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Abstract

In this dissertation, the suitability of Resonant DC Link Inverter (RDCLI) for a 400 Hz Power
Supply usually applicable for Aircrafts/ Ships etc. is investigated. Aircrafts and such equipment
usually operate at 400 Hz (8 times the standard frequency) primarily for the purpose of reducing
the sizes of the connected loads. Since usually available generators are designed for 50 Hz,
power converters and controls come into force for designing a 400 Hz supply. Basically we have
two options (Hard switched and Soft-Switched) while adopting AC-DC-AC conversion. Soft-
switched inverters will score over this specific application for constructing a 400 Hz waveform
usual PWM frequency required would be at least 4 kHz. For medium power applications (100
kVA) operating at 4 kHz could be a difficult task for a hard-switched inverter. However, Soft-
Switching Inverter in the form of RDCLI is a better option as it would provide a huge current
regulator bandwidth. Furthermore, switching losses would be virtually zero that would facilitate

improving the efficiency of the power supply.

In the present investigation, suitability of RDCLI as a candidate for 400 Hz power supply
is investigated. A novel control algorithm for current initialization based on state transition
equation is developed. Resonant link in conjunction with current initialization and the zero-
hysteresis bang-bang control for current control within single-phase inverter works perfectly
while supplying a 400 Hz load. Details of power losses are evaluated; this facilitates designing
the circuit components. A lab prototype for the proposed 400 Hz power supply is developed.
This prototype uses PC interface. We have also designed the control algorithm using FPGA for a
futuristic hope that an ASIC could be developed. The proposed control algorithm for current
initialization is validated through simulation, lab experiment and FPGA. Experimental results

also confirm that RDCLI is capable of supplying 400 Hz signal without distortion.
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Chapter

INTRODUCTION

N THE FUTURE, the "More Electric Aircraft” (MEA) will tend to use
electrical power rather than hydraulic, pneumatic or mechanical power. Most
parties within the industry are convinced that the more-electric systems will

offer significant benefits for the aircraft in terms of weight, reliability and operating costs
because of developments at the component level. This trend will increase aircraft
electrical power levels which are already increasing for other reasons. This will increase
the demands on the electrical power systems, and it is an open question as to how far
advance power electronics will assist in their viable realization [1-8]. The application
areas most closely associated with this transition are Variable Speed Constant Frequency
(VSCF) power conversion, Electro-hydraulic/-mechanical Actuation (EHA/EMA), and
Fuel Pumps. At the core of each is a power electronics inverter, with key functional
issues being: high frequency operation, reliability, fault tolerance, power waveform

quality, elevated temperature operation, and EMI regulation compliance.
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One of the absolutely fundamental questions in current research and development of
suitable power electronic inverter are the choice of circuit topology. In particular, the
circuit can be either "hard-switched” or "soft-switched"”, and there are innumerable
variants of both types: hence, the variant best suited to the associated application is to be

determined.

1.1 AIRCRAFT POWER SUPPLY SYSTEMS

Objectives inherent in the design of suitable aircraft power supply systems are
increase in reliability, power density, system flexibility, and maintainability combined
with a reduction in the cost of ownership. These issues are perhaps clearer in the
mergence of the power electronic conversion stage known as a Variable Speed Constant
Frequency (VSCF) system. Strictly speaking, a generic VSCF system entails both a
Generator and a solid-state Power Conditioning Unit (PCU) but the former has received
due attention elsewhere [I-2]. Generation and distribution of three-phase/115 V phase/400
Hz power has hitherto been recognized as the accepted aerospace standard for
applications requiring power installation exceeding several tens of kVA [2]. This is thus
applicable to almost all but small-business and commuter aircraft, where 28 V DC may
be used. The reason for using 400 Hz (Standard practice dictates that it should be 8 times
of the line frequency i.e., 50 Hz) is, if we increase the frequency at the same voltage
level, then it is obvious that flux would decrease, which is verified from the transformer
equation V = 4.44f4T. From this equation one can easily understand that if we increase
the frequency, the sizes of the loads that are connected to the power supply are reduced.
Generally in an aircraft, we find a large number of connected loads (motors, compressors,
etc...). Use of high frequency power supply facilitates creating space and a lesser weight.
A common rule of thumb in airplane design says that removing one pound of weight can
actually reduce the overall weight by at least five pounds because of all the extra
structure and fuel that is no longer needed to carry that pound over the range of the plane.
This reduction in weight means the plane needs less fuel to travel the same distance so

that the aircraft is more economical to operate. Since saving weight is so important to
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reducing the costs of an airplane, the use of smaller and lighter 400 Hz electrical
generators is a significant advantage over 50 Hz electrical systems.

There is little doubt that the aircraft power system architecture is heading for major
changes. Increasing use of electric power to drive aircraft subsystems that, in the
conventional aircraft, have been driven by a combination of mechanical, electrical,
hydraulic, and pneumatic systems is seen as a dominant trend in advanced aircraft power
systems. This is the concept of More Electric Aircraft (MEA) [3-5]. Recent advances in
the areas of power electronics, electric drives, control electronics, and microprocessors
are already providing the impetus to improve the performance of aircraft electrical
systems and their reliability. As a result, the MEA concept is seen as the direction of
aircraft power system technology.

In the aircraft electrical system, different types of loads require power supplies that
are different from those provided by the main generators. For example, in an advanced
aircraft power system having a 270 V DC primary power supply, certain components are
employed which require 28 VV DC or 115 V AC supplies for their operation. Therefore,
aircraft power systems employ multi-voltage level hybrid DC and AC systems. It,
consequently, becomes necessary to employ not only components which convert
electrical power from one form to another, but also components which convert the supply
to a higher or lower voltage level. As a result, in a modern aircraft, different kinds of
power electronic converters, such as AC/DC rectifiers, DC/AC inverters, and DC/DC
choppers, are required. In addition, in the Variable Speed Constant Frequency (VSCF)
systems, solid-state bi-directional converters are used to condition variable-frequency

power into a fixed frequency and voltage.

1.1.1 CONVENTIONAL AIRCRAFT ELECTRICAL SYSTEMS:

Feiner [5] divides the power utilization subsystems of an aircraft into two general
classes. Based on [5], the first groups are subsystems dedicated to vehicle operation
which are needed in the air transportation system. The second groups are subsystems
used for the well-being and comfort of passengers and cargo. The power needed for the
subsystems in an aircraft is currently derived from mechanical, electrical, hydraulic, and

pneumatic sources or a combination of them. Figure 1.1 shows the conventional
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subsystems driven from electrical sources. This distribution network is a point-to-point
topology in which all electrical wiring are distributed from the main bus to different loads
through relays and switches. This kind of distribution network leads to expensive,

complicated, and heavy wiring circuits.

1.1.2 FUTURE ELECTRICAL LOADS

There is a trend in MEA toward replacement of more engine-driven mechanical,
hydraulic, and pneumatic loads with electrical loads due to performance and reliability
issues. Some loads considered are: flight control systems; electric anti-icing;
environmental systems; electric actuated brakes; electromechanical valve control; air-
conditioning systems; utility actuators; fuel pumping; and weapon systems. In fact,
electrical subsystems may require lower engine power with higher efficiency. Also, they
can be used only as needed. Therefore, MEA can have better fuel economy and
performance. Figure 1.2 shows the main electrical power subsystems in the MEA power
systems. Most of the electric loads require power electronic controls. In aircraft power
systems, power electronics is used to perform three different tasks. The first task is
simple on/off switching of loads which is performed by mechanical switches and relays
in conventional aircraft. The second task is the control of electric machines. The third is
not only changing the system voltage to a higher or lower level, but also converting
electrical power from one form to another using DC/DC, DC/AC, and AC/DC converters.

Similar to power electronic converters, motor drives are essential elements of the MEA.
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Energy Storage System

Energy Starting System

Ignition System

De-icing and anti-icing Systems

Electric
Source

\ 4

Landing Gear System

Anti-skid control System

Passenger cabin Services

Avionics

Lighting System

Other Systems

Figure 1. 1: Conventional Aircraft Electrical Subsystems

1.2 POWER GENERATION TECHNIQUES

In conventional aircraft, a wound-field synchronous machine has been used to
generate AC electrical power with a constant frequency of 400 Hz. This machine/drive
system is known as Constant Speed Drive (CSD) system [6]. Figure 1.3 shows a typical
constant speed drive system. In Figure 1.3 the synchronous generator supplies AC
constant frequency voltage to the AC loads in the aircraft. Then, AC/DC rectifiers are
used to convert the AC voltage with fixed frequency at the main AC bus to the multi-
level DC voltages at the secondary buses which supply electrical power to the DC loads.
Excitation voltage of the synchronous generator and firing angles of the bridge rectifiers
are controlled via the control system of the CSD. Recent advancements in power
electronics, control electronics, electric motor drives, and electric machines have
introduced a new technology: Variable Speed Constant Frequency (VSCF) system. The

main advantage of this system is to provide better starter / generator systems. Other
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advantages are: higher reliability, lower recurring costs, and shorter mission cycle times

[6]. There are many other advantages explained in [5-6].

Flight Control Systems

Electric Anti-icing

Environmental Systems

i Electric-Actuacted Brakes
Aircraft Starter/ Electrical
Engine Generator Center Utility Actuators

Fuel Pumping

Weapon Systems

|

|

|

|

Control |
|

|

Other Electrical Systems |

Figure 1. 2: MEA Electrical Power Subsystems

Figure 1.4 shows the block diagram of a typical variable speed constant frequency
starter/generator system. In the generating mode, the aircraft engine, which has variable
speed, provides mechanical input power to the electric generator; thus, resulting in a
three- phase electrical output of variable frequency which is then fed into solid-state PCU
- containing both power electronics and the necessary control units. The PCU
subsequently processes its variable frequency input power to generate a synthesized,

three-phase/115 Vpnase, 400 Hz constant frequency output.
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Control [€
o Systems
Excitation A
Voltage Control
Signals
A 4
. nchron Bri
Primemover Synchronous glge » DC Loads
Generator Rectifiers
VAC VDC
» AC Loads

Figure 1. 3: Typical Constant Speed Drive (CSD) System

The PCUs have evolved and have been realized through two main approaches,
cycloconverter and DC-Link inverter. Successful deployment of both approaches can be
found in current aerospace applications. The cycloconverter uses power switches to
convert the varying AC input directly to the required 3-phase, 400 Hz output. The DC-
Link has an intermediate rectifying stage which rectifies the AC input to form a 270 V
DC link into an inverter stage which is designed and controlled to reconstruct, or
synthesise, the required output. Comparing the two approaches designed, for 40 kVA,
shows that the cycloconverter has a higher power-switch count, greater complexity of
both control and required generator. The DC-Link and variations thereof, is the primary
solid-state alternative to the conventional CSD approach [5].

Figure 1.4 shows the general topology of a DC-link type of VSCF system, in which
wild-frequency power is rectified and re-inverted to produce 400 Hz, three-phase power.
The constituent elements can be divided into separate entities which may then be
independently situated throughout the aircraft. The DC-link VSCF also provides easy
access to Variable Frequency 0,270 Vdc and Fixed Frequency (FF) which, therefore
enables power to be supplied in a form — VF, DC or FF - best suited to the aircraft

application; the attraction of which being further weight reduction [9].
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As appreciated by looking at Figure 1.4 the success and optimized utilization of the
VSCF are ultimately rendered dependent on the topology, control, and located

environment of the inverter.

Power Conditioning Unit

Aircraft Starter/ Rectifiers | Vpc . Vac
. & » Inverter » Filters » Loads
Engine Generator Filters :

Control Unit |«

Figure 1. 4: Variable Speed Constant Frequency System- DC-Link Type

1.3 INVERTER TOPOLOGY

The DC/AC converters (inverters) are widely employed in many applications, such as
motor drives, active- filters and Uninterrupted Power Supply (UPS), since they are able
to supply alternate voltages with adequate magnitude and frequency to such applications.

One of the most problems associated to the inverters is the presence of an inherent
harmonic distortion of the output voltage. The THD of the resultant voltage, depending
on the used modulation, can be prohibitive in some cases. Nowadays there are several
PWM techniques [10-16] to the inverter circuits, which make possible to obtain good
output voltage by low order harmonic elimination.

