverter type, the voltage stress is limited to Vs for all additional 

devices while it can be up to 2Vs and higher for one of the devices (S2) for the first 

type. 

With regard to the necessary switching action it can be noted that the resonant cycle 

requires less frequent activation of the auxiliary switches for the second type than for 

the first one. In the second case, the diodes conduct the resonant current for a large 

part of the cycle and switches S2 and S3 only have to be turned on once and then 

turned off again. 

It is intuitive that for given devices with their respective turn-on and turn-off times 

the switching sequence that occurs in the second type will require less time. 

The experimental results confirm this assumption: The 32kHz resonant transition 

frequency that were achieved for the first prototype circuit did not appear to be an 

upper limit looking at the device ratings. However, increasing the frequency was 

not straightforward since the switching edges in the resonant cycle sequence come 

to lie very close to each other. In the second case, the diodes D2 and D3 take over 

the resonant current between the second and third step. Hence it is not necessary 

to produce any accurate gating pulses during that time. The resonant transition 

frequency of 86kHz therefore did not appear to cause any problems in the turn-on 

and turn-off process of the devices. 
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Creating and transmitting the timing signals also appears to be an easier task than 

for the first case, simply because there are less signals to be timed. 

As a conclusion from the above, it was decided that future work should be focused 

on the second PRDCL inverter circuit and a three-phase prototype was developed. 

3.5 Realisation of three-phase PRDCL inverter 

3.5.1 Power circuit design 

To implement the PRDCL circuit in a three-phase inverter system, a commercial 

IGBT inverter was modified and supplied with the resonant dc link circuit. Figure 3.17 

shows where the dc link of the IGBT inverter has to be split up and the resonant link 
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Figure 3.17: Transformation of regular three-phase IGBT inverter into three-phase 
PRDCL inverter. 
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inserted. The snubber circuits as well as the small high frequency capacitor across 

the dc bus were removed. The zero-voltage period was chosen to be 5/1,8 because 

the commercial inverter uses a 5f..Ls dead-time. In order to prevent shoot through 

of the inverter devices it was therefore decided to leave the dead-time unchanged, 

even though the switching takes place at zero voltage. For IGBTs with shorter dead

time requirements or faster turn-off times, the zero voltage time can be decreased 

which will allow faster resonant transition times and consequently higher switching 

frequencies. The original PWM generator of the commercial inverter was replaced by 

a purpose-built interface in order to allow synchronisation of the PWM gating signals 

with the firing pulses for the auxiliary devices. This circuit will be described in a 

later section. 

Resonant tank component selection 

The appropriate resonant tank components can be determined with the following 

criteria in mind: 

• desired resonant transition frequency 

• desired dv / dt 

• peak current in Lr and hence in S2 and 83 

• losses in the resonant link (mainly in Lr) 

An optimisation procedure would therefore proceed as follows: First, a desired reso

nant transition frequency has to be specified. The maximum allowable peak current 

in the inductor is the second condition that has to be satisfied by the chosen compo

nents. In order to keep losses low, the resonant inductor should be as small as possible. 

However, the smaller the resonant inductance becomes, the bigger the peak current 

will be. Hence there is a lower limit for the inductor. An iterative Pascal procedure 

was developed that starts off by ensuring that the desired resonant frequency is ob

tained, then tries to minimize Lr while at the same time testing if Ip does not exceed 
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its limit. This optimisation procedure was given the following constraints: Resonant 

frequency at least 60kHz for all load conditions, lp not greater than 35A, desired 

maximum output current lomax 15A and Vs 312V. The results for these conditions 

are given in 3.1. The components that were chosen for the experimental prototype 

Source voltage (Vs) 
Maximum output current (lomax) 

Resonant inductor (Lr) 
Resonant capacitor (Cr ) 

Peak inductor current (lp) 
Resonant transition frequency (Jrmin) 

312V 
15A 

42.6j.lH 
0.175j.lF 

35A 
60kHz 

Table 3.1: Results of optimisation procedure for resonant tank components. 

are given in Table 3.2. The resonant capacitor Cr was constructed by paralleling three 

Source voltage (Vs) 
Maximum output current (lomax) 

Resonant inductor (Lr) 
Resonant capacitor (Cr ) 

Peak inductor current (lp) 
Resonant transition frequency (Jrmin) 

312V 
15A 

37.3j.lH 
0.141j.lF 
42.7A 

59.34kHz 

Table 3.2: Experimental resonant tank components. 

polypropylene capacitors of 0.047 p,F each. These capacitors are characterised by low 

loss and good high frequency performance. Since the dv / dt across Cr is modest, the 

current in Cr will not be excessive. For the chosen resonant tank components, the 

current in Cr does not exceed -lcr max=49A. The resonant inductor was made of 4 

wires of 1.04mm diameter, twisted together and wound on an air core of 64mm di

ameter. The winding consists of only one layer so that losses due to proximity effect 

should not play an important role. The twisting is done to keep skin effect losses low. 
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Switching device selection criteria 

As was shown in Section 3.3.3 the voltage stress for the main inverter devices as well 

as the auxiliary devices in the resonant link never exceeds the supply voltage level. 

Hence the auxiliary devices do not need to have a higher voltage rating than the 

main devices. The project is aimed at proving the capability of the PRDCL inverter 

to operate at medium to high power levels. Therefore, the devices that come into 

consideration are IGBTs, MCTs - and for very high power - GTOs. Recent research 

suggests that MCTs lead to far higher switching losses in zero voltage conditions 

than IGBTs [39], mostly due to a much longer turn-off current tail as compared to 

IGBTs. Therefore, the devices chosen for this project were fast switching IGBTs. 

To determine the required current capability of the additional devices, one has to 

consider the desired power level with given resonant tank components. It can be 

noted that 8 1 has to conduct the load current plus the initial current Ii while the 

devices 8 2 and 8 3 have to conduct the peak current in the resonant inductor. For 

instance, with a DC-link voltage of 312V, a desired maximum inverter input current 

of 15A and resonant tank components as given above, the maximum current stresses 

for the additional devices are given in Table 3.3. The devices chosen for 81-83 and 

Source voltage (Vs) 
Maximum output current (lomax) 

Resonant inductor (Lr) 
Resonant capacitor (Cr ) 

Peak current for 8 2/83 

Peak initial current (Iimax) 
Peak current for 8 1 (lomax + Iimax ) 

312V 
15A 

37.3J.lH 
0.141J.lF 
42.7A 
30.3A 
45.3A 

Table 3.3: Maximum current stresses for additional devices. 

D1-D3 are shown in Table 3.4 together with some information from their data sheets. 



3.5. REALISATION OF THREE-PHASE PRDOL INVERTER 51 

S1-S3 D 1-D3 

Device name IRGPC50F BYT 30P-800 
Voltage rating 600V 800V 

Current rating (11 = 25°0) 70A 70A 
(11 = 125°0) 39A 

Forward voltage drop <= 1.7V <= 1.9V 

Table 3.4: Voltage and current ratings for additional devices. 

3.5.2 Current prediction and measurements 

As was explained in Section 3.3.3, information about the current as well as the future 

inverter input current is needed to determine the required initial current in the res

onant inductor. Hence, two output phase currents are measured through hall effect 

current transducers whose output signals are passed through filters and then into an 

AD converter. Assuming that the load has no neutral connection, the third output 

phase current can be calculated from the other two. The actual and future switch 

states are determined by the modulation strategy and are therefore known. By ap

plying (3.29), the current signals can thus be used to predict the future inverter input 

current. This information can be used to determine the required initial current iIi the 

inductor using the inequality (3.30) which is repeated here for convenience. 

It should be noted that the inequality can only be solved by real numbers as long as 

the term under the square root does not become negative. This happens when the 

sum of 10 and lox are negative and bigger than -21; (see Appendix B). In Figure 3.11 

this effect is illustrated by the sudden end of the lines when 10 = -lox. Figure 3.18 

shows a three-dimensional representation of Ii in relation to 10 and lox. In this graph, 

the area for which the result of (3.30) becomes complex is shown as zeros (z = 0). 

When according to (3.30) Ii becomes imaginary, a second condition is used to derive 

a real value for the required initial current. In Section 3.3.2, the duration of the 
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15 

10 [A] 

Figure 3.18: Surface plot of Tl as derived with Equation (3.30). 

resonant discharge of Cr was given by 

T, = ~, arctan (z,(I~: I,)) (3.32) 

A plot of this expression as a function of ZT(~~Io) in Figure 3.19 shows that to guaran

tee that T2 does not exceed a certain limit, the argument has to be chosen smaller than 

some threshold value. For a given 10' Ii is the only variable in the above expression, 
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Figure 3.19: Plot of T2 and T4 as functions of ZT(r~Io) and ZT(J~~Io:z:) respectively. 

hence it can be chosen to fulfill the requirement. 
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Another quantity that can be controlled by adjusting the initial current is T4 : 

1 . ( Vs ) T4 = - arcsm Z (1 - I ) 
Wr r p ox 

(3.33) 

Given an initial current h the peak current Ip can be calculated using (3.18). With 

this information T4 can be calculated and Ii can be iteratively increased until the 

desired value for T4 is reached. A plot of T4 as function of Zr(I~~ Io:t) is also given in 

Figure 3.19. By controlling both T2 and T4 , one effectively controls the dv / dt for all 

turn-on and turn-off transitions of the inverter devices. 

In the control software, T1 is obtained from a lookup table that is calculated at the 

start of the program with 10 and lox serving as indices. A surface plot of this lookup 

table including the modifications according to (3.32) is shown in Figure 3.20. When 
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15 

Figure 3.20: Surface plot of actual lookup table for T1 . 

comparing this plot with Figure 3.18, it becomes clear that in order to guarantee 

successful link operation the initial current has to be increased over the value derived 

using (3.30) for most load conditions. 

To allow measurement of the dc bus voltage, a resistive voltage divider was placed 

in parallel with the resonant capacitor. The divided signal is passed to a comparator 

that goes high when VCr returns to Vs and thus leads to the turn-on of Sl under zero 

voltage. 
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3.5.3 Transputer control of three-phase PRDCL inverter 

A network of three T800 transputers is applied to control the IGBT inverter, the 

resonant dc link circuit and an A-D converter that is used to quantize phase current 

measurements and supply them to the attached transputer (see Figure 3.21). The 

A-D 

Converter 

PWM 
interface 

circuit 

Link Control 
interface 
circuit 

~----------- -------.-------------.--.--.---- - -------------.-------------- ----.- ---------1 : ' , ' , ' , ' 
I : 

Control & Space Vector Link: 
User 110 PWM Control: 

I 

T800 T800 T800: , , , 
I 

---------- ------------------------------.-----.------------------------------------------, 
HEPCM-J 

Host PC 

Figure 3.21: Schematic of Transputer network. 

three tansputers are mounted on a PC card (HEPCM-l [56]) represented by the 

dashed rectangle which is installed in a standard PC. Each arrow in Figure 3.21 

represents one link of a transputer where each has four bi-directionallinks available. 

Links that lie within the rectangle are links between the transputers while the arrows 

that leave the rectangle represent links to hardware that is external to the transputer 

board. The actual connections on the HEPCM-l that constitute the links are made 

with special jumpers so that a large number of constellations is possible. The one 

chosen is a simple pipeline with no connection from the third transputer back to the 

first. The ideal constellation depends on the application and in the present case, the 

Link Control requires three external links and does not need to communicate directly 

with Control & User I/O, thus the third transputer in the pipeline is the obvious 

choice. The PWM procedure has to communicate with both Control & User I/O and 

Link Control and hence is run on the second transputer. Control & User I/O needs 

to communicate with the host and so it is intuitive to run this procedure on the first 
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transputer. 

The data exchange with the external hardware interfaces is carried out by the lnmos 

COlI link adapter chip [55]. This chip provides a serial communication link with 

20 Mbit/s data rate. A handshake protocol between transputer and link adapter is 

used to signal that data is ready to be sent to the transputer or received by the link 

adapter. A more detailed description ofthe function of this link adaptor can be found 

in Appendix A.3. The function of each of the external hardware interfaces that were 

developed will be described briefly in the following sections. The circuit diagrams 

can be found in Appendix A. Following the hardware descriptions, some fragments of 

Occam code are shown to illustrate the approach that was taken to implement each 

task on a transputer as well as supplying the necessary communication between each 

of them. 

3.5.3.1 Overseer and User I/O 

The main task of the overseer and I/O block is to maintain a communication link 

between the user and the program running on the transputers. Parameters and 

commands are passed on from user input to the relevant procedures, ie. PWM Gen

eration and Link Control. The second task is to control the sampling process of the 

AD-converter and to read sampled data out as soon as it becomes available. Only 

one link adaptor is required to control and read the AD-converter, making use of its 

bi-directional parallel bus. 

3.5.3.2 PWM generator 

The PWM generator circuit uses the Intel 82C54 timer chip to create gating signals 

for the three phases of the IGBT inverter. The chip contains three 16-Bit counters 

and is clocked at 5MHz, allowing a resolution of 200ns for each pulse. Two link 

adaptors are used: One to address the appropriate timer and to initiate the writing 
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of data to it. The other one outputs the pulse widths that are calculated in the PWM 

procedure to the parallel input of the 82C54 (DI-D7). 

3.5.3.3 Link control 

The Link control circuit produces the gating pulses for the additional devices in the 

resonant link. Each PWM switching edge requires two timed pulses for the resonant 

link devices so a total of six timed pulses are required for a PWM modulation period 

with three switching edges. Two 82C54 chips are supplied for this purpose. In order 

to output the pulses from the appropriate timer, a dual multiplexer is applied that 

can select between four different inputs. The control inputs A and B in Figure 3.22 

receive logic signals from another Intel 82C54 timer and some additional logic gates 

as shown. The outputs of the other two 82C54 circuits are connected to the inputs 

lCO-lC2 and 2CO-2C2 respectively. Three link adaptors are used to control and 

load the timers. Timing diagrams that show the operation of the multiplexer circuit 

are given in Appendix A.5. 
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Figure 3.22: Multiplexer circuit for Link Control. 



3.5. REALISATION OF THREE-PHASE PRDCL INVERTER 57 

3.5.4 Realisation of control software in OCCAM 

The OCCAM programming language was developed specifically to be used with trans

puters in real-time applications that require parallel processing [53]. Hence it provides 

constructs that allow the distribution of a program on a number of transputers and 

also for communication and synchronisation of the various parts of a program. Some 

passages of the PRDCL control software are given below. Some notational aspects of 

OCCAM are shown in these examples. A fold begins with three periods and contains 

a number of statements. It is used to make source code more readable. The scope of 

a statement can be derived from indentations. For instance, after a SEQ statement, 

all the statements that lie within the scope of the SEQ command have to be indented 

by two blanks. Further nesting leads to appropriately more blanks. 

The allocation of certain tasks to certain transputers is reflected in the way the soft

ware is distributed on the three transputers. Each transputer runs one procedure and 

all procedures (or rather the transputers on which they are run) are communicating 

with each other. PWM communicates with Link control and Control & User I/O 

communicates with PWM. Finally, Control & User I/O communicates with the host 

PC that runs a Turbo Pascal program which allows to pass parameters and commands 

to the software running on the transputers and to receive data from the transputers 

and display it on the host PC. 

The only mechanism that Occam provides for the exchange of data between proce

dures is communication through channels. These channels have to be declared for a 

certain data type and no other type can be passed through them. It is important 

to make sure that when a procedure requires input through a channel from another 

procedure that the data is actually presented at the channel, otherwise the inputting 

procedure waits for the outputting procedure and the so-called deadlock occurs. In a 

deadlock situation, the execution of the program stops and in our context that would 

mean that the calculation and outputting of PWM gating pulses stops. This would 

endanger the inverter devices and has to be avoided. Below are some fragments of 

code that show how the control software was realised as well as some key concepts of 
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the Occam programming language. 

Control & User I/O The first procedure that forms part of the Control & User I/0 

block is called overseer and begins with a WHILE TRUE statement which means that 

the program is essentially running forever once it has been started. The procedure 

header contains the channel declarations which in this case are all INT16 channels (an 

integer with a 16 Bit representation). Occam assumes that tasks are run in parallel, so 

a special construct has to be used to indicate which statements have to be executed 

sequentially. This is done by the SEQ construct in the line following the WHILE 

TRUE. Channel communication is performed as follows: from. host ? choice This 

statement means that the channnel from.host is expecting data that will be stored 

in the variable choice. The following IF statement has a TRUE option followed 

by a SKIP statement to avoid deadlock. The skip statement does nothing but if the 

TRUE SKIP sequence would not be provided and none of the if options were true, the 

execution of the program would stop. If a change in modulation index and frequency is 

required, the new reference frequency is read in and then sent to the control procedure: 

supervisor. to. control ! frequency. The control procedure which is executed 

on the same transputer as the overseer procedure starts with the declaration of the 

required communication channels followed by another WHILE TRUE loop. Inside 

this loop, a PRI PAR statement effects that the code that lies within the PRI PAR 

scope is executed with a higher priority than code that does not lie within this scope. 

Also, the high priority timers become accessible to the procedure which means that 

timing can be performed with an accuracy of 1,us. The following lines contain code 

that update the PWM procedure, initiate analog to digital conversions and read out 

the results. The PRI ALT statement means that for a specified time ("wait") the 

procedure monitors if data is presented on a channel and skips otherwise. In a PRI 

PAR there have to be at least two processes that run concurrently. In the control 

procedure however we do not want another process apart from the one just described 

which is why the second process is just a dummy SKIP. The desired angle and the 

magnitude of the output voltage is calculated in the control procedure and sent to 

the PWM procedure. 



