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ABSTRACT

An Evaluation of a Parallel-Resonant Current-Source Converter
for an Electrothermal Thruster. (December 1996)
Avristide-Marie Tchamdjou, Diplom, Technische Universitaet Berlin
Chair of Advisory Commiitee: Dr. Mehrdad Ehsani

The Parallel-Resonant Current-Source Converter promises highly efficient DC-
DC power conversion. It uses zero-voltage switching to reduce the losses and improve
the converter efficiency. The Parallel-Resonant Current-Source Converter has been
developed from an idea of Dr. Ehsani from Texas A&M and Dr. Pitel from Magna-
Power Electronics, Inc.. It is primarily intended for space applications, where
efficiency, reliability and size are traditionally important. The reliability of the
converter is increased by the current-source characteristics of the input and the
minimum device count. The converter falls under the classification of resonant
converters, which are gaining importance due to ever increasing dernands on converter
size and efficiency. Although wide application of resonant-mode converters is
handicapped by the complexity in control when compared to PWM converters, they
are perfectly suitable for some specific applications. Improvement in control and

sensing devices will render resonant technology more attractive in the future.
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CHAPTER 1

INTRODUCTION

For many years, power conversion has posed a great challenge to engineers.
Meanwhile it has evolved into a multi-disciplinary technology [1]. Power supplies are
inseparable parts of electric appliances and equipment today. Electric appliances
require supply voltages which are not always compatible with the available power
source. A special unit, the power supply, must then convert the source energy into a
form suitable for the appliance. Power supplies used to be regarded as familiar black
boxes, but today they are often an integrated sub bly, i lly in the lower

P

power range. The basic engine of modem power supplies is the power electronics

converter.

This thesis presents a new DC-DC converter topology, the Parallel-Resonant Current-
Source Converter (Fig. 1) . Its principle of operation is based on the hard-switched
Current-Source Converter [2]. It uses resonant techniques to reduce the overall losses
and improve the efficiency. Soft-switching permits an increase of operation frequency,

which in turn reduces the size of the converter.

A. Evolution of Power Supply Technology

The advent of the transistor was an important milestone in the development of

contemporary solid-state power supplies [3]. In the past, the complexity of power

The journal model for this thesis is JEEE Transactions on Power Electronics.
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Fig. 1. The Parallel-Resonant Current-Source Converter.

supplies arose because electric appliances required different voltage levels for
subcircuits which performed different tasks. Several power supplies delivering the
voltage required by each subcircuit had to be designed. The general-purpose power
supply became a reality with the appearance of solid-state circuits. Transistors used in
those early circuits were operated in the linear region. These circuits are thus referred

to as linear power supplies.

Although performance and reliability of power supplies increased as years passed,
their size remained unchanged because they still depended on the principle of linear
regulation, which exhibits a very poor efficiency [2]. Their big share in the overall

volume of the equipment they powered prevented the construction of miniature



appliances. The power supply then became the logical starting point for reducing the
size and weight of electric equipment.

The switched-mode power supply is the first major step towards the trend of smaller
and lighter power supplies. DC-DC converters, the heart of modern DC power
supplies, can be regarded as DC voltage iransformers. They are developed from the
basic topologies of the buck (step-down), boost (step-up) or buck-boost converter.
They consist in their elementary form of a diode, an inductor and a turn-off
T d at high freq . High freq y of
operation reduces the size of bulky elements such as inductors and transformers, which

semiconductor device which is

traditionally have a big share in the overall volume of power supplies [2,4,5]. But the
quest for high frequency of operation has caused the resurgence of another important

aspect of power conversion: the efficiency.

The reduction of the size of switched-mode power by i of switchi

frequency is not without penalty. High frequency prod high switching losses

PF g

which significantly degrade the converter efficiency. The demand for smaller and -
more efficient power supplies has triggered intense investigation of soft-switched
logy is well blished in high power SCR

converters. Although
motor drives and uninterruptible power supplies (UPS), its application in the middle to

R,

low power DC-DC converters is.a relatively recent ph power

conversion has not yet established itself as a mature technology because of the

complexity in control [6].

B. Basic Features of the Parallel-Resonant Current-Source Converter

Soft-switched converters are broadly classified as quasi-resonant converters and

resonant converters . Quasi-resonant converters use the resonant circuit only to create



zero-voltage or zero-current conditions whereas in resonant converters, the resonant
tank is an integral part of the power transfer mechanism [4]. Quasi-resonant converters
were developed as a way to reduce the high devices stresses common in resonant

converters.

Two basic classes of resonant converters exist: the current-fed converter and the
voltage-fed converter. In a voltage-fed converter, the DC supply voltage is first
chopped into a high-frequency square voltage, then fed into a resonant LC circuit to

duce a The Parailel-R Current-Source Converter falls into the

category of current-fed converters; a choke inductor is connected in series with the DC
voltage source to simulate a current-source. The current-source is switched between
the ground and a parallel LC circuit to induce a high-frequency resonance. The

resonant variables are transformed-coupled and rectified to provide a DC output.

The decision for a particular converter is motivated by factors as varied as size,

efficiency, ease of control, reliability, cost, etc....The Parallel-Resonant Current-

Source Converter is primarily designed for space applications, where efficiency, size
and reliability are traditionally important. Analysis of the Parallel-Resonant Current-
Source Converter will show that output to input voltage ratio is solely determined by
the turn ratio of the transformer for operation at the resonant frequency. Devices
stresses and transformer ratings are limited to reasonable levels while device count is
minimized. The minimum number of devices increases the reliability of the converter.
The fact that both active switches are connected to the ground considerably simplifies

their gate-or base drive circuitry.

High converter efficiency is achieved with zero-voltage switching. The high frequency
of operation resulting from the low switchingv losses allows a reduction of the size of
the converter [7]. The current-source characteristics of the input provides a patural

protection against short-circuit and further improves the reliability of the converter.



Instead of a pulsating current as it is the case with voltage-source converters, current-
source converters inject a constant current into the energy source. Further, the parallel
structure of the resonant tank restricts the oscillating current in the tank. In series-
resonant converters, the resonant current, which can have a high peak value, flows in
either the source or the load and produces additional conduction losses. Finally electric
isolation is elegantly achieved with a transformer whose magnetizing inductance is
also used as the resonant inductance of the LC tank. The size of the center-tapped
transformer is reduced by the high frequency of operation.

Digital computer simulation and experimental results on a prototype verify design
equations derived in this thesis. The waveforms from the simulation and the
experimental semp show the occurrence of zero-voltage switching. The high efficiency

predicted by the resonant topology is confirmed by measurements performed on the
prototype.

C. Thesis Organization

Chapter II gives a brief overview of linear and switched-mode power supplies while
Chapter IIT explains the basic principles of soft-switching and hard-switching. Benefits
and shortcomings of both techniques are compared. The Parallel-Resonant Current-
Source Converter is presented in Chapter IV, The principle of operation is explained
and the analysis of the circuit is done in the time as well as in the frequency domain.
Also design equations for this converter are derived. Chapter V shows simulation
results of a design example while Chapter VI presents experimental results obtained
with the prototype. The thesis concludes in Chapter VI with a summary and

conclusions of the work. A critique of the analysis is done in Chapter VII, which also

h

expands to the i of

logy in the design of future power

converters.



