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Abstract
The electric vehicle (EV) market has seen a rapid growth in the recent past. With an
increase in the number of electric vehicles on road, there is an increase in the number of high
capacity battery banks interfacing the grid. The battery bank of an EV, besides being the fuel tank,
is also a huge energy storage unit. Presently, it is used only when the vehicle is being driven and
remains idle for rest of the time, rendering it underutilized. Whereas on the other hand, there is a
need of large energy storage units in the grid to filter out the fluctuations of supply and demand
during a day. EVs can help bridge this gap. The EV battery bank can be used to store the excess
energy from the grid to vehicle (G2V) or supply stored energy from the vehicle to grid (V2G ),
when required. To let power flow happen, in both directions, a bidirectional AC-DC converter is
required. This thesis concentrates on the bidirectional AC-DC converters which have a control on
power flow in all four quadrants for the application of EV battery interfacing with the grid.
This thesis presents a bidirectional interleaved full bridge converter topology. This helps
in increasing the power processing and current handling capability of the converter which makes it
suitable for the purpose of EVs. Further, the benefit of using the interleaved topology is that it
increases the power density of the converter. This ensures optimization of space usage with the
same power handling capacity. The proposed interleaved converter consists of two full bridges.
The corresponding gate pulses of each switch, in one cell, are phase shifted by 180 degrees from
those of the other cell.
The proposed converter control is based on the one-cycle controller. To meet the challenge
of new requirements of reactive power handling capabilities for grid connected converters, posed
by the utilities, the controller is modified to make it suitable to process the reactive power. A
fictitious current derived from the grid voltage is introduced in the controller, which controls the
converter performance. The current references are generated using the second order generalized
integrators (SOGI) and phase locked loop (PLL). A digital implementation of the proposed control
ii

scheme is developed and implemented using DSP hardware. The simulated and experimental
results, based on the converter topology and control technique discussed here, are presented to show
the performance of the proposed theory.
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Chapter 1
Introduction
1.1 Introduction
Transportation being a large industry sector is a huge consumer of fossil based fuels. In the modern
age where travel has become so important, that the world is becoming more and more dependent
on oil producers. The fossil fuels like oil and coal are used everywhere in the world to meet a major
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Fig.1-1: Total primary energy consumption since 1950 till date in quadrillion BTU [3].
portion of energy requirement. Energy consumption has more than doubled in the past half century
(Fig.1-1). This kind of rapid growth in the energy consumption has put a huge stress on the
conventional energy sources [1]–[6]. The constant depletion of resources has forced man to look
for alternatives. The use of electric vehicles provides one such alternative that would reduce the
dependency of humanity on oil. Hence it is not surprising that the governments are providing
incentives to people for increasing the use of EVs.
1

The electric vehicles (EVs) are being promoted around the world by governments to counter the
problems of atmospheric pollution and greenhouse gas emissions. Since the conventional vehicles
are powered by burning oil, they create a lot of greenhouse gasses and other pollutants that are
harmful to human beings. The EVs on the other hand work on electricity which is produced from
various conventional and non-conventional sources of energy. They also prove to be more
economical throughout the lifetime of the vehicle. Based on the carbon footprint studies of the
electric cars, it has been proven that electric cars cause much lower greenhouse emissions as
compared to vehicles working on conventional sources [7], [8] .
The short driving ranges and long charging times have been the major factors hindering the
popularity of the electric cars for a long time. But with present day technologies, it is slowly
becoming possible to charge the vehicles faster and drive to longer ranges (e.g. Tesla Model S).
The overall energy efficiency of electric cars is the best in all the available kinds of vehicular
technology because the heart of an electric vehicle lies in its battery bank which cause lesser
pollution.
All the above mentioned reasons have fueled the growth of electric vehicles in recent years. Further,
the introduction of commercial electric cars like the Tesla model S, Chevrolet Volt, Toyota Prius
etc. have proven the viability of EVs in day to day usage. The sales charts of hybrid electric and
plug-in electric vehicles (Fig. 1-2) show that the EV market has grown substantially in the recent
past and is expected to keep growing in the future. The widespread availability of EVs in an
economy, opens up avenues for their utilization in a more flexible manner.
Since any type of electric car, be it hybrid electric or purely electric, has a huge battery bank, it can
be integrated with the renewable energy generation system. If done properly, it can make this
system more viable. The EVs not only provide a good solution for clean transportation but also
provide integration with renewable energy generation systems, a much needed relief for reducing
its cost [9]–[14].
2
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Fig. 1-2: Electric Vehicle Sales [139] in recent years (a) PEV sales (b) HEV sales
A renewable generation system conventionally consists of energy sources like wind and solar
(Fig.1-3). These sources are distributed in wide geographical areas and cannot be aggregated to
produce electricity by using a single large power generation station. These energy sources must be
harnessed at the point of availability. The biggest disadvantage of using wind and solar power is
the lack of their availability[15], [16]. Since the wind is not present at all times and the sun is
available only during the day times and that too with clear skies, one cannot depend on the wind or
solar energy to be available as and when required. This is also proven by the fact that although the
total solar installed capacity is around 1.4% of total installed nameplate capacity, only a mere 0.8%
of total generated energy comes from solar panels [17] (Numbers presented here take into account
the availability factors). To make this kind of renewable energy available at all times, it needs to
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Fig.1-3: A typical distributed generation system
be stored at times when it is available in excess and use the stored energy when the sources are not
available. Hence the concept of battery energy storage systems (BESS) was developed for day to
day use of electrical energy [18]–[22]. Battery energy storage systems have been in use for a long
time but conventionally, they have been used only for the emergency supplies like for telecom
server support, substation supplies etc. in critical areas only. It becomes extremely expensive to
create and maintain a huge infrastructure including solar, wind, battery storage etc. for load centers.
Hence has not yet been a very viable solution for most of the population. A proper integration of
EVs provide a good solution for energy storage in renewable generation systems and also helps to
reduce its cost.
The integration of the electric vehicle with the renewable energy generation system requires that
the battery bank be accessible to it for maximum possible time. To fulfil this need, the battery bank
of the electric vehicle should be connected to grid at all times. The wireless power transfer based
systems show a potential way to let the vehicles be connected to the grid without the need for people
to remember to connect their vehicles with the grid [23], [24].
The power converters connecting the EV battery banks to the grid for such a system must be
bidirectional in nature so that they can get the excess energy from the grid and store it in the battery
bank and must also have a capability to take the energy from the battery bank and feed it back to
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the grid. The power converters for such purposes are AC-DC bidirectional converters having gridto-vehicle (G2V) and vehicle-to-grid (V2G) power transfer capabilities.