3.5. REALISATION OF THREE-PHASE PRDCL INVERTER 

PROC overseer (CHAN OF INT16 control. to. supervisor, 
supervisor. to. control, from.host, to.host) 

WHILE TRUE 
SEQ 

from host ? choice 
IF 

choice=(change frequency and modulation index) 
SEQ 

from. host ? frequency 
supervisor. to. control frequency 

choice=(update host) 
SEQ 

control.to.supervisor ? Ia 
control.to.supervisor ? Ib 
to.host ! Ia 
to.host Ib 
to.host frequency 
to.host Vref 

TRUE 
SKIP 

PROC control (CHAN OF REAL32 pwm.to.control, control.to.pwm, 
CHAN OF INT16 control.to.supervisor, 
supervisor.to.control) 

WHILE TRUE 
PRI PAR 

SEQ 
... calculate voltage.angle and Vref 
control.to.pwm ! voltage.angle 
control.to.pwm ! Vref 
. .. read AD converters and send currents to PWM 
clock ? now 
PRI ALT 

supervisor.to.control ? frequency 
clock? AFTER (now PLUS wait) 

SKIP 
SKIP -- dummy 
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Space Vector PWM The PWM procedure gets the desired voltage vector angle 

and the magnitude of the output voltage from the control procedure. From that, 

the switching times are calculated and downloaded to the counters. The switching 

frequency of the inverter is adjusted by storing the time just before triggering of the 

counters occurs and comparing the elapsed time after all calculations with a reference 

value (delay.slot). When this reference time has elapsed, a signal is sent to the Link 

Control procedure to trigger the counters after which the PWM counters are triggered 

as well. 
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PROC pwm (CHAN OF REAL32 control.to.pwm, pwm.to.control, 
CHAN OF INT pwm.to.link.control, link.control.to.pwm) 

PRI PAR 
WHILE TRUE 

SEQ 
clock ? now 

trigger counters with previous values 
get vOltage angle, Vd and segment counter from control 

... calculate switching times 

... calculate 10 .. Ioxxx and send to Link control 

. " output switching times to PWM generator board 
clock? AFTER (now PLUS (delay.slot)) 
pwm.to.link.control ! trigger 

SEQ 
SKIP 
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Link Control The Link control procedure works in a similar way as the PWM 

procedure does. The PWM switching times are received from the PWM procedure 

as well as the predicted inverter input current values for the next three switch states 

(Io . .Ioxxx). After that, the timing of the auxiliary switches is calculated and the . 
values are downloaded to the appropriate counters. When the trigger signal arrives 

from the PWM procedure the counters are triggered. 

PROC link. control (CHAN OF INT pwm.to.link.control, 
link.control.to.pwm) 

PRI PAR 
WHILE TRUE 

SEQ 
get next switching times from PWM 

... get 10 .. Ioxxx from PWM 

... obtain timing for auxiliary switches from IO .. Ioxxx 

. .. load counters on link control board 
pwm.to.link.control ? trigger 
. .. trigger all counters 

SEQ 
SKIP 

3.5.5 Protection circuitry 

Two protection circuits are supplied, one to prevent damage of the inverter devices 

due to a deadlock of the transputer program and an overcurrent protection for the 

resonant link devices. The PWM inverter is protected by its own protection circuits. 
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PWM watchdog If the transputer program should get deadlocked as explained 

in Section 3.5.4, no new gating signals would be produced and the inverter switches 

would remain in their present states. This could lead to destruction of the devices 

since the current would only be limited by the load inductances. To avoid this, a 

watchdog circuit is used that monitors the gating signals coming from the PWM gen

erator circuit. An 8-Bit counter is used that is incremented every two microseconds. 

After 512 microseconds, the counter runs over and takes its output high which in turn 

leads to the disabling of the PWM inverter. Therefore, if the transputers do not out

put new pulses for more than 512 microseconds, they are assumed to be deadlocked 

and the inverter is safely turned off. The circuit diagram of the deadlock protection 

is given in Appendix A.2. 

Overcurrent protection To protect the auxiliary devices in the resonant link in 

the case of an accidental short-circuit, the current through 51 is measured by a Hall 

effect current transducer and fed into a comparator. When the trip-level is exceeded, a 

latch ensures that 51 and 53 stay switched on regardless of any gating signals while 52 

stays off, thus creating a free-wheeling path for any current flowing in the resonant 

inductor. If all switches were switched off, the current in the inductor - which 

would potentially be large after an accidental short circuit - could only flow into the 

resonant capacitor, possibly charging it up to voltage levels that would be dangerous 

for the auxiliary as well as the inverter devices. A schematic of the protection circuit 

is given in Appendix A.I. 

3.6 Summary 

In this chapter two discontinuously resonant circuits were described and analysed. 

Simulations and experimental prototypes were developed to verify the operational 

principles and to find out how they perform in practical systems. It was found 

that the second type has a number of advantages over the first one. A three-phase 
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prototype was therefore developed on the basis of the second circuit. The design of 

this three-phase power circuit and the control hardware and software were described 

in the previous section. 



Chapter 4 

Modulation Strategies 

4.1 Introduction 

In this chapter, a number of modulation strategies will be introduced and their ad

vantages and drawbacks will be pointed out. After a section about Sigma Delta 

modulation (~~M), the well established Pulse Width modulation (PWM) technique 

will be described and various different representatives of this approach will be com

pared. A comparison of the merits and shortcomings of PWM and ~~M follows which 

shows the superiority of PWM. However, because of the restrictions of the PRDCL 

inverter discussed in Chapter 3, the standard PWM strategies need to be modified 

for effective use with the PRDCL circuit. Modified strategies that are suitable for 

the PRDCL inverter circuit are discussed and verified by simulation results. 

4.2 Sigma Delta Modulation 

In Chapter 2 it was explained that due to the sampled nature of their resonant 

link action, continuously resonant soft switching inverter systems do not allow the 

63 
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application of modulation techniques in which the switching edges have to be freely 

positioned at arbitrary points in time and with high accuracy. Conventional PWM 

techniques demand this freedom in positioning of pulses and can therefore not be 

applied in this kind of inverter circuit. A suitable set of modulation techniques for 

these systems is the class of delta modulation techniques and in particular the Sigma 

Delta Modulation (ED..M). Delta modulation techniques have been used in the field 

of communication technology for a long time. Their properties will be the subject of 

the following section. 

4.2.1 Operational Principle 

An idealized block diagram of a ED.. modulator is shown in Figure 4.1. It basically 

f 

Figure 4.1: Block diagram of a Sigma Delta Modulator. 

consists of an integrator, a quantizer and a sample and hold circuit. The output 

voltage is fed back to the input and the difference between reference and output 

voltage (the error) is integrated. The output of the quantizer is + Vc for positive 

error and - Vc for negative error. This output is sampled with the link frequency fe· 

Consider the ACRDCL circuit described in Chapter 2. In a three-phase ACRDCL 

inverter, the output voltage of each inverter phase, is controlled by a separate ED.. 

modulator leading to a sequence of sinusoidal pulses of varying polarity in the phase 
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voltages. Let the modulation index m be defined as 

peak fundamental phase voltage 
m=----------------~----~ 

dc link voltage/2 
(4.1) 

The plot in Figure 4.2 shows a simulation result for the inverter output phase-to-

midpoint voltage at a modulation index of m = 0.8 and a resonant frequency of the 

link of 10kHz. The phase voltage is normalised with respect to Vq = Vdc /2. The 

0.005 0.01 
time [s] 

0.015 0.02 

Figure 4.2: Phase voltage for Sigma Delta modulation. 

line-to-line voltage together with the line-to-line reference waveform for a modulation 

index of m = 0.4 and 20kHz resonant frequency is shown in Figure 4.3. A section of 

the original plot has been enlarged to illustrate the poor behaviour of the line-to-line 

voltage. It can be seen that ~~M as such tends to synthesize line-to-line voltages 

that sometimes avoid the zero state and switch between two opposite voltages instead. 

The "Polarity consistency rule" however states, that the switched voltage should at 

least assume the same polarity as the reference voltage. The rule helps to identify 

ill-designed PWM schemes [26]. As can be seen in Figure 4.3, the E~M scheme 

violates the polarity consistency rule. This effect becomes more pronounced with low 

modulation depths. 
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Figure 4.3: Line-to-line voltage for Sigma Delta modulation. 

4.2.2 Frequency Spectrum 

66 

The frequency spectrum for ~~M has been analysed extensively through simulation 

[8-10] and more recently analytically [11,12]. Some results are presented here. Con

sider the phase voltage spectrum in Figure 4.4 for a system with a resonant frequency 

of 10kHz and a modulation index of m = 0.8: The following characteristics of ~AM 

0.8+--------'----------'-------'-------t 
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Figure 4.4: Spectrum of Sigma Delta Modulation. 

become apparent: 
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• The spectrum contains significant energy at subharmonics of the inverter switch

ing frequency (ie. the sampling/link frequency Ie). 

• The spectrum is spread over a wide frequency band. 

• The spectrum shows an approximate symmetry around Ie/2, which is a result 

of the sampled nature of E~M. 

The spread nature of the spectrum can be explained with the variable switching 

frequency of E~M. The first two features in particular are highly undesirable in 

electrical drives applications and have prompted efforts to optimize and improve the 

modulation patterns. 

4.2.3 Optimized ~~M 

Some research has been undertaken to overcome the disadvantageous features of E~M 

that were mentioned in the previous section. One approach exploits the discrete 

nature of E~M and analyses each possible combination of positive and negative 

pulses using a cost function that models the behaviour of an electrical machine [13]. 

However, the required computation times become too long for high ratios of link to 

output frequency (J! > 80). For a highly dynamic drive system (ie. vector control), 

it is also necessary to update the voltage and frequency demand for every output 

modulation period (reciprocal of inverter switching frequency), making it necessary 

to store and access large lookup tables for the pulse patterns. This has to be regarded 

as impractical and a clear disadvantage against PWM-based systems that determine 

the required pulse patterns in real time. 

Another method regards the energy in the difference of the output due to the ideal 

input (usually a sinusoid) and the output due to the E~ modulation as a measure of 

the quality of a modulation pattern [14]. The optimum pattern is then found through 

a binary search algorithm in which many branches can be eliminated from the search, 

making the algorithm less demanding on computation time. 
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Both techniques however do not allow to change the underlying characteristics of 

I;b.M. They merely allow to choose the modulation pattern that has a minimum of 

the disadvantageous characteristics mentioned above. 

A more practical approach is based on the already mentioned polarity consistency 

rule. It addresses the fact that ~b.M as such tends to synthesize line-to-line voltages 

that avoid the zero state as was shown in Figure 4.3. A modified I;b. modulator 

that selects the zero state when appropriate can easily be implemented [9]. In all 

cases where this modulator chooses the zero state, the ordinary ~b.M would produce 

either a positive or a negative pulse in the line-to-line voltage. A plot of the simulation 

results for such a modulator is shown in Figure 4.5, where the simulation parameters 

are the same as for Figure 4.3. For this modified ~b.M, the polarity consistency rule 
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Figure 4.5: Line-to-line voltage for modified Sigma Delta modulation. 

is not violated. Again, the underlying characteristics of I;b.M are not changed but 

the frequency spectrum can be improved over the unmodified case for low modulation 

depths. 

To concl1}.de, it can be said that mainly due to constraints placed on switching in

stants, ~b.M does not lead to as great an improvement in the spectral quality of the 

output voltage as the increase in switching frequency would suggest. It was found 

that high-frequency ~b. modulated systems generate more undesirable low-frequency 
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components in the output waveform than systems employing low-frequency PWM 

[10]. Optimized modulation patterns do not improve the situation significantly and 

become impractical due to the size of lookup tables that would be required to achieve 

instantaneous voltage and frequency control as real-time PWM systems do. 

4.3 Pulse Width Modulation techniques 

Pulse Width Modulation has been applied in power electronics for a long time and the 

properties of the various approaches have been covered extensively in the literature 

[24-31]. In this work, only carrier based methods are considered. These techniques 

have in common the use of subcyc1es of constant time duration where a subcyc1e is 

defined as the duration Ts during which each inverter leg assumes two consecutive 

switching states of opposite voltage polarity. 

4.3.1 Subharmonic modulation method 

The method employs a triangular carrier signal that is compared with the sinusoidal 

reference signal. Each inverter phase is controlled by its own modulator with the 

appropriate reference waveform. Switching instants occur where the triangular signal 

and the reference waveform intersect. A variation of the subharmonic modulation 

method (SHM) applies a distorted reference waveform that contains triplen harmonics 

(eg. added third harmonic). Adding a third harmonic with an amplitude of a sixth of 

the fundamental amplitude maximizes output voltage while adding a quarter of the 

fundamental amplitude yields an increase in output voltage of about 15% and at the 

same time an improved spectrum due to centralization of the zero states [30]. 

The switched voltage waveforms are modified in a way that their fundamental con

tent is increased while no additional current harmonics are produced since triplen 

harmonics cancel each other in a three-phase system. Figure 4.6 shows the phase 
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voltage spectrum for a typical PWM strategy. The carrier to output frequency ratio 

is 23 and the modulation index is one. A third harmonic with a magnitude of 25% of 

the fundamental is added to the reference waveform. When comparing this spectrum 
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Figure 4.6: Phase voltage spectrum of regular sampled, asymmetric PWM. 

with the one obtained through ~LlM, the following positive characteristics of PWM 

become apparent. 

• There is no significant amount of energy below the switching frequency. 

• Harmonics mainly occur at integer multiples of the switching frequency. 

• The switching frequency is constant. 

The use of subcycles of constant duration (ie. constant switching frequency) leads 

to a harmonic spectrum that features two sidebands that are centered around the 

switching frequency and additional harmonic components at integer multiples of the 

switching frequency. Due to natural interaction between the phases, the zero state will 

be selected in the line-to-line voltage without extra measures, this being a necessary 

condition for an optimum modulation strategy [9]. It is also important to note that 

the third harmonic that can be seen in the phase voltage spectrum will be cancelled 
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out in a three-phase system with the neutral disconnected so it will not appear in the 

line-to-line voltage spectrum. 

It is intuitive that the quality of the output spectrum mainly depends on the switching 
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Figure 4.7: Line-to-line voltage spectrum of regular sampled, asymmetric PWM. 

frequency. The higher the switching frequency, the higher the first harmonics in the 

output spectrum will be. With the predominantly inductive loads encountered in 

power electronics, this will lead to phase currents that contain only little energy in 

high frequency components. Figure 4.7 shows the line-to-line voltage spectrum of a 

typical PWM under the same conditions as in Figure 4.6. It can be seen that no 

triplen harmonics occur in the line-to-line spectrum. 

4.3.2 Sampling methods 

Natural sampling: In the past, a technique referred to as natural sampling has 

been widely used in PWM inverter control, mainly because of its simplicity and ease 

of implementation in analogue circuitry [29]. As shown in Figure 4.8, the technique 

uses a triangular carrier signal that is directly compared with a sinusoidal reference 

waveform to determine the switching instants. The resulting pulsewidth is therefore 
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Figure 4.8: Natural sampled PWM. 

proportional to the instantaneous amplitude of the reference signal at the time when 

the carrier and reference waveforms intersect. This makes it impossible to determine 

the pulsewidths analytically and prediction of pulsewidths cannot be performed. 

Regular sampling: The development of powerful and affordable microprocessors 

has led to the widespread application of a technique called regular sampled PWM. The 

main feature of this approach is that the (sinusoidal) modulation signal is sampled at 

either carrier frequency (symmetric PWM) or twice the carrier frequency (asymmetric 

PWM). Figure 4.9 shows the case of symmetric PWM where the sampled value of 

the reference waveform is kept constant for a whole period of the carrier waveform 

(Ttr ). Both edges of the resulting pulse are equally modulated whereas in the case 

of asymmetric PWM the leading and trailing edges of each pulse are defined by 

two subsequent samples of the modulating wave, leading to different amounts of 

modulation for each edge. As a result of the sampling process, the widths of the 

pulses are proportional to the amplitudes of the modulating waveform at uniformly 

spaced sampling times. With the sampling points and sampled values defined, the 

resulting pulses can be predicted in their widths as well as in their positions which 

was not the case for natural sampled PWM. Furthermore, it is now possible to derive 
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Figure 4.9: Regular sampled PWM (symmetric). 

a simple equation for the pulsewidth. With regard to Figure 4.9, we can write: 

\ _ MsinwmT1 ,.." 
~ - 1tr 

4 

and therefore 

Ttr ( ) tpw ="2 1 + 2,\ 

for symmetric PWM and 

Ttr ( ) tpw = 4 1 +,\ 

for asymmetric PWM. 

4.3.3 Synchronous and asynchronous PWM 

73 

(4.2) 

(4.3) 

(4.4) 

In order to make maximum use of the spectral qualities of PWM, the switching 

frequency should be at its maximum allowed value over the widest possible output 

frequency range. Two basic techniques of control are in use. 

Synchronous operation: In this method, the ratio of inverter switching to output 

frequency is required to be an integer number. It is therefore necessary to change the 
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ratio of switching to output frequency at discrete points in the output frequency range 

in order to ensure that the maximum permissible switching frequency is not exceeded 

(gear changing). With this mode of control, it is vital to adjust the switching patterns 

to make the fundamentals of the output voltage match on both sides of the frequency 

ratio transition. Otherwise, switching transients that can be very significant may 

appear when gear changing takes place. Due to technological advances in the fields of 

power semiconductors and the emergence of powerful yet affordable microprocessors, 

synchronous operation is today confined to few applications, typically at very high 

power levels and low switching frequencies (eg. traction). To achieve highly dynamic 

drives (eg. vector control), modern drive systems update reference voltage and fre

quency for every PWM sample so synchronous techniques cannot be employed for 

high performance drives. Large lookup. tables are required to store information about 

the switching angles for each possible combination of modulation index and reference 

frequency. 

Asynchronous operation: This method applies a fixed switching frequency over 

the whole output frequency range of the inverter. In this mode there is no need for 

a synchronization of inverter switching and output frequency. The ratio increases 

for decreasing output frequency and becomes a minimum at the maximum output 

frequency. Asynchronous operation is preferred over synchronous operation for a 

number of reasons: 

• It allows to update reference voltage and frequency for every PWM sample, 

making highly dynamic operation possible. 

