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ABSTRACT

Modern power electronic systems operate with different voltage and/or frequency rating
such as Adjustable speed drive, Micro Grid, Uninterruptable Power Supplies (UPS) and
High Voltage DC Transmission Systems. To match power electronic systems with the
mains supply, DC link converters are used. The first stage of the DC link converter is the
AC/DC conversion (rectifier). The rectifier type utility interface has substantial
harmonics result in poor power quality due to low power factor and high harmonic

distortion.

Power Factor Correction (PFC) schemes are effective methods to mitigate harmonics
and address this issue. In this thesis, analyses of three approaches for high power density
rectifiers are developed. In the first study, modular three phase boost rectifiers operating
in DCM are coupled in order to increase the power density. Major drawback of this
rectifier is the high currents ripple in both the source and the DC link sides which require
large EMI filter size -could be larger than the rectifier component size- and large DC
filter capacitor size. This thesis proposes coupling modular three phase boost DCM
rectifiers, the currents in both source and DC link sides are interleaved and consequently
the currents ripple dramatically decreased results in small component size of the EMI
filter and the DC filter capacitor leading to high power density rectification. Also,
optimization of the number of the rectifier modules to achieve maximum power density
is presented. Moreover, the switching function of each rectifier employs harmonic

injection technique to reduce the low order harmonics. And, the DC output voltage is

i



varied with the load power such that the operation is at the boundary between CCM and

DCM to achieve maximum power density tracking.

In the Second study, a resonant three phase single switch PFC is presented to overcome
the high 5™ and 7" order current harmonics drawback in the conventional single switch
three phase PFC circuits. The input current has low THD for each individual low order
harmonics with high current ripple at the switching frequency. Interleaving the input
current by coupling modular rectifiers is also presented to reduce the input current
ripple. System equations and modes of operation is analyzed and derived to design the
circuit parameters, switching frequency and duty ratio for the desired output voltage and

load power.

In the Third study, an advancement of existing modular T-connected single phase PFCs
by means of replacing the low frequency transformer with medium frequency electronic
phase shifter to reduce the size and weight of the system. The approach has higher power
density compared with the Y, delta and T-connected single phase PFC modules. The
study examines the 3 to 2 phase conversion, system harmonics, switching technique for

the AC chopper and the power flow of the system.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction
Power electronic supply with high electric power density operates from three phase
system has two stage of conversion. Starting with rectifying the main ac voltage to DC
voltage then adjusts the DC voltage to match the DC link requirements. The DC link
configuration of power electronic supply are widely used in industries that use
Uninterruptable Power Supply (UPS), Adjustable Speed Drives (ASD), induction
heating systems, battery chargers and data centers etc. Also, high voltage DC (HVDC)
systems employ rectifiers to convert ac input to DC output. HVDC is one example of the
application of AC/DC conversion, in power system also, grid tie of two different power
system use DC link converters. In renewable energy field, rectifiers are major part in the
electric power generation stage for the wind generators. Micro grid systems employ
rectifiers to interface with the surrounding AC systems. Furthermore, most of electronic
devices are supplied by rectifier. Now a day, electric power supplies are highly relay on

rectifiers as a major part to deliver the required load power.

Traditionally, rectifier type utility interface cause substantial harmonic currents and
voltage distortion at the point of common coupling (PCC) which may lead to poor power
quality due to ineffective energy transfer, equipment overheating , interface with
telecommunication devices and electronic devices malfunctioning etc., more impact are

discussed in the next section.



Power quality measurements of sinusoidal main and non-linear load interface generally

characterized by:

- Power factor (PF): in linear circuit the term power factor refer to displacement power
factor however in nonlinear circuit the term power factor is generalized to have two

components distortion factor (DF) and displacement power factor. Where

DF fundumental rms current

total rms current

Displacement power factor cos(8) , where 0 is the angle between voltage and current.

PF = (DF)(cos0)

-Total Harmonic distortion (THD): quantity index of the non-sinusoidal property of a

waveform.

- Total demand distortion (TDD): percentage of harmonic current distortion in at
maximum demand load current for 15 or 30 min demand.

-Form factor and crest factor are sometimes used to for non-sinusoidal waveforms:

rms current peak current

Form factor = , Crest factor =

avrage current rms current



1.2 Rectifier interface with the utility
Unlike the linear loads such as motors and heaters that draw sinusoidal currents
proportional to the applied main voltage, nonlinear loads such as switch mode power
supplies draw periodic current waveform that are not sinusoidal but can be expressed as
sum of orthogonal sinusoidal set by using Fourier series. For rectifier type utility
interface odd current harmonics (3rd, Sth, 7th, etc.) are major concern. Voltage distortion
at PCC and neutral current takes into account for this type of interface. In this section
brief overview of typical current and voltage distortions and their impact on electrical

apparatus are presented.

1.2.1 Typical rectifier current harmonics
Rectifiers draw harmonics current of frequency order and amplitude depend on the
rectifier type. For diode bridge rectifier with neglecting the ac inductance and DC filter
current ripple the harmonic order are (multiple of number of pulses+1) with amplitude
equal to (fundamental current amplitude/harmonic order). For example, single phase 2-
pulse rectifier has harmonics order (3,5,7,...) and three phase 6-pulse rectifier has
harmonics order (5,7,11,13,....).The generated current harmonics are not in the same
sequence. In fact, some of them are negative sequence harmonics and under supply
unbalance condition zero sequence may exist. Table 1 shows each harmonic sequence
for balance positive sequence 60 Hz supply. Also, triplen harmonics may appear in three
phase diode bridge rectifiers depend on the DC link filter and bridge connection
configuration. The triplen harmonics are source of zero sequence current and their effect

is briefly described in the next subsection.



Table 1 Harmonic current sequence

Harmonic order Frequency Sequence Harmonic
rotation

1 60 Positive Forward

5 300 Negative Backward

7 420 Positive Forward

11 660 Negative Backward

13 780 Positive Forward

The sequence interchanging manner between positive and negative is continuing

for the rest of harmonic orders.

However, taking into account ac inductance reduce the harmonics amplitude while the
order does not effect. For passive diode bridge rectifier harmonics current amplitude is
function of ac line inductance so that by increasing the ac line inductance the total
harmonic distortion reduced for certain range. On the other hand, by considering the ac
line inductance the rectifier input current will not transfer from one phase to another
instantaneously and overlap between sequential conducted phases occur known as

commutation period. Of course this overlapping cause short circuit in the PCC during



the commutation period which cause notches to the voltage of PCC. More detail

described in 1.2.3.

Inrush current and overvoltage at turn on are facts of concern before presenting the
effect of harmonics on electric apparatus. In the worst case scenario when the dc filter
capacitor is completely discharged and the ac source input is at peak value at the turn on,
an over voltage of factor 2.83 of nominal line voltage for three phase system or source
voltage for single phase system appears across the dc link capacitor. The dc link voltage
should be maintained about the design value since the loads are voltage sensitive. The
starting current in this case reaches magnified value due to the transient response of LC
circuit which may trip the supply circuit breaker and interrupt the connected loads. This
problem can be overcome by adding a temporary resistance at the turn on time only
which causes power losses for very short duration of time. This phenomenon occurs in
transient and it is only mentioned here. Detail study of its effect is out of this thesis

scope of work.

1.2.2 Effect of harmonics current
The harmonics current affect both the power quality as well as the electric apparatus.
Harmonics currents affect the power quality and efficient energy transfer between the
source and the load causing boor power quality. Harmonics are not contributing to
produce real power that is transferred to type of energy that the electric loads design to
deliver. Instead, harmonics creates reactive power that dissipated in the electric

apparatus as undesirable kind of energy such as heat or vibrations. The tolerance of



electric apparatus to harmonic current is determined by their sensitivity to them. The
least sensitive loads are the pure resistive that design to deliver heat such as oven and
space heaters. In this case the harmonic function to deliver power but it cause excessive
heating which result in insulation failure and reduce the equipment life time. The most
sensitive loads are those design for pure sinusoidal current mostly found in the
communication and data processing application [1]. The tolerances of the rest of electric
loads are between those two limits. Examples of the effect of the harmonics on the

electric loads from [1] are listed below:

- Generators and motors: current harmonics have harmful effect on rotating
machinery starting with the heating of the stator and rotor winding due to
currents at harmonic frequencies copper losses. In the developed air gap, current
harmonic may cause torque pulsation, cogging, crawling (very high slip in
induction machine) and mechanical oscillation. In the iron core, current harmonic
may cause magnetizing saturation especially if triplen harmonic exist.

- Transformers: current at harmonic frequencies cause heating to the transformer
windings and may cause saturation for the iron core.

- Power cables: increasing the current frequency force it to travel more in the
surface of the conductors which known as skin effect. In power system the
harmonic are in higher frequency than the fundamental current frequency. In
order to handle the skin effect caused by the harmonics, power cable conductor
size and spacing should be carefully designed. Still the copper losses increase

with the existence of harmonic.



- Capacitor bank: capacitor bank absorb high frequency current which cause
heating and dielectric stress to the capacitor bank.

- Electronics and instrument equipment: equipment that design to pick the zero
crossing or the phase of the voltage or current wave form are disturbed by the
harmonics since the harmonic may shift the wave form which cause them to

malfunctioning.

1.2.3 Voltage distortion
Switching power supplies cause momentary short circuit to the supply voltage due to
line commutation effect or switching shoot-through which lead to voltage notches at the
PCC. The voltage wave form in the PCC may have component at frequencies other than
the fundamental frequency. The severity of the notch depends on the time at which the
short circuit occurs relative to the voltage wave form at that time. The most severe
moment is when the short circuit occurs at the peak voltage, and the least sever or not
effected when the short circuit occurs at the zero crossing of the voltage wave form. The
notch depth and area depend on the impedances of the source and the load while the
width or time period depends on the short circuit time. The voltage distortion due to

voltage notching can be summarized to two points:

- Voltage at harmonic frequencies other than the fundamental frequency.

- Reduced amplitude (RMS or peak) of the fundamental component.

The effect of voltage distortion on the load is harmful since operating the loads at lower

voltage than the rating voltage at rating power force them to draw higher current than the

7



rating current consequently overheat the load. The harmonic voltages mostly have the

same effect of the above mentioned for the current harmonics.

1.3 IEEE 519 standard
Harmonic limits have been regulated by professional organization standards such as
IEEE 519 and IEC 61000-3-6. In this section IEEE 519 current and voltage harmonic
recommendation for the system voltage rating concern in this document (low voltage)
will be presented. This recommendation made for harmonic measured at point of
common coupling PCC and generated by single consumer. First, harmonic current limits
are specified based on the size of the load relative to the supply size. Table 2 shows the
harmonic current limits recommended by IEEE 519-1992 [1]. In table 2 the load current
harmonics is calculated based on the total demand current TDD. Second, the voltage
distortions are calculated according to the base voltage or the supply fundamental
voltage at PCC. The first row in table 3 is of interest in this thesis since it specify the

limit for the low voltage supply case.



Table 2 IEEE harmonic current limits

relative size Maximum Percentage of Current harmonics order (h)

b load For voltage rating (120 V through 69 000 V)

L/Ip h<l1 11<h<17 17<h<23 | 23<h<35 | h>35 | TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4 1.5 0.7 12.0
100<1000 | 12.0 5.5 5 2.0 1.0 15.0
1000< 15.0 7.0 6 2.5 1.4 20.0

Where I is the short circuit limit of the supply and I is the maximum load current.

And table 3 shows the harmonic voltage limits recommended by IEEE 519-1992 [1].