The PWM techniques, to reduce sonorous pollution and size of the transformer and
output filter elements, need high switching frequency (up to 20 kHz). In high switching
frequency, the commutation losses are high and they can be greater than conduction

losses, resulting low efficiency.
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This section reviews the technological issues pertinent to absolutely fundamental
areas of inverter design, i.e. choice of circuit topology. In particular, the circuit can be
either “hard-switched” or “soft-switched”.

1.3.1 CONVENTIONAL INVERTER (PWM INVERTER)

“Conventional” refers in particular to the D.C. Voltage-Source-Inverter (VSI), where
the inverter (DC to AC converter) is supplied by a fixed DC voltage and its primary
power switches are subjected to hard- or stressed-switching; i.e., they have to support
rated voltage and current simultaneously during the switching transient periods - hence,
otherwise known as the Hard-Switched-Inverter (HSI). Both the synthesized AC output
voltage and frequency are controlled by using pulse-width modulated (PWM) techniques.

However, inverter has its inherent limitations of high switching losses because of
hard switching. This puts a constraint on the maximum switching frequency. It also
requires a large dc link filter and hence its time response is sluggish. For proper current
tracking, the approximate current bandwidth is usually the PWM frequency divided by a
factor of ten. Therefore, PWM based inverter fails to track high frequency components,
particularly at high power level. This is a difficult task given the current state of the art of
power semiconductor device technology [17]. Therefore current regulator limitations add
to the above mentioned problems. Additionally, the response time should be fast. Using
conventional switching techniques, inverters of over 10 kW are restricted to operate at
frequencies of below 10 kHz [18]. If the switching frequency could be raised, important
gains can be made in the areas of response time, frequency spectrum, audible noise and
modular size. The limitations of PWM inverter based systems are summarized below.
The major appeal of the conventional VSI is its simple power structure, minimal number
of power switching devices, and very high resolution pulse width control. However,

shortcomings are recognized and summarized - avoiding absolute figures - as follows:

e High dV/dt, common in "hard" or "stressed" switching schemes, on the output
generates interference due to capacitive coupling and inherently high di/dt can
often display electromagnetic interference (EMI). This presents a source of

concern over compliance of the respective conducted and radiated interference to
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Electromagnetic Compatibility (EMC) regulations. Note, snubbing systems are
generally deployed to alleviate these problems.

e Shoot-through problems (reliability), simultaneous switch on of both devices in a
phase-leg - caused by either: high dv/dt over collector-gate capacitance, inducing
charging of the input capacitor beyond the device turn-on threshold: or incorrect
gate-drive control, i.e. insufficient blanking-time between switching off one
device and turning on of the other.

e Significant switching power losses, resulting in inverters with efficiencies as low
as 87% [19], and, furthermore, increased thermal management issues.

e High device switching stresses. Reliability is consequently compromised and
large SOA specifications are required. High device stresses may result due to
recovery of feedback diodes.

e Limitations of the maximum switching frequency. This is because switching
losses in the devices are directly proportional to the switching frequency.

e Poor fault recovery characteristics

e Acoustic noise is generated because switching frequency lies in the audible range

e Reduced reliability due to higher heat sink temperature

1.3.2 ADVANCED, SOFT-SWITCHING INVERTERS

The "advanced” means of achieving soft-switching - where either the voltage over or
the current through the power switching devices is clamped low or to zero during the
switching transient periods - refers to use of resonant techniques. Resonant-switching
Schemes, of which there are many [17-36], are all capable, at least in principle, of
reducing the switching losses significantly. The perceived key, generic benefits over the

conventional hard-switching may be summarized as follows

e Lower switching losses

e Better spectral performance

e Improved device utilization

e Shoot-through problems due to high dv/dt are reduced

e The need for snubbers disappears
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e Device SOA is not a limiting factor

e Lower sensitivity to system and packaging parasitic

The "down side" to realizing these benefits is that other factors such as additional
stress on the components, component count and size, conduction losses, and control
complexity may render the practical realization unsuitable for the intended application.

There are various ways of classifying these inverters [24-25]; mostly into two
families - Resonant Link Inverters (RLI) and Pole Commutated Inverters (PCI).

1.3.2.1 Pole Commutated Inverters (PCI)

PCls are characterized by a resonant commutation circuit per pole of the inverter. In
its raw form - no auxiliary circuit aiding the commutation process - the PCI suffers from
peak current stresses in its switching devices and poor dc bus voltage utilization. Most
variants of the PCI use additional components to ease these failings, the most successful
of which appears to be the Auxiliary Resonant Commutated Pole (ARCP) inverter
associated with R. W. DeDoncker [34], see Figure 1.5.
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Figure 1. 5: The Auxiliary Resonant Commutated Pole (ARCP)

OPA

The basic objective is to, swing, or resonate, Vx (centre of the totem-pole) from one
supply rail to the other, at which point the opposite switch, with its parallel free-wheel
diode conducting, can be turned-on under ZVS conditions. Each primary switch is also
paralleled by a substantial snubber/resonant capacitor (C,/2) which forces highly snubbed

(near ZVS) turn-off conditions. These capacitors can be large in value because the
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resonant impedance which they form along with the auxiliary resonant inductor (L) has
no effect on the device current rating.

If not enough energy exists to enable losses to be overcome during the voltage swing
and, therefore, for the supply rails to be reached, the "on" going device must absorb
losses due to the non-ZVS condition - including the energy dumped from its parallel
capacitor which has not been fully discharged. Thus there are conditions where the
energy made available for swinging Vx needs to be boosted in order to ensure the
clamping action of the opposite main free-wheel diode to the supply; i.e., a ZVS turn-on
opportunity. Hence the introduction of the auxiliary circuit (2xdiode, 2xswitch, MCTs or
Thyristors..., and L,) parallel to the pole. This circuit is operated under ZCS conditions
and although the peak current stress in the inductor and switches can be typically 1.3-1.8
p.u., the duty cycle is very low - the rms ratings of the auxiliary circuit elements can,
therefore, be small. Furthermore, unlike the RLI, the resonant inductor of a PCI is not in
the main power-flow path, thus steering the circuit towards higher power applications.
However, the circuit incurs the penalty of component count which is clearly higher than
in the RLI.

1.3.2.2 Resonant Link Inverters (RLI)
Resonant Link inverters (RLI) are characterized by a resonant commutation circuit

placed at a point of common connection; i.e. on the dc bus side of the inverter.

The Actively Clamped Resonant DC Link Inverter

The Actively Clamped Resonant DC Link (ACRDCL) inverter [20] of Figure 1.6
represents a development on one of the earliest RLIs. Initially proposed by, Prof. Deepak
M. Divan [19]. In its original/simple form - without the active clamp circuit - the dc bus,
or link, is made to oscillate between a value greater than twice the DC supply (Vdc) and
zero volts. At which point a change of inverter switch status may be performed without
incurring switching losses; hence, ZVS. The zero volt bus instants are determined by the
resonant components (L, and C;) and cannot, therefore, be explicitly controlled. This
means that the a.c. output will be synthesized by an integer number of resonant pulses.
Such a Discrete Pulse Modulation (DPM) strategy may raise questions on the resolution

of output synthesis and, furthermore, can generate sub-harmonics at frequencies
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significantly below half the link frequency. These may, therefore, be viewed as flaws in
the RLI approach. Indeed, most variations of the RLI are attempts to offer true PWM
control and resolution over the switching instants; primarily at a cost of extra component
count aid control complexity. In addition, investigations [24] indicate that in terms of
spectral content, or Total Harmonic Distortion (THD), the ACRDCLI offers
improvements over the conventional HSI if operating at switching frequencies greater
than 13 kHz [24].

The most apparent penalty imposed by the RDCLI is the peak voltage stress due to dc
bus oscillations greater than twice Vdc. This can be alleviated by the introduction of an
active clamp which will divert energy away from the inverter during peak bus voltage
periods and return it in order to collapse the bus voltage to zero, thus limiting, or

"clamping,” the bus voltage to 1.3 = 1.8 x Vdc.
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Figure 1. 6: The Actively Clamped Resonant Dc Link (ACRDCL)

Resonant DC Link Inverters

Resonant dc link inverters promise marked gains for adjustable speed drives, power
supplies and active filtering applications. Among the various types of resonant links, the
parallel resonant DC link is quite attractive for implementing zero voltage switching
(ZVS) [19]. This is based on shunt resonance. This inverter is quite simple in the sense
that it needs a minimum number of devices, it is easy to implement and requires simple

control. Compared to a regular pulse width modulated (PWM) inverter this inverter
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requires an additional resonant inductor and a resonant capacitor. The resonant circuit is
connected between dc source and the inverter so that the input voltage to the inverter
oscillates between zero and to a value that is slightly greater than twice the dc bus
voltage. The advantage of this soft-switched inverter is well known [19-20], [35-36]. It
reduces the dominant switching losses in the inverter devices, allows higher switching
frequencies at reasonably high power level and reduces noise and electromagnetic
interference. Because of the minimal switching loss, the efficiency is high and cooling
requirement is minimal. Additionally, the devices do not require any snubbers.

This simple topology however has few drawbacks. These are higher device
voltage stresses (when the output voltage is greater than twice the dc input voltage), zero
crossing failure unless the initial current in the resonant inductor is built properly. The
voltage overshoot problem can be overcome by using actively clamped RDCLI [20].
Through clamping it is possible to limit the voltage stresses of the inverter devices to 1.3
to 1.8 times the dc voltage. The actively clamped RDCLI circuit however has few
disadvantages. The link frequency varies with variation in the dc link voltage. This
manifests itself in large current jumps. This topology increases losses due to introduction
of the clamping circuit. The additional clamping device increases the complexity of the
power circuit and the control circuit. Moreover, the control of the clamping device
becomes extremely difficult at high frequencies [37].

In this thesis the basic RDCLI is considered for power circuit of the inverter. An
important consideration for successful operation of RDCLI is that there should not be any
zero crossing failure. Zero crossing of the resonant link DC voltage is mandatory in every
resonant cycle for successful operation of the inverter. Failure of resonant link tends to
occur because of the finite Q of the resonant circuit where the capacitor voltage tends to
build up in successive resonant cycles. Therefore an appropriate initial current must be
built up in the inverter which would then ensure a zero crossing of the voltage. This must
be done in every resonant cycle. The built up of fixed initial inductor current is adopted
to ensure zero crossing in every resonant cycle in [19]. However, the initial current is a
function of the inverter input current, which depends upon the load current of the
inverter. In a practical circuit, the load current would fluctuate and hence the load current

seen by the resonant link can be bi-directional. Thus using a fixed initial inductor current
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concept would not ensure zero crossing in every resonant cycle unless this current is
designed on the worst case basis. This approach however would aggravate the voltage
overshoot problem. A programmable initial current control technique for RDCLI was
reported in [34-36]. This scheme is somewhat complex from the implementation
viewpoint. A current prediction scheme is proposed in [37] for finding out the initial
current. The functioning of the link depends on the detection of the zero crossing of the
resonant capacitor. This scheme requires a sensitive detection of zero voltage crossing.

In this thesis we present a new current initialization technique [27, 38] for the
resonant circuit which ensures reliable zero voltage switching. The proposed method is
based on state transition equation and is simple to implement. The equivalent circuit of a
RDCLI is shown in Figure 1.7. This contains a resonant circuit generated by an inductor

(L) and a capacitor (C) as shown in this figure. The inductor coil has a resistance (R) due
to its finite Q-factor. The voltage (V) across the capacitor is called the dc link voltage.

Using the resonant circuit properties, this voltage goes through zero periodically. The

switch (Sp) as shown in Figure 1.7 represents the switch across the link. This switch is
required to short the link when the voltage V. is zero for the current ig to build up. The

current ip is the input current of the inverter, this act as the load current for the resonant
link. It is assumed that the current iy remains constant during a resonant oscillation
period. Therefore this current is indicated by the current source Io.

The philosophy is to switch the device only when the voltage across it is zero. For

a given set of resonant link parameters, a constant resonant oscillation period is selected.
The state vector consists of link capacitor voltage (V) and inductor current (ir) in Figure

1.7. The capacitor voltage must be zero at the start and at the end of every resonant
oscillation period for successful ZVS. With this condition, the exact initial value of the
inductor current (ig) is determined. In order to start a resonant cycle with this value of the
initial current, the time duration for which the dc bus must be shorted can be calculated.
Thus, the initial inductor current is generated by shorting the link and a resonant cycle
commences with proper values of capacitor voltage (zero) and inductor current. This
forces the link capacitor voltage to return to zero after a pre-specified resonant oscillation

period.
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Figure 1. 7: Equivalent Circuit of an RDCLI

The philosophy of using this soft-switched inverter is to obtain a high current
regulator bandwidth as desired. This topology would offer adequate current regulator
bandwidth for compensating higher order harmonics because of high frequency
switching.

