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ABSTRACT

Analysis and Design of Discontinuous Conduction Mode AC-DC Power Factor Correction

Converters

Sivanagaraju Gangavarapu, Ph.D.

Concordia University, 2020

In more electric aircrafts (MEAs), the synchronous generators are connected directly to the
turbo-engine to develop constant voltage variable frequency (CVVF) AC supply bus. In addition,
the MEA has adopted high voltage DC bus in its power system to cater the various categories of
load used by aircraft. Therefore, the MEA requires AC-DC power converters to convert CVVF
AC to constant DC. Existing diode-bridge based passive multi-pulse AC-DC converters are
suffering from heavy and bulky low frequency 350 Hz transformers, poor input power quality, low
efficiency and unregulated output voltage. To overcome these drawbacks, this thesis work
proposes and studies several new active switched-mode AC-DC converters (isolated and non-
isolated) strictly satisfying the enhanced requirements of the aircraft application. The vital
constituent in active AC-DC power conversion is the power factor correction (PFC).
Understanding the certain limitations of the continuous conduction mode (CCM) operation for
CVVF AC supply, the proposed converters are designed to operate in discontinuous conduction
mode (DCM) to make use of its obvious benefits such as inherent PFC, reduced number of sensors,
simple control, inherent zero current turn-on of the switches, and inherent zero diode reverse
recovery losses. A single sensor based simple voltage control loop is only used to obtain the tightly
regulated output voltage, which makes it economical, and improves the system reliability and
robustness to high-frequency noise.

At first, a three-phase modular single-stage-isolated Cuk converter is proposed on considering
Cuk converter merits such as inrush current limitation, no input filter requirement, and easy
implementation of high frequency transformer isolation. The phase-modular converters are easy
to implement, can be paralleled easily for high power design, operational with two-phase loss, and

provide quick repair and maintenance. However, they employ more number of components and

il



suffering from higher conduction losses. To overcome these issues, a new direct three-phase non-
isolated Cuk-derived PFC converter with reduced number of components and conduction losses is
proposed. With this new topology, the conduction losses are significantly reduced, and efficiency
is improved by 4 % compared to the previously analyzed phase-modular converter. However, this
converter needs two DC-link capacitors for its operation at DC output that added extra capacitive
losses. Further to reduce the capacitive losses, a new direct three-phase non-isolated buck-boost-
derived PFC converter with one DC-link capacitor and reduced capacitive losses, along with
retention of all the benefits of Cuk-derived PFC converter is proposed. For high power operations,
interleaved topology of the three-phase buck-boost-derived PFC converter with reduced filter size,
reduced losses, and improved efficiency is proposed. Finally, an isolated topology of the three-
phase buck-boost-derived PFC converter with a novel clamping circuit to capture and utilize the
transformers leakage inductance energy in order to improve the converter efficiency is proposed.
The converters steady-state operation, DCM condition, and design equations are reported in detail.
The small-signal models for all the proposed topologies using average current injected equivalent
circuit approach are developed, and a detailed closed-loop controller design is illustrated. The
simulation results from PSIM 11.1 software and the experimental results from proof-of-concept
laboratory hardware prototypes are provided in order to validate the report analysis, design, and

performance.
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List of Abbreviations

AC Alternating Current — represents alternating quantities

ACARE Advisory Council for Aeronautics Research in Europe

AP Area Product

APU Auxiliary Power Unit

ATRU Auto Transformer Rectifier Unit

ATU Auto Transformer Unit

CCM Continuous Conduction Mode

CIECA Current Injected Equivalent Circuit Approach
CVVF Constant Voltage Variable Frequency

DAB Dual Active Bridge

DCM Discontinuous Conduction Mode

DCVM Discontinuous Capacitor Voltage Mode
DICM Discontinuous Inductor Current Mode
DIICM Discontinuous Input Inductor Current Mode

DOICM Discontinuous Output Inductor Current Mode

GM Gain Margin

HF High Frequency

IDG Integrated Drive Generator
LC Inductor-Capacitor

LCD Inductor-Capacitor-Diode
MEA More Electric Aircraft

MOSFET  Metal Oxide Semiconductor Field-Effect Transistor
NASA National Aeronautics and Space Administration
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Chapter 1 : Introduction

1.1 Introduction

At present, the worldwide air traffic has significantly increased compared to the twentieth
century and has been estimated to increase at a rate of 5-7% in the foreseeable future. This is
mainly due to the technological advancements in the aircraft systems that lead to the improved
aircraft efficiency and the reduced operating costs. As of today, the air transport is responsible for
2% of the total man-made carbon emissions and is estimated to increase further by 3% in the next
twenty years [1]. Thus, if proper measures are not taken for limiting the carbon emissions from a
single empty aircraft then the aviation industry is expected to contribute to the global climatic
change. Therefore, in this regard, the Advisory Council for Aeronautics Research in Europe
(ACARE) has set the goals for 2020 (short-term) and for 2050 (long-term) on carbon and NOx
emissions released by a single aircraft and are given in Table 1.1. This includes 50% reduction of
CO; emissions, 80% reduction of NOx emissions by 2020, and a further 25% reduction of CO»
emissions, 10% reduction of NOx emissions by 2050 [2], [3]. Thus, a substantial improvement in
the aircraft system efficiency is required in order to reduce the single aircraft fuel consumption,
and thereby, the carbon emissions. A study from National Aeronautics and Space Administration
(NASA) reported that by replacing the less efficient hydraulic, pneumatic and mechanical systems
with a single highly efficient electrical system in a medium range conventional civil aircraft such
as Boeing 767 would result in 10% weight reduction of an empty aircraft, 9% increase in the fuel
efficiency, and 13% reduction in the thrust required from the engine [4]. The main reason for this
weight reduction is the use of single electrical system allows the load sharing for the entire flight
profile resulting in a compact and lighter power system. Therefore, in view of this, the more
electric aircrafts (MEAs) such as Airbus A380, and Boeing 787 are commercially evolved by

incorporating more electrical systems.

Table 1.1: ACARE goals for 2020 and 2050

Goals 2020 2050
CO;, emissions reduction 50 % 75 %
NOx emissions reduction 80 % 90 %
External noise reduction 50 % 65 %
Fuel consumption reduction 50% -

1



1.2 Literature review

In this section, a detailed review of conventional and more electric power system architectures
is provided. Further, a detailed study of the AC-DC converters suitable for more electric aircraft

system is provided, and their merits and demerits are discussed.

1.2.1 Conventional aircraft power system architecture

Fig. 1.1, shows the architecture of conventional aircraft power system, which is adopted in
Airbus A320, and Boeing 767 [5]-[7]. It contains two synchronous generators located on each
wing of the aircraft, are driven by the turbo engines and function as main source of power during
fly. The power system also contains one auxiliary synchronous generator located on aft of the
aircraft and is driven by the auxiliary power unit to power the aircraft on ground, and also serves
as back-up power during fly. The power system consists of two AC buses of voltage levels 115
V, 400 Hz, and one 28 V DC bus. The constant voltage 115 V AC is obtained by using the voltage
control unit for each synchronous generator, and the constant frequency 400 Hz is obtained by

connecting a heavy variable-gear-ratio mechanical gearbox between the engine and the generator,

*TB: Tie Breaker

TB \
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Fig. 1.1. Architecture of conventional aircraft power system.



which is generally integrated into the synchronous generator termed as integrated drive generator
(IDG). To maintain the redundancy of the power system, each of these generators and the AC
buses are connected through tie breakers, and the power can be circulated in either way. The
transformer rectifier units (TRUs) are generally employed to obtain the isolated 28V DC from the
AC due to their simple and reliable operation [8]. This power system used the battery as an

emergency source of power.

1.2.2 More electric aircraft power system architecture

Fig. 1.2 shows the typical power system architecture of an MEA, which is adopted in Airbus
A380 and Boeing 787 [6], [7], [9]-[11]. It comprises of AC (115/230 V), high voltage DC (270/540
V), and low voltage DC (28 V) buses coupled with several solid-state power controllers (SSPC)
to accommodate the redundancies required for emergency. The constant speed IDG is removed in
MEA architecture and the synchronous generators are directly connected to the turbo engine that
resulted in variable frequency AC bus system, the frequency typically varies from 360 Hz to 800

Hz. The elimination of IDG is resulted in significant benefits including reduced weight, reduced
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*SSPC: Solid state power controller
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maintenance cost, and improved reliability [12]. Fig. 1.3 shows the benefits of MEA Boeing 787
when compared to the conventional aircraft Boeing 767. The Boeing 787 has 20% better fuel
economy which resulted in reduced CO2 and NOx emissions, as well as huge reduction in noise

footprint owing to the elimination of engine bleed air system in MEA.

The Airbus A380 employs 115 V AC variable frequency bus whereas the Boeing 787 employs
230 V AC variable frequency bus. In accordance, high voltage 270 V DC bus and 540 V DC bus
systems are adopted, respectively to reduce the weight of the cables. Therefore, the employment
of variable frequency AC bus necessitated several power converters including AC-DC, AC-AC,
DC-AC, and DC-DC converters to supply the generated power to various electrical loads, as shown
in Fig. 1.2. The power conversion should possess high power quality, reliability, efficiency and
power density (less number of components and sensors). In addition, the converters should also

provide a degraded but continuous operation in case of a single-phase open failure.

1.2.3 Power electronic converters in MEA

The MEA requires several power electronic converters such as AC-DC, AC-AC, DC-AC, and

DC-DC to supply different electrical loads, as shown in Fig. 1.2. The auto-transformer rectifier

Boeing Boeing 2008 industry
100 767 767 limit for NOx
80
60
40
20
0
Reduction in Reduction in Reduction in
Fuel and CO, noise foot print NOx

Fig. 1.3. Benefits of MEA Boeing-787 compared to conventional aircraft Boeing-767 [12].



unit (ATRU) is a non-isolated three-phase AC-DC converter that converts the constant voltage
variable frequency (CVVF) AC into constant DC voltage. The transformer rectifier unit (TRU) is
an isolated three-phase AC-DC converter, which combines the functions of transformer and
rectifier in one unit to convert the CVVF AC into a low voltage DC with electrical isolation. The
auto-transformer unit (ATU) is typically an AC-AC converter that converts the CVVF AC voltage
into constant voltage constant frequency AC. This thesis mainly focuses on the AC-DC converters
i.e., both ATRU and TRU. Since the MEA power system does not offer any energy storage element
at AC mains, the power flow from AC-DC converters should be maintained always unidirectional

from AC mains to the loads [13].

1.2.4 AC-DC converters (rectifiers) for MEA

Fig. 1.4 gives an overview of the unidirectional AC-DC converters according to [ 13]. Basically,
two types of AC-DC power conversions are reported in literature; 1) passive power conversion, 2)
active power conversion. The passive power converters employ huge passive components along
with diode rectifiers to obtain the DC supply, whereas the active power converters employ
semiconductor switching devices generally operating at higher switching frequency in order to

reduce the size of passive components.

[ Unidirectional AC-DC converters |

| Passive converters | Active converters
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Fig. 1.4. Overview of the unidirectional AC-DC converters according to [13].



1.1.1.1 Passive AC-DC converters

The passive AC-DC power converters are presently used in MEAs due to their simple and
reliable operation. In order to meet the harmonic limits set by the airborne standard DO-160G [14],
and the military standard MILSTD704F [15], the 12- pulse diode based passive ATRUs and TRUs
have been chosen to generate the non-isolated DC supply and the isolated DC supply, respectively
from the CVVF AC supply. The schematic of the conventional 12-pulse ATRU [16], [17] and
TRUs [18], which are employed in MEAs are shown in Fig. 1.5, and Fig. 1.6, respectively. The
operation of both the rectification is similar except the type of transformer employed at AC supply

for generating the two partial current systems phase shifted by 30°. The ATRU employs a non-

_+
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Fig. 1.6. The schematic of conventional 12-pulse TRU.



isolated phase-shifting interphase auto-transformer whereas the TRU employs the isolated three-
winding transformer at AC mains with secondary and tertiary windings are connected in wye and
delta configuration, respectively. The phase shifting through the transformer arrangement
suppresses the 5™ and 7" harmonics in the input current, which are generally present in 6-pulse
diode rectifiers. As a result, the input current appears almost like sinusoidal; however, it still

contains the lower order 11", 13, 23 25% harmonics of high amplitudes [19].

The drawback of passive ATRU and TRUs is that they are heavy and bulky, occupy larger space
due to the employment of supply frequency 350 Hz transformers. In addition, the output DC bus
voltage is not regulated and varies with the load and supply voltage as illustrated in Fig. 1.7 [20].
The output voltage is high at no load and it is low for supply frequency 800 Hz at full load.
Therefore, this voltage variation must be accommodated in the design of supplied pulse-width-
modulated (PWM) converter or electric machines. At present, the diode rectifiers are just meeting
the harmonic levels imposed by the standards DO-160G, and MILSTD704F. In future, more
stringent harmonic limits are expected to be into force [13]. In that case, 12-pulse ATRU or TRUs
cannot meet the future total harmonic distortion (THD) stringent limits and so either 18-pulse [21],
[22] or 24-pulse [23] passive ATRU or TRUs should be employed. Though, the higher pulse
passive rectifiers are feasible, it is worth to mention that they are still using the supply frequency
350 Hz transformers in addition to a complicated transformer winding structure comprising weight

and density. Therefore, the alternative feasible solution is the active power conversion.
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Fig. 1.7. Output voltage versus output power of 12-pulse ATRU for supply frequencies 400 Hz, 800 Hz for input
rms voltage 115 V.



1.1.1.2 Active AC-DC converters

Table 1.2 provides the comparison of the active rectification with the passive rectification in
MEA. The active power converters employ semiconductor switching devices generally operating
at higher switching frequency in order to reduce the size of passive components, subsequently it
reduces the total weight of the system. The active control rectification gives stiff regulated DC
output voltage with superior input power quality. Hence, the active power converters are the good
alternatives to the passive power converters. A comparative study of the passive converters and
the active converters [20], [24] also revealed that the active converters show the great potential for
the future aircrafts due to their higher power density, better input power quality and stiff regulated
DC bus voltage. This is mainly due to the rapid progress in the semiconductor materials such as
wide-band-gap semiconductors SiC and GaN. The high operating frequency capability of wide-
band-gap semiconductors will significantly reduce the volume and weight of the passive
components and subsequently increases the system power density. Therefore, the present focus is

on active PWM converters.

The vital constituent in active AC-DC power conversion is the power factor correction (PFC).
In literature, several active AC-DC PFC converters are reported for improving the power quality.
Their detailed review is presented in [25]-[29]. According to Fig. 1.4, the active PFC converters
are either phase-modular converters or direct three-phase converters, and each of them can be
configured as buck-type, boost-type, and buck-boost type topology. Each topology can either be

operated in continuous conduction mode (CCM) or discontinuous conduction mode (DCM), which

Table 1.2: The comparison of active rectification and passive rectification.

Active rectification Passive rectification

Uses semiconductor switching devices and Uses diode-based rectifiers. Simple and
require control circuitry. reliable.

Power density is high due to the reduced size of Power density is less due to the heavy and
passive components. bulky supply frequency 350 Hz transformers.
High frequency transformer isolation. Low frequency transformer isolation.
Provides controllable power factor. No control over power factor.

Low input current THD because of switching High input current THD, require multi-pulse
scheme. auto transformer to meet THD requirements.
Active damping No active damping




is mainly discriminated by the inductor current continuity in the converter. In MEA, since the DC-
link voltage is greater than the peak input AC voltage, either boost or buck-boost type converters
are the suitable choice for the AC-DC rectification. Therefore, in literature survey, only the boost

and buck-boost type AC-DC converters are considered.

The three-phase two-level six-switch boost converter, and the three-level six-switch Vienna
boost converter are the traditional topologies and has been widely discussed in literature [30]-[33].
In [34], a three-phase delta-switch boost converter with an optimal current control modulation
concept for MEA is presented. In [35]-[38], the three-phase buck-boost type converters with high
input current quality are reported. The converters proposed and studied in [30]-[38] are operated
in CCM, and either DQ-domain-vector control or direct-linear-phase control technique has been

employed for fulfilling the PFC control objectives. The PFC control objectives are as follows

1) sinusoidal input current in-phase with input voltage for all supply frequencies

2) stiff regulated DC output voltage.

Current .

Va sensor l
Vs DC +
— CoF REV,

PWM Voltage L}
\Y

3 sensor
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. Current Current
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Van—p| Phase ld>_
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Voltage , %le
Controller Vo rer

Fig. 1.8. DQ-domain-vector control block diagram for three-phase CCM converters.
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The control block diagrams of DQ-domain-vector control and the direct-linear-phase control
are shown in Fig. 1.8 and Fig. 1.9, respectively. Both the control techniques require two control
loops; the outer loop is to regulate the output voltage and the inner loop is to shape the input current
by maintaining the unity power factor (UPF) operation. The DQ-domain-vector control requires
phase-locked-loop (PLL) to generate the phase angle required for abc-to-dq transformation. The
MEA variable frequency operation makes the design of PLL complex, and also the inner current
loop controllers must be designed for a higher bandwidth. On the other hand, the direct-linear-
phase control further require very high bandwidth for the inner current controllers than the DQ-
domain-vector control to track the sinusoidal reference currents, which in turn require a high

switching frequency operation to ensure a stable operation.

According to Fig. 1.8 and Fig. 1.9, both the DQ-domain-vector control and the direct-linear-
phase control require at least five sensors (two input voltages, two input currents, one output

voltage) for the PFC control implementation. Reducing the sensors count, adds several benefits

[39], [40] such as

Current
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Fig. 1.9. Direct-linear-phase control block diagram for three-phase CCM converters.
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1) Reduction in cost

2) Robustness to high frequency noise

3) Improvement in system reliability

4) Reduction of system weight

5) Slight improvement in efficiency by eliminating the sensor losses

6) Reduction in control complexity and simplicity of control implementation.

For reducing the number of sensors, several different algorithms [41]-[46] are reported in the
literature for estimating the input currents and voltages from the DC-link current or the DC-link
voltages, and by using the information of PWM switching states in the current sample and the
phase duty cycles from the previous current samples. The reconstructed phase currents involve
one cycle delay in the control loop that leads to system instability at the digital control platform
during transient operations. Further, these control algorithms are too complex and involve lot of
mathematical equations, which increase the control complexity and makes them difficult for

practical implementation. Also, these algorithms work only for the balanced systems.

In a converter, the number of sensors by default can be reduced by operating it in DCM. In
DCM, the average value of the input current in a switching cycle is determined by the input voltage
at that instant, therefore the average input current naturally follows the input voltage, which means
the DCM operation inherently fulfills the PFC, the first control objective. The second objective of
PFC control can be achieved by using a single voltage control loop depicted in Fig. 1.10. To

e i
v, ) D C +

V. % -

A
Voltage
sensor
PWM
A Vo
Voltage 7
Controller + Vo rer

Fig. 1.10. Control block diagram of a converter operating in DCM.
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conclude, the DCM operation by default eliminates requirement of the input voltage and input
current sensing and therefore, only one output voltage sensor is required. Further the DCM
operation inherently realizes the zero-current switching (ZCS) of the converter switches and the
zero reverse recovery losses in the converter diodes [47]. Since a small inductor is required for
converter DCM operation, it reduces the converter total weight and improves power density. But,
the drawback of DCM operation is the high current stress of the semiconductor devices, however
the higher current rating semiconductor devices are commercially available at reasonable price.
Therefore, by considering all the benefits of DCM, the DCM operated converters are considered

in this research work.

In [48]-[50], a three-phase DCM boost converter with single-switch formed by combining a
three-phase six-pulse diode-bridge rectifier and the DC boost chopper circuit is proposed and is
shown in Fig. 1.11. The three-phase boost converters with two-switch [51]-[53] and three-switch
[54]-[56] topologies operated in DCM are shown in Fig. 1.12 and Fig. 1.13, respectively. These
are simple circuits, but due to the boost nature, these converters [48]-[56] exhibit a relatively higher
fifth order harmonic in the input current for lower voltage gains [57], [58]. Fig. 1.14(a) depicts the
simulated input current of DCM boost PFC converter and Fig. 1.14(b) depicts its frequency
spectrum. A converter voltage gain of 3X is considered for the simulation. The simulated input
current is not pure sinusoidal and is having a flat dip at sinusoidal peak, which is mainly due to the
presence of higher amplitude fifth and seventh harmonic in input current. As a consequence, the
DCM boost converters require a large filter at the input side to filter out this lower order harmonics,
which in turn reduces the power density of the system. Several methodologies are proposed for
improving the input current quality in DCM boost converter [59]-[61] by reducing the lower order
harmonic content. However, these approaches require extra sensing [62], and the reduction in total
harmonic content is not very significant. Therefore, the DCM boost topologies are not the feasible

option for MEA application.

On the other hand, the buck-boost type (flyback, SEPIC, Cuk) circuits [63]-[68] operating in
DCM are the perfect PFC regulators, and do not contain any lower order harmonics in the input
current. Fig. 1.15(a) depicts the simulated input current of DCM buck-boost PFC converter for
voltage gain of 3X and Fig. 1.15(b) depicts its frequency spectrum. The input current is perfectly

sinusoidal and no lower order harmonics are present. The input current contains only higher
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Fig. 1.15. Three-phase DCM buck-boost converter (a) simulated input voltage and current; (b) current frequency

spectrum.

switching order harmonics, hence a small input filter is sufficient to filter out these higher order
switching harmonics. Therefore, considering the advantages of the DCM operation and the buck-
boost type converters, this thesis explores some three-phase buck-boost type PFC topologies (both

isolated and non-isolated) operating in DCM.

1.1.1.3 Requirements for AC-DC converters

The AC-DC converters connected to the MEA mains should satisfy the following requirements

according to the airborne standards [14], [15].

=  The converter power flow should be unidirectional from AC-mains to the DC bus due to

the absence of energy storage elements at AC side in MEA.
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The converter should be able to handle an input voltage unbalance upto 10%.

The converter should be able to operate safely and should provide degraded power
operation in case of one or more phases loss.

The converter input current harmonics must fulfill the upper bounds defined in Table 1.3.
In addition, the converter must comply with the high frequency conducted emissions
defined in the airborne standards.

The converter power factor must be maintained between 0.85 lagging and unity for power
levels greater than 50% of the rated output power.

The converter should provide regulated DC either 270 V (Airbus A380) or 540 V (Boeing
787).

Table 1.3: Input current harmonic limits according to airborne standard DO-160G [14].

Harmonic order Limits
357 0021,
Odd triplen harmonics (= 9%, 15%, 215t 27, ---39th) 0.115/h
0Odd non-triplen harmonics 11%, 13%, 23, 25t 0.03 1,
Odd non-triplen harmonics 17", 19* 0.04 1
Odd non-triplen harmonics 29%, 315t 35t 37t 031 /h
Even harmonics 2™, 4t 0.011/h
Even harmonics > 4; 6, 8", 10"------ 40t 0.0025 I,

where I; is the magnitude of fundamental component

Table 1.4: The requirements of AC-DC converters connected to the AC mains of MEA.

Description Value
Input line voltage 110V £+ 10 %
Output voltage 270V
Input supply frequency 360 to 800 Hz
Power factor > (.95 lagging

THD < 5 %; Individual harmonic

Input current quality according to Table 1.3

Efficiency > 90% at rated output power

Output power with single-phase loss = 50 % of rated output power
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The airborne standards defined the upper bounds on current harmonics considering the passive
12-pulse rectifier systems, so that the characteristic harmonics at (4.12 £ 1) can be applied, where
h is the harmonic order number. In general, every aircraft company creates their own standard with
partly more stringent limits than the specified in Table 1.3, e.g., the Boeing defined more stringent
harmonic limits for the 11" and 13" harmonics [13]. Therefore, with a consideration of future
stringent harmonic limits for the next generation MEA’s, the active AC-DC PFC converters
proposed and studied in this work are designed with an objective of strictly satisfying the

requirements specified in Table 1.4.

1.3 Research objectives and proposal

The fundamental objective of this thesis is to propose new active AC-DC PFC solutions (both
non-isolated and isolated) to replace the currently used passive multi-pulse ATRU and TRUs with
fulfilling all the electrical requirements of MEA listed in Table 1.4. In particular, the active AC-
DC buck-boost type PFC converters are studied and analyzed with a focus on minimizing the total
number of components, improving power quality, and improving the overall operating efficiency
and density. The proposed converters are designed for the DCM operation in order to simplify the
control circuit and to reduce the number of sensors which consequently increases the converter
reliability, and robustness. Further, the converters design and performance are tested for supply

frequency change, load perturbations, and single-phase loss operation.
The objectives of this thesis are:

1) Proposal of AC-DC converters with simplified control and easy implementation
2) Operation with reduced number of sensors

3) Higher reliability

4) Improved power quality (THD < 5%)

5) Improved efficiency (> 90 %)

6) UPF operation for wide range of supply frequency (360 to 800 Hz)

7) Simplified operation and practical implementation.