CHAPTER I

CONVENTIONAL POWER SUPPLIES

Switched-mode technology has established itself as the standard in modern DC power
supplies. Switched-mode power supplies have penetrated even the low power range,
traditionally the domain of linear power supplies. H linear power lies still

PP

have a significant presence in electric equipment.

A. Linear Power Supplies

Linear power supplies still occupy a considerable portion of IC appliances today [3].
Fig. 2 shows the schematic of a simplified linear power supply. A transistor operating
in the active region is the main element of the power supply. The output voltage is
compared to a reference value and the error is fed to a control circuit that drives the
transistor, The transistor operates mainly in the linear region and acts as an adjustable
resistor. The voltage difference between input and output appears across the transistor
and causes power losses. Operation in the linear region incurs a significant amount of
conduction power losses. Overall efficiency of linear power supplies is poor and lies in
the range of 30%-60% [2]. When power is drawn from an AC source, a bulky 60 Hz
transformer is needed, and the size of the power supply increases. However, linear
power supplies utilize simple circuitry and are cheaper in the very low power range
[2]. Furthermore they do not produce electromagnetic interference (EMI) with other

equipment.
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Fig. 2. Simplified Linear Power Supply.

B. Switched-Mode Power Supplies

Switched-mode power lies use el i itches to process electric power. The

semiconductor devices are either “fully on” or “fully off”. When “fully on”, the device
operates in the saturation region where voltage is low. Power dissipation in the

ductor devices is reduced itched-mode power lies have a better

efficiency than linear power supplies [2].

The DC-DC converter is the heart of switched-mode power lies. In their most

elementary form, DC-DC converters appear in 3 basic topologies: buck or step-down
converter, boost or step-up converter and buck-boost converter. Each of the 3 basic

4, 3.

topologies consists of a diode, a turn-off device, an i and a

capacitor, Most switched-mode DC-DC converters are developed from those 3 basic
topologies.



Currents and voltages in'a switched-mode power supply have a trapezoidal/square/
triangular shape. Hence they are referred to as square-wave converters. The basic
equations of buck, boost and buck-boost are presented in the following segments. It is
assumed that the converters are in steady-state, the circuit elements are ideal and the

mode of conduction is continuous.

D is the switch duty. cycle and T the switching period.

t [
= @ - = 2.1
ton Tl T @n
1. The Buck Converter
in L iy
— s ~ —
v, 7o, c== ? "

Fig. 3. Buck Converter.



The buck converter is fed by the input voltage V; and produces the output voltage V,.
During normal operation, the switch S is driven on and off by a pulse-width modulator
(PWM). When S is on, current increases linearly in the inductor and energy is stored in
it. Is S turned off, the energy stored in the inductor forces the current to flow through
the “flywheel” diode D, . The flywheel diode must provide a path for the inductor
current at turn-off of $ since inductors do not allow current jumps.

The output to input voltage ratio of a buck converter (Fig. 3) in continuous conduction
mode is:

VO
v = D 22

The output voltage can be varied between 0 and V;, . Output voltage is always lower
than input voltage. The output voltage ripple {2] is given by:

2

v,
av, = ¢ CI'.Jf’ (1-D) 23)

2. The Boost Converter

While S is on, current increases linearly in the inductor L. Meanwhile magnetic energy
is stored up. Is 8 turned off, the ind current d b a higher load is
being connected across the input circuit. The energy delivered by the source adds to

the energy that was stored in L and is transferred to the output. Since the supply
energy is added to the inductor energy to charge up the output capacitor, the output
voltage V,, is larger than the input voltage V..
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Fig. 4. Boost Converter.
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Fig. 5. Buck-Boost Converter.
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The output to input voltage ratio of the boost converter (Fig. 4) in continuous

conduction mode is :

24

<|°<

C)

1
1-D
Output voltage V,, is always larger than the input voltage V,, since 0 < D < 1. For an

average output current I,, the output voltage ripple [2] is given by:

I
AV, = -

D ’ @.5)

3. The Buck-Boost Converter

‘When S is turned on, current builds up lineatly in the inductor L while energy is stored
in it. During that mode, the output capacitor alone supplies energy to the output. The
output capacitor of the buck-boost must therefore be rated high enough. When § is
turned off, the inductor current forces its way through the flywheel diode D,, charging
up the output capacitor C. Because the flow of the current I, is now opposed by the
output voltage V,, I decreases linearly.

The output to input voltage ratio of a buck-boost converter (Fig. 5) in continuous

conduction mode is:

G = 2.6)



This converter can step up or step down the voltage. For a given output current I, the
ripple in the output voltage [2] is:

AV, = =2D @n

Other square-wave converters are derived from the 3 basic topologies. For example the
Cuk converter (Fig. 6) is a cascaded connection of a boost converter followed by a
buck converter (Fig. 7). The cascaded nature of the connection is reflected in the
output to input voltage ratio, which is the same as for the buck-boost converter.

The switching frequency has no direct influence on the voltage ratio of switched-mode
converters in continuous conduction mode (equations 2.2, 2.4 and 2.6). But it has an
effect over the mode of conduction. Low switching fr y fers the converter

-3 )

into discontinuous conduction, Furthermore, a high switching frequency reduces

currents and voltages ripple and produces cleaner DC outputs.

C. DC-DC Converters with Transformer Isolation

According to equations 2.4 and 2.6 , ideal boost and buck-boost converters produce an
infinite output voltage for duty cycles around 100%. But in practice electric parts such

4

as devices, inductors and

\p have parasitic resistances that
considerably degrade the voltage ratio of converters, Instead of infinite, the voltage
ratio for real converters is nearly zero at maximum duty cycle [8]. Moreover,
maximum voltage ratio hardly exceeds 4. A transformer then becomes necessary for

significant changes of voltage level.
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L, S L,
1€
C)Vn s ¥D G, SR
Fig. 6. Cuk Converter.
L, c L,
_| P_ A A
v, ~/s JZ S C, = SR

Fig. 7. Cuk as Cascaded Connection of Boost and Buck Converters.



In addition to changing voltage levels , transformers provide electric isolation between
input and output, or between the power source and the appliance. An increasing
number of equipment contain sensitive electronics that must be protected from

“contingencies” on the input side. Electric isolation is ial for power lies that

are connected directly to the ac mains via a rectifier. Transformers also connect
multiple isolated outputs to a single input and so eliminate the need for multiple
converters. A transformer can simultaneously assume the functions of electric
isolation, power bus and voltage level shifter.

Proper operation of a converter with transformer involves balanced drive of the
transformer primary [9]. In the absence of balanced drive, a net DC current flows in
the former primary, ing easy ion of the core during alternate half-

cycles. A DC-DC converter with transformer isolation has many stages (Fig. 8) : the
first stage, an inverter, transforms the DC input into an AC voltage across the
transformer primary. The second stage, the fi
level shifting. The AC voltage is reflected on the secondary side and passed through
the third stage, a rectifier, to obtain a DC output. The size of the transformer can be

duced when the frequency of the intermediate AC voltage is high.

provides isolation and voltage

High-frequency transformers do not seriously alter the low frequency behavior of a
_converter, but they may changé the switching waveforms and complicate the design of
the converter. Inductive shunting current due to the existence of primary inductance is
another negative side-effect of high frequency transformers {4].