The control of RDCLI is different from the conventional PWM inverter [39-41]. The
switching of the devices is carried out when the voltage across the link is zero to achieve
ZVS. The current control in this inverter is done through zero-hysteresis bang-bang
control. The basic difference from the PWM schemes is the existence of pre-specified
permitted switching instants. No computations are necessary for specifying a pulse width.
The only decision that needs to be made is which inverter state is to be selected. This
decision can be made based on current error (feedback signal). The inverter state

selection is done to achieve current regulation objectives.

1.4 WORK PRESENTED IN THE THESIS

The major contributions of this thesis are:

1. An important soft-switched inverter topology i.e. Resonant dc link inverter
(RDCLI) is used for an aircraft power supply. This soft-switched inverter would provide
adequate current regulator bandwidth for reconstructing a 400 Hz signal because of its
high frequency of operation. Moreover, as the switches in this inverter are switched at
zero voltage crossings (ZVS), the switching losses will be a minimum and this facilitates

achieving high efficiency that is an important parameter for any power supply.
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2. In this thesis a new algorithm for current initialization scheme is proposed for the
resonant dc link inverter (RDCLI). The method of current initialization is based on the
state transition analysis of the system as a boundary value problem (BVP). This technique
makes it possible to operate the resonant dc link inverter without any zero-crossing
failure, which is an important issue for a satisfactory operation of such an inverter. A
zero-hysteresis bang-bang control is used for current control of the inverter. Switchings
in this case can only be done when the link voltage is zero. Just before the zero voltage
condition occurs, generated reference currents are compared with their corresponding
actual values to generate these error signals. Depending on the polarity of these signals a
switching decision is taken. Since there is no notion of hysteresis band in this case, we
will call this as zero-hysteresis bang-bang current control.

3. Detailed analysis of the losses in the resonant DC link inverter is performed.
Equations for estimating the various losses in the resonant DC link inverter and an
equivalent hard switching inverter are developed. Based on these equations, a design
optimization is performed for the resonant DC link inverter to find the optimum values of
the link components. Finally, a comparison of the losses in the resonant inverter and hard
switched inverter is made.

4. Development of prototypes for power supply and the associated control circuits,
namely for (i) ZVS (State Transition equation based Zero Voltage Switching Control)
and current initialization (Zero Hysteresis Bang-Bang current control).

5. PC interface is used for the implementation of the proposed current initialization
scheme. The use of a PC makes the system more flexible for conducting experiments.
This facilitates zero-voltage switching by taking into account of the actual circuit delays
and tolerances. Furthermore, PC is replaced by FPGA, which reduces controller circuit

size also expands scope for developing an application specific integrated circuit (ASIC).

1.5 THESIS LAYOUT

Chapter 2: It describes the operating principles of the resonant DC link inverter. A
new algorithm for current initialization scheme is proposed that ensures ZVS. The current
control within the inverter is done through zero-hysteresis bang-bang control. The

inverter switching state selection is done to achieve regulation objectives. It also presents
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a simulation study of the resonant DC link inverter feeding an RL load at 400 Hz thus
validating the concept of an aircraft power supply.

Chapter 3: Here power losses in the resonant DC link inverter are estimated, and the
optimal values of resonant components are determined. It also details the design of a
resonant link control circuit.

Chapter 4: The components and construction of a prototype resonant DC link
inverter are described. Details of the power circuits, various control circuits and PC
interface are presented. The use of PC for the current initialization makes the circuit
simpler and flexible.

Chapter 5: We present the experimental results obtained in the laboratory through
lab prototypes. The experimental results are in close agreement with the theoretical
results thus validating the concepts presented in this thesis. Finally PC is being replaced
by FPGA which performs the proposed algorithm (i.e., generating the Reference for
successful operation of Zero voltage switching).

Chapter 6: The general conclusions derived from this thesis are presented. This

chapter also presents some future directions for research in this area.




Chapter

CONTROL CIRCUIT FOR
AIRCRAFT POWER SUPPLY
USING SOFT-SWITCHED
INVERTER

HIS chapter describes the design of a novel aircraft power supply.

T Power supply design is designed using a soft-switched Resonant DC Link
Inverter (RDCLI). A current initialization scheme based on state transition

equation is adopted to avoid zero crossing failures. Zero-hysteresis bang-bang control
is used for current control within the inverter. The designed power supply supports
load of 400 Hz. The advantages of the power supply design using soft-switched
inverter rather than conventional hard switched PWM inverter in terms of adequate
current regulator bandwidth and reduced switching losses are brought out. The

proposed solution is validated through extensive MATLAB and CASPOC simulation.
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2.1 INTRODUCTION

The conventional voltage source inverter for motor drive encountered severe
problems such as high Electromagnetic interference (EMI), wide range of harmonics,
heavy acoustic noise and low efficiency. Resonant DC-link inverter technique
becomes dominate in solving the above problems due to its simplicity in both power
stage topology and control strategy. A new 400 Hz aircraft power generating system
is introduced which has been designed to achieve significant improvements in power
density and reliability compared with conventional systems now in use. At the heart
of the new variable — speed constant frequency (VSCF) Resonant Link Inverter
designed so that all inverter switching losses and significant reductions in power
device switching stresses and EMI generations [46, 47]. In this chapter, operation
principle of resonant DC-link inverter is analyzed

Engine Variable Regulated 400
Variable Frequency Hz Power
Speed W
Power Converter [\Mj
Iﬂ

' Control _

Figure 2. 1: VSCF Generating System Block Diagram

A variable-speed constant-frequency (VSCF) generating system uses an electronic
power converter to produce regulated 400 Hz aircraft power from the output of a
variable-speed engine-minted generator, as shown in Figure 2.1. Figure 2.1 shows the
general topology of a DC-link type of VSCF system, in which wild frequency power
is rectified and re-inverted to produce 400 Hz. VSCF systems have already been
successfully deployed in military aircraft such is F/A-18 fighters, and interest is
growing in commercial aircraft applications. However, higher electrical demands are
projected for future aircraft which will require new VSCF generating systems with

enhanced power density and reliability characteristics.
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In the VSCF, the generator input is coupled directly to the raw, variable source
speed of the engine drive-shaft; thus, resulting in a electrical output of variable
frequency which is then fed into solid state PCU - containing both power electronics
and the necessary control units [Figure 1.4]. The PCU subsequently processes its
variable frequency input power to generate a synthesized, 400 Hz constant frequency
output.

2.2 Resonant DC Link Inverter Topology

In soft-switched Inverter either the voltage across or the current through the power
switching devices is clamped low or to zero during switching transient periods —
refers to the use of resonant techniques. Resonant switching schemes of which there
are many [17-36], [42-45] are all capable, at least in principle, of reducing the
switching losses significantly. The perceived key, generic benefits over the

conventional hard-switching may be summarized as follows:

e Lower switching losses

e dv/dt reduction

e The need for snubbers disappears

e Device SOA is not a limiting factor
e Better spectral performance

e Improved device utilization

e Lower sensitivity to system and packaging parasitic.

The RDCLI was proposed by Divan [19]. This soft-switched inverter is suitable
for high power applications (Upto 500 KVA). It also requires a minimum number of
devices, easy to implement and requires simple control. The schematic diagram of a
single-phase parallel resonant dc link inverter that runs from a dc supply (Vdc) is
shown in Figure 2.2. It requires an additional inductor and a capacitor compared to a
regular pulse width modulated (PWM) inverter. This inductor-capacitor pair forms the
resonant circuit. The resonant circuit is connected between the dc source and the
inverter so that the input voltage to the inverter oscillates between zero and slightly
greater than twice the dc bus voltage.

Figure 2.3 shows an approximate equivalent circuit of the RDCLI. Here the

resistance R in series with the inductance L represents the resistance of the inductor
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due to its finite Q-factor. It is assumed that the current ip remains constant during a
resonant oscillation period. Therefore this current is indicated by the current source Io.
The voltage (\V/c) across the capacitor is called the dc link voltage. Using the resonant
circuit properties, this voltage goes through zero periodically. The four switches that
are connected across the link are switched when the link voltage is zero. The switch
(So) as shown in Figure 2.3 represents the switch across the link. This switch is
required to short the link for the current ir to build up. The same can be also achieved

by shorting the two switches of the inverter in the any leg.
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Figure 2. 2: Circuit Schematic of a Single Phase RDCLI
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Figure 2. 3: Equivalent Circuit of a RDCLI

This simple topology however has few drawbacks — Higher device voltage
stresses (especially when the output voltage is greater than twice the dc input voltage)

and zero crossing failure unless the initial current in the resonant inductor is built up
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properly. The voltage overshoot problem can be overcome by using actively clamped
RDCLI [20]. It is possible to limit the voltage stresses of the inverter devices to 1.3 to
1.8 times the dc voltage, However, actively clamped RDCLI circuit has few
disadvantages [20]. The link frequency varies with variation in the dc link voltage.
This shows large current jumps. Furthermore, this topology increases losses due to
introduction of the clamping circuit. The additional clamping device increases the
complexity of the power and control circuits. Moreover the control of the clamping
device becomes extremely difficult at high frequencies [37]. Therefore, active
clamping is not considered in this thesis.

An important consideration for successful operation of RDCLI is that there should
not be zero crossing failures, as link voltage (i.e., voltage across the capacitor C) must
go to zero at the end of every resonant cycle for zero voltage switching. This is easily
achieved if the resonant inductor L has infinite Q factor. In such a case the circuit will

oscillate between zero and 2V with a frequency of 1/27z LC Hz. However, in

practice an inductor with infinite Q cannot be obtained. Even high quality inductors
will have a Q factor around 150 to 200. It is thus important to devise a mechanism
through which the dc link voltage is forced to zero at the end of every resonant cycle.
This is achieved through the shorting switch.S,. This switch is shorted for a finite
duration of time at the end of each resonant cycle to build up the current ir to a level
such that it can overcome the loss (1R loss) of the inductor. This will ensure that the
voltage will build up to 2V before becoming zero at the end of the resonant cycle.
This building up of the current to a desired value is called current initialization. It
is also to be noted that the inverter switches (S; — S4) are operated through a desired
modulation technique only during the interval when the link voltage is maintained
zero, i.e., when the shorting switch Sy is closed. The building up of fixed initial
inductor current was first proposed in [19]. However, the initial current is a function
of the inverter load current io. In a practical circuit, the load current would fluctuate
and can also be bi-directional. Thus using a fixed initial inductor current concept
would not ensure zero crossing in every resonant cycle unless this current is designed
on the worst case basis. Furthermore, this approach would aggravate the voltage
overshoot problem. A programmable initial current control technique for an RDCLI
was reported in [35]. This scheme is somewhat complex from the implementation

viewpoint. In this thesis we present a novel current initialization technique for the
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resonant circuit which ensures reliable zero voltage switching. The proposed method
is based on state transition equation and is simple to implement.

2.3  CURRENT INTIALIZATION SCHEME

The proposed current initialization scheme [48-49] is explained with the help
of waveform of capacitor voltage V¢ and link current ir as shown in Figure 2.4. The
resonant cycle starts at time t, and ends at time t;. Similarly, the next resonant cycle
starts at t, and ends at t;. To ensure that no zero-crossing failure occurs at ts, the
current through the inductor L must be built up to the required value. The choice of
the interval (t; - t1) depends on this requirement which, in turn, depends on the output
current ig and the input dc voltage Vg of the inverter. The instant t, is so chosen that
the current at this instant is sufficient to bring the capacitor voltage zero again after a

resonant cycle.
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Figure 2. 4: Link Voltage and link current waveform

In this scheme the duration (t3 - t) is fixed at AT ps. Here, the initial inductor
current is generated by shorting Sp in Figure 2.3, and a resonant cycle commences
with proper values of capacitor voltage (zero) and inductor current. Thus the link
capacitor voltage would return to zero after the pre-specified resonant oscillation
period AT. Figure 2.5 shows curve (e.g., to to t;) takes the fixed pre-specified time.
The state-plane trajectory where the transition along the vertical axis (V¢ = 0) takes a

variable time (e.g., to to t;) depending on the load current. It is to be noted that the




CONTROL CIRCUIT FOR AIRCRAFT POWER SUPPLY USING SOFT-SWITCHED
INVERTER

particular value of AT chosen depends on the parameters of the resonant circuit. Since
a resonant cycle time is much smaller than the time constant of the load circuit, the
load current is assumed to be a constant current equal to Ip over a particular resonant

cycle, i.e., between AT =t3 - t.