Power Flow Direction

DC

AC

Active Bridge
Fig.1-4: A typical AC-DC bidirectional power conversion system
The AC-DC power converters have been in market for a long time now. The changing market
requirements push the technologies to achieve more capabilities from the same converters. Hence
numerous topologies and control techniques have been proposed to achieve the various objectives
like the bidirectional power flow, reactive power control, power factor correction, AC side current
THD reduction etc.(Reviewed in chapter 2) The Fig.1-4 shows a typical AC-DC bidirectionalconversion system. To make the converter available in the commercial markets it needs to be
certified against the national and international standards. Here in come the challenges in developing
the converters which perform the required task and still meet the regulations.
The above described market drivers and the stringent grid interconnection standards define the
thesis objectives which are detailed in the next section.

1.2 Thesis Objectives
The main objective of this thesis is to develop a bidirectional AC-DC converter for the application
of interfacing the EV battery with the grid. The converter must have the capability of processing
active and reactive power. It should meet the international standards outlined in the IEC-61000-3
5

series of standards for the operation as a battery charger. This standard requires the harmonic
currents injected to the grid, conducted emissions limits, the amount of voltage flicker and sags that
can be caused by the converter on the grid etc. Also, it specifies the range of grid voltage and
frequency the converters must be capable of working in. For the operation as a distributed
generator, i.e. feeding power from battery to grid, the converter must adhere to the IEEE-1547
standard. The major challenges in grid connected converters is to adhere to the strict requirements
of the grid.
As seen from the literature review presented in the next chapter, the converter topologies and
control techniques available for bidirectional AC-DC converters (Level-1) for EV battery
interfacing are not as matured as the EV battery chargers. The available topologies are either too
bulky or use too many active components making the converter costly and less efficient. Hence, in
this thesis an interleaved bidirectional AC-DC converter topology is proposed that can be used for
interfacing the EV battery with the grid. Further, reactive power control using one-cycle control
technique is also introduced in this thesis which provides a very fast transient response of the
converter and helps meet the requirements of grid interconnection.

1.3 Thesis Outline
The contents of this thesis are organized into 5 Chapters.
Chapter 1 focuses on the need of grid connected distributed generation and storage systems,
specifically the electric vehicles. Present day renewable energy scenario and the rising demand of
distributed energy systems is discussed with a focus on integration of energy storage systems. The
environmental benefits and future prospects of this technology are presented based on a number of
studies and reports. The underlying motive and the primary objectives are outlined as a conclusion
of this chapter.
Chapter 2 provides a literature review and a survey of the converter topologies and control
techniques presently available for the purpose of AC-DC bidirectional power conversion. A
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comparison of these converters is performed based on the performance parameters of the
converters. The merits and demerits of all the topologies are discussed. Towards the end of the
chapter, the fundamental ideas for the proposed converter are presented.
Chapter 3 provides a detailed explanation of the operation of proposed single stage inverter
topology. This chapter focuses on the main circuit topology and its operation under bipolar and
unipolar modulation mode. Use of coupled inductors is explained. The design expressions and the
selection criteria of the circuit passive components are presented along with the simulation and
experimental waveforms for the same.
In Chapter 4, the converter models and control techniques are detailed. The conversion of
analog control technique to digital control is discussed. The reactive power control technique is
proposed using the converter topology presented in the previous chapter. The simulation and
experimental results of the proposed converter using the proposed control techniques are presented.
Chapter 5 presents the conclusions about the proposed AC-DC converter, which was
presented in this thesis. The main contributions of this thesis and a scope for future work is also
discussed in this chapter, which includes a number of possible improvements to make the proposed
converter more efficient and convenient to use.
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Chapter 2
Bi-directional AC-DC Converters: Review

2.1 Grid Tied AC-DC Converters
A utility connected AC-DC converter is one of the major components of an EV, which is
conventionally used for charging its battery pack. With the advancement of EV technology more
and more features are introduced in it. The battery pack of an EV is a huge energy storage unit,
which could be used for more than just powering its drive train. It is foreseen as one of the most
suitable energy storage solutions that could be integrated with the grid as explained in the previous
chapter. The integration of this kind of energy storage can help improve not only the power
availability in the grid through a day but also improve the grid stability. To be able to integrate the
electric vehicle battery bank to the power grid, the AD-DC converter must have bidirectional power
processing capabilities, which can transfer the power from the grid to vehicle (G2V application)
when there is more power in the grid compared to demand, and when the grid needs more power
than the utility companies can generate, the excess energy stored in the vehicle batteries can be
used to supply to the grid (V2G application) [9]–[14]. In this chapter a review of some of the
conventional AC-DC converter topologies is presented.

2.2 AC-DC Converters: Evolution and Application to Battery chargers
A number of AC-DC converter topologies have been developed in the past, and a lot of these are
in use these days in the industry. Recently developed AC-DC converters or rectifiers, using active
switches such as MOSFETs, IGBTs, IGCTs etc. have been used for the purposes of power factor
correction, input current THD reduction, active power filtering and other power quality
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improvement purposes [25]–[31]. In this section a review of previously developed active rectifier
topologies and analysis of their operation, function and features will be presented.
Traditionally, diode bridge rectifiers were used for AC to DC power conversion. These converters
suffer from disadvantages like that of grid current harmonic injection, voltage distortion, low power
factor etc. [2], [32], [33]. Due to strict power quality standards [34]–[42] imposed on consumers
by international organizations worldwide, these converters could not be used for long and a demand
for better power conversion solutions rose. Research in this direction and advancement in power
semiconductor devices in past few decades, led to development of active rectifiers and switched
mode converters which could overcome such problems. The switched mode converters typically
work at frequencies higher than the grid frequency, and they can be controlled to achieve much
better power quality, be it high power factor or low THD content. Their inherent advantages of
reduced size, light weight, high efficiency etc. are making them more and more popular. Hence,
more research efforts are put in this direction for better solutions, as reported in [14], [29]–[31],
[43]–[47]. For brevity of text, the discussion presented here will be limited to converters used for
few kilowatt range of power levels, which are suitable for electric vehicle battery charging
applications (Level-I).
The AC-DC converters used for, in part or completely, electric vehicle battery charging
applications are governed by standards such as IEEE-1547[41], SAE-J2894 [48], IEC61000-3-2
[37], and the U.S. NFPA 70 : National Electric Code (NEC) [49]. These standards define the
allowable limits for EMI, harmonic distortion and DC current injected into the grid. For the
consumers to be able to use these battery chargers the products should be certified by
standardization agencies. The standard requirements for battery chargers affect the AC-DC stage
of the battery chargers directly because this is the module that connects to the utility grid.
The battery chargers are classified according to their power levels, as defined in the standard SAEJ1772 [50] prepared by the SAE EV Charging Systems Committee. The three main charger power
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levels in use today are summarized in the table below. The battery chargers can be on-board or offboard. The on-board chargers generally fall in the category of Level-1 or Level-2 chargers [51].
The level-1 chargers are low power rated (1.2-1.9KW), and they take a long time to charge the EV
battery bank. The level-2 chargers being rated at higher power level (8-20KW) are suitable for use
by individuals at their residences and can charge in around 2-6 hours. Due to the advantages of
level-2 chargers of charging in an ideal time limit of the night time, they are suitable for overnight
charging purposes. This is the most popular category of battery chargers. The on-board chargers
are also limited by size and weight requirements. Typically, level-3 chargers fall in the category of
off-board chargers. Since this category of equipment are not expected to be mounted on the vehicle
the weight and size restrictions do not apply to them but still they need to meet the electrical
specifications set out in the specific standards. These chargers being higher power rated are able
to charge the battery bank faster than level-1 and level-2 chargers. These are even higher power
rated than level-2 chargers and are suitable for fast charging applications (Charging time 0.5-1Hrs).
Table 1 : Classification of EV battery chargers based on power rating [51]
Power Level