The most visible drawback however is the occurrence of large voltage spikes during
switching. It is virtually impossible to build a transformer without leakage
ind Leakage ind bined with high rate of change of current

produce overvoltages. This phenomenon is particularly severe at high switching
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frequencies. Furthermore the transformer incurs non negligible eddy-current, copper
and hysterisis losses at high frequency.

]

Inverter

3

e

Fig. 8. DC-DC Converter with Transformer Isolation.

Rectifier
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CHAPTER III

HARD-SWITCHING VERSUS SOFT-SWITCHING

A. The Ideal Switch

In the analysis of converters in Chapter II, it is quietly assumed that switches are ideal.
Ideal switches have zero voltage drop in on-state. Furthermore, switching transitions
occur very fast. Ideal switches do not incur any losses during conduction, nor during
switching (Fig. 9) . Thus the ideal switch can be operated at unlimited frequency.

P turn-on turn-off

Fig. 9. Turn-on and Turn-off of an Ideal Switch.



B. The Real Switch

In power electronics, switches are realized with semiconductor devices. A real switch
has a forward resistance, which causes a non-zero voltage drop during conduction.
Also, switching takes place in finite times. For a short duration, current flowing
through the switch and voltage across it take simultaneously high instantaneous
values. Switching losses are so generated (Fig. 10 ). This mechanism is repeated at
each switching transition. Switching losses are proportional to switching frequency.
Operation at high frequency generates high switching losses and degrades the overall

efficiency of the converter.
v
i
! 3
I "\
A
s
H
/7
t
turn-on turn-off
P

Fig. 10. Turn-on and Turn-off of a Real Switch.



C. Problems of PWM Power Conversion

Semiconductor devices like MOSFETs and IGBTSs have short switching times which
permit high frequency of operation [10]. High switching frequency reduces the size of
the converter, but also has undesirable side-effects like high switching losses, leakage
spikes and charge dumping [5].

In a switched-mode converter, switching waveforms are typically rectangular, with
abrupt transitions and nearly vertical edges. The p of leakage ind in

transformers and board wiring in combination with sharp di/dt causes voltage spikes at
turn-off. These voltage spikes can easily damage semiconductor devices in the circuit.
Furthermore oscillatory spike waveforms are a source of noise. In practical circuits,
snubbers are used to prevent dangerous overvoltage and reduce the power dissipated in
semiconductors. Snubbers protect devices by diverting a portion of the losses away
from the devices to other circuit elements [11]. But the total amount of energy
dissipated in the switch-snubber combination does not change much, while the circuit

becomes more complex.

Further, energy stored in the junction capacitance of the semiconductor device is
trapped and dissipated inside the device at turn-on [S]. While not severe at lower
switching frequencies, the capacitive turn-on loss dve to discharging of the parasitic
junction capacitance of power MOSFETSs and IGBTs becomes a dominating factor if
the switching frequency is raised to higher levels.

Power semiconductor devices in a switched-mode converter operate between 2 states:
“fully on” or “fully off”. During state transitions, the power electronic switch is turned
on or off from a stiff bus voltage or a stiff current. At switching, high voltage and
high current overlap and produce switching losses. Switching losses are not an

important factor at low frequency of operation. However they have a negative effect



on the converter efficiency when the switching frequency is raised up to a certain
level. With hard-switching, high efficiency and drastic reduction of the converter size
can not be achieved simultaneously. The design of hard-switched converters is always
a trade-off between those 2 contradictory objectives.

D. Soft-Switched Converters

In to PWM s, soft-switched converters have waveforms that contain
pieces of sinusoidal, ringing profile. Soft-switched converters utilize the presence of
inductive and capacitive elements in the circuit to shape waveforms that go through
natural zero-crossings. Switches are turned on or off at the zero-crossing with virtually
no losses. The switching frequency can be raised without any severe penalty on

converter efficiency.

1. Resonant Switches

In converters, el i ion is achieved with resonant switches.
Resonant switches consist of a main semiconductor device S and auxiliary resonant
elements L, and C; . The resonant elements L, and C, shape the device current or
voltage waveforms such that they pass through a natural zero. At the zero-crossing, the
device can be turned off or on. When the transition occurs at the zero—cmssing of the

voltage, it is zero-voltage switching. When it occurs at the zero-crossing of the current,

it is zero-current switching. Some S use rrent turn-on and zero-voltage

turn-off in the same switching cycle. ,



Voltage-Mode Resonant Switch

In a voltage-mode resonant switch (Fig. 11 ), the resonating capacitor is connected
across the switch, In on-state, the switch acts as a clamping device and maintains the
capacitor voltage at zero. When the switch is turned off, the voltage across the parallel

connection starts to rise, but can not change i susly t of the itor.

Voltage rises smoothly from zero, in a continuous fashion (Fig. 12) .

Current-Mode Resonant Switch

The resonating inductor is connected in series with the semiconductor device (Fig. 13).
In off-state, no current flows in the inductor. When the switch is turned on, current
rises from zero to its final value in 2 smooth and continuous fashion (Fig. 14). Current

can not change instantaneously because of the inductor connected in series.

2. Features of Resonant Power Conversion

High efficiency, small size, low weight and reduced ic noise are requi of
a good power converter. Manufacturers of power devices contribute to this trend by
fabricating devices that switch faster and have higher power rating. The ultimate goal
is to achieve a high power density of the converter. High frequency operation reduces
the size of reactive elements and transformers, but also generates high switching
losses. With resonant power conversion, switching is lossless. The frequency of
operation can be raised without seriously degrading the overall efficiency of the
converter [12,13].



Fig. 11. Voltage-Mode Resonant Switches.

Fig. 12. Turn-off of Voltage-Mode Resonant Switch.
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Fig. 13. Current-Mode Resonant Switches.

Fig. 14. Tum-on of Current-Mode Resonant Switch.
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High switching frequency reduces the requirements for peak energy stored in inductors
and capacitors. The converter is then designed with smaller reactive elements.
Moreover, the bandwidth of switching regulators is limited to less than half the
switching frequency [2]. Operation at high frequency increases the bandwidth and
renders transient responses faster [5]. Also the harmonics content of the waveforms is
sharply reduced.

Further, resonant power conversion eliminates typical problems associated with PWM
converters such as leakage spikes and charge dumping. Leakage spikes and charge
dumping are caused by the discontinuity of the waveforms of PWM converters and the
high rate of change of voltage and current at switching. Soft-switching on the contrary
produces smooth and slowly varying curves which make the presence of parasitic
reactances “inoffensive”. In fact, parasitic reactances can be constructively included in
the design of the reactive elements. Resonant power conversion turns the problem of

high leakage inductance into no problem at all.

E. Devices Stresses

Resonant converters suffer from high current and voltage stresses. Typically, resonant
waveforms have higher peaks and rms values than PWM waveforms of same average
values [5]. Consequently, utilization factor of semiconductor devices is poor a-nd
conduction losses higher. The decision for a resonant converter is an optimal choice if

the reduction in switching losses far outweighs the increase in conduction losses.