Referring to Figure 2.3, let us define a state vector as x = |, i, '] and an input

vectorasu = [, V.. ]. The state space equation of the circuit is then given by

% = AX + Bu (2.1)

Where the matrices A and B are given by

0 yc “yc o
A:L/L —R/J’ B{ 0 ]/J

The solution of (2.1) at instant t3 based on the initial condition at instant t; s given

by
X(t) =e*x(t,)+ [ e*IBu(r)dr 2.2)

It is to be noted that in the above equation Vg is constant and Iy is assumed to be

known and constant. Also noting that capacitor voltage must be equal to zero at

instant ts, defining a row vector C as C = l 0: we can write from (2.2)
0=C px(t,)+6u(t,) (2.3)
T
Where ¢ =e™ and 0= f AT IBd

Note that since A, B and AT are known a priori, the matrices ¢ and & can be

numerically evaluated. The state plane trajectory under this boundary value problem
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is shown Figure 2.5 where V¢ is assumed to be approximately zero when Sy is closed.
We can expand equation (3) as

0= [511 ¢12 }(tz) + Pll (912 ]l(tz)

o)

t = to,tz,...
S, turned off

 \

0

t=t,ts,...
S, turnedon

Figure 2. 5: State Plane Diagram of link voltage and current

Where the subscripts 11 and 12 indicate the particular elements of these matrices.
Again from Figure 2.4 we getx" (t,) = P i,(t,) .. Substituting in the above equation

and rearranging we get

0= o O 0. 0., * .
- ¢11 ¢12 |R(t2) + 11 12 Vdc

¢12 *iR (tz) = _[911 * Io + ‘912 *Vdc]

i) = —— Pul, + 0.V, (2.4)
¢12

The above value of current at instant t, required to ensure zero crossing of the
voltage at instant t3. Once igr(t,) is obtained the time for which the capacitor should be
shorted. The computed value of current ig(t;), obtained from equation (2.4), with the
actual value link current ir. The switch Sy is opened when these two values are equal.
This ensures that the link current is built up to the required level of initial current such
that the link voltage goes to zero at instant ts, i.e., at the end of next resonant cycle.
With the value of inductor, 33 uH and the value of capacitor, 1 pF, the un-damped
oscillation time is 35.72 us. It is seen from the simulation studies that the t, — t; is

coming around 3 to 5 ps, which is sufficient time to build the link current for
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successful operation of ZVS. With these values of inductor and capacitor the un-
damped oscillation time is 35.72 us. Therefore, the resonant cycle time AT is chosen

to be 30.72 ps taking into account the finite Q-factor of the coil.

2.4  Effect of Link Frequency Variation on Output Current

The RDCLI active harmonic current compensator is simulated using the
MATLAB software package. First we study the effect of link frequency variation on

compensator performance.
The system parameter chosen are:
e AC Supply: v, =325sin(2512t) V

e Resonant Circuit: R =0.0531 Q, L = 33 uH, C=1 pF, V4, =385V.

The simulations are carried out at three different link frequencies, 20 kHz, 40 kHz
and 80 kHz. The resonant cycle time AT (oscillation period as described in Section
2.3) chosen for the above three frequencies are 45us, 22.5us, and 11.25us
respectively. It is assumed that the non-linear load draws a current that contains 3",
5™ 71 9™ 13" and 23" harmonics in addition to the fundamental. The magnitude of
the fundamental component is chosen to be 10 A. The magnitudes of the harmonic
components are assumed to be inversely proportional to the harmonic number. This
particular choice of the load current is to demonstrate the performance of the load
current and hence not based on any particular power-electronic load. The load
currents for three different frequencies are shown in Figure 2.6.

It is seen that even though load current becomes smoother with an increase in
the link frequency, notches that are visible around the peak of the current waveform in
Figure 2.6 (a), only reduce but are not eliminated with an increase in link frequency.

These notches can be reduced significantly by increasing the dc source voltage Vic.
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Figure 2. 6: Output Load Currents at Different link Frequencies
(a) f=20 kHz, (b) f=40 kHz, (c) f=80 kHz
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2.5 Effect of DC Source Voltage Variation on Output Current
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Figure 2. 7: Output Load Currents at (a) Vdc = 385 Volts,
(b) Vdc = 435 Volts, (c) Vdc = 470 Volts
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The load current waveform is almost sinusoidal except for some notches at the
peak of the load current. This can be explained as follows, load current coincides with
that of the reference current, the voltage difference between the inverter and the
reference voltage at load end is minimum (that is the rate of change of current,v = L *
di/dt) during the period when these notches are present. Thus to force a current

rapidly through inductor L a high di/dt is required. This can only be achieved by

increasing Vg Figure 2.7 shows load currents and the reference currents from the
source at three different values of dc source voltages, namely, 385 V, 435 V and 470
V.

These simulations are carried out for a link switching frequency of 20 kHz. The
notches present in Figure 2.7 disappear with an increase in the dc source voltage.

The performance and system identification of Resonant DC Link Inverter is done
using MATLAB; we are now attempting to use Power Electronics Software i.e.,
Computer Aided Software for Power Electronics and Power Converters (CASPOC)

for further validation using block level components.
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Figure 2. 8: Main Circuit
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Figure 2. 9: Controller Circuit

Figure 2.8 shows the main circuit of the aircraft power supply using Resonant DC
Link Inverter (RDCLI). Here the oscillatory (LC) is connected across the DC supply
whose values are L=33uH and C=1 uF. It is assumed that the inductor is not pure and
so we have included resistance into the circuit and the value to be taken is R=33 mQ.
All the values taken are based on actual values, which are supposed to be used in
physical circuits. One Voltage sensor and two Current sensors have been used to
calculate the instant voltage and current. The Load is connected with one inductor
(L=14 mH), one Resistor (0.2 Q) and a Back Emf of 32.6V and 400 Hz. The required
initial current is computed in the Expression Block (Figure 2.9). The computation
time required is much smaller than the resonant cycle time AT.

The required initial current, which is computed in the expression block of Figure
2.9, is then available to the comparator for comparison with the actual link current.
The link current is monitored continuously through a sensor IR, Figure 2.8. When the
link current becomes equal to the required initial current, the comparator (2) output

becomes zero. The output is used for clearing the J-K flip-flop (Figure 2.9). Once this
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flip-flop is cleared, its output (Q) becomes zero and QN becomes one. This is then
used for switching off So. Simultaneously, the inverted output (QN) of the J-K flip-
flop is used for triggering the mono-stable (Figure 2.7) through an inverting buffer.
The mono-stable timing is designed for a pulse-width of AT=30.72 ps. After this time
elapses, the negative going edge of the mono-stable output is used to clock the J-K
flip-flop. This force the output of the flip-flop to one and consequently the shorting
switch Sy is turned on.

Through the above scheme, the zero-voltage switching is obtained. It is to be
noted that during the time when Sy is on, the switching transitions of the switches S; —
S, take place. To ensure that the switches S; — S, are turned on or off only during this
prescribed interval, the gating of S; — S, are conditioned by the output Q of the J-K
flip-flop. Further note that the configuration of the switches S; — S, at a particular
resonant cycle is dependent on the load connected to the output of the inverter. Zero-

voltage switching along with link current waveform is shown in Figure 2.10.
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Figure 2. 10: Zero-voltage Switching and Link Current waveforms

The block diagram of the proposed circuit for current initialization scheme is
presented in Figure 2.11 for further clarity. A personal computer (PC) along with its
associated high-speed analog-to-digital converter (ADC) and digital-to-analog

converter (DAC) is used for the computation of the initial current from equation (2.4).
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In this equationd,,, &,, and ¢,, are constants that are dependent on the circuit

parameters and the time AT. These are pre-computed and stored. The load current (1)
and the dc voltage V4. are measured through Hall-effect sensors (HE-1 and HV-1
respectively in Figure 4.1) at the start of every resonant cycle (e.g. t2 in Figure 2.4)
and are converted through ADC. These measured values along with the constants
mentioned above are used for the computation of the initial current. This process is
repeated for every resonant cycle. It is to be noted that the computation here is fairly
simple and can also be achieved through a hardware configuration. However, the use
of PC makes the control circuit much more flexible than a hardwired circuit.
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Figure 2. 11: Block diagram of Current Regulator Circuit

Furthermore, due to the presence of the PC, the delays and tolerances of the actual
circuit can also be taken into account. An accurate zero-voltage switching can be

obtained in the experiment.

As soon as the required initial current is computed in the PC, it is converted into an
Analog signal through a DAC. The computation time required is much smaller than
the resonant cycle time AT. This signal is then available to the comparator for
comparison with the actual link current. The link current is monitored continuously

through a Hall-effect current sensor (HE-1 shown in Figure 4.1).
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2.6 CURRENT REGULATOR CIRCUIT

The switching of the devices is synchronized to the zero crossings of the link
voltage so as to obtain ZVS. The resonant dc link inverter and controller are
configured to regulate its current so as to match the current reference. As mentioned
earlier the mono-stable of Figure 2.9 is triggered at the onset of a resonant cycle. This
then goes zero after AT ps elapses. The negative going edge of the mono-stable output
is used for clocking the J-K flip-flop. This force the output of the flip-flop to one and
consequently the shorting switch Sy is turned on.

The same output from the JK FF is connected with Blanking Block (SPL) so that
synchronization is obtained. The other input to the blanking circuit is from the
comparator (2). The comparator (2) compares the actual inverter current (load current
(Trioag)) With the reference current. Based on the output of the comparator, a switching
decision has to be taken. The Blanking block (SPL) (Figure 2.9), is used to allow only
a change of gate signal when there is also a zero voltage switching. Here the DELAY
block together with the AND block provides a delay time for the G1 Gate, the
DELAY block with the OR block provides a delay for G2. This is simple blanking
time in order to prevent shout through. There are different AND and OR in order to
have a delay for falling and a delay for rising. The generated gate pulses are shown in
Figure 2.12.
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Figure 2. 12: IGBT Gate Drives for G1 and G2

Since there is no notion of hysteresis band in this case, we will call this as zero-
hysteresis bang-bang current control.  Figure 2.13 shows the waveform of load

current that is operating at 400 Hz. Figure 2.14 compares the Reference signal and
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generated output current waveform. It is clear that waveform is nearly sinusoidal and
FFT (Figure 2.15) confirms that THD is 2.2 % which satisfies IEEE specifications.
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Figure 2. 13: Output (Load) Current Waveform
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Figure 2. 14: Generated Current output with Reference Signal
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FFT of Simulated Current

Figure 2. 15: FFT of the load Current

2.7 CONCLUSION

A current initialization scheme based on state transition equation for resonant dc
link inverter is used and a novel circuit approach is adopted for implementation in this
paper. This initialization scheme is based on boundary value problem. It is shown that
this current can be predicted very accurately which in turn ensures the zero-crossing
of the link voltage at a prescribed time instant. The proposed power supply using
RDCLI is subjected for supporting a 400 Hz load and the performance is found to be
excellent in terms of quality and THD. The waveform is nearly sinusoidal and THD is

about 2.2 %. The proposed scheme is validated through extensive simulation studies.




Chapter

POWER LOSS ESTIMATION

HE inspiration for the use of the resonant inverter shoots from an

T aspiration to minimize the switching losses in the inverter devices. This
chapter portrays an exhaustive study on losses in the resonant DC link

inverter. Equations for accessing the diverse losses in the resonant DC link inverter
and a corresponding hard switching inverter are developed. Based on these equations,
a design optimization is executed for the DC link inverter to attain the optimum
standards of the link components. Finally, an evaluation of the losses in the resonant

inverter and the hard switching inverter is made.
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3.1 INTRODUCTION

PWM (Pulse Width Modulation) Inverters and Soft-Switching Inverters (SSI) are
used in power electronics literature extensively. Both classes of inverters find
applications in several domains. Soft-Switching Inverters are developed in recent
times primarily to reduce switching losses. Both PWM and SSI inverters provide a
different advantages vis-a-vis disadvantages which are documented in the literature
[18-25]. In this chapter an attempt is made to evaluate losses in both types of
inverters. This would facilitate for optimum design of link components in the
Resonant DC Link Inverter (RDCLI). Here a detailed analysis of the losses in the
resonant DC link inverter is made. Equations for estimating the various losses in the
resonant DC link inverter and an equivalent hard switching inverter are developed.
Based on these equations, a design optimization is performed for the resonant DC link
inverter to find the optimum values of the link components. Finally, a comparison of

the losses in the resonant inverter and hard switching inverter is made.