Power
Rating

Voltage Rating

Location

Charging times

Level-1

1.2-1.9KW

120V, single-phase

On-Board

11-36Hrs.

Level-2

8-20KW

208-240V singlephase

On-Board

2-6Hrs.

Level-3

50-100KW

240-600VAC or
600VDC maximum

Off-Board

0.4-1Hr.

2.3 AC-DC Converter Topologies
The AC-DC converter topologies are mainly classified into unidirectional and bi-directional
topologies [30], [43], [44], [46]. Further a classification is done on the basis of the fundamental
concept behind the conversion method like boost, buck, buck-boost, multi-level, isolated-nonisolated, soft-switched, hard-switched etc.[29]–[31], [43], [44], [46], [51]–[54]. Further, the
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converters may be classified into single-stage, two-stage converters with an intermediate DC-link
or an AC-link. In this section a review of the AC-DC converter topologies is presented.
First, the attention is focused towards the unidirectional converters, which might be derived from
buck converters, boost converters or buck-boost converters or multilevel-converters.
2.3.1 Unidirectional Converter Topologies
Buck derived topologies
This circuit topology is basically a combination of a diode-bridge rectifier and a step-down (or a
buck) converter. The diode bridge converts the bipolar-AC voltage into a unipolar voltage, which
is then converted to a low voltage DC using a buck converter. A typical buck derived topology is
shown in Fig. 2-1. The input and output of the buck converter need filters to generate a noise free
output. Further, high frequency transformer isolation may be used for isolation purposes. The
transformer can also be used to reduce the voltage of the output DC voltage. These kind of converter
topologies are very good for low power applications like small DC motor drives and meets the
requirements of high power factor and very low THD [30], [55]–[58].
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Fig. 2-1: A buck based unidirectional AC-DC converter
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Boost-derived topologies
These converters basically are a combination of a diode bridge rectifier and a step up (or boost)
converter. This converter has filters at the input and output of the boost converter topology. Fig.22 show the basic boost derived AC-DC converter topology. There have been many variants of this
kind of topology including the interleaved boost converters to increase the power processing
capability of the converter. This kind of AC-DC converters provide very good power factor and
extremely low harmonic distortion in the current. The control system for this kind of converters
generally consist of an outer low bandwidth voltage control loop and an inner high bandwidth
current control loop which is used to shape the input current. This is a widely used converter
topology, and has been used in power supplies, battery chargers, pumps, refrigerators etc.[29], [30],
[59]–[63]. The main disadvantage of this topology is the front end diode bridge. The current has to
pass through two diodes at a time and the diode forward voltage drop and conduction losses increase
with increase in power handling capacity.
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CL RL
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(a)

Ld,B
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Fig.2-2: (a) A simple boost converter based AC-DC converter topology, (b) An
interleaved boost converter based AC-DC converter topology
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Buck-boost derived topologies
This converter topology is again a combination of a diode bridge rectifier and a buck-boost
converter or a variant of a buck-boost converter (Fig. 2-3). Since there are a number of isolated and
non-isolated buck-boost converter topologies available like the flyback, Cuk, SEPIC converters
etc., all the configurations can be combined with the diode bridge rectifier and input and output
filters to achieve AC-DC power conversion with low harmonics in AC-side currents [30], [64]–
[66]. The output DC-voltage in this type of converter is more controllable as compared to boost
and buck converter derived topologies. Some of the circuit topologies in this category have also
proposed soft switching using resonant circuits. Main advantages of this topology are the good
control on output DC, isolated outputs, soft switching of the active switch etc. This topology is also
used in SMPS, UPS, battery chargers etc. This topology also suffers from the similar disadvantages
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Fig. 2-3: (a) A cascaded buck-boost based AC-DC converter topology, (b) simple buck-boost
converter based AC-DC converter topology
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as the other two topologies viz. diode bridge forward voltage losses, conduction losses and the
current has to flow through a minimum of three switches at all times, which increases losses.

Multilevel converter topologies
This type of converters are also formed by combining diode bridge rectifiers with PWM converters
(Fig.2-4). The PWM converters may be formed with multiple capacitors at the DC-Link. The main
advantages of this type of topologies are that double or triple of the peak input AC voltages are
possible using this type of converters. These converters also reduce the component stresses for the
same output powers. These are extensively used for air conditioning, pumps, compressors etc.[29],
[30], [67]–[69]. These converters also suffer from the disadvantages of the diode bridges at their
front end, which becomes lossy at higher input currents.
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Fig.2-4: A unidirectional multilevel AC-DC converter

2.3.2 Bidirectional Converters
In this section the focus is shifted towards the bidirectional converter topologies. The main
difference between the unidirectional and bidirectional topologies is that the bidirectional will not
have diodes at the front part but in place of diodes there would be a combination of active and
passive elements, which allows the converter to process power in both directions:
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Buck derived topologies
The major challenge in developing buck based bidirectional converters is the limitation of power
devices to provide reverse voltage blocking capability. The devices like MOSFETs, IGBTs and
Ld
iin

S1

S2

Lin

Vdc

vin

CL RL
S4

S3

Fig.2-5: A bidirectional buck based AC-DC converter topology
BJTs cannot block the reverse voltage applied to them. Hence, to make the devices be able to block
the reverse voltage, a series diode is added [30], [70]–[72]. Fig.2-5 shows the basic bidirectional
buck based AC-DC converter. This converter may be used in variable speed DC motor drives or
battery energy storage system. This topology also suffers from the diode forward voltage drop
losses and the additional series diodes makes the current flow through at least four devices at any
time. Further there are two inductors used in this system which is also not preferred.