Table 3 IEEE voltage distortion limits

Voltage rating Individual voltage Total voltage distortion
distortion (%) THD (%)

69 KV and below 3.0 5.0

69 KV through 161 KV 1.5 2.5

161 KV and above 1.0 1.5

1.4 Electric power distribution system and Telecom industry power supply
architecture

The electric power demand of telecom industry is increased by deploying more
datacenters and servers to service all the networking, storage, computing, convergence,
and application technologies used in telecom industry. According to GE datacenters
consume approximately 3 percent of total U.S use [2]. The power supply is income from
utility service company to telecom industry facilities and then processed within the
facility power systems to supply different voltage rating load with reliable high quality

power.
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1.4.1 Electric power distribution system

Utility electric power distribution system mainly consist of three phase three wire or
three phase four wire systems. In United State, Electric utility should comply with ANSI

284.1-1989 [3].

Interface between sensitive electronic equipment, their environment, and the utility
generate transient disturbance or steady state distortions to the input voltage waveform

[3]. Table 4 characterizes these disturbance and distortions for the input voltage.

Table 4 Disturbance and distortions characteristics for the input voltage
Voltage Parameter affecting loads Typical range of power source

Over/Under Voltage +6%, -13.3%

EMI (conducted) normal and common 10 V up to 200 KHz

mode Less than at higher frequencies
Voltage distortion 5-50 % THD

Phase imbalance 2-10 %

Current parameter affecting source Typical range of power load current
Power factor 0.85-0.6 lagging
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Voltage Parameter affecting loads Typical range of power source

Crest factor 1.4-2.5

Current distortion 0-10% total rms

Table 4 continued

The favored operation voltage for industrial plants is 480Y/277 V [4]. By such
utilization three phase 480 V is directly connected to the supply, 277 V lighting loads
can be connected in single phase line to neutral fashion and 120 V loads can be supplied
with small rated transformers. Moreover, the usual AC source for Uninterruptible Power
Supply (UPS) is 480/277 V 208/120 V for three phase systems [5]. In high power rating
systems SMW and above medium voltage 1 KV or greater is recommended for the stand
by generators [6]. In this case the main supply switchgear is connected to medium
voltage distribution system along with the stand by generator through bus coupler that
transfer the supply between the main and the stand by generator as required by the
design followed by medium voltage to low voltage transformer to fit the facility input

voltage ratings.

1.4.2 Telecom industry power supply architecture
Modern telecom power system architecture use low voltage DC link bus either regulated

48V or semi-regulated (36V- 55V) , to take advantage of reduced distribution losses,
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supplied through modular UPS systems to share the load power [ 7]. These modular UPS
systems rectify the supply mains voltage, 480 Vac for example, and converted to the

desired low voltage DC link which supplies different power strips that have multi-output
voltage ,3.3V 5V 6V 12V .. etc. A proposed system with higher DC link voltage (380 V)

is presented in [8]. The advantage of having higher DC link is:

Lower I°R losses.

e Less conversion stages in the overall system which result in less losses.
e Smaller size and weight.
e Longer battery backup.

e Single global voltage [8].

An industry example for this architecture is GE Total Efficiency Datacenter shown in
figure 1. The DC and AC UPS consist of rectifiers in the AC low voltage end, DC link
and batteries, and DC/DC converter for DC loads or inverter for AC loads. GE Galaxy
Power System series used in DC UPS employ modular (4 or 6) 595LTA rectifier for 480

Vac 60 Hz 20A supplies each rectifier [GPS 4848 Galaxy Power] as shown in figure 2.
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1.5 Existing three phase PFC and harmonic filtering scheme

To meet the harmonic specification and power quality standards several techniques are
used. Preference of one technique among others depends on the application, nature of the
load, and system parameters to make use of the advantageous and avoid the
disadvantageous. An over view of different major and common used techniques are

presented in this section.

1.5.1 Multi-pulse rectifiers and phase staggered loads

Multi-pulse rectifier can be achieved by combining 6-pulse rectifier to form 12-pulse,
18-pulse, 24-pulse... etc. by shifting each 6-pulse with angle of (360/number of pulse)
from each other. 18-pulse configurations are widely used in the marketplace and
practically meet the IEEE 519 standards [9]. However 12-pulse rectifier can achieve
same performance with some additional modification such as the system proposed in
[10]. In multi-pulse techniques phase shifting transformers are used to create the phase
shifting between the pulses and provide electric isolation between the load and the
supply. Several designs and methods are used to eliminate the transformer size and

power rating. Main advantages of multi-pulse rectifier are:

e Transformers provide electric isolation between the load and the supply.
e No control circuit required which make the system simple.
e Robust and less maintenance activity.

e The absence of high switching frequency eliminates the EMI noise.
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e Transformers turn ratios could be adjusted to have low DC link voltage.

However, low frequency transformers (60/50 Hz) connected in series between the supply

and the load yield in the following disadvantages:

e Occupied large space and has heavy weight compared with the other active
techniques.

e Magnetic component used in the transformers core has high cost.

¢ In some topologies zero sequence block transformer is required which increase
the size, weight and cost more.

e Typical transformer rating for 18-pulse is 68% to 80% of the DC load [9].

Designed for specific system parameter.

This technique is suitable in high power application with an environment that does not

limit the size and weight.

1.5.2 Active filters

Harmonics can be filtered with passive filters design for each harmonic order. Active
Power Filter (APF) topologies designed to eliminate several order harmonics using
less passive element and more active element. APF can be classified to shunt active
power filter, series active power filter and hybrid power filter which is a
compensation of active and passive filters to improve the performance with lower
rating. Shunt APF is used to reduce the current harmonic while the series APF is

used to reduce the voltage harmonic. Figure 3 shows the topologies of a) series
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active power filter and b) shunt active power filter. Since the series APF connected
in series between the supply and the load it is required higher power rating than the
shunt APF. The shunt APF is of concern in this section because the main objective of
this work deals with current harmonics elimination. The APF is suitable and cost-
effective for low to medium power industry [11]. Unlike the multi-pulse rectifier,
APF can be used to compensate several nonlinear load connected to the same PCC
and can be used to eliminate neutrals current. Moreover, APF is much lower in size
and cost compared with multi-pulse rectifier. On the other hand, the APF required

complex control circuit.

AC mains I Ir In

— - —» | Nonlinear
@ b AN Load
—_—r—

Figure 3 a) Series APF
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The rating of the APF depends on the harmonics to be compensated. A Comparison of
current rating of shunt APF compensating an inductive rectifier with various additional

harmonic mitigation techniques is presented in [12]. Table 5 summarized the result

found in [12].

Table 5 APF current rating
Number of current pulses IAPF-rms (pu)

6-pulse 0.311

6-pulse with harmonic trap for 5th and 0.191

7th harmonics

12-pulse 0.152
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Finally, The APF can be used to eliminate real power oscillation, improve power factor

and provide harmonic damping besides eliminating current harmonics [13].

1.5.3 Phase modular rectifiers

Single phase boost PFC has high power density and fulfill the harmonic standard
requirement and easy to control compared with the PWM rectifier [14].Modular single
phase PFC can be connected to form three phase PFC system. Modular single phase PFC
can be connected in Y or delta fashion to form three phase PFC. Using modular single
phase PFC to form three phase PFC must balance the loading among the modules is vital
to keep the system. The Y connected modular with open neutral line shown in figure (4
a) has the Advantage of low output DC link voltage [15]. However, it suffers from
common mode noise and requires three output voltages to be regulated with balancing
the input current which result in complex control compared to the delta connected

modular [16].
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Figure 4 c) 3/2 phase Scott
transformer based

Unlike the Y-connected modular, in Delta connected modular shown in figure (4 b) the
control can be implemented individually for each module and the balance loading
achieved in symmetrical main voltage [17]. Also, in case of one phase main voltage
failure the Delta connected modular can be delver full output power without affecting
the input current quality [18]. However, the DC link voltage is high (more than 1.4 times

the line-line RMS input voltage).

Finally, three phase can be reduced to two phase system by three to two phase T-Scott
transformer and two modular single phase can be used instead of three modular as

shown in figure(4 c). The advantages of modular method are:

e [Easy to implement.
e (an be operated for wide input range.
e High input current quality.
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e More loads can be added by adding more modular.

And the disadvantages of the modular method are:

e Load balance between the modules is required to achieve symmetrical loading.
e Additional DC/DC converter is required to provide the electrical isolation.

e FEach module has individual DC link and DC capacitor filter. [17]

e Neutral current may exist.

e Relatively high number of circuit element used.

An approach to reduce the number of element by combining 3 to 2 phases is presented in

[19].

1.5.4 Direct three phase PWM rectifiers
The PWM rectifiers use the pulse width modulation technique to control 3-leg 6-switch
(IGBT’s) to have sinusoidal input current as shown in figure 5. PWM rectifiers classified

as current Source rectifier or voltage source rectifier based on DC link type.
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The current source rectifier has more component and lower performance [20]. The direct
three phase rectifiers overcome the drawbacks of the modular single phase rectifiers else
they still require additional DC/DC converter to provide the electrical isolation. Also,
PWM rectifiers have excessive number of active switches. Several attempt proposed to

reduce this number of switches such as [20] and [21].

1.5.5 Boost rectifier in DCM

The three phase boost rectifier operating in discontinuous current mode (DCM) is kind
of direct three phase rectifiers that utilized single active switch. The system first
proposed by [22]. The circuit topology is shown in figure 6. It main principal is to shape
the inductor discontinuous current by the input voltage so that the input current has a
fundamental sinusoidal modulated wave form along with high frequency carrier wave as

shown in figure 7. The main advantageous of this topology are:
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e Single active switch.

e Small reactive component.

e High power factor and low harmonics.

e Simple control circuit, similar to dc-dc converter.

e Zero current switching for the diode bridge which eliminates the switching losses

in the bridge.

%

Figure 6 DCM boost rectifier

Figure 7 DCM Current wave form
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Similar resonant topologies have same advantageous were derived and developed from

same concept such as that proposed in [23] and [24].

1.5.6 VIENNA Rectifier
The drawback of the low order harmonics in the system presented in section 1.5.5 is
overcome with multi-level PWM rectifiers by adding four-quadrant switches in
symmetrical three phase shape to balance the input current path such as in Delta switch
rectifier and VIENNA rectifier. VIENNA rectifier shown in figure 8 is of concern since

it has high power density and it is designed for telecom applications.

-
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Figure 8 VIENNA rectifier

25



The main advantageous of VIENNA rectifier are summarized from [25]:

e Low input current harmonics due to out DC voltage mid-point to neutral voltage.

e Less device voltage stresses compared with PWM rectifier and Delta switch
rectifier.

e High power density.

e Load power can be distributed over the negative and positive output partial
voltage.

e Phase shift between the input current and input voltage is possible.

1.6 Research objective
The objective of this thesis is to analyze high power density three phase PFC system for
AC/DC power conversion by combining modular three phase or/and single phase PFCs

with reduced components size and adequate utility interface.

The thesis explores three approaches for high power density rectifiers. In the first study,
modular three phase boost rectifiers operating in DCM are coupled in order to increase
the power density. Major drawback of this rectifier is the high currents ripple in both the
source and the DC link sides which require large EMI filter size -could be larger than the
rectifier component size- and large DC filter capacitor size. This thesis proposes
coupling modular three phase boost DCM rectifiers, the currents in both source and DC
link sides are interleaved and consequently the currents ripple dramatically decreased
results in small component size of the EMI filter and the DC filter capacitor leading to

high power density rectification. Also, optimization of the number of the rectifier
26



modules to achieve maximum power density is presented. Moreover, the switching
function of each rectifier employs harmonic injection technique to reduce the low order
harmonics. And, the DC output voltage is varied with the load power such that the
operation is at the boundary between CCM and DCM to achieve maximum power

density tracking.