3.2 Losses in the Hard-Switching Inverter

The key power losses, in the hard switching inverter, are the conduction and
switching losses in the inverter devices. Occurrence of the conduction losses is due to
the on-state voltage across the device as well as the current flow through the device
striking in chorus. Switching losses are sustained by the concurrent occurrence of
voltage and current on the device while switching. Evaluation of these losses can be

done using simplified device models.

3.2.1 Conduction Losses

To evaluate conduction loss, the device is simplified as a constant voltage drop in
series with a linear resistor. For both IGBTs and diodes, this simplified model is
appropriate. The expression for the on-state voltage of an IGBT and a diode is shown
in Equations 3.1 and 3.2, respectively.

VCe =Vq —+ Iq . RCI (31)

Vi =Vy+ 1Ry (3.2)




POWER LOSS ESTIMATION

lq and Iq denotes the current flowing through the IGBT and diode, respectively.
Ve and Va denote the voltage across the IGBT and Diode. The parameters, Vg, Ry,
Vg, and Ry can be extracted from data sheets. Powers dissipated in a component with
a constant voltage drop correspond to the average current times the voltage drop. The
rms current squared times the resistance signifies the power dissipated in a resistor.
To ease the calculation of the IGBT and diode currents, the load current is assumed to
be sinusoidal. Calculating the average and rms currents of the IGBT and diode in an

inverter (given sinusoidal pulse width modulation), using Equations 3.3 to 3.6 [50].

1 m cos¢
| (avg) =1, (pk)[—+—=2——
(@0 = 1 (POE—+—="] @3
: 1 m, COS ¢
l,(rms) =1, (pk) ™ (3.4)
1 m,cos
1 avg) = lo(pk)[——a—qﬁ
27 8 (3.5)

1, (ms) = 1, (pk),/1 %"”’
4 (3.6)

Where lo(pk) denotes the peak load current,  denotes the power factor angle, and
m, denotes the modulation index. With the simplified models, the conduction losses

in the IGBT, Pg-con, diode, Pycon, are obtained using Equations 3.7 and 3.8,

Pron =yl (@vg) +R, | (rms) 37)
P = Vi 1 (@vg) + Ry.1 (rms)°

—Ccon (3 ) 8)

The total conduction losses, Pit.con Of 4 IGBTSs and diodes are given by Equation
3.9.

_4(P con d con)

tOt —con (39)




POWER LOSS ESTIMATION

Evidently, considering device characteristics, the conduction losses are only reliant

on load conditions.

3.2.2 Switching Losses

Three components of the switching losses in the hard switching inverter can be
identified; IGBT turn on losses, IGBT turn off losses, and the losses due to diode
reverse recovery. Evaluation of the switching losses in the hard switching inverter can
be done using the measured values of switching energy from the data sheets.

Generally, data sheets provide the calculated values of turn-on and turn-off energy
(Eonand Eof) for a conventional test voltage and current (Viest and lest). The calculated
values of turn-on energy comprise the losses due to diode reverse recovery. These
standards should be leveled suitably for a specific application using Equation 3.10
[51].

E =K -(E +E Y, _Io(pk)
ot g.( 0n+ off).v_' | (3-10)

test test

Equation 3.10 represents Vs as the bus voltage, 1o(pk) as the peak load current, and
Ky as the correction factor to account for the gate drive impedance. Calculation for
the total switching losses, Piwtsw, SWitching inverter can be done using Equation 3.11
[50].

Pot-su = 41, = (3.12)
T

Where f; denotes the PWM switching frequency. Equation 3.12 in the hard

switching inverter as the total losses given in is the sum of the total conduction and

switching losses.

+ P,

PtOt (HSI) = Pt tot—sw (312)

ot—con

Evidently, from Equation 3.11 the switching losses in the hard switching inverter
are directly related to the PWM switching frequency. Hence due to the switching
losses the achievable switching frequency is thermally limited. Further, from Equation

3.10 the switching energy is proportional to the voltage across the device during
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switching. Visibly, the switching losses can be eliminated if the voltage across the
device is zero during the switching.

3.3  Soft-Switching Losses

A principal matter concerned with the evaluation of loss for the resonant DC link
inverter is to calculate the switching losses in the device under zero voltage switching.
Behavioral characteristics of IGBTs under zero voltage switching fluctuate
considerably from that under hard switching conditions [51]. In the resonant inverter,
the devices are turned on only when the anti-parallel diodes are conducting; thus no
dynamic saturation exists at device turn on. The higher peak voltage and current
stresses resulting from diode recovery are also no longer relevant. The turn-on losses
of device and the losses due to diode recovery are negligible, consequently, only the
turn-off losses need to be considered [52].

Let us assume an IGBT is carrying a current I which is switched off in a zero
voltage switching circuit as shown in Figure 3.1; the difference between Ig and the
instantaneous device current flows into a resonant capacitor, C,, connected directly in
parallel to the device. This current determines the voltage waveform. An IGBT turn-
off waveform for such a case is illustrated in Figure 3.2(a). The turn-off current of the
IGBT is characterized by a sharp decrease in current, taking only about 50ns for a
50A/600V IGBT. This is a result of the MOSFET part of the IGBT turning off. The
bipolar part is still conducting, but the carriers are swept away quickly by tail current.
The complete fall time, ts, is about 600ns for the 50A/600V IGBT.
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Figure 3. 1: zero voltage switching circuit for characterizing IGBT turn-off behavior
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Figure 3. 2(a): Realistic IGBT turn-off Figure 3. 2(b): Idealized model for
waveforms under zero-voltage switching, calculation of soft-switching losses

Figure 3.2b shows a simplified model of this switching behaviour. Here B denotes
a break point of the IGBT current waveform. The value of B ranges from 0.25 to 0.3,
obtained from the extensive experimental tests of IGBTs under the zero voltage
switching conditions [51]. Considering time ty; as the end of the current flow rather
than the fall time, tz, where the current is still 10% of Ig, under these assumptions, the
initial current in the resonant capacitor is (1-p) lg, and the IGBT current decreases
linearly from B Ig to zero taking the time of twi. The differential equations 3.13 and

3.14 govern the circuit behaviour after the IGBT is switched off.

dv, Al
L — Cr d—;—i_—Q(ttail _t)
[ (3.13)
di,
Lr dtr :Vs —Ver (3.14)

Solving Equations 3.13 and 3.14 with the initial conditions, iL(0) = Iq and v¢(0) =
0, the expression for the bus voltage with the impact of the tail current taken into

account is found and given in Equation 3.15.

tail

i BloL,
Vv, (1) = Q- B)1,Z, sinwt + (1 —coswt)| Vg +
(3.15)
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Multiplying this voltage with the device current and integrating up to tw; yields an
expression for the turn-off energy for the IGBT carrying the current Ig as given in
Equation 3.16 [53].

Eoff(IQ):ZrIQZIB(l_IB)(i_%j-F(VsﬂIQ +—ﬁ IQ Lr]|:ttL”_ l—COSa)tta”

t 2 0t

tail tail tail

(3.16)

It is noticed from Equation 3.15 the rate of the increase of the bus voltage is
mainly governed by the resonant impedance, therefore, the turn-off energy given in
Equation 3.16 is directly related to the resonant impedance. At a specified resonant
frequency, a smaller value of the resonant impedance indicates a larger value of the
resonant capacitance, and gives a slower rise of the bus voltage when the tail current
still persists and results in lower turn-off losses. With turn-off energy calculated,
switching losses can then be found by multiplying turn-off energy with the switching

frequency.

3.4 Losses in the Resonant Inverter

Conduction and switching losses in the five devices and losses in the ESRs
(Equivalent Series Resistance) of the resonant link aggregates to form the total losses

in the resonant inverter. Calculations for these losses are done individually.

3.4.1 Main Device Conduction Loss

In view of the fact that there is a minimal involvement of the main devices with
the link resonance, the conduction losses in the main IGBTs (S;-S;) and diodes (D;-
D,) are almost autonomous of the link components. The resonant inverter modulated
by the synchronized PWM act almost exactly like the hard switching PWM inverter
maneuvering off the same supply voltage; it is written off as the same output voltage to
the supply voltage ratio. Thus, under the same load conditions and for the same
devices, the conduction losses of main IGBTs and diodes in the resonant inverter, P
on, are almost the same as in the hard switching inverter given by Equation 3.9 and are

re-expressed as Equation 3.17.

|
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Pmain—con = 4(Pq—con + Pd—con) (3.17)
3.4.2 Main Device Switching Loss

Primarily the switching losses in the main devices depend on the resonant
capacitor and indirectly on the resonant inductor. Turned- off the peak load current,
lo(pk), in @ main device, the resulting turn-off energy, Eos[lo(pk)], can be calculated
using Equation 3.16 with g replaced by Io(pk). In the resonant inverter, the switching
frequency of the main devices varies and depends mainly on the resonant frequency
f;, whenever the output voltage is zero volts, highest switching frequency occurs, and
equals the resonant frequency. The average switching frequency of the main devices
equals half the resonant frequency [54]. The switching losses in the four main devices,
Pmain-sw, Can be found using Equation 3.18.

Pra o0 = 44 Ext 1o (PK] -

3.4.3 Equivalent Series Resistance (ESR) Losses

Since the current circulates in the resonant link, losses are gained in ESR
elements. The ESR losses in the resonant capacitor can be ignored since the resonant
capacitor has a very high quality factor. Also, the ESR losses in the clamp capacitor
can be neglected since the rms current in the clamp capacitor is very low. Hence, only
the ESR losses in the resonant inductor need to be considered.

When the resonant inverter operates with a load, the inductor current oscillates
tracking the changes of the inverter DC current. The inductor current waveform [55]

is given by Equation 3.19

1
Ir(t) = __[912|0 +912Vs]
d (3.19)
The ESR value of the resonant inductor is dogged by the inductor quality factor

Q. The losses in the resonant inductor, Py, are then achieved using Equation 3.20.

T

I:)L = & Ir2
Q (3.20)
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The total losses in the Resonant DC link inverter can now be calculated by adding
up the main device losses and the resonant inductor losses, and are represented in
Equation 3.21.

P=P_ 4P

tot main—con main—sw

* PLr (3.21)

3.5 System Optimization

The design of the resonant DC link inverter initiates with the selection of the
switching devices. Given the device characteristics, the resonant components L, and
C; can then be preferred to minimize the total losses.

Five-pack 50A/600V IGBT modules (Mitsubishi) are chosen as the main devices
of the inverter stage and device of the resonant link.

Limitations to the maximum resonant frequency achievable in the real circuit by
several factors include device switching characteristics, thermal constraints, and
availability of the passive components [56]. To modulate the inverter for the
prototype resonant DC link inverter, a synchronized PWM scheme is used. In this
scheme the PWM signals are sampled at the resonant frequency and then
synchronized to the zero crossing of the bus voltage. For example, hysteresis bang-
bang control is used in PWM inverters for current control within the inverter;
however RDCLI uses zero hysteresis bang-bang control; if switches are switched only
when the voltage/current is zero and not necessarily when bang-bang controller acts.
In order to preserve the well-defined switching pattern of the PWM signals,
simulations show that a resonant frequency of about 5 times of the PWM switching
frequency is adequate. A resonant frequency of 25-40 kHz is chosen for the design of
the link components, considering a maximum PWM switching frequency of 5-8 kHz.
In this thesis we are designing a 400 Hz power supply using Soft-Switched Inverter.
In the PWM case for more than 100 KVVA load, the switching frequency is limited to
5 — 8 kHz and if we further increase the frequency the product of frequency and
Power loss will be more and more heat will be generated. So considering this
condition we are incorporating Soft-Switched based Inverter and whose switching
frequency range is 5 - 8 times of PWM frequency, which is 25 — 40 kHz. For this
reason we have taken a random frequency of 28 kHz. If the resonant impedance is
known, considering the resonant frequency, the values of the resonant components

can be determined. Depending upon the market availability we purchased a poly-
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propylene capacitor of 1 pF. So based on above simulation studies and power loss
estimation, we calculate the inductor value to be 33 puH. Though different sets or
combination Resonant capacitor and inductor can be tested and verified.