Quasiresonant converters have been developed to eliminate the problems associated
with high devices stresses in resonant converters. Devices stresses in quasiresonant

converters are similar to those in PWM converters.



F. Analysis and Control

Averaging techniques provide powerful tools to analyze PWM converters and derive

equivalent circuit models. However they fail for converters. Analysis of
resonant converters can be very complex and in most cases yields results that do not

give meaningful insights to the circuit.

Power conversion in resonant converters is load dependent. Control variables must be
changed as the load varies. Usually resonant converters have multiple operating

e 1

modes. A control d for a mode may perform poorly if a
load change forces the converter into another mode. The load range is therefore

considerably reduced.

One significant drawback of power jon is the loss of degrees of
freedom compared to a PWM converter with equal number of switches [5]. One
switching transition (either turn-on or turn-off) is determined by the control circuit

£

while the other is set by the converter 'ms. In a , the choice

of reactive elements heavily influences fi 'y and switching seq

1!

The versatility in control offered by PWM is not possible with resonant power

conversion. The i ion of y control with a resonant

converter is very complex.
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CHAPTER IV

THE PARALLEL-RESONANT CURRENT-SOURCE CONVERTER

A. The Hard-Switched Current-S Converter

The circuit operation of the Parallel-R Current-Source Converter is based on

the hard-switched Current-Source Converter (Fig. 15). Unlike voltage-source
converters which inject pulsating current into the energy source or harmonics into the

line, current-source converters draw a constant current from the supply.

A high input inductance transforms the voltage-source into a current-source. Current
flowing through the input ind h at a slow rate and can be assumed constant

&

for high frequency of operation. The current-source characteristics of the input
provides a natural protection against short-circuits by averting sudden increase of
current. The transformer provides electric isolation and voltage level shifting.
Switches S, and S, are power semiconductor devices with reverse-blocking capability.
MOSFETs or IGBTs devices are commonly used in the higher frequency range
becavse of their fast switching speeds. In the Current-Source Converter however,
MOSFETs or IGBTs must be connected in series with fast-recovery diodes that
disable the internal body-drain diode of those devices [14] . The active switches S, and
S, are connected to ground, thus making driver circuits for those devices fairly simple.
Driver circuits can be designed without isolation transformer. The output stage of the
hard-switched converter is a diode bridge rectifier with center-taps on the primary as
well as on the secondary side. The minimum number of devices with this topology

increases the reliability of the converter.
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Fig. 15. The Current-Source Converter.

1. Operation of the Current-Source Converter

The operation of the circuit is described in this section. It is assumed that the converter
is in steady-state.

ModeI:Fort £t<t, S, is on and S, off. The voltage across the primary side of the
transformer is reflected on the secondary side (Fig. 16). Due to the negative and

constant voltage across the inductor, its current decreases linearly.

Mode II: Fort, St <t,, S, and S, are on. The transformer primary is shorted and
across the inductor L, lies a constant positive voltage of magnitude V. That voltage
provokes a linear increase of the inductor curmrent I, which charges up the inductor

with energy. Duty cycle D of switches S, and S, must be higher than 50% in order to
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Fig. 16. Modes I and ITI of Current-Source Converter.
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Fig. 17. Modes II and IV of Curmrent-Source Converter.
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maintain continuity of current in the inductor L, (Fig. 17). Duty cycle less than 50%
would canse an abrupt stop of current flow in the inductor and possibly lead to serious

damages.

Mode Il : Fort, <t <t,, S, is off while S, remains on. Apart from the change of
voltage polarity across the transformer, this mode is similar to mode I.

Mode IV : Fort,<t<t,, S, and S, are on. This mode is similar to mode IT .

Magnetic energy is stored in the inductor when both switches are on. Is a switch
turned off, the magnetic energy stored in the inductor is added to the source energy
and transferred to the load. The Current-Source Converter exhibits a characteristics
typical of boost converters.

2. Analysis and Design

For analysis, it is assumed that the circuit elements are ideal and no power is
dissipated in the transformer. Fig. 18 shows current and voltage waveforms of the
Current-Source Converter in steady-state operation. In steady-state, the average

voltage across the inductor L, over a switching period must be zero:

N, D-(1-D)
Vp - V,—|(0-D) =Vp |——— 4.1
[0 v fumr v, (202 @n
From (4.1), the output to input voltage ratio is:
V, N 1
* = i @.2)

V, N, 2(1-D)
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The Current-Source Converter uses PWM control and hard-switching. It has ail the
positive features of PWM converters including flexibility in control. It also
experiences typical problems associated with PWM conversion such as-limited
frequency of op , dang voltage spikes and high switching losses. In
addition, it suffers from the high weight to voltage ratio due to the added choke
inductor at the input [2]. Resonant power conversion offers a way to reduce the size

and the losses of the without d ic ck to the circuit. It also

climinates the dangerous voltage spikes caused by leakage inductances.

B. The Parallel-Resonant Current-Source Converter

The addition of a capaci forms the hard-switched Current-Source Converter

into a . The itor C, is d across the transformer on the

primary side. Capacitor C, forms a resonant tank with the transformer primary. The
ind of the former is used as the resonant inductance of the LC

S0 &

tank. Leakage inductances of the transformer can be constructively included in the

design of the converter.

The output stage of the converter consists of a diode bridge rectifier with LC filter.
The filter reduces the ripple in the output voltage and maintains continuous mode of
conduction in the rectifier. Electric isolation is achieved with a transformer. For
balanced operation, the transformer must be symmetrical with respect to the center-
tap. In the Current-Source Converter, the transformer has center-taps on the primary
and secondary sides which divide them into 2 similar halves. At any given time,
current flows in only one half on either side. The Parallel-Resonant Current-S
Converter has a center tap only on the primary side. At any given time, the resonant

current flows in both halves of the transformer primary while the input current flows
alternatively in one of both halves for a half-cycle.
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1. Circuit Operation of the R &

The switching sequence is similar to that of the hard-switched Current-Source
Converter.

Mode I : fort, <t<t,, S, is on and S, off. Current flows in switch S, and in the
resonant tank (Fig. 19). In steady-state, the voltage across the capacitor is a sinewave.
The duration of this mode is half of the period. The voltage at the

beginning and end of the mode is zero.

P

Mode Il : fort, <t <t, S, and S, are on. The capacitor is short-circuited. The voltage
across the capacitor is zero at the start of this mode and remains zero until end of the
mode. S, is turned on at zero-voltage. Current increases in the inductor L, and
magnetic energy is stored in it. This mode is very short and lasts about 1% of the
switching period. At the end of this mode, S, is turned off at zero voltage.

Mode Il : fort, <t <t, , S, is off and S, on. This mode is similar to mode L.

ModeIV:fort,<t<t,,S, and S, are on, This mode is similar to mode IT.