To accomplish these objectives, and to replace the conventional diode-based rectifier with
active PFC rectification, the thesis proposes a number of active PFC converter topologies
described briefly in thesis outline next section 1.4, and in detail in various Chapters 2 to 6.
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1.4 Thesis outline

The contents of the thesis in various Chapters are organized as follow:

In Chapter 2, a three-phase modular single-stage isolated Cuk-based PFC converter with output
inductors operating in DCM is reported. The steady-state operation, design, DCM condition,
small-signal model, and the closed-loop controller design have been reported. The effect of
transformer leakage inductance on the converter operation has been studied. A passive resistor-
capacitor-diode (RCD) clamping circuit design to clamp the surge voltage caused by the
transformer leakage inductance has been provided in detail. The analysis and design are validated
with the simulation results from PSIM 11.1 software, and further verified with the experimental

results from a 2.0 kW hardware prototype developed in the lab.

In Chapter 3, a new direct three-phase non-isolated Cuk-derived PFC converter operating with
reduced number of components is studied. The converter is operated in DCM to achieve the unity
power factor (UPF) operation for wide range of supply frequency. The steady-state operation,
design, DCM condition, small-signal model, and closed-loop controller design have been
presented in detail. The analytical voltage and current stress expressions for each component are
derived and verified with simulation. The performance and the analysis have been validated with
the simulation results from PSIM 11.1 software, and further verified with the experimental results

from a 2.0 kW hardware prototype developed in the lab.

In Chapter 4, an improved direct three-phase non-isolated PFC converter derived from buck-
boost topology has been proposed and analyzed. The output inductors are designed for DCM
operation in order to achieve UPF operation at AC mains for wide range of frequency. The steady-
state operation, design, DCM condition, small-signal model, and closed-loop controller design
have been presented in detail. The operation and performance of the converter are demonstrated
with the simulation results from PSIM 11.1 software, and the experimental results from a 2.0 kW

laboratory prototype.

In Chapter 5, an interleaved topology of the three-phase buck-boost derived PFC converter is
studied and analyzed. The input filter size is reduced by half with the proposed interleaved

topology and the control. The advantages of the interleaved converter when compared with the
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single-cell converter in terms of power density, efficiency, and reliability are demonstrated

analytically and confirmed with both the simulation and experimental results.

In Chapter 6, an isolated topology of the three-phase buck-boost derived PFC converter with a
novel clamping circuit to capture and utilize the transformers’ leakage inductance energy in order
to improve the overall efficiency is proposed and analyzed. The steady-state design equations, and
the small-signal model along with closed-loop controller design have been presented in detail. The
simulation results, and the experimental results from a 1.0 kW laboratory are presented in order to

validate the converter analysis and the design and demonstrated the performance.

In Chapter 7, the contributions of the thesis are summarized, and guidelines for the future work

are presented.

1.5 Conclusion

This Chapter discussed the short-term and long-term goals of the future aircrafts and presented
the power system architectures of conventional and more electric aircrafts. In MEA, the constant
speed heavy mechanical gearbox IDG is eliminated and the generator is coupled directly to the
main engine, which resulted in variable frequency mains of 360 to 800 Hz. The MEA adopted 270
V DC bus system in order to reduce the size and weight of the cables that created a requirement
for the power electronic AC-DC converters to convert the variable frequency AC supply to

constant DC voltage.

The comprehensive review of the currently used diode-based AC-DC converters and their
limitations to meet the power density requirements of the next generation MEAs have been
discussed. The advantages of active rectification system over the diode-based rectification has
been explained. The literature study of active AC-DC PFC converters revealed that the CCM
operated converters require at least five sensors and two control loops whereas the DCM operated
converters require only one sensor and one control loop to fulfill the PFC control objectives. The
reduction in number of sensors has several merits such as reduction in converter cost, reduction in
control complexity and implementation, increased reliability, increased robustness to high
frequency noise, and improved system power density. In view of the benefits of the DCM
operation, and considering the advantages of DCM buck-boost converters over the DCM boost
converters, the fundamental objective of this thesis is to study, analyze and develop a number of
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three-phase DCM buck-boost type PFC topologies (isolated and non-isolated), and to contribute

the power electronic AC-DC solutions.
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Chapter 2 : Three-Phase Modular Single-Stage Isolated
Cuk-based PFC Converter

2.1 Introduction

Typically, in three-phase converters, the PFC with isolation is implemented using a two-stage
conversion. In two-stage conversion, a three-phase ac-dc non-isolated active PFC converter is
employed at first stage followed by an isolated dc-dc converter at second stage [69]-[72]. The
front-end active PFC converter provides sinusoidal input currents with unity power factor and low
THD. The second stage DC-DC converter provides isolation and regulated output voltage
according to the load requirements. This is the simplest approach, but the total power has to be
processed two times, which leads to higher losses and low efficiency. In addition, the two-stage
conversion requires more number of semiconductors and a bulky DC-link electrolytic capacitor,
which increases the system weight and compromises the system reliability [56]. Therefore, it is
not a viable option for aircraft application. The alternate option is the single stage approach, where
the power is processed only one time. The PFC and isolation stages are combined to have direct
power conversion. As a single-conversion stage, it is expected to have less number of components,
higher power density and reliability. But the single stage approach requires three transformers in
contradictory to one transformer in two stage approach. Further, the power transferred over each
transformer pulsates at twice the main frequency which leads to poor utilization of core and
windings and increases the converter overall volume. This disadvantage of single stage approach
can be lessened by some with design of individual transformers on a single three-phase transformer
core. The single-stage high-frequency (HF) transformer isolation can be implemented easily with
buck-boost type converters such as Cuk converter. The Cuk topology comprises the boost structure
at input, and the buck structure at output. Thus, it has the benefits of both the boost and the buck
topologies such as inherent inrush current limitation during start-up and overload conditions, no
additional input filter, and a small output capacitor filter. Hence, the Cuk isolated topology is

selected to implement the single-stage AC-DC PFC rectification.

The three-phase AC-DC PFC rectifier systems are either phase-modular systems or direct-three-
phase rectifier systems. The phase-modular systems comprise three autonomous single-phase

rectifiers, and each of them is connected to individual phase and neutral of the three-phase system
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to form either wye (Y) or delta (A) configuration to deliver the required amount of power. In phase-
modular systems, each phase-operation is independent, and the system can deliver the power even
if two-phases are failed. Further, the system repair and maintenance are easy in case of a single-
module failure, and can bring the system into full operation by just replacing the faulty module.
Therefore, considering the merits of the phase-modular system, and the Cuk topology, a three-
phase modular single-stage isolated PFC converter Cuk rectifier is studied and analyzed in this

Chapter.
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Fig. 2.1. a) Single-phase isolated Cuk PFC converter; (b) proposed structure of the three-phase modular single-

stage isolated Cuk converter.
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2.2 Proposed converter

The single-phase isolated Cuk converter is shown in Fig. 2.1(a). The proposed converter Fig.
2.1(b) is derived by combining three single-phase circuits into a three-phase three-wire system
with output ports connected in parallel. The second leg midpoints of the single-phase diode bridge
rectifiers are connected together to form neutral. The proposed converter is operated in DCM to
achieve PFC. In Cuk converter, the DCM operation is broadly classified as a) discontinuous
inductor current mode (DICM) b) discontinuous capacitor voltage mode (DCVM). The DICM is
more suitable for high-voltage-low-current applications whereas the DCVM is a dual form of
DCIM suitable for low-voltage-high-current applications. The DICM operation can further be
classified into discontinuous input inductor current mode (DIICM) and discontinuous output
inductor current mode (DOICM). In DIICM, the input inductor current is discontinuous, so it
requires an additional input filter to filter out the HF components of input current. In DOICM, the
output inductor current is discontinuous, and the input inductor itself acts as input filter, hence
DOICM operation does not require an additional input filter. By considering these merits of

DOICM, the proposed converter is studied and analyzed in DOICM operation.

The discontinuous current in the output inductor is defined by the current discontinuity in the
output diode. Therefore, to achieve the DCM in all three-phases, it is required to ensure current
discontinuity in all the three output diodes. Once this is ensured, the converter emulates a resistor
behavior at AC mains and provides a sinusoidal input current in-phase with the input voltage.
Subsequently, it eliminates the inner current loop and requires only one simple voltage control
loop to regulate the system output voltage. Also, all the three power switches S, S}, and S, of the
proposed converter are driven by the common gating signal as shown in Fig. 2.2. From Fig. 2.2, it

is clear that the on-time of the switch depends only on the error between the reference output
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voltage and measured output voltage. Thus, the duty cycle of the converter is constant, and it does
not vary with sinusoidal change in the input voltage. However, duty cycle adjusts only if there is
a change in the output voltage reference or in case of any disturbances viz. load change or variation

in source voltage amplitude, etc.
2.3 Steady state operation of the converter for one switching cycle

The following assumptions are made to analyze the converter:

a. In order to ensure DCM in the output inductor, the output inductor should be smaller than
the input inductor as given in (2.1).

b. The voltage across each input Cuk capacitor is constant during a HF switching cycle and
equal to the respective rectified input phase voltage as expressed in (2.2).

c. The voltage across each output Cuk capacitor is constant and equal to the output voltage
as expressed in (2.3).

d. As defined in (2.4), all the parameter values are same to maintain the circuit symmetry.

LZa K Lla; LZb ¢ le; LZC ¢ LlC (21)
Veia = |va|; Veip = |vb|; Veic = |Uc| (2.2)
Ve2a = Ve2b = Ve2e = Vo (2.3)

Lig=1Lyp=Lic= L4
Lyg = Lap = Ly = Ly
Cia =C1p =Cc=0C;
Crq = Cop = (e = Gy

(2.4)

In order to simplify the mathematical analysis, the output stage is referred to the primary side
of the transformer and the resulting topology is shown in Fig. 2.5(a). The transformer magnetizing
inductance is considered very large since the transformer action is instantaneous, i.e., it does not

store any energy. The capacitances C; and C, are replaced by its equivalent capacitance C;;,;, which
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Fig. 2.3. The three-phase input voltages.

is given by (2.5) with a voltage |v,| + Uo/n across it, where k = a, b, ¢. To further simplify, the

output connections are removed which is valid as long as the relation (2.6) is maintained.

Cone = 252 2.5)
C,+C,
lpa +ipp + lpe = Nniy. (2.6)

14

where, the parameters with ‘" represents the quantities referred to primary side viz. C; = n®c,.

The three-phase sinusoidal signals are divided into 12 sectors of each 30° as shown in Fig. 2.3.
In each sector, the converter behavior is similar because of the symmetric structure of the circuit
and thus, analysis has been presented only for sector-3. For instance, in sector-3, the three-phase

voltages are expressed as follows:

{va >0,1,<0,v. <0

lval > vyl > |l (2.7)

The current wave forms of input, output inductors and output diode in one-line cycle are shown
in Fig. 2.4(a). To proceed with the analysis, the same current waveforms for four switching cycles
in sector-3 are shown in Fig. 2.4(b). It should be noted that the converter has five modes of

operation in a switching cycle.
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Mode-1 (ty-t;): This mode starts when all the three power switches are conducting, the
equivalent circuit is shown in Fig. 2.5(b). Prior to this mode, the input currents are freewheeling
in the converter and represented as if,, in Fig. 2.4(b). Its sign is positive for the input currents
because freewheeling currents are in the same direction of input currents whereas its sign is
negative for output currents because they flow in the opposite direction of output currents. When
all the switches are conducting, the input and output inductors store energy at a rate proportional
to the instantaneous values of their respective phase voltages. The output filter capacitor supplies

the power to the output. The inductor currents are expressed as

v
1
o s |V |
lok = —lrwk + T t (2.9)
2

L
where, L), = =.
n

Mode-2 (t; -t,): This mode starts when the gate signals are zero. In this mode, all the three
power switches are turned-off and all the three output diodes start conducting. The equivalent
circuit is shown in Fig. 2.5(c). The input inductor and the source are in series to charge the
intermediate capacitors and the output inductors supply the power to the output. The inductor

currents are expressed as

b= ip +qT. — 20t 2.10
ke = bpwie T o (2.10)
. . |V | 1%
ior = —irwk +L—,dTS—nTO,t. (2.11)
2 2

From (2.9), it should be observed that the energy stored in the output inductors depends on the
magnitude of input phase voltages. In sector-3, the phase-C voltage magnitude is less compared
with other two phases. Hence, the energy stored in phase-C output inductor is less and it goes into

DCM first. This mode ends when the phase-C output diode current is zero, i.e.
e = —lpe = Niye (2.12)
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On substituting (2.10), (2.11) in (2.12),

A

o

tacon = diTy = ——ndT, (2.13)

Mode-3 (t,-t3): This mode starts once the phase-C output diode current is zero and the
equivalent circuit is shown in Fig. 2.5(d). In this mode, (2.10) and (2.11) hold true till phase-B

output diode current is zero. This implies

ib = _I'(,)b = niob. (214)

By solving (2.14)

|V

tapon = doTs = —=ndTs. (2.15)

o
Mode-4 (t;-t,): This mode starts once the phase-B output diode current is zero and the
equivalent circuit is shown in Fig. 2.5(e). In this mode, (2.10) and (2.11) hold true till phase-A

output diode current is zero. This implies

g = —lpq = Nigg. (2.16)
By solving (2.16)
|Val
taqon = d3Ts = - ndTs. (2.17)
o

From (2.13), (2.15) and (2.17), a generalized expression can be derived as follows:

|Vl
tdk,on = v_ndTS (2 1 8)

o

where, k=a, b, c.

Mode-5 (t4-ts): This mode starts after the phase-A output diode current is zero and the
equivalent circuit is shown in Fig. 2.5(f). In this mode, neither the switches nor the output diodes

are in conduction but in blocking mode. Due to the large size of input inductors, the input currents
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freewheels as shown in Fig. 2.5(f). These are called freewheeling currents represented as “if,;”

and freewheels till the next gating pulse applied to the switches.
2.4 Converter Design

In this section, the expressions for converter average output current and input current, and the
DCM condition are derived. Further, the design equations for each passive component of converter

are developed.
2.4.1 Average output current

The average output current of each module is equal to the average output diode current of the

corresponding phase i.e.
.y . .ol . Y s
loa,avg - lda,avg' lob,avg - ldb,avgr loc,avg - ldc,avg' (2-19)

The peak value of diode current is given by

» _ Uk
Lakpr =7 dTs (2.20)
eq
where
L Ll (2.21)
UL+ Ly '
The average value of diode current in a switching period is given by
./
. . Lak,pk Ldk,on
lék,avg = l(llk,avg = T . (2.22)
S
On substituting ioy vy = Nok,avg AN igy gpg = Niak,avg in (2.22)
.y
. . Lak,pk Lak,on
l k, = ldk, = (223)
ok,avg avg ZnTS

From (2.18), (2.20) and (2.23), the following expression is obtained:
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. . _ kadZTs
lok,avg - ldk,avg - m- (2-24)

Since the average current through the output filter capacitor is zero, the average output current

of the converter is the sum of the average output currents of three modules and is given by

_ _d*T 5
lo,avg = ZLeqUo L Uk~ (2.25)
=a,b,c

Let v, =V, sinwt, v, = V,, sin(wt — 2?”), v, = V sin(wt + 2?”) then v,2 + vp2 + v,2 = ; i
On substituting in (2.25), the converter average output current in a switching cycle is given as
_ 3V, 2d?T, (226)
l = .
o,avg 4LeqU0
The average output current over a line period is calculated by integration of the switching cycle

average output current over sector-3 period

3V,,2d>?T,

6 (/2
Io,avg = ;_L Lo,avg d(wt) = 4L v
eqVo

/3

(2.27)

2.4.2 Input current

In the proposed converter, the three modules can be considered independently for a three-phase
balanced system. Assuming the lossless circuit, i.e., 100% efficiency, the input power of each

module is equal to the output power of each module. For phase-A module

Vala = Vologavg- (2.28)
By using (2.24) in (2.28)
2.2
, Ve AT
v, =—>2 (2.29)
ala 2L
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1, d?Ty Vi d?Ty

[ in wt 2.30
iq 2L, 2L, sinw (2.30)
ig = Ly sinwt (2.31)
where
Vi d?T
Ln = . 2.32)

Since the duty cycle of the converter is constant in DCM (Fig. 2.2), the relation given by (2.31)
indicates the UPF operation of the converter and phase-A input current is sinusoidal with peak
current given by (2.32). Similarly, this can be shown for the other two-phase input currents. The
higher switching order harmonics present in the input currents will be filtered out by the input

inductors and result in low input current THD.
2.4.3 DCM condition

For the sector under analysis, if phase-A operates in DCM, the other phases will also operate in

DCM as well. The condition to operate phase-A in DCM is

ton + tda,on < Ts (2.33)

d (1 + %sin wt) <1 (2.34)

v, :
where M = V—" and v, =V}, sin wt.
m

The worst situation occurs when wt = 90°. Therefore, to operate in DCM

M
d< : (2.35)
n+M
The average output current is given by
v,
loavg = R—". (2.36)

o
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From (2.26) and (2.36)

d= \E Mk, (2.37)

where k, is the conduction parameter of the converter

k, = —0o. (2.38)

From (2.35) and (2.37), the critical value of k, (kg cri¢) to operate at DCM is found as

1

kapru =

3
2

2.4.4 Design of input and output inductor

The design of input inductor L; depends on the desired input current ripple. Considering the

input current shown in Fig. 2.4, the input current peak-peak ripple (Ai,) is given by

Aiy = —dTs. (2.40)

4
Al, = 2dT, (2.41)
Ly
Vin
L, = —dT,. 2.42
1 Ala S ( )

The output inductor LY, is calculated from (2.21)

LlLeq

(2.43)

where the value of L., is obtained from (2.38)
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RoTska

Leg = =252, (2.44)

2.4.5 Design of Cuk capacitor

The design of the intermediate energy transfer capacitor is critical because its value greatly
influence the quality of input current. Its value shall not cause low frequency oscillations with the
input and output inductors [73]. The resonant frequency f,; caused by the energy transfer capacitor
during DCM stage shall be higher than line frequency f; and lower than switching frequency f;.
Thus

fi<fri<Ffs (2.45)

where

1

—. (2.46)
2704/ Cine (L + Ly)

Let C; and C; to be equal, and their values are calculated as follows:

fri=

C,=Ch=2XCpp (2.47)

On the other hand, there is an additional resonance caused by the energy transfer capacitor C;
and transformer magnetizing inductance L, that might cause a problem. As mentioned earlier, the
energy transfer capacitor shall not cause low frequency oscillations in the input current. Therefore,
the resonant frequency f,, caused by the energy transfer capacitor C; and magnetizing inductance
Ly during DCM stage shall be higher than the resonant frequency f,; and lower than switching

frequency f;. Thus

fi<fiu<frz<Ffs (2.48)

where
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1

fre = 271}/C1LM.

(2.49)

2.5 Converter small-signal model

A small-signal model of the converter operating in DCM can easily be obtained by using
average current-injected equivalent circuit approach (CIECA) [74], [75]. This approach linearizes
the non-linear part of the circuit by injecting the average output current produced by the non-linear
part in a switching cycle (i, 4y4) into the linear part as shown in Fig. 2.6. Since, the average output
current is a function of the input voltage, duty cycle and the output voltage, CIECA approach
defines the control-to-output transfer properties as well as input and output properties of the

converter.

On applying the small signal perturbations () to the equations (2.26) and (2.32) around the

steady state operating point and making the small signal approximation give

" i A 1 ~
Lo,avg = J2d + g2V — r_vo (2.50)
2
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1

im = j1d + — 0, (2.51)
n
, 3V% dTs 3V d*Tg _ vy . _ dVpTs _ 2Leg
where j, = = 92 = — ; T = yJ1 = =
Vo 2Leq Vo 2Leg Io,avg Legq Ts

The equivalent small-signal model described by (2.50) and (2.51) is shown in Fig. 2.7. Using
Fig. 2.7, the desired transfer function can be obtained. Considering the load as resistive, the transfer
functions for the output voltage to input voltage and the output voltage to duty cycle are expressed
as

2KV,

Do
Fi 2.52
d 1 K0nd  opc (2:52)

o

2K, d

o
7 2.53
BBl e, (2:33)

o

where

_ 3VnR,dTy

1= (2.54)

4VoLeqg

2.6 Effect of transformer leakage inductance

To study the effect of transformer leakage inductance, one section of the converter along with
clamping circuit is shown in Fig. 2.8(a) and the key waveforms are shown in Fig. 2.8(b). When
the switch is on, the current flowing through the transformer leakage inductance (iz,) is the sum

of the magnetizing current and the primary side reflected load current. Since the magnetizing

current is too small, it can be neglected. Therefore, the peak value of current through leakage

inductance is given by

. . v
i pk = Nipgpk = nL—ade. (2.55)
2
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Fig. 2.8. (a) One section of the converter with clamping circuit; (b) key waveforms of the RCD clamping circuit.

When the switch is off, the current flowing through the leakage inductance (L;) is interrupted,
which induces a large voltage spike across the switch. This large voltage can cause the switch
failure. To suppress the voltage spike, a resistor-capacitor-diode (RCD) passive clamping circuit
is generally used across the transformer and is shown in Fig. 2.8(a). The clamping circuit absorbs
the current in the leakage inductor through the clamping diode (D;). The energy stored in the
leakage inductor is transferred to clamping capacitor (C;) and then is dissipated by the clamping
resistor (R;). The clamping circuit parameters are calculated by using the formulae proposed in

[76]. According to [76] the clamping circuit parameters are given by
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Fig. 2.9. The schematic of the proposed converter used for simulation and experimentation.

(%
Vcl (Vcl - FO) Ts

R, = T, (2.56)
jLle,pk
VclTs
c, > (2.57)
YT RAV,

where V;; = voltage across clamping capacitance, and AV, = maximum ripple of the clamping

capacitor voltage.
2.7 Simulation results

The converter circuit under the simulation is shown in Fig. 2.9. It comprises of a RCD snubber
circuit in each module, and is connected across each isolation transformer to clamp the voltage
spikes caused by the transformer leakage inductance. The converter specifications are shown in

Table 2.1, and the design values of the circuit components are given in Table 2.2. From (2.43),
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Table 2.1: Input specifications

Rated Power (P,) 2.0 kW

Output voltage (V,) 270 V

Switching frequency (f;) 100 kHz

Input line voltage 110V £10%

Supply frequency (f;) 360-800 Hz

Input current ripple (Aiy) 15% of peak input current

Table 2.2: Design parameters

Parameter Value
Critical conduction parameter (kg cri¢) 0.09375
Maximum Duty cycle (dqx) 0.75
Designed duty cycle (d) 0.7
Input inductance (L,) 280 uH
output inductance (L,) 16 pH
Energy transfer capacitors (C;, C,) 1 pF
Output capacitance (C,) 750 uF
Clamper capacitance (C;) 200 nF
Clamper resistance (R;) 7.5 kQ

Transformer turns ratio

1:1

turns ratio of 1:1 is considered to get good magnetic coupling,

voltage ripple AV,; = 10% of V; is assumed.
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(2.44), the converter output inductance is calculated, and its value is L, = 18 pH. In view of the
system losses, the output inductance L, = 16 pH is considered for simulation. The transformer
and thereby the transformer leakage
inductance is reduced. The transformer leakage inductance is considered as 1% of transformer
magnetizing inductance. The clamping parameters are calculated at peak input voltage, the

maximum voltage across the switch is clamped at 1000 V and a maximum clamping capacitor

From (2.52), the control-to-output transfer function G(s) is obtained and is given by (2.58). A
proportional-integral controller described by (2.59) is designed for allowing the voltage loop cut-

off frequency of 667 rad/sec with a phase margin 75° and infinity gain margin. The open loop
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Fig. 2.11. (a) The voltage across capacitor C;,; (b) the voltage across capacitor C,,; (c) output currents of the three
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phases; (d) diode currents of the three phases.

transfer function described by (2.60) has -20 db slope at zero cross over frequency for all the loads

below rated load, which indicates the system stability for all the load conditions.

G(s) = v,(5) _ 40.83 (2.58)
d(s) 0.0273S +1.053 '

93.617
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17.2(S + 222.27)
GIHE) = 5502735 + 1.053) (2.60)

The output of the controller is compared with a triangular waveform of frequency 100 kHz to
generate the gate signal common to all the power switches, as shown in Fig. 2.9. The simulated
input voltages and the input currents are shown in Fig. 2.10(a). The input currents are sinusoidal
and are in phase with the input voltages. The input current and voltage waveforms of phase-A are
shown in Fig. 2.10(b). The input current is in-phase with the input voltage, which confirms the

unity power factor (UPF) operation of converter.