Boost Based converter topologies
This topology is one of the most extensively used topologies for AC-DC active front end
converters. Fig. 2-6 shows the half bridge and full bridge boost derived AC-DC converter
topologies. This type of converter is comprised of an inductor on the AC-side and a full bridge
consisting of controlled devices. There have been many variants to this topology like the bridgeless
boost PFC converters [29], [31], [43], [52], [73]–[87], use of a third leg to address the issue of DC
bus voltage ripple etc. This topology provides excellent power factor and very low harmonic
distortion. This type of converters are also controlled by a slow DC bus voltage controller and a
15

fast current control loop. The major applications for this type of converter are the battery energy
storage systems, UPS, traction power supplies and other transport applications. Although this
topology doesn’t have any diodes causing losses at higher currents, the main drawback of this
circuit is the size of inductor. The higher the power rating of the converter, the larger the size of
inductor.
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Fig. 2-6: (a) A half-bridge boost based bidirectional AC-DC converter, (b) A full-bridge
boost based bidirectional AC-DC converter

Buck-Boost based converter topologies
This topology is similar to the buck derived bidirectional converter topology. In place of a series
diode for blocking the reverse voltage, a switch with reversed polarity is used (Fig. 2-7) [30], [88],
[89]. The filters are used both at the input and output of the converter. The main advantage of this
circuit is that it can provide good voltage control above and below the peak AC voltage. This circuit
has a good transient response, and can be implemented using GTOs for higher power rating. The
main disadvantage of the circuit is the large number of controlled devices and their gate drives,
increases cost, size and complexity of the circuit.
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Fig. 2-7: A bidirectional buck-boost AC-DC converter

Multilevel converter topologies
Similar to the unidirectional multilevel converters these converters provide lower voltage stress on
the devices and are suitable for high power [30], [90]–[93]. The circuit diagram of a typical
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Fig.2-8 : A bidirectional three level AC-DC converter
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Vdc

multilevel bidirectional converter topology is shown in Fig.2-8 .These converter topologies can be
used to obtain higher voltage levels and hence are useful for higher power applications like the
battery energy storage systems, metros etc. the major drawbacks of the circuits are the large
component count, including large number of switches which makes the gate drive circuitry large
and complex. The other disadvantages include the voltage balancing problems across the switches
and the floating capacitors.

Single-Stage Isolated
This type of converter topologies are one of the very good topologies with low component count,
reduced number of passive components etc. The typical circuit topology is shown in Fig.2-9. The
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Fig.2-9: A single stage isolated AC-DC converter
converter has high efficiency and simple to implement [44], [94], [95]. The converter is used for
electric vehicles, battery storage etc. The major drawback of this circuit is the high output current
ripple. The applications where the converter is powering the battery bank, it is recommended that
the batteries are charged with low ripple current to improve their lifetime, hence this converter is
not the best solution for such applications.

2.4 Interleaved Converter Topologies
Interleaving of converters is basically a systematic manner of paralleling the converters to increase
the power handling capacity of the converter. The other main advantages of interleaving converters
are achievement of lower THD, better heat dissipation, improvement of reliability, higher fault
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tolerance, etc. Interleaving also provides higher degrees of freedom to be able to better control the
converter. The basic technique of interleaving converters in synchronous mode is to use phase
shifted carriers for each interleaved cell, with the same control signal. A typical interleaved boost
based AC-DC converter was discussed in previous section (Fig.2-2-(b)), that was used for
increasing the power handling capacity of the converter while reducing the peak current through
each cell.
The converters working in interleaved operation help in cancelling the current ripple in each
converter cell. Hence the equivalent frequency of the converter current ripple moves to a higher
frequency range which is easier to filter out. Fig. 2-10 shows typical current waveforms of the
Cell-A
Current

Cell-B
Current
∆iA=∆iB

Equivalent
input current
∆iin ≤ ∆iA

Fig. 2-10 : Current ripple in individual converters and combined current waveform for
interleaved converter
interleaved converter operation (Converter is assumed to have only 2 cells). The main point worth
noting in this figure is the ripple in the equivalent input current, which is less than the current ripple
in the input current of individual cells. Many AC-DC and DC-DC converters have been developed
which utilize the property of interleaving [51], [96]–[99], to achieve higher power handling
capability.
In voltage mode control of the converters, the converters behave as voltage sources [96] with low
series impedance. Hence, any differences in the voltages of the two sources can lead to huge
circulating currents. Whereas in the current mode controlled converters, the converters behave as
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current sources and can be paralleled much easily without circulating currents. This motivation is
used to choose current mode control of the converter in this thesis.

2.5 AC –DC Converter Control techniques
The main objective of the AC-DC converters is to convert the AC voltage into DC voltage while
maintaining high efficiencies. Further the objective of the converter is to keep the harmonic
distortions in the converter input current to a minimum and to be able to generate the required
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Voltage
Source

Switching
Converter
Switching
pulses
Comparator

Ro

Converter
voltages and
currents

Current reference
generation

+Vref

Fig. 2-11 : Basic block diagram for current controlled converter
amount of power factor. In other words, it is desired that the converter makes the load appear to the
AC source (or Grid) as a combination of passive elements (i.e. Resistor, Capacitor and Inductor).
The general strategy of control of power converters consists of three stages, which are sensing the
input and output parameters, signal conditioning, and processing the signals to generate the control
output switching pulses. In general there are two main control loops in an AC-DC converter. The
first one controls the output DC voltage and is generally a slow controller with a low bandwidth.
In single phase systems, in general a PI controller is used for this purpose and in most of the cases
it can be tuned to achieve the required transient and steady state stability performance. This said,
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one may find a number of adaptive, hybrid controllers based on nonlinear system dynamics or
neural networks or genetic algorithms. The second is the current controller, which is a fast
controller with a much higher bandwidth as compared to the DC-bus voltage controller. There are
numerous control techniques for shaping the AC-side current that have been used for various
applications, but in this section the basic control techniques are reviewed. A basic block diagram
for current controllers for power converters is shown in Fig. 2-11 . The following basic techniques
are generally used for performing the required action.