2. Time Domain Analysis of the Resonant Converter

2.1. Voltage Polarity across the Transformer

The pacitor is cc d across the transformer primary and sets the

voltage on that side. In Fig. 20, a current flow into dot 2 means discharge of the

capacitor and negative voltage across the transformer primary. The current on the



LD
A
Ly <ol
C = 2
i 9
Vo Z|K
Fig. 19. Modes I and III of Parallel-R Ci t-So Converter.
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Fig. 20. Voltage Polarities across the Transformer.
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secondary will therefore flow out of dot d. This establishes the dot rules for the

transformer. The transformer reverses the polarity of the voltage.
2.2. AC Equivalent Circuit of the Diode Bridge Rectifier

The Parallel-Resonant Current-Source Converter consists of several stages. The first
stage is an inverter that converts the DC input voltage into a sinewave across the
transformer. The second stage is the transformer , the third stage a single phase diode
bridge rectifier with oulpﬁt filter. The center-tap transformer is also part of the first
stage. Operation of a single phase diode bridge rectifier is well known and covered in
numerous literature [2,15] . The analysis of the circuit is considerably simplified if the
rectifier-filter-load block is replaced by its equivalent AC resistance, assuming
however that the voltage on the transformer secondary is an ideal sinewave [16,17].
Also harmonics content in the transformer secondary current is neglected. The model
with the AC equivalent resistance does not include the effect of the output filter that
can cause additional phase shift of the resonant voltage with respect to the resonant

current.

2.3. AC Equivalent Resistance

The average output voltage of a single phase diode bridge rectifier in continuous

conduction mode is:

242
Voe = TJ_ A 4.3)

Assuming that the power P, is dissipated in the resistive load R, connected on the
output of the rectifier,
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8 1
— =V “44)
L 2R, s

An equivalent AC resi: R, directly d

across the sinusoidal voltage
source dissipates the same amount of energy as the resistance R, connected to the
same source via the diode bridge rectifier.

v'l
P = 1:’:’ 4.5)
From equations (4.4) and (4.5)
7
R.=TR, 4.6)
i
SR/t

Fig. 21. Equivalent Circuit of Modes I and III (seen from Primary).
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2.4. Analysis of Modes I and IIT

The transformer is replaced by its T-equivalent circuit. Leakage inductances and

parasitic resi are lected. B of the center-tap connection, the

magnetizing inductance L, is divided in 2 equal halves if the circuit is viewed from the
primary side. The lower case letter n indicates the secondary to primary turns ratio.
Analysis of mode 1 is sufficient since mode III is dual to mode I. Modes II and IV are
too short and serve only as commutation intervals. The equivalent AC resistance of the

oi.ltput block is reflected on the primary side.

For mode I, a parallel RLC is easily gnizable on Fig. 21. Loop
and node equations yield:

L, di di

—p — —d = o
V, 2 & L, t 0 @7
L, di di. .
p:d 1 2
2y -L 2= . 4.
2 ug -L, @t 0 4.8)
i, = i, +icg 4.9

(4.10)

i = Cp—= @.11)

i +i, = i @.12)
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After rearranging the terms, the following differential equation is obtained for the

resonant capacitor voltage u, .

Pug 8 1 dig Aptl, 2 2
X — = S U = Vp  (413)
d* a? RCp & L +4LpL.Cy (L, +4Lp)Cy
In general L, << L, and the equation becomes
ug 8 1 dug L 1
+ + Uep = V,
2 3 R D “4.14)
a* w' RCy & LGy 2L,Ch

(4.14) is a 2™ order differential equation with constant coefficients. The form of the
solution is heavily infl d by the p R, C; , L, and n. The capacitor
voltage can be either damped, critically damped or underdamped. 2 real and
distinct roots of the characteristic equation of (4.14) yield an overdamped solution for

the capacitor voltage, which is not desired. The parameter R, C,, L, and n must be
chosen such that the solution of the diff ial equation (4.14) is an underdamped
sinewave. The roots of the characteristic equation of (4.14) must be a complex

conjugate pair. Those conditions are satisfied for @, > o where ®, and o are
respectively the angular natural frequency and the damping factor of the parallel RLC

circuit.

®, = =2rf, 4.15)

(4.16)
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In resonant circuits, the quality factor Q indicates the degree of purity of the sinusoidal
form of resonant voltage and current. The quality factor is the ratio of the maximum

energy stored in the resonant tank to the energy dissipated per resonant cycle.

maximum energy stored

energy dissipated per cycle

For the parallel resonant circvit of Fig. 21 , the quality factor is

C =% Cr
=Ry— = —R, |— 4.17
% ‘L o L1’L, @17

The value of the quality factor Q is critical to the design of resonant converters and
must be high enough to prod ble si idal forms, but not too high to

produce high peak values in the resonant tank. The quality factor is chosen primarily
as to improve the switching trajectory [18].

The switches S, and S, are operated at the natural frequency f, of the parallel RLC
circuit. For operation below resonance (f, < f) , the parallel-resonant circuit represents
an inductive load. Voltage across the switch is still positive after turn-off and negative
before turn-on [14]. The switch begins the off-state with a positive voltage and ends
with a negative voltage, producing high switching losses. For operation above
resonance (f > f) , the parallel-resonant circuit represents a capacitive load. The
switch begins the off-state with a negative voltage and ends with a positive voltage,
also dissipating high switching losses. Basically, soft-switched operation occurs at the
resonant frequency only. The voltage across the transformer and the resonant current
are sinewaves of frequency f, . At any time, the resonant current flows in the 2 halves

of the transformer primary since they are integral part of the LC tank. In addition to
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the resonant current, the DC input current flows through the lower half of the
transformer primary in mode I or through the upper half in mode III.

At fi y f, , the i energy stored per cycle by the capacitive and

inductive elements of the resonant tank are equal. L and C charge and discharge
alternatively the same amount of energy . No reactive power is transferred between the
resonant tank and either voltage source or load. The power delivered by the DC source
is entirely d by the load ( ing ideal comp )

3. Design of the Converter

The resonant capacitor sets the voltage on the primary side of the transformer. For
conti mode of conduction, the DC output voltage is tied to the peak of the
voltage across the transformer secondary, which in turn depends on the peak voltage

of the resonant capacitor and the turn ratio of the transformer. The peak voltage across
the capacitor can be found by solving the differential equation (4.14). But this method

involves plex analytical ipulations since the boundary conditions for voltage

and current are not known a priori and have to be determined. Instead state-space
averaging is very helpful for derivation of the converter voltage ratio. The use of state-
space averaging is unusual in the design and the analysis of resonant converters. The
presence of the choke inductor at the input of the converter makes it possible in this
case. Fig. 22 shows waveforms of current and voltage of L, and C,.

In steady-state the average voltage across inductor L, over a switching cycle must be
zero. The center-tap divides the transformer primary in 2 parts of équal impedance.