The voltage across the capacitor C;, along with its phase input voltage v, are shown in Fig.
2.11(a). The capacitor voltage Cy, is rectified form of the phase input voltage, which validates the
assumption (2.2). The voltage across the capacitor C,, along with output voltage V, are shown in
Fig. 2.11(b). The average voltage across capacitor C,, is following the output voltage I, and thus
validating the assumption (2.3). The output inductor currents, and the output diode currents are
shown in Fig. 2.11(c), and Fig. 2.11(d), respectively. The output diode currents are discontinuous,

and thus validating the converter analysis and the design.

The output voltage and input currents of the converter for input frequency change from 400 Hz
to 800 Hz is shown in Fig. 2.12(a). The output voltage is constant at 270 V, and the input current
is closely following the input voltage both in-phase and shape, which shows the robustness of the
converter and accuracy of the design. The output voltage and input currents of the converter when
it is subjected to a load step change from 50% to 100% of the rated output power are shown in Fig.
2.12(b). The output voltage is closely tracking the reference voltage with a small dip during load
variation and is settled within the designed settling time of 10 ms, which proves the robustness of
the designed controller. Due to the modular nature of the converter, each phase shares the equal
amount of output power. Therefore, the converter can provide 66.66% of the rated power with
one-phase loss, Fig. 2.13(a), and 33.33% of the rated power with two-phase loss, Fig. 2.13(b),
without changing the controller structure and the design, which is the key merit of the modular

converters.
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Fig. 2.12. The converter output voltage and input current of the converter (a) supply frequency variation from 400
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Time (sec)

(b)

Fig. 2.13. The converter response (a) with single-phase loss; (b) with two-phase loss.

2.8 Experimental results

A 2.0 kW proof-of-concept hardware prototype is developed with the same parameters of
simulation to validate the converter analysis, and to verify the simulation results. The inductors
and transformers are developed with ferrite EE core, and litz wire of 14AWG to minimize the
magnetic losses. The components used to develop the prototype are listed in Table 2.3. The
complete experimental prototype developed in the lab is shown in Fig. 2.14. At first, the converter
has been tested for grid frequency 60 Hz and the corresponding results have been presented from
Fig. 2.15 to Fig. 2.18. Then, the converter PFC performance has been tested for varying supply
frequency 300 to 500 Hz and the corresponding results have been presented in Fig. 2.19 and Fig.
2.20.
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Fig. 2.14. Experimental prototype of the proposed converter.

Table 2.3: Experimental setup component specifications

Component Specifications
Power switches, S,, Sy, S, SCT3040KLGCI11, 1200V, SIC Mosfet
Output diodes, D, Dy, D, RURGS80100, 1000 V
Rectifier modules FBO16-12N, 1200 V
Energy transfer capacitors (C;, C,) | B32674D8105K, 1 uF
Clamping diodes FFPF10F150STU, 1500 V
Clamping capacitors, C; R76UR32004030J, 220 nF
Clamper resistors (R;) B20J15KE, 15 kQ/2,20 W
Output capacitor, C, MAL215929271E3, 3 x 270 uF
Input inductors 55 x 28 x 21, EE Ferrite cores
Output inductors, Transformers 42 x 21 x 20, EE Ferrite cores
Input source California-MX30, 110 V, 300-500 Hz
Voltage sensor Hall-effect LV-25P
Gate driver Semikron- SKHI 61 R
Control platform DSP TMS320F28335

Fig. 2.15(a) shows the measured input voltages, and Fig. 2.15(b) shows the measured three-
phase input currents and output voltage. The input currents are sinusoidal, and the output voltage
is settled at 270V as in simulation. Fig. 2.15(c) shows the converter input voltage and current

waveforms for one phase. The input current is sinusoidal and in phase with the input voltage which
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Fig. 2.15. Experimental waveforms: (a) input voltages of each phase (S0V/div); (b) input currents of each phase
and output voltage (2.0A/div, 200V/div); (c) input voltage (50V/div) and input current (2.0A/div) of each phase;

(d) input current harmonic spectrum.

is in good agreement with the analysis. Fig. 2.15(d) shows the input current harmonic spectrum.

The measured input PF is 0.999 and the THD is 4.41 %.

Fig. 2.16(a) shows the voltage across the capacitor C;, which is rectified form of the input
voltage v,. Fig. 2.16(b) shows the voltage across capacitor C,,, its average is equal to the output
voltage V,. Thus, Fig. 2.16(a) and Fig. 2.16(b) are confirming the simulation results and validating
the converter analysis. Fig. 2.16(c) shows the measured one phase transformer primary current and
secondary currents which proves that transformer action is instantaneous. Because of magnetizing
current, the primary current is slightly more than secondary current. Fig. 2.16(d) shows the output
current waveforms which are discontinuous and agree with the analysis. Fig. 2.16(e) and Fig.

2.16(f), show the voltage across each transformer primary and the voltage across each
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Fig. 2.17. (a) The experimental output voltage (200 V/div), output current (2.0 A/div) and input current (5.0 A/div)

for load power disturbance from 0.8 kW to 1.6 kW; (b) experimental output voltage (100 V/div), input voltage
(100 V/div) and input current (5.0 A/div) for phase input voltage disturbance from 100 V to 115 V.

Table 2.4: Input current THD (%) and power factor of the proposed converter at different power levels.

Output Power (P,), kW | THD (%) PF
0.5 431 0.999
0.67 4.39 0.999
0.8 4.40 0.999
1.0 4.41 0.999
1.33 4.46 0.999
1.6 4.57 0.998
2.0 4.87 0.998

power switch, respectively. It is observed that, at an instant, the voltage across each power switch

is the sum of output voltage and the line to neutral input voltage of the corresponding phase.

To verify the robustness of controller, two disturbances are introduced to the converter. The
first one is a load step change from 0.8 kW to 1.6 kW, and the second one is a change in phase
input voltage from 100 V to 115 V. In both the cases, the output voltage is closely tracking the
reference voltage, and are shown in Fig. 2.17(a) and Fig. 2.17(b), respectively. The input current

THD (%) and the power factor (PF) of the converter for different output powers are listed in Table
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Fig. 2.18. Measured efficiency curve at different power outputs.

2.4. It shows that the converter power factor is 0.999 almost unity and the THD is less than 5 %.
The measured efficiency curve of the converter (designed and built only for proof-of-concept
purpose) for different power outputs is shown in Fig. 2.18. The maximum efficiency obtained is
91.5 % at rated power. The converter efficiency can further improve by at least 2 % by employing

either regenerative or active-clamping circuit.

Fig. 2.19(a) shows the converter measured input currents and output voltage at rated output
power for supply frequency 400 Hz. The converter input currents are sinusoidal and balanced, and
the output voltage is constant and stable at reference value 270 V. Fig. 2.19(b) shows the converter
UPF operation where the converter input current is closely following the input voltage both in
phase and shape. Fig. 2.19(c) shows the converter for supply frequency variation 350 to 500 Hz.
The converter output voltage is not disturbed and stable at 270 V, and the input currents are
following the input voltage during input frequency change as well which proves the converter PFC
operation. Fig. 2.19(d) shows the converter measured output inductor current which are
discontinuous and validating the design. Fig. 2.20(a) shows the converter response for load
perturbation from 1.0 kW to 2.0 kW. The converter output voltage is closely tracking the reference
270 V and is settled within designed time 10 ms. Fig. 2.20(b) shows the converter operation with
single-phase loss. The input currents are sinusoidal, and they are in phase with input voltages

which is another advantage of proposed modular converter.
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2.9 Conclusion

In this Chapter, a three-phase modular single-stage isolated Cuk PFC converter is proposed on
considering the merits of Cuk converter such as inrush current limitation, no input filter
requirement, and easy implementation of high frequency transformer isolation. It is operated in
DOICM to obtain the PFC at AC mains for wide range of frequency. The steady-state operation,
and design have been presented in detail. A simple voltage control loop with single output voltage
sensor is used to regulate the output voltage, which makes the control simple, increases the
reliability and robustness. The converter realized zero current turn-on of the switches, and zero
diode reverse recovery losses. The converter detailed small-signal model using CIECA approach
is presented to aid the controller design. The design equations for RCD snubber circuit to clamp

the surge voltage caused by the transformer leakage inductance are provided in detail.

The converter analysis and design are confirmed with the simulation results from PSIM 11.1
software. It is shown that the input currents are sinusoidal and in-phase with the corresponding
input voltages. An experimental laboratory prototype of 2.0 kW is designed and built to further
validate the simulation results. The experimental results are in good agreement with the simulation
results and validating the converter analysis and design. A high efficiency of 91.5 % (> 90 %) and
an input current THD of 4.87 % (< 5 %) are recorded at rated output power with the developed
laboratory prototype. Due to the modular nature of the converter, the converter can provide 66.66
% of the rated output power with one-phase loss, and 33.33 % of the rated power with two-phase

loss, which is key merit of the proposed converter.
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Chapter 3 : Three-Phase Non-Isolated Cuk-derived PFC
Converter

3.1 Introduction

The converter studied in Chapter 2 is a phase-modular converter, which is easy to develop, and
the system repair and maintenance is easy in case of a failure. However, the three-phase modular
converters in general require three single-phase full-bridge rectifiers, and three-switches, one for
each phase for their operation. At a given instant, three semiconductor devices (two diodes, one
switch) in each phase are in the current conduction path, which increases the converter conduction
losses, and reduces the system power conversion efficiency leading to the higher thermal
requirement i.e., heat sink size, and consequently reduces the system power density. Therefore,
with a focus on reducing the total number of semiconductor devices and reducing the number of
semiconductors per phase in the current conduction path, a three-phase Cuk-derived PFC converter

is proposed and analyzed in this Chapter.
3.2 Proposed converter and control scheme

Fig. 3.1(a) shows the single-phase non-isolated Cuk PFC converter with all components placed
after the full-diode bridge rectifier. Moving all the components except the DC-link capacitor on
AC supply side and eliminating the full-diode bridge rectifier, the single-phase bridgeless Cuk-
derived PFC converter shown in Fig. 3.1(b) is derived, where a four-quadrant switch is placed to
provide the bidirectional blocking. The proposed converter shown in Fig. 3.1(c) is formed by
combining the three single-phase circuits of Fig. 3.1(b) into a three-phase three-wire system, where
the four-quadrant switches are no more required when the three-switches are operated

synchronously with the common gate signal.

The proposed converter comprises of three input inductors, three power switches, three
intermediate transfer capacitors, three output inductors, two output capacitors, and one three-phase
diode-bridge rectifier. The output inductors are connected in wye configuration, and the wye
junction is connected to the mid-point of the output capacitors. The three power switches are also
connected in wye configuration and are controlled with the common control signal. The output

inductors are designed for DCM operation to realize the inherent PFC at AC power source. In
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PFC converter; (c) proposed three-phase Cuk-derived non-isolated PFC converter.

Fig. 3.1. (a) Single-phase non-isolated Cuk PFC converter; (b) single-phase non-isolated bridgeless Cuk-derived



Table 3.1: Comparison of the proposed Cuk-derived converter with the state-of-the art Cuk converters.

Number of
Number of semiconductors per
semiconductors Number of | phase in the current
Description passive conduction path
components S S
. . witch witch
Switches | Diodes | Total ON OFF
Converter [77] 3 15 18 17 4 3
Converter [78] 1 7 8 10 2 2
Converter [79] 1 12 13 10 3 2
Converter [80] 1 7 8 12 2 2
Converter [81] 6 9 15 10 2 3
Converter [82] 2 22 24 11 3 3
Converter [83] 3 15 18 10 3 3
Proposed Converter 3 6 9 11 1 1

Vo

Vo,ref + % Kp+

|

| |£ + o

p —° Gsb
g B

Fig. 3.2. The control circuit for the proposed converter.

DCM operation, the energy stored in the output inductor in a switching cycle depends on the value
of input voltage at that instant. Therefore, the average input current naturally follows the input
voltage. The converter output voltage is controlled with a simple voltage control loop shown in
Fig. 3.2. Since the controlled variable is the DC output voltage, the converter duty cycle is constant

for a given output power and input voltage.

The merits of the proposed converter configuration is the reduced number of components
compared to the three-phase modular converters and only one semiconductor device conducts
current at a time that substantially reduces the conduction losses leading to high system power
conversion efficiency and power density. To demonstrate the novelty of the proposed converter, a

comparison with the state-of-the art three-phase Cuk converters is provided in Table 3.1. It should
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be observed that in state-of-the art converters, at a given instant, more than one semiconductor

device is in the current conduction path.

The other benefit of the proposed converter is that it still operates with single-phase loss and
delivers 50% of the rated output power without changing the controller structure. With a single-
phase loss, the converter resembles a single-phase converter with line-to-line voltage as supply
source. The limitation in delivered power is due to the duty cycle limit, which is defined in
converter control system to ensure the DCM operation during overloads. The expression for the

maximum duty cycle is presented in the converter design session.
3.3 Converter steady state analysis over one switching cycle

In the analysis, the phase voltages and output voltage are considered constant in one switching

cycle. The following assumptions are considered to maintain the converter symmetry

Lig =Lyp =Lic =L, (3.1
Cta = Cep = Cec = G (3.2)
Loa = Lop = Loc = Lo (3.3)

Co1 = Cpy = C,. (3.4)

It is also considered that the average voltage across each phase intermediate transfer capacitor

is equal to the corresponding phase input voltage, and the output capacitors share the output voltage

equally 1.e.
Veta = Va; Veen = Vps Vere = Ve (3.5)
|74
Veor = Vo2 = ?O- (3.6)

In the proposed converter, the discontinuous current operation in output inductors is confirmed
by the current discontinuity in the bridge rectifier diodes. Due to the symmetric nature of the

converter, the steady-state analysis is presented only for supply period wt =0 to 7T/6. The

waveforms of current through phase—A, output inductors, and bridge rectifier diodes for one input
supply period are shown in Fig. 3.3(a). The currents through the output inductors and the bridge

rectifier diodes operating in discontinuous current mode for one switching cycle for supply period
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Fig. 3.3. (a) Converter phase-A input current, output inductors, and bridge rectifier diodes currents for one supply

period; (b) output inductors currents, and bridge rectifier diodes currents for one switching time period; (c) to (g)

the converter equivalent circuits for different operating modes.
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wt =0 to 77/6 are shown in Fig. 3.3(b). The converter exhibits a total of five operating modes in

one switching cycle, and the corresponding converter equivalent circuits are shown in Fig. 3.3(c)

to Fig. 3.3(g). Since v, > v, > 0, and v, < 0, the bridge rectifier diodes Dgy, D¢y, Dpy, are in

ap’

operation for supply period wt = 0 to 7T/ 6

Mode-1: In this mode, all the switches are in ON state, and the bridge rectifiers are in OFF state.
The converter equivalent circuit for this mode is shown in Fig. 3.3(c). The input phase voltages
appear across the input inductors, and the voltages across intermediate transfer capacitors appear
across output inductors. So, the input and output inductors store the magnetic energy in proportion

to the voltages applied across them, while the load is supplied by the output capacitors.

Mode-2: In this mode, the gate signals to the power switches are removed, and the switches are
in OFF state. The converter equivalent circuit for this mode is shown in Fig. 3.3(d). All the input
inductors, and the output inductors demagnetize by delivering the stored energy to the load via the
D

bridge rectifier diodes D Dy, while the output capacitors C,;, C,, and the intermediate

apr» Yep)
transfer capacitors Cy4 p . get charged. This mode continues until the current through the bridge

rectifier diode D, becomes zero.

Mode-3: In this mode, the phase-A input current is in freewheeling state, and the input inductors
Lip, L;c and the output inductors L, L, are still demagnetizing. The converter equivalent circuit
for this mode is shown in Fig. 3.3(e). This mode continues until the current through the bridge

rectifier diode D, becomes zero.

Mode-4: In this mode, the phase-A and phase-C input currents are in freewheeling state, and
the input inductor L;;, and the output inductor L,,, are still demagnetizing. The converter
equivalent circuit for this mode is shown in Fig. 3.3(f). This mode continues until the current

through the bridge rectifier diode Dy, reaches zero.

Mode-5: In this mode, all the input currents are in freewheeling state, and all the semiconductors
are non-conducting, while the load is supplied by the output capacitors. The converter equivalent

circuit for this mode is shown in Fig. 3.3(g).

The expressions for current through the input inductors and output inductors for each mode of

operation are derived and given in Table 3.2.
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Table 3.2: Converter input and output inductors currents expressions for different modes of operation.

Mode — 1 Mode -2 Mode -3 Mode — 4 Mode - 5
‘ s i1ia(t) = Iigp — Et i1ia(®) = Iiar 1 () = Ipe — 22t iia(t)
iria(t) twa + 7t ot ' P 20,(L; + Lo)ton 6L; - W,
l ILiap = ifwa + aL_on Lar ™ Tiap Li(3Li + ZLu) ILias = ILiar pas 6Li ‘
i
. 2Vy . Vo ) Vo
—lfwp ipip(t) = Iipp + 3_Lit irip () = Lipr + Z_Lit inip () = Igps + 3_Lit irip ()
inip(t Vp
le( ) + L_t . Upton 4va(Li + Lo)ton Veaton = ILibs + ﬁ te
i ILibp = —lpyp + - Ipipr = ILibp + m Iips = Ipipr + 7 i
i i i o t
. Vo . Vo , Vo
v, iic(®) = Iicp — Et iLic(®) = Ljer — Z_Lit iic(t) = Ipjes — Et i (®)
iLic (t) "fWC + L_ ¢ ' ‘ =1 0
i L. =i + Velon Ioo=1. — 2"7a(Li + Lo)ton Ioo=1. — Vealon — ILics _att
Licp fwe Li Licr Licp Lz(3LL + ZLG) Lics Licr Li L
. v,
ifwa lLoa(t) = ILoap - ﬁt i ()
iLoa(t) +Et v tO iLoa(t) = _iLia(t) iLaa(t) = _iLia(t) _Loii (0
L I R aton = T‘Lia
o Loap — lfwa + L
o
. . V. . o
v, iLop () = Ipopp + jt irop(t) = Iopr + it iop () = Iops + it L©
i t i +— ° ° o Lob\
Lub( ) Jwb Lu I =i + Ubtan I =1 3Ua(Li + Lg)tgn I =1 + vcaton = —lLip (t)
Lobp ‘fwb o Lobr — !Lobp Lo(3Li + 2Lg) Lobs Lobr .
. v . v,
) v, iLoc(t) = liocp — it iroc(t) = Ioer — 2_th i (6
iLoc(t) —lrwe + 7t ? iLoc(£) = =iy (8) Lo
L, I _ . Vcton _ 3v(Li + Lo)ton = —ipc(t)
Locp — _lfwc + Lg ILubr = ILocp - m
Time t  =dT. £ = 61Ja(l'i + Lo) £ = 217ca t t = 18vaLi(Li + La) Ts —ton — tr
period on s " T V,(3L; + 2L,) " sy YTV, (3L +2L,)2 " —ts—t

3.4 Converter design

This section presents the expressions for converter average output current and input current and

derives the DCM condition and the design equations for each passive component.
3.4.1 Condition for discontinuous current operation

The converter discontinuous current operation is ensured, when the sum of the time durations

of converter modes 1 to 4 is less than the switching period Ty,

ton +t, +t; < T (3.7)

On substituting t,,, t,, ts, t; expressions from Table 3.2 in (3.7), and after simplifying gives,
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2 4 L 2
dl1-22_ v“( 0 ) <1. (3.8)
v v, \3L, +2L,

2
Since L, < L;, the term containing (3L-l-;-02L) in equation (3.8) can be neglected. On
substituting, —v, = V},, sin(wt + 60°) gives,
M

d (3.9)

< .
~ M + 2sin(wt + 60°)

In (3.9), the converter minimum duty cycle occurs when sin(wt + 60%) = 1, on simplifying it

gives wt = 30°. Therefore, the condition for converter discontinuous current operation is

d<

. 3.10
T M+2 (3-10)

The converter critical voltage conversion ratio for a given duty cycle can be defined from (3.10),

and is given as,

2d
Mo 2. (3.11)

From the converter configuration, it is evident that the converter output voltage must be greater

than two times of the peak input voltage to reverse bias the bridge rectifier diodes. Therefore, to

operate the converter as intended, the converter voltage gain must be,

M=>M,., >2. (3.12)
3.4.2 Converter average output current

It is known that in steady state, in a switching cycle, the average current through the capacitor is

zero. Therefore, the average output current of the converter for one switching cycle is given by,

1
io,avg = E ((idap) + (idbn) + (idcp))- (3-13)

The expressions for each diode currents in above equation is given as,

idap(t) = l1iq () + i10a(t) (3.14)
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Lapn (£) = iip () +iLop(t) (3.15)
Lacp () = ipic(8) + ipoc(2). (3.16)

Substituting the input inductor and output inductor current expressions from Table 3.2 in (3.14),
(3.15), (3.16), and calculating the average for one switching cycle, and further substituting in

(3.13), and simplifying gives the converter average output current for one switching cycle.

3V,2d>T.
loang = ———— (3.17)
4LeqVs
where
LiLo
Leg = : 3.18
The average output current of the converter for one input supply period is calculated as
6 (/6. 3V,2d2T,
Io,avg = Efo Lo,avg d(wt) = m. (3.19)
The converter normalized output current from (3.19) is given as
d?v, d?
IOTl = m = —, (320)
— ]/O M
MA
8
\ M
loy () = G52
6 R
/ CCM
4
NG M=2.0
2 : |
Not Operative
0 g g g >
0 0.05 0.1 015 I,

Fig. 3.4. Load characteristics of converter: voltage gain versus the normalized average output current.
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Using (3.20), the converter load characteristics are drawn and are shown in Fig. 3.4. The
converter is moving towards CCM with the increase in load, and it is evaded by limiting the duty

cycle defined in (3.10).
3.4.3 Converter input current

With a consideration that the converter operation is loss free, then

P, = P, (3.21)

Vinm

2= Voloavg (322)

On substituting I, 5,4 €xpression from (3.19) in (3.22), and then simplifying gives,

V. d2T,
= ) 3.23)

3.4.4 Design of input and output inductors

The input inductor is designed by choosing the maximum allowable current ripple through it

over a switching cycle. If Ai;; is the maximum allowable current ripple over one switching cycle,

then
V,
Aiy; = —=dT, (3.24)
L
Vin
L; = —=dT, :
i = pi, 4s (3.25)

If L; is known, then output inductor L, can be calculated from (3.18), and is given as

LiLeq
L, = .
° =T~ L., (3.26)
The value of L, is obtained from (3.10), (3.19), and is given as
3V, °V,2T.
L m o S (3.27)

< .
1= 4P, (V, + 2V,)?
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3.4.5 Design of intermediate transfer capacitor

The transfer capacitor ‘C;’ design is very vital as its value has substantial impact on input current
quality. The transfer capacitance value should be selected in such a way that it should not produce
low frequency oscillations with the input inductor and as well as the output inductor. Therefore,
the resonant frequency f,- caused by the intermediate transfer capacitor C; must be in between the

switching frequency and the supply frequency,

f<f<fe (3.28)

1

where ﬂ = m .
3.4.6 Design of output capacitor

In aerospace applications, the output capacitor design depends on the power holdup time
required after the AC source interruption. If ¢, is the holdup time required to bring the output
capacitor voltage to 90%, then each output capacitance value required in the proposed converter

is given by

4Pt

Col = COZ = (0.19‘/02) .

(3.29)

3.5 Component stresses

This section presents the voltage and current stress expressions for each converter component

and validates with simulated values.
3.5.1 Voltage stress
3.5.1.1 Switches S,, S, S,

Fig. 3.5(a) shows the voltage profile of the switch S, for one supply period. Each switch body
diode is forward biased for two-third of the supply period during its phase negative half-cycle
around its negative peak, and in the meanwhile the two anti-parallel body diodes of the other

switches experience a maximum voltage stress of
Vswmax = Vo + \/§Vm . (3.30)
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Fig. 3.5. (a) The voltage profile of switch mosfet ‘S,’ for one input line period; (b) the voltage profile of power

bridge rectifier diode ‘Dg,,” for one input line period.

3.5.1.2 Bridge rectifier diodes

Fig. 3.5(b) shows the voltage profile of the bridge rectifier diode Dg, for one supply period.
Each bridge diode experiences a maximum voltage stress of V, when the other diode in its leg is

in conduction.
3.5.2 Current stress

3.5.2.1 Switches S, Sy, S,

The current expression flowing through the switch for one switching period is given as

Va,b,c
, —t 0<t<t
fswapc(t) =1 Leq o (3.31)
0 ton <t <T,.