• All firing instants are calculated in real time so no large lookup tables are 

required. 

• No gear changing with the related transients occurs. 
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4.3.4 Space Vector PWM 

The space vector modulation technique involves the vectorial decomposition of a 

desired voltage space vector iJ* into voltage vectors that can be output by a typical 

three-phase inverter. Figure 4.10 shows all the voltage vectors that can be produced. 

Eight different states exist, including two null states where either all upper switches 

u~ 

III 

Figure 4.10: Inverter output voltage space vectors. 

or all lower switches in a three-phase inverter are switched on. 

Consider the case shown in Figure 4.11 where the reference voltage vector iJ* lies in 

sector I. This voltage vector can be obtained by equating voltage-time integrals [28]: 

(4.5) 

The time To for which a zero voltage vector has to be selected can then be obtained 

by: 

The same equations can be applied to the remaining sectors of the reference voltage 

plane. A lookup table containing sine and cosine values for reference angles in the 

range of (0 ::; r ::; 7r /3) is sufficient to calculate the switching times for a complete 

output waveform period in space vector modulation. 
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Figure 4.11: Derivation of switching times by decomposition of reference voltage 
vector. 

The minimum switching frequency for each inverter leg is obtained when the transition 

from one inverter state to the following is carried out by switching only one inverter 

leg. This condition is met by starting from one zero state, then switching the two 

voltage vectors that are required to obtain if and finishing with the other zero state. 

Three output phase voltages for a minimum switching frequency sequence are plotted 

in Figure 4.12. The optimum switching sequences that result in minimum switching 

L 

t--

Figure 4.12: Minimum switching frequency pulse pattern of space vector PWM. 
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frequency for all sectors of the switching state plane are listed in Table 4.1. Note that 

Sector Voltage vector sequence 
I Vo Vi V2 V7 V7 V2 Vi Vo 

II Vo V3 V2 V7 V7 V2 V3 Vo 

III Vo V3 V4 V7 V7 V4 V3 Vo 

IV Vo V5 V4 V7 V7 V4 V5 Vo 

V Vo V5 V6 V7 V7 V6 V5 Vo 

VI Vo Vi V6 V7 V7 V6 Vi Vo 

Table 4.1: Voltage vector sequence for minimum switching frequency. 

To is shared evenly between Vo and V7 at the beginning of a switching period and the 

end respectively to obtain the optimum switching sequence shown in Figure 4.12. 

It can be shown [27] that space vector modulation produces switching sequences 

that are equivalent to regular sampled asymmetric PWM waveforms produced with 

a modulating waveform VSVM, given by 

~ sin(wt) 

VSVM= 

zr. < wt < zr. 
6 - - 2 

(4.6) 

The rest of the waveform can be derived from its quarter wave symmetry. A plot 

of VSVM is given in Figure 4.13. To allow comparison with regular sampled PWM, 

the modulating waveform (curve b) is regarded as the sum of a desired fundamental 

sinewave component, (curve a), and a triangular third harmonic waveform, (curve c). 

By using Fourier analysis, the modulating waveform can then be expressed as [31] 

VSVM = m[sin(O) + .6.(0)] (4.7) 

where 

.6.(0) 
00 1 (-lY 
~ f(3)7r [(2r + 1) - i][(2r + 1) + i] sin[(2r + 1)30] (4.8) 

o wt+¢ 

The spectral qualities of regular sampled PWM are preserved in space vector PWM. 

From equation 4.8, we find that the amplitude of the third harmonic in VSVM is 
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Figure 4.13: Space vector phase voltage components. 
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about 21 % of the desired fundamental. The fundamental output voltage is increased 

by about 15% [26] and hence is the same as for regular sampled PWM with an added 

third harmonic of 25% of the fundamental. Figure 4.14 shows the line-to-line voltage 

spectrum for space vector modulation with the same conditions as in Figure 4.6. As 

expected, there are almost no differences between the two spectra. 

To conclude this introduction to PWM, two definitions follow that play an important 

role in the analysis of PWM strategies: 

1. overmodulation: For subharmonic modulation PWM without added third har

monic, overmodulation is reached when the modulation index is greater than 

one. The region where m ::; 1 is called linear region. For space vector modula

tion, overmodulation is reached when the reference vector exceeds the hexagon 

in Figure 4.10. This happens for m > 1.15. 

2. six-step mode: In this mode, no commutation takes place in an output phase for 

180 degrees of the reference waveform. The output voltage consists of unpulsed 

rectangular blocks. In terms of space vector modulation, the resulting output 
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Figure 4.14: Line-to-line voltage spectrum of space vector PWM. 

vector is placed at the position of an active vector for a sixth of the output 

waveform period. 

4.4 Comparison of PWM and ~~M 

As mentioned in Section 4.2.2, the energy contained in the subharmonic band is 

an undesired feature of r,~M [10]. Comparisons between PWM and r,~M have 

shown that comparable performance in terms of total harmonic distortion (THD) 

can be achieved with switching frequencies that are much higher than under PWM. 

The necessary ratio in switching frequency varies between different publications and 

ranges from a ratio of four [8] to ratios of about six [12]. Mertens finds in [12] that 

in the case of full bridge inverters where the zero state can be used, r,~M is always 

inferior for small modulation depth, but is superior at a modulation depth larger than 

0.3 if the frequency ratio is greater than 5.6. A definitive result does not appear to 

have been reached in this matter since the analysis of r,~M is complicated due to 

the highly nonlinear spectral behaviour [11; 12]. 

As a conclusion, it can be stated that it would be desirable to combine the advantages 
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of soft-switching with those of pulse width modulation. Due to the absence of switch

ing losses, this would also allow an increase in switching frequency under PWM, a 

factor that uniquely determines the quality of the output waveforms. 

4.5 Modified PWM for PRDCL inverter 

A number of modified PWM techniques for the PRDCL inverter and similar, soft

switching PWM inverters have been proposed [20,21,23,32,33]. Many of these ap

proaches apply so-called two-phase switching, ie. only two phases are commutated 

during a sampling period. Other proposals include the application of variable sam

pling time to ensure that no pulses are created that are shorter than the minimum 

allowable pulsewidth. In the following, these techniques are reviewed and some sim

ulation results are given. Firstly, the reasons why standard PWM cannot be applied 

with the PRDCL inverter are discussed. This leads to the development of a modified 

asynchronous space vector method that is well suited for the PRDCL inverter. It can 

ensure safe operation of the PRDCL circuit over the whole modulation range while 

it preserves all the positive characteristics of space vector modulation. 

4.5.1 Considerations for PWM using the PRDCL inverter 

From the operation of the PRDCL inverter that was explained in Section 3.3, we can 

derive some consequences for a suitable PWM strategy . 

• There has to be a minimum dwell time between switching edges to ensure that 

the resonant link can be operated for each one. 

• Space vector techniques have the inherent advantage of determining vector-on 

durations, ie. the distance between switching edges. 
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• Modern drive systems apply asynchronous PWM for instantaneous voltage and 

frequency control. 

The first point shows one of the drawbacks of the PRDCL inverter. Every time a 

phase has to be commutated, the link voltage has to be brought down to zero, then 

the voltage is kept at this level for a safety margin to prevent shoot through in the 

inverter leg and finally the voltage is resonated back to supply level again. In order 

to ensure that this process can be completed for each switching edge in each phase, 

the switching times have to be kept at a minimum distance from each other. This 

is not the case in hard-switched PWM where each phase can switch whenever it is 

demanded by the modulation strategy. 

In space vector modulation, vector-on times are computed which represent the dis

tance (in time) between two switching edges in two different phases. Since it is exactly 

this quantity that needs to be controlled to ensure safe operation of the PRDCL in

verter it makes sense to start with space vector techniques when looking for a modified 

strategy. 

A number of synchronous PWM techniques for the PRDCL and similar inverter 

circuits have been published some of which will be presented in the following sections. 

However, as was already mentioned, asynchronous techniques represent the standard 

approach for modern drive systems and therefore synchronous strategies have to be 

discarded as impractical in high performance drives. 

4.5.2 Two-phase switching 

In the first publications about the PRDCL inverter as well as in similar inverter 

topologies, a modified space ve~tor technique has been applied in which only two 

commutations occur in a sampling period [20,21,34]. The technique has been de

scribed in an earlier paper [32], where the main advantage was found to be its ease 

of implementation that made it possible to perform all the required operations in 
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a single chip microcontroller. The switching sequence for this so-called two-phase 

switching is Va VbZVb Va where Va and Vb are the two active vectors of a sec

tor of the reference plane and Z represents a zero vector (VO or V7). Figure 4.15 

GI 

G5 

VI V2, V7 V2 VI 

I I 
~-------TM------~ 

0< IX < 7tl6 

V2 VI VO VI V2 

I I 

I 

~-------TM------~ 

7tl6 < IX < re/3 

Figure 4.15: Gate signals for two-phase modulation. 

shows the gate signals for two- phase modulation. As can be seen, one phase is not 

commutated during a sampling period TM . The commutation rhythm is changed to 

VbVaZVaVb for (i < a < V to start the commutation sequence with the longer 

of the two active vectors. The obvious advantage of the technique when applied to 

the PRDCL inverter, is that the number of switchings is about 30 percent less than 

for the subharmonic modulation method (SHM) thus reducing the number of times 

that the resonant link has to be activated in a sampling period by 30%. The vector 

on-times can be calculated from the same equations (4.5) as for space vector modula

tion. In order to achieve good spectral performance it is important to make sure that 

there is an odd number of samples in each reference sector as can be seen from the 

spectra in Figure 4.16, making two-phase switching a synchronous PWM technique. 

The frequency ratio for odd number of samples per sector is 23 at unity modulation 

index to allow ?omparison with standard PWM (Figure 4.6). It can be seen that 

a number of additional lines appear in the spectrum compared to regular sampled 

PWM but most of the harmonics still occur around the switching frequency and inte

ger multiples thereof. For even number of samples per sector however, the spectrum 
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Figure 4.16: Phase voltage spectra for even and odd number of samples per 
reference sector. 
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contains harmonics over a wide frequency region and does no longer resemble the 

typical PWM output spectrum. 

Single-phase soft-switching: In addition to two-phase switching, a technique 

known as single-phase soft switching has been used for the PRDCL inverter that 

was first described in [15]. Figure 4.17 shows the well known actively clamped reso

nant dc link converter, this time however with the bulk of the bus capacitor connected 

across the individual devices. The equivalent capacitance across the dc link during 

a resonant cycle is 3Cd, where Cd is the capacitance across each individual inverter 

device. Whenever an active device has to be turned off, this can be done under soft 

switching conditions due to the presence of individual snubber capacitance. Say for 

instance that 8 1 is conducting current and has to be turned off during a resonant 

cycle. The current is transferred to the capacitor across it and causes a rise in voltage 

until the diode D4 in antiparallel with 84 starts conducting. As a result of the snubber 

capacitance across the device, this turn-off can be regarded as a soft-switching event. 

Applied to the PRDCL inverter, this principle allows the device to be switched off 

without initiating a resonant transition. This means that the minimum dwell time 



4.5. MODIFIED PWM FOR PRDCL INVERTER 84 

Cc 

Figure 4.17: Schematic of three-phase actively clamped resonant dc link converter 
with resonant capacitor shared among all devices. 

between switching edges can be made shorter, allowing a higher switching frequency 

with given resonant components and switching devices. 

However, as later work on the switching behaviour of IGBTs under soft-switching 

conditions has shown, the assumptions made for this approach cannot be fully justified 

[40,41]. The capacitor across a turning-off device can help to reduce the turn-off 

loss of an IGBT, but the subsequent current tail was found to be even longer than 

in the hard-switched case [40]. This tail current bump is a result of inadequate 

charge removal from the drift region and occurs under low dv/dt conditions. Under 

hard switching, the high dv / dt across the turning-off device helps to sweep these 

charge carriers out of the drift region but under zero-voltage-switching, this sweep

out mechanism is much smaller and the only other mechanism available for removing 

the charge carriers is recombination. The enhanced tail current leads to high turn

off losses that are dependent on the output dv/dt and the device temperature [42]. 

Hence, the turn-off according to this principle is not a lossless operation. 

Research into the turn-on behaviour of IGBTs under zero voltage has shown that when 

the device begins to conduct, a voltage spike appears across it owing to an effect called 

'dynamic saturation' [41]. This voltage will also appear across the parallel capacitor. 



4.5. MODIFIED PWM FOR PRDCL INVERTER 85 

As a result, the energy stored in it will then be dissipated in the device leading to an 

oscillation with a magnitude depending on the size of the parallel capacitor. The turn

on loss resulting from this snubber dump can be very significant and large circulating 

currents can be set up between the snubber capacitor and the device package which 

may even overstress the device [42]. 

4.5.3 Space Vector PWM with variable sampling time 

A PWM strategy that is suitable for application in the PRDCL inverter has to ensure 

that no pulses are created that cannot be produced due to the resonant link action 

required while at the same time voltage and frequency control are maintained as in 

the hard-switched PWM case. The pulsewidths that are produced by the modulation 

strategy are not the only criterion to be monitored though. In order to guarantee 

that all commutations occur under soft-switching conditions, the distances between 

switchings in different phases have to be controlled too. As an example let us assume 

that two pulses are required in phase a and b of a three-phase inverter that are both 

longer than the minimum pulsewidth that can be created by the PRDCL inverter. If 

the switching edges of these pulses are too close to each other to complete a resonant 

cycle for both, then the modulation algorithm has to modify the switching pattern 

to avoid this situation despite the fact that the pulses are longer than the minimum 

pulsewidth. In this context, the space vector technique has an inherent advantage 

over subharmonic modulation techniques because the result of equation (4.5) always 

gives the distance between two switching edges. 

Consider the Space Vector technique as explained in Section 4.3.4. The values for 

To, Tl and T2 depend on the position of the reference vector within the voltage triangle 

in Figure 4.11. To for instance will be shorter in the center of the triangle (reference 

angle close to 1r /6) than in the outer regions of the triangle. The active vectors on 

the other hand will be long when the reference vector is close to the respective active 

vector and short when it is close to the other active vector. Figure 4.18 shows a plot 

of the vector times To, Tl and T2 against the reference angle 'Y which extends from 
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o to 7f /3 (see Figure 4.11). The switching frequency in this case is 2.25kHz with a 

modulating frequency of 50Hz and a modulation index of 1.15 which is just below 

overmodulation for space vector modulation. It can be seen that while To becomes 
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Figure 4.18: Plot of To, Tl and T2 in J.LS as functions of the reference angle "( (in 
degrees). 

shortest in the center of a reference sector (, :::::: 7f /6), T2 starts from zero for "( = 0 

and Tl becomes shortest for "( = 7f /3. 

A technique also known as Pulse Frequency Modulation has been described in [33] 

that allows control of the minimum length of the zero voltage vector in space vector 

modulation (ie. To). The method applies a variable sampling time that can ensure 

that To does not fall below a desired level. We introduce the sampling time tlT as a 

function of the reference angle "( as 

tlT = l/(Nf)g(,) (4.9) 

where N equals the number of output pulses per reference cycle. The function g(,) 

can be any function with a period being one sixth of the output modulation function 

period and a unity average value. To study the effects of this variable sampling time, 

consider the following control function g( "(): 

g("() = 1 + (cos(6"() (4.10) 
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Figure 4.19: Modulation function for sampling interval. 

where ( is the modulation depth of the sampling interval function (-1 < ( < 1). 

As shown in Figure 4.19, a positive ( leads to a shortening of !1T around, = 1f/6 

whereas for a negative (, !1T is lengthened in this region. In this way, a negative ( 

results in values for To that are longer around, = 1f /6 than would be in the case of 

conventional space vector modulation. The result in Figure 4.19 was obtained with 

( = -0.278. For ( = 0, pulse frequency modulation becomes normal pulse width 

modulation. 

Figure 4.20 shows the line-to-line voltage spectrum of a simulation of space vector 

PWM with variable sampling time. The switching to fundamental output frequency 

ratio is 30, the modulation index m = 1 and the modulation depth of the sampling 

interval function ( = -0.278. A comparison with Figure 4.14 shows some additional 

lines in the spectrum but the general characteristics of space vector modulation can 

be found again in space vector modulation with variable sampling time. 

The main drawback of the proposed method is that the number of output pulses per 

cycle has to be a multiple of six to maintain the symmetry of the 3-phase waveforms 

[33], ie. the scheme is synchronous and hence not practical for most systems as ex

plained in Section 4.3.3. Furthermore, only To can be controlled in this way while Tl 
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Figure 4.20: Line-to-line voltage spectrum of pulse frequency modulation. 

and T2 can still take on values that are too short to guarantee safe operation of the 

PRDCL inverter. This was the main motivation behind the modified space vector 

modulation explained in the following section. 

In [21], the authors applied a combination of two-phase switching, variable sampling 

time and single-phase switching in order to keep the duty cycle for the resonant link 

low while ensuring that the minimum dwell time requirement is satisfied. All the 

disadvantages that were mentioned about the three techniques remain valid though 

which does not make this modulation strategy an attractive choice. 

4.5.4 Space Vector PWM with vector dropping algorithm 

A space vector PWM algorithm has been presented in [36] that allows a continuous 

transition to the six-step mode which is treated as a special case of single-phase 

modulation. A further modified version of this algorithm has been developed here to 

make it suitable for use with the PRDCL inverter. Vector on-durations are always 

calculated from the same set of equations (4.5), even in the overmodulation region. 

Control of the minimum pulsewidth tmin is achieved by controlling the on-time of the 



4.5. MODIFIED PWM FOR PRDCL INVERTER 89 

zero-vector To. Over the whole modulation region, three situations can occur: 

1. tmin < To: In this case, the reference vector can be composed using three vectors 

as explained in Section 4.3.4. 