2.5.1 Converter Control Techniques
Peak current control
This is a very popular control technique for boost derived converters in which the switch current is
sensed and the switching action is performed when the switch current equals the control reference
current on its rising current edge [100]–[102]. The peak of the switch current follows the current
reference. The sinusoidal control reference signal is generated based on the input voltage for ACDC converters. This kind of control technique provides fault protection as it limits the maximum
current flowing through the switch. This technique shows a subharmonic oscillation when the duty
cycles of the switch are greater than 50 percent.

Valley current control
This is also one of the very popular control scheme used for the control of power converters. It is
very similar to peak current control technique [103]. In this technique, the valley of the current
ripple is made to follow the current reference. As expected, this control technique shows a
subharmonic instability for duty cycles less than 50 percent.
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Average current control
This control technique makes the filtered inductor current to follow the control reference [61],
[102], [104]. The current control loop minimizes the error between the average input current and
the reference. It is one of the techniques which inherently provides zero DC offset in the AC side
current. This type of control is very immune to switching noises as it is possible to use larger filters
to eliminate the current ripple.

Hysteresis control
This control technique utilizes two current references to perform switching action. The two
references correspond to the peak value and the valley value of the switch current. The two
references provide the hysteresis upper and lower limits for the switch current. The switching action
takes place in order to keep the current within the upper and lower limits [87], [102], [105], [106].
Unlike the peak and valley current control, this does not exhibit any subharmonic instability but
the switching frequency of the switches cannot be maintained constant using this kind of control
technique. Hence, switching frequency limits are necessary to implement in this technique.

Border line control
In this control technique the switch on-time is held constant during a line cycle and the inductor
current is allowed to fall to zero. Once the current falls to zero, the switches are turned back on so
that the current rises again [102], [107], [108]. This kind of control can be thought of as a typical
case of hysteresis control with one of the limits in the entire line cycle as the zero current. The
converter always works in boundary conduction mode with variable switching frequency. This
control technique allows a natural soft switching of the converter switches, but at higher loads the
inductor core losses might increase to extremely high values.
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One-cycle control
This control technique is similar to the peak current control technique, but the control reference is
not explicitly compared with the inductor or switch current. The control reference is directly
compared with the modulated carrier waveform to generate the control pulses. The main concept
behind this control technique is to integrate the sensed parameter in time and be able to equate the
average (integrated and scaled parameter) in one cycle to the reference value [75], [77], [79], [109]–
[111]. This technique shows instability at low load but techniques have been proposed in the
literature to overcome these problems.

Predictive digital control
This is a digital current control technique which can be used to implement any of the above
described control techniques using a digital controller. In this control technique, the duty ratio of
the next cycle is predicted based on the input current, input and output voltages and the duty cycle
of the present cycle [112]–[115]. This control technique shows similar properties as the analog
controllers and also provide enough time for the digital signal processors to process the signals.
Most of the above mentioned control techniques or their modifications have been used with
a variety of different converter topologies and are not restricted to the ones mentioned in this
section.
2.5.2 Control reference generation
In this section, a brief review of the control reference generation techniques is presented.
There are numerous ways to generate the current references and only the most fundamental ones
are described here.
Proportional-Integral (PI) controller

23

This is the most conventional and popular controller used for the current control loop, the current
reference is generated based on the rectified AC voltage and then scaled according to the error of
the dc bus voltage. The scaled sinusoidal voltage is then used to compare with the input current
waveform. The error generated by the comparison of the two signals is then minimized using a PI
controller [116]–[118]. The controller is sluggish and the transient performance of overshoot and
settling time are not very good.

Proportional-Resonant (PR) controller
This type of controller generates the sinusoidal reference for the current independent of the AC side
voltage and hence is immune to voltage harmonics[119]–[121]. The PR controller is made up of
second order generalized integrators and has a resonant frequency equal to the AC line frequency.
The PR controllers exhibit high gains at its resonant frequency and hence are able to produce lower
errors in the AC side current. This makes the controller produce currents with lower THD and better
power factor.

DQ-reference frame controller for single phase system
A D-Q reference frame based control technique is generally used in AC-DC converters to process
reactive power. The active component or in-phase component of the current is added with required
amount of quadrature components of the current to generate the final current reference[86], [122]–
[127]. The converter current is then made to track this reference current. This strategy is one of the
most popular techniques used for reactive power control in single phase converters.

2.6 Proposed Topology – Motivation and Objectives
According to the review, it is seen that the unidirectional converter topologies for charging the EV
battery have advanced and been optimized for this application. The multilevel and interleaved
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converter topologies present in the unidirectional converters provide the most appropriate solutions
for the power ratings suitable for EVs mentioned in Table 1 . Similar topologies that can handle
bidirectional power flow are not available, leaving aside the multilevel converters. The multilevel
converters are most suitable to process power in the range of Level-2 battery chargers but not for
Level-1 chargers as they have higher component count and hence have higher cost. Further, the
upcoming grid requirements of utilities (Rule-21 California Electricity Commission), (Other
utilities are expected to follow suite) for distributed generation to have reactive power processing
capabilities requires a modification in the controller. All the above controllers have disadvantages
of subharmonic oscillations as mentioned or suffer from poor transient performance. Further the
present algorithms are computationally too complex and require expensive processors to perform
the control.
This thesis proposes an interleaved full-bridge converter configuration for AC-DC power
conversion using bipolar and unipolar modulation techniques, which tackles all the above discussed
problems in the available converters. To increase the power handling capacity of the converter and
still process power in all four quadrants, the interleaved full-bridge was proposed. Hence the
proposed converter topology must have bidirectional power flow capabilities, which are met with
using the proposed converter and one cycle control based d-q reference frame controller. The grid
interconnection further requires that the converter meets extremely stringent standards (IEC-61000
and IEEE 1547) governed by the national and international laws. The standards include meeting
requirements of the AC side current harmonic requirements, active and reactive power injection
etc. To meet the specific grid requirements the converter must have capability to control power in
all four quadrants of the V-I plane. These grid requirements are met by the proposed controller with
extremely low complexity and computational requirements. The size of the converter is another
major issue as an on-board battery charger occupies space on the vehicle, which is limited. Hence
use of coupled inductors is proposed to reduce the size of the AC-side inductors of the converter.
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The key objectives of the thesis are listed as follows:
1. An interleaved full-bridge topology will be introduced, for bidirectional active and reactive
power flow. This converter will suitable for the application of interfacing the EV battery
bank with the grid.
2. Reactive power control using OCC will be done. A fictitious current approach will be used
to incorporate reactive power processing capabilities in the one-cycle controller.
3. The digital implementation of OCC will be done. This will allow the same control circuit
that was used to achieve active power, to incorporate the reactive power processing
capabilities.