Using (3.31), the expressions for the switch average and root mean square (RMS) currents are

derived and are given in (3.32), and (3.33), respectively

Vnd?T,
I =— 3.32
sw,avg TLeq ( )
VndTs |d
Lswrms = % 6" (3.33)
eq
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3.5.2.2 Bridge rectifier diodes

The expressions to determine the bridge rectifier diode average and RMS currents are as follows

R
D,avg - 4‘Lqu/O

_ 2VndTs |dVy,
D,rms — 3Leq 71'VO :

3.5.2.3 Output filter capacitors, C,;, Cy»

The expression to determine the output capacitors RMS current is

— 2 _J2
ICo,rms - \/Ido,rms Ido,avg

where

V..dT, [2dV,
Ido,rms = rz . \/ n.Vm ( V3 — 1)
eq 0

3V2d2T,
Lio,avg = W'

3.5.2.4 Intermediate transfer capacitors, Cyg p

The expression to determine the intermediate transfer capacitors RMS current is

Vv.dT, [2d d?

Ict,rms = T - 5

eq 3 2
3.5.2.5 Input inductors, Lig 5 .
The expression to determine the input inductors RMS current is

desz
ILi,rms = 2\/§L .
eq

3.5.2.6 Output inductors, Lyg p ¢

The expression to determine the output inductors RMS current is
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Table 3.3: Numerical values of theoretically calculated and simuated average and RMS currents for P, = 2.0

KW, V,_ = 110 Vopns, V, =270 V, f; = 100 kHz, Loo=10.907 uH, d = 0.6005.

Quantity Calculated Simulated

 JRap— 9.45 9.40
sy rms 15.64 15.79
ID,avg 2.47 2.51
Iprms 8.32 8.38
L¢orms 13.14 13.24
ICt,rms 1160 1161
Iiirms 10.50 10.55
Iorms 12.36 12.13
V, dTs 8V, 3
Ioyms = 77— ( +—) (d —d?). (3.41)
' 3Leq nV, 2

The analytical expressions derived from (3.32) to (3.41) are verified with the simulation results.
Table 3.3 lists the numerical values of theoretically calculated and the simulated average and RMS
currents at 2.0 kW output power. The calculated values are almost equal to the simulated values,

which shows the accuracy of the derived formulae.
3.6 Converter small-signal model

The converter control-to-output transfer function is obtained using CIECA approach [74], [75].
This approach linearizes the converter non-linear part by replacing it with the switching cycle
average current produced by it, as shown in Fig. 3.6. The converter small-signal model defined by
(3.42) and (3.43) represented in Fig. 3.7 is obtained by applying small-signal perturbations to
(3.17) and (3.23), and after neglecting the second order terms.

,\ 1
io,avg = jod + goUm — r_vo (3.42)
2
~ 1
I =j1d+—7, (3.43)
r
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Fig. 3.6. Converter equivalent circuit as per CIECA approach.
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Fig. 3.7. Small-signal model of the proposed converter.

, 3V dT. 3V, dT. v, . AV, T. 2L
Where]2= m s; gz= m s; T2=, 0 Jj = ms; L= Zeq.
Vo 2Leq Vo 2Legq io,avg Leg d2T;

The desired control-to-output transfer function described in (3.44) is obtained from Fig. 3.7 by

considering the resistive load.

o, 2K
Fin 3.44
d 14 KTd + sR,C, (344)
[0)
where
3V, %R, dT
= 27m To%%s (3.45)
4V Leg

3.7 Results and discussion

This section presents the simulation and experimental results of the proposed converter to

validate the converter analysis and design, and presents a discussion on converter efficiency.

3.7.1 Simulation results

The proposed converter shown is simulated in PSIM 11.1 software to confirm the converter

analysis and the design. The converter specifications are given in Table 3.4. The results of the
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Table 3.4: Converter input specifications. Table 3.5: Converter designed parameters.

Parameter Value Parameter Value
Line voltage 110V + 10 % Maximum Duty cycle, d 4. 0.6005
Input frequency, f 360-800 Hz Input inductance, L; 240 uH
Output power, P, 2.0 kW Output inductance, L, 11 uH
Output voltage, V, 270 V Intermediate transfer capacitance, C; 2 uF
Switching frequency, f 100 kHz Output capacitances, Co1, Coz 1.44 mF

converter design is given in Table 3.5. The input inductance value is calculated from the allowable
maximum input current ripple which is 15% of the peak value. The output inductance value is
calculated from (3.26). The output filter capacitances values are calculated from the holdup time
required which is considered at 2.5 ms. Using the designed parameters, the converter control-to-
output transfer function is obtained from (3.44) and is given in (3.46). A Pl-controller transfer

function described in (3.47) is designed for a phase margin of 75° and gain cross-over frequency

625 rad/sec.

G(s) = v,(5) _ 939.5 (3.46)
d(s) 0.02624 S + 2.053 '
4.143
H(s) =0.0162 + — (3.47)

With the designed parameters and the designed controller, the circuit is simulated, and the
results have been presented for input frequency f =400 Hz. Fig. 3.8(a) depicts the converter input
phase currents, which are sinusoidal, and balanced. Fig. 3.8(b) depicts the converter input phase
voltage and input phase current of phase-A. The phase current is in-phase with the corresponding
phase voltage and confirming the converter UPF operation. Fig. 3.8(c) depicts the output voltage
across each output capacitor, and the combined total output voltage. Each output capacitor is
sharing the half- of the output voltage as anticipated and validating the assumption (3.6). Fig.
3.8(d) depicts the phase-A intermediate transfer capacitor voltage along with phase-A input
voltage; both are in phase, and the average values are equal, validating the assumption (3.5). Fig.
3.8(e) depicts the converter response for input frequency variation from 400 Hz to 800 Hz; the

output voltage is constant during input frequency variation, and the input current is in phase with
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Fig. 3.8. Simulation results at rated output power (a) input phase currents; (b) phase-A voltage and current; (c)
output capacitors voltages and total output voltage; (d) phase-A intermediate transfer capacitor voltage along with
phase-A input voltage; (e) converter response for input frequency variation 400 to 800 Hz; (f) converter response

for load change 50 % to 100 % of rated output power; (g) converter response for rated constant power load applied;

(h) converter response for rated constant power load removed.
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the input voltage. Fig. 3.8(f) depicts the converter response for load variation from 50% to 100%;
the controller responds immediately to the load change, and the output voltage is settled at
reference value 270 V within the designed settling time of 10 msec. Fig. 3.8 (g) and Fig. 3.8 (h)
show the converter response when rated constant power applied and removed, respectively. In both
cases, the converter response is smooth and instantaneous, and the output voltage is closely

tracking the reference which validates the robustness of the converter and the designed controller.
3.7.2 Experimental results

To validate the analysis of the proposed converter and to verify the simulation results, a 2.0 kW
proof-of-concept laboratory hardware prototype has been built with the same parameters used in
simulation and is shown in Fig. 3.9. The hardware details are given in Table 3.6. The DSP

TMS20F28335 is employed as digital control platform to generate the gate signals for the

o
9}
~
.8
a
5}
=
b=
=
31
D
=
5
=1}
=]
B
[aa]

Fig. 3.9. The hardware prototype of the proposed converter.

Table 3.6: Prototype component specifications.

Component Specifications

Switches, S, Sp, S UJ3C065030K3S, 650 V, 62 A, 35 mQ
Bridge rectifier Diodes VS-65EPFO6LHM3, 600 V, 65 A
Output capacitors, Cpq, Cp2 ESMQ401VSN471MQ50W, 3*470 uF
Transfer capacitors, C; R71P134704030M, 5 x 0.47 pF

Input inductors 1140-101K-RC, 2*100 xH

Output inductors 1140-100K-RC, 10 uH

Snubber capacitor R75QD0470DQ307J, 470 pF

Snubber resistor EP5WSI100RJ, 100 Q

Gate drivers HCNW3120 IC

Power source California-MX30 (300 — 500 Hz)
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Fig. 3.10. Experimental results (a) input phase currents for rated output power; (b), (¢), (d), (¢) one phase input
voltage and input current for converter output powers of 0.5 kW, 1.0 kW, 1.5 kW, 2.0 kW; (f) harmonic spectrum
of input current at rated output power; (g), (h) converter response for supply frequency variation 300 Hz to 500
Hz, and 500 Hz to 300 Hz; (i) output inductors currents; (j) intermediate transfer capacitor voltage and its phase
input voltage; (k) voltage waveform across one of the power switches; (1) voltage waveform across one of the

bridge rectifier diodes.
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Table 3.7: Converter measured input current THD (%) and power factor at different output powers.

P,,kW THD (%) PF

0.5 6.99 0.9976
0.75 6.19 0.9981
1.0 5.49 0.9985
1.25 4.99 0.9988
1.5 4.52 0.9990
1.75 4.10 0.9992
2.0 391 0.9993

converter. The hall-effect sensor LV-25P is employed to sense the converter output voltage. The

converter steady-state results for converter input frequency of 400 Hz are shown in Fig. 3.10.

Fig. 3.10(a) depicts the measured input phase current waveforms at rated output power for
supply frequency 400 Hz, which are sinusoidal, and balanced. Fig. 3.10(b), Fig. 3.10(c), Fig.
3.10(d), and Fig. 3.10(e) depict the waveforms of one phase input voltage and input current for
output power of 0.5 kW, 1.0 kW, 1.5 kW, and 2.0 kW, respectively. In all the cases, the input
current is following the input voltage both in phase and shape, confirming the converter UPF
operation, and verifying the simulation results. Fig. 3.10(f) depicts the harmonic spectrum of input
current at rated output power; the measured THD is 3.91%, and the power factor is 0.9993 almost
unity. The converter measured input current THD (%), and power factor (PF) at different output
powers are listed in Table 3.7. Fig. 3.10(g), and Fig. 3.10(h) depict the waveforms of output
voltage, one phase input voltage, and input current for supply frequency variation from 300 Hz to
500 Hz, and from 500 Hz to 300 Hz, respectively. In both cases, the output voltage is constant,
and the input current is following the input voltage. Fig. 3.10(i) depicts the waveforms of output
inductor currents which are discontinuous, validating the analysis and the design. Fig. 3.10(j)
depicts the intermediate transfer capacitor voltage along with its phase input voltage. As
anticipated, the intermediate transfer capacitor voltage is in phase with the input voltage, and its
average value is equal to the input voltage validating the assumption (3.5) and the simulation. Fig.
3.10(k) depicts the measured voltage waveform across one of the power switches. The peak voltage
is around 430 V, it is equal to the sum of output voltage and peak line-to-line voltage. Fig. 3.10(1)
depicts the measured voltage waveform across one of the bridge rectifier diodes. The maximum

voltage stress is 270 V which is in good agreement with the analysis.
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Fig. 3.11. (a), (b) Converter response for +20 % input voltage perturbation; (c), (d) converter response for output
load perturbation from 1.0 kW to 2.0 kW, and from 2.0 kW to 1.0 kW; (e), (f) converter response with single-

phase loss, and return at 1.0 kW output power.

)
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Fig. 3.11(a) and Fig. 3.11(b) depict the converter response for 20% input voltage incremental,
and decremental change, respectively. The converter input current is reduced in case of input
voltage incremental change whereas it is increased in case of decremental change for maintaining
the input and output power balance. Fig. 3.11(c) and Fig. 3.11(d) depict the converter response for
load perturbation from 1.0 kW to 2.0 kW, and from 2.0 kW to 1.0 kW, respectively. In both the
cases, a small voltage dip is observed in output voltage, and it is getting settled at reference value
270 V within the designed settling time of 10 ms, which proves the robustness of the converter,
and the designed controller. Fig. 3.11(e) and Fig. 3.11(f) depict the converter response with single-
phase loss, and return at 1.0 kW output power, respectively. With single-phase loss, the output
voltage is having second order supply frequency oscillations as in single-phase converter and is

well-tracking the reference voltage.
3.7.3 Converter efficiency

Using the analytical expressions derived in section 3.5 and from the datasheet specifications of
the components, the converter losses for rated and half-rated output power are calculated and listed
in Table 3.8. The loss equations defined in appendix are used to calculate the losses. The converter
measured efficiency curve from the developed prototype for different output power is shown in

Fig. 3.12. The measured efficiency is very close to, and slightly lesser than the calculated

Table 3.8: Proposed converter itemized losses for rated and half-rated output power.

Output power 1000 2000 w
Input voltage (line-to-line rms) 110 110 A%
Input current (rms) 5.586 11.156 A
Duty cycle (d) 0.4246  0.6005
Losses

Power switch losses 22.35 42.48 W
Full bridge diode losses 6.37 13.73 A
Total semiconductor losses 28.72 56.21 W
Input inductors 4.51 18.22 W
Output inductors 1.25 2.29 W
Output filter capacitors 8.29 19.78 W
Intermediate transfer capacitors 4.68 9.61 w
Auxiliary losses (core losses, skin effect,...) 15 15 w
Total power losses 62.45 121.11 W
Efficiency 94.12 94.29 %
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Fig. 3.12. Converter measured efficiency curve.

efficiency. It is due to some hidden losses such as core losses, and losses due to skin effect, etc.,

which are considered as auxiliary losses in calculation to match the measured efficiency.
3.8 Conclusion

A new three-phase Cuk-derived PFC converter with three switches connected in wye
configuration is proposed. The proposed converter offers benefits of limited components for its
operation and only one semiconductor from each phase is in current conduction path throughout
the converter operation, which reduced the converter conduction losses, and increased the
converter efficiency. The reduction in conduction losses minimizes the converter thermal
management, and consequently increases the system power density. In addition, the control effort
required for converter operation is very less because all the switches are driven by one common
gate signal. The output inductors of the converter are designed for DCM operation for the entire
power range to realize natural PFC at AC mains for wide range of frequency. Therefore, the
converter control requires only one output voltage sensor which makes the system more
economical, robust, simple and reliable. The converter steady-state operation and the design are
presented in detail. The average and RMS currents expressions for each component are derived,
and verified with the simulation. The feasibility of the proposed scheme and the design are
validated with the simulation results, and further verified with the experimental results from a 2.0
kW laboratory prototype. It is shown that the results are in good agreement with the analysis and

the design. An input current THD of 3.91 % (< 5 %), and a high efficiency of 94.29 % (> 90 %)
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are recorded at rated output power from the developed laboratory prototype. The converter
experimental results for single-phase loss fault-tolerant operation at 50 % of the rated output power
has been presented. It is observed that during single-phase loss the converter losses are increased
due to the high currents through the converter which caused the converter efficiency drop by 4 %

when compared to the normal operation.
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Chapter 4 : Three-Phase Non-Isolated Buck-Boost-
derived PFC Converter

4.1 Introduction

The three-phase Cuk-derived PFC converter presented in Chapter 3 was an optimal topology in
terms of semiconductors count and conduction losses. However, the converter employs two DC-
link capacitors at the output, which creates extra capacitive losses. Further, the value of the
intermediate energy transfer capacitor required in each phase is high to keep its voltage ripple low,
and it has to handle the both input RMS current, and the output inductor current ripple which also
adds to the extra capacitive losses. Therefore, with a focus on reducing the capacitive losses and
also retaining the merits of Cuk-derived PFC converter, a three-phase buck-boost derived PFC

converter is proposed and analyzed in this Chapter.
4.2 Proposed converter and control scheme

This section presents the derivation methodology of the proposed converter, and its merits.

Further, it also presents the control scheme employed for the proposed converter.
4.2.1 The proposed converter

Fig. 4.1(a) shows the single-phase buck-boost PFC converter with inductor on AC-side for
energy transfer, and a four-quadrant switch is used for PFC operation. The proposed converter
shown in Fig. 4.1(b), is derived by combining the three single-phase structures of Fig. 4.1(a) into
three-phase three-wire system, where a three-phase diode bridge rectifier is used in place of three
single-phase diode bridge rectifiers. For a balanced three-phase system, the four-quadrant switches
are no more required and just three switches (one in each phase) are sufficient and are operated
synchronously, as shown in Fig. 4.1(b). The input filter capacitors, and the inductors are connected
in delta-configuration, as it results in lower peak currents when compared to the wye-
configuration. Moreover, in case of a single-phase failure or open-switch fault, all the inductors
participate in power transfer. The proposed converter uses only one DC-link capacitor and can
view it as a derived form of the three-phase Cuk-derived PFC converter with a swapping of the

converter switches and the intermediate energy transfer capacitors.
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Fig. 4.1. (a) Single-phase buck-boost PFC converter with AC inductor for energy transfer; (b) the proposed three-

phase buck-boost-derived PFC converter with AC inductors connected in delta-configuration.

Table 4.1: Comparison of the proposed buck-boost-derived converter with the state-of-the art buck-boost

converters.
Number of
. semiconductors per
Description Number of semiconductors Nlll)gls[s,:,:eof phase in tl.le currI;nt Number
conduction path of sensors
. . components I litch | Switch
Switches | Diodes Total ON OFF
Converter [35] 3 13 14 3 1 5
Converter [36] 6 7 13 2 1 5
Converter [37] 4 6 10 10 2 2 5
Converter [38] 6 24 30 10 4 4 5
Converter [84] 4 6 10 10 1 2 1
Converter [85] 4 13 17 10 4 3 1
Converter [86] 6 24 15 12 4 4 1
Proposed Converter 3 6 9 10 1 1 1
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Fig. 4.2. Control circuit for the proposed converter.

To demonstrate the novelty of the proposed converter it has been compared with state-of-the
art buck-boost converters and is given in Table 4.1. The comparison criteria comprise the number
of switches, number of diodes, number of sensors, total number of semiconductors, total number
path during both conduction and commutated states. In state-of-the art converters, at a given

instant, more than one semiconductor device is in the current conduction path.
4.2.2 Control scheme

The objectives of a PFC converter are; 1) the sinusoidal input current in-phase with input
voltage, 2) regulated DC output voltage. The first objective is achieved by operating the converter
in DCM operation. The second objective is achieved by using a simple voltage control loop, as
shown in Fig. 4.2. It is considered that all the switches are operated synchronously and the value
of input inductance in each phase is the same. From the control loop, it can be seen that the duty
cycle of the switches depends only on the error between the reference voltage and the output
voltage means for a given output power and input voltage, the converter duty cycle is constant and
it does not change with input voltage sinusoidal variation. The duty cycle changes only if there is
change in output voltage reference or any disturbances viz. load change or variation in source

voltage amplitude, etc.

When all the switches are on, three inductors L, Ly, L. come across the line voltages v, Vpc,
V.4 respectively. Consequently, the inductor currents iy, i1, i begin simultaneously to rise from
zero at a rate proportional to the instantaneous values of their respective line voltages. The specific
inductor peak current values during each ON interval are proportional to the average values of
their input line voltages during the same ON interval. Since average value of each of these line
voltages varies sinusoidally, the inductor current peak and average values also vary sinusoidally.
Subsequently, the line currents i, iy, i, also vary sinusoidally. The low-pass filter placed at input
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side filters out the HF switching components of the line currents and presents only the fundamental
average component of line currents at mains supply, which are sinusoidal and in-phase with the

phase voltages.
4.3 Steady state analysis and design

In the analysis, the following assumptions are made

1. All the switches, inductors and capacitors are ideal.

2. The output filter is large enough to maintain the output voltage constant.

3. As switching frequency is much higher than line frequency, the phase voltages and output
voltage are constant in a switching cycle.

4. As defined in (4.1), the input inductances in each phase are the same.
Lo=L,=L.=1L. 4.1)

The three-phase sinusoidal signals are divided into 12 sectors each of 30° as shown in Fig. 4.3.
Due to the symmetric nature of the converter, its behavior is same in each sector. Hence, the
analysis is presented only for sector-1i.e. wt =0to™ / ¢- The inductor current waveforms for one
switching cycle operating in DCM in sector-1 are shown in Fig. 4.4. It should be observed that the

converter has four operating modes in a switching cycle.

Mode-1: This mode starts when all the three power semiconductor switches S,,S;,S, are
turned-on. Prior to this mode, the input inductors L,, L;,, L. are in fully demagnetized state.
Therefore, the switches turn-on with zero current. The equivalent circuit of the converter in this
mode is shown in Fig. 4.5(a). In this mode, the input inductors store the energy owing to the line
voltages appearing across the inductors, while the output capacitor supplies the load. At the end of

this mode, the inductor currents reach their peak values as shown in Fig. 4.4.

Mode-2: This mode starts when the gating signals for the switches are withdrawn. The equivalent

circuit of the converter in this mode is shown in Fig. 4.5(b). In this mode, the inductors L, L;, start

to reset by delivering the stored energy to the load through diodes D,, D3, D, at a rate of VO/ 1 and

the inductor L. retains its peak current value. This mode ends when the inductor L, current i,

equals to the inductor L. peak current I}, as shown in Fig. 4.4.
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Fig. 4.4. The input inductors current waveforms in sector-1.

Mode-3: The equivalent circuit of the converter in this mode is shown in Fig. 4.5(c). In this

mode, all three inductors L,, L, L. start to reset by transferring the stored energy to the load

through diodes D,, D5 at a rate of VO/ 2 V"/ L V"/ o respectively. This mode ends when all the

inductors currents reach zero as shown in Fig. 4.4.

Mode-4: The equivalent circuit of the converter in this mode is shown in Fig. 4.5(d). In this

mode, all the input inductors are in fully demagnetized condition and all the switches, diodes are
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Fig. 4.5. The equivalent circuit of the proposed converter in different modes of operation (a) Mode 1; (b) Mode 2;
(c) Mode 3; (d) Mode 4.

Table 4.2: Mathematical representation of inductor currents for different modes of operation in sector-1.

Description | Mode-1 Mode-2 Mode-3 Mode-4
. 4 . 4
. . Vap ia(t) = Iap — ft lpa(t) = Ipgs — it .
i | Ga() =22t o - iLa(t) = 0
[Lap = Tton Ipas = T on
. A . 14
, . vpe | wn(® =lupp+ 7t | b () =Lps +t .
i (1) ip(t) = 7 ¢t Vpe 200 ip(t) =0
Ipp = Tton Iips = —77 ton
. |/
. . VUca e (t) = ILCP iLC(t) =1l — ﬁt .
iLe(t) le = 75— Vca v i, t)=0
L Iiep = —ton =
L Ipes = N ton
. . 317(1 ZUCG.
Time period ton = dT ty = 7 dTs t, = 7 dTy tg = (Ts —top —ts —t,)
o o
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in off state. The output filter capacitor supplies the load. This mode continues till the next switching

period starts.

Following to the converter modes of operation, the converter inductor currents expressions are

defined and tabulated in Table 4.2.
4.3.1 DCM operating condition
To ensure the converter DCM operation
ton +ts +t,. <Ts. (4.2)

Substituting t,,, ts, and t, expressions from Table 4.2 in (4.2)

M

d< )
M + /3 sin (a)t + %) (4.3)

The worst situation occurs when sin (a)t + g) = 1, which gives wt = 0. Therefore, to operate

in DCM

M
M++3

d< (4.4)

From (4.4), the critical value of conversion ratio, which defines the boundary between

continuous and discontinuous modes can be determined and is given by (4.5)

- LY (4.5)
The converter output voltage should be higher than the peak line-to-line voltage to ensure the

reverse bias of bridge diodes D; to Dg. Hence, for a given duty cycle d, the converter is said to

operate in DCM when M > M, > /3.
4.3.2 Average output current

In a switching cycle, the average current of the output filter capacitor is zero. Therefore, for the

sector under the analysis, the average output current of the converter is given by
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loavg = (io) = (ig3) - (4.6)

The equation of i3 in mode-2 is given by

igz(t) = ipq(t) —ipp(t) 4.7)
i (6) = — %de - % £ 4.8)

Zeear, — 2t (4.9)

From (4.8) and (4.9), the average value of output current in a switching cycle can be calculated
as

9d2T, V2

io,avg = (id3> = TVO- (4.10)

The average output current over a line period equals to

9d2T,V;2

4.11
LV, (4.11)

6 7T/6_
Io,avg = ;j lo,avg d(wt) =
0

From (4.11), the normalized average output current is defined and is given as,

Not Operative

0 0.05 0.1 0is  1I,,

Fig. 4.6. The converter load characteristics: converter gain as a function of the normalized average output current.
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Fig. 4.6 shows the converter load characteristics, is a function of converter gain and normalized
average output current, is drawn by using (4.12). It is observed that the converter is tending towards
CCM with the increase in the load current. For a given conversion ratio and the output power, the

converter CCM operation can be avoided by setting a limit on the duty cycle, defined by (4.4).
4.3.3 Input current

The expression for phase-A input current before filtering is,

3y, 0 <
iq(t) ={ I b Pst=ston (4.13)
0 ton <t <T,.

where v, =V, sin(wt) is the instantaneous value of phase-A voltage. The Fourier series of the

input current for one switching period is,

a
(o) = 5 + Z(ah cos(hawst) + by, sin(hwgt)) (4.14)
h=1
3 a 6 a . 1 1
where  ag = %dzTS, ap = h(ZSL (d sin(2hnd) + -—cos(2hnd) — %), b, =

6vq
hwgL

1 .
(% sin(2hmd) — D cos(Zhnd)) .