In the Second study, a resonant three phase single switch PFC is presented to overcome
the high 5™ and 7" order current harmonics drawback in the conventional single switch
three phase PFC circuits. The input current has low THD for each individual low order
harmonics with high current ripple at the switching frequency. Interleaving the input
current by coupling modular rectifiers is also presented to reduce the input current
ripple. System equations and modes of operation is analyzed and derived to design the
circuit parameters, switching frequency and duty ratio for the desired output voltage and

load power.

In the Third study, an advancement of modular T-connected single phase PFCs
presented in [19] by means of replacing the low frequency transformer with medium
frequency electronic phase shifter to reduce the size and weight of the system. The
approach has higher power density compared with the Y, delta and T-connected single
phase PFC modules. The study examines the 3 to 2 phase conversion, system harmonics,

switching technique for the AC chopper and the power flow of the system.
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1.7 Thesis outline
The content of this thesis is organized in chaptered manner. In chapter 1, Introduction of
AC/DC conversion and associated distortions effect with industrial application example
of telecom data center is presented. IEEE harmonic standards and literature review of
previous work to mitigate harmonic distortions is also presented. Finally, research
objective of building high power density AC/DC system is established.
In chapter 2, Three phase modular PFC consist of three 3-phase boost DCM rectifiers
coupled in order to maximize the power density is presented. After the introduction of
the boost PFC and their types, the analysis started with the analysis of the boost
converter to identify the boundary of the mode of operation and to find the maximum
power operating point. Then, three phase boost DCM rectifier and harmonic injection
method is reviewed. Next, optimization of the number of the modules to achieve
maximum power density is obtained. Afterward, Maximum power density tracking
operation is derived by varying the DC link voltage with the variations of the load
demand. Then, EMI input filter design is presented. Finally, design example and
simulation results are performed.
In chapter 3, a resonant three phase single switch PFC is presented. In first section
introduction of resonant rectifiers and the advantage of the purposed system is
introduced. Next, proposed system topology and principal of operation is explained.
Then, the proposed system is analyzed starting with the d-q frame analysis of the neutral
voltage of three phase single switch rectifier and the neutral voltage shifting to overcome

the low order current harmonics. Going through each mode of operation of the system
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the equation and operation limit is derived. Based on the equation derived, system design
characteristic is provided. Next, interleaving of modular rectifiers to reduce the input
current ripple and to achieve constant power drawn from the supply is presented. In the
next section, Example and simulation result is provided.

In chapter four, modular single phase PFC is combined to form three phase PFC.
Starting with the introduction of modular single phase PFC and the existing T-connected
modular single phase PFC system to introduce the proposed advancement of the T-
connected modular single phase PFC by means of replacing the low frequency
transformer with electronic phase shifter. In the next section, analysis of three to two
phase conversions and AC/AC conversion are explained. Then, the harmonics associated
with the switching of the ac chopper is analyzed. The four step switching technique used
in the proposed system is explained. Example and simulation result is provided. Finally,
Experimental results are show.

At the end chapter 5 summarize the results and the advantageous/disadvantageous of the

proposed systems.
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CHAPTER 1II
INTERLEAVING THREE PHASE DCM RECTIFIERS FOR HIGHER POWER

DENSITY

2.1 Introduction

2.1.1 Boost PFC rectifiers
Boost power factor correction rectifiers have been widely used to achieve high input
power factor and low harmonic distortion. The operation of the boost converter can be
classified depending on the inductor current to three modes: continuous current mode
(CCM), critical or boundary current mode (CRM), and discontinuous current mode. In
(CCM) operation the inductor current waveform is continuous and has very small ripples
which cause the inductor rms current to be nearly equal to the input rms current leading
to low electromagnetic interface (EMI) and lower conduction losses in the inductor and
lower conduction loss in the switches as well if compared with the other two modes of
operation. However, the continuity of the current cause hard switching and consequently
switching losses exist and diode reverse recovery current should take into account in the
design. Boost PFC in CCM mode is mainly used in high and medium power application
[26]. In both CRM and DCM the switches turn on in zero current and no switching
losses occurs. In CRM high input power factor can be achieved but the frequency is not
fixed and varies as required to keep the current wave form in the boundary between
CCM and DCM which cause difficulty in designing the converter and the EMI filter.
Also, variable frequency may cause peat phenomena and control problems. DCM mode

has the advantage of zero-current turn on and constant switching frequency. Moreover,
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DCM can be used in three phase rectifier as shown in section 1.5.5. By placing the
inductors in the ac line side the commutation of the current through the bridge diodes
allow continuity of the conduction in each phase if large duty cycle applied for the boost
converter. This topology known as PZ circuit proposed by [22] is limited with high

boosting ratio [27].

2.1.2 PZ circuit operation at low boosting ratio
The analysis is applied during the interval 0<c0t<g with reference phase a = Van sin(ot)

and can be expanded with alternating the phases through the entire line period. In each
duty cycle the PZ circuit has four mode of operation. Figure 9 shows the circuit. In
Mode 1 [0, t1], when the switch S1 is closed the diode D1 will open and the three ac
inductors are shorted through Dal,Dc1,Db2 and S1. As a result the current in each
inductor will rise in a rate proportional to the line to neutral input voltage. In the DC side
the capacitor is large enough to maintain constant voltage with small ripple during this
time. Then the switch is open and Mode 2 [t1, t2] starts. The Diode D1 will close and the
three diode bridge will remain conducted due to the line commutation of the ac
inductors. The most positive or most negative phase in this case phase b discharged in a
rate equal to the sum of the rate of the other two phases according to KCL. When the
current in the inductor of the least positive or negative phase in this case phase a reach
zero at t2 mode 3 [t2,t3] starts and the rate of discharge of the other phases are equal till
all the currents reach zero at t3. Finally, Mode 4 [t3,T] all the switches are open. The

current wave form is shown in figure 10.
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The discontinuous currents follow an envelope of the line to neutral voltage as long as
the three phases are conducting resulting in sinusoidal envelope in phase with the line to
neutral voltages. However, in the operational mode 3 two phases are conducting and the
currents follow the line to line voltage between the conducted phases which cause low
order harmonic to appear in the envelope [27]. The harmonics contain odd harmonics
only starting from the fifth-order harmonic [28]. The dominant harmonic is the fifth-
order harmonic and its value depends on the boost ratio between the input and the output
voltage as the boosting ratio increase the value of the harmonics decreases. The value of
the fifth-order harmonic is eight times the value of the seventh-order harmonic which is
the next largest harmonic at V0=1.62 VL-L and its vary from 30% of the fundamental
component at VO=1.5 VL-L to 7% at V0=2.7 VL-L , where VO is the output voltage and
VL-L is the line to line input voltage [28]. To overcome the high distortion in the
relatively low output voltage fifth-order harmonic filter can be used or variable duty
ratio with harmonic injection can be added to the control circuit of the boost converter.
The overall weight, size and coast of the DCM boost rectifier with fifth-order harmonic
filter is higher than the DCM rectifier with harmonic injection and reach double in some

design parameters [28].
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2.2 Proposed system
The proposed three phase rectifier figure 11 consists of two main power converter
stages. The first stage is three unites of three-phase rectifiers with three ac line inductors
and three-phase diode bridge for each unit and a DC filter capacitor. The function of the
first stage is to provide slightly variable DC voltage with input current complies with the
harmonic standards. The variation of the voltage is due the variation of the DC load to

maintain maximum power density as shown in the analysis in the next section.

Rec.2 same as Rec.1

i_ y

Rec.3 same as Rec.1
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x|/
'jm
X PQle1O
a
d

Figure 11 Proposed system of chapter 2

The second stage is a DC/DC convertor with high frequency transformer to provide

galvanic isolation and to maintain the output DC voltage. Each of the three units is
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basically PZ circuit with variable duty ratio control and relatively low output voltage.
The objectives of having three units is to interleave the input currents such that the low
order harmonic are reduced to acceptable limits and to reduce the size of the input filter
so that high power density can be achieved. Moreover, the DC filter capacitor has lower
current ripple as well. The boost switch in each unit is operated at constant frequency
and its duty ratio is varied to meet the interleaving, harmonic reduction and DC level
objectives. The reference signal for the PWM in each unit is same but the carrier signals
is phase shifted 120 degree that is the first unit carrier phase shift is zero degree ,the
second unit carrier phase shift is 120 degree and the third carrier signal phase shift is 240
degree. The input current for each unit is always discourteous shaped by reduced
harmonic envelope while the total input current is continuous with same individual
harmonic to fundamental ratio and less THD by 1.732 (¥/3). Since all current for each
unit goes to before the end of the switching period, zero current switching is achieved.
To maintain minimum output voltage for certain power level the operation of the
converter is near the boundary between the continuous and discourteous mode as shown

in the next section.

2.3 Analysis
In this section Analysis of the earlier mentioned proposed system is presented. Starting
with the average analysis of PWM boost converter to identify the boundary between
CCM and DCM modes of operation and to determine the switching frequency, inductors
value, duty ratio and the output voltage for certain value of the load power. Then,

analysis of direct three phase DCM rectifier is presented to determine the relation
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between the boosting ratio, time at which the switching start and the duration of each of
the four periods mentioned in section 2.1.2. Next, interleaving of three rectifiers to

achieve harmonic reduction is presented. Also, the DC capacitor load sharing is shown.

2.3.1 Average analysis of PWM boost converter in DCM
To determine the circuit parameters value, the boundary between CCM and DCM must
be known to ensure operation at DCM. The inductor current waveform at the boundary

between CCM and DCM is shown in figure 12 From which

bj,

Figure 12 Boundary between CCM and DCM
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Vin*D+T ~ V0xDx(1-D)

AiL = =
l L fs*L

In this case (at the boundary)

V0D *(1—D)
2% fs*L

lin= (4iL)2) =

And the output current

V0D * (1 — D)?

I0=1Iin*x (1-D) = Tx s vl

Thus the output power,

V0?2« D = (1 —D)?

= 10 =
PO = VO0=*1I0 2w fsrl

Figure 13 Shows the plot of the normalized output power with base= (Vo*/ 2*£,*L) as
function of D where the curve in the figure defines the boundary between the CCM and

DCM.
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Maximum point is point of interest. The derivative of Py with respect to D is

( V0?2
2%fs*L

dPy/dD = ) *(1-4D+3D?)

Equating to zero and solving for D yield Py maximum for DCM occurs at D=(1/3).

Substituting in the power equation above

4 V0?
POmax = —
27 2xfsx*L
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The DC voltage transfer function is given in [29]

2(D%)Vo
L L

Vo
MVDC = — = fsLlo

Vin 2

2stIo<MVDC—1

For
o = MvDC3

2.3.2 Analysis of direct three phase boost rectifier in DCM
In this section the analysis of PZ circuit with low boosting ratio presented in 2.1.2 is

extended. The current in each mode operation is analyzed. As in 2.1.2, the analysis is
applied during the interval 0<cot<g with reference phase a = Van sin(ot) and can be
expanded with alternating the phases through the entire line period. By using switching
frequency much greater than the line frequency average analysis of the boost converter
can be applied for each of the switching period. Table 6 introduced by [30] summarize

the current in each mode and time duration of each mode.
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Table 6 Current equations in DCM

Line Mode 1 Mode 2 Mode 3
a* 1= sin(0)t (o). My PM T
(©) iy (sin(0)- T)t+= 0
* o . . 2M._ 2DM
b Iy sin(6+60)t lb:(-Sln(9+60)+?)t-T i M V3 C(;S(H)) ou
P M DM
c* ic=cos(0+30)t (- ;+COS(9+30))‘[+T i 1\2/1 \/—cos(Q))H__
Time DT 3Dsin(0) MD (/3 cos(8)—3sin(6))
(M -3 51n(0)) T (M—-3sin(0))(M—+/3 cos(0))
duration

* The values multiplies by I:L:

Where M is % , Vo is the output voltage and V,, is the line to neural voltage of the

supply, 0 is the time at which the switching occurs, T is the switching period and D is the

duty ratio. In mode four all the currents are zero.