2. 0 < To < tmin: This means that the reference vector is still inside the hexagon 

(see Figure 4.10) and could in theory be implemented by using the three ap

propriate vectors as above. However, due to To being shorter than tmin the 

pulsewidth becomes too short and the on-times of the vectors are changed as 

follows: 
T' 

1 = Tl + To/2 

r.' 2 = T2 + To/2 (4.11) 

r.' 0 =0 

3. To < 0: The reference vector exceeds the hexagon (overmodulation) and in this 

case the following corrections are made: 

T' 1 = Tl 

r.' 2 = T2 +To (4.12) 

1',' 
0 =0 

T' 1 = Tl +To 

r.' 2 =T2 (4.13) 

1',' 
0 =0 

The minimum pulsewidth now depends on the shorter of the two active vector on

times. If the shorter of these two is less than tmin, additional corrections are required: 

Til 
1 =Ts 

T~' =0 o ::; a < 1f /6 ( 4.14) 

1'," 
0 =0 

Til 
1 =0 

r." 2 =Ts 1f/6::; a < 1f/3 (4.15) 

1'," 
0 =0 
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With this correction no commutation occurs during the sampling time. The resulting 

vector is placed at the position of an active vector. This means, that the six-step 

mode has been reached. The corrections made in the second case (0 < To < tmin ) 

lead to a resulting vector with a length that is greater than the reference vector and 

an angular position that is shifted towards the middle of the sector (Figure 4.21). 

The corrections made in the third case (To < 0) result in the shorter of the two active 

real 
t> 

reference 
-------

VI 

Figure 4.21: Vector positions for overmodulation when 0 < To < tmin' 

vectors being shortened, while the longer one remains unchanged. For a reference 

angle of (0 < a < 7r /6) the actual vector therefore lags the reference vector while it 

leads the desired vector for (7r /6 < a < 7r /3). 

Modified version for PRDCL inverter: In order to implement this modified 

version of space vector PWM for the PRDCL inverter, the following facts have to be 

considered: 

• The PRDCL inverter can only produce pulses that are not shorter than 

2Lr (VS ) 
tPWmin = Vs lomax Zr + lomax (4.16) 

• Short vector on-times have to be eliminated too, since they mean that the 

switching edges in two phases are very close to each other. 
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• In space vector pwm, short vector on-times occur 

1. For high modulation depths near the center of each sector of the hexagon 

(Figure 4.10) due to the short To. 

2. Near the boundaries between sectors either T2 (reference vector has just 

entered sector) or Tl (reference vector is about to leave sector) are very 

short, regardless of the instantaneous modulation depth. 

A modified version of the algorithm with vector dropping described above was de

veloped by the author that takes into consideration the requirements of the PRDCL 

inverter. The algorithm is an extension of the previous one and controls not only the 

size of To but also the on-times Tl and T2. Let Tmin the minimum allowable on-time 

of a voltage vector which is not the same as the previously used tmin , the minimum 

pulsewidth. The following shows which situations can occur and how the algorithm 

deals with them: 

1. Tl or T2 too short: As explained above, this can happen when the reference 

vector comes to lie close to one of the boundaries of a sector. Two cases can be 

identified (equivalent for Tl and T2): 

• Tmin/2 < Tl < Tmin : In this case, Tl is prolonged to its minimum allowable 

value T min and the added time will be subtracted from To in a later step . 

• Tl < Tmin/2: This will lead to the dropping of Tl and in a later step, To 

will be increased by T1. 

2. To too short: This will usually occur around the middle of a sector as explained 

earlier. This means, that except for overmodulation in a very high region (m ~ 

2.3 according to [36]), Tl and T2 will be longer than Tmin , if only after the 

above corrections. As can be seen in Figure 4.12, To leads to a pulse that is 

carried over into the following sampling interval, so no actual switching occurs 

after To/2. In symmetric pwm, To/2 will be same in two subsequent sampling 

intervals while there may be a small difference between the two in the case of 
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asymmetric pwm. As regards correction of To, again the following two cases are 

considered: 

• Tmin /2 < To < Tmin: The algorithm extends To to Tmin and subtracts half 

of the amount needed from Tl and the other half from T2 . 

• To < Tmin /2: To will be dropped and added to Tl and T2 in equal shares. 

The above situations can be written formally: 

1. Tl or T2 too short: 

2. To too short: 

T~ = Tmin 

r.' fT1 2 =.L2 

T~ = To - (Tmin - T1) 

T' 1 =0 

r.' 2 =T2 

r.' 0 = To +Tl 

T~ = Tl - (Tmin - To)/2 

T~ = T2 - (Tmin - To)/2 

T~ = Tmin 

T' 1 = Tl +To/2 

r.' 2 = T2 + To/2 

r,' 
0 =0 

( 4.17) 

( 4.18) 

(4.19) 

(4.20) 

These corrections will affect the resulting length and position of the output voltage 

vector as follows (see Figure 4.22): , 

1. Tl or T2 too short: 



4.5. MODIFIED PWM FOR PRDCL INVERTER 93 

• Tmin /2 < TI < Tmin : The resulting vector will be longer than the reference 

vector and pushed towards the boundary of the reference voltage sector 

that represents the vector whose on-time was extended. 

• TI < Tmin /2: The switched vector will be shorter than the reference vector 

and pushed towards the center of the voltage triangle . 

Possible vector 
positions for 

TI <Tmin 

--- --- --- ------
--- ------

. - TI2>Tmin12 
--i> T1,2 < Tmin12 

reference vector 

Possible vector 
positions for 
T2 <Tmi 

Figure 4.22: Consequences of TI or T2 being too short. 

2. To too short (see Figure 4.23): 

• T min/2 < To < T min: The modifications that are possible in this case 

lead to a vector that is shorter than the reference vector and an angular 

position that is changed in different ways, depending on the location of 

the reference vector within a sector. The extra time required to increase 

To to Tmin is taken to equal shares off TI and T2. Therefore, if TI is longer 

than T2, the resulting vector will be pushed towards the boundary of the 

voltage triangle that represents VI and vice versa for T2 > TI . For the case 

that TI = T2 (a = 7r /6), the angular position remains unchanged. 

• To < T min/2: In this case, the resultant vector will be longer than the refer

ence vector and the angular position will be pushed towards the boundary 

that represents the shorter of the two active vectors. 
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reference 
-------

Figure 4.23: Consequences of To being too short. 

Note, that the removal of short vector on-times also means that no pulses are produced 

that are shorter than Tmin /2 so that no extra pulse dropping is required after the 

vector on-times have been corrected. 

To demonstrate the consequences of the modulation strategy on the vector on-times 

To, Tl and T2, consider Figure 4.24 that shows a plot of the modified on-times and for 

comparison the vector on-times for normal space vector modulation. It can be seen 

how for instance the short vector on-time T2 at the beginning of a reference sector 

leads to modifications to To while Tl is modified at the end of a reference sector 

(angle:::::::: 7r /3). Note that both Tl and T2 are either set to zero and hence dropped or 

extended to the minimum vector on-time Tmin of 20l-£s. 

A simulation of this modified space vector algorithm has been developed and the 

resulting line-to-line voltage spectrum is shown in Figure 4.25. To make comparison 

with the original space vector results easy, the results for normal space vector modu

lation are plotted in the same figure. For better visibility of the additional lines in the 

spectrum, the fundamental component is not sho;vn. The carrier to output frequency 

ratio for both modulation strategies is 43 at unity modulation index. The minimum 

on-time for a voltage vector amounts to 8.6% of the PWM sampling period. There 

are hardly any differences between the two spectra, hence the modified space vector 
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Figure 4.24: Effect of modification on vector on-times for 2kHz switching frequency, 
50Hz output frequency and Tmin = 20f.ls at unity modulation index. Left: modified; 

right: normal space vector modulation. 
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Figure 4.25: Line-to-line voltage spectrum for normal and modified space vector 
modulation; fundamental component not shown. 
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algorithm can be regarded as a viable modulation strategy for the PRDCL inverter 

with an output waveform quality similar to that of space vector modulation. 

A distortion factor analysis has been carried out for the modified space vector modu

lation with different ratios of T min to the PWM sample length. It is intuitive that the 

spectral performance will deteriorate when this ratio is increased. For the analysis, 

a computer program has been developed that outputs the phase voltages for various 

types of PWM methods including the one with vector dropping. For this analysis, 

the distortion factor is defined by 

DF = ~ t (V;kk)2 x 100% 
Vi k=2 

(4.21 ) 

where Vk is the k-th harmonic voltage component. Shown below is a plot of the 

distortion factor for ratios of Tmin to sample length from 4% to 20%. The ratio of 

modulation index to output frequency is kept constant (constant V / f). According to 

18 

& -.- Unmodified SV-PWM 
16 -e- Modified SV -PWM 4% 

~ -&- Modified SV -PWM 10% 

~ 14 -~-Modified SV-PWM 20% 
0 ... 
~ 

12 .f 
c 
0 .€ ~~ 0 10 

~ I~. 

.-~ 
&- t~ 

n.o 0.2 0.4 0.6 n.8 l.n 

Modulation index m 

Figure 4.26: Distortion factor for different ratios of Tmin to PWM sample length. 

Figure 4.26, the distortion factor is nearly unchanged for low ratios of Tmin to sample 

length while it b'ecomes unacceptably large for higher ratios and at low modulation 

depths. The proposed modulation strategy is therefore a good choice provided the 

resonant link transitions can be made short enough to allow a sufficiently short value 
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for Tmin . Device switching times as well as target switching frequency are determining 

factors in this context. 

4.6 Loss of fundamental output voltage 

As already mentioned in Section 3.3.5, the zero voltage gaps appear in every phase 

voltage whenever a switching event takes place. This inevitably leads to a reduced 

output voltage. In order to examine the effect on the amplitude of the fundamental 

output voltage component, a simulation was developed that calculates the output 

voltages of the PRDCL inverter, taking into account the zero voltage gaps. The 

results of the simulation shown in Figure 4.27 are for a PRDCL inverter using the 

components given in Table 3.2. The resonant transition used in the simulation is for 

a present and future load current of 5A which are both regarded to be constant for 

a whole PWM output period. While this does not represent a realistic situation the 

results are still expected to be accurate since the real resonant transition frequency 

will vary around a mean value which in this case is 71kHz (resonant transition time 

14.1tts). As can be seen from the results, the fundamental component is indeed smaller 

1.0 

0.8 

<U 

"'" 0.6 
'" ~ 
E 0.4 « 

---PRDCL 1kHz 

-e-PRDCL 2kHz 

0.2 
-.-Standard-PWM • 

0.0 
0.2 0.4 0.6 0.8 1.0 

Modulation index 

Figure 4.27: Amplitude of fundamental component for standard PWM and PRDCL 
PWM. 
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than for standard (hard-switched) PWM. As can be expected, the effect becomes 

more pronounced for increasing switching frequencies. The results are obtained for a 

constant V / f modulation and the loss of fundamental is seen to be constant over the 

modulation range. For a switching frequency of 1kHz, the fundamental component is 

about 4% smaller than for standard PWM while the reduction increases to about 7% 

for 2kHZ switching frequency. This loss of fundamental is an inherent weakness of 

the PRDCL inverter and similar systems. The magnitude of the loss of fundamental 

output voltage obviously depends on the time that the resonant transition takes in 

relation to the switching frequency and thus on the speed of the switching devices 

that are used. 

4.7 Summary 

In this chapter a number of modulation techniques were described and their respec

tive performances were compared. It was shown that the well known PWM tech

niques produce superior output waveform quality compared to discrete modulation 

techniques like ~~ modulation. However, the application of PWM techniques in soft

switching inverters is not a straightforward task. Various modified PWM techniques 

have been presented in the literature some of which were presented and compared 

in Section 4.5. It was shown that these techniques are usually synchronous and, ow

ing to the modifications they apply to the PWM output patterns, lead to spectral 

performances that are inferior to standard PWM. A space vector modulation tech

nique with vector dropping was therefore developed and verified by simulation. The 

modified space vector technique is asynchronous and shows a spectral performance 

that is comparable to unmodified space vector modulation as long as the minimum 

vector on-time stays within reasonable limits. The technique is fully compatible with 

the working principle of the PRDCL inverter and similar systems and is very easy to 

implement. It is therefore regarded as a viable modulation strategy for the PRDCL 

and similar inverters with an output quality that can rival that of unmodified space 

vector modulation. 



Chapter 5 

Loss analysis 

5.1 Introduction 

This chapter analyses the losses in the PRDCL PWM inverter and compares them to 

those in a conventional hard-switched system. The semiconductor losses in an inverter 

can be split up in switching losses and conduction losses. The first section briefly de

scribes the switching behaviour of IGBTs to illustrate the loss mechanisms that occur 

under hard-switching and soft-switching. We will then derive expressions for the con

duction losses that occur in both hard-switching and soft-switching PWM inverters. 

The additional losses that stem from the introduction of the PRDCL circuit into the 

inverter system will be evaluated in Section 5.4.2. Finally, the respective merits and 

shortcomings of the PRDCL system and conventional inverters are compared. 

5.2 Switching characteristics of IGBTs 

The insulated gate bipolar transistor (IGBT) stems from the desire to combine char

acteristics of MOSFETs (fast switching times, voltage controlled) with the lower con-

99 
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Figure 5.1: (a) Vertical cross section of an IGBT; (b) equivalent circuit for the 
IGBT. 

duction losses of BJTs. The vertical structure of an IGBT is shown in Figure 5.1(a) 

and an equivalent circuit model is given in Figure 5.1(b). It consists of a Darlington 

circuit with a pnp transistor as the main transistor and a MOSFET as the driving 

transistor. The switching characteristics of the IGBT can be explained on the basis 

of this equivalent circuit. 

5.2.1 Hard switching 

Turn-on transient: Figure 5.2 shows idealised waveforms of drain current iD and 

drain-source voltage VDS for the turn-on transient of an IGBT with input voltage Vd 

and load current 10 [37]. It is assumed that the IGBT is feeding an inductive load 

with a freewheeling diode. In order to keep the analysis simple at this point, the 

diode is assumed to be ideal with no reverse-recovery current. In practice however, 

the reverse-recovery process is responsible for a large portion of the turn-on losses. 

Initially, while the gate-source voltage Vas begins to rise, there is a turn-on delay 

time td(on) until the threshold voltage VaS(th) of the MOSFET portion of the IGBT is 

reached. After that, the load current begins to rise sharply. The time that it takes for 

the current to build up from zero to 10 is the current rise time trio The rise of gate-
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Figure 5.2: Voltage and current waveforms for IGBT turn-on. 

source voltage VCS is exponential, owing mainly to the gate-source capacitance of the 

IGBT Ccs and the resistance between gate driver and gate (usually some resistance 

is deliberately placed there to avoid high-frequency oscillations). When the drain 

current has reached 10 , the drain-source voltage begins to fall in two distinct time 

intervals t/vl and t/v2. The first part corresponds to the MOSFET portion of the 

IGBT turning on. The final on-state value of VDS is only reached after t/v2 , when the 

bipolar portion of the IGBT has fully turned on. During t/vl , the gate-source voltage 

is damped to VCS,Io ' the value that is required to maintain a drain current of 10 , 

When the MOSFET portion of the IGBT has turned on (after t/vd the gate-source 

voltage becomes undamped and continues its growth to the gate drive supply voltage. 

Switching power losses occur due to the overlap of current and voltage in the device 

during t ri , t/vl and t/v2 ' 

Turn-off transient: The voltage and current waveforms for the turn-off transient 

are shown in Figure 5.3. Three distinct intervals can be distinguished. The turn

off delay time td(off) and the subsequent voltage rise time trv are governed by the 

MOSFET part of the IGBT. The turn-off delay time td(o/f) represents the time that 

the driver circuit requires to lower the gate-source voltage sufficiently to induce a 

decrease in drain current. After that, the first of two distinct current-fall intervals 
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Figure 5.3: Voltage and current waveforms for IGBT turn-off. 

starts. The current falls sharply during tfil, corresponding to the MOSFET part 

switching off. The subsequent" tail current" during t fi2 occurs as a result of stored 

charge in the bipolar section of the IGBT. With the MOSFET section being off and 

no reverse voltage applied to the IGBT, there is no possibility for removing the stored 

charges by carrier sweep-out [37]. Instead, the only mechanism that is available to 

get rid of the stored charge carriers is by recombination within the IGBT. In order 

to achieve low on-state voltage drop, the lifetime of these excess-carriers has to be 

large which corresponds to long t fi2 intervals. This however is undesirable since 

the power dissipation in the IGBT will be high during this interval with the voltage 

having reached its off-state value. A trade-off between on-state losses and fast turn-off 

times has to be made in the design process of an IGBT, as for other minority-carrier 

devices such as BJTs and thyristors. Switching power losses occur due to simultaneous 

presence of current and voltage in the device during trv, t fil and t fi2. 
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5.2.2 Soft-switching 

Zero-voltage switching 

Due to the rising interest of researchers in soft-switching inverter topologies, the 

switching behaviour of IGBTs under zero voltage switching condition has been the 

subject of a number of publications [40-43]. Various unexpected and undesired char

acteristics have been observed for both zero-voltage switching (ZVS) and zero-current 

switching (ZCS) that could not be predicted from manufacturer's data sheets. The 

following characteristics that deviate from the predicted behaviour were found for 

ZVS: 

• At turn-on, the IGBT exhibits an additional conduction loss component which 

is dependent on the di/dt in the device. Resulting voltage drops of 6-10V were 

observed which cannot be accounted for by the amount of inherent package 

and circuit parasitic inductance present. The underlying effect has been termed 

"conductivity modulation lag" and was found to be sensitive to temperature 

too [41]. The conductivity modulation lag was explained as follows: During 

turn-on, the injection of minority carriers into the base of the bipolar section 

within the IGBT lags behind the rate at which drift region conductivity can be 

modulated. This results in an inductive behaviour leading to excessive forward 

voltage drops. 