On combining the harmonic current components a;, and b, and substituting v, =V}, sin(wt),

6V,
hwg

3V, o 6V,d
ip(wt) = z—ZleTS sin(wt) + Z 7 sin(wt) sin(hwt + &;) (4.15)
h=1

_1b
where &, = tan 1a—h.
h

The first term in (4.15) represents the fundamental current component and the second term
represents the total harmonic current of input current ‘i,,’. By designing a low-pass LC filter with

a cut-off frequency much lower than the switching frequency, the harmonic currents can be filtered
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out. Therefore, the resulting input current contains only the fundamental current component, and

is given as
. 3Vm . :
ip(wt) = TdZTS sin(wt) = I,,, sin(wt) (4.16)
where
3V
L, = Z—ZleTS . (4.17)

Equation (4.16) shows that the filtered phase-A input current is sinusoidal and is in phase with

the input voltage, which proves the unity power factor operation of the converter.
4.3.4 Inductor design

The inductor design should be such that it has to maintain the DCM for minimum input voltage
and maximum output power (rated power) condition. Because at this condition, the converter input
current is maximum, and consequently the inductor current peak also will be maximum. If the
inductor can demagnetize within a switching period at this condition, then the DCM would be
ensured for all the input voltages above the minimum input voltage and for all the load values
below rated power. Therefore, using (4.4), the maximum duty cycle to ensure the DCM operation
for minimum input voltage is given as

Vo

d < . 4.18
e Vo + \/§Vm,min ( )

The average output current for the given rated power and the rated output voltage is expressed

as

I—Po 4.19
0=y (4.19)

Using (4.11), (4.18) and (4.19), the value of the inductor to operate the converter always in
DCM is given as

2 drznax Vr?l,minTs

4.20
L< 2 P (4.20)
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Fig. 4.7. Proposed converter with pre-charging circuit.

4.3.5 Output capacitor design

In aerospace applications, the output capacitor design depends on the power holdup time
required after the AC source interruption. If ¢, is the holdup time required to bring the output

capacitor voltage to 90%, then the value of the output capacitance is given by

2Pt

Co = (0.1—9V02). (421)

4.4 Converter start-up

The proposed converter requires a pre-charging circuit to limit the inrush current at start-up of
the converter. A standard pre-charging circuit comprises of a pre-charge resistor, Ry, and a
switch, Sy, 1s used, as shown in Fig. 4.7. During start-up, the switch, S, is off and the pre-

charge resistor, Ry, limits the inrush current. The switch, S, is made ON, when the output

capacitor voltage is greater than the maximum peak line-to-line voltage (V3 Vinmax)-
4.5 Component stress

4.5.1 Voltage stress

Fig. 4.8(a) shows the voltage across one of the power-mosfets for a line cycle. In each phase,

the body diode of the power switch, which is in series with that phase, is forward biased for two
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Fig. 4.8. (a) Voltage across one of power mosfet for a line cycle; (b) voltage across one of the diodes of full-bridge

rectifier for a line cycle.

third of its negative cycle, when the phase negative amplitude is high. For example, the body diode
of power switch S, is forward biased from wt = 7?” to 11?” as shown in Fig. 4.8(a). During this

period, the body diodes of the other two switches are reverse biased and experience a maximum
voltage stress of peak line-to-line voltage plus the output voltage. Hence, the maximum voltage

across the power switch is given by

sz,max = \/§Vm,max +7;. (4.22)

Fig. 4.8(b) shows the voltage across one of the diodes of full-bridge rectifier for a line cycle.
Each diode of the full bridge rectifier experiences a maximum voltage stress of output voltage V,,

when the other diode in its phase leg is ON.
4.5.2 Current stress

In this section, the analytical expressions for the average and rms currents through the power

switches, diodes, inductor, and the output filter capacitor are determined.
4.5.2.1 Power switches S,, S}, S,

From the converter operation, the expression for switch current in a switching cycle is given as

Mt 0<t<t
isw,a,b,c(t) = L - on (4.23)
0 tog <t <T,.

Using (4.23), the expressions for the average and rms currents through the power switches are

determined and given as
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3V, d2T,

Isw,avg = — (4.24)

V3V, dT; |d
Loy rms = ——= | =, (4.25)

’ L 2

4.5.2.2 Diodes D t0 ¢
The average and rms currents through the full-bridge rectifier diodes are
3d*T,V;2

Ipavg = i, (4.20)

V3V, dTs |V, d(3 —+V3) (4.27
ID,rms = I =y . 27)
o

4.5.2.3 Output filter capacitor, C,

The rms current through the output filter capacitor can be calculated using

ICo,rms = \/I(%o,rms - Iéo,avg (4.28)

where

3V, dT, |2V,,d(+/3 —1) .99
dorms = I s (4.29)
0
9d2T,V,2
lao,avg = 4L‘S/ = (4.30)
o

4.5.2.4 Inductor, L

The expression for input inductor rms current is derived by using the input inductor equations

and is given as
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Table 4.3: Analytically calculated and simulated average and rms current values of active and passive

devices for an output power of 2.0 kW, input line-to-line voltage of 110 1,5, d = 0.6, f; = 50 kHz, L = 65 puH.

Quantity Calculated Simulated

Iswavg 9.50 9.38
- 15.73 15.59
Ipavg 2.48 2.51
Ip s 8.16 8.22
Icorms 13.22 13.33
I} s 11.26 11.23
Ifrms 7.30 7.38

VdTs |Vid (m
[Lrms L 27V, (
o

v,
7o+ —ﬁ)) (4.31)

4.5.2.5 Filter capacitor, Cr

The rms current through the output filter capacitor can be calculated using

V3V, dT, [2d d? 4.32)
Icf.rms=w 3 ’

The derived formulae from (4.24) to (4.32) are verified with the simulation. The calculated and
simulated average and rms current values for an output power of 2.0 kW and input line-to-line
voltage of 110 V,.,,,5 are listed in Table 4.3. It is observed that the calculated values are very close

to the simulated values and shows high accuracy of the derived formulae.
4.6 Converter small-signal model

The small-signal model of the proposed converter is obtained by using current injected
equivalent circuit approach (CIECA) [74], [75]. In this approach, the non-linear part of the circuit
is linearized by injecting the average output current in a switching cycle (i, 44) produced by the

non-linear part into the linear part as shown in Fig. 4.9.
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Fig. 4.10. Small signal model equivalent circuit.

Applying perturbations to (4.10), (4.17), around the steady state operating point and making

the small signal approximation gives

. 1
Lo,avg = J2d + g2V — T_UO (4.33)
2
~ 1
I, =jd+—7, (4.34)
r
. 9VZ dTs Wy, d?Ts Vo . 3dVp, Ts 2L
where j, =— —; g, =— ;T = - s h=—"—; 1" =75-.
vy 2L vy 2L lo,avg L 3d“Ts

The equivalent small signal model described by (4.33) and (4.34) is shown in Fig. 4.10. Using

Fig. 4.10, the desired transfer function can be obtained. By considering the load as resistive load,
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the transfer functions for the output voltage to input voltage and the output voltage to duty cycle

are expressed as

D, 2KV,

a 4.35
d g+ Knd y opoc, (4.35)

o

U, 2Kd

F 4.36
Vm 1+Kl‘§md+sRoco (4.36)

]
where
9V,,R,dT;
= — 4.37

4.7 Input filter design
The criteria for the low-pass filter design are:

1) selection of cut-off frequency, f,
(4.38)

£ = 1 3

2) minimization of filter reactive power consumption for the supply frequencies at rated output

power. This is possible when the filter characteristic impedance is equal to the converter input

impedance i.e.,
(4.39)

. C ,3L . . .
where Z. is characteristic impedance = C—f , and Z;, is converter input impedance at rated
f

output power = 2deT.
Using (4.38), and (4.39), the expressions for the low-pass filter parameters are obtained as
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Table 4.4: Input specifications. Table 4.5: Designed parameters.

Parameter Value Parameter Value
Input line voltage 110V + 15% Maximum Duty cycle, Dmqx 0.685
Input frequency, f 360-800 Hz Input inductance, L 60 uH
Output power, P, 2.0 kW Output capacitance, C, 1.44 mF
Output voltage, V,, 270 V Filter inductance, Lg 120 uH
Switching frequency, f's 50 kHz Filter capacitance, C¢ 1.1 uF
P (4.40)
T 7 2nf, '
! (4.41)
T~ 6n feZ, '

4.8 Results and discussion

This section presents the simulation and experimental results of the proposed converter along

with a discussion on converter efficiency.
4.8.1 Simulation results

The proposed converter shown in Fig. 4.1(b) is simulated in PSIM 11.1 software to confirm the
converter analysis and the design. The converter specifications are given in Table 4.4. Substituting
given specifications in (4.20), the input inductor value L is calculated. It should be less than 62 uH
to operate the converter in DCM. In view of converter losses, the converter is simulated with input
inductor value of L = 60 pH. The output capacitance value is calculated from the holdup time
required which is considered at 2.5 ms. The input filter is designed for a cut-off frequency 8 kHz.
The results of the design are given in Table 4.5. From (4.35) and by using the designed parameters,
the converter transfer function G(s) is obtained and is given by (4.42). A proportional-integral
controller described by (4.43) is designed for a gain cross-over frequency of 625 rad/sec with a
phase margin 75° and infinity gain margin. The open loop transfer function described by (4.44)
has -20 db slope at zero cross-over frequency for all the loads below rated load. This indicates the

system stability for all the load conditions below rated load

G(s) = vo(s) 1062

~d(s) 0.05249 S +2.278 (4.42)
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6.293
H(s) = 0.0296 + — (4.43)

598.78(S + 212.57)
(4.44)
S(S + 43.39)
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Fig. 4.11. Simulation results (a) input phase voltages; (b) input phase currents; (c) phase-A voltage and current;
(d) input inductor currents; (e) output voltage and phase-A input current for load disturbance from 50% to 100%

of rated power; (f) phase-A voltage and current for input frequency variation 400 Hz to 800 Hz.
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With the designed parameters and the designed controller, the circuit is simulated, and the
results are presented for input frequency f =400 Hz. The simulated three-phase input voltage and
current waveforms are shown in Fig. 4.11(a) and Fig. 4.11(b), respectively. The currents are
sinusoidal and balanced. The phase-A voltage and current waveforms are shown in Fig. 4.11(c).
The input current is in-phase with the input voltage, confirming the UPF operation of converter.
The input inductor current waveforms are shown in Fig. 4.11(d). The inductor currents are
discontinuous and following the analysis. The input voltage and input current of the converter for
supply frequency variation from 400 Hz to 800 Hz are shown in Fig. 4.11(e). The input current is
following the input voltage during supply frequency variation. The output voltage and input
current of the converter when subjected to a load step change from 50% to 100% of the rated power
are shown in Fig. 4.11(f). It is observed that the output voltage is closely tracking the reference
voltage and settled within the settling time of 10ms, which confirms the robustness of the converter

and the controller design.
4.8.2 Experimental results

To validate the reported analysis, and control, and to verify the simulation results a 2.0 kW
proof-of-concept laboratory hardware prototype is developed and is shown in Fig. 4.12. The
hardware prototype details are provided in Table 4.6. The designed controller is implemented in
DSP TMS320F28335 and the output DC voltage is sensed by using hall-effect voltage sensor LV

25-P. The reference voltage is compared with the measured voltage, and the error signal is fed to

Fig. 4.12. Experimental prototype of the proposed converter.
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Table 4.6: Experimental setup component specifications.

Component Specifications

Input source California—MX30 (300-500 Hz)
Switches, UJ3C065030K3S, 650 V, 62 A, 35 mQ
Diodes VS-65EPFO6LHM3, 600 V, 65 A
Output capacitor ESMQ451VSN471MR458S, 4 x 470 uF
Filter capacitors PHE845VY6220MRO6L2, 5 x 0.22 uF
Filter and input inductors 55 x 28 x 21, EE Ferrite cores

Snubber capacitor R75QD0470DQ307J, 470 pF

Snubber Resistor SQP500JB-1K6, 1.6 kQ

Gate driver Semicron SKHI 61(R)

the designed controller to generate the control signal. The control signal is basically the duty cycle
fed to the saturation block, where the upper limit is set to the value defined by (4.18). The duty
cycle reaches its upper limit during overloads and it is capped to this limit to protect the converter
against overloads and to avoid the converter CCM operation. As a result, the output voltage will
drop accordingly. The output of the saturation block is compared with a sawtooth waveform of
frequency 50 kHz to generate the gate signal and it is fed to all three power switches. The

experimental results are presented for input frequency f =400 Hz.

The measured three-phase input voltage waveforms for input frequency f =400 Hz are shown
in Fig. 4.13(a). The measured phase input currents and output voltage waveforms at 1.0 kW output
power are shown in Fig. 4.13(b). The input currents are sinusoidal, and the output voltage is settled
at 270 V. The measured input voltage and input current waveforms for one phase at 0.5, 1.0, 1.5,
and 2.0 kW output power are shown in Fig. 4.13(c), Fig 4.13(d), 4.13(e) and Fig 4.13(%),
respectively. It should be observed that the phase input current is sinusoidal and is in phase with
input voltage for varying output power, which confirms the UPF operation of the converter. The
output voltage and the phase input current of the converter for frequency change from 350 to 500
Hz at 1.0 kW output power are shown in Fig. 4.13(g). The output voltage is constant at 270 V, and
the input current is in-phase with the input voltage during input frequency change, same as in the
simulation. The input inductor current waveforms are shown in Fig. 4.13(h) and they are
discontinuous, which validates the reported analysis and the design. The measured switch voltage

and switch current waveforms for a switch are shown in Fig. 4.13(1) and Fig. 4.13(j), respectively,
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Fig. 4.13. Experimental results: (a) phase input voltages, 400 Hz; (b) phase input currents, and output voltage, at

1.0 kW output power; (c) phase input voltage, phase input current at 0.5 kW output power; (d) phase input voltage,

phase input current at 1.0 kW output power; () phase input voltage, phase input current at 1.5 kW output power;

(f) phase input voltage, phase input current at 2.0 kW output power; (g) the converter output voltage, and input

current for supply frequency change 350 to 500 Hz; (h) input inductor currents; (i) voltage across one of the power

switches; (j) current through one of the power switches; (k) voltage across one of the of the full-bridge rectifier

diodes; (1) current through one of the full-bridge rectifier diodes.

93



@ 2018/09/22 015639 Normal Fdge CHZ § 812 V YOKOGAWA 4 2018/03/22 015707 Mormal Edge CH3 £ -7 40 &
oviow 1 Yy 12.5M5/s futa 1 y 12.5M8/5  futo
100 Vwp S0 [0 5.00 Ao 00 Vo BT [0 500 A 3
FRET]

V(IOOJVA/—_;:J\; N m:m% ":;(JOOV/dw) —
ST ..;:.::::m.‘::1.‘.l:::::m.::.:::.u::‘ T T N T
T AR TR TR
I A
g (A (i g i R
R i W U'M R
WMHFLII u” J ||..|||||.|.4|I:’1:’IE!::H ?i!"ilglgﬁwh?i%igﬂ‘ %H” “‘ ”% M !
IHERR

LU

Vinase(OV/div) " ipnase(SA/dY) Votass (40V/div) - prase CA/)
10 ms/div 10 ms/div
(a) (b)
& 2018/09/22 023%02 mf iud;ooewfl.lzn HOGA - mmfm/lﬂ 02:51:06 4 m“ :ua;fuujs,mn
] (T T 10 L T
" W 175 1 ms /v x Vo 1 125 M 1 0ms/div
* V,(100V/div) * Vo(100V7div)
i,(2A/div) N F‘ F--. i,(2A/div)
= ’ = j“Eugzi“!jl.};!n‘.ij“}”ﬂ‘

H N EERNRRRURNE A

'i"n"r ')(M\rtl.y

R AR AR AR ARARRY ;mum

vy
“"”"flHHtilHlH\Hf

zphm(IOA/dlv) zphm(JOA/dzv)
10 ms/div 10 ms/div
(©) (d)
i Al o e V. (IOOV/dlv)
it |
m% ﬁ“’ {m I 1 /\ /‘\
ri‘f:!w El I ‘A.‘ ’;.‘Jirf[-‘ ” =
it
At g
N \\/ _.s‘ \ f
J‘ !.Qf’i;.!tﬁm cﬁ‘é\éy ‘w""‘-‘ g w" ‘
Phase currents (5A/div) Phase currents (5A/div)
10 ms/div 500 us/div
(e) ®

Fig. 4.14. (a), (b) The converter output voltage, input voltage, and input current for 15% increase, and for 15%
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input currents for one phase loss at 1.0 kW output power; (f) the zoomed version of converter response during

single-phase loss.
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and the measured diode voltage and diode current waveforms for a diode of the full-bridge rectifier
are shown in Fig. 4.13(k) and 4.13(1), respectively, and they are in close agreement with the

analysis.

To verify the robustness of the controller, the proposed converter is subjected to two
disturbances. The first one is the change in the input-phase voltage and the second one is a load-
step change. Fig. 4.14(a) and Fig 4.14(b) show the converter response for 15% increase and for
15% reduction in the phase input voltage, respectively. Fig. 4.14(c), and Fig. 4.14(d) show the
converter response for load step change from 1.0 kW to 1.5 kW and 1.5 kW to 2.0 kW,
respectively. In all the cases, it is observed that the output voltage is closely following the reference

voltage and getting settled within the designed settling time.

Moreover, the proposed converter configuration allows it to operate in case of a single-phase
failure or open-switch fault, which is required for MEA application. With a phase loss, the
converter can be considered as a single-phase converter with a line-to-line voltage applied at input,
and the converter can deliver 50% of the rated power. The reduction in deliverable power is due
to the maximum duty cycle limit. The converter response with a phase loss at 1.0 kW output power
is shown in Fig. 4.14(e). It is observed that the output voltage is settled at 270 V and is having the
second order harmonic oscillations like a single-phase PFC converter. Since the converter is still
operating in DCM during single phase loss, the input current contains the fundamental component
and higher switching order harmonics. Therefore, the filtered input currents contain only the
fundamental components, which are sinusoidal and are in-phase, opposite polarity to each other to

ensure the zero sum as shown in Fig. 4.14(f).
4.8.3 Converter efficiency

Table 4.7 lists the calculated loss breakdown for each component of the proposed converter for
rated and half-rated output power. The losses are calculated using the analytical expressions
derived in section 4.5 and based on the components datasheet parameters. The measured efficiency
curve of the proposed converter for different output power is shown in Fig. 4.15. It is observed
that the calculated efficiencies are in good agreement with the measured efficiencies. The
measured efficiencies are little bit low when compared to the calculated efficiencies due to some
hidden losses such as ferrite core losses, and losses due to skin effect etc, and the same has been

considered as constant auxiliary losses in the calculation.
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Table 4.7: Calculated loss breakdown of the proposed converter for rated and half-rated output powers.

Output power 1000 2000 W
Input voltage (line-to-line rms) 110 110 v
Input current (rms) 5.468 11.03 A
Duty cycle (d) 0.423 0.6
Losses
Power switch losses 17.01 35.13 W
Full bridge diode losses 6.24 13.64 W
Total semiconductor losses 23.25 48.77 w
DCM inductor 2.694 7.22 W
Output filter capacitors 4.035 10.01 W
Input Filter capacitors 1.582  3.70 W
Filter inductors 2.242 9.18 w
Auxiliary losses (snubber, skin effect,...) 15 15 W
Total power losses 48.8 93.88 W
Efficiency 95.34 95.52 %
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Fig. 4.15. Measured efficiency curve for different output powers.

The harmonic spectrum of input current at 1.0 kW output power for input frequency of f =400
Hz is shown in Fig. 4.16. The input current THD is 3.43 % and measured input PF is 0.9994. The
input current THD (%) and the power factor (PF) of the converter for different output power levels
for input frequency f = 400 Hz are listed in Table 4.8. It is observed that the converter power

factor is 0.999 (almost unity) and input current THD is less than 4%.
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Table 4.8: Input current THD (%) and power factor

~J]

------------------------------ THD :3.43% |

of the proposed converter for different output powers.

.............................. PF : 0.9994

N

P,,kW THD (%) PF

c oo o oo oo
N

% of fundamental amplitude

0.5 3.56 0.9993 ‘3‘ ..

0.75 3.49 0.9993 b

1.0 3.43 0.9994 1

125 330 0.9995 25 10 15 20 25 30 35 40
1.5 3.05 0.9995 Harmonic number (n)

1.75 2.87 0.9996

2.0 2.76 0.9996 Fig. 4.16. Input current harmonic spectrum at 1.0 kW

output power.

4.9 Conclusion

A new three-phase buck-boost derived PFC converter with inductors connected in delta-
configuration is proposed in this Chapter. The proposed converter employs only three power
switches and all the switches are driven by the same gate signal. The converter is operated in DCM
to achieve PFC at the ac input for wide range of frequency. The converter requires only one output
voltage sensor, which makes the system cost-effective, reliable and robust. The steady-state
operation of the converter, detailed design calculations are presented. The analytical expressions
for each component stress are derived to simplify the converter design. The small-signal model of

the converter is derived by using CIECA approach to aid the controller design.

The simulation results from PSIM 11.1 software, and the experimental results from a 2.0 kW
laboratory prototype are presented to confirm the operation of the proposed converter. The results
demonstrate that the input currents are sinusoidal, and the converter achieved UPF operation for
wide range of output power and input supply frequency. The converter is subjected to the input
voltage disturbance and load step change. In both the cases, the output voltage is closely tracking
the reference voltage and getting settled within the designed time. It is also shown that the proposed
converter will be in operation in case of a single phase open fault and provides 50% rated power
during fault condition without changing the controller structure. From the developed hardware
prototype, an input current THD of 2.76 % (< 5 %) and a high efficiency of 95.52 % (> 90 %) are

recorded at rated output power.
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Chapter 5 : Three-Phase Interleaved Non-Isolated Buck-
Boost Derived PFC Converter

5.1 Introduction

In general, the DCM operation bounds the converter operating range due to its low inductance
generates high current peaks through switches and diodes, which consequently necessitates high-
current rated semiconductor components, and also large filters size. However, these limitations
can be overcome by adopting interleaved technique [87]-[90]. Interleaving is a popular approach
in power electronics connecting two or more identical converter cells in parallel at input and output
sharing the total power equally. Thus, the power processed by each converter cell will be reduced,

which further reduces the current peaks through the semiconductor components. To reduce the

3600/n, where 7 is the

filter size, the gate signals for each interleaved cell are phase-shifted by
number of interleaved converter cells [91]. The phase-shifting of the gate signals also phase-shifts
the input currents in each switching cycle connected to the same phase. Therefore, the effective
line input current in a switching cycle, which basically is the sum of the currents drawn by the
phase-shifted interleaved cells connected to the same line, will present a lower input current ripple
due to ripple cancellation. Further, the dominant high frequency harmonic of the effective line
input current is no more around f, it is around nfs, where f; is the switching frequency. As a result
of the reduced input current ripple and incremental increase in the effective ripple frequency, the
filter requirement gets reduced and is designed for a higher cut-off frequency to realize the same
power quality, which improves the system power density. Therefore, considering the merits of the
interleaved technique, an interleaved version of the three-phase buck-boost derived PFC converter
is studied and analyzed in this Chapter. Further, the benefits of the proposed interleaved converter

are demonstrated by comparing it with the single-cell three-phase buck-boost derived converter

reported in Chapter 4 for the same operating conditions.
5.2 Proposed converter and control scheme

The proposed three-phase interleaved buck-boost derived PFC converter is shown in Fig. 5.1,
which is formed by connecting two cells of three-phase buck-boost derived PFC converter
presented in Chapter 4 in parallel at both the input and the output. Two extra output switches S,

S,, are added at the output of each full-diode bridge rectifier to make the cells operate
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Fig. 5.2. The control circuit to generate the gate signals for all the switches of interleaved converter.

independently. The output switches are operated complementary to the corresponding converter
cell input switches so that it avoids the interaction between two converter cells. Each interleaved
unit is operated in DCM to realize the natural PFC at AC mains. Fig. 5.2, depicts the control

strategy for the proposed converter. It is just a single voltage loop control for output voltage
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regulation, therefore it requires only one voltage sensor. All the input switches of both the cells
are operated with the same duty ratios but the operation of one cell with respect to the other cell is
phase-delayed by 180°. This way, the resultant input current ripple amplitude is reduced, and the
effective ripple frequency is doubled, which further helps in reducing the input and output filter

requirements.
5.3 Converter steady state analysis and design

In the analysis, it is assumed that all the components are ideal and lossless. The output capacitor
is large enough to keep the output voltage ripple within the defined limits in a switching cycle. It
is also assumed that the input voltages and output voltage are constant within a switching cycle.
To maintain the converter symmetricity, it is considered that all the input inductance values of

both the cells are same as defined in (5.1).