2.3.3 Interleaving n numbers of direct DCM rectifier for high power density

The objectives of interleaving n numbers of boost rectifiers operated in DCM are:

1. Reduce the input current harmonics to comply with the technical standards.
2. Reduce the input current ripple and consequently reduce the EMI filter size

which reduces the overall volume, weight and cost of the rectifier.
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3. Design the rectifier parameters to operate at maximum power density.

4. Reduce the DC link current ripple which reduces the capacitor filter size.

As presented earlier the DCM rectifier suffers from high fifth order harmonic if operated
with constant duty ratio. The input current harmonics as a function of the DC voltage
gain is presented in [27] and shown in figure 14. The input current wave form shown in
figure 10 can be interleaved so that the second demagnetization interval of the inductors
in phase b and ¢ (in this case) can be reduced by interleaving the input current of
multiple rectifiers. The duty cycle is varied opposite to the sixth order harmonic in the
DC link side. As a result, by reducing the fifth harmonic in the ac line side seventh
harmonic increased in the ac line side. The total interleaved current should have
envelope with acceptable limit of the low order harmonics. It shown in this section that
the highest power density is achieved by interleaving three rectifiers this operates near

the boundary between DCM and CMM.
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The input current of n interleaved rectifier is shifted by % since the switching frequency

is much larger than the line frequency. Interleaving two rectifiers result in g phase shift

between the switching moments of the rectifiers. From figure 13 and average analysis
equations, the maximum power density occurs at D=0.333. So, for 0.5 average duty
ratio, the operating point is away from the boundary between DCM and CCM which
mean relatively low power density. Or, if the two rectifiers have 0.3 average duty ratio,
the interleaved current has high ripple and could be discourteous. Interleaving four
rectifiers limit the duty ratio to an average value of 0.25 which result in relatively low
power density. Obviously, interleaving more than four rectifiers have lower power
density as the rectifier numbers increase. Interleaving three rectifiers operated at average
duty ratio of 0.3 results in maximum power density and low current ripple. Figure 15
shows the power density per maximum power density for 2,3,4 and 5 interleaved

rectifiers.
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Figure 15 Numbers of modules versus power capacity

2.3.4 Maximum power density tracking
The rectifier circuit elements are design to operate at maximum power density (operating
at the boundary between CCM and DCM) with constant frequency. If the output DC link
voltage held constant when the load power reduced, the operating point will be in CCM
region. So, to operate at the boundary, the DC link voltage should vary such that the
operation point should be near the boundary between CCM and DCM.As can be seen in

figure 13 at maximum power density P, = rated power and My4.= 1.5 from which

Po

2fsLVo? =0.15

And at M 4= 1.2
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Po
2fsLVo? 0.12

If one design for rated power at the maximum power density and track the boundary

then:
Vonew (1 . 12) P new
Vo old Pold

2.3.5 Inputs filter design
For the three phase AC source the input filter should designed to attenuate the unwanted
high frequency currents (at switching frequency) and not to cause and phase
displacement between the input voltage and current to keep unity displacement power
factor. Figure (16 a) shows the proposed system with the input filter. Since the filter is
passive element, the design should be at the desired operating power in order to have
best performance at the rating. On the other hand, the cut off frequency should be chosen

to attenuate the highest possible harmonic currents which in this case in the lower power.

. . L . 1
The filter characteristic equation is Z,= \/; and the cutoff frequency is fc—m

To avoid any phase shift at the desired power the characteristic impedance of the filter
should match the equivalent resistance (R.) of the load which for wye connected filter

given by:

VP, (V3)

=
power per phase
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The cutoff frequency should be selected based on the attenuation wanted at the harmonic
frequency. According to [30] Table 7 give the loss per octave for the L-filter shown in

figure (16 b).

Table 7 Loss per octave for the design
fs 1[2]3]4]5]6

fc

Loss per octave 12124 |36 |48 | 60 | 72

(dB)
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Figure 16 a) Input filter with the system
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Figure 16 b) Equivalent circuit at high
frequency

2.4 Design example and simulation result
Design for application of Data Center given in Chapter 1 the total output power for the
rectifier is 12 KW (Po=12 KW, 4 KW in each module) from main input V;,=480 V
ms. Design for maximum power Density at the rated power the boosting ratio and the DC

voltage gain are m=2.47 and M,pc=1.5 respectively. The output voltage is Vo= 973 V
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accordingly. The switching frequency is chosen to be 70 KHz (f;=70 KHz) at maximum
power with the parameters above L can be calculated to be 100 uH (total 9). And for the

input filter L= 53uH and C¢=47.8 nF.

Simulation results are obtained at rated power and at half the rated power. For the rated
power THD=12.4% without the input filter. After input filter THD=11.6%. Figure (17)
shows the input current in each module in a) time domain wave form of the input current
in each module. b) the frequency spectrum of current in a). The low order harmonics for
current in a) are shown in c). It can be seen that the fifth order harmonic is reduced to

7% from figure (17 c).

Table 8 Design parameters at rated load

Rectifier inductor L 100 uH (9 total)

Switching frequency 70 KHz

Total power 12 KW, 4KW in each module
Input voltage Vin 480 VL-L rms

Output voltage VO 973V

Voltage gain 2.47

DC voltage gain 15

Input filter inductor 53 uH

Input filter capacitor 47 nf
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Figure 17 c) FFT for the low order harmonics in each module
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25

20

10

[67767.7, 0.0418788]

0 20000 40000 60000 80000 100000
Frequency (Hz)

Figure 18 b) FFT for the interleaved current

Figure (18) shows the interleaved current (total input current for the rectifier) and its
frequency spectrums. It can be seen that the high order harmonics (harmonics at

switching frequency) are canceled which reduce the input filter size.

Figure (19 a) shows the input current and the input voltage are in phase (unity
displacement power factor). Figure (19 b) shows the output voltage at rated power. And

figure (19 c) shows the modulated signal of the PWM for harmonics injection.
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Figure 19 b) Output voltage at rated power
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At half the rated (Po=6 KW, 2 KW in each module) power the passive elements remain
same and the output voltage is vary to operate in DCM. According to the maximum
power tracking equation the output voltage for the new power is Vo= 777 V which
means m=1.97 and M,pc=1.2. Simulation result for the proposed system at half the

rated power gives THD=22% without input filter. And after input filter THD=16%
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Table 9 Design parameters at half the load

Rectifier inductor L 100 uH (9 total)
Switching frequency 70 KHz
Total power 6 KW, 2KW in each module
Input voltage Vin 480 VL-L rms
Output voltage VO 77TV
Voltage gain 1.97
DC voltage gain 1.2
Input filter inductor 53 uH
Input filter capacitor 47 nf

Figure 20 shows the input current and the low order harmonics spectrum in each module
at half the power the individual 5™ and 7™ order harmonics are 12% of the fundamental.
The low order harmonic increased compared with the rated load case is due to the low

voltage boosting ratio in case of half of the rated load.
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Figure 20 b) FFT for low order harmonic at half

Figure 21 shows the interleaved current (input current for the rectifier). Because the

output voltage reduced according to maximum power tracking, the ripple in the

interleaved current increased and hence the current amplitude at the switching frequency
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Figure 21 a) Interleaved current at half the rated load
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Figure 21 b) FFT for the interleaved current at half the rated
load
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Figure 21 c) FFT for the low order harmonics for the
interleaved current at half of the rated load

Figure 22 shows the input current and the input voltage after filtering in a). The phase
shift just 0.132 rad. And in b) the amplitude of the input current at the switching

frequency is filtered.
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Figure 22 b) FFT for input current after input filter at
half of the rated load

Figure 23 shows the output voltage. The voltage is reduced compared with rated load
case to follow the maximum power density operating point. Figure 24 shows the

modulated signal of the PWM for harmonic injection method.
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2.5 Conclusions
In this chapter modular three phase rectifier with high power density were introduced.
Interleaving the input current and vary the DC link voltage to operate at maximum

power density result in the following advantages of the system:

e With semi-regulated DC link output voltage the power density increased by 3%
at operation range of (0.5P,< P<P,) compared with the fixed output voltage.
e Input filter size is reduced by a factor of 15.

e Harmonic injection method reduces the fifth order harmonic of the input current

from 20% to 7%.
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CHAPTER III
THREE PHASE RESONANT RECTIFIER WITH HIGH INPUT POWER QUALITY

AND HIGH POWER DENSITY

3.1 Introduction
Modular rectifier systems are the main supply of the telecommunication industry now a
day due to the advantage of operational behavior, system technology, and coast [20].
The power conversion takes place in two stages in these systems. First, three phase diode
bridge rectifier convert the ac main supply to a DC-link voltage. Second, output voltage
is obtained from the DC-link voltage by a DC/DC converter with high frequency
transformer connected in series with the rectifier. As can be seen from chapter 2, the
conventional three phase diode bridge rectifier has high amplitude of low frequency
main current harmonics. In chapter 2, harmonic injection method is used to reduce the
main current harmonics. In this chapter, a resonant three phase rectifier with zero voltage
switching method is used to further decrease the low order harmonics. Resonant
rectifiers have been stated to be suitable for power supplies applications due to their high
main current quality [31]. The proposed system in this chapter also has the advantageous
of zero switching losses. The absence of the switching losses results in high over all

system efficiency and high power density [32]-[33].

The proposed system equation and design aspects are derived in this chapter. Also,

example and simulation results are provided.

60



3.2 Proposed system
The proposed system shown in figure 25 is consisting of three interleaved resonant
rectifiers. Each rectifier is three phase single switch rectifier with zero voltage switching.
The circuit originates from the circuit proposed in [34]. The purpose of using resonant
circuit is to further reduce the low order harmonics in the direct three phase rectifier
proposed in chapter 2 and to have zero switching losses due to zero voltage switching
technique used. The purpose of interleaving the input current is to remove the input filter
which reduces the overall rectifier size, weight and cost and to deliver constant power
from the supply. The system has to stage of conversion first the interleaved resonant
rectifiers cascaded DC/DC converter with high frequency transformer for each rectifier
to provide galvanic isolation and to balance the output load between the rectifiers. The
minimum output voltage of the proposed system is twice the line to line RMS of the
source voltage and the input current has low THD. The output power is limited to a
certain value due to the impedance matching of the resonant circuit. The analysis and

design of the system is presented in the next section.
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Figure 25 Proposed system of chapter 3

3.3 Analysis
In order to design the system and to know the operation limits, the analysis started with
the analysis of mode of operation of each module. Next, the design characteristics and
system equations are derived. Finally, interleaving the module to complete the system is

presented.

3.3.1 Module mode of operations and equations
Figure 26 shows the topology of each module used in the proposed system. The DC/DC
converter and the load are emulated as simple resister in the analysis in this section. The
module consist of three resonant inductors in the ac side of the AC/DC converter and
six resonant capacitors clamped across each diode in the three phase diode bridge as
shown in figure 26. The notation in figures will be followed along the analysis in this

chapter.
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Figure 26 Module topology of the proposed system in chapter 3

Modes of operation

The analysis of the operation for one switching period is derived during the interval from
0=0 to ng with input voltage V, = Vpx sin(0) -in phase a- as a phase reference as

shown in figure 27. and it can be generalized for the entire line interval with phases

interchanged according to the three phase symmetry.
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Figure 27 Main input voltage

During the switching period the current in each phase and the voltage across the resonant
capacitors has six modes of operation. Figure 28 shows the modes of operation of the
current in each phase with the time duration of each mode. Figure 29 shows the voltage

across the resonant capacitors during each mode of operation.