The dynamic voltage saturation spike at turn-on means that if any snubber 

capacitance Cr is present across the device, energy will be stored in it and 

dissipated in the device, leading to an oscillation. For larger values of Cr there 

will be a larger oscillation with the possibility of overstressing and destroying 

the device. 

• At turn-off, the current waveform exhibits a tail current" bump" that was found 

to be larger than under hard-switching conditions [40]. This tail current bump 

is a result of inadequate charge removal from the drift region. The phenomenon 
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occurs under low dv/dt conditions particularly for high temperatures [42]. Un

der hard switching, the high dv / dt at turn-off helps to sweep these charge car

riers out of the drift region but under ZVS, this sweep-out mechanism is much 

smaller and the only other mechanism available for removing the charge carriers 

is recombination. 

The enhanced tail current limits the available switching frequency of the device 

and introduces power loss during the turn-off transient that depends on the 

output dv / dt and the temperature. An important factor in determining the 

turn-off losses of an IGBT was found to be the carrier lifetime 7hl. While the 

drift-region resistivity (the quantity that determines the forward conduction 

voltage drop of an IGBT) decreases with increasing values of 7hZ, the turn-off 

losses that are due to the tail current bump increase with carrier lifetime [41]. 

The higher losses mainly result from an increase in stored charge that has to be 

drained during the turn-off transient, ie. an elevated tail current. 

Zero-current switching 

The switching behaviour under zero-current switching was experimentally analysed 

in [40] and [44]. The following results were obtained . 

• Turn-on Losses: Turn-on loss in a zero-current switching IGBT was found to 

be much reduced compared to hard switching [44]. In a conventional PWM 

inverter, the reverse recovery of the antiparallel diode plays an important role 

in determining the turn-on loss. In a resonant converter, this problem will be 

much reduced because the recovery process is smoothed owing to the presence 

of a resonant inductor in the circuit. In the PRDCL circuit, only 82 and S3 

are switched on in a zero-current situation. For these switches, the problem 

of reverse recovery does not exist since they are not supplied with anti parallel 

diodes. However, a significant overlap of current and voltage was observed 

during turn-on in [44] owing to parasitic inductance of the IGBT package and 
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the already mentioned dynamic saturation which occurs under both ZVS and 

ZCS. 

• Turn-off losses: Two loss mechanisms occur during the hard turn-off process 

of an lGBT, the overlap between switch voltage and current and the loss due 

to the tail current. When using ZCS, the overlap between the switch voltage 

and current is eliminated, so the loss attributed to the overlap is non-existent. 

The soft reduction of the lGBT collector current leads to reduced levels of 

minority carriers in the lGBT and the remaining carriers can be recombined 

in less time than for the hard-switched case. As a result, the tail current and 

the corresponding turn-off loss is significantly reduced. It was found that the 

turn-off losses are reduced by about two-thirds and twofold for slow and fast 

devices respectively [40]. 

5.3 Switching loss 

5.3.1 Inverter switching loss 

The lGBT modules used in the inverter side of the PRDCL system are Mitsubishi's 

CM100DY-24H. To evaluate their switching power loss, the manufacturer's data book 

[58] recommends the following equation: 

Psw 
1 r 

(Esw(on) + ESW(Off)) fsw 27r Jo sin xdx 

(ESw(on) + ESW(Off)) fsw~ (5.1) 

ESW(on) and ESW(off) are the turn-on and turn-off switching loss respectively per lGBT 

pulse. Their values can be read from graphs plotted against collector current. Equa

tion 5.1 shows that the switching losses are a linear function of the switching frequency 

fsw. 



5.4. CONDUCTION LOSS 106 

5.3.2 PRDCL switching loss 

The loss mechanisms described in Section 5.2.2 are expected to occur in the PRDCL 

devices. However, they are difficult to quantify and mathematical models to predict 

these losses have not yet been developed. Therefore, they will not be considered 

in the following analysis. The influence of this simplification will be seen in any 

discrepancies between predicted and measured losses. 

5.4 Conduction loss 

Conduction losses occur due to the forward voltage drop across conducting transistors 

and diodes. These losses are functions of the current that is flowing through the 

device. The voltage drops can be approximated by linear functions: 

VTdrop = VT + RTiT 

VDdrop = V D + RDiD 

(5.2) 

(5.3) 

VT and V D are constant voltage components (threshold voltages) and RT and RD 

represent the equivalent resistances of the resistive voltage drop across transistor 

and diode respectively. With these expressions, the instantaneous conduction loss in 

transistor and diode can be expressed as 

PT = VTdrop iT = VTiT + RTi~ 

PD = VDdropiD = VDi D + RDib 

5.4.1 Inverter conduction loss 

(5.4) 

(5.5) 

In order to obtain the conduction loss in a three-phase inverter, it is required to 

know the current through each device for all the periods during which each device is 

conducting. The conduction times however are dependent on the modulation index 
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and strategy as well as the load power factor. To simplify conduction loss analysis, 

a method based on probabilities was described in [47]. The method evaluates the 

probability of a transistor in an inverter leg receiving an on-signal. Consider the 

single-phase inverter shown in Figure 5.4. The load is assumed to consist of a counter 

EMF in series with a resistor and an inductor. 

~ 
2 

0...-----1 

~ --'---

2 

-e L 

Figure 5.4: Single-phase inverter. 

a 

The probability of receiving an on-signal is derived from the average phase-to-midpoint 

voltage that is required to produce a reference current ire!' Let us assume that the 

switching frequency is sufficiently high compared with the inverter output frequency, 

and that the average value ro of the load current (average taken over a short period) 

is the same as the reference current. 

(5.6) 

Ire! is the RMS value and ¢ the phase angle of the reference current respectively. 

To produce this reference current, the phase-to-midpoint voltage VaO should have an 

average value given by 

(5.,7) 

In this equation, Z L denotes the load impedance Z L = J R2 + (wre! L)2, e the load 

power factor and e the back EMF generated by the load. The back EMF is usually 
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a sinusoidal voltage, so vaO can be expressed in the form 

- k Vs . 
VaO = 2"" sm Wreft (5.8) 

where k is the modulation index. When for instance the average value of the output 

voltage is zero, both transistors in an inverter leg have equal probabilities of receiving 

on-signals, hence 

(5.9) 

where PT10N denotes the probability of Tl being fired. On the other hand, if the 

inverter were to produce the maximum possible average value of output voltage (y), 

the probabilities would have to be 

(5.10) 

In general, the probabilities of Tl and T2 receiving on-signals are related to the average 

output voltage vaO by 

p, _!! vaO 
Tl 0 N - 2 + 2 Vs /2 

P, _ ! _! vaO 
T20N - 2 2 Vs/2 

(5.11) 

(5.12) 

The direction of the load current io determines which device will actually carry the 

load current when an on-signal is received for instance by T1. Suppose the load current 

is positive. When Tl receives an on-signal, current will flow through T1. When Tl 

receives an off-signal (ie. T2 receives an on-signal) current will flow through D2. So 

for positive io , we can obtain the conduction loss for Tl and D2 as 

PTI = PT10n (VTiref + RTi;ef) 

PD2 = PT20n (VDiref + RDi;ef) 

(5.13) 

(5.14) 

For a sinusoidal reference current, io will be equally long positive and negative. The 

average value of conduction loss for Tl and D2 for one output cycle can therefore be 

obtained by integration of (5.13) and (5.14) over half an inverter output period as 

(5.15) 

(5.16) 
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To obtain the total conduction loss for a three-phase inverter we have to sum up the 

conduction losses for Tl and D2 and multiply the result by the number of devices in 

the inverter: 

(5.17) 

For the case of three-phase PWM inverters with sinusoidal reference currents, the 

average value of phase-to-midpoint voltage for example in phase a is given by Equa

tion 5.8. As was shown in Section 4.3.4, the modulating waveform (average phase-to

midpoint voltage) of space vector modulation can be expressed as a sum of sinusoids, 

so the technique described here can be extended to obtain the conduction loss for 

space vector modulation. The resulting expressions are given in Appendix D. 

Figure 5.5 shows the sum of switching and conduction losses plotted against switching 

frequency for a load power factor of 0.67 (inductive) and 6A peak output current at 

a modulation index of k= 0.96. The sum of switching and conduction losses can be 
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Figure 5.5: Switching and conduction losses for space vector modulation. 

seen to be a linear function of switching frequency while the conduction loss stays 

constant. 
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5.4.2 Conduction loss introduced by PRDCL circuit 

The conduction loss in a PRDCL inverter system is higher than that of a conven

tional PWM inverter due to the introduction of additional semiconductor devices and 

resonant components Lr and Cr. In order to achieve good output waveform quality, 

the resonant transition frequency has to be chosen much higher than the inverter 

switching frequency. Therefore, the additional conduction loss can be accounted for 

mainly by the presence of Sl which has to conduct the full load current plus the initial 

current during a resonant transition. A very simplified approach to evaluating the 

additional loss can be developed using the following assumptions [17]: 

• all devices have equal voltage drops given by (5.2), 

• the conduction loss introduced by the resonant transition is negligible and 

• at any point in time (other than during a commutation), three inverter devices 

are conducting current (transistors or diodes). 

Given below is the equivalent circuit for the PRDCL inverter system based on the 

above assumptions. The three resistances RT of the main inverter devices can be 

a 

b 

Vs 

Figure 5.6: Equivalent circuit for conduction loss evaluation. 

combined to Rt = 1.5RT while the constant voltage drops add up to vt = 2VT . The 
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conduction loss in a conventional PWM inverter can then be written as the sum of a 

resistive component PRT and of a component PVT that is due to the constant voltage 

drops: 

I;Rt + Iovt = 1.5I;RT + 2IoVT 
'--'" -----PRT PYT 

The conduction loss in the PRDCL inverter is given by 

I;Rt + Iovt = 2.5I;RT + 3IoVT 
'--'" -----PRT PYT 

(5.18) 

(5.19) 

Hence this rather crude first approach results in a resistive loss component that is 

66% greater than for a conventional inverter and a constant voltage drop component 

that is increased by 50%. 

The IGBT used for 81 is an IRGPC50F for which the manufacturer's data book [57] 

recommends the use of the following conduction model to evaluate conduction loss: 

(5.20) 

where V1 to b2 are constants, T is the temperature in °C and I is the current flowing 

through the device. Note that the simple constants in (5.2) have been replaced by 

temperature dependent expressions. The conduction model parameters Vl to b2 are 

given in Table E.3 in Appendix E. The manufacturer's data sheet [59] for the diodes 

in the resonant link circuit (BYT 30PI800) recommends the use of the following 

equation to evaluate its conduction loss 

(5.21) 

where VD = 1.47V and RD = 0.010. 

For a load level of 1kW at a dc link voltage of 300V the average dc link current will 

be about 3.3A. Using (5.20), the conduction loss in 81 can be calculated to be around 

5W. Using this simple approach, the PRDCL circuit gives lower overall losses than a 

hard-switched inverter for switching frequencies higher than 1800Hz under the same 

load conditions as used in Figure 5.5. 
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In order to refine the analysis, the conduction loss occurring during a resonant tran

sition has to be taken into consideration. Since the current waveform cannot be 

described by a single function over the whole conduction interval, the calculation is 

broken up into five intervals. The following equations can be derived for a resonant 

cycle: 

Pmodel (t) VTdrop(t)fo + 3VTdrop(t)iLr(t) + RLriL(t) (5.22) 

Pmode2(t) 2VTdrop(t)iLr(t) + RLriL(t) (5.23) 

Pmode3(t) (VTdrop (t) + vDdrop (t)) iLr (t) + RLr iL (t) (5.24) 

Pmode4(t) 2VDdrop(t)iLr(t) + RLJL(t) (5.25) 

Pmode5(t) 3VDdrop(t)iLr(t) + RLriL(t) (5.26) 

VTdrop (t) and v Ddrop (t) have been introduced as functions oftime since they depend on 

the current which itself is a function of time. RLr is the equivalent series resistance 

(ESR) of the resonant inductor Lr . 

The conduction losses for each sub-interval are then summed up and divided by the 

duration of a resonant cycle to give the average loss for a resonant transition. Fig

ure 5.7 shows the calculated conduction loss for fo = fox = 3.3A. This scenario rep

resents the worst possible case in terms of the required initial current in the resonant 

tank while the best case is given when fo is positive and fox = -fo (see Figure 3.11). 

The duration of a worst-case cycle is 12.6J..ls while for the best case it is only 11.4J..ls. 

The resonant tank design is the same as described in Section 3.5.1 and the de re

sistance of Lr was measured to be 40mO. The calculation reveals that the energy 

per worst-case resonant transition is O.83mJ while the average power is 66.1W. For 

the best-case transition the energy loss is O.5mJ and the average power Pav = 44.1W. 

Assuming that the average value of energy loss per resonant cycle is the mean value of 

the worst-case and best-case values, we can evaluate the contribution of the resonant 

link to the total conduction loss by multiplying the average energy by six times the 

switching frequency for the six switching edges in a PWM output period. The result 

is 4W for 2kHz switching frequency. Note that this assumes that the resonant link is 

activated for each switching edge and no vector dropping occurs. In this example, the 

contribution of the equivalent resistance of the resonant inductor to the conduction 
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Figure 5.7: Ideal waveform of conduction loss during worst-case resonant transition 
and average power. 

loss amounts to 21%. A reduction of the zero-voltage time from the presently used 

5f.Ls would improve the situation significantly. The effect of zero-voltage time and its 

practical implications will be discussed in the following section. 

From the results obtained so far it is clear that it is not appropriate to neglect the 

conduction loss incurred in the resonant link for the evaluation of the overall efficiency 

of the PRDCL inverter. Given these results, the refined approach to calculate the 

conduction loss is as follows: 

1. For a given power level, the energy loss per resonant cycle is calculated using 

Equations (5.22-5.26) for the worst-case and best-case values of 10 and lox. The 

mean of these two values is taken as the average energy loss per resonant cycle. 

2. The conduction loss owing to the resonant link action can then be calculated by 

multiplying the energy derived in step one by six times the switching frequency. 

3. The conduction loss in 8 1 is calculated using the conduction model 'with the 

average de link current derived frorri the power level. The duty ratio of 81 is 

(5.27) 
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where fsw is the switching frequency and Tl' the duration of a resonant cycle. 

4. The two conduction loss components of the PRDCL circuit are then summed to

gether with the conduction loss in the main inverter. Note that the components 

that stem from the PRDCL circuit vary with switching frequency. 

5.4.3 Discussion of zero-voltage time 

As already mentioned in the previous section, a reduction of the zero-voltage time 

would significantly reduce the conduction loss produced by the PRDCL circuit. It 

would also allow higher switching frequencies and reduce the loss of fundamental 

voltage as discussed in Section 4.6. "However, a number of practical implications 

have to be considered. Conventional PWM inverters provide a dead-time between 

the turn-off of a transistor and the turn-on of the second transistor in the same 

inverter leg. In a zero-voltage switched inverter, it would theoretically be possible 

to eliminate this dead-time and send turn-off and turn-on signals simultaneously. 

However, this would lead to the certain destruction of the switching devices in case 

resonance should fail and the zero-voltage condition not obtained. Furthermore, the 

discussion in Section 5.2.2 has shown that zero-voltage switching actually leads to an 

extended tail current so the minimum dead-time has to be chosen with respect to 

this. 

With these practical considerations in mind, it was felt that a reduction or even 

elimination of dead-time would establish a too great risk of inverter shoot-through 

given that the manufacturer chose a safety margin of 5J.Ls. The dead-time was therefore 

left unchanged despite the knowledge that in order to achieve a performance from a 

PRDCL inverter that can compete with existing hard-switched systems in terms of 

efficiency and switching frequency, the zero-voltage time would have to be reduced 

significantly. 
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5.5 Total losses 

Figure 5.8 shows all loss components for a PRDCL system operating at lkW output 

power and a load power factor of 0.6 (inductive). The load power factor was chosen to 

allow comparison with measured results where an RL-load with a load power factor 

of 0.6 will be used. Note that the load power factor only influences the main inverter 

conduction loss and does not affect the additional conduction loss introduced by the 

PRDCL circuit. It is assumed that the load current stays constant with increasing 

switching frequency. Note that the output power of the PRDCL inverter reduces 

below lkW at high switching frequencies due to the loss of fundamental voltage 

discussed earlier in Section 4.6. As can be seen the conduction loss owing to the 

resonant link action increases with switching frequency while the conduction loss in 

81 decreases. Taking all the loss components into account, it is interesting to note 

that the PRDCL inverter has no efficiency advantage over a hard-switched inverter 

regardless of switching frequency. Increasing the output power while leaving the other 
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Figure 5.8: PRDCL inverter and hard-switched inverter losses for lkW output 
power; zero-voltage time 5p,s. 

parameters unchanged however does alter the situation as can be seen in Figure 5.9 

which shows results for an output power of 2.5kW at the same load power factor 

as before. Here we find that the PRDCL inverter does produce lower overall losses 
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Figure 5.9: PRDCL inverter and hard-switched inverter losses for 2.5kW output 
power; zero-voltage time 5Jls. 

for switching frequencies in excess of 6.5kHz. Note however that the frequency range 

over which a useful efficiency gain can be achieved is limited, considering the effects of 

the 5Jls zero-voltage gaps on the output voltage. The conduction loss for 51 becomes 

negative beyond a switching frequency of 14kHz which indicates that the duty ratio 

of 51 becomes negative at this point and hence there is no output voltage left. For 

switching frequencies beyond 7kHz the duty ratio for 51 falls below 0.5 which means 

that the voltage source Vs is connected to the inverter input for less than half the 

duration of an output period, resulting in substantial loss of fundamental output 

voltage as discussed in Section 4.6. 