Lla,b,c = L2a,b,c =L (5.1)

The supply time period is divided into twelve sectors as shown in Fig. 5.3. Since the converter
is symmetric, the analysis is presented only for sector-1. The same analysis is valid for remaining
supply period as well. The input inductors current waveforms of both the interleaved cells for duty
cycle d < 0.5 and d > 0.5 are shown in Fig. 5.4, and Fig. 5.5, respectively. It is observed that in

both the cases, the two interleaved cells are working independently, and there is no interaction
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between them. It is also observed that in both the cases the converter exhibits total eight modes of
operation and the input current ripple frequency is twice of the switching frequency. Since the
converter operation is same for d < 0.5 and d > 0.5, the converter steady state operation is

explained only for d > 0.5.

I*" Mode: This mode triggers when gate signals to input switches of the first cell are supplied.
Before starting this mode, the input inductors of first cell are in fully demagnetized state, whereas
the input inductors of the second cell are storing energy according to the input voltages at that
instant because the input switches of the second cell are already in closed position. Since the input
switches of the first cell are closed, the input inductors start storing the energy according to the
input voltages appeared across them. As the output switches of both the cells are in open position,
the load is supplied by the output capacitor. The equivalent circuit of the converter operating in
this mode is shown in Fig. 5.6(a). This mode ends when the gate signals to the input switches of

the second cell are withdrawn.
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2" Mode: In this mode, the second cell input switches are opened, and its output switch is
closed. Therefore, the second cell inductors start demagnetizing by delivering the stored energy to
the load via diodes D,,, D,3, D54, whereas the input inductors of the first cell are in the same state
as in 1% mode. The equivalent circuit of the converter operating in this mode is shown in Fig.

5.6(b). This mode ends when the inductor L,, current equals to the inductor L,. current.

3" Mode: In this mode, the switching states are the same as in 2" mode except the diode D,,
that goes to OFF state from ON state. The inductors of the first cell are storing energy and the
inductors of the second cell are demagnetizing by giving the stored energy to the load only via
diodes D,,, D,3, as shown in Fig. 5.6(c). This mode ends when all the inductors of the second cell

are fully demagnetized.

4" Mode: In this mode, all the inductors of second cell are in demagnetized state, and the
inductors of the first cell are still storing energy as the input switches of first cell are in ON state.
Since, there is no power transfer from input to output from either of the cell, the load is supplied
by the output capacitor. The equivalent circuit of the converter operating in this mode is shown in

Fig. 5.6(d).

5" Mode: This mode starts when gate signals to input switches of the second cell are supplied.
Since the second cell inductor currents are starting from zero, the input switches are turning-on
with zero current. Therefore, the second cell switches turn-on losses are zero, and the same is true
for the first cell as well. In this mode, the input inductors of the first cell are in the same state as in
the previous mode i.e. storing energy whereas the second cell input inductors start to store energy
according to the input voltages appeared across them. As the output switches of both cells are in
open position, the load is supplied by the output capacitor. The equivalent circuit of the converter
operating in this mode is shown in Fig. 5.7(a). This mode ends when the gate signals to the input

switches of the first cell are withdrawn.

6th Mode: In this mode, the first cell input switches are opened, and its output switch is closed.
Therefore, the first cell inductors start demagnetizing by giving the stored energy to the load via
diodes D;,, D;3, D14, as shown in Fig. 5.7(b), while the input inductors of the second cell are in
the same state as in 5 mode i.e. storing the energy. This mode ends when the inductor L,, current

equals to the inductor L, current.
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Fig. 5.7. Converter equivalent circuits (a) 5 mode; (b) 6" mode; (c) 7" mode; (d) 8" mode.
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7" Mode: In this mode, the switching states of the switches are the same as in the 6™ mode
except the diode D,, that goes to OFF state from ON state. The inductors of the second cell are
storing energy and the inductors of the first cell are demagnetizing by delivering energy to the load
through diodes D;,, D;3, as shown in Fig. 5.7(c). This mode ends when all the inductors of the

first cell are fully demagnetized.

8™ Mode: In this mode, all the inductors of the first cell are in demagnetized state, and the
inductors of the second cell are still storing energy as the input switches of first cell are in ON
state. Since, there is no power transfer from input to output from either of the cell, the load is
supplied by the output filter capacitor. The equivalent circuit of the converter operating in this

mode is shown in Fig. 5.7(d).

With reference to the operating modes of the converter, the expressions for input inductor

currents of both the cells are defined and given in Table 5.1.

Table 5.1: Input inductors currents equations for different modes of operation in sector-1 for duty cycle d > 0.5.

1 mode | 2" mode 3" mode 4™ mode 5" mode | 6" mode 7" mode 8" mode
Yo Yo
Ligy — Lgs — =t .
i (t) vib t Lap L Las 2L lLla(t)
L1a L Vap Vea =0
ILap = Ttan ILas = Tton
14 Y%
1 —t; I s +—t; .
i1 (6) Yoe ¢ wr ¥ ws ] i11(0)
L1b I Vpe 2V, =0
Ly = 7 ton | s =— L lon
V
Leps — ¢ .
, Vea Lep ies 2L t ip1c(t)
i110(8) Lt [ Vea, Vea -0
Lep = “on Ipes = Tton
I Yo I Yo
N 0) Vap ¢ Lap =77, b Las 7oL, t' ir24(t) Vap ¢
L2a L _ Vap _ Vea =0 L
ILap = Ttan ILas = Tton
14 14
—t: I —t; .
o | T | LS ws + 76 i12(0) Ve,
12b L  Vpe 20, =0 L
Ipp = Tton Ips = = L ‘o
v
Leps Les — == t; ;
v Lepy Lcs , v,
iLZc(t) _ca t Veq 2L LLZc(t) _ca t
L Ich =—tom Uca =0 L
L 1Lcs — ton
L
) T. 3v, 2V, (tofr — L2 T, 3v, 20,4 (tofr — L2
Time ton — ?s = Taton t; = Vo ton _Ot3) ton — 75 te = TOton t; = Va ton —at3)
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5.3.1 DCM operation condition

For the converter DCM operation

ton +tg +t; < Ts. (5.2)
Substitute t,,, ts and t; from Table 5.1 in (5.2)

M

“= M ++/3sin (a)t + E) -3

2
where M = V"/V , 1s voltage gain of the converter; V;, is peak value of phase input voltage. In
m

(5.3), the minimum duty cycle occurs when the denominator is maximum, i.e. sin (a)t + g) = 1.

Therefore, for the desired converter gain, the duty cycle limit for converter DCM operation is

d< id (5.4)
TM+V3 '
From (5.4), the converter critical voltage conversion ratio for a given duty cycle is defined and
is given as
V3d
Mer 27— (5.5)

5.3.2 Converter average output current
From the converter operation, the converter average output current is equal to the sum of the
average output currents of the individual cells as defined in (5.6)
io,avg = ilo,avg + i20,avg . (5.6)
For the sector under the analysis, the average output current of first cell in a switching cycle is
given as
ilo,avg = (ir1a — iL1p) - (5.7)

Using the expressions from Table 5.1, the expression for the first cell average output current is

determined as
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9V2d2T,

ilo,avg = 4LV
o

(5.8)

Equation (5.8) holds true for the second cell as well. Therefore, the average output current of

the interleaved converter is twice of the average output current of single cell, and its expression is

given as

IV,2d>T,

io,avg = W

5.3.3 Converter input current

Considering lossless operation of the converter,

3 .
EVmIm = Volo,avg
| SUnd?T,

meL

where I, is peak input current.

5.3.4 Inductor design

(5.9)

(5.10)

(5.11)

The inductor design is explained with an example. The converter is designed with the following

input specifications;

Input line voltage = 110V £+ 15%
Supply frequency, f;,, = 360-800 Hz
Converter rated power, P, = 2.0 kW
Rated output voltage, V, = 270V
Switching frequency, f; = 50 kHz.

For the above specifications, the converter gain M is
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V, 270
Vimin ~ 80.82

M = = 3.341. (5.12)

From (5.4), the maximum value of the duty cycle allowed is

<P 0.6585 (5.13)
T 33414437 '

From (5.9), the converter average output current for d = 0.6585, and V;, i, = 80.82 V is

9.4412 x 107*
A

1 = 5.14)
lo,avg I (
From the converter input specifications, the converter output current is
=te 299 _ ;40744 5.15
>y, 270 7 ' S

By equating equations (5.14) and (5.15), the value of the input inductor to maintain the converter
operation in DCM is 127.45 puH. In view of converter losses, the inductance value L = 120 pH is

chosen for simulation and experimentation.
5.3.5 Output capacitor design

The output capacitor is designed based on the power holdup time required. If ‘¢;,’ is the holdup
time required to bring the output capacitor voltage to 90%, then the output capacitance value

required is given as

¢, = —rotn 5.16
° 7 (0.19v2)° (5.16)
For a holdup time of 5 ms, the output capacitance required is C, = 1440 pF.
5.4 Components voltage stress

From the converter operation, it is observed that the anti-parallel diode of each input switch
(mosfet) gets forward biased for the 2/ 3 period of its corresponding phase negative half-cycle,

while the other two switches see a maximum voltage stress of
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Vsw,max = \/§Vm + V. (5.17)

From converter mode-2 operation, it can be understood that each output switch (mosfet)
experience a maximum voltage stress of peak line-to-line voltage (v3V,,). The upper diodes of
the bridge rectifier see a maximum voltage stress of output voltage (V,), whereas the lower diodes
of power bridge rectifier see a maximum voltage stress of output voltage plus peak line-to-line

voltage (V, + V3V,,).
5.5 Converter Output Voltage to Duty Cycle Transfer Function

The average current injected equivalent circuit approach (CIECA) [74], [75] is used to derive
the control-to-output transfer function. In this approach, the converter non-linear part is substituted
with the switching cycle average value of current generated by it, as shown in Fig. 5.8. Introducing
the perturbations to (5.9), and ignoring the second order terms

WndTs 3 Wnd?Ts . loavg .

i = - 5.18
I‘O,avg ‘/OL + ‘/OL vm ‘/0 vO ( )

From Fig. 5.8

1
lo,avg = (SCO + R_> U, . (5.19)

o

Equating (5.18), (5.19), and substituting ¥, = 0,

o ave ey 1oy

+
RV,

—
_/
ot
|

Fig. 5.8. Converter equivalent circuit to derive the control-to-output transfer function as per CIECA approach.
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vo(s) 2K

= 2
A 1 4+ KDy sr,c, (5-20)
o

9VZ R, AT

where K = , and R,= load resistance in ohms.

5.6 Input Filter Design

The criteria for the low-pass filter design are:

1. selection of cut-off frequency, f,

1 3

=— [— 5.21

fe

2. minimization of filter reactive power consumption for the supply frequencies at rated
output power. This is possible when the filter characteristic impedance is equal to the

converter input impedance i.e.,

,SL
Z, = C—f =Zin (5.22)
f

where Z_ is characteristic impedance = C—f ,and Z;, is converter input impedance at rated output
f

ower = .
p 3d2Ts

By using (5.21), and (5.22), the expressions for low-pass filter parameters are obtained as

L Ze 5.23
f_ZTI.'f;- ()
Cr = - 5.24
f_67tchC' (5.24)

5.7 Results and discussion

This section presents the converter simulation results as well as experimental results in order to

validate the reported analysis and design. Further, it presents a discussion on comparison of the
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interleaved converter, and single-cell converter in terms of power density, efficiency, and

reliability.
5.7.1 Simulation results

The proposed three-phase interleaved buck-boost derived converter shown is simulated in PSIM
11.1 software with input filter parameters of Ly = 40 uH and Cr = 0.37 pF, where filter cut-off
frequency is chosen at 24 kHz. The converter control-to-output transfer function is obtained by

using the designed parameters in (5.20) and is given by (5.25). Since the plant is a single-pole
system, a simple PI controller (k, + %) is sufficient to get the desired converter response. The

controller transfer function described by (5.26) is designed for the control design specifications
considered at phase margin 75° and gain cross-over frequency 100 Hz. Fig. 5.9 shows the
frequency response of plant transfer function G(s), controller transfer function H(s), and the open
loop transfer function G(s)*H(s). The open loop transfer function has an infinity dc gain which
indicates the system reference tracking with zero steady state error, and the system robustness for

the input and load disturbances. The open loop phase margin 75° indicates enough damping of the

GM = Inf, PM = 75.0 deg (at 100 Hz)
IOC 1 1 1 VIV

= G(s)
T~ H(s)
: = G(s)*H(s)(|

—
™~ T~

. Magnitude (dB)
o2 e bbb o N R 9

~ : —Ge |
N : H(s)
= G(s)*H(s),

N
&
/

'
=]

Phase (clleg)

-135

-180
167 100 10! 102 100 104
Frequency (Hz)

Fig. 5.9. Frequency response of plant G(s), controller H(s), and open-loop G(s)*H(s).
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Fig. 5.10. Simulation results of three-phase interleaved buck-boost derived converter (a) phase input currents 400
Hz; (b) phase input currents 800 Hz; (c) phase-A input voltage and input current for supply frequency 400 Hz; (d)
phase-A input voltage and input current for supply frequency 800 Hz; (e) inductor currents of one interleaved cell
() converter response for input frequency change from 400 Hz to 800 Hz; (g) converter response for 50% load
perturbation from 1.0 kW to 2.0 kW; (h) converter response for a single-phase loss.
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system, and the -20 dB slope at zero gain cross over frequency indicates the system robustness

towards the high frequency noise rejection in the control loop.

v, (5) 1062
_ _ 2
() =405 ~ 005255+ 2.278 (5.25)
6.2937
H(s) = 0.0296 + (5.26)

With the designed controller, a closed-loop simulation for the proposed converter is performed
in PSIM 11.1 software, and the results are depicted in Fig. 5.10. Fig. 5.10(a) and Fig. 5.10(b) show
the converter input currents for supply frequencies 400 Hz and 800 Hz, respectively. Fig. 5.10(c)
and Fig. 5.10(d) show the waveforms of phase-A input voltage and input current for supply
frequencies 400 Hz and 800 Hz, respectively. The input currents are sinusoidal and following the
input voltages both in phase and shape, confirming the UPF operation of the converter. Fig. 5.10(e)
shows the input inductor current waveforms of one interleaved cell at rated output power, the
inductor currents are discontinuous and validating the design. Fig. 5.10(f) shows the converter
response for supply frequency change from 400 Hz to 800 Hz. The output voltage is not disturbed,
and the input current is closely tracking the input voltage both in phase and shape during input
frequency change, which proves the robustness of the converter and the control. Fig. 5.10(g) shows
the converter response for 50% load perturbation from 1.0 kW to 2.0 kW. The output voltage is
stable and tracking the reference voltage with a settling time of 10 ms, which confirms the
robustness of the designed controller. Further, the proposed converter provides the fault tolerant
operation for a single-phase loss and gives 50% of the rated output power without altering the
controller structure. The reduction in power is due to the duty cycle limit derived in (5.4). With a
single-phase loss, the converter resembles a single-phase converter with line-to-line voltage as
input source. Therefore, the output voltage is having second order supply frequency oscillations

like a single-phase PFC rectifier as shown in Fig. 5.10(h).
5.7.2 Experimental results

To validate the converter analysis and to further verify simulation results, a 2.0 kW proof-of-
concept hardware prototype is developed, and the details are mentioned in Table 5.2. The hardware

1s not optimized, it is just developed for to prove the developed concept and analysis. Fig. 5.11
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Fig. 5.11. A 2.0 kW experimental prototype of proposed converter.

Table 5.2: Hardware components specifications.

Component Specifications
Switches UJ3C065030K3S, SIC, 650V, 30 mohm
Diodes RHRG5060-F085, 600 V

Output capacitor, C,

ESMQ401VSN471MQS50W, 4 x 470 uF

Filter capacitors, C¢

F873DU104M760Z, 4 x 0.1 uF

Filter inductors, Ly

1140-101K-RC, 100/2 uH

Snubber capacitor

R75QD0470DQ30J, 470 pF

Snubber resistor

EP5WS100RJ, 100 Q

Inductors, L1y p, Loryp

55 x 28 x 21, EE Ferrite cores

Gate drivers

HCNW3120 IC

Power source

California-MX30 (300 — 500 Hz)

depicts the hardware prototype developed in lab where DSP TMS320F28335 is used to program

the designed controller, and LEM voltage sensor LV-25P is used to measure the converter output

voltage.

Fig. 5.12(a) and Fig. 5.12(b) depict the measured input currents at rated output power for the
supply frequency of 300 Hz and 500 Hz, respectively. Fig. 5.12(c) and Fig. 5.12(d) depict the

measured converter input voltage and input current of one phase at rated output power for supply
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Table 5.3: Converter input power factor and current THD (%) for different output powers for supply
frequencies 350 Hz and 500 Hz.

Power 350 Hz 500 Hz
&W) | pF THD (%) | PF THD (%)
0.25 0.9969 | 6.39 0.9956 | 6.35
0.5 0.9983 | 5.20 0.9978 | 5.19
0.75 0.9990 | 4.20 0.9989 | 4.19
1.0 0.9994 | 3.33 0.9994 | 3.33
1.5 0.9995 | 3.05 0.9995 | 3.04
2.0 0.9996 | 2.70 0.9996 | 2.52

frequency of 300 Hz and 500 Hz, respectively. The input currents are sinusoidal and are tracking
the input voltages both in phase and shape endorsing the simulation results. Fig. 5.12(e) and Fig.
5.12(f) depict the harmonic spectrum of input current at rated output power for supply frequency
of 300 Hz and 500 Hz, respectively. The current THD is less than 3% in both the cases, and the
input power factor is very close to unity. The converter measured input power factor and current
THD for different output power for supply frequency of 350 Hz, and 500 Hz are listed in Table
5.3. The converter power factor is 0.99 (almost unity) and input current THD is less than 6.5%.
Fig. 5.12(g) depicts the input inductor current waveforms of one interleaved cell at rated output
power, the inductor currents are discontinuous and confirming the design and simulation. Fig.
5.12(h) depicts the measured voltage across one of the input switches; the switch sees a maximum
voltage stress equal to the output voltage plus the peak line-to-line voltage. Fig. 5.12(i) depicts the
converter response for supply frequency change from 300 Hz to 500 Hz. The output voltage is not
disturbed, and the input current is closely tracking the input voltage, as observed in simulation.
Fig. 5.12(j), depicts the converter response for 20% input voltage reduction; the converter input
current is increased accordingly for given load. Fig. 5.12(k), depicts the converter response for
50% load perturbation from 1.0 kW to 2.0 kW. The converter response is fast, and the output
voltage is stable, validating the simulation results. Fig. 5.12(1) depicts the converter response at
1.0 kW output power with a single-phase loss. The output voltage is stable and having the second

order supply frequency oscillations as observed in simulation.
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Fig. 5.12. Experimental results of three-phase interleaved buck-boost derived converter at rated output power (a)

phase input currents 300 Hz; (b) phase input currents 500 Hz; (¢) input voltage and input current of one phase for

supply frequency 300 Hz; (d) input voltage and input current of one phase for supply frequency 500 Hz; (e) input

current harmonic spectrum for supply frequency 300 Hz; (f) input current harmonic spectrum for supply

frequency 500 Hz; (g) inductor currents of one cell; (h) measured voltage across one of input side switch; (i)

converter response for input frequency change from 300 Hz to 500 Hz; (j) converter response for 20% input

voltage perturbation; (k) converter response for 50% load perturbation from 1.0 kW to 2.0 kW; (1) converter

response for a single-phase loss.
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5.7.3 Comparison of the proposed interleaved converter with the single-cell

converter

To demonstrate the merits of the proposed interleaved converter, it is compared with the single-
cell converter for the same specifications and operating conditions. The comparison criteria
include the power density, efficiency, and reliability. In general, the magnetic components
(inductors and transformers), and the heat sinks occupy most of the converter volume and decide

the power density, while the electrolytic capacitors decide the converter reliability.
5.7.3.1 Inductors

The inductors size basically depends on the inductance value and the amount of energy to be
stored, which is best described by the area product (AP) formulae given below [92]. The AP
described by (5.27) best suits for the filter inductors where the core loss is not severe and the flux
swing is limited by core saturation. The AP described by (5.28) best suits for DCM operated

inductors where the flux swing is limited by its core loss.

4
10%L 0, 5o.i /3
AP = A,A, = < f LS se Lf'rms> cm* (5.27)
BrJmK,,
10%L Aiy iy ) /3
AP = A A, = AL 4 (5.28)
elw ( ABymK, ) cm

where

Ly = filter inductance value, H
i1fsc = maximum short circuit peak current through filter inductance, A
i1 rms = filter inductance maximum RMS current, A

B, = core saturation flux density, T

L = DCM inductance value, H
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Table 5.4: Analytical comparison of the inductor sizes of the single-cell and the proposed interleaved converters.

tfrmg Lifse Core Core wire Total
.. Value | or or AP . . .
Description (uH) | i Al (cm®) Core | volume | weight | Turns | size weight
Lms |~ L V. (cm’) | (g) (mm?) | (g)
(A) | A) ¢
EE
Single-cell 120 10.5 | 184 | 5.79 45.4 112 26 2.5 162
4220
Filter
inductor EE
Interleaved | 40 10.5 | 184 | 1.33 24.32 62 16 2.5 92
3512
EE
Single-cell 60 16.6 | 29.8 | 13.7 104 260 13 4.0 310
5525
DCM
inductor EE
Interleaved | 120 8.16 | 14.9 | 5.33 o 454 112 22 2.5 153

Ai; = maximum current swing, A

AB,,, = maximum flux density swing, T

i1 rms = DCM inductance maximum RMS current, A

Jm = maximum current density; 450 A/cm? for filter inductor, 297 A/cm? for DCM inductor

K, = 0.4, window area utilization factor.

Table 5.4 compares the inductances values, RMS, peak currents through them, the calculated
area product, the selected core size, and its calculated weight. In both converters, the input filter
inductance values are selected with a consideration of the same input current ripple attenuation
after filtering. The core size is chosen based on minimizing the core loss where the ferrite core EE-
3C92 type material has been selected because of its low core loss and high saturation flux density.
From Table 5.4, it is observed that the volume and weight of the interleaved DCM inductor is more
than half when compared to the single-cell DCM inductor. To prove the analytical calculations,
the DCM inductors has been prepared at lab with the cores specified in Table 5.4. Fig. 5.13, shows
the pictures of the DCM inductors made in the lab along with their dimensions; left side is the
interleaved DCM inductor with volume 64.32 cm?, weight 165 g; the right side is single-cell DCM

inductor with volume 140.36 cm?®, weight 350 g. It confirms that the actual measures are in line
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Fig. 5.13. The pictures of the DCM inductors made in lab; left side is for interleaved, right side is for single-cell.

with the calculated values. To get the actual physical interpretation, the two inductors of
interleaved cell DCM inductors are placed beside to the single-cell DCM inductor, and is depicted
in Fig. 5.13, which clearly show that two interleaved DCM inductors can be easily accommodated
in place of one single-cell DCM inductor. Since the interleaved converter employs DCM inductors
twice the quantity as compared to the single-cell topology, the half-reduction in volume and weight
compensates the extra DCM inductors count in interleaved converter. On the other hand, both
converters employ the same number of filter inductors. The reduction in weight and volume of
interleaved filter inductor clearly enhances the interleaved converter power density, and reduces

the converter total weight.
5.7.3.2 Heat sink

The power processing in a converter through switching of the semiconductor devices generates
power losses inside the devices, which in turn generates the heat and increases the devices junction
temperature. In order to keep the device junction temperature within the defined safety level, the
heat sinks are generally fixed to the semiconductors devices to dissipate the generated heat. The
amount of heat transfer from the devices to the ambient is proportional to the surface area of the
heat sink. If only one heat sink is employed for all the semiconductors, then the heat sink size is

directly determined by the total amount of semiconductor power losses incurred.

Table 5.5 shows the semiconductors loss breakdown of both the converters for the rated output

power. It is assumed that both the converters employed identical switches (UJ3C065030K3S, SIC,
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Table 5.5: The semiconductors loss breakdown for the single-cell converter, and the interleaved converter at

2.0 kW output power.