I(La) I(Lb) I(Lc)

Ipeak 1 —————
=—to ~k123 5 16 i

0 2 w7 fime

e \ ] e

Figure 28 Main current during switching period
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Figure 29 Voltage across the clamped capacitor during the switching period

The detailed analysis of each mode of operation is presented below:

Mode of operation 1
Operation mode 1 where the switch S1 in figure 26 is closed can be divided into interval
first when the 6 clamped capacitors carry the current and no current pass through the
bridge diodes till the voltage across them completely discharged as shown in figure(30
a). And the second interval of operation mode 1 when the capacitors are completely
discharged and S1 closed here the currents passed through the diode bridge based on the
input voltage line to neutral as shown in figure (30 b). Since the time duration of the first
interval is small compared with the time duration of the second interval, the two
intervals can be approximated to the second interval only which will be the case in this
analysis. The effect of the first interval will be demonstrated in the capacitor current

stress.

T

In this mode of operation and during the interval 6=0 to 6= P D1, D5 and D4 carry the

line current. The instantaneous currents equations are:
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VPK sin(60)
L

ian =

) VPK sin(6 — 120)
ibn = L

VPK sin(6 + 120)
L

icn =

for the interval from 0<t<tl where t1=DT.

With the assumption of the current passing through the diode bridge and the resonant
capacitors are completely discharged figure (30 b), the current in each phase is linearly
increased in a ratio proportional to the line to neutral voltage in that phase as can be seen
from the current equations above. In this mode of operation, the current equation is
similar to the conventional discontinuous current mode boost rectifier equations as can

be seen from the equations above and the equations of mode 1 in table 6.
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Figure 30 a) Circuit during mode 1
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Figure 30 b) Circuit during mode 1
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Figure 30 c) Voltage space vector during
mode 1

Figure 30 d) Current space vector during
mode 1

Mode of operation 2
Switch S1 is open diode D7 still open since the clamped capacitors opposite to the

conducting diodes is charging from zero to a final value equal to the output voltage. The
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inductors current passed through diodes D1,D5 and D4 and capacitors C2, C3 and C6.

The three capacitors are connected across the bridge DC terminal as shown in figure (31

a).

DI D3 DS D7

Vo

Co RL

D2 D4 D6
Figure 31 a) Circuit during mode 2



Figure 31 b) Voltage space vector during mode 2

Figure 31 ¢) Current space vector during mode 2

With phase b as the return path for phases a and c, the instantaneous current is derived

for phase b and from which the capacitor value is determined.

VPK sin(6 — 120) + L di/dt + Vc =0

Where V. is the voltage across the three capacitors
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From which

L 4’ + Lo 0
dt? ¢
Solving for I yield
) VPK sin(6 — 120) VPK sin(6 — 120) )
ibn = DT cos(wot) + sin(wot)
L Zo
=1 - |k
where ®,= N and Z, \/;
Similarly
) VPK sin(60) VPK sin(60) )
ian = ————— DT cos(wot) + ———— sin(wot)
L Zo
) VPK sin(6 + 120) VPK sin(6 + 120) )
icn = DT cos(wot) + sin(wot)
L Zo
The current in each capacitor is (1/3) iy, SO,
1 t2
Ve= —| ibndt
€= 37 DTL n
1 VPK sin(6 — 120) ) )
= i{ 7o [DT (sin(wot2) — sin(woDT))

_ % (cos(wot2) — cos(woDT)) |}

And att2 V=V,
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Neglecting the supply resistance the peak value of the undammed system during this

mode of operation occur at
s , I s
t=—thatist2 —tl =—ort2 =DT +—
wo wo wo

From which

Vo = i {VPK sin(6 — 120) @ [cos(o)oDT)

3C 75 "y — DT sin(woDT)]}

Let AZ% where o; is the switching frequency

0 = 2 AVPK sin(6 — 120) [cos(ZnD)
B 3 A

— 2nD sin(2nD)]

Operation Mode 3
Voltage across the capacitors C2,C3 and C6 reach the output voltage and the diode D7
conducted the capacitor currents are zero and the current flow through the load as shown

in figure(32 a).
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Figure 32 a) Circuit during mode 3

Figure 32 b) Voltage space vector during mode 3
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Figure 32 c) Current space vector during mode 3

The inductor current equations are

1 .
3 Vo — VPK sin(6) VPK sin(6)DT
- (t—1t2) + )

ian = cos(wot2)

VPK sin(0
L VPK sin(0)

J t2
75 sin(wot2)

VPK sin(8 — 120) + % Vo
L

ibn = (t —t2)

VPK sin(6 — 120)DT
+ L

cos(wot?2)

VPK sin(6 — 120)
+
Zo

sin(wot2)
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1

3

Vo — VPK sin(6 + 120)

icn =

T (t —t2)

VPK sin(6 + 120)DT
* L

cos(wot2)

VPK sin(6 + 120)
+
Zo

sin(wot2)

iD7 = ibn

At the end of this mode (at t3) 1,,=0. Result in

VPK sin(0)

3 =12 (g

3

Or in term of A

VPK sin(60)

) (DT cos(wot2) +

Vo — VPK sin(60)

£3 =12+ (7
3

5 Vo — VPK sin(6)

)(is) (2nD cos(2nD) +

And the final value of 1y, in this mode of operation (at t3) is

—Vo

ibn(t3) = |

With 2= DT+=
wo

(VPK sin(9) — % Vo) L

] (DT cos(wot2) +

Vo

ibn(t3) = |

VPK sin(6) — 1 Vo)L
( 3 Vo)

] (DT cos(woDT) +

75

sin(2nD)
A

sin(wot2)

sin(wot2)

)

)

wo

sin(woDT)
wo )



In term of A

. Vo sin(2nD)
ibn(t3) = | 1 (2nD cos(2nD) + —

VPK sin(0) — 1 Vo)L ws
( 3 Vo)

Operation Mode 4
The diode D1 open and the current passed through C1 and C2 to balance their voltage

with the output voltage as shown in figure (33 a)

D1 D3 D5 D7
ia | 11 u +
R E N
d RN

== $
:’ RL

D2 D4 Db

Figure 33 a) Circuit during mode 4
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Figure 33 b) Voltage space vector during mode 4

N4

Figure 33 ¢) Current space vector during mode 4

The system equations are:

d? Vel dip,

TS + L i + Vel +Vmn =0
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dZ Vc2 diD7
+ L — 4+ Vc2 +Vmn =0

—Vbn+ LC — o

Vel + Ve2 = Vo

Solving for V., V¢, and ipy

Vel(t) = %+ (@) [1 — cos (wO(t — t3))]

- %_ M [cos(t —t3)) - 1]

Ve2(t) = %— (%) [cos (a)O(t — t3))— 1]

I§+ M [cos(t—t3)) - 1]

—CV Ven + Vo =V, — 2V,
iD7(t) = —25 (6) + ibn(t3) + [

1t

With balance three phase supply V,, + Vy,, = —V,,, and for neutral shifting to reduce the

input current harmonics V,,,, = —0.5 V,,, and with small capacitance value.

iD7(t) = ibn(t3) + [_ZIL/"] t

. dv, \V3Vpgcos(6
i — c1_ PK
cl dt 2 ZO

sin(w,(t — t3))

. dv, V3V @) .
iy =—C th— —( PZKZC:S sin(w, (t —t3)))
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fan = (ies + )= — 22 sin (0, (¢ - £3))
At the resonant rotating reference frame
(ipn)resonat pare = lian| €08(8-120) sin(wo (¢ — ¢3))
(icn)resonat part = lign| cos(6+120) sin(a)o (t— t3))
ipn = —[lian] cos(8 — 120) sin(w, (¢t — £3)) + ips]
icn = [—lignl cos(® + 120) sin(w, (t — t3)) + ips]

\3Vpg cos()

Where |iz,| = 7
o

At the end of this period i}, = zero at t=t4 and for balance three phase system
ipn should start resonate with angle 120 ahead of phase a since in the resonant reference

frame the sequence is negative. So, at t4 resonant current in phase a will be at angle

0+60

T
w, (t4—1t3) = 9+§
From which

0+Z
(t4 —t3) =

3
Wo
Or in term of A
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Mode of operation 5
In this mode of operation iy, reach zero, capacitor C4 start charging and capacitor C3

start discharging as shown in figure (34 a).

D1 D3 D5 07

Vo

A
v
=
—

(o

A

D2 D4 Db

Figure 34 a) Circuit for mode 5
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Figure 34 b) Voltage space vector in mode 5
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Figure 34 ¢) Current space vector in mode 5
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The current equations are:

.. _ian
lcxn = ez = >

ibn

ic3 = lca = >

. _ lCTl
b7 =7

The current in capacitor C1 and C2 continue in the same rate as in mode 4. Consequently

the current in phase a continue resonating in same equation as in mode 4.

i = w sin(w,(t — t3)) or = M sin( w, (t — t4)) + iz (t4)
o
Iy = w sin(a)o (t— t3)) or = w sin( w, (t — t4)) + i, (t4)
gn=— ‘/_3—VPKZCOS(9) sin(w, (t — t3)) or = ——\/§VP§COS(9) sin( wy(t — t4)) + ign(t4)

P = V3Vpgcos(6+60)
c3 27,

Sin(wo (t— t4))

__ V3Vpkcos(6+60)

= sin(wo (t— t4))

lea =

V3Vpgcos(8 + 60)
o

sin( w, (t — t4))

icn = —2|ignlcos(8 + 120) — 2|ipy,lcos(6 + 120)

At the end of this period i, = zero at t=t5 and for balance three phase system

i.n should start resonate with angle 120 ahead of phase b since in the resonant reference
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frame the sequence is negative. So, at t5 resonant current in phase a will be at angle

0+120
27T
w,th—t4 = 6+ Y

From which

21

0+
th —t4 = 2

Wo

Or in term of A

21

6+
th —t4 = 2
2ATf

Mode of operation 6
In mode of operation 6 all the diodes and the switch are open and the current pass throw
the resonant capacitors as shown in figure (35 a). The current is resonating in each phase
in LC circuit. The voltage and current phase vector in dq-plan are shown in figure (35 b)

and figure (35 c) respectively.
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Figure 35 a) Circuit in mode 6

Figure 35 b) Voltage space vector in mode 6
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Figure 35 c) Current space vector in mode 6

\V3Vpgcos(0)

i1 = =5 sin(w,(t — t3))

[y = \/_3—VPZKZC:S(9) sin(w,(t — t3))

i3 = —@VPK:(Z(Q%O) sin(w,(t — t4))

fcg = — J—g—VPKEOZSD(B%O) sin(wo (t — t4))
[eg = J—g—VPK:OZSD(B%O) sin(wo (t — t5))
icg = \/_3—VPK;(Z(9_6O) sin(w,(t — t5))
ign=— —\EVPKZCOS(H) sin(w, (¢t — £3))

o
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_ V3Vpicos(6 + 60)
o

sin( w, (t — t4))

_ V3Vpicos(8 — 60)
len = — 7
(0]

sin( w, (t — t5))

Table 10 summarizes the current equation and the time duration of each of the mode of

operation.