2.7 Summary
A number of AC-DC Unidirectional and bidirectional converter configurations were discussed in
this chapter which included bipolar, unipolar, hard-switched and soft switched topologies, isolated
and non-isolated topologies. The advantages and disadvantages of all the topologies are presented
in detail. Furthermore, a comparison of all the circuit configurations is made based on the number
of components, efficiency, power handling capacity, potential for higher power applications and
ease of implementation.
A review of the control strategies for AC-DC converters was then presented. The control
strategies included the active power controllers, reactive power controllers, bidirectional power
flow controllers, DC-bus voltage controllers etc. The conventional controllers used are either
mathematically very complex requiring expensive hardware for implementation or they end up not
meeting the required performance indices. Hence, in this thesis, a simple one-cycle controller
based, four quadrant power flow controller, is proposed which overcomes all the disadvantages of
the above control system architectures.
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The focus was limited to AC-DC converters for electric vehicle battery charging
applications, as the main purpose of the work is to develop a front end AC-DC converter for electric
vehicle battery chargers.
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Chapter 3
Proposed AC-DC Converter Topology
3.1 A Brief Review of Boost Based Full Bridge AC-DC Converter Operation
The circuit diagram of the conventional boost based full bridge AC-DC converter is shown Fig. 31 [29], [31], [43], [74]–[78], [82]–[87], [125]. This converter employs four MOSFET switches, in
a Full-bridge configuration with an energy storage capacitor on the DC side. The load is connected
across the DC capacitor. The Full-bridge operated as a voltage sourced inverter, as seen from the
DC capacitor, converts the DC voltage on the energy storage capacitor to AC voltage of the grid.
The Full-bridge is switched to achieve power flow in any desired direction, i.e. G2V or V2G. In
this section the operation of the converter is explained in a constant switching frequency mode. The
time period of the carrier signal does not vary with time, and will be referred to as 𝑇𝑇𝑠𝑠 .

Lin

iin

Vin

S1

S2

S4

S3

CL RL

Vdc

Fig. 3-1: Circuit diagram of conventional boost based AC-DC bidirectional converter.

3.2 Bipolar Modulation
The switching action of the converter switches is based on the triangluar carrier as shown
in Fig. 3-2. When the control signal magnitude is less than the carrier magnitude, then the switches
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S2 and S4 are turned on and switches S1 and S3 are turned off. Similarly, when the control signal
magnitude is greater than the carrier magnitude then the switches S1 and S3 are turned on and the
switches S2 and S4 are turned off. As seen from the circuit diagram of the converter, Fig. 3-1, the
switches S2 and S4 are turned on in the time interval 𝑡𝑡1 < 𝑡𝑡 < 𝑡𝑡2 . The equivalent circuit of the

converter for this time interval is as shown in figure 3.3 (a). The time interval between 𝑡𝑡1 and 𝑡𝑡2
can be expressed as the ratio of time period of the carrier, and can be expressed as:
𝑑𝑑(𝑡𝑡) =

𝑡𝑡2 − 𝑡𝑡1
𝑇𝑇𝑆𝑆

3-1

The input voltage source, during this time interval, gets connected to the output voltage
source in series in a way that the voltage difference across the inductor is the sum of the two voltage
sources, given by:
𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑑𝑑𝑑𝑑

3-2

Since the converter is a boost derived topology, the output voltage, 𝑣𝑣𝑑𝑑𝑑𝑑 has a magnitude

that is greater than the input voltage, 𝑣𝑣𝑠𝑠 magnitude at all times. It is because of this property of the
converter, that the slope of current through the inductor, during this interval is always positive.

Similarly, in the next time interval when the control signal becomes greater than the carrier
signal, the two voltage sources get connected in a way that the inductor voltage is the difference of
the input voltage source and the output voltage source, given by:
𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑

3-3

Using analogous reasoning as above, the slope of inductor current in this time interval is always
negative.
To avoid shoot through a dead time is provided between the every switching instant. Since
the converter is operating in the continuous conduction mode, the current flows through the body
diodes of the switches S1 and S3 during the positive part of the grid voltage. Since the body diodes
are switched on before the swithces are turned on these two switches turn on under ZVS in positive
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Fig. 3-2: Carrier based Sinusoidal PWM and gate switching pulses. (Top figure shows the current
reference intersecting the carrier waveform, middle and bottom figure show the gate pulses for
switches 1,3 and 2,4 respectively)
half cycle. Similarly S2 and S4 are turned on under ZVS in negative half cycle of the grid voltage
under rectification operation in bipolar modulation. According to this discussion, always two
switches are operating in ZVS and the other two are hard switched.
A detailed analysis of the circuit operation will be explained under the following
conditions:
i)
ii)

The switching frequency is constant, 𝑓𝑓𝑠𝑠

The switching frequency of the converter is considered much larger than that of the
grid frequency.

iii)

The Full-bridge is operated in bipolar modulation mode

iv)

The output voltage on the DC bus capacitor is considered constant and ripple free.

v)

The input voltage is assumed constant for one switching cycle, (from condition (ii)).
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During the time interval, 𝑡𝑡1 < 𝑡𝑡 < 𝑡𝑡2 ,
𝑖𝑖𝐿𝐿 =

𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑑𝑑𝑑𝑑
+ 𝑖𝑖1
𝐿𝐿

𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑑𝑑𝑑𝑑

During, 0 < 𝑡𝑡 < 𝑡𝑡1 , and 𝑡𝑡2 < 𝑡𝑡 < 𝑇𝑇𝑠𝑠 ,
𝑖𝑖𝐿𝐿 =

𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑
+ 𝑖𝑖2
𝐿𝐿

𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑

3-4
3-5

3-6
3-7

Since the voltage 𝑣𝑣𝑖𝑖𝑖𝑖 is a time varying quantity, so for each switching cycle, the initial

current values 𝑖𝑖1 and 𝑖𝑖2 will be different. Applying the voltage-second balance law for the inductors

in one switching cycle in the steady state,

(𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑑𝑑𝑑𝑑 )𝑑𝑑𝑇𝑇𝑠𝑠 = (𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑 )(1 − 𝑑𝑑)𝑇𝑇𝑠𝑠

3-8

On solving the equation 3-8, we get a relation between the ecnergy storage capacitor
voltage and ac grid voltage, which is given by,
𝑣𝑣𝑑𝑑𝑑𝑑 =

𝑣𝑣𝑖𝑖𝑖𝑖
(1 − 2𝑑𝑑)

3-9

In this expression, d is a time varying quantity which is modulated based on the input AC
voltage in such a way that the voltage on the dc capacitor remains constant.
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3.3 Proposed Interleaved Full Bridge Topology
The proposed interleaved – Full-bridge topology for bidirectional AC-DC power
conversion is explained and analyzed in detail in this section. Fig. 3-3 shows the circuit diagram of
the proposed converter topology. The operation and governing equations for a single Full-bridge
with an inductor on the AC side was explained in the previous section. The interleaved operation
of the H – bridge is achieved by phase shifting of the control signals of each of the two converter

Single Phase AC- Source

cells, operating in parallel, by 180 degrees at the same switching frequency.