To achieve high switching frequencies it would be necessary to reduce the zero-voltage 

time considerably. Figure 5.10 shows the results for the same conditions as in Fig

ure 5.9 but for a zero-voltage time of 1Jls. The practical problems associated with a 

reduction of zero-voltage time have been discussed in Section 5.4.3. Now the PRDCL 

inverter becomes more efficient than its hard-switched counterpart for switching fre

quencies above 4.5kHz which seem ach~evable in practice given that owing to the 1Jls 

dead-time requirement the IGBT devices have to be fast switching types anyway. The 

switching frequency at which the duty ratio for 51 falls below 0.5 is 10.5kHz in this 

example. 
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Figure 5.10: PRDCL inverter and hard-switched inverter losses for 2.5kW output 
power; zero-voltage time 1p,s. 

5.6 Summary 

This chapter has analysed the different loss mechanisms that occur in hard switching 

PWM inverters and the PRDCL PWM inverter. The switching behaviour of IGBTs 

under hard- and soft-switching conditions has been explained and it was found that 

zero-voltage switched IGBTs reveal a number of unexpected characteristics like dy

namic voltage saturation and an extended tail current at turn-off. When analysing 

the losses in the PRDCL inverter it was found that conduction loss increases with 

switching frequency which is not the case for conventional inverters. In order to keep 

conduction loss in the PRDCL circuit low, it is important to keep the zero-voltage gap 

as narrow as possible. This is true not only for the PRDCL inverter examined in this 

work but equally concerns similar inverters that have been proposed [16, 17,22,34,35]. 

The problems associated with the frequent activation of the resonant link - loss of 

fundamental voltage, increase in conduction loss - is an inherent disadvantage of the 

soft switching principle applied in these circuits and will ultimately limit the perfor

mance of all the systems presented so far. In order to reduce the number of times 

the resonant link has to be activated, many designs apply individual snubber capac

itors across the inverter devices to allow soft turn-off independent of the resonant 
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link state. However, as outlined in Section 5.2.2 this leads to oscillations at turn-on 

which result in an increase of turn-on loss and can potentially damage the switching 

devices. 

It was also found that the simple approach given in [17] to evaluate the additional 

conduction loss owing to the presence of the resonant link is inappropriate and a 

refined approach was suggested that takes into account the losses incurred during a 

resonant cycle. 

It was shown that the PRDCL inverter is capable of achieving higher overall con

version efficiency than a hard-switched inverter but the switching frequency domain 

over which this is practicable is restricted and careful design of the resonant link is 

required. It should be noted however that the additional loss components that occur 

under zero-voltage switching as described in Section 5.2.2 are not included in the 

analysis of the PRDCL circuit's overall efficiency. Therefore, the realistically achiev

able efficiency benefits of the PRDCL inverter system are expected to be even more 

limited than the findings of this chapter suggest. 



Chapter 6 

Practical results 

6.1 Introduction 

The following sections contain measurement results for the experimental prototype 

PRDCL inverter. One section deals with the currents and voltages that can be mea

sured in the resonant link circuit. Another section demonstrates the soft-switching 

capability of the PRDCL inverter by showing currents and voltages for an inverter 

device during commutation. The next section is devoted to the inverter output quan

tities, ie. the load current for different types of load and the output voltages. The 

last section in this chapter shows results of an experiment carried out to determine 

the EMC performance of the PRDCL inverter. Each section explains the techniques 

applied to obtain the measurements and comments on the results with regard to the 

expected outcome. Where necessary, the theoretical background to an experiment is 

given. 

119 
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6.2 Resonant link waveforms 

The practical results shown in this section all concern the waveforms that are in

troduced by the PRDCL circuit, ie. that do not exist in an ordinary, hard-switched 

voltage source inverter. The waveforms that are shown allow a deeper insight into the 

operation of the resonant link circuit under load and also provide information about 

the voltage and current stresses to which the auxiliary devices are subjected. 

All results were obtained at a dc link voltage of 312V. The first measurement shows 

the voltage VCr across the resonant capacitor and the resonant inductor current iLr for 

a resonant transition at an output power level of about 700W (RL-Ioad, power factor 

0.77). Two sub-oscillations are visible. The first one occurs when VCr reaches zero 

.:: 3 ················:---··7······;·················,····· ............... . 
~ 2 ................. l.~.~~ ............. .: ............... ~ ................... ~ ................. . 
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Figure 6.1: Resonant transition waveforms for RL-Ioad. 

and the second one when VCr returns back to dc link voltage level. The oscillation 

around zero voltage is due to a resonance between stray inductances and Cr and gets 

triggered by the current that circulates through D2 , 82 and D3 ,83 (see Figure 6.2). 

,The natural frequency of the resonance is about 1MHz. 

The second oscillation occurs when the capacitor voltage reaches Vs and has a nat

ural frequency of about 500kHz. This sub-oscillation will be further analysed in the 
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following paragraph. 
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The voltage across the auxiliary switch 51 and current through it during a resonant 

transition are shown in Figure 6.3. Before and after a resonant transition, S1 carries 

the sum of all three phase output currents. At the beginning of the resonance, iSl rises 

sharply and 81 carries both the load current and the initial current Ii that is required 

to complete the resonant cycle. As soon as 81 is turned off, the voltage across it rises 

with a dv / dt that is determined by the resonance between Lr and Cr. The current 

falls sharply at first but the existence of a current tail is clearly visible in Figure 6.3. 

As soon as the resonant capacitor voltage VCr has swung back to supply voltage level, 

a sub-oscillation can be observed in the current. This oscillation corresponds to the 

ringing of VCr shown in Figure 6.1. It is triggered by the remaining current Ir in the 

resonant inductor which is a result of excessive energy stored in the resonant link. 

The ringing is much smaller in the no-load waveforms shown in Figure 3.16 where the 

initial energy is closer to its ideal value. The remaining current charges Cr over supply 

voltage level and as a result, resonance occurs between Cr and the stray inductance 

along the path between Cr and Vs. From the waveforms in Figure 6.3, it can be seen 

that 8 1 turns off and on under zero voltage. 

The next figure shows voltage and current for 52 during a resonant transition. The 



6.2. RESONANT LINK WAVEFORMS 122 

· . · . · . 3.0 ................. ~ ................... : ..... . 

2.5 ................. ~ ................... ;..... ........... . ................................. . 
!! VS1 ................. 1" ................. ( .............. / ....................... .. > 2.0 

O~ 1.5 ................. ~ ................... ;. .............. ................. . ................ . 
..... 

1.0 

0.5 
.~ 
:!2 0.0 
> 
§ -0.5 

-1.0 

-1.5 

·················, .. ············· .. ··:····· .. ···z ...... ··· ............................. .. · . : : : .. ·· .... · .... · .. ·t ...... · .. · .. · .. ··( .. i~;· ...... j" ............................... . 
................. -: ................... : .................. -: ................................... . 

o 10 20 30 40 50 

time [~sl 

Figure 6.3: Voltage across and current through 81 for a resonant transition. 

dotted lines are used to separate between the different modes of the resonant tran

sition. For the interval [to-t2], the resonant link current is conducted by 82 and 83 , 

After VCr has fallen to zero, two current loops are formed by D2 , S2 and D3 , 83 respec

tively as shown in Figure 6.2. For the following interval [t2-t3], the current is shared 

3.5 
t3 ts 

3.0 

2.5 

.~ 2.0 

~ 1.5 .................. 
..... 

1.0 

> 
0.5 ................................ 

~ 0.0 

§ -0.5 

-1.0 

-1.5 

0 10 20 30 40 50 

time [~sl 

Figure 6.4: Voltage across and current through 82 for a resonant transition. 

equally between the diodes and transistors. When 82 and 83 are opened to recharge 

en the diodes take over the whole current for the rest of the resonant transition 

([t3-t5])' When 82 first turns on, the voltage across it falls to its on-state value and 
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remains there until it turns off again. The voltage then rises with the same dv / dt 

as VCr' The voltage shoots over its steady state value and a slow oscillation starts 

which is the same as the one shown in Figures 6.1 and 6.3 for VCr and iSl respectively. 

This slow oscillation is superimposed by a high frequency oscillation which starts as 

soon as the current has fallen to zero, ie. as soon as D2 and D3 stop conducting. The 

oscillation is triggered by a step in the voltage which appears across the diodes at 

turn-off (see Figure 6.5) and is due to resonance between the drain-source capacitance 

CDS of the IGBTs 82 and 83 and the resonant inductor Lr plus stray inductance (see 

Figure 6.2). Note that both terminals of the resonant inductor are floating at the 

end of a resonant transition. In this situation, an oscillation is likely to occur. The 

peak voltage of the oscillation however does not reach levels that would endanger the 

auxiliary devices. 

It can be seen that 82 turns on in a ZCS situation with a di/dt that is limited by 

the presence of Lr so that dynamic saturation effects should be small. Turn-off of 82 

takes place under zero voltage. 

Figure 6.5 shows the current and voltage waveforms for diode D2 during a resonant 

transition. Note that before the current reaches its maximum value at t2 , it is con

ducted by 82 and 83 • After that, the diodes D2 and D3 form two current loops with 

82 and 83 as shown in Figure 6.2. A jump occurs in VD2 at the time when 52 and 53 

turn on. The voltage across D2 at this time can be derived as 

(6.1) 

When 8 1 turns off the voltage across the diode starts falling with the same dv / dt as 

VCr' The diodes start conducting as soon as VCr has fallen to zero (t2 ) and the voltage 

across them falls to their on-state value. As soon as the diodes turn off (current 

returns to zero at ts), the voltage exhibits another jump and starts oscillating around 

its steady state value which is less than half the supply voltage. The st~ady state 

values of the voltages across 82 and D2 will be determined by their respective parasitic 

capacitances. The oscillation is the same as was shown in Figure 6.4 for 82 . Again, 

the peak voltage does not pose a threat to any of the devices in the resonant link 
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Figure 6.5: Voltage across and current through D2 for a resonant transition. 

or the main inverter so it is not considered harmful in this respect. The ringing is 

however expected to produce electro-magnetic interferences that deteriorate the EMC 

performance of the PRDCL inverter. 

The waveforms for D3 and 83 look similar to the ones shown for D2 and 52 respectively. 

6.3 Soft turn-on and turn-off 

In order to verify the soft-switching capability of the experimental prototype inverter, 

the current through and voltage across one inverter device have to be measured. In a 

standard inverter, the current through a particular device cannot easily be obtained 

and therefore, the following technique was applied: A Rogowski-coil [48] was used to 

measure the current in the rightmost inverter leg as shown in Figure 6.6. Simulta

neously the voltage across the device was measured. The transients of current and 

voltage for a commutating switching device depend on the instantaneous load con

dition. Measuring both quantities simultaneously allows to differentiate between the 

four possible scenarios that can occur: 
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Figure 6.6: Application of Rogowski-coil to measure the current in a switching 
device. 

1. For positive load current i3 a soft turn-on of S3 requires that first the voltage 

falls to zero and after that the current rises to i3 when the turn-on signal is 

received by S3' Before that, i3 is carried by D6 . This situation is shown in 

Figure 6.7. 
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Figure 6.7: Drain-source voltage VDs and drain current ID for turn-on of S3 with 
positive phase current i 3 . 

2. A turn-off of S3 with positive i3 behaves dually: When the turn-off signal is 

received, the current falls to zero and is taken over by D6 • After the zero-
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voltage period, the voltage across the device resonates to Vs. Figure 6.8 shows 

measured quantities for this condition. 
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Figure 6.8: Drain-source voltage VDS and drain current ID for turn-off of 83 with 
positive phase current i 3 . 

3. For negative load current i 3 , the soft turn-on of 83 starts with a falling voltage 

across the device. As soon as 86 receives the turn-off signal, the diode D3 takes 

over the current. Since by this time the voltage has fallen to zero, the turn-on 

of 83 is a soft-switching event. Figure 6.9 shows the device voltage and current 

for this situation. Note that the current appears negative since it is carried by 

the antiparallel diode D3 . 

4. A turn-off of 83 with negative load current behaves in the opposite way: As soon 

as 86 receives its turn-on signal, the current falls to zero. Immediately after

wards, the voltage resonates to Vs, marking the end of a resonant cycle. Again, 

voltage and current are not simultaneously present in the device, making this 

turn-off a soft-switching event. Measured quantities are given in Figure 6.10. 

The measured results agree well with the expected behaviour and it can be seen that 

the PRDCL circuit allows soft turn-on and turn-off of the inverter devices. 
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Figure 6.9: Drain-source voltage VDS and drain current ID for turn-on of S3 with 
negative phase current i 3 . 
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Figure 6.10: Drain-source voltage VDS and drain current ID for turn-off of S3 with 
negative phase current i 3 . 
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6.4 Inverter output voltages and currents 

To assess the output waveform quality of the PRDCL PWM inverter, one line-to-line 

voltage and one phase current were measured for different load conditions. 

6.4.1 RL-load 

An RL-Ioad consisting of a series combination of a three-phase resistor and a three

phase inductor was used to obtain the following results. The phase current ia for the 

RL-Ioad is given in Figure 6.11. The output power level is 700W at a power factor of 

0.77 and a switching frequency of 1kHz. The effect of the switching frequency on the 

-40 20 25 30 35 40 45 50 
time [msl 

Figure 6.11: Phase current ia for RL-load; switching frequency 1kHz, output 
frequency 45Hz. 

output waveform can be seen in the next plot. It shows the phase current ia for the 

same conditions as used for Figure 6.11 but at a switching frequency of 2kHz. It can 

be seen that th,e output current is less distorted in the second case since the dominant 

harmonics of the output current spectrum will be higher in frequency and hence more 

attenuated than for the lower switching frequency. The amplitude of the current is 

also lower in the second case than in the first although the same modulation index 



6.4. INVERTER OUTPUT VOLTAGES AND CURRENTS 

-40 5 10 15 20 25 30 35 40 45 50 
time [msl 

Figure 6.12: Phase current ia for RL-load; switching frequency 2kHz, output 
frequency 45Hz. 
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of m = 0.9 was used to obtain both results. This illustrates the effect of the loss in 

fundamental output voltage that is due to the notches introduced by the resonant 

link action as explained in Section 4.6. Tmin was set to 20,us for this and all other 

experiments. From Figure 6.12 we can see that the fundamental amplitude is reduced 

by about 3.3% compared to the one for 1kHz switching frequency which, considering 

the quantization error of the digital oscilloscope used to record the results, corresponds 

well with the theoretically derived value of 4% reduction (see Section 4.6). 

The next graph shows the line-to-line voltage at an output frequency of 35Hz and 

switching frequency 1kHz. The patterns produced do not look different from con

ventional PWM line-to-line voltages. A zoomed version of the line-to-line voltage in 

Figure 6.14 reveals the notches that are introduced by the resonant link action. Each 

notch represents a switching event in one of the other line-to-line voltages. Ringing 

at the ends of the resonant transitions is due to the mechanisms discussed earlier. 
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Figure 6.13: Line-to-line voltage for RL-Ioad; switching frequency 1kHz, output 
frequency 35Hz. 
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Figure' 6.14: Line-to-line voltage for RL-Ioad; switching frequency 1kHz, output 
frequericy 25Hz. 
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6.4.2 Induction machine load 

The next graphs show results measured with an induction machine load. The in

duction machine was driving an unloaded dc-machine. Figure 6.15 shows the phase 

current ia for an output frequency of 45Hz at a switching frequency of 1kHz while the 

next graph shows the same current for a switching frequency of 2kHz. The improve-

8~----~----~----~----~----~ 

-~L-----l~O----~20----~30----~4-0----~50 
time [ms] 

Figure 6.15: Phase current for induction machine load at 1kHz switching frequency, 
output frequency 45Hz. 

ment in output current quality that can be expected from doubling the switching 

frequency is clearly visible in Figure 6.16. The last plot in this series shows the 

phase-to-midpoint voltage (inverter midpoint) for the induction machine load. Again 

we can see from the graph that every commutation is performed with dv / dt levels 

that are governed by the resonant tank components. The output waveforms look as 

can be expected from a PWM inverter with the exceptions of the zero-voltage gaps 

that are introduced in the line-to-line voltages. With the present settings of switching 

frequency and minimum vector on-time Tmin , the quality of the output current is very 

similar to that obtained with conventional hard-switched PWM. 
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Figure 6.16: Phase current for induction machine load at 2kHz switching frequency, 
output frequency 45Hz. 
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Figure 6.17: voltage Phase-to-midpoint voltage for induction machine load at 1kHz 
switching frequency; 25Hz output frequency. 
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6.5 Measured losses 

To evaluate the losses in the PRDCL inverter system, a simple approach was taken 

that compares the power on the input and output sides of the inverter by measuring 

three phase currents and three line-to-line voltages using two power analysers (Voltech 

PM 3000) as shown in Figure 6.18. The results should allow us to derive general trends 

for the dependency of conversion efficiency on switching frequency for hard- and 

soft-switching. The following plot shows input and output power for hard-switching 
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Figure 6.18: Experimental setup for power loss measurement. 
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Figure 6.19: Input and output power for 1kW load; hard-switching. 
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0.6. The results are also given in numerical form in Table 6.1 which shows that the 

difference between input and output power varies between 44W and 51 W which is 

about 20W greater at 1kHz switching frequency than predicted using the approach 

developed in Section 5.5. This difference between the prediction and the real result 

can be accounted for by power losses that were not considered in Section 5.5, ie. 

in the gate drivers and other control circuitry in the conventional inverter. These 

consume together 22W which was measured with the inverter running and switching 

at no load (modulation index zero). Subtracting these 22W leaves differences between 

fsw [Hz] Pin - Pout [W] predicted Pin - Pout [W] predicted - measured [W] a 

1000 44 24.3 +2.3 
1250 45 25.2 +2.2 
1500 47 26.1 +1.1 
1750 49 27 0.0 
2000 51 28 -1.0 

Table 6.1: Predicted and measured differences between input and output power for 
hard-switching. 

aafter subtraction of 22W for gate drivers, etc. 

the predicted and measured results that vary from +2.3W (predicted losses higher 

than measured losses) for 1kHz switching frequency to -LOW for 2kHz switching 

frequency. These discrepancies can be attributed to experimental error and reading 

errors for the conduction and switching power loss diagrams given in the data book 

[58]. An increase in switching losses with rising switching frequency can be clearly 

seen in Figure 6.19, although the total switching losses and the increase are small in 

the chosen power and switching frequency range. The measured results confirm the 

validity of the prediction methods used. 