Table 10 Current and time duration in each mode

Phase Mode 1 Mode 2 Mode 3
H VPK sin(6 VPK sin(6 1 .
fan VPKsin(®) | YPKSO) b oscwor) 3 Vo~ VPK sin(6)
L L A )
VPK sin(6) . .
+ ——— sin(wot) VPK sin(6)DT
Zo + — cos(wot2)
+ VPK sin(6) . 2
7o sin(wot2)
ion VPKsin(6 —120) ~| VPKsin(6 —120) cos(@ot) VPK sin(6 — 120) + % Vo
L L - (t—t2)
VPK sin(6 — 120) ,
———— sin(wot) VPK sin(6 —120)DT
Zo + I cos(wot2)
VPK sin(6 — 120) .
+ —Z sin(wot2)
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: VPK sin(6 + 120 VPK sin(6 + 120 1 .
ien sin( ), sin( ) DT cos(wot) 3 Vo~ VPK sin(6 +120)
L L T (t—1t2)
VPK sin(6 + 120
+ # sin(wot) VPK sin(6 + 120)DT
Zo + I cos(wot2)
VPK sin(6 +120)
+ e sin(wot2)
iD7 0 0 ibn
1 DT n VPK sin(6 1
Time Yo (1—() )(—) (27D cos(2rD)
s 3 Vo~ VPK sin(6) ws
duration sin(2nD)
A
Phase Mode 4 Mode 5 Mode 6
ian - ‘/LPKZEOS(B) - ‘/LPKZEOS(B) sin(w, (t — t3)) - ‘/LPKZEOS(Q) sin(w, (t — t3))
sin(w,,(t - t3))
i —[lign| cos(® V3Vpicos(6 + 60 V3Vpicos(8 + 60
lbn [l anl ( _ PK Z( ) sin(a)g(t _ PK Z( ) Sin((l)o(t—t‘l’))
o o
—120) sin(w, (¢
— t4))
—t3)) + ipy]
; —lignl cos(® —2lignlcos(8 +120) 3Vpicos(6 — 60
Ien [~lign| cos( an _—\/_ PK Z( ) sin( w, (t — t5))
. o
+120) sin(wg(t — 2|ipnlcos(6 + 120)
—3)) + ipy]
. -V i 0
1D i ° “n
7 lbn(t3)+[2L]t 2
Time 0+3 6+ 5
2Amf; 24 f,
duration

Table 10 Continued
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The average neutral voltage during the switching cycle is
Vinn @ta * At4 * sin() + Vipp @ts * At5 * sin(6 + 2?11)

|an@t4| = 0.5 |Van|

|an@t5| = 0.5 |Vcn|

— 0+2 0+
Vipn= 0.5 Vpg (ZA;;S sin(0) + 2:;}5 sin(6 + 2?” )) for 0<9<%

For A=2 and V.1 ms =480 V the waveform of the voltage between the midpoint and the
neutral is shown in figure 36. It can be seen from figure 36 that the neutral voltage is
shifted every 60 degree of the line frequency. This neutral shifting compensate the
modulated input currents envelopes change that occur in the conventional DCM rectifier
mentioned in chapter 2 where the modulated input currents envelopes follow the line to
neutral voltage of the source in the first demagnetizing interval of the inductors and the
line to line voltage of the source at the second demagnetizing interval of the inductors

causing low order harmonics to exist in the input currents.
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Figure 36 Neutral voltage

Because of the voltage neutral shifting shown in figure (36) the current low order

harmonic is reduce.

3.3.2 Design characteristics
Two main parameters are of concern in the design of the proposed system. First, the
output voltage which should be around twice V.. ms of the supply voltage in order to
operate in the operation modes mentioned in the previous subsection and consequently
satisfy the neutral shifting principle to eliminate the low order harmonics in the input
current. This can be clearly observe in mode of operation 4 and 5 in order to satisfy KVL
half of the DC link voltage should be equal to the VL ms. The second parameter is the
output power or the effective load resister seen looking by the resonant circuit in order to

match the resonant impedance. The effective resister is a factor of the D7 conduction
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time (t2<t<t5) as shown later in this section. Varying the duty ratio leads to variation of
the effective resistance which could be design to match range of output load power.
However, in order to get proper neutral voltage t4 and t5 are of balance since the average
neutral shift is the resultant of the average of the neutral voltage during these two modes
of operation. In this section exploration of the circuit parameter and their effect on the

operation is accomplished.

The system operates in frequency range below or equal half of the resonant frequency in
order to catch the desired modulation. The output voltage is designed to be twice VL ms

as explained based on equation

0 = 2 AVPK sin(6 — 120) [cos(ZnD)

— 2nD sin(2nD
3 y D sin(2nD)]

Derived in the previous subsection the duty ratio should satisfy the conditions of design
over the range (0<0<30) degree which was the assumption of the derivation. Figure 37
shows the relation between the duty ratio and the ratio between the resonant to switching

frequencies.
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Figure 37 D versus A

The output power is limited to match the effective impedance with the resonant
characteristic impedance in order to suppress the harmonics. Figure 38 shows the
equivalent circuit where R is the effective impedance and Ry is the actual load

impedance.
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Figure 38 Equivalent circuit

Vo R
.~ 7z,
For VOZ 2 VL-L ms
R=2.7Z,
t3 + t4 + t5
R, = #RL

From which the load resistance can be found and hence the output power.

3.3.3 Interleaving system input currents
Interleaving the modules analyzed above reduce the input current ripple which reduce
the input filter size and provide current path in the mode of operation where the current
flow in opposite direction refer to the supply which make the supply deliver constant
power. From modes of operation 1 and 2 the time at which the current rise is 0.35 the
total switching time result in the maximum number of the interleaved module is three.

So, interleaving 2 and 3 is analyzed.
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Figure 39 shows the current waveform and the frequency spectrum of the current in each
module and the interleaved current with two modules system. From which interleaving

two modules result in;

* Reduce current at switching frequency but doubled the ripple at resonant
frequency.

» Still have high current ripple.

I(L1) I(L4) lin
60
40
20
0
-20
0.3022 0.3024 0.3026 0.3028 0.303

Time (s)
Figure 39 a) Current wave form for interleaving 2 modules
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While interleaving three modules reduce the current ripple at both the switching and
resonant frequencies and have minimize the current ripple. Figure 40 shows the current
waveform and the frequency spectrum of the current in each module and the interleaved

current with three modules system.
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modules

Interleaving the input current effect the average time in modes of operation 4 and 5
which effect the voltage between the midpoint of the diode bridge and the neutral and

hence the input line current harmonics.
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3.4 Example and simulation results
An example of 18 KW (6 KW in each module) load supplied from 480 Vi ims supply is
given. The output voltage is twice the input line-line voltage V,= 2(480)= 960 V. load
resistance for this output voltage and 6 KW power is 153.6 ohm from which the
equivalent resistance is 40.5 ohm and the characteristic impedance of the resonant circuit
to match the load is 15 ohm. The resonant frequency is 16 KHz and the switching
frequency is half of the resonant frequency (8 KHz). From figure the duty ratio is 0.11
constant. The resonant inductor and capacitor can be found from the characteristic
impedance and the resonant frequency to be 150 uH and 0.667 uF respectively. Table 11
summarizes the values for the individual module. And figure 41 shows the individual

resctifier.

Table 11 Simulation parameters for individual module

VL rms 480 V

P KW
La 150 uH
C1l 0.667 uF
fs 8KHz
V, 960 V
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Figure 41 Circuit for parameters given in table 3-2

The input current for individual module and its low frequency spectrum are shown in

figure 42. It can be seen that the 5™ order harmonic is 4.5% .
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Figure 42 b) Frequency spectrum for the individual
module input current

And table 12 summarize the values for the system and figure 43 shows the system.
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Table 12 Parameters for the system

VL rms 480V

p 18KW

La 150 uH

Cl 0.667 uF

fs 8KHz

V, 960 V

Rec.1l D
2 . BHgit

f""" St
o i O
121

Rec.2 same as Rec.1

Q O r—

Rec.3 same as Rec.1

d

Figure 43 Circuit for the parameters given in table 12

The input current for interleaved system and its low frequency spectrum are shown in
figure 44. It can be seen that the 5™ order harmonic is 8.3% and the 7™ harmonic is very

low. The total THD is around 8.3%.
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Figure 44 b) Frequency spectrum for the system input current
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Figure 45 shows the full frequency spectrum. It can be seen that the interleaving
suppress the current at the switching and resonant frequencies in the top compared with

the individual module in the bottom.

lin

80

60

40

20

I(L1) 1(L4) 1(L10)

20

15

10

0 20000 40000 60000 80000
Frequency (Hz)

Figure 45 System input current frequency spectrum (above) versus module input
current frequency spectrum (below)
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Finally, Figure 46 shows the output DC voltage.
3.5 Conclusions
In this chapter modular resonant three phase rectifier with high input power quality were
introduced. System equation and design characteristics were derived. Finally, example

and simulation results were provided. The result can be summarized as the following:

» High input current quality utilizing single switch rectifier were achieved.

L)

X/
o

Constant power delivered by the supply.

X/
o

No input filter required.

7/
°

No switching losses.

7/
°

Operate for certain output voltage V=2 VL L ms -

7/
o

Operate for narrow output power rang if individual low order harmonics limited

to 4%.
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CHAPTER 1V
A MODULAR THREE PHASE POWER FACTOR CORRECTION (PFC)
APPROACH WITH TWO SINGLE PHASE PFC STAGES AND AN ELECTRONIC

PHASE SHIFTER

4.1 Introduction
Rectifiers are widely used to convert main sinusoidal voltage to a DC voltage. The
rectifier inputs are connected to the grid through a line transformer to provide a galvanic
isolation between grid voltage and load. The rectified voltage used to supply a DC load
such as telecommunication and network server industries or act as first stage power
conversion process such as uninterruptable power supplies (UPS), variable speed drive
(VSD) and HVDC. Three phase classic diode bridge rectifiers draw nonlinear currents
with harmonics of order 6n® where, w is the angular frequency and n=1,2,3,...., Along
with the fundamental frequency component which result in a high total harmonic
distortion (THD) and consequently poor distortion factor (DF) and power factor (PF).
IEEE standard (512-1992) recommend to limit harmonics to THD <5% for 69KV and
below and provide basis for limiting the harmonic [1]. In order to meet these quality
requirements, improvement of the utility interface with power electronic devices is
applied by adding active filter on the point of common coupling with the utility interface
or by embedded power factor correction (PFC) topology in the rectifier. Several
techniques of PFC are used. Multi-pulse rectifier which consists of phase shifting
transformer and three phase diode bridge rectifier are used to reduce the harmonics to

multiples of the number of pulses used. This technique is mainly used in high power
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applications (> 100 KW) due to their relative simplicity and robustness compared with
other technique [17]. Other method employs additional resonant elements with control
circuit instead of the phase shifting transformer such as boost convertor operated in
discontinuous current mode with the three phase bridge rectifier. Three single phase
modules with boost converter also used to reduce the THD and improve the power
factor. Their output varies from 12 Vdc to 400 Vdc [3]. Main advantages of using

modular PFC in three phase rectification are:

¢ Individual module does not effect by unbalance or distorted source.
Each phase is controlled individually.
e (Can be used for both continuous and discontinuous current mode which can be

used to minimize the switch stress. [4].

Main disadvantage of this method is the amount of component used [22].One approach
to minimize the modules number is presented in [19]. This approach used a transformer
to combine two phases into one phase with phase shift of 90 degree with respect to the

third phase as shown in figure (49(c)) and used two single phase PFC module.

In this chapter an improvement to system in [19] is proposed by replacing the
transformer with AC chopper and using high frequency transformers in the DC/DC side

to provide galvanic isolation as shown in figure 47.