" The voltage across a half of the transformer primary is always half the voltage across
the resonant capacitor, whose peak value is Vg,
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Fig. 22. Waveforms of the Parallel-Resonant Current-Source Converter.
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@D-nT
(=T v,
Iv,,du _r [VD— &P sinmot)dt =0 (4.18)
2
0 0
Solving the integrals yields:
1 Vepe 2
VD[D- —J+ Vp(i-D)-—=(1-p) = ¢ (4.19)
2 2 =
The peak resonant capécitm‘ voltage is:
n 1
Var = ———Vp (4.20)

21-D

The overlap time of the switches is very short and duty cycle D is approximately 50%.
The peak voltage across the transformer primary is therefore:

Ve = TV @21

The voltage on the secondary side of the center-tap transformer with turn ratio n is
magnified by the factor n/2 The secondary side voltage is then approximated with the

sinewave :

v, = Euv,, sin (2nf, ) “22)

The voltage across the transformer secondary is rectified by a single phase diode

bridge rectifier. Combining (4.3) and (4.22}, the voltage ratio of the converter is :

vo

v, =n (4.23)
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C. Frequency Domain Analysis

Analysis of the resonant converter in time domain deals only with operation at the
frequency. Switching frequency or duty cycle may change following

disturbances such as variation of input voltage or circuit parameters. Frequency

domain analysis covers a wider range of freq ies. Parasitic i of
transformer and capacitors, which are imp for efficiency estimation, can be
included in this analysis.

In the basic circuit of the Parallel-Resonant Current-Source Converter, the resonant
capacitor is on the primary side. The effect is unchanged if instead it is placed on the
secondary side, or distributed on both sides of the transformer, as long as the
equivalent capacitance is equal to C,. Seen from the secondary side of the transformer,
the input side of the circuit consisting of the source voltage V, the choke inductor L,
and the switches S, and S, can be modeled as a square-wave current-source of
magnitude + I/n ( Fig. 23), where I, is the constant input current and n the secondary
to primary turn ratio of the transformer [14]. The output stage (rectifier, filter, load) is
replaced by the equivalent AC resistance R_. The output voltage is determined by the
peak voltage of the resonant circuit since continuous conduction of the bridge rectifier
and sinusoidal waveform of the voltage across C, are assumed. The input current for
this model is described by:

-2 foro<otsw

n

i = (4.24)
+2 form<ats2n
n

The Fourier analysis of the input current yields the fundamental rms value:

242

Titrms) = EID 4.25)
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Fig. 23. Equivalent Circuit of Parallel-Resonant Current-Source Converter (seen from

Secondary).

The admittance of the parallel-resonant circuit is expressed as

1 joCy 1 1 1
Y= —+ = — wCp ——— 4.26
R, o "ofjeL, R, n2\"*TaL, @:28)
The admittance is complex and has the magnitude:
0 @C )
= e 4.27
v o ) @

The transfer function of the input current I, to the rms voltage V; of the parallel RLC

resonant circuit is:



»

In ideal case, the converter has an efficiency of 100%. The power delivered by the
source is totally dissipated in the resistance R_ .

P, =P, (4.29)

Equation (4.29) expressed in terms of current and voltages yields:

2
Viirus)
Vlp = R (4.30)

a

Combining equations (4.28) and (4.30):

=28 - —r_Iv|
5 LYl 431)

(4.32)

= =n 433

Equations (4.33) and (4.23) have the same expression for the voltage ratio of the

converter for operation at resonant frequency.



D. Devices Stresses

Semiconductor devices are subject to electrical and thermal limitations. A good
estimate of semiconductor devices ratings is essential for any proper converter design.
1. Current Stresses

Due to the large choke inductor at the input and the high frequency of operation, the

input current is nearly constant. Duty cycle of each switch is essentially 50% . For the
ideal case of 100% efficiency, the input current is

P,
I, = V: 434

where P, is the power delivered to the load and V,, the DC supply voltage. The current
in switches S, and S, is a square-wave of magnitude I, and duty cycle 50%. The rms

current in switches S, and S, is therefore

1 P
Lo = v, (435
and the average current
1P
T = 55 (4.36)

In semiconductor devices, conduction losses are determined by both the magnitude
and the shape of the current flowing through those devices.
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Conduction losses in a semiconductor are estimated with the equation [10]:
Peon = Vol + Trltimy @37

In the Parallel-Resonant Current-Source Converter, conduction losses in S, or S, are:

1 P, P,
Pow = 5 v_: [VT°+L,V—:] (4.38)

Equation (4.38) is also valid for the diodes D, and D, in series with the switches S, an
S,, if r, and V_, stand for on-state slope resistance and threshold voltage respectively.

2. Voltage Stresses

The switches S, and S, are rated at the peak voltage of the resonant capacitor, which is
TV, (2.41). The resonant nature of the waveforms naturally protects the circuit against

overvoltages caused by leakage inductances in PWM converters.

3. Transformer Ratings

The design of a transformer is always a trade-off between size and efficiency [9].
Design of the transformer itself and choice of core material are beyond the scope of
this thesis. Peak and rms values of the current flowing in the transformer are important
design criteria and will be derived here. At resonant frequency, maximum resonant
current in the transformer primary indicates zero capacitor voltage. Similarly when

voltage. across the capacitor is maximum, the resonant current is zero. The voltage



across the transformer primary is set by the resonant capacitor C,. The peak and rms

values of the resonant current are easily calculated if the ch istic imped: Z,
of the LC tank is known.
Ly
Zy = C, 4.39)

The peak and rms resonant current are:

(4.40)

(4.41)

In a switching cycle, the current in each half of the transformer primary consists of 2
segments, each lasting a half of a resonant period. One segment is shaped by the
resonant current only while the other segment is formed by the resonant current with a
DC offset, the input current. For operation at resonant frequency, the peak current in
the transformer is equal to the peak resonant current.

A
=St (4.42)

Tptpesty = I+ Ippeas

The rms current flowing in the transformer primary:

3 1
| S J% [J(I" - /21, cos qgt) dt + I(ﬁlk cos qt)zdtJ 443)

1
H
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where
T=27;£ (@44)
Solving the integral in (4.43):
Tpiratsy = % (zrf; +15) (4.45)

Expressed in terms of input voltage and output power, the current rms in the
transformer primary is:

Tpirms; = %[["zin ] +[:—:J jf (4.46)

The current rms through the transformer secondary is determined and easily calcnlated

for a resistive load.

4.47)

E. Control

The switching frequency of the Parallel-Resonant Current-Source Converter is the
same as the resonant frequency of the tank. Zero-voltage switching is achieved by
activating the switches at the zero-crossing of the resonant capacitor voltage, which
occurs twice in a switching cycle. Tumn-on and trn-off of the switches are both

determined by the converter waveforms and not independently by the control circuit if
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zero-voltage switching is desired. The converter loses 2 degrees of freedom with
respect to conventional PWM converters. Operation off-resonance or change of duty
cycle transfers the converter into hard-switching. The lack of flexibility in the control
of the Parallel-Resonant Current-Source Converter results in poor output voltage

ol

regulation. The converter is not for applications with freq variations of

PP

input voltage.