The next plot (Figure 6.20) shows the result for soft-switching. Note that in order 

to guarantee stable link transitions at this power level it was necessary to increase 

the energy injected in the resonant tank by making Ii greater than its calculated 

ideal value. This increase in resonant tank energy is required due to the power losses 

that occur in the link during a resonant transition which mean that the capacitor 
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voltage VCr does not return to Vs unless the losses are compensated for by injecting 

surplus energy. These losses occur in the resonant inductor Lr which is in the current 

path for the whole resonant cycle and in the auxiliary semiconductor devices. They 

are not taken into account by the inequality (3.30) that is used to derive the ideal 

value of h The losses could be significantly reduced by making the zero-voltage gap 

shorter than the presently used 5f.-ls that were chosen for safety reasons as discussed 

in Section 3.5.1. 

To achieve robust operation it was found that Ii had to be increased until the argu

ment for the arctan function in 

T, = ~, arctan (z,{I~: I,)) (6.2) 

is less than or equal to 0.75. As explained in Section 3.5.2 (6.2) provides a way of 

ensuring that resonance is maintained by making the argument Zr(r~Io) smaller (ie. 

by increasing Ii). 
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Figure 6.20: Input and output power for 1kW load; soft-switching. 

Taking into account the required increase in h the predicted results for input and 

output power are shown in Figure 6.21 and given numerically in Table 6.2. The 

predicted difference between input and output power varies between 28.1 Wand 35.5W 
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Figure 6.21: PRDCL inverter and hard-switched inverter losses for 1kW output 
power with increased h zero-voltage time 5J.Ls. 

after subtracting 22W for power losses in gate drivers and other control circuitry. The 

measured difference between input and output power is greater than the predicted 

result by between 28W for 1kHz to 57W for 1.75kHz. This indicates that there are 

additional loss components that were not taken into consideration in the analysis 

so far and which increase with switching frequency. One origin of these losses are 

switching losses that occur under soft-switching. 

fsw [Hz] Pin - Pout [W] predicted Pin - Pout [W] predicted - measured [W] a 

1000 78 28.1 -27.9 
1250 90 30 -38 
1500 102 31.8 -48.2 
1750 113 33.7 -57.3 
2000 51 35. - b 

Table 6.2: Predicted and measured differences between input and output power for 
soft-swi tching. 

aafter subtraction of 22W for gate drivers, etc. 
bexperiment had to be stopped due to overtemperature condition of 81 . 

These are due to "dynamic voltage saturation" and the enhanced current tail of 

IGBTs under zero-voltage switching as described in Section 5.2.2. While the inverter 
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devices are only switched at say 1.75kHz, the switching frequency for S1, S2 and S3 is 

six times this value, thus isw,link = 10.5kHz. Hence the majority of these additional 

losses is expected to occur in the auxiliary devices. In fact from the experiment it 

is clear that the extra losses are mainly dissipated in S1 which at 2kHz switching 

frequency became so hot that its maximum permissible junction temperature was 

exceeded and the switch destroyed. 

Another reason for the unexpected high losses in S1 is the fact that it is in a transient 

condition for most of the time and has to conduct high pulse currents (ie. Ii) in 

addition to the inverter input current. The conduction model given in [57] is an 

approximation that is only valid for steady state conduction, a state that is defined 

by a voltage across the IGBT of less than 5% of the supply (dc link) voltage. S1 

however rarely ever reaches this state so the conduction model leads to predicted 

losses that are below the actual losses. The fact that S1 has to carry the full load 

current as well as the initial current for each resonant transition has to be regarded 

as a serious drawback of the PRDCL circuit. 

6.6 EMC measurements 

To compare the EMC performance of the PRDCL inverter with conventional hard

switching, the conducted emissions were measured for both cases. Conducted emis

sions result from the high levels of dv / dt in an inverter system. The voltage waveforms 

contain a wide band of frequencies which lead to the excitation of electromagnetic 

oscillations at the various natural frequencies of the system. Because of the stray ca

pacitance and parasitic inductance which are distributed throughout the drive system, 

some of these natural frequencies are in the radio frequency range [49]. 

There, are two components of high frequency current flowing in the drive system. 

While differential mode currents flow between phases at the drive input and output 

sides, common mode current flows between the output phases and the drive system's 

earth. The flow of this common mode current is a result of the capacitances between 
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motor windings and motor frame and stray capacitance between the switching devices 

and the drive case and the high levels of dv / dt that are applied across these capaci

tances owing to the switching action in the inverter. In a soft-switching inverter, it is 

expected that the common mode current will be much reduced due to low dv / dt at 

the inverter output. In order to measure these phenomena, an experimental setup as 

shown in Figure 6.22 was used. A line impedance stabilisation network (LISN [49]) is 

screened 

Supply LISN Inverter Motor cable 
Motor 

r-----------
I 
I 

Ll Ll' A 

L2 L2' B 

L3 L3' C 

PE PE' PE" 

HF current probe 

Figure 6.22: Experimental setup for EMC measurements. 

inserted between the utility supply and the drive. The LISN stops interference enter

ing the system under test and diverts the high frequency current drawn by the drive 

through a defined impedance of 500. The conducted interference, both common and 

differential mode can then be determined by measuring the voltage drop across the 

LlSN impedance. The drive is supplied from the LISN through an unscreened cable 

while the cable between drive and motor is screened and has a length of about 10m. 

The earth current and the current in the cable screen are measured with a single high 

frequency current probe. In the following, the term earth current is therefore used to 

denote both the earth return current and the current in the cable screen. All mea

surements were taken with the induction machine load as described in Section 6.4.2 

at 25Hz output frequency and no load. 

The EMC phenomena under hard-switching are illustrated in Figure 6.23 which shows 

the earth current and two line-to-line voltages. At each switching event, a current 

spike appears in the earth current. 
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Figure 6.23: Earth/screen current and two line-to-line voltages for hard-switched 
PWM (O.2ms/div, O.5A/div, 400V /div). 
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Figure 6.24: Earth/screen current and two line-to-line voltages for hard-switched 
PWM (2J.ls/div, O.5A/div, 400V /div). 
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The zoomed version of this plot is shown in Figure 6.24. Here it can be seen that 

each switching event is also followed by a high frequency oscillation on the motor 

line-to-line voltages. This oscillation is caused by a resonant LC link between phases 

of the motor and motor cable and represents a differential mode at the output side 

of the drive. The oscillation can lead to peak voltages at the motor terminals of 

up to twice the dc link voltage and poses a real threat to the insulation of induction 

machines especially when long cables are used between inverter and machine [50]. Soft 

switching leads to low levels of dv / dt thus reducing the effect of resonance between 

cable and machine. The current in the earth cable results from the high dv / dt and 

the capacitance between the motor windings and the motor frame. Consequently, 

reduced levels of dv / dt should lead to a reduction of this current. The following 

figure (Figure 6.25) shows the same voltages and current as for Figure 6.24 for soft

switching. The transition in the line-to-line voltages occurs with a modest dv / dt 
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Figure 6.25: Earth/screen current and two line-to-line voltages for soft-switched 
PWM (2tLs/div, 0.5A/div, 400V /div). 

which is governed by the resonant transition of the PRDCL circuit. No high frequency 

oscillation is visible on any of the two line-to-line voltages. The amplitude of the spike 

in the earth current is much lower than in the hard-switched case, 0.15A as compared 

to 0.S75A respectively. The reduction in the earth current becomes more evident in 

Figure 6.26 which shows another incident of the same switching event as before with a 
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different scaling for the current. The amplitude of the current oscillation lies around 

0.19A and therefore is less than a quarter of what it amounts to in the hard-switched 

case. 
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Figure 6.26: Earth/screen current and two line-to-line voltages for soft-switched 
PWM (2f-Ls/div, 100mA/div, 400V /div). 

EMC measurements are normally performed in the frequency domain so it is interest

ing to examine the spectrum of the earth current. To obtain this measurement, the 

signal from the high frequency current probe was fed to a spectrum analyser. The 

results are shown in Figures 6.27 and 6.28 where each figure contains the spectra for 

hard-switching and soft-switching under otherwise identical conditions. Figure 6.27 

shows the spectrum over a frequency range from 9kHz to 3MHz. In the frequency 

range from 0.7 MHz to 1.8 MHz, the amplitude spectrum of the earth current is lower 

for the soft-switched case than for hard-switching while for the remaining frequency 

regions, the EMI performance is found to be inferior for soft-switching. This result 

is unexpected insofar as the amplitude spectrum around 3MHz is concerned. In the 

time domain result for hard-switching (Figure 6.24) an oscillation of about 3MHz can 

clearly be seen in the earth current which do,es not occur under soft switching (Fig

ure 6.25). We would therefore expect Jess common mode emission in this frequency 

range for soft-switching yet the measured spectra suggest otherwise. A conclusive 

explanation for this phenomenon was not found but clearly the different operating 
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Figure 6.27: Spectra of earth return current for hard- and soft-switching; Frequency 
range 9kHz-3MHz. 

principle of the PRDCL inverter with its resonant link transitions does not allow to 

make a simple connection between time domain and frequency domain results. It 

has to be assumed that the high-frequency ringing of the link voltage at the end of a 

resonant transition (not seen in Figure 6.25 but cf. ego Figure 6.14) also contributes 

to the common mode emission seen in the spectra. 

The spectrum for a frequency range from 9kHz to 30M Hz is shown in Figure 6.28 

which again shows that soft-switching is only superior over a limited frequency range 

while it performs worse over most of the frequency band. The reduction in conducted 

emission in the earth return cable over a limited frequency range is an encouraging 

result. The fact that over the remaining frequency ranges the performance of the 

soft-switching system is actually inferior to hard-switching can be explained with two 

mechanisms generating interference. 

The notches that appear in the phase voltages as a result of the resonant link tran

sitions produce additional common mode current. Since the notches occur in all 

phases at the same time they represent a very large common mode excitation signal. 

The effect of the notches is expected to contribute significantly to the common mode 

emissions in the low frequency range (below O.7MHz in Figure 6.27). Secondly, the 
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Figure 6.28: Spectra of earth return current for hard- and soft-switching; Frequency 
range 9kHz- 30MHz. 

oscillation at the end of resonant transitions is expected to produce extra common 

mode emission. These emissions will be dominant in the high frequency range (above 

1.8MHz in Figure 6.27). Note however that as already mentioned in Section 6.2 this 

ringing could be significantly reduced if not avoided in a system carefully designed 

to minimize stray reactance. The inferior performance in this frequency range is 

therefore not regarded as an inherent weakness of the PRDCL inverter system. 

Figure 6.29 shows the output of the LISN for one supply voltage phase . The LISN 

measures both common mode and differential mode emissions simultaneously and it 

is therefore impossible to evaluate each mode separately from the results obtained. 

Soft-switching is seen to produce more conducted emission over almost the entire 

frequency range from 150kHz to 30MHz. Only for some frequency values is the result 

for soft-switching equal to the one for hard-switching. The increase in conducted 

emissions is due to differential and common mode effects which are a result of the 

resonant link transitions. Since the common mode results for soft-switching were 

superior t~ the hard-switched case for the frequency region from O.7MHz to 1.8MHz, 

it has to be assumed that an increase in differential mode effects due to the resonant 

link transitions is responsible for the inferior LISN result in this frequency range. 
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Figure 6.29: Spectra of LISN output for hard- and soft-switching; Frequency range 
150kHz- 30MHz. 

6.7 Summary 

The experimental results given in this chapter largely confirm the theoretical analysis. 

The PRDCL inverter is shown to be capable of providing a soft-switching environ

ment for the inverter switches as well as the auxiliary switches while applying true 

PWM . The measured output quantities reveal the same characteristics as for any 

hard-switched inverter applying PWM with the exception of the zero-voltage notches 

that are introduced in the line-to-line voltages. The conversion efficiency was found 

to be worse for the PRDCL system than for an equivalent hard-switched system. 

This is mainly due to conduction losses in the resonant link, both in the resonant 

inductor Lr and the auxiliary switching devices. The measured power losses were 

considerably higher than predicted which suggests that switching losses under zero

voltage switching play an important role for an assessment of the overall efficiency 

of a soft-switching inverter. The EMC performance showed improvements for certain 

frequency ranges but overall the experimental prototype performed worse than its 

hard-switched counterpart. Some of the additional emission can be accounted for 

by the high frequency ringing seen iri the resonant capacitor voltage. This ringing 

is a result of inevitable stray inductances and sub-optimal control of initial current, 
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two design issues that have to be addressed in a realistic drive operating at medium 

to high power levels. For the present work, a commercial inverter was modified to 

operate as a PRDCL inverter. In a carefully built system that is designed solely 

for the purpose of operating as a PRDCL inverter, stray inductances could be much 

reduced and the EMC performance would consequently be improved. The low dv/dt 

can be verified in the experimental results and is a clear advantage in the light of 

high voltage stresses applied to the insulation of induction motors as a result of the 

fast switching action of the latest generation of IGBTs. 



Chapter 7 

Conclusions 

This work has described the design and implementation of a three-phase parallel 

resonant dc link circuit in a PWM inverter drive system. The theoretical analysis 

of the circuit's operation was confirmed by simulation and practical results taken 

from an experimental prototype inverter. A modified space vector algorithm that is 

compatible with the operational principle of the PRDCL inverter was developed and 

implemented on a network of transputers. Measurements of the conversion efficiency 

and the EMC performance of the prototype inverter were carried out. 

The principle of the PRDCL inverter and similar circuits is to provide a short zero

voltage period in the dc link of the inverter for each switching event on the output 

side of the inverter. It was seen from the results of the prototype inverter that this 

zero-voltage gap allows soft-switching of the PWM inverter devices. Furthermore, the 

topology restricts the peak voltage stress of the inverter devices to the dc-bus voltage. 

The three additional switches that are required are also subjected to voltages limited 

to Vs, with the exception of sub-oscillations that peak at higher values and which 

occur due to stray inductances. 

The working principle of the PRDCL inverter and similar circuits requires a minimum 

dwell time between switching edges in order to ensure that a resonant cycle can be 

146 
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initiated and completed for each switching event. Standard PWM techniques cannot 

take this requirement into consideration and a number of modified PWM techniques 

have been described in the research literature. These methods were however found 

to be either synchronous [16,20,21,34] which is an undesirable feature in modern 

drive systems or to produce output currents with a much higher harmonic content 

than standard PWM methods [22,23]. To overcome these problems, a modified space 

vector modulation was developed and implemented which takes into account the 

requirements of the PRDCL circuit while preserving the spectral quality of standard 

space vector modulation. 

The practical results taken from the experimental prototype validate the working 

principle and the suitability of the modified space vector modulation. The measured 

losses revealed that even though all inverter switches and additional switches are 

switched under soft-switching conditions, additional loss components exist that can 

only be accounted for by switching losses in the inverter and auxiliary devices. Recent 

research results confirming this assumption have shown unexpected loss components 

in IGBTs under both zero-voltage and zero-current switching [41]. These include 

1. a di/ dt dependent turn-on voltage spike due to conductivity modulation lag and 

2. an elevated tail current "bump" under low output dv/dt switching conditions. 

Previous publications about the PRDCL inverter and similar circuits [16-18,20-

23,34] have lacked analytical and experimental efficiency evaluations. It has been 

claimed for a circuit similar to the one analysed in this work that the additional 

losses introduced by the resonant link transitions are negligible [17,18]. This claim 

was found to be unsubstantiated by theoretical and particularly by experimental re

sults. Reliable loss predictions will have to include loss components that occur under 

soft-switching and which have so far been neglected. 

The results indicate that in order to obtain the maximum benefit from soft switch

ing topologies, existing devices have to be improved with regard to the undesired 

behaviour that was found in present designs. Desirable characteristics would be a 
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combination of the switching behaviour of MOSFETs with the low on-state voltage 

of IGBTs which led to the suggestion of the "super efficient switch" [51]' a combina

tion of MOSFET and IGBT in the same package. MCTs have lower on-state losses 

than IGBTs but show larger current-tails at turn-off under zero voltage so a trade-off 

between conduction and switching loss is necessary. 

It was shown in Chapter 5 that overall improvements in conversion efficiency are 

possible. However, this would require high inverter switching frequencies which in 

turn would mean that the resonant link devices have to switch at very high frequencies 

(six times the inverter switching frequency). As the experimental results have shown, 

this leads to problems with the auxiliary devices particularly for high load currents. 

Alternatively, it has been suggested to supply every inverter switching device with 

a small snubber capacitor instead of using a single resonant capacitor. This would 

make every inverter device turn-off a soft switching event, thus reducing the number 

of times that a resonant cycle has to be initiated. However, as was discussed in [40] 

and [42], this leads to the dumping of the energy stored in the snubber capacitor 

in the device at turn-on which sets up oscillations that could even overstress the 

device. It was therefore decided that in order to safely ensure zero-voltage for each 

switching event it is necessary to actively resonate the link voltage down to zero for 

every switching edge. 