The AC chopper is less in size, weight and cost compared with the low frequency

transformer which results in higher power density.
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4.2 Proposed system
The proposed system is consist of two single phase PFC module and an AC chopper
consist of two bidirectional switches by means of two pairs of common emitter
connected IGBTs with parallel diode as shown in figure 47 and several kilohertz input

filter.

|
:(<[1(Jp/wr:lm0d1| —==1 Boost PFC :r———————l
- Y S | ]
Vag | S0 T i
— v -
—'— | Il 70 : — = :DC/DC Converter: DC Load
by S I Y N SRR R I 4
_(:‘_._i | | | | | — — — - - — — _li_
£.—1 ' = _|:_:_:_:J::— - —._—_—_—_l _______
[ : I i _ _ _ Boost PFC |
I |Imod%— =1
: I I=___/v\"/\_1_l_;|_| | lJ”Y\_]'Bl_W_L
X 1 4! ST
I | e I | — | | DC/DC Converter
L = I | I I\ | LN | |
] | — : l____L__|_|_
I i (N |
(D OWRASIFIETY L

Figure 47 Proposed system of chapter 4

The proposed system is advancement of the system presented in [19] with increased
power density by replacing the low frequency transformer with AC chopper. The
function of the AC chopper is to generate the midpoint of two phases in a three phase

system so that the phase angle between these two phases and the voltage across the
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midpoint and the third phase is 90 degree as shown in figure (49 ¢). This transformation
of three phase system to two phase system reduces the single phase module from three

modules to two modules.

4.3 Analysis
Phase vector diagram of a balanced three phase line voltages form an equilateral triangle
as shown in figure 48. The midpoint m lies between a and b where the vector Vi, is

perpendicular to V,, and it magnitude is equal to V, sin(60)= (0.866) V .

—

Figure 48 Phase vectors

Thus, the phase shift between V,, and V. is 90 degree and V,.=(0.866)V,, as shown in
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figure 48. The AC chopper, in figure 1, is used as electronic phase shifter to physically
obtain V. from V. and V,. The AC chopper switches should operate alternatively with
0.5 constant duty ratio to get precise 90 degree phase shift. The Fourier series of the

output voltage is given by

Vine = Vo S1(t) + Vi, S2(2)

Where S1(t) and S2(t) is the switching function of the upper leg and the lower leg of the

ac chopper respectively.

Vine = Vine at fundamental + Harmonic order at the switching frequency.

For switching frequency >> line frequency.

The three phase sinusoidal time domain waveforms are shown in Figure (49(a)) the
output of ac chopper is shown in Fig (49(b)) finally the input voltage of the two PFC

modules is shown in Figure (49 (c)) after being filtered with low pass filter.
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Figure 49(a) Three phase voltage wave form.
(b) The output of the AC chopper with the Vg,
(c) Two phase system with 90 degree phase shift.
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Pa + Pb = Pmodl + (1/3) Pmod2
Pc=(2/3) Pimoa2
For balance loading Py,0q4; should be equal to Py,oqz results in P,=P,=P.= (1/3) Piota

Obviously, the power delivered from each phase should be equal in order to maintain
balance currents. From equations above, the balance loading occur when the two single
phase modules share the load equally. This can be achieved by controlling the single
phase PFC modules to have equal DC link voltage. As a result module2, which has
lower input voltage, has to boost it rectified voltage more than modulel by a factor of
0.866 which leads to Iio0q1= (0.866) Iinod2 and Ppmodi=Pmod2. Then the DC/DC convertors
transform the output voltage to the desired voltage value. The two output voltages have

the same value and connected in parallel to share the load.

The voltage across the bidirectional switch is V1 and the current passing through it is

Tod2 = Ptotal/(\@ VL.Lms)- The PWM operation with dead time to avoid shorting a
voltage source or overlap time to provide a path for a current in the circuit is not
practical in ac/ac conversion with bidirectional switches [35]. The four step switching
method proposed in [35] can be used to realize the electronic phase shifter. Figure 55
shows the gating of the switches with this method. Finally, In order to balance the filter
element between the phases, three EMI filters are used which are the input line current
filter, the ac chopper output voltage filter, and a filter identical to ac chopper output

voltage filter placed between phases a and b. Unbalance filter impedance cause transfer
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between the CM and DM noises [36], [37] and [38].

4.4 Simulation result
The design is continued for 12KW rectifier supplied from Vi, 1 ms= 480 V as in chapter
2 and 3 for datacenter power supply applications. Table 13 shows the system parameters,
Table 14 shows the ac chopper output filter parameters and table 15 shows the input

current filter parameters. In table 15, delta connected LC filter is used as shown in figure

50.

m — W = LA

L
Figure 50 Delta connected LC filter
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Table 13 System parameters (simulation)
VL—L rms 480 V

P 12KW
fs 15KHz
Vout 48V

Table 14 AC chopper output filter
arameters (simulation)

AC chopper output filter

L 100 uH

c 25 uF

Table 15 Input current filter parameters
(simulation)

Input Current filter

L 120 uH

C 25 uF
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Figure 51 shows the input voltage for each PFC module as expected in the analytic
results the wave forms are 90 degree apart. And the input current drawn by each PFC
module for 12KW load is shown in figure 52. The total three phase input currents are
shown in figure 53. It can be seen that all the currents and voltages are pure sinusoidal

waves. Finally, Figure 54 shows the output DC link voltage 48V constant.

Tl

01 0104 018 0112 k)
Tmefs)

Figure 51 Input voltage for each PFC module for 480 V supply
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4.5 Experimental results
A validation of the proposed system by experimental results is conducted. In the
experiment, two single phase module were used with four IGBT to construct the
electronic phase shifter by connecting each pair common emitter fashion to build the
bidirectional switch. Four step switching method were used with load current reference
to operate the electronic phase shifter. Two high frequency filters one for the ac chopper
output voltage and the other for the input currents were used. The parameters of the
experiment are shown in table 16, 17 and 18 for the system parameters, ac chopper

output filter parameters and input line currents filter parameters respectively.
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Table 16 System parameters (experimental)
VL—ers 174V

P 420 W
fs 15KHz
Vout 52V

Table 17 AC chopper output filter
parameters (experimental)

AC chopper output filter

L 330 uH

Cc 25 UuF

Table 18 Input current filter parameters
(experimental)

Input Current filter

L 200 uH

C 25 uF
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Figure (55 a) shows the four step switching method used to control the electronic phase
shifter by sensing the load current and feed it back to the microcontroller to choose the
switching sequence based on the load current direction. The switching frequency is 15

KHz and the duty ratio is 0.5 constant. A zoom on the edges of the wave form in figure

(55 a) is shown in figure (55 b) to show the switching sequence.

400my

A Ta:
: : : v 1@ —-600mY
B A 4 AT 60.0Ms
[ L pe———— L @ 68.8Ms
3 : : b 1 [ g’
. Ch1 Freq
[23 ; 14.50kHz
. Low sighal
r amplitude
424 T g

Fi'gur'e 55 a) Four stép'sv\/itching'wa\'/e form

Tekstop | L i —
. : : : E :
T o
7> I T Rl ratiia oo bcaeios:
@::::§::::§::::§::::§::::”::E:E::E:::::::E::::'

BEb : : : : i ; : i
Figure 55 b) Zoom on the edges of the four step
switching wave form
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Figure 56 shows the input voltage for each PFC module the blue and red wave form. As
expected the wave forms are 90 degree apart with amplitude 0.866 Vi for the ac
chopper output voltage. Figure 57 shows the input line currents after the input filter.
Finally, Figure 58 shows the input line current for phase a in the blue line (sine wave)

and the red line is the frequency spectrum of the current wave from.

Run TrigTd

{1

Cchi S00 vV Ch2 Soo v Mi10.0ms A Chil - 20.0 Vv

&8+~ 0.00000 s

Figure 56 Input voltage for each module (Blue and Red) Input current with the
input voltage (Blue and Pink)

117



iF

S o~ 2.
¥ m: —1.08 W
e L P W S.52ms
@i —19.0ms

OQF M
Ch2 RMS
QAR
- Ch2 RMS
N &7 Tmy
2.00 W [Ch2 2.00 W M. 00ms & Chi1 o, 0.00 %
Ch? 2.00 %W ] Jumnm 2074
R 000000 s 17:00 2

Figure 57 Input line current after filtering

Te

Math

5 00 "u"
ZUUmV

125 HZ -—vv O 00000 s

NLE OOms A Ch1 5 0.00 V-

Flgure 58 Input line current (blue I|ne) and frequency spectrum (red I|ne)

118



4.6 Conclusion
In this an advancement of the system presented in [19] is proposed by means of
replacing the low frequency transformer with electronic phase shifter. The analyses of
the system were presented. Simulation and experimental results were provided. The

advantages of the proposed system are:

X/
°e

Only two single phase modules are used.

°

No low frequency transformer required.

X/
°

High input current quality.

» Can be operate for wide output power range.

L)
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CHAPTER V

CONCLUSION

In this thesis, three advanced active power factor correction approaches of higher power
density have been proposed via development of the system in chapter 3 or interleaving
the input current in chapters 2 and 3.

In the first approach (chapter 2) three modular three phase DCM boost rectifier have
been interleaved for high power density by reducing the input current filter size and by
having semi-regulated DC-link voltage to operate at maximum power density point. The
system operates with harmonic injection method to reduce the input line current low
order harmonics. In this approach, wide range of output power can be supplied. The
galvanic isolation is provided by high frequency transformer in the second stage of
conversion so that no low frequency transformer required. Analysis, Design example
and simulation results have been presented in chapter 2. In the second approach (chapter
3), three resonant three phase modular rectifiers are interleaved to further decrease the
low order input line current harmonics. In this approach the switching losses are zero, no
input filter required, and no low frequency transformer. However, the system operates
for narrow range of output power. The equation of each mode of operation and the
design equations have been derived in chapter 3. Design example and simulation results
have been provided in chapter 3. Finally, the third approach in chapter 4 is an
advancement of existing system proposed in [19] by replacing the low frequency
transformer with electronic phase shifter to decrees the system size and weight leading to

higher power density. The system in chapter 4 can be operated for wide output power
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with high input power quality and no low frequency transformer. However, the system
suffers from hard switching. Design example, simulation results and experimental
results have been provided in chapter 4. Table 19 shows comperes among the three

approaches.

Table 19 Comperes among the three approaches

Approach Input line | Power | Switching | Control | EMI Low
current Range | Power Circuit Filters | Frequency
Harmonics Losses Transformer
Approachl | Medium Wide Low complex | small | None
Approach2 | Low Narrow | None simple None | None
Approach3 | Very Low | Wide Hard complex | small | None
switching

121



REFERENCES

[1] IEEE Recommended Practices and Requirements for Harmonic Control in
Electrical Power Systems," IEEE Std 519-1992 , pp.1,112, April 9 1993.

[2] General Electric Company [GE]. GE Total Efficiency Datacenter, 2012.

[3] IEEE Recommended Practice for Powering and Grounding Sensitive
Electronic Equipment," IEEE Std 1100-1992 , pp.1,256, Dec. 31 1992.

[4] IEEE Recommended Practice for Electric Power Distribution for Industrial
Plants (IEEE Red Book)," ANSI/IEEE Std 141-1986 , pp.1,609, Oct. 10 1986

[5] IEEE Recommended Practice for the Application and Testing of
Uninterruptible Power Supplies for Power Generating Stations," ANSI/IEEE
Std 944-1986 , pp.0_1,, 1986

[6] IEEE Guide for the Design and Application of Power Electronics in
Electrical Power Systems on Ships," IEEE Std 1662-2008 , pp.C1,60, March
19 2009

[7] Salato, M., "Datacenter Power Architecture: IBA Versus
FPA," Telecommunications Energy Conference (INTELEC), 2011 IEEE 33rd
International , pp.1,4, 9-13 Oct. 2011

[8] Salato, M.; Zolj, A.; Becker, D.J.; Sonnenberg, B. J., "Power System
Architectures for 380V DC Distribution in Telecom

Datacenters," Telecommunications Energy Conference (INTELEC), 2012
IEEFE 34th International, pp.1,7, Sept. 30 2012-Oct. 4 2012

[9] Paice D. Clean Power Electronics Converters. Palm Harbor, Florida: Paice
& Associates Inc.; 2004.