LA1

SA1

SA2

SB1

SB2
CL

LA2
LB1

SA3

SA4

SB4

RL

SB3

LB2
Cell-A

Coupled
Inductors

Cell-A SW
iinA
iinB
vin

Cell-B

Cell-B SW

Fixed Frequency One
Cycle Controller

vDC

Fig. 3-3. Circuit Diagram of proposed interleaved converter topology with coupled inductors
In general, for an interleaved converter with N-cells, the phase shift (𝜙𝜙) between control
signals of each of the cells can be given by the following equation:
𝜙𝜙 =
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2𝜋𝜋
𝑁𝑁

3-10

For our case, there are two cells operating in parallel, phase shifted by 𝜋𝜋 radians and a

constant switching frequency 𝑓𝑓𝑠𝑠 . The operation of individual cells remains same as explained in the

section 3.2. The main difference in operation of the converter comes in the input side current. With

one cell, the converter operation can be explained with the help of two equivalent circuits, which
get formed due to switching action in the two time intervals, as shown in Fig. 3-4. With interleaved
operation, one switching cycle can be broken into 2N time intervals and each time interval will
have a distinct equivalent circuit. The input side current gets affected by interleaving the converters.
As compared to one cell, which has only two equivalent circuits shaping the dynamics of the AC
side current, in an N-cell converter, the input current is shaped by 2N equivalent circuits in one
switching cycle.

L
Vin

L

VDC

Vin

(a)

V
DC

(b)

Fig. 3-4 : Equivalent circuits of Fig. 3-1 in two different switching intervals.

In this work, a case of two cell interleaved converter is considered. Hence, N = 2, and the
phase shift between the control signals of the two converters is 𝜋𝜋 radians. The operation of

converter has eight distinct time intervals where different switching devices work. In the eight time
intervals, four time intervals are due to different switch positions, that lead to four distinct
equivalent circuits and the remaining four get formed due to the dead time between switching
transitions. In this section the operation of the converter is analyzed. It is assumed that the MOSFET
switches and diodes are ideal, the coupled inductors used here are balanced, i.e. the inductance in
both the input connections is equal and the circuit is considered to operate in steady state, the AC
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voltage, Vin has a frequency much smaller than the switching frequency, so that the AC voltage is
assumed constant for one switching period. The analysis is made for the positive half of the AC
line voltage. For the negative half of AC line voltage the analysis remains analogous. For the
analysis of the circuit operation the current waveforms and switching times are shown in Fig. 3-6
and corresponding current paths in the circuit are shown in Fig. 3-5 by the bold paths. All the
components that are shown faded are not conducting at that moment.
The switching cycle begins with the switches S A1 and S A3 turning off at t = t 0 and Cell-A
going in the dead band, the circuit diagram of Fig. 3-5(a) depicts the operation. During the dead
band the body diodes of S A1 and S A3 conduct. At this time the Cell B switches S B1 and S B3 remain
on. This period goes on for the dead time and ends at time t = t 1 . At this time the switches S A2 and
S A4 are switched on (Fig. 3-5(b)). The current in the inductors L A1 and L A2 starts rising. The
switches are hard switched at this instant since they have the full DC bus voltage applied across
them and current in the diodes from previous interval gets transferred to these switches. Whereas
in Cell-B the switches S B1 and S B3 remain on. This switching interval ends at t = t 2 . The Cell-A
again enters the dead band mode at t= t 2 , where the body diodes of S A1 and S A3 conduct again
(Fig. 3-5(c)). The current in the inductors L A1 and L A2 starts falling and keeps a negative slope
until next time the switches S A2 and S A4 are switched on. This interval ends at t = t 3 when the
switches S A1 and S A3 are switched on (Fig. 3-5(d)). Since the body diodes of the same switches
were conducting in the interval before this, so the voltage across these switches was zero, and hence
these switches are soft switched under the zero voltage condition. The Cell-A remains in this
condition for the remaining switching period. Till this point the switches S B1 and S B3 of the CellB remain on. At the end of this interval, at t = t 4 the switches S B1 and S B3 turn off and Cell-B
enters the dead band mode when the body diodes of switches S B1 and S B3 switch on (Fig. 3-5I).
The diodes conduct till t = t 5 , when the switches S B2 and S B4 are switched on (Fig. 3-5(f)). These
switches are hard switched because the voltage across the switch at the time of turning on was not
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zero and switch current rises to inductor current at that time. The current in the inductors L B1 and
L B2 starts rising. This interval remains on for a time period of dT s and the interval ends at time t =
t 6 when the Cell B again enters the dead band and the body diodes of S B1 and S B3 are switched on
due to the direction of current in the inductors L B1 and L B2 (Fig. 3-5(g)). From this point on the
current in the inductors L B1 and L B2 starts falling and keeps a negative slope until the switches S B2
and S B4 are switched on again. This period ends at time t = t 7 . Finally at this instant the switches
S B1 and S B3 are turned on in a soft manner as their body diodes were conducting in the previous
cycle (Fig. 3-5(d)). This period goes on till the time t = t 8 , when the new cycle starts and all this
repeats again.
The point worth noting is that in each switching cycle four of the switches are soft switched
and only four switches are hard switched. Also the switches that are soft switched are not fixed and
keep chnging in the positive and negative halves of the AC line cycle. Hence providing the required
thermal distribution among the switches.
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Fig. 3-5. Circuit Diagrams showing operation of the proposed converter of Fig. 3-3
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Fig. 3-6 : Timing diagram for the proposed interleaved converter ofFig. 3-33, operation in
bipolar modulation mode. Corresponding operation circuit diagrams are shown in Fig. 3-5.
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3.4 Unipolar Modulation
In the unipolar modulation mode the gate pulses for the switches are again generated by
comparing the control signal with the triangular carrier [80], [85], [128], [129]. But unlike
the bipolar modulation mode, in this modulation mode there are two separate carriers, one
for each leg of the Full-bridge. In this work, both the legs of a cell are switched at high
frequency. The two carriers are phase shifted by 180 degrees. Now on comparison with the
control signal, the gate pulses for two legs are generated separately and both the top
switches (and bottom switches) are gated with a phase shift of half a cycle. The assumptions
mentioned in section 3.2 for operation of the Full-bridge hold under unipolar modulation
technique as well.
Consider the start of switching cycle when the input source voltage is in its positive half
cycle, one of the carriers (C 1 , that controls switches S 1 and S 2 ) start at negative maximum
and the other (C 2 , that controls switches S 3 and S 4 ) starts at positive maximum. At this
time, the switches S 1 and S 4 are on and switches S 2 and S 3 are in off position. The current
flows through S 1 and S 4 , making the input source voltage to appear across the inductor.
𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 ,