Description Single-cell Interleaved
Input switch rms current 16.41 8.20 A
Input switch turn-off average current 34.30 17.15 A
Output switch rms current - 7.80 A
Output switch turn-on average current ~  ----- 25.73 A
Bridge diode rms current 8.286 4.19 A
Bridge diode average current 2.47 1.254 A
Switches switching losses 9.16 9.16 W
Switches conduction losses 24.23 15.75 W
Bridge diode conduction losses 13.71 12.24 W
Total semiconductor losses 47.10 37.15 W
97
96
e
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Fig. 5.14. The calculated efficiency curves of single-cell and interleaved converters.

650V, 30 mohm), and the diodes (RHRG5060-F085, 600 V) for their operation. From Table 5.5,
it should be observed that the total semiconductor losses in the interleaved converter are less than
the single-cell converter, which indicates that the heat sink volume requirement for the interleaved
converter is less than the single-cell converter when both the converters are designed for the same
specifications and operating conditions. Therefore, the reduction in heat sink volume enhances the
interleaved converter power density and reduces the total weight. Fig. 5.14 depicts the measured
efficiency curves of both the converters for different output power. It shows clearly that the
efficiency in interleaved converter is high when compared to the single-cell converter which is due

to the reduction in semiconductor losses and filter losses.
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5.7.3.3 Capacitors

In a converter, the electrolytic capacitors are the most fragile components and decides the
lifespan or reliability of the system. Considering the operating temperature of both the converters
same, then the expected life of a capacitor with respect to its ripple current at the given operating

condition [93], [94] is given as
.2 ia,ripple 2
. ) Ktla,rippleRESR 1_(W) (529)
Llfeexp = Lifepgse * 2
where
Lifey,qse: Capacitor life specified in datasheets at the rated operating condition
L ripple: Actual ripple current through the capacitor
Ly ripple: Rated ripple current of the capacitor

Rgsr: Equivalent series resistance of the capacitor

K;: 55/50_8, ‘S’ is capacitor surface area in cm?.

From (5.29), it is clear that when the actual ripple current approaching the rated ripple current,
. 2
the factor <1 — (M) > is moving towards zero, and the expected life of capacitor is getting

lrripple

reduced and approaching the ‘Life, . . That means, if the ripple current through the capacitor is

Table 5.6: Numerical values of capacitors ripple currents in single-cell and interleaved converters.

Maximum .
. Ripple
o Value ripple
Description frequency
(uF) current (kHz)
(A)
Input Single-cell | 1.1 30.16 50
Filter
capacitor Interleaved | 0.4 14.7 100
Output Single-cell | 1440 51.4 50
filter
capacitor Interleaved | 1440 25.8 100
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Fig. 5.16. Unfiltered input current at 2.0 kW output power from experimentation (a) interleaved converter; (b)

single-cell converter.

minimized, then the lifespan of the capacitor will be enhanced, and thereby it increases the

converter reliability. Table 5.6 shows the numerical values of the capacitors ripple currents for

both the single-cell and the interleaved converters, at rated output power. The input filter capacitors

ripple current with interleaved operation is reduced to half and its effective frequency is doubled,

which is evident from the simulation and experimental results of unfiltered input currents shown
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in Fig. 5.15 and Fig. 5.16. Similarly, the unfiltered DC current ripple is also reduced by half and
contains a very low amplitude of 6™, 12, and 18™ order supply frequency components and high
amplitude of high frequency switching components in addition to the DC component. The 50 %
reduction in the ripple current in interleaved converter helped in enhancing the lifespan of output
electrolytic capacitors by 2.71 times when compared to the single-cell converter. This is calculated
from  (5.29) considering  both  the converters employing the  capacitors
(ESMQ401VSN471MQ50W) and the capacitors in the single-cell converters are operating at the
rated ripple current. The increase in the ripple frequency in the interleaved converter increases the
ripple current handling capability of the electrolytic capacitors further, which further enhances the

capacitors lifespan and the system reliability.
5.8 Conclusion

A three-phase interleaved buck-boost derived PFC converter operating in DCM for MEA is
proposed, analyzed, and designed. With the wide supply frequency variation, the converter UPF
operation at varying supply frequency is obtained through inherent PFC characteristic of DCM
without any current control loop, and with reduced number of sensors. A simple output voltage
control loop with a single sensor is implemented to accomplish the tight output voltage regulation.
A 2.0 kW laboratory hardware prototype is developed to verify the reported analysis and design.
It is shown that the converter maintains UPF operation for different load and for varying supply
frequency. An input current THD of 2.7% (< 5%) and a maximum efficiency of 96.3% (>90%)

are recorded from the developed prototype at rated output power.

The DCM inductor size and weight in interleaved converter is 50% less compared to the single-
cell converter which has been validated analytically, and with physical inductors made in the lab.
This 50% reduction compensates the extra usage of the DCM inductors in interleaved converter.
However, the filter inductors size and the heat sink requirement in interleaved converter is
substantially less compared with single-cell converter, which shows the higher power density of
the interleaved converter, and the same has been validated analytically. It is also shown that in the
interleaved converter the ripple currents through the filter capacitors are reduced 50 %, and their
effective frequency is doubled. The reduction in ripple current facilitated in enhancing the lifespan
of output electrolytic capacitors by more than two times compared to the single-cell converter,

which shows the higher reliability of the interleaved converter.

123



Chapter 6 : Three-Phase Single-Stage Isolated Flyback-
based PFC Converter

6.1 Introduction

The flyback topology is an isolated form of buck-boost converter and is derived by replacing the
buck-boost inductor with flyback transformer. The main drawback of the flyback converter is low
efficiency, which is mainly due to the leakage inductance of the flyback transformer. In flyback
converter topology, the transformer leakage inductance is in series with the power switch and
produces a large voltage spike when the switch is turned-off. It is due to the absence of the current
conduction path for the leakage inductance energy when the switch is turned-off, then interacts
with the switch output capacitance and appears as large voltage surge across the switch. This
voltage surge is usually high and may go beyond the switch rated voltage and can cause the switch
failure. The traditional way of limiting this voltage surge is introducing a snubber circuit across

the flyback transformer which is referred as clamping circuit.

The clamping circuits are broadly classified into two categories; 1) passive-clamping circuit and
2) active-clamping circuit. The passive-clamping circuit consists of a large capacitor where the
transformer leakage inductance energy is stored when the switch is turned-off and contain some
additional components to discharge the capacitor [95]-[98]. The clamping circuits namely resistor-
capacitor-diode (RCD), inductor-capacitor-diode (LCD), and energy regenerated snubber circuits
come under the category of passive-clamping circuit. The active-clamping circuit employs at least
one switch along with large capacitor to recover the leakage inductance energy [99]-[101]. In
literature, the methods of active-clamping is defined only for single-phase flyback converters [99]-
[101], and the same can be extended only for three-phase modular flyback converters [63], [102],
[103] on the cost of increasing the complexity both in control and circuit configuration by adding

footprints.

In [63], [89], [102]-[106], the three-phase isolated single-stage flyback based converters
operating in DCM are reported. The three-phase modular flyback converters with three single-
phase flyback circuits connected in wye-configuration with passive RCD clamping circuit across
each transformer to cap the voltage surge are reported in [63], [102], [103]. The main concern with

the modular structure is higher semiconductors count, low efficiency, and the higher effort for
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clamping the switch over voltages. In view of reducing the semiconductors count, a three-phase
flyback topology with a single-switch is reported in [104]. A two-switch version of the single-
switch converter for the use with higher input voltages is reported in [105]. However, both the
converters require nine diodes and three center-tapped three-winding transformers for its
operation, with poor transformer utilization compared to the converter reported in [106]. The
interleaved version of the converter [106] is reported in [89] with a main focus on the transformer
design to reduce the transformer leakage inductance. The stated converters in [63], [89], [102]-
[106] employed the conventional passive RCD dissipative-clamping circuit across each
transformer for limiting the voltage surge. In RCD clamping circuit, the transformer leakage
inductance energy is transferred to the capacitor when the switch is turned-off and is simply

dissipated in the resistor as heat, hence, these converters suffer from lower efficiency.

Therefore, with a focus on utilizing the transformers leakage inductance energy, and thereby to
improve the converter overall efficiency, a three-phase single-stage isolated flyback-based
converter with a novel clamping circuit is proposed and studied in this Chapter. With the proposed
clamping circuit, all the flyback transformers leakage inductance energy is successfully captured
in a single clamping capacitor and is fed back to the DC-link to enhance the overall converter

efficiency.
6.2 Proposed converter and control scheme

The proposed three-phase single-stage isolated flyback-based converter along with the proposed
clamping circuit is shown in Fig. 6.1. The proposed converter is an isolated version of the converter
analyzed in Chapter 4, and is obtained by replacing the input inductors L, Ly, L, with flyback
transformers T,, T}, T;. The power circuit comprises of three flyback transformers, three power
switches, and one three-phase diode-bridge rectifier. The PFC at the AC source is obtained by
designing the flyback transformers for DCM 1i.e., the transformers are designed such that their
magnetizing inductance will be fully demagnetized at the end of every switching cycle. The
converter switches are driven synchronously and fed with a common gating signal. Fig. 6.2 shows
block diagram of the output voltage control scheme for the proposed converter. The voltage

controller generates the duty cycle required for the switches to regulate the output voltage and it
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Fig. 6.1. Proposed three-phase single-stage isolated flyback-based converter with clamping circuit to recover the

transformers leakage energy.

Fig. 6.2. The converter output voltage control block diagram.

is fed to the saturation block where it gets capped to the upper limit during overloads to protect the

converter by limiting the converter currents within the rated values.

Since the flyback transformers in the proposed converter are connected at AC side, it is allowed
to use a single clamping circuit comprising of one three-phase diode-bridge rectifier and a single
capacitor, which is not the case with the state-of-the-art converters. The state-of-the-art converters
used an individual RCD clamping circuit across each flyabck transformer. Therefore, the
individual flyback transformer leakage inductance energy is captured in individual clamping

capacitor, and it is dissipated in clamping resistors. While, in the proposed clamping circuit, all
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Fig. 6.3. A two-switch forward converter to transfer the captured transformers leakage energy to the DC-link.

three flyback transformers leakage inductance energy is captured in a single clamping capacitor
by connecting a three-phase diode-bridge rectifier module called clamping rectifier at the primary
side of the transformers, as shown in Fig. 6.1. The captured energy is fed to the DC-link by using
an auxiliary two-switch forward converter shown in Fig. 6.3 across the clamping capacitor, which
improves the overall converter efficiency. The auxiliary two-switch forward converter is also
designed to operate in DCM. The switches of auxiliary forward converter are provided with the
same duty cycle, and it should be selected to be less than 0.5 so that it evades the saturation of

forward transformer. The diode ‘Df’ placed between the forward converter and the DC-link

ensures the unidirectional power flow from forward converter to the DC-link.
6.3 Converter steady state analysis

Since the switching time period is very small when compared to the supply time period, it is
considered that the variation in input voltage and output voltage are negligible and considered
them constant in one switching period. It is also considered that all the transformers are identical

1.e., their magnetizing and leakage inductance values are same

Limg = Linp = Lype = Ly
Llap = lep = Llcp = Llp (6.1)

Ligs = Lips = Lics = Lys -

In the analysis, the transformer secondary leakage inductance values are referred to the primary

side. Therefore,
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Ly =L =1, (6.2)

where L'} is the transformer secondary leakage inductance referred to primary side.

Since the forward converter operation is independent of the main converter operation, only the
main converter with clamping circuit is considered for the analysis. The steady state current

waveforms of transformers primary, secondary, and the clamping circuit in one switching cycle

for supply time period wt = 0 to g are shown in Fig. 6.4. It should be observed that the converter

has six operating modes in a given switching cycle, and the converter equivalent circuits for the

different modes of operation are shown in Fig. 6.5.

1° mode (ty, — t;): Prior to this mode, all the flyback transformers are in fully demagnetized
state. In this mode, all the three power switches are turned-on, and all the rectifier diodes are
reverse biased. The bridge rectifier diodes D;_g¢ are reverse biased by the output voltage, and the
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clamping rectifier diodes D.q_.¢ are reverse biased by the clamping capacitor voltage. The
converter equivalent circuit operating in this mode is shown in Fig. 6.5(a). When the switches start
conducting, the flyback transformers store energy in both the magnetizing and the leakage
inductance according to the voltage appearing across them. Hence, the total energy can be divided
into two components; 1) magnetizing inductance energy, 2) leakage inductance energy. In this

mode, the load is supplied by the output filter capacitor.

2" mode (t; — t,): This mode starts when all three switches are turned-off. The converter
equivalent circuit operating in this mode is shown in Fig. 6.5(b). When the switches are OFF, the
transformers primary currents will not go to zero instantly due to the transformer’s primary leakage
inductance. The energy stored in the transformers leakage inductances forward biases the clamping
rectifier diodes Dy, D.3, D¢y, and is transformed to the clamping capacitor. Therefore, the
clamping capacitor voltage appears across the transformers, and clamps the voltage across the
switch at the desired value. At the same time, the rectifier diodes D,, D3, D, are forward biased by
the energy stored in the magnetizing inductances. The transformers secondary currents also do not
raise abruptly to their peak value because of the transformers secondary leakage inductance. In
this mode, the transformer T, primary current retains its peak value because of zero voltage
appearing across its both primary and secondary windings. This mode ends when the transformer

T, primary current is equal to the transformer T, primary peak current.

3" mode (t, — t3): The converter equivalent circuit operating in this mode is shown in Fig.
6.5(c). The status of the switches and diodes are in the same state as 2"! mode except D, which
goes to OFF state. At the end of this mode, all the transformers primary currents reach zero, and

the secondary currents reach their peak values, as shown in Fig. 6.4.

4™ mode (t; — t,): The converter equivalent circuit operating in this mode is shown in Fig.
6.5(d). In this mode, all the clamping rectifier diodes are in OFF state, and the rectifier diodes are
in the same state as the 2" mode. The transformer T, secondary current retains its peak value, and
the transformers T,, T}, secondary currents flow through the load. This mode ends when the

transformer T, secondary current is equal to the transformer T, secondary peak current.

5" mode (t, — ts): The converter equivalent circuit operating in this mode is shown in Fig.

6.5(e). The status of the switches and diodes are in the same state as the 4™ mode except D, which
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Table 6.1: Flyback transformers primary and secondary currents expressions for different modes of operation.

1* mode | 2" mode 3" mode 4" mode 5" mode 6" mode
I (nVck - Vo) i I (nVck - Vo) i
vap | leow =g G| e =T G
i — % ¢ 1 1
iap(t) L.+1, L Ve L Ve 0 0 0
avp =g, bon abs = mton
oy Wa—V) o W=l
; (t) Vpe bep + ZnLl bcs anl 0 0 0
be Ly,+1L; [ Vpe : P 20, .
bep L+ 1L, on bes = L,+L on
I . I (nVck Vo)
. Vea cap’ cas 4nl
lca(t) L +1L t I _ Vea t v L 0 0 0
m l cap — L. +1 on ca
m l cas Lm T Ll on
(nVck_Vo) o
I ; 'opr + 57—t
7 0 () 0 —WVe = Vo) wE An?l T2 (L + Ly) l'apg + Woﬂ)t; 0
abs Tl(Lm T L[) ton abr — n(Lm + Ll) on abq — ! car
I (nVck - Va) i I Vo ¢ v
5.7 b - <L ’ o
. (Ve = V) bes 2nL, P n2(L,, + Ly) Ipeq =773 b6
3 bc(t) 0 2 3 —, n (Lm + Ll) 0
2n Ll I — #t I’b — 7bct I =2
bcs n(Lm +Ll) on cr Tl(Lm +Ll) on becq car
1’ H 1 VO
(Ve -V, car’ I g + 5 t;
i,ca (t) 0 0 # I — &t caq 2n? (Lm + Ll) 0
i or (L + Lp) o I’caq = Ilcar
Ts —
Time ton 67’anth0" 4’nvcal‘lton 3nva t vaca E(I:A;d'relfné
period | =dTy | (Ve — V)L + L) | (Voo — V) (b + L) v v oo pertods
sum)

goes to OFF state. In this mode, the transformers T,, T}, T, secondary currents decreases through

the load through diodes D, D5, and reach zero at the end of this mode.

6" mode (ts — t¢): The converter equivalent circuit operating in this mode is shown in Fig.

6.5(f). In this mode, all the switches and diodes are in OFF state, and the output filter capacitor

delivers power the load.

Since the proposed converter is symmetric, the above analysis can be extended for remaining

supply time period. For each mode, the transformers primary currents, secondary currents are

defined and given in Table 6.1.

6.4 Converter design

This section presents the DCM condition, and the expressions for converter average output

current and input current and derives the design equations for each component of converter.
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6.4.1 DCM operation condition

To ensure the converter DCM operation, the sum of the time intervals of modes 1 to 5 should
be less than or equal to the switching period. Since, the time intervals of mode-2 and mode-3 are
very small compared to the time intervals of other modes, they are neglected for the simplicity of

mathematical analysis. Therefore,

3ny, 2nv,,

ton +Toton +To

ton < Ts. (6.3)

Simplifying, and substituting t,, = dT; and, v,, = V3V,,sin (wt + g) in (6.3)

M

d<
M ++/3nsin (a)t + %) 6.4)

_W
where M = /Vm'

In equation (6.4), the switch duty cycle is minimum it the denominator is maximum i.e.,
when sin (a)t + g) = 1. Therefore, for a given converter gain, the maximum value of the duty

cycle to operate the converter in DCM 1is

M

d< T (6.5)

From (6.5), the converter critical voltage conversion ratio, which decides the converter DCM

operation is defined, and is given as

nv3d
M > Mcr == m (66)

In the proposed converter to ensure the reverse bias of the rectifier diodes, the output voltage

should be higher than the turns ratio (n) times of the peak value of line-to-line input voltage. Hence,

for a given duty cycle, the converter is said to be operated in DCM when M > M., > nv/3.
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6.4.2 Average output current

From the converter operation, the average output current in a switching cycle is defined as
io,avg = (lg3) = (ill)c(t) - iclzb (). (6.7)

On substituting i, (t), ip.(t) expressions from Table 6.1 in (6.7), and on averaging for a

switching cycle

9P TVA (L (Vg — V) — LV + V)

1 = 6.8
fo.avg 4(Lyn + L2 (Ve — Vo)V, (6.5)

Since the duty cycle of the converter is constant, (6.8) implies the average output current in a
switching cycle is constant. Using the same analysis described above, the clamping circuit average

output current is calculated as

, _ InL,d?T,V;?
1K = D Lo + L) (Ve — V)

(6.9)

Considering the two-switch forward converter is loss less, the total converter average output

current is the sum of the power circuit average output current, and the clamping circuit average

output current. Before doing sum, the clamping circuit current should be multiplied by % to make
o

forward converter power balance. Therefore

; , Ver .
LoT,avg = lo,avg + (VL * lck,avg) (610)
)
9d2T, V2
ioTavg =——=T_ (6.11)
’ 4(Lm + L)V,

6.4.3 Input current

Considering the loss less operation of the converter, the total input power is equal to the output

power, i.e.
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3
2 Vinlm = Volot,avg (6.12)

3V, d>T,

where [,,, is peak value of input phase current.
6.4.4 Transformer magnetizing inductor
The converter average value of output current for a given output power, P,, and output voltage,
Vo, 1s

P
loavg =77 - (6.14)
o

Using equations (6.11), and (6.14), the value of the inductance required to operate the converter

in DCM is calculated as,

9 d2V2T,
(L, +1L) <-——2=,

6.15
4 P (6.15)

To ensure the converter DCM operation always, the duty cycle in (6.15) should be calculated

for minimum input voltage, and maximum output (rated) power condition.
6.4.5 Clamping capacitor

The voltage surge caused by the transformer leakage inductance is clamped at V., by using the
proposed clamping circuit. The clamping capacitor voltage stabilizes when the average power
transferred from the transformers leakage inductances is equal to the power transferred to the load
by the two-switch forward converter. Therefore, in steady-state at rated power, considering
constant voltage V., across the clamping capacitor, the average power transferred from

transformers leakage inductances can be expressed as

9L, d?T V2 v
l “”( b ) (6.16)

P —
M9 " 2 (L + L)? \nlVy — V,,
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Considering a maximum voltage ripple AV, of clamping capacitor, the value of the clamping

capacitor is given as

PLl,avg TS

C,=———.
f VckAVck

(6.17)

6.4.6 Forward converter inductor

It is considered that the forward converter is operated in DCM, and its duty cycle is constant at

ds =0.4 throughout the converter operation. By considering the forward converter is loss-less, the

forward converter inductance required to operate the forward converter in DCM is

(1—d;)ds*m VCRZTS 0.048m2V,, T,

2le ,avg PLl,avg

L < (6.18)

where m = forward converter transformer turns ratio. In above equation, the average power
transferred from transformers leakage inductances should be calculated at converter rated power

condition.
6.4.7 Components voltage stresses

The voltage profile of switch mosfet ‘S’ for one input line period is shown in Fig. 6.6. It should
be observed that the anti-parallel diode of each mosfet gets forward biased for the 2/ 3 period of

its corresponding phase negative half-cycle under its negative peak, while the other two switch

anti-parallel diodes see a maximum stress, which is given as

"""" L;[—‘F\/iv
QD
S
5
§
N Switch body
diode forward
bias region
0 = = = 2_7‘ 5_“ s _n
6 2 3 6

( Ta d/sec)

Fig. 6.6. The voltage profile of power switch S,,.
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Vsw,max = \/§Vm + Ve - (6.19)

The power circuit bridge rectifier diodes see a maximum stress of V,,. Similarly, the clamping

rectifier diodes see a maximum stress of V.
6.4.8 Converter small-signal model

The average current injected equivalent circuit approach (CIECA) [74], [75] is used to derive
the small-signal model of the converter. In this approach, the non-linear part of the converter is
linearized by injecting the switching cycle average output current (i,r qyg) produced by it into the
linear part. Introducing the perturbations around the steady-state operating point to (6.11) and

(6.13), and neglecting the second order terms gives

N . 1
tor,avg = J2d + G2Um — Vo (6.20)
2
. a1
im = j1d +—7, (6.21)
r
. V% dTs Wy d?Ts Vo . 3dVyTs 2(Lm+Lp)
where j, = ; gy = ——; =L ,j =20mi. . o

2Vy (L +Lp)’ T 2VUmtLl)’ 2T ioTavg 1= Lm+L; 3d2T;

Fig. 6.7, shows the converter small-signal model defined by equations (6.20) and (6.21).
Considering the load as resistive, the converter control-to-output transfer function is derived from

Fig. 6.7 and is given as,

A

N A
Im —p- loTavg —p

o~

6 idEn D 50 e tazr,

Fig. 6.7. The converter small-signal model equivalent circuit.
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D, 2KV,
a_ 6.22
d 1+KI]C.:‘d+SROCO (6.22)

where K = M, and R,= load resistance in Q.

4V, (Lin+Ly)
6.4.9 Input filter design
The criteria for the low-pass filter design are:
1) selection of cut-off frequency, f
-2 & (6.23)

2) minimization of filter reactive power consumption for the supply frequencies at rated output

power. This is possible when the filter characteristic impedance is equal to the converter input

3L
Z. = - = Zin (6.24)
f

where Z, is characteristic impedance = C—f , and Z;,, 1s converter input impedance at rated output
f

impedance i.e.,

2(Lm+Ly)

ower =
p 3d2Ts

Using (6.23), and (6.24), the expressions for low-pass filter parameters are obtained as

Z;
Ly = (6.25)
s 2nf,
Cr = - 6.26
r 6nf.Z. (6.26)
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6.5 Results and discussion

This section presents the simulation results as well as experimental results of the proposed
converter along with a discussion on converter efficiency. Further, it also presents detailed

explanation of the converter operation with single-phase loss and related results.
6.5.1 Simulation results

This sub-section presents the simulation results of the proposed converter on PSIM 11.1
software. The converter is designed with the specifications mentioned in Table 6.2, and the
designed parameters are given in Table 6.3. The input LC low-pass filter is designed for a cut-off
frequency of 8 kHz. The flyback transformer turns ratio of 1:1 is selected to get the better magnetic
coupling and to reduce the transformer leakage inductance. The transformer magnetizing
inductance required for the converter DCM operation is calculated using (6.15), and its value
should be less than 62 yH. In view of converter losses, the converter is simulated with transformer

magnetizing inductance L,, = 60 yH. The transformer leakage inductance is considered at 2.5% of

Table 6.2: Converter design input specifications.

Rated Power (P,) 2.0 kW

Output voltage () 270V
Switching frequency (f) 50 kHz

Input line voltage 110 Vs £10%
Line frequency (f) 360-800 Hz

Table 6.3: Converter designed parameters.