Under no load in the resonant link, losses are regulated by the resonant current,
which is nearly verified by V¢J/Z.. A lower current in the resonant link and lower
losses is resulted by a larger value of the resonant impedance. With the resonant
inverter under load, the load-dependent DC current flows through the resonant
inductor. A larger value of the resonant impedance suggests a larger value of resonant
inductance, and this in turn causes more ESR losses in the inductor since more turns
are required to build the inductor [Fig. 3.3]. On the other hand when the inverter
devices are switched off, for the inverter stage, a small value of the resonant
impedance is desirable to make the bus voltage increase slowly. Evidently, an
optimum value of the resonant impedance exists, which gives the lowest losses in the
resonant DC link inverter.

A computer program has been developed, based on the equations derived in the
previous sections, to calculate the total losses in the resonant inverter and hard
switching inverter. Figure 3.3 shows design optimization curves for the resonant DC
link inverter using IGBTSs operated off the supply voltage of 230V. With the intention
of calculating loss, the load is assumed to be a sinusoidal current source of 25A rms
with a power factor of 0.86 and a modulation index of 0.65. A realistic inductor
quality factor of 167 is used for the loss calculations. The model parameters,
V¢=0.78V and R4=0.011€Q, are used to calculate the conduction losses of the IGBTS.
The model parameters, V4=1.0V and R¢=0.009Q, are used to calculate the conduction
losses of the diodes. The values, f=0.3 and t;=515ns, are used to calculate the soft
switching losses. Loss calculations are executed for the different values of the
resonant impedance while the resonant frequency is stable at 28 kHz.

It is observed from Figure 3.3 that with a decrease in the resonant impedance the
losses in the main devices and resonant inductor decrease, and hence total loss reduce.
In particular, the losses in the resonant inductor increase dramatically for the
impedance values below 5.8 Q. The load-dependent losses in the ESR of the inductor
seem to be insignificant given a high quality factor, as can be seen there is only a
small increase of the losses in the inductor while the value of the resonant impedance

is increased. Examining the curve of the total losses, the trade-off between the link
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losses and the main devices' switching losses is clearly exhibited. The total losses in
the resonant DC link inverter are very sensitive to the resonant impedance.

For the given application, the optimum value of the resonant impedance is chosen
around 5.8 (Figure 3.3). Given the resonant frequency of 28 kHz this value of the
resonant impedance corresponds to a resonant inductance of 33uH and a resonant
capacitance of 1uF. For the final implementation of the prototype resonant DC link
inverter, the closest values of resonant inductance of 33uH and resonant capacitance
of 1uF are used. This combination gives a value of resonant impedance of 5.8 and a
natural resonant frequency of 27.71 kHz.

For a comparison, the losses in the hard switching inverter using the same IGBTs
under the identical operating conditions are also calculated. The model parameters for
the calculations of the conduction losses in the hard switching inverter are the same as
those used for the resonant inverter. For the calculations of the switching losses in the
hard switching inverter, the model parameters, E,n=1.9mWSs, Eq=4.1mWs (for
Vies=300V, les=50A), and a gate drive correction factor Ky of 1.2, are used. The
calculated results are summarized in Table 1.

It can be seen from Table 1 that for the resonant inverter the switching losses in
the main devices are substantially reduced, and the conduction losses in the main
devices are the major loss component. Under the identical load conditions, the
resonant inverter has huge reduction in the main devices' switching losses by
compared with the hard switching inverter operating at a PWM switching frequency
of 5 KHz. Including the link losses, the resonant inverter still has reduction in the total

power losses.
Table 3. 1: Calculated Losses in the HSI and RDCLI

Soft-
switching Total
Freque Hard Switching (W) (W) Losses
ncy (KHz) | Conduction Switching Inductor | (W)

2 32.34 17.57 49.91

Hard 5 32.34 35.14 67.48
switching 8 32.34 62.71 95.05
RDCLI 28 32.34 1.01 21 54.35
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Figure 3. 3: Variation of the losses in Resonant DC Link Inverter due to Resonant
Impedance

3.6  Summary

We presented a detailed analysis of the losses in the resonant DC link inverter.
The analysis shows that with the decrease of the resonant impedance the losses in the
main devices and resonant link decrease. Using the overall losses as a criterion, the
design optimization for the resonant DC link inverter intended for any industrial
application yields an optimal value of the resonant impedance as 5.8. This impedance
value corresponds to a combination of a resonant inductance of 33uH and a resonant
capacitance of 1uF. Loss calculations show that in the resonant inverter the switching
losses in the main devices are substantially reduced, and the conduction losses
become the major loss component. Under the identical expected load conditions there
is significant reduction in the switching losses in the main devices and additionally
there is reduction in total losses in comparison to the hard switching counterpart

operating at a switching frequency of 15 kHz.




Chapter

EXPERIMENTAL SETUP

The experimental set-up used for experimental verification of soft-switched
Inverter based 400 Hz power supply principle is discussed in this chapter. The
objective is to demonstrate the performance of single-phase soft-switched Inverter
based 400 Hz power supply design. A resonant link is fabricated which is controlled
by the proposed current initialization scheme that includes PC interface. In this
chapter the details of fabrication of various control cards, the power circuit, the drive
circuit of the inverter and the PC interface are given.

The power circuit of the RDCLI based soft-switched Inverter is shown in Figure
4.1. The ac supply supplies the non-linear load. The capacitor (Cy) in the circuit is the
energy storing capacitor. The diode-bridge and the inductor are used for pre-charging.
Once charging is done, this part of the circuit is opened using a mechanical switch
MS-1. The block diagram of the control circuit of RDCLI is shown in Figure 4.2.
Switching in this case can only be done when the link voltage is zero. Just before the

zero voltage condition occurs, generated reference currents are compared with their




corresponding actual values to generate these error signals. This signal is given to the
current regulator circuit such that current regulator provides the required current.
Current initialization is carried out as described in current initialization circuit for

Z\/S purpose.

41  COMPONENTS

The power circuit of the resonant link is shown in Figure 4.1. To pre-charge the
capacitor C; a diode-bridge is used along with a filter inductor. Through the diode-
bridge we can build up the voltage Vg across Ct which will act as a supply for the
resonant link. The resonant link consists of inductor L and capacitor C. In order to get
high Q factors for the inductors at high resonant frequencies a litz-wire air core
inductor is fabricated. The design and fabrication of these air core inductors [58] are
given below. The resonant link capacitor is of polypropylene type while the filter
capacitor Cs is electrolytic type. The link is designed to operate at a frequency of 28
kHz for which the various resonant component values are L =33 uH, C =1 puF, C¢ =
3000 uF, Q =167, V4 = 30 V. A careful physical layout of the resonant components
has been made. It is to be noted that a variable external resistance Rey is added in
series with the shorting switch So. This is done for protection and is used during the

starting stage. Once the link starts up and operational this is reduced to zero.

The components needed to realize a resonant DC link inverter include the resonant
inductor, resonant capacitor, and switching devices for the inverter stage. The design

and selection of these components are described in this section.

4.1.1 Resonant Inductor

The resonant inductor carries the inverter DC current and the resonant current.
The average value of the inverter DC current is dependent on the load conditions,
whereas the resonant current is dependent on the resonant link parameters and has a
resonant frequency of about 28 kHz. Further, the amplitude of the resonant current is

even larger than the average value of the inverter DC current.
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DESIGN OF RESONANT INDUCTOR

The inductors used in the resonant link inverters have to carry large circulating
currents at high resonant frequencies. In order to reduce the skin effect and to get
good quality factor use of Litz wire is recommended. Since litz wires of large current
ratings are not easily available, these have been fabricated in the laboratory according

to the following definition.
Litz Wire: If the conductor is broken into many small strands, twisted about 10 turns per
feet and each strand insulated from each other, the skin effect is lessened. Such wire is known

as litz wire.

For single layered coil inductance L is given by [58]

_ 0.0395a%n’
- b

L k

Where n = number of turns.
a = radius of the coil in cms.
b = length of the coil in cms.

k = function of (2a/b)

Design of Inductor L:

Former: 11.5 cm dia, 14 cms long, air core
Wire: 29 SWG enamelled (100 strands each)
Number of turns: 27

Current Rating: 40 A

Value = 33 puH (measured)

The designed value of the inductor is approximately same. In our design




a=6.05cm

b=145cm

n=25

k=0.7258

Substituting these values we will get almost the same result.

Variation of Q factor with Frequency

EXPERIMENTAL SETUP

Frequency in Q Factor
kHz
5 70
10 94
20 149
50 162
100 175

It may be noted that these values are obtained through LCR meter. In the

experimental setup the value of Q is taken to be 167 as Q has changed by the other

circuit parameters and connecting wires.

In practice, to avoid the eddy losses that may be caused by the fringing flux across

the air gap, any metal objects (like bolts) required for mechanical assembly of the

resonant inductor should not be located in the vicinity of the air gap.

4.1.2 Resonant Capacitor

Metalized polypropylene capacitors are commonly used as the IGBT snubber

capacitors in the power electronic field. The advantages include low loss, high current

ratings, high reliability, small size and low cost [60]. In the resonant DC link inverter,
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the resonant capacitor can also be regarded as a snubber, which is periodically reset
by resonating with the resonant inductor [61].

Polypropylene film capacitors (MPTA, VC) were chosen to constitute the resonant
capacitor in the prototype resonant inverter mainly due to low dielectric loss. The
selected film capacitor has a rated capacitance value of 1 uF and a rated working
voltage of 2000V DC.

4.1.3 Switching Devices

The current ratings of the switching devices in the prototype resonant inverter
were determined based on such an arrangement in which the resonant inverter is
connected to loads (e.g., induction motors, allowing a torque controller to be used to
control each induction motor). Line current drawn by one induction motor is about
25A rms at rated torque and up to 75A rms at peak torque [59]. Thus the selected
switching devices should be able to handle a peak current of 106A.

It is highly desirable that the 600V devices can be used as the switching devices
for the resonant inverter, as a 600V device has a lower saturation voltage, therefore
lower conduction losses compared to a 1200V device. This gives an adequate margin
for 600V devices.

From the above considerations of current and voltage ratings, four-pack 150A/600V
IGBT modules (CM150DU-12H, MITSUBISHI) including fast free-wheel diodes
were selected as the switching devices of the resonant inverter.

Table 4.1 gives a summary of the components used to implement the prototype

resonant DC link inverter.

Table 4. 1: Components for the Prototype Resonant DC Link Inverter

del\r);éeerster 150A/600V IGBT module per phase leg
Resonant _ _ _
inductor 33uH, air core, Litz wire
Resonant _
capacitor 1uF, 1000VDC polypropylene capacitors
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4.2  CURRENT INITIALIZATION CIRCUIT

With these values of inductor and capacitor the un-damped oscillation time is
42.75 ps. Therefore, the resonant cycle time AT is chosen to be 37.5 ps taking into
account the finite Q-factor of the coil.

The block diagram of the proposed current initialization scheme is shown in
Figure 2.9. The corresponding control circuit is shown in Figure 4.3.

A personal computer (PC) along with its associated high-speed analog-to-
digital converter (ADC) and digital-to-analog converter (DAC) is used for the

computation of the initial current from equation (2.4). In this equationé,,, 6,, and
¢,, are constants that are dependent on the circuit parameters and the time AT. These
are pre-computed and stored. The load current (1,) and the dc voltage Vdc are

measured through Hall-effect sensors (HE-1 and HV-1 respectively in Figure 4.1) at

the start of every resonant cycle (e.g. t,in Figure 2.4) and are converted through

ADC. These measured values along with the constants mentioned above are used for
the computation of the initial current. This process is repeated for every resonant
cycle. It is to be noted that the computation here is fairly simple and can also be
achieved through a hardware configuration. However, the use of PC makes the control
circuit much more flexible than a hardwired circuit. Furthermore, due to the presence
of the PC, the delays and tolerances of the actual circuit can also be taken into
account. An accurate zero-voltage switching can be obtained in the experiment.