[10] Hahn, J.; Enjeti, P.N., "A Wide Input Range Active Multi-Pulse Three-
Phase Rectifier for Utility Interface of Power Electronic Converters," Industry
Applications Conference, 2002. 37th IAS Annual Meeting. Conference Record
of the , vol.4, pp.2514,2519 vol.4, 13-18 Oct. 2002

122



[11] Krim, F., "Parameters Estimation of Shunt Active Filter for Power
Quality Improvement," Power Engineering and Optimization Conference
(PEOCO), 2011 5th International , pp.306,311, 6-7 June 2011

[12] Green, T.C.; Marks, J.H., "Ratings of Active Power Filters," Electric
Power Applications, IEE Proceedings - , vol.150, no.5, pp.607,614, 9 Sept.
2003

[13] Akagi H, Watanabe E, Aredes M. Instantaneous Power Theory and
Applications to Power Conditioning. Hoboken, New Jersey: John Wily &
Sons, Inc; 2007.

[14] Raggl, K.; Nussbaumer, T.; Doerig, G.; Biela, J.; Kolar, JW.,
"Comprehensive Design and Optimization of a High-Power-Density Single-
Phase Boost PFC," Industrial Electronics, IEEE Transactions on , vol.56,
no.7, pp.2574,2587, July 2009

15 Biela, . Drofeni , . renn,F. inib ¢, . olar, .., ovel
Three-Phase Y-Rectifier Cyclic 2 Out of 3 DC Output Voltage
Balancing," Telecommunications Energy Conference, 2007. INTELEC 2007.
29th International ,pp.677,685, Sept. 30 2007-Oct. 4 2007

[16] Chapman, D.; James, D.; Tuck, C.J., "A High Density 48 V 200 A
Rectifier with Power Factor Correction -an Engineering

Overview," Telecommunications Energy Conference, INTELEC '93. 15th
International , vol.1, pp.118,125, 27-30 Sep 1993

[17] Kolar, J.W.; Friedli, T., "The Essence of Three-Phase PFC Rectifier
Systems—Part I," Power Electronics, IEEE Transactions on , vol.28, no.1,
pp.176,198, Jan. 2013

[18] Minibock, J.; Greul, R.; Kolar, J.W., "Evaluation of a Deltaz-Connection
of Three Single-Phase Unity Power Factor Rectifier Modules (Delta-rectifier)
in Comparison to a Direct Three-Phase Rectifier Realization"
Telecommunications Energy Conference, 2001. INTELEC 2001. Twenty-Third
International , pp.446,454, 18-18 Oct. 2001

[19] Hahn, J.; Enjeti, P.N.; Pitel, L.J., "A New Three-Phase Power-Factor
Correction (PFC) Scheme Using Two Single-Phase PFC Modules," Industry
Applications, IEEE Transactions on , vol.38, no.1, pp.123,130, Jan/Feb 2002

123


http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations

[20] Singh, B.N.; Jain, P.; Joos, G., "Three-Phase PWM Voltage Source
Rectifier with a Reduced Number of Switches," Electrical and Computer
Engineering, 2000 Canadian Conference on , vol.2, pp.951,955, 2000

[21] Kolar, J.W.; Ertl, H.; Zach, Franz C., "Design and Experimental
Investigation of a Three-Phase High Power Density High Efficiency Unity
Power Factor PWM (VIENNA) Rectifier Employing a Novel Integrated Power
Semiconductor Module," Applied Power Electronics Conference and
Exposition, 1996. APEC '96. Conference Proceedings 1996., Eleventh

Annual , vol.2, pp.514,523, 3-7 Mar 1996

[22] Prasad, A.R.; Ziogas, P.D.; Manias, S., "An Active Power Factor
Correction Technique for Three-Phase Diode Rectifiers," Power Electronics,
IEEE Transactions on , vol.6, no.1, pp.83,92, Jan 1991

[23] Malesanti, L.; Rossetto, L.; Spiazzi, G.; Tenti, P.; Toigo, I.; Dal Lago, F.,
"Single-Switch Three-Phase AC/DC Converter with High Power Factor and

Wide Regulation Capability," Telecommunications Energy Conference, 1992.
INTELEC '92., 14th International , pp.279,285, 4-8 Oct 1992

[24] Ismail, E.; Erickson, R.W., "A Single Transistor Three Phase Resonant
Switch for High Quality Rectification," Power Electronics Specialists
Conference, 1992. PESC '92 Record., 23rd Annual IEEE , pp.1341,1351 vol.2,
29 Jun-3 Jul 1992

[25] Kolar, J.W.; Zach, Franz C., "A Novel Three-Phase Utility Interface
Minimizing Line Current Harmonics of High-Power Telecommunications
Rectifier Modules," Industrial Electronics, IEEE Transactions on , vol.44,
no.4, pp.456,467, Aug 1997

[26] Xiaogao Xie; Ziying Zhou; Zhang, J.M.; Zhaoming Qian; Peng, F.,
"Analysis and Design of Fully DCM Clamped-Current Boost Power-Factor
Corrector with Universal-Input-Voltage Range," Power Electronics Specialists
Conference, 2002. pesc 02. 2002 IEEE 33rd Annual , vol.3, pp.1115,1119,
2002

[27] Kolar, J.W.; Ertl, H.; Zach, F.C., "Space Vector-Based Analytical
Analysis of the Input Current Distortion of a Three-Phase Discontinuous-
Mode Boost Rectifier System," Power Electronics, IEEE Transactions on ,

vol.10, no.6, pp.733,745, Nov 1995

124



[28] Yungtaek Jang; Jovanovic, M.M., "A Comparative Study of Single-
Switch Three-Phase High-Power-Factor Rectifiers," Industry Applications,
IEEFE Transactions on , vol.34, n0.6, pp.1327,1334, Nov/Dec 1998

[29] Kazimierczuk M. Pulse-Width Modulated DC-DC Power Converters. The
Atrium, Southern Gate: John Wily & Sons Ltd,; 2008.

[30] Richard Lee Ozenbaugh. EMI Filter Design. New York: Marcel Dekker,
INC.; 2001.

[31] Choi, H.C.; Han, J.W.; Youn, M.J., "High Frequency Resonant AC/DC
Rectifier with Unity Power Factor," Electronics Letters , vol.28, no.17,
pp.1592,1594, 13 Aug. 1992

[32] Thippayanet, R.; Ekkaravarodome, C.; Jirasereeamornkul, K.;
Chamnongthai, K.; Kazimierczuk, M.K.; Higuchi, K., "Push-Pull Zero-
Voltage Switching Resonant DC-DC Converterz Based on Half Bridge Class-
DE Rectifier," Power Electronics and Drive Systems (PEDS), 2013 IEEE
10th Internationali* Conference on , pp.1162,1167, 22-25 April 2013

[33] Niu Huapeng; Pei Yunqing; Yang Xu; Wang Laili; Wang Zhaoan,
"Design of High Power Density DC Bus Converterz Based on LLC Resonant
Converter with Synchronous Rectifier," Power Electronics and Motion
Control Conference, 2009. IPEMC '09. IEEE 6th International: , pp.540,543,
17-20 May 2009

[34] Takeuchi, N.; Matsui, K.; Yamamoto, I.; Hasegawa, M.; Ueda, F.; Mori,
H., "A Novel PFC Circuit for Three-Phase Utilizing a Single Switching
Device," Telecommunications Energy Conference, 2008. INTELEC 2008.
IEEFE 30th International= , pp.1,5, 14-18 Sept. 2008

[35] Enjeti, P.N.; Sewan Choi, "An Approach to Realize Higher Power PWM
AC Controller," Applied Power Electronics Conference and Exposition, 1993.
APEC '93. Conference Proceedings 1993., Eighth Annual ,pp.323,327, 7-11
Mar 1993

[36] Song Qu; Dan Chen, "Mixed-mode EMI noise and its implications to
filter design in offline switching power supplies," Power Electronics, IEEE
Transactions on ,vol.17, no.4, pp.502,507, Jul 2002

125


http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations
http://ieeexplore.ieee.org/xpl/downloadCitations

[37] Shuo Wang; Lee, F.C., "Investigation of the Transformation Between
Differential-Mode and Common-Mode Noises in an EMI Filter Due to
Unbalance," Electromagnetic Compatibility, IEEE Transactions on , vol.52,
no.3, pp.578,587, Aug. 2010

[38] Jing Xue; Wang, F.; Ben Guo, "EMI Noise Mode Transformation Due to
Propagation Path Unbalance in Three-Phase Motor Drive System and its
Implication to EMI Filter Design," Applied Power Electronics Conference and
Exposition (APEC), 2014 Twenty-Ninth Annual IEEE ,pp.806,811, 16-20
March 2014

126



	advance three phase power factor correction schemes for utility interface of power electronic systems
	Abstract
	Dedication
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	Chapter I  Introduction and Literature Review
	1.1 Introduction
	1.2 Rectifier interface with the utility
	1.2.1 Typical rectifier current harmonics
	1.2.2 Effect of harmonics current
	1.2.3 Voltage distortion

	1.3 IEEE 519 standard
	1.4 Electric power distribution system and Telecom industry power supply architecture
	14.1 Electric power distribution system
	1.4.2 Telecom industry power supply architecture

	1.5 Existing three phase PFC and harmonic filtering scheme
	1.5.1 Multi-pulse rectifiers and phase staggered loads
	1.5.2 Active filters
	1.5.3 Phase modular rectifiers
	1.5.4 Direct three phase PWM rectifiers
	1.5.5 Boost rectifier in DCM
	1.5.6 VIENNA Rectifier

	1.6 Research objective
	1.7 Thesis outline

	Chapter II  INTERLEAVING THREE PHASE DCM RECTIFIERS FOR HIGHER POWER DENSITY
	2.1 Introduction
	2.1.1 Boost PFC rectifiers
	2.1.2 PZ circuit operation at low boosting ratio

	2.2 Proposed system
	2.3 Analysis
	2.3.1 Average analysis of PWM boost converter in DCM
	2.3.2 Analysis of direct three phase boost rectifier in DCM
	2.3.3 Interleaving n numbers of direct DCM rectifier for high power density
	2.3.4 Maximum power Density tracking
	2.3.5 Inputs filter design

	2.4 Design example and simulation result
	2.5 Conclusions

	Chapter III  THREE PHASE RESONANT RECTIFIER WITH HIGH INPUT POWER QUALITY AND HIGH POWER DENSITY
	3.1 Introduction
	3.2 Proposed system
	3.3 Analysis
	3.3.1 Module mode of operations and equations
	Modes of operation
	Mode of operation 1
	Mode of operation 2
	Operation Mode 3
	Operation Mode 4
	Mode of operation 5
	Mode of operation 6


	3.3.2 Design characteristics
	3.3.3 Interleaving system input currents

	3.4 Example and simulation results
	3.5 Conclusions

	Chapter IV A MODULAR THREE PHASE POWER FACTOR CORRECTION (PFC) APPROACH WITH TWO SINGLE PHASE PFC STAGES AND AN ELECTRONIC PHASE SHIFTER
	4.1 Introduction
	4.2 Proposed system
	4.3 Analysis
	4.4 Simulation result
	4.5 Experimental results
	4.6 Conclusion

	Chapter V  CONCLUSION
	References