Flyback Transformer Turns ratio, /.n 1:1
Maximum Duty cycle, d 0.65
Filter inductance, Ls 120 uH
Filter capacitance, Cr 1.1 uF
Transformer magnetizing inductance, L,, 60 uH
Transformer leakage inductance, L, 1.5 uH
Output filter capacitance, C, 1440 uF
Clamping capacitance, Cj, 0.68 uF
Forward transformer turns ratio, /:m 1:1.5
Forward converter inductance, L, 0.8 mH
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magnetizing inductance. The output filter capacitor designed for a hold-up time of 5 ms, and its
values is C, = 1440 uF. The clamping circuit is designed to maintain the clamping capacitor voltage
at 400 V. With an assumption of 10% voltage ripple across clamping capacitor, the clamping
capacitance is calculated using (6.17), and its value is 0.47 uF, the standard value of 0.68 uF is
chosen. The forward converter switches are provided with the common gating signal of constant
duty cycle value of 0.4 for all the load conditions. The forward converter inductance is calculated

using (6.18), its value should be less than 0.92 mH; L,= 0.8 mH is chosen for simulation.

Using the designed parameters in (6.22), the converter control-to-output transfer function G(s)
is obtained and is given in (6.27). A proportional-integral (PI) controller H(s) described by (6.28)
is designed for system open-loop cut-off frequency 100 Hz, and phase margin of 75°. Fig. 6.8
shows the frequency response of plant transfer function G(s) and the open loop transfer function
G(s)*H(s). The phase margin and gain margins are positive with enough margins and the open
loop transfer function has -20 db slope at zero cross-over frequency for below rated load, which

indicates the system stability for below rated load.

GM = Inf, PM =74.9 deg (at 106 Hz)

100 T T
8 = G(s)*H(s)H
Y — G(s)
o H(s)
T4 e
< 20 ——
= N T~
E O — i
) ——— M
=)
s ——
4
-6
-8
N B — G(9*H(s)
—_ N = G(s)
45 N H(s)
= "
~— \~
2-90 —
<
o /
é \\\~‘~. /”—"
135
-180
101 10° 10! 102 10° 10%

Frequency (Hz)

Fig. 6.8. Frequency response of plant transfer function G(s), and open loop transfer function G(s)*H(s).
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Vo(s) 1036

G() =305y = 0.05249 5 + 2.247

(6.27)

7.226
H(s) = 0032+ —— (6.28)

With the designed controller, the proposed converter is simulated in PSIM 11.1 by setting the
converter maximum duty cycle at a value defined by (6.5) to avoid the converter CCM operation
during overloads. Fig. 6.9 shows the converter simulation results for input frequency 400 Hz at

rated output power. Fig. 6.9(a) shows the converter simulated input currents. The converter input
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Fig. 6.9. Simulation results at rated output power, (a) converter input currents; (b) phase-A voltage and current;
(c) converter output current and voltage; (d) flyback transformers primary currents; (e) flyback transformers
secondary currents; (f) clamping capacitor voltage, forward converter output current and voltages across power
switches; (g) converter input voltage and input current for input frequency change form 400 Hz to 800 Hz; (h)
clamping capacitor voltage, output voltage and input current for load disturbance from 50% to 100% of rated

power; (i) converter response for single-phase loss at half rated output power.
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currents are sinusoidal and are closely tracking the input voltages as shown in Fig. 6.9(b),
confirming the UPF operation. Fig. 6.9(c) shows the converter output voltage waveform, which is
constant and settled at a designed value 270 V. Fig. 6.9(d) and Fig. 6.9(e) show the flyback
transformers primary and secondary currents respectively. The transformers secondary currents
are discontinuous, and are in good agreement with the analysis. Fig. 6.9(f) shows the clamping
capacitor voltage, the forward converter output current, and the power switches voltages. As
designed, the clamping capacitor average voltage is almost 400V, which validates the converter
analysis and design. Fig. 6.9(g) shows the converter response for the input frequency change from
400 Hz to 800 Hz; the input current is closely tracking the input voltage, and the output voltage is
steady without any oscillations. Fig. 6.9(h) shows the converter response for load change from
50% to 100%. The output voltage is closely tracking the reference voltage and is getting settled
within the designed settling time of 10 ms, which proves the robustness of designed controller.
Further, the proposed converter provides the fault tolerant operation for a single-phase loss and
gives 50% of the rated output power without altering the controller. The reduction in output power
is due to the duty cycle limit derived in (6.5). With a single-phase loss, the converter resembles a
single-phase converter with line-to-line voltage as input source. Therefore, the output voltage is
having second order supply frequency oscillations like a single phase PFC rectifier as shown in

Fig. 6.9(i).
6.5.2 Experimental results

In this sub-section, the experimental results of the proposed converter from a scaled down 1.0
kW proof-of-concept laboratory prototype are presented. The ferrite core material is selected for
flyback transformer and is designed for a magnetizing inductance of 120 x«H. Fig. 6.10 shows the
developed hardware prototype in the lab, where DSP TMS320F28335 is used as digital control
platform, and IC HCNW3120 is used as gate driver. The hall- effect sensor LV-25P has been used
for sensing the output voltage. Table 6.4 lists the components employed to develop the hardware

prototype. The California-MX30 is used as source to generate 110 V variable frequency AC
supply.
Fig. 6.11(a) shows the measured three-phase input voltages at 400 Hz. Fig. 6.11(b) shows the

converter measured input currents and, output voltage at 1.0 kW output power. The input currents

are balanced and sinusoidal, and the output voltage is steady at refence value 270 V. Fig. 6.11(c),
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Table 6.4: Hardware setup component specifications

Component Specifications
Switches UJ3C065030K3S, 650 V, 62 A, 35 mQ
Diodes VS-65EPFO6LHM3, 600 V, 65 A

Output capacitor, C

ESMQ401VSN471MQS0W, 4x470 uF

Filter capacitors, Cr

PHE845VR6680MRO6L2, 0.68 uF

Filter inductors, L¢

1140-331K-RC, 330/2 uH

Clamping capacitor, Cy

PHE845VY6220MRO06L2, 0.22 uF

Snubber capacitor

R75QD0470DQ30J, 470 pF

Snubber Resistor

EP5WS100RJ, 100 Q

Transformers, T,, T}, T,

55 x 28 x 21, EE Ferrite cores

Forward converter transformer

42 x 21 x 20, EE Ferrite core

Forward converter inductance, L,

1140-102K-RC, 1.8 mH

Clamp
rectfier

Fig. 6.10. The hardware laboratory prototype of the flyback-based converter.

Table 6.5: Converter measured input current THD (%), clamping capacitor average voltage, forward

converter average output current for different output powers.

P,, watts | THD (%) | Average ‘V.,’ | Average ‘if,,’
250 W 2.67 % 305V 0.15 A
500 W 3.26 % 327V 024 A
750 W 3.85 % 350V 0.30 A
1000 W 4.45 % 360 V 0.36 A
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Fig. 6.11. Experimental results: (a) phase input voltages, 400 Hz; (b) phase input currents, and output voltage, at
1.0 kW output power; (c) phase input voltage, phase input current, at 0.25 kW output power; (d) phase input
voltage, phase input current, at 0.5 kW output power; (e) phase input voltage, phase input current, at 0.75 kW
output power; (f) phase input voltage, phase input current, at 1.0 kW output power; (g) input current harmonic
spectrum at 1.0 kW output power; (h) switch currents; (i) flyback transformers secondary currents; (j) output
voltage, clamping capacitor voltage, and forward converter output current; (k) flyback transformers primary

voltages; (1) measured voltage across one of the power switches.
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Fig. 6.11(d), Fig. 6.11(e), and Fig. 6.11(f) show the converter input voltage and input current
waveforms of one phase at 250 W, 500 W, 750 W, and 1000 W output power, respectively. It
should be observed that the input current is following the input voltage both in phase and shape at
varying output power, confirming the converter UPF operation. Fig. 6.11(g) shows the input

current harmonic spectrum at 1.0 kW output power, the measured input current THD is 4.45%.

Fig. 6.11(h) shows the switch currents, which are /3 times of the transformers primary currents,
and following the same shape of transformers primary currents. Fig. 6.11(i) shows the transformer
secondary currents, which are discontinuous and validating the design. Fig. 6.11(j) shows the
clamping capacitor voltage and forward converter output current at 1.0 kW output power. The
measured clamping capacitor average voltage is 360 V confirming the analysis and design. Fig.
6.11(k) and Fig. 6.11(1) show the transformer primary voltages and switch voltages and their peak
values are clamped at the designed value. Table 6.5 lists the measured input current THD, the
clamping capacitor average voltage, and the forward converter average output current for different
values of output power. The maximum measured THD is 4.45%, and the maximum clamping

capacitor average voltage is 360 V.

Fig. 6.12(a) shows the converter response for the input frequency change from 350 Hz to 500
Hz. The converter input current is following the input voltage during frequency change as depicted
in simulation. Fig. 6.12(b) and Fig. 6.12(c) show the converter dynamic response for the load
change from 750 W to 1000 W, and from 500 W to 1000 W, respectively. In both the cases, the
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Fig. 6.12. (a) converter output voltage, clamping capacitor voltage, input voltage, and input current for input

frequency change; (b), (c) output voltage, clamping capacitor voltage, input current, and output current for load

change from 0.75 kW to 1.0 kW, and from 0.5 kW to 1.0 kW.
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output voltage is following the reference, and the clamping voltage transition is smooth, which

proves the robustness of controller and the proposed clamping circuit.
6.5.3 Converter efficiency

The proposed converter itemized losses for the rated output power are listed in Table 6.6. The
converter losses are calculated using the loss equations defined in appendix, and from the datasheet
values of selected components. The converter measured efficiency curve for different loading is
depicted in Fig. 6.13, where converter peak efficiency of 94.02% is recorded at rated load. The
proposed converter efficiency is compared with state-of-the-art flyback converters and listed in

Table 6.7. It is observed that the proposed converter and its clamping technique has high

Table 6.6: Calculated loss breakdown of the proposed converter for rated output power.

Description Value Unit
Output voltage, V, 270 A"
Output power, P, 1000 W
Input voltage 110 v
Switching frequency, fs 50 kHz
Duty cycle, d 0.645
Clamping capacitor voltage, V. 350 v
Forward converter duty cycle, d; 0.4

Losses

Power switches conduction losses ~ 6.27 W
Power switches switching losses 6.38 W
Power diodes 5.34 w
Flyback Transformers 9.96 W
Output filter capacitors 2.07 W
Input filter inductors 9.07 W
Input filter capacitors 3.95 W
Total power converter losses 43.04 W
Clamping diodes 0.91 w
Clamping capacitor 0.14 W
Forward switches 0.33 Y
Forward diodes 0.63 W
Forward inductor 1.66 W
Forward transformer 1.69 W
Total clamping converter losses 5.36 W
Switches gating losses 0.17 \W
Auxiliary losses 15.0 W
Total losses 63.57 W
Efficiency 94.02 %
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Table 6.7: Comparison of proposed converter efficiency with state-of-the-art converters.

Description Rated Power (kW) Efficiency (%)
Modular flyback converter [63] 0.5 85.0
Single-switch flyback converter [104] 0.5 86.2
Two-switch flyback converter [105] 1.2 87.0
Interleaved flyback converter [89] 6.5 87.1
Proposed converter 1.0 94.02
95
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Fig. 6.13. Measured efficiency curve for different output powers.

efficiency, it is due to the utilization of captured transformer leakage inductance energy which is
not the case in state-of-the-art converters where the captured energy is dissipated in clamping

resistor as heat.
6.5.4 Converter operation with single-phase loss

The proposed converter continues to operate in case of single-phase loss, which is one of the
desired features in aircraft application. With single-phase loss, the proposed converter resembles
a single-phase converter with line-to-line voltage applied at input, as shown in Fig. 6.14(a). As
stated in previous sections, the converter operation has duty-cycle limiter to avoid the converter
CCM operation. Therefore, with a limit on duty cycle defined by (6.5), the converter delivers 50%
of the rated output power with single-phase loss without change in control system. Since the

converter duty cycle is limited, the currents flowing through the switches and diodes are also
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Fig. 6.14. (a) Converter structure with single-phase loss; (b) converter operation during single-phase loss; (c)

converter input currents and output voltage with single-phase loss.

limited. Therefore, the proposed converter works without oversizing the semiconductor
components with single-phase loss for 50% of rated output power. Fig. 6.14(b) shows the converter
operation during single-phase loss at 50% of rated output power. It is observed that the converter
input current peaks are raised by 73.2% to maintain the power balance. Since the converter
operation is still in DCM, the input currents are still sinusoidal and of opposite polarity to each
other to make the total sum zero and is shown in Fig. 6.14(c). It should be noted that the converter
output voltage is constant and closely tracking the reference voltage without change in control

circuit.
6.6 Conclusion

A three-phase single-stage isolated flyback-based PFC converter with a novel clamping
technique to capture and utilize the transformers leakage energy is proposed and studied. The
converter UPF operation for all supply frequency variation is obtained by using the inherent
resistance property of DCM. The converter control circuit requires only one sensor, which reduced
the system cost and control complexity as well as increased the system robustness to HF noise. By
using the proposed clamping circuit, the transformers leakage inductance energy is successfully
captured in a single clamping capacitor, and fed to the DC-link using two-switch forward converter.
Thus, the overall efficiency of the converter is improved. The converter steady-state analysis and
the design equations are presented in detail. The converter small-signal model is also presented for

closed-loop controller design.
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The converter analysis and the design are first verified with the simulation results, and later with
the experimental results from a 1.0 kW laboratory prototype. It is demonstrated that the input
currents are following the input voltages both in phase and shape for different supply frequency,
and it is a desired feature for MEA application. Using the proposed clamping circuit, the surge
voltage across switch due to the transformers leakage inductance during switch state transition are
successfully clamped at the designed value. The designed controller robustness is confirmed for
both the input frequency and load perturbations. The converter detailed loss breakdown at rated
output power is provided, and the proposed converter efficiency is compared with the state-of-the-
art converters. The proposed converter and its clamping technique has high efficiency due to the
utilization of the transformers leakage inductances energy. It is also demonstrated that the
converter provides the fault-tolerant operation for single-phase loss. An input current THD of 4.45
% (<5 %), and a high efficiency of 94.02 % (> 90 %) are recorded from the developed laboratory
prototype.
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Chapter 7 : Conclusions and Future Research

This Chapter discusses the contributions of this research and the thesis in section 7.1 and

provides the guidelines for future scope of this research based on the findings in Section 7.2.
7.1 Contributions of the thesis

In MEA, three-phase AC-DC PFC converters of several kilowatts are required. This thesis focuses
on active AC-DC PFC isolated and non-isolated topologies as a solution to replace the currently
employed passive multi-pulse ATRU and TRUs with an objective of strictly fulfilling the

requirements of the next generation MEA'’s.

In another words, this thesis contributes to the analysis and design of buck-boost type AC-DC
PFC converters with a focus on minimizing the total number of components, and improving the
overall system efficiency. The proposed converters are studied, analyzed, and designed for DCM
operation in order to simplify the control circuit and to reduce the number of sensors, which
consequently increases the converter reliability, and robustness. Simple control, high input power
quality, improved efficiency, and improved reliability are the major highlights of the proposed
DCM converter topologies.

1. At first, a three-phase modular single-stage isolated Cuk PFC converter, derived by
combining three single-phase isolated Cuk structures with output ports connected in
parallel, is proposed and analyzed in Chapter 2. The highlights of the proposed converter
are inrush current limitation, no input filter requirement, can be paralleled easily for high
power design, and operational even with two-phase loss. A high efficiency of 91.5 % (>
90 %) and input current THD 0f 4.87 % (<5 %) are recorded from the developed prototype
at rated output power. Though the phase-modular converters are easy to implement, and
provide quick repair and maintenance but they need high number of components for their
operation and also three semiconductor devices from each phase are in the current
conduction path which increases the converter conduction losses and reduces the converter

efficiency.
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2. A new direct three-phase non-isolated Cuk-derived PFC converter with reduced number of
components and conduction losses is proposed and analyzed in Chapter 3. The novelty of
the proposed converter is demonstrated by comparing it with the state-of-the-art converters.
The key contribution of the proposed converter is that only one semiconductor device from
each phase is in the current conduction path throughout the converter operation which
reduced the converter conduction losses, and increased the converter efficiency. A low
input current THD 3.91 % (< 5 %) and high efficiency 94.29 % (> 90 %) are recorded at
2.0 kW rated output power from the developed hardware prototype. Though the proposed
converter is optimized in terms of semiconductor count and conduction losses but needs

two DC-link capacitors at the output that added extra capacitive losses.

3. A new direct three-phase non-isolated buck-boost-derived PFC converter with reduced
capacitive losses is proposed and analyzed in Chapter 4. It has been compared with the
state-of-the-art converters and demonstrated its novelty. The key contribution is the less
number of components for its operation, and only one semiconductor device from each
phase conducts at a time. A high efficiency of 95.52 % (> 90 %) and low input current
THD of 2.76 % (< 5 %) are recorded at 2.0 kW rated output power from the developed
hardware prototype.

4. Aninterleaved topology of the three-phase non-isolated buck-boost-derived PFC converter
for high power design with reduced filter losses and size is studied and analyzed in Chapter
5. This contributes to 50% reduction in the unfiltered ripple current magnitude, and to
reduce the input filter requirement substantially by doubling the effective ripple frequency.
The size of the filter inductors, and the heat sink requirements are estimated analytically
for both the two-cell interleaved and single-cell converters. It is demonstrated that the
proposed topology contributes to 50 % reduction in filter inductors size and reduced the
heat sink requirement as compared to the single-cell converter. It is also demonstrated that
the lifespan of output electrolytic capacitors enhanced by more than two times in
interleaved converter when compared to the single-cell converter, which shows the higher

reliability of proposed interleaved topology. An input current THD as low as 2.7% (<5 %)
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and a maximum efficiency of 96.3 % (> 90 %) are recorded from the developed prototype

at 2.0 kW rated output power.

5. An isolated topology of the three-phase non-isolated buck-boost-derived PFC converter

with a novel clamping circuit to capture and utilize the transformers leakage inductances

energy for improved efficiency is proposed and analyzed in Chapter 6. The novel clamping

circuit comprises of one three-phase full-bridge rectifier and single clamping capacitor

contributes to capturing leakage inductances energy. The captured energy is fed to the DC-

link by using an auxiliary two-switch forward converter, which enhanced the converter

efficiency. A high efficiency of 94.02 % (> 90 %) and an input current THD of 4.45 % (<

5 %) are recorded at rated output power.

In addition to the above contributions, the following conclusions which are common to all the

proposed topologies are summarized as follow:

The converters are designed for DCM operation, and obtained UPF at AC mains with
less input current distortion for different loads and for wide range of supply frequencies
360 to 800 Hz.

All the switches are operated with zero current switching turn-on, and the diodes are
with zero reverse recovery losses which are inherent to the DCM operation.

All the converters require high current rated semiconductor components due to the high
current peak offered by the DCM operation.

The converters output voltage is regulated with a simple voltage control loop, and all
the power switches are driven with the common gate signal, which simplified the control
effort substantially.

Only single sensor is required for PFC control implementation, which makes the
converter more economical, increases the reliability, improves the robustness to high
frequency noise, and increases the system power density.

The steady state operation, DCM condition, design equations, and the components stress
expressions are reported in detail.

The small-signal models for all the converters using CIECA approach are developed,
and a detailed discussion for the closed-loop controller design is provided.
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e Detailed simulation results as well as experimental results are provided to validate the
analysis, design, and their feasibility.

e Through simulation it is observed that proposed converters power quality and their
operation are very sensitive to the DCM inductance values, and not much sensitive to
the filter capacitance values.

e Converters operation is smooth when rated constant power load is applied and removed,
and the output voltage is well following the reference voltage.

e An input current THD less than 5 %, and efficiency greater than 90 % are recorded at
rated output power from the developed prototypes.

e The hardware’s developed are of concept-proof-prototypes to verify the proposed
concepts and are not optimized in terms of efficiency and switching frequency.

e The converters operation for single-phase loss for 50 % rated power operation has been

discussed, and the relevant results have been presented.

7.2 Future scope of research

The recommendations for future research based on the findings from this research work are as

follow
7.2.1 Three-phase modular Cuk converter with active clamping circuit

The three-phase modular isolated Cuk converter presented in Chapter 2 suffers from low
efficiency due to the employment of passive RCD dissipative clamping circuit across each
transformer. If active-clamping circuits are employed across each transformer as shown in Fig.
7.1, better converter efficiency can be obtained. In the control, it should be ensured that the active-
clamping circuit switching operation should not interrupt the main circuit operation, and also the
modifications to the control circuit should be minimum so that the merits of the existing converter
can be retained. One of the possible option is to operate the active-clamping switches with constant
duty cycle, and the gating signal should be provided during the DCM period (when all the
converter semiconductor devices are in OFF state) of the converter for very short time compared

to the switching period e.g. 4 % of the switching period.
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Fig. 7.1. Single-section of the three-phase modular isolated Cuk converter with proposed active clamping circuit.

7.2.2 Three-phase Cuk-derived PFC converter with less capacitive losses

A modification to the three-phase Cuk-derived PFC converter proposed in Chapter 3 in order
to reduce the capacitive losses by eliminating the two DC-link capacitors, is shown in Fig. 7.2. In
the modified circuit, the output inductors are connected in delta-configuration and the DC-link
capacitors midpoint is eliminated. The operation, analysis, design, and feasibility analysis of this

topology can be considered as the extension of this research work.

Do &Ds kD&
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Fig. 7.2. Proposed modified three-phase Cuk-derived PFC converter with one DC-link capacitor.
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7.2.3 Design and development of EMI/EMC filter

The design and development of EMI/EMC filters for the proposed converters and investigating
their high frequency conducted emissions to meet the levels mentioned in airborne standards [14],

[15].
7.2.4 Current-fed Bidirectional DC-DC converters

The adaptation of 270 V DC bus system in MEA created a requirement for DC-DC converters
to provide 28 V DC power used by some equipment such as long-term and short-term storage
(battery and supercapacitors), and the aircraft conventional electronic loads. The desirable
characteristics for the DC-DC converter are high power density, high efficiency, and bidirectional
power flow control along with galvanic isolation [107]. In literature, the voltage-fed dual active
bridge (DAB) bidirectional DC-DC converter solutions have been reported for MEA application
[108], [109]. There have been limited literature reported for studying the feasibility of current-fed
bidirectional converters for MEA application. When compared to the voltage-fed DAB converter,
the current-fed DAB converter has several advantages such as lower peak and circulating current,
reduced rms current, lower transformer kVA ratings, and better efficiency [110]. Further, the
current-fed DAB converter provide better battery utilization compared to the voltage-fed DAB
converter. Thus, the study of the current-fed bidirectional DAB DC-DC converters, and reviewing

their feasibility for MEA application can be considered as one of the future scope of research.
7.2.5 Bidirectional AC-DC converters

In future aircraft, feedback of energy into the mains might be allowed. Therefore, another
possible scope of research could be the modification of the proposed unidirectional AC-DC

converters for allowing the bidirectional power flow with minor changes in control circuit.
7.2.6 CCM operation of proposed converters

The modification of the proposed converters for CCM operation by replacing the unidirectional
voltage blocking switches with the bidirectional voltage blocking switches and modifying the PFC
control accordingly could be a possible scope of future research. The comparison of the modified
CCM operated converters with the proposed DCM operation in terms of cost, control effort,

efficiency, and power density could also be considered as another possible scope of research.
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where

Appendix

Table A.1: Loss equations used to calculate the converter losses.

Description

Equation

Switch conduction loss

Switch turn-off loss

Switch output capacitance loss

Switch gate drive loss
Diode conduction loss

Diode output capacitance loss

Inductor power loss
Inductor core loss

Capacitor loss

2
lsw,rms RDS,on

vsw,avg lsw,avg tffs
2

COSS f;

- f iy () d(t)

Ciss ng f:c

lD,rmsRD + lD,avg Vdf

Codd f:S' 2 2
om | Vdiode (wt) d(wt)
T Jy
il%,rmsRL
Pc,limitVe
ig',rmsRESR

lsw,rms = Switch rms current, A

Rps on = Switch drain-to-source on resistance, Q

Vsw,avg = Switch average voltage during turn-off, V

i sw,avg = Switch average current during turn-off, A

tf = Switch fall-time, s

f ¢ = Switching frequency, Hz

C »ss = Switch output capacitance, F

C;ss = Switch input capacitance, F

V ;= Switch driving voltage, V

Ip,rms = Diode rms current, A

Rp = Diode turn-on resistance, Q

[p,avg = Diode average current, A

V 45 = Diode forward voltage, V

C a4 = Diode output capacitance, F
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I, rms = Inductor rms current, A

R} = Inductor DC resistance, Q

P 1imit = Inductor core loss limit, mW /cm?
V. = Effective core volume, cm3

I¢ms = Capacitor ripple rms current, A

REggpr = Capacitor equivalent series resistance, Q.
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