The Parallel-Resonant Current-Source Converter in soft-switched operation is
herefore a fixed freg converter. The current-source characteristics of the

converter does not allow duty cycle less than 50%. Since the converter operates at a
duty cycle margin of 50%, a further reduction of duty cycle following an increase of
input voltage is not recommended and may lead to operation failure of the converter.
Output voltage regulation following a decrease of the input voltage can be achieved by
increase of duty cycle, but with the penalty of higher switching losses since soft-
switched operation is lost. )

Although the Parallel-Resonant Current-Source Converter is basically a fixed
frequency converter, a robust soft-switched control can be implemented such as to
maintain lossless operation despite the variations of circuit parameters due to
temperature for example. The control must include a zero-voltage detector for the
resonant capacitor, that activates the turn-on of the non-conducting switch. The turn-
off of the other switch occurs after a fixed delay, which represents the overlap time of
the switches. )
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CHAPTER V

DESIGN EXAMPLE AND SIMULATION RESULTS
This Chapter p a design example of a Parallel-R Current-Source

Converter. Leakage reactances are neglected. The specifications of the converter are as
following:

Input voltage V,, : 28V
Desired output voltage V,:  4.5kV
Switching frequency f;: 33 kHz
Load resistance : 11250 Q

From equation (4.21), the peak voltage across the resonant capacitor is
Verppesr) = B Vp = 314%28 = 8796V G.1)

Equation (4.25) gives the turn ratio of the transformer:
n=— = _8 = 160.71 5.2)

The resonant elements are derived from the switching frequency and the quality factor.

1 -11
LCr = poCre =2326*10 (5.3)
s
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Assuming a quality. factor of .95 , the reactive elements are:

C,=8.68 uF L,=2.8 pH

‘A iti i of 44 Qis d for the transformer primary.

Input inductance L, = 10 mH

Output filter : L,=10mH C,=50 pH
28

Characteristic impedance :  Zg = Vaes - 057 Q 54

A digital computer simulation of this design iple of a Parallel-R Current-

Source Converter is run on SunSPARC Station 20 using the simulation package
Saber/PowerExpress from Analogy, Inc..

Input and output voltage are plotted on Fig. 24 and Fig. 25 . The output is a DC
voltage with negligible ripple, just as the output current in Fig. 27. The low ripple in
the output voltage and current is due to the high frequency of operation. The smooth

input current is shown on Fig. 26.

Current in the switches S, and S, (Fig. 29) is a square-wave while the voltage across
them is a half-sinewave (Fig. 28). Turn-on and turn-off of the switches are initiated at

zero voltage, with no switching losses.

The voltage across the resonant capacitor has a sinusoidal form (Fig. 30) while the
current consists of pieces of sinusoid (Fig. 31 and Fig. 32). The capacitor voltage is
reflected on the secondary side with a reversal of polarity (Fig. 34). The current
observed in the windings of the transformer secondary (Fig. 33) is typical of single
phase diode rectifiers with LC output filter.
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Fig. 24. Simulated Input Voltage.
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Fig. 25. Simulated Output Voltage.
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Fig. 26. Simulated Input Current.
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Fig. 27. Simulated Output Current.
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Fig. 28. Simulated Voltage across Switch S, .
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Fig. 29. Simulated Current through Switch S, .
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Fig. 30. Simulated Voltage across Resonant Capacitor.
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Fig. 32. Simulated Current through Transformer Primary.
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Fig. 33. Simulated Current through Transformer Secondary.
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Fig. 34. Voltages across Transformer (a) Primary and (b) Secondary.
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CHAPTER VI

EXPERIMENTAL RESULTS

A. Converter Specifications and Parameters

A protofype of the Parallel-Resonant Current-Source Converter was built and tested in
the Power Electronics Laboratory at Texas A&M University. The converter is
intended to supply a Microwave Electrothermal Thruster. The converter has to meet

stringent requi of space applications such as small weight, small volume and
high efficiency. The specifications of the converter are: -

Input voltage : 2843V

Output voltage : 45kV

Output regulation : less than 5%
Output power : 1.8 kW
Efficiency : higher than 90 %
Peak output current : 1600 mA

Average output current : 400 mA
Packaging dimensions :  8.5” by 11”

The converter is designed following the same procedure as with the design example of
Chapter V. However, due to practical considerations some changes are necessary. The
transformer secondary consists of 6 isolated windings, which are each connected
across a single phase diode bridge rectifier with output LC filter. Each transformer
secondary has 27 times turns more than the transformer primary, giving a overall turn
ratio of 162. The resonant capacitor is distributed on both sides of the transformer
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because on the nonideality of the transformer and the need to eliminate overvoltage
due to leakage inductances. The output of the 6 rectifiers are connected in series. The
series connection is necessary since output voltage is higher than the rating of each
bridge rectifier. Equal distribution of the output voltage across the rectifiers is
achieved with a resistor bank. The transformer primary consists of circular copper bars
of relative large area. The large area facilitates the flow of the high curent on the
primary side. The input inductance is higher than in the design example of Chapter V.
In the design example of Chapter V, a smaller inductance value was chosen to allow a
faster convergence of the simulation towards steady-state. The following components
are used.

Resonant capacitance : 8.36 uF

Transformer primary inductance : 278 pH

Transformer turns ratio : 160.71
Nominal resonant frequency : 33kHz
Nominal quality factor : 75
Transformer primary resistance : 44Q
Input inductance : 87.1 mH
Input filter inductance : 347 uH
Input filter capacitance : 3000 uF
Output filter inductance : 81.41 mH
Output filter capacitance : 22 uF

Switches S, and S, are realized each with 3 IGBTs APT20M25JNR connected in
parallel to increase the current capability of the switch. Power diodes MBR30060CT
of Motorola are connected in series with each switch. Each output rectifier stage
consists of 8 diodes MUR4100E-9324 of Motorola. 2 diodes are connected in series to
match the voltage rating of the bridge rectifier.
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B. Converter Waveforms

Fig. 35 shows unfiltered and filtered voltage across one rectifier of the output stage,
which is 1/6 of the total output voltage. Gating signal and voltage across one of the
active switches are plotted on Fig. 36. Turn-on occurs at zero-voltage while at tun-off,
there is still some positive voltage across the switch, producing some turn-off losses.
Voltage across and current through the transformer primary are plotted Fig. 37. The
voltage across the transformer primary is near sinusoidal while the current clearly
exhibits a 3" harmonics component. This is due to the DC offset that is present for
half of the cycle. The frequency of operation of the converter is 26.24 kHz instead of
the nominal 33 kHz. During operation, circuit such as fr

q 2

change due to temp The switching fr y is adjusted rdingly since the

control circuit senses the zero-voltage crossing of the resonant voltage.
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Fig. 35. Unfiltered (2) and Filtered (1) Output Voltage.
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Fig. 36. Voltage across Switch S, (1) and Gating Signal (2).
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Fig. 37 . Transformer Primary Current (1) and Voltage (2).
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C. Measurement Procedure

All measurements are approximations of true value. There are no perfect or absolutely
accurate measurements [19]. The difference between the measured value and the true
value is the error of the rent. Generally n errors fall into 3

categories: ‘random error, gross error and systematic error. Gross errors are people
caused errors. They include false reading, wrong connection, wrong meter, wrong

scale, wrong interpolation, wrong probes, etc....Sy ic errors are

quip errors.
They are related to terms such as accuracy, precision, calibration and tolerance.
Random errors are nonpredictable and obey the laws of probability. Errors are

minimized when instead of just one reading, a series of measurement is performed.