The measurement of EMC performance did reveal improvements in certain frequency 

ranges but also showed worse performance for the rest of the frequency band. The 

high-frequency emission that was found to be greater in the PRDCL inverter than 

for hard-switching is a result of high-frequency ringing in the dc-link voltage. In a 

system that is specifically designed to operate as a PRDCL inverter, stray inductance 

could be avoided to a much higher degree than in the prototype inverter which is a 

modification of a conventional PWM inverter. This high frequency radiation would 

therefore be much reduced in a carefully designed system whereas the additional low 

frequency components which are due to the notches in the line-to-line voltages are 

an inherent feature of the PRDCL inverter and similar circuits. The reduced dv / dt 

levels at the output however inevitably reduce the conducted EMI in certain frequency 
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ranges and are a very desirable feature in the face of tighter EMC regulations and 

insulation problems in induction machines driven by modern IGBT inverters. 

The aim of this project was to assess the viability of a soft-switching inverter capable 

of applying PWM in a medium to high power range. It was shown that the PRDCL 

topology is capable of providing a soft-switching environment while applying PWM. 

A number of drawbacks of the circuit however remain to be solved. Firstly, the 

additional device count of three switches and three diodes will make it difficult for 

the PRDCL inverter to become an acceptable choice in a highly competitive field 

where the initial capital cost of a drive is very important. Secondly, the fact that 

the initial current has to be controlled for each resonant transition means another 

increase in complexity. Thirdly, the additional conduction losses introduced by the 

resonant link were found to be significant and much higher than predicted. The loss 

of fundamental output voltage that is due to the zero-voltage notches in the line-to

line voltages is another inherent drawback of the proposed technology. It has not 

been identified by previous publications where it was assumed that the zero-voltage 

period can be kept arbitrarily short. Even if this could be done (see discussion of zero

voltage gap in Section 5.4.3), finite amounts of time would be required to resonate the 

resonant link voltage to zero and back to the dc link voltage so volt-seconds would be 

lost in any case. The loss of fundamental can be kept in acceptable limits by making 

the zero-voltage time short which is also important in order to keep the losses in the 

resonant link low. 

In order to achieve good output current quality and an improved conversion efficiency, 

the target switching frequency needs to be high and although this is one of the reasons 

why soft-switching has attracted a lot of interest, for the present topology it means 

that the resonant link devices have to switch at very high frequencies which appears 

unrealistic for medium to high output powers given the switching times of presently 

available IGBTs. 

As an overall assessment of the potential for soft-switching inverters it can be stated 

that due to the problems of ~.6. modulation that were discussed in Chapter 4, only 
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those resonant link schemes which are PWM compatible are likely to gain acceptance 

[52]. Any improvements of such circuits over traditional hard-switching inverters 

have to be weighed against their additional cost and complexity. It is likely that 

more significant advances in converter technology will continue to come from new 

developments in semiconductors rather than from new inverter topologies. 



Appendix A 

Circuit descriptions 

A.I Protection and gate drive circuits 

The protection circuit has the task to protect the resonant link devices in the case of 

accidental short circuits or other conditions leading to currents that exceed the device 

ratings. Rather than turning all devices off, the protection circuit closes switches 51 

and 83 to provide a path in which the resonant inductor current can circulate as was 

explained in 8ection 3.5.5. This is done by the arrangement of OR and AND gates 

that receive the gating signals (labeled 81 and 82/83 in the circuit diagram given on 

the next page) and the protection signal at their inputs. The actual gate drivers are 

single-chip circuits (MAX4427CPA) with two separate inputs and outputs. They are 

supplied from a +12V supply and referenced to -5V. By driving the two inputs with 

signals of opposite polarities this leads to gate voltages of ±17V. Between the gate 

drivers and the logic that controls them, six opto-couplers (740L6011) are used to 

provide electrical separation of the control circuit from the power circuit. 
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A.2 PWM watchdog 

~+-III' 
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A.3 COlI link adaptor 

The Inmos COlI link adaptor provides an interface between a serial link and a micro

processor system bus, via an 8-bit bi-directional interface. The message transmission 

is synchronised using handshaken byte streams. The con can be configured in one 

of two modes with two serial link speeds available for each mode. The configuration 

used in all the following circuits is mode 1 with a serial link speed of 20 Mbits/sec. 

Input to the link works as shown in the timing diagram below. IValid has to be taken 

high to notify the link adaptor that there is valid data present at the inputs 10-17. 

The link adaptor then reads in the data through the serial link and acknowledges 

receipt on lAck. IValid is then taken low and the handshake is completed by taking 

lAck low. Output from the link adaptor is performed as shown in the next timing 

Timing of input through link adaptor 

10-17 --~><~--------------~><~--
IValid ----/ ~ 
LinkOut Data packet 

Linkln ! Ack packet ! 

lAck ------------------~ 
diagram. The link adaptor takes Qvalid high when data is ready at the outputs 

QO-Q7. When the receiver acknowledges receipt of the data on QAck, QValid is 

taken low again and the handshake is completed by taking QAck low. 

Timing of output through link adaptor 

Linkln Data packet 

QO-Q7 --------------~><~---------------
QValid --------------~~ 
QAck ----------------~~ 
LinkOut !ACk packet! 
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A.4 PWM generator circuit 

The PWM generator circuit uses an Intel 8254 chip that contains three 16-Bit timers. 

Each timer is used to generate the gating signals for one inverter leg. When triggered, 

the output of each timer goes low and starts counting down from the value that has 

been loaded into it. When the count reaches zero, the output goes high again. A 

5MHz crystal is used to generate a clock signal, allowing a resolution of 200ns for the 

PWM pulses and a maximum pulse duration of 32767 * 200ns=6.5534ms. One COl1 

link adaptor is used to address the 8254 chip through the two address lines AD and 

Al and for triggering the counters by pulling the pins GO to G2 high. The other link 

adaptor initiates writing when valid data is present at its outputs by pulling QValid 

high and presents the data through the outputs QO to Q7 to the data inputs DO 

to D7 of the 8254 timer. The diagram below shows how the combination of flip-flop 

(74LS109) and XOR gate (74LS86) produce a P'VVM signal for one inverter leg from 

the output OUTO of the timer circuit. Q and eLK denote outputs and inputs 

of the flip-flop and GO is the trigger input of the counter. Each time the output 

of the timer chip goes low, the flip-flop toggles its output state, which leads to the 

waveforms shown below. The trigger signal is also used as an input for the PWM 

watchdog circuit that was described in Section 3.5.5. 
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A.5 Link control circuit 

The link control circuit uses the same approach as the PWM generator circuit to 

produce gating pulses for the resonant devices 81 to 83 , Two 8254 timer chips are 

supplied to create the pulses while a third timer chip is used to select the inputs of 

a multiplexer 74LS153. This is necessary because a PWM output period consists of 

three switching edges each of which requires separately timed pulses for the auxiliary 

switching devices. The multiplexer is used to select the appropriate. timer outputs 

(OUTO-OUT2) and to apply their output signals to the gate drivers for 81 to 83 , 

The maximum number of link adaptors that can be controlled by one transputer is 

three so that one link adaptor has to be used for loading two timers - one that outputs 

the gating pulses for 81 and one that controls the multiplexer inputs. A common data 

bus is therefore used to supply data to two 8254 timer chips. One link adaptor loads 

the timer for 82 and 83 and one is supplied to address the timers by means of the 

address lines AO and Al when they are loaded. 

The following three timing diagrams show how the link control circuit treats the three 

different situations that can occur under the modulation strategy that was described 

in Section 4.5.4. A and B are the multiplexer control lines that select which input 

is to be selected and ICO to 2C2 are the multiplexer inputs connected to the timer 

outputs. The switching times are labeled as 'Tabs' in the diagrams and are shown as 

dashed lines. 

The first possible scenario is that no voltage vector needs to be dropped, ie. there are 

three distinct switching edges in one PWM output period. This situation is shown in 

Figure A.I. 

If however one vector needs to be dropped, two phases in the inverter switch at the 

same time, ie. the 'Tabs' are identical. The situation where Tab1=Tab2 is shown in 

the figure below. 

As can be seen the second input of the multiplexer is not selected in this case (A stays 
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A 

B 

SI 

S2/S3 

ICO 

ICI 

IC2 

2CO 

2CI 

2C2 
: Tab I : Tab2 Tab3 

Figure A.l: Timing diagram when resonance is initiated for every switching edge. 

A f-------i--------11 

B ___ -----'I 
l---------

SI 

S2IS,-'\--__ _ 
~-----------+--------
1 :, ICO I---------! 

ICII--------~------------~---------

I:,' IC2 ~--------'------------

2CO 1-----------.J1 

2Clr------------'--------------'-~---------

2C2 f------~0"7"'":~-------.J1 :TabI =Tab2 : Tab3 

Figure A.2: Timing diagram for Tabl=Tab2. 
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low at t=Tab1). This means that the timer outputs for the second commutation are 

skipped since only two switching edges exist in this case. The third possible situation 

is similar and occurs when Tab2=Tab3. This case is shown below and it can be seen 

that the third input of the multiplexer is not selected. 

A 1--------l� 

B I------t---------ll 

SI 

S2/S31-----' 

ICO 1--__ ----'1 l 
ICI f----_--:.-____ ---JJ j 
IC2 f-------:.------~-----

2CO 1--__ -'1 

2CI t-----~-------'I 
2C2 f------;,;;.:Ta-;-b:-I ------.;,;::T,..,.ab::"'2==Ta"'"'"'b3,..----

Figure A.3: Timing diagram for Tab2=Tab3. 
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A.6 AD-converter circuit 

The A-D converter board uses two 8-Bit A-D converter chips (ZN439). A common 

data bus allows to read in the data of both converter chips through the same link 

adapter. Two A-D converters were chosen to allow simultaneous conversion of two 

phase currents. A number of logic gates and flip-flops allow control of both converters 

with the same link adaptor. A diode pump circuit is required to create a negative 

reference voltage at pin 12 of the ZN439 that is used by the comparators in the A-D 

converter. The already familiar 5MHz clock circuit is provided and a resistive divider 

is used to provide the appropriate input voltage at pin 7 of the A-D converter. The 

resistive divider is designed for an input voltage range of ±5V. 
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Appendix B 

Solution of PRDCL differential 

equations 

The describing equations for modes 1,3 and 5 of a resonant transition in the PRDCL 

inverter are simple linear equations while modes 2 and 4 are governed by resonance 

between Lr and Cr. For these modes, the differential equations are solved using the 

Laplace transform technique. The durations of the resonant modes are also derived. 

Mode 2 [t I , t2]: The Kirchhoff equations are: 

-J -ic o r 

Currents and voltages in the resonant components are related by 

Hence we find 

VLr 
L di Lr 

r dt 

C dvcr 

r dt 

, d2 

L C VCr 
VLr = - r r~ 
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(B.1) 

(B.2) 

(B.3) 

(B.4) 

(B.5) 
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and 
d2vCr 1 
---;Ji2 + LrC

r 
VCr = 0 (B.6) 

This second-order differential equation is solved in the Laplace domain where the 

time-domain variable VCr(t) becomes the s-domain variable VCr (8). 

2 () dvcr () 1 8 VCr - 8VCr tl - Tt tl + LrC
r 

VCr = 0 

The initial conditions are: 

Vs 
icr(td -iLr(tl)-Io -li-Io 

Cr Cr Cr 

Rearranging (B. 7) gives 

(B.7) 

(B.8) 

(B.9) 

8 dvcr 1 
VCr (8) = VCr (td-82 + 1/ LrCr + Tt(td 82 + 1/ LrCr (B.I0) 

With (B.8) and (B.9) the inverse Laplace transform of (B.I0) yields 

vc,{t) = Vs cos C~c;t) + (-IC~ \,h,c, sin (kt)) (B.ll) 

Using the parameters Wr = ";L~Cr and Zr = [Ii; the solution becomes: 

(B.12) 

To obtain an expression for the inductor current iLr we first derive icr : 

iCr (t) = Cr d~~r = - ~: sin(wrt) - (Ii + 10 ) cos(wrt) (B.13) 

Using (B.2) gives: 

(B.14) 

This mode is finished when the voltage across Cr has reached zero. T2 can therefore 

be obtained by: 

(B.15) 

(B.16) 
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Mode 4 [t3' t4]: For this mode, the Kirchhoff equations are: 

(B.17) 

(B.18) 

The relations between currents and voltages in the resonant components are again 

given by (B.3) and (BA). Thus 

and 
d2vCr 1 
~ + LrOr VCr = 0 

In the Laplace domain this gives: 

2 dvcr 1 
8 VCr - 8VCr(t3) - Tt(t3) + LrO

r 
VCr = 0 

The initial conditions are: 

o 
iCr (t3) iLr (t3) - lox lp - lox 

Or Or Or 

Rearranging (B.21) gives 

() lp - lox ( 1 ) 
VCr 8 = Or 82 + I/Lr Or 

Using (B.22) and (B.23) the inverse Laplace transform of (B.24) gives 

and finally 

The current iCr is given by: 

iCr (t) = Cr d~~r = (Ip - lox) cos(wrt) 

Using (B.18) gives: 

(B.19) 

(B.20) 

(B.21) 

(B.22) 

(B.23) 

(B.24) 

(B.25) 

(B.26) 

(B.27) 

(B.28) 
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Mode 4 is finished when the voltage vCr reaches Vs. Its duration can therefore be 

obtained by: 

(B.29) 

(B.30) 



Appendix C 

Current prediction 

Consider inequality (C.1) which can be used to determine the required initial current 

for a resonant transition (cf. Section 3.3.3). 

(C.1) 

To find out for which values of 10 and lox the calculation has a real result substitute 

A for (10 + lox). 

(C.2) 

A real result can only be obtained when the term under the square root is not negative, 

hence to find out for which values of A the result will be imaginary, we write 

A2 + 2A Vs < 0 
Zr 

A + 2 Vs < 0 (A > 0) 
Zr 

'A _2 Vs 
< Z· 

r 
(C.3) 

Since both Vs and Zr are positive constants, the inequality (C.3) cannot be satisfied 

for positive A which means that (C.1) has a real result whenever (10 + lox) ~ O. For 

167 
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negative A, the inequality becomes 

A+ 2 Vs > 0 
Zr 

A > -2 Vs 
Zr 

168 

(A < 0) (C.4) 

(C.5) 

Imaginary results therefore occur for (-21; < A < 0). To obtain real values for 

the required initial current even when (C.1) has imarginary results the techniques 

explained in Section 3.5.1 are applied. 



Appendix D 

Conduction losses 

The IGBT modules used in the inverter are Mitsubishi's CM100DY-24H. No values 

for VT , VD and RT , RD respectively are given in the data sheet [58] but instead 

the voltage drops for the IGBT and the antiparallel diode are read from the graphs 

given in [58] for the given RMS value of current I ref and these are then used to 

determine the instantaneous power loss. The analysis is then carried out as described 

in Section 5.4.1. Note that the voltage drops are determined for a certain current 

level and hence are not functions of time in the following analysis. They are therefore 

introduced as constants VT.d and VDd . rop rop 

According to [27], the phase-to-midpoint voltage for space vector modulation is given 

by 

~ sin(wt) 

VSVM= (D.1) 

'? sin (wt + ~) ~ ~ wt ~ ~ 
The method described in Section 5.4.1 can therefore be applied to evaluate the con

duction loss under space vector modulation. To obtain the conduction loss for one 

'transistor and its antiparallel diode, we split the integral in (5.15) into two parts: 

(D.2) 

169 
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PT12 = ~h:~~ (~+~V3ksin(wrt+~)) (VTdropv'2Irefsin(wrt-¢))dwrt (D.3) 

The sum of these two integrals gives us the conduction loss per transistor: 

(D.4) 

The same approach is taken with (5.16): 

(D.5) 

1 rH~ (1 1 r;; ( 7r)) (In ) PD22 = -; J<p+~ 2 - 4Y 3k sin wrt + '6 VDdrop Y 2Iref sin(wrt - ¢) dwrt (D.6) 

The conduction loss per diode is then obtained by 

(D.7) 

and the total conduction loss in the inverter is given by 

(D.S) 

Solving the integrals in (D.2, D.3 and D.5, D.6), we can derive PT1 as 

PT1 = V;::e
f 

VTdrop (6k7r cos ¢ + 9k sin ¢ - V3k7r sin ¢ + 24) (D.9) 

PD2 = V;::e
f 

VDdrop ( V3k7r sin ¢ + 24 - 6k7r cos ¢ - 9k sin ¢) . (D.10) 



Appendix E 

Information from data sheets 

Symbol Parameter Test conditions Min Typ Max 

VeE(sat) Collector-emi tter 11 = 25°0 Ie = 100A, - 2.5 3.4 
saturation voltage 11 = 125°C VGE =15V - 2.25 -

td(on) Turn-on delay time Vee = 600V, Ie = 100A - - 250 
tr Turn-on rise time VGE = l5V - - 350 
td( off) Turn-off delay time RG = 3.10 - - 300 
tf Turn-off fall time Resistive load switching - - 350 
VEe Emitter-collector voltage IE = 100A, VGE = OV - - 3.5 
trr Reverse recovery time IE = 100A, diE/dt = -200A//-Ls - - 250 

Table E.1: Electrical characteristics for CM100DY-24H IGBT module. 

Symbol Parameter Test conditions Min Typ Max Unit 

VeE(sat) Collector -emitter Ie = 39A - 1.4 1.7 V 
saturation voltage Ie = 70A - 2.0 - V 

Ie = 39A, 11 = 150°C - 1.7 - V 

tq(onl Turn-on delay time Vee = 480V, Ie = 39A - 24 - ns 
tr Turn-on rise time VGE = l5V - 50 - ns 
td(off) Turn-off delay time RG =50 - 270 540 ns 
tf Turn-off fall time - 210 360 ns 

Table E.2: Electrical characteristics for IRGPC50F IGBT; 1j = 25°C unless 
otherwise specified. 
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Unit 
V 
V 
ns 
ns 
ns 
ns 
V 
ns 
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Parameter Value 
VI 0.871 
112 -1.92 x 10-3 
al 0.045 
a2 1.19 x 10-4 

bi 0.751 
b2 2.87 x 10-4 

Table E.3: Conduction model parameters for IRGPC50F IGBT. 
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