As mentioned in Chapter 2 (Section 2.2) there are two methods of obtaining time
At for which the capacitor should be shorted, of which we use method-2. As soon as
the required initial current is computed in the PC, it is converted into an analog signal
through a DAC. The computation time required is much smaller than the resonant
cycle time AT . This signal is then available to the comparator for comparison with the
actual link current. The link current is monitored continuously through a Hall-effect
current sensor (HE-1 shown in Figure 4.1). Let us discuss the operation of the circuit
in Figure 4.3. When the link current becomes equal to the required initial current, the
comparator output (Y) becomes zero. The signal Y is conditioned by protection
circuit (Figure 4.4) and then the output Z=Y Py is used for clearing the J-K flip-flop
(74LS76 in Figure 4.3). Under normal condition Z= Y, as protection signal P; = 1.

Once this flip-flop is cleared, its output (Q) becomes zero and Q becomes one. This
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is then used for switching off S, through a buffer. Simultaneously, the inverted

output (Q ) of the J-K flip-flop is used for triggering the mono-stable (7555 in Figure
4.3) through an inverting buffer. The mono-stable timing is designed for a pulse width
of AT=37.5 us. After this time elapses, the negative going edge of the mono-stable
output is used to clock the J-K flip-flop. This forces the output of the flip-flop to one

and consequently the shorting switch S, is turned on.

Through the above scheme, the zero-voltage switching is obtained. It is to be
noted that during the time when Sy is on, the switching transitions of the switches S;-
S, take place. To ensure that the switches S;-S, are turned on or off only during this
prescribed interval, the gating of S;-S4 are conditioned by the output Q of the J-K flip-
flop. Further note that the configuration of the switches S;-S, at a particular resonant
cycle is dependent on the load connected to the output of the inverter. It is to be noted
that the J-K flip-flop is cleared under two conditions. One is the usual clearing as
explained already in every resonant cycle. The other is under fault condition. If there
is a fault, the resonant circuit must be stopped. In that case the protection circuit gives
P:= 0 and signal Z is forced to zero. The switch Sy is therefore opened permanently so
that the link voltage and link current will gradually decay to zero due to the internal

resistance of the resonant coil. The output of the mono-stable is also used for the
starting ADC. When this is triggered through Q , its output goes high. This is also the
onset of the resonant cycle. This positive going edge (through buffer CD 4049) is

used as a signal to the PC interface card such that the ADC starts sampling 1o and
Vdc.

4.3  CURRENT REGULATOR CIRCUIT

The current regulator control circuit is shown in Figure 4.4. The switching of the
devices is synchronized to the zero crossings of the link voltage so as to obtain ZVS.
The resonant dc link inverter and controller is configured to regulate its current so as
to match the current reference. As mentioned earlier the mono-stable of Figure 4.3 is
triggered at the onset of a resonant cycle. This then goes zero after 37.5 us elapses.
The negative going edge of the mono-stable output is used for clocking the J-K flip-
flop. This force the output of the flip-flop to one and consequently the shorting switch

So IS turned on.
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The same signal is used to clock the D-flip-flop (74F74) in Figure 4.4 so that
the synchronization is obtained. The comparator compares the actual inverter current
(HE-2) with the reference of the inverter (obtained from the PC). Based on the output
of the comparator (LM-311), a switching decision has to be taken. This output is fed
to the D input of the D latch. However, the output of the D flip-flop remains unaltered
till the next sampling point is reached. The sampling point is the point when resonant
link voltage goes zero. At this sampling point if the output current is lower, then a
positive pulse is given to increase the output current and vice-versa. However, this
pulse is not directly given as seen in Figure 4.4. It is ensured that the outgoing
switches are turned off first and then the incoming switches are turned on. This is
achieved via mono-stable 74123 and AND gate 7408. Therefore a change from 0 to 1
in the 74F74 output is delayed by 1 us where as a change from 1 to 0 in the 74F74
output is passed immediately.

For the protection of both resonant link and the current regulator a protection
scheme is devised in this circuit. The load current is not allowed to be more than 4 A
in either direction. This is done via two comparators. One comparator is set at 4 A and
the other comparator is set at - 4 A. The actual current in the load circuit is compared
with these references. Once the current is beyond limits of + 4 A, one of the
comparator output goes zero. This is then used for clocking a negative edge triggered

J-K flip-flop. Therefore under normal conditions the Q output (Py) of this J-K will be

1, this will go zero the moment current limit exceeds. This signal is used for blocking
the gate signals. Manual resetting of the J-K flip-flop is required to clear the fault.

The signals derived for switches S, —S, are transmitted for gate drive circuit after

being ANDed with current limit control signals. There is also a manual start/stop
switch through which the circuit can be stopped at any time. The gating signals are
also ANDed with the start/stop signals. Therefore under normal conditions the signals
for switches S;-S, are passed immediately.

But under fault conditions these signals are blocked. This is achieved through
AND gates 7408. The comparator output obtained from resonant link control circuit is
also ANDed with this current limit control. In the event of a fault the J-K in current

initialization circuit is cleared so that the switch Sy is opened.




EXPERIMENTAL SETUP

4.4  BLANKING CIRCUIT

The circuit is shown in Figure 4.4. The task is to compute current error and generate
switching signals for the inverter so as to regulate the error within the hysteresis band.
The blanking circuit uses this signal to generate switching signals for all four
switches. It is to be ensured that the outgoing switches are turned off first. The
incoming switches are then turned on. Therefore a change from 0 to 1 in the 7400
output is delayed by 1 us where as a change from 1 to 0 in the 74F74 output is passed
immediately. This is achieved via mono-stable 74123 and AND gate 7408. It is to be
noted that this 1 us delay is sufficient to ensure that IGBTSs are turned off. Otherwise
two switches in the same leg will be turned on resulting shorting of the dc bus. This is
commonly known as shoot-through fault and this is avoided using this lockout
scheme. A hall-effect current sensor (HE-2) is used for the measurement of actual
load current. This signal is then compared with the references already generated.
Based on the error signal a particular switch pair is fired and the other pair is turned
off. It may be noted that when there is no need for changing the status of the switches
the RS Latch holds the old status.

4.5 RESONANCE INITIATION

After the resonant inverter power-on, the resonant capacitor voltage is equal to the
DC supply voltage and no energy is stored in the resonant inductor, so that the bus
voltage can neither resonate to the clamping voltage nor to zero. The link resonance
has to be initiated manually by producing an initial downward swing of the bus

voltage.

This is accomplished by generating an initial inductor charging pulse, Pinitial, t0
turn on all the inverter devices for a very short period.

Figure 4.6 shows the circuit for initiating the link resonance. Once a "START"
button is pressed, a pulse is generated at pin 6 of (4098-A, Dual Mono-stable). The
latch (4043) catches the leading edge of this pulse, and the output of this latch is used
to shut down the pre-charge circuit. At the trailing edge of this pulse, the initial
inductor charging pulse, Pinitiar, IS produced at pin 10 of 4098-B and sent to the gate

drives to short the bus initially. Resistors R2 and C2 control the pulse width of Piptar.
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4.6 IGBT GATE DRIVE CIRCUIT

The circuit is shown in Figure 4.5. A gate-drive circuit is designed in the similar
lines as in [50]. The over current —protection feature is added here. The protection
scheme is based on the fact that the drain-source voltage of IGBT increases with drain
current for a given gate-source voltage. The potentiometer P2 shown in the figure is
set such that the voltage at variable point is one diode drop more than the drain source
voltage corresponding to the peak value of the normal drain current. Activation of
protection circuit is delayed by a RC circuit. As long as the drain current is within the
normal limit, the drive signal is transmitted to the gate. When the current exceeds its
limits, the protection logic inhibits the drive signal from reaching the gate, and a fault
indication is given. The fault indication persists as long as the turn-on process is

present. An indication is also given in case of a turn-on failure.

4.7 PC INTERFACE CIRCUIT

For proposed current initialization scheme a PC is used as discussed earlier.
Essentially the load current seen by resonant link are taken which are digitized using
ADCs and then these data are used for computation. Once the computation is over, the
required initial current value (through DAC) is sent to the current initialization circuit
as shown in Figure 4.2 Figure 4.3. Details of the interface card are presented in
appendix A. Here LabVIEW programming is used for communicating ADC and DAC

via PC and Data Acquisition Card. The programming is as shown in Figure 4.7.

4.8  COMPACT RIO FPGA

Here we are replacing PC with FPGA, which is having Real time control and
ADC/DAC. The proposed block diagram is shown in Figure 4.13. Figure 4.8 and 4.9
displays the LabVIEW programming for controlling the real time controller and
communication with the ADC and DAC. Compact RIO with Hardware circuit
connection is shown in Figure 4.14. The complete datasheet of the Compact RIO is
given in appendix B. The corresponding load current after connecting CRIO is given

in Figure 5.9.
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4.9  CONCLUSIONS

In this chapter, the resonant inductor has been designed based on an available core and
Litz wires. The designed resonant inductor has low winding losses and relatively large core
losses due to the overly large core and the limited number of turns, but it is still acceptable for
the resonant inverter application. In this chapter the details of different circuits that are
fabricated is discussed. The photographs of the laboratory set up are shown in Figure 4.7
through 4.14.
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Figure 4. 4: RDCLI Current Regulator Circuit
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Figure 4. 11: Photo Graph Displaying IGBT drives, Current sensors
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Figure 4. 12: Photograph Displaying Resonant Inductor and Resonant Capacitor
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Figure 4. 14: Compact R1O with Hardware Circuit




Chapter

EXPERIMENTAL RESULTS

In this chapter the experimental results obtained in the laboratory are presented. For these
results we have considered single-phase RDCLI. The experiments are conducted at a lower
power level since the objective is to verify the principles already discussed in earlier chapters.

We start our discussions with the current initialization.

5.1 CURRENT INITIALIZATION

For the experimental set-up the resonant link parameters chosen are:

e L=33puH
o C=1pF
e Q=167

Vdc=30V(constant)
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With these values of inductor and capacitor the link frequency is 28 kHz and resonant time is
about 35.72 us. Therefore, time duration of 30.72 us is chosen as the resonant cycle time AT
taking account of the finite Q-factor of the coil.

The block diagram of the current initialization scheme is shown in Figure 2.11. Through
this scheme, the zero-voltage switching (ZVS) is obtained. First, this ZVS property of the

inverter is tested with no load conditions (i, = 0). This is to test whether the link voltage goes to

zero after every 30.72 ps.
The experimental results are shown in Figs. 5.1-5.6. In Figure 5.1, the link voltage, link

current and the gating signal of switch S, are shown. The link voltage goes to zero after 30.72
us after the prescribed time (AT). The switch S, is then turned on as is evident in Figure 5.1.

This switch remains in on state for time At so that the link current builds up to the desired level.
During this shorting interval, the link current increases linearly which can be seen from this
figure. The link current and the output of the monostable are shown in Figure 5.6. From this
figure it can be seen that the monostable goes low after about every 30.72 us and remains low in
that state till the comparator is activated. When the comparator output goes low, the monostable
is triggered. This remains high for 30.72 us after which it goes low. In the meanwhile the
comparator is reset. The required value of current for initialization is given to the comparator.
When the actual link current is equal to this value, comparator output goes low again and the
resonant cycle restarts. This is illustrated in Figure 5.6. Thus Figs. 5.2-5.6 clearly illustrate the
principle of working of the proposed current initialization for the RDLCI. Current initialization
at a constant load current (2 A) is shown in Figure 5.7. The constant current notion is only for the
resonant circuit as during the resonance time of 35 microseconds this sinusoidal load current
(400 Hz) is almost constant. The level to which the current should be initialized is changed
which is evident from the figure 5.1. In Figure 5. 7 we also show the inverter supplying a 400 Hz
load. This wave is almost a sinusoid except for some little chattering that is typically higher
order harmonics. It is also confirmed that the circuit is capable of sustaining a 400 Hz load and

the load waveform is also quite nice.
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Link Voltage

Link Current

Gating Signal of

Ch1:1V/ Div
Ch2:5V/ Div
Time: 10 ps/ Div

Figure 5. 2: Photograph displaying Link voltage and Gate pulse with CRO
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Ch1:1V/ Div
Ch2:5V/ Div
Time: 10 ps/ Div
With 10x probe

Figure 5. 3: Photograph displaying link VVoltage, and gate pulse in one CRO and Link current

in other CRO
Ch1: 1V/ Div
Ch2: 5 V/ Div
Time: 10 ps/ Div
With 10x probe

Figure 5. 4: Link Voltage and Link current
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Ch1:1V/ Div
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Time: 10 ps/ Div
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Figure 5. 5: Gate Pulse and Link Current

Ch1:1V/ Div
Ch2:5V/ Div
Time: 10 ps/ Div
With 10x probe

Figure 5. 6: Comparator output and Monostable output
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Figure 5. 7: Waveform displying Load current taken through Labview DAQ Card
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Figure 5. 8: Waveform displaying Load current along with Reference
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Figure 5. 9: Current waveform after connecting Compact R1O

5.2 CONCLUSIONS

The experimental results obtained from the lab prototypes are presented. The proposed
current initialization scheme for RDCLI based on state transition equation is experimentally
verified. It is shown that that this initial current prediction is quite accurate which in turn ensures
the zero crossing of the link voltage at a prescribed time instant. Zero crossing is achieved at
different load conditions. The proposed method is elegant and quite precise, yet simple to
implement. In addition it is also demonstrated experimentally that it is possible to supply a 400

Hz load.