For the readings, digital multimeters FLUKE 87 and TEK DM254 are used. The
accuracy of those instruments for measurements of DC and AC voltage, DC and AC
current, resistance, frequency and duty cycle is less or equal to 1%. The output voltage
is measured with the high voltage probe FLUKE 80K-6 which has an accuracy of +1%
for DC voltage. To check the accuracy of the readings, the output voltage is also
obtained by measuring the voltage of each rectifier output without the probe, and then
adding them. The input current is measured with the clamp-on AC/DC current probe
FLUKE Y8100 with a DC current accuracy of +2% of 2004, or 4A. The accuracy of
the instruments indicates the number of significant digits of the multimeter display.

For each quantity, a series of 5 measurements is performed. The mean value of the
readings is taken as the true value of the measurement while the standard deviation
indicates the probable error. The standard deviation is given by the formula :

6.1)
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where d; represents the deviation of the ith measurement from the mean value and n

the number of readings in a series. The
in error analysis [19]. The smaller the standard deviation is, the more precise is the

d deviation is widely used

measurement.

D. Propagation of Errors

Power and efficiency are not measured directly, but derived from the quantities current
and voltagé. Direct measurements are not perfect and contain errors that are
propagated during calculations [20]. The bers A +a and B + b are given, where
the capital letter represents the true value and the lower case letter the error.

1. Multiplication of Numbers
The multiplication of the numbers defined above yields:
(A+a).B+b)=AB+Ab+aB +ab 6.2)

Errors a and b are small. Thus the term ab becomes too small with respect to aB , bA ,
A or B and may be neglected. The absolute error is approximately

e = Ab+aB (6.3)

and the relative error

m=——— = —+— (6.4)



2. Division of Numbers

The division of the 2 numbers yields
A+ta _A+a A+a[1 L{{LT ]
b
B+b 1+;] B B \B
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(6.5)

A+a A+a ( b]
B+b B

The absolute error is calculated as

and the relative error

>|I~
=i

(6.6)

6.7

(6.8)

Equations 6.3 and 6.7 are used to determine the absolute error of the measurement
while equations 6.4 and 6.8 yield the relative error for power and efficiency. The lower
letter cases a and b represents in this case the standard deviation of any measurement

series.



E. Efficiency Results

The values of input current, output current and output voltage are reported in Table 1
for input voltages ranging from 22 V to 28 V. Relative errors of measurements are also
reported. Relative errors are calculated as the ratio of absolute error or standard

deviation to the mean value of each measurements series.

Table 1. Voltages and Currents.

VD [D VO IO
™ [A] vl [mA]

2 51.92+ 1.6% 3277+.1% 306 £.1%
23 5416+ 1.5% 3428 +.1% 320+ .2%
24 5646+ 1.5% 3580 4% 334+.1%
25 5894+13% 3735+.2% 348 £.2%
26 61.12+1.5% 3887 +.2% 362+.2%
27 6332+1.6% 4041 £.1% 377+£.3%
28 659+1.3% 4193 +.1% 391+.2%

Input power P, output power P, and efficiency 1 of the converter are reported in
Table 2. The efficiency of the converter is around 89% for input voltage ranging from
22 V to 28 V (Fig. 38) with errors of approximately 1% (Table 2). Conduction losses
on the primary side account for most of the energy dissipated in the converter. For
input voltages in that range, the input current is higher than 52 A while the current rms

in the transformer primary is around 46 A. As matter of illustration, a transformer with



Table 2 . Power and Efficiency.

ni%] 100

90

80

70

60

50

Vp Py Po n

vl [w] W] [%]

22 1142+1.6% 1003+.2% 88+1.4%
23 1246+15% 1097+.3% 88+1.2%
24 1355+x1.5% 1196+.2% 88+13%
25  1474+13% 1300+ .4% 88+.9%
26 1589+1.5% 1407+.5% 89+11%

27 1710%1.6% 1523+.4% 89+12%
28 1845%+13% 1639+ .3% 89+ 1%

24 26
Input Voltage

Fig. 38. Converter Efficiency.
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a parasitic resistance of .05Q would dissipate almost 106 W in ohmic losses, more
than half of the total losses. Other sources of losses are the forward resistance of the
IGBTs and the diodes. Diodes provide reverse-blocking capability for the switches,
but they also increase the resistance of the current path and account for a few percents
of power dissipated in the converter. Given the magnitude of the currents on the
primary side, an efficiency of 89 % suggests that switching losses have been kept to a

minimum.

The hall-sensor current probe has been a major source of concern by the evaluation of
the convertet, But the values of input current obtained with the probe FLUKE Y8100
have been confirmed by measurements with a analog DC cument meter from Simpson

Electric Corporation.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

A. Summary

A new DC-DC converter topology, the Parallel-Resonant Current-Source Converter,
has been presented in this thesis. A large choke inductor at the input of the converter
wransforms the voltage-source into a current-source, which provides an inherent
protection against short-circuits. The active switches are connected to ground, thus
considerably simplifying their gate or base drive circvit. Instead of the leakage
inductance, the magnetizing inductance is used as the resonant inductance of the LC
tank. The center-tap transformer the functions of ind electric
isolation and voltage level shifiing. The parallel structure of the LC tank restricts the
oscillating current within the resonant tank. The most important feature of this

converter however is the soft-switched operation, which yields a high efficiency and
allows a drastic reduction of the size of the converter. The voltage ratio of the
converter is determined solely by the turns ratio of the transformer. Simulation and
experimental results have confirmed the occurrence of zero-voltage switching while
efficiency around 90% have been recorded for a 1.8 kW prototype.

Reduced electromagnetic interference (EMI) is another benefit of this converter
topology. The current-source nature of the input prevents a pulsating current from
flowing in the main DC bus and-the resonant waveform of the voltage limits high
dv/dt production, which are important source of noise. Shielding of small-signal
circuits becomes obsolete. This resulis in further reduction of size, cost savings and

less complexity for the setup.
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The main drawback of this converter however is the lack of flexibility in the control.

Soft-switched output voltage lation is quasi impossible with this converter.

B. Critique of the Analysis

Ideal electrical components have been ] throughout the analysis of the Parallel-
R Current-S C . The addition of the parasitic resistances of
transformer, icond devices and capacitors can notably alter the peak values of
resonant voltage and current and c pli the time domai lysis of the converter.
However inclusion of these resi is easy in the frequency domain analysis and

would give beter efficiency estimation. Also the single phase diode rectifier in the
output stage of the converter has been replaced by an AC equivalent resistance.
Analysis with the AC equivalent resistance is accurate as long as only real power
transfer is of importance. The model with the AC equivalent resistance does not
include the effect of the output LC filter which may provoke an additional phase shift
of the resonant voltage and change the resonant frequency of the converter, The
additional phase shift may transfer the converter into hard-switching.

C. Future of Resonant Power Conversion

Resonant power conversion solves many problems associated with linear or square-
wave converters such as abundant switching losses, high peaks and electromagnetic
interference (EMI) . However new problems are created as the old ones are solved.
New problems include higher demands on magnetic design, cooling and control

issues.
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The smooth curves produced by hnig ize the negative effect of
leakage ind In fact, parasitic indi are positively included in the design
of the 1 For the desig it means that the core shape and the

physical dimensions of the transformer are not geared towards low leakage inductance.
Instead, the higher peak and rms currents emphasize other issues like capacitor,
winding and core losses. Although resonant converters must still satisfy basic

requirements common to all converters, the approach in the design is different.

Cooling is another chal