Chapter

CONCLUSIONS

The general conclusions drawn from this thesis and some suggested new directions
are presented in this chapter. The objective of this thesis is to determine a best-suited
topology for the power circuit for the Power Conditioning Unit (PCU) of the Variable
Speed Constant Frequency Aircraft Power supply (typically 400 Hz).

6.1 GENERAL CONCLUSIONS

The work done in this thesis to achieve the above-mentioned objectives is

summarized below.

1. Hard or Soft-switched inverter: The PWM techniques, to reduce sonorous pollution

and size of the transformer and output filter elements, need high switching
frequency (up to 20 kHz). In high switching frequency, the commutation losses are

high and they can be greater than conduction losses, resulting low efficiency. For a
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2. Hard-switched inverter, the increase in frequency will result in increased losses and
higher device stresses.

In a soft-switched inverter, the switchings are done when the voltage across the
switches is zero. Therefore, Ttheoretically there is no switching loss. A resonant dc
link inverter can be operated at a high frequency that is 5 to 10 times higher than
that of a hard-switched PWM inverter and can offer improved performance.

3. Current Initialization: In this thesis a new algorithm for current initialization scheme

is proposed for a resonant dc link inverter (RDCLI). The method of current
initialization is based on the state transition analysis of the system as a boundary
value problem (BVP). It is shown that for a given load current, it is possible force
the dc link voltage to go to zero at a prescribed time by properly choosing the initial
dc link current. This technique makes it possible to operate the resonant dc link
inverter without any zero-crossing failure, which is an important issue for a

satisfactory operation of such an inverter.

4. Power Loss Estimation: Detailed analysis of the losses in the resonant DC link

inverter is performed. Using the overall losses as a criterion, the design optimization
for the resonant DC link inverter intended for any industrial application yields an
optimal value of the resonant impedance. Loss calculations show that in the resonant
inverter the switching losses in the main devices are substantially reduced, and the
conduction losses become the major loss component. Under the identical expected
load conditions there is significant reduction in the switching losses in the main
devices and additionally there is reduction in total losses in comparison to the hard

switching counterpart operating at a switching frequency of 15 kHz.

5. 400 Hz Power Supply: In the AC-DC-AC conversion process a RDCLI is used as

the power circuit for supplying the 400 Hz load. The single-phase bridge inverter
after the resonant link uses zero-hysteresis bang-bang current control for controlling
current within the inverter and the switches in this inverter are switched at the
instant of zero voltage. The performance of the circuit while supporting a 400 Hz

load is evaluated through simulation and lab protye experiment. It is observed that
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the circuit is capable of supplying the load the required waveform with a total
harmonic distortion of 2. 2%.

6. Implementation: PC interface is used for the implementation of the proposed current

initialization scheme. The use of a PC makes the system more flexible for
conducting experiments. This facilitates zero-voltage switching by taking into
account of the actual circuit delays and tolerances.

7. FPGA Implementation: Once we are satisfied with the performance of the circuit

behaviour and expected results, we replaced the PC with FPGA (NI CompactRI10);
with a futuristic hope that the control circuit will be replaced by FPGA/ ASIC

Implementation.

6.2 SCOPE FOR FUTURE WORK

Some suggested new directions of research in the area of 400 Hz power supply are

suggested in this section. These are

1. A soft-switch inverter topology with neutral point clamping needs to be

investigated.
2. A superior current control strategy than hysteresis control may be incorporated.

3. The control circuit can be fully converted to digital and hence will be great
candidate for FPGA exploration that would reduce the bulk of the circuit size

tremendously and an application specific integrated circuit(ASIC) can be developed.
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APPENDIX A

DETAILS OF PC INTERFACE CARD

NI Data-Acquisition System

PCI-6251

Analog Input:

Number of channels: 8 differential or 16 single ended
ADC resolution: 16 bits
Sampling rate (Maximum): 1.25 MS/s single channel,
1.00 MS/s multi-channel (aggregate)
Timing accuracy: 50 ppm of sample rate
Timing resolution: 50 ns
Input coupling: DC
Input range: £10 V, 25V, +2V, +1V, 05V, 0.2V, 0.1V
Maximum working voltage for analog inputs (signal + common mode): £11 V of Al
GND
CMRR (DC to 60 Hz): 100 dB
Input impedance

Device on:  Al+to Al GND: >10 GQ in parallel with 100 pF
Al-to Al GND: >10 GQ in parallel with 100 pF
Device off:  Al+to Al GND: 820 Q
Al-to Al GND: 820 Q

Input bias current: £100 pA
Crosstalk (at 100 kHz)

Adjacent channels: -75 dB
Non-adjacent channels: -90 dB

Small signal bandwidth (-3 dB): 1.7 MHz




Input FIFO size: 4,095 samples
Data transfers: DMA (scatter-gather), interrupts, programmed 1/O
Overvoltage protection (Al <0..79>, Al SENSE, Al SENSE 2)

Device on: £25 V for up to four Al pins
Device off: +15 V for up to four Al pins

Input current during overvoltage condition: £20 mA max/Al pin

Settling Time for Multichannel Measurements

+60 ppm of Step
Range (24 LSB for Full Scale +15 ppm of Steps)t(eﬂ) LSB for Full Scale
Step) P
+10V, 145V, x2 V,
RRY 1ps 1.5ps
0.5V 1.5 ps 2 Us
0.2V, 0.1V 2 s 8 us

Analog Output:

Number of channels: 2
DAC resolution: 16 bits
DNL: +1 LSB
Monotonicity: 16 bit guaranteed
Maximum update rate:
1 channel: 2.86 MS/s
2 channels: 2.00 MS/s
Timing accuracy: 50 ppm of sample rate
Timing resolution: 50 ns
Output range: +10 V, +5 V, xexternal reference on APFI <0..1>
Output coupling: DC
Output impedance: 0.2 Q
Output current drive: +5 mA
Overdrive protection: £25 V
Overdrive current: 20 mA
Power-on state: +5 mV/?
Power-on glitch: 1.5 V peak for 1.5s
Output FIFO size: 8,191 samples shared among channels used
Data transfers: DMA (scatter-gather), interrupts, programmed 1/O
AO waveform modes:




Non-periodic waveform
Periodic waveform regeneration mode from onboard FIFO
Periodic waveform regeneration from host buffer including dynamic update

e Settling time, full scale step 15 ppm (1 LSB): 2 ps
e Slew rate: 20 V/us
e Glitch energy at midscale transition, £10 V range

Magnitude: 10 mV
Duration: 1 ps

External Reference

APFI <0..1> characteristics

Input impedance: 10 kQ
Coupling: DC
Protection:

Power on: +30 V
Power off: +15 V

Range: +11V
Slew rate: 20 V/us

Power Requirements:

Current draw from bus during no-load condition

+5V 0.03 A
+3.3V 0.725 A
+12 'V 0.35A

Current draw from bus during Al and AO overvoltage condition

+5V 0.08 A
+3.3V 1.2A
+12 'V 0.38 A

Power Limits

+5 V terminal (connector 0): 1 A max*
+5 V terminal (connector 1): 1 A max*

'Has a self-resetting fuse that opens when current exceeds this specification.

Maximum Working Voltage




11 V, Measurement Category |

(Maximum working voltage refers to the signal voltage plus the common-mode voltage.)

Environmental

Operating temperature: 0 to 55 °C
Storage temperature: -20 to 70 °C
Humidity: 10 to 90% RH, non-condensing
Maximum altitude: 2,000 m

Pollution Degree (indoor use only): 2

Reference: http://sine.ni.com/ds/app/doc/p/id/ds-22/lang/en#headerl2
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DETAILS OF NI FPGA BASED EMBEDDED CONTROL
SYSTEM LAB HARDWARE

1. cRI0O-9014 Real-Time PowerPC Controller for cRIO, 2 GB Storage
e Embedded controller runs LabVIEW Real-Time for deterministic control, data
logging, and analysis
¢ 400 MHz processor, 2 GB nonvolatile storage, 128 MB DRAM memory
e 10/100BASE-T Ethernet port with embedded Web and file servers with remote-
panel user interface
o Full-speed USB host port for connection to USB flash and memory devices
e RS232 serial port for connection to peripherals; dual 9 to 35 VDC supply inputs
e -40to 70 °C operating temperature range

Network
Network interface .........ccoocevvveveieiennn, 10BaseT and 100BaseTX Ethernet
Compatibility ........cccooevivviiecececeec IEEE 802.3
Communication rates.............ccceeverveernenne. 10 Mb/s, 100 Mb/s, auto-negotiated
Maximum cabling distance................. 100 m/segment

SMB Connector
Output Characteristics

Logic high.......ccooviiviiieeece e, 3.3V
LOQIC IOW...coooiiivcecececece ov
Driver type.......cccovveveiiv e CMOS
Sink/source current..........c.coeveeeennene. 150 mA
3-state output leakage current ........... +5 pA

Input Characteristics
Minimum input level........................... -500 mV




Maximum input low level ................. 990 mV

Minimum input high level................... 231V
Maximum input level .............cccoee. 55V
Input capacitance............ccoceevvevneeenn. 2.5 pF
Resistive strapping .........ccceeeveereveennnene 1kQto3.3V
USB Port
Maximum data rate ...........c.coecvrerenn. 12 Mb/s
Maximum CUrrent..........ccocevvveerennnnns 500 mA
CompactRIO
Real-Time Controller Nonvolatile Storage DRAM
cR10-9014 2GB 128 MB
Memory

Use the following formula to determine the minimum life span in years of the
nonvolatile storage of your cRIO-901x controller:
Minimum life span in years = [Amount of memory in controller (MB) x
100,000 / 365 days] / [file size (MB) x write rate (per day)]

Power Requirements

Recommended power supply.............. 48 W secondary, 18 to 24 VDC
Power consumption
Controller only .......cccceevveveiiennnen, 6W

Controller supplying power to eight CompactRIO modules........ 20 W
Power supply

ON POWET-UP ..vvveiiieeiiie e 9to 35V

After pPOWer-up .......cccccevvveeveenenenn. 6to 35V

2. CR10-9104 8-slot 3 M Gate Reconfigurable Chassis for CompactRIO
e -40to 70 °C operating range
¢ Automatically synthesize custom control and signal processing circuitry using
LabVIEW
¢ 3M gate reconfigurable 1/0 (R10) FPGA core for ultimate processing power
¢ DIN-rail mounting options
¢ 8-slot reconfigurable embedded chassis accepts any CompactRIO 1/0 module

3. PS-5 Power Supply, 24 VDC, 5A, Universal Power Input Easy way to
distribute power from one power supply to up to 8 devices with
replaceable blade fuses.




4. NI 9201 8-Channel £10 VDC, 500 kS/s, 12-bit Analog Input Module

8 analog inputs, +10 V input range

500 kS/s aggregate sampling rate

12-bit resolution, single-ended inputs, screw terminal or D-Sub connectors
Hot-swappable operation; overvoltage protection; isolation
NIST-traceable calibration

-40 to 70 °C operating range

Signal Type: voltage
Channels: 8
Resolution (bits): 12
Max Sampling Rate (S/s): 500k

Signal Input Ranges: 10V

5. NI 9263 4-Channel +/-10 V, 100 kS/s per Channel, 16-Bit, Analog
Output Module

4 simultaneously updated analog outputs, 100 kS/s
16-bit resolution

Hot-swappable operation

NIST-traceable calibration

e -40to 70 °C operating range

Signal Type: voltage
Channels: 4
Resolution (bits): 16
Max Update Rate (S/s): 500k /ch
Signal Ranges: +10V

Current Drive: 1 mA/ch
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