0 < 𝑡𝑡 < 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡2 < 𝑡𝑡 < 𝑇𝑇𝑠𝑠

3-11

The bridge voltage is zero at this time. Since the positive half cycle of input voltage source
is considered, the voltage across the inductor is positive. The current through the inductor
has a positive slope during this time interval. This interval ends when the inductor current
equals the carrier C 2 on its negative slope edge. In the next time interval the switch S 4
turns off and S 3 turns on. During this time interval the capacitor gets connected with the
input source voltage in series in such a way that the voltage appearing across the inductor
is negative:
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𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑 ,

𝑡𝑡1 < 𝑡𝑡 < 𝑡𝑡2

3-12

Hence the current in this time interval decreases. The bridge voltage is positive during this
time interval. The current keeps decreasing till the time when current equals the carrier
signal C 1 on its edge with positive slope. At this timing instant the switch S 1 turns off and
the switch S 2 turns on (S 4 is off and S 3 is on). The bridge voltage becomes zero, the
voltage across the inductor is again given by equation 3-11. Current starts rising again. At
half cycle this configuration remains and similar operation repeats in the next half cycle.
In the negative line cycle, the two current slopes are created in similar manner as mentioned
above but now the voltages across the inductor for two time intervals are:

And,

𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 , 0 < 𝑡𝑡 < 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡2 < 𝑡𝑡 < 𝑇𝑇𝑠𝑠
𝑣𝑣𝐿𝐿 = 𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑑𝑑𝑑𝑑 ,

𝑡𝑡1 < 𝑡𝑡 < 𝑡𝑡2

3-13

3-14

Applying the voltage-second balance law for the inductors in one switching cycle in the
steady state, and solving the equations 3-11-3-14, we get a relation between the energy
storage capacitor voltage and ac grid voltage, which is given by,
𝑣𝑣𝑑𝑑𝑑𝑑 =

|𝑣𝑣𝑖𝑖𝑖𝑖 |
(1 − 𝑑𝑑)

3-15

In this expression, d is a time varying quantity which is modulated based on the input AC
voltage in such a way that the voltage on the dc capacitor remains constant.
Since the voltage under this kind of modulation scheme remains positive or zero, during
the positive half cycle of the ac voltage and negative for the negative half AC line cycle,
this is a unipolar modulation technique.
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3.4.1 Interleaved operation with unipolar modulation
The interleaved operation of Full-bridge converter with unipolar modulation is a bit different as
compared with that of the bipolar modulation technique. The switching pulses for the two legs of
a single Full-bridge are phase shifted by 180 degrees. Hence if the switching pulses of two cells are
also phase shifted by 180 degrees then it will amount to the same pulses as that of the first converter.
An interleaved operation in this way would just result in two full-bridges getting paralleled without
any advantages of paralleling. The switching pulses for the two converters are hence staggered by
90 degrees, so that the four legs of the interleaved converter are phase shifted with each other by
90 degrees. In a general form for unipolar modulation technique, the switching pulses of the N
cells of the converter must be phase shifted by,

𝜙𝜙 =

𝜋𝜋
𝑟𝑟𝑟𝑟𝑟𝑟.
2𝑁𝑁
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The input side current gets a further reduction in the magnitude of the current ripple. The equivalent
circuits of the converter under unipolar modulation mode are shown (Fig. ()).

Here, a two cell interleaved converter is considered. The phase shift between the control
signals of the two converters is

𝜋𝜋
2

radians. The operation of converter has sixteen distinct

time intervals where different switching devices work. Out of the sixteen time intervals,
eight are due to different switch positions, that lead to eight distinct equivalent circuits and
the remaining four get formed due to the dead time between switching transitions. In this
section the operation of the converter is analyzed for unipolar modulation mode. It is
assumed that the MOSFET switches and diodes are ideal, the coupled inductors used here
are balanced, i.e. the inductance in both the input connections is equal and the circuit is
considered to operate in steady state, the AC voltage, V in has a frequency much smaller
than the switching frequency, so that the AC voltage is assumed constant for one switching
period. The analysis is made for the positive half of the AC line cycle.
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In one switching cycle, the different current slopes are observed because of the change in
the inductor positions on the DC-bus. For the sake of keeping the explanation discernible,
the dead time intervals are not covered here, hence only the details of eight time intervals
due to switching action are covered. The switching cycle begins with the switch S A4
turning on and S A1 turning off at t = t 0 . At this time, switch S A3 was already on in Cell-A
as for cell-B switches S B1 and S B3 are already switched on. The current rises only in
inductor L A1 and decreases in all the others. This interval ends with the switch S A4 turning
off and S A1 turning back on at t = t 1 . At this time the current in inductors L A1 and L B1
decreases whereas the current in inductors L A2 and L B2 increases with the same slope. This
interval ends with the switch S B4 turning on and S B1 turning off at time t= t 2 . This is
similar to the interval between t 0 – t 1 but this time it happens with cell-B. The current in
inductor L B1 rises whereas the current in all other inductors decreases. This interval ends
at t = t 3 when S B4 turns off and S B1 turns on. In this interval the slope of current in L A1
and L B1 is negative whereas the slopes of current L A2 and L B2 are positive, interval ends
at t= t 4 when switch S A3 turns off and S A2 turns on. The current in L A2 decreases while
the slope of currents in all other inductors in positive. The interval ends at t = t 5 , switch
S A2 turns off and S A3 turns on. The next interval has currents with positive slope in L B2
and L A2 while the currents in L A1 and L B1 have negative slopes. The interval ends at t=t 6
when a similar cycle as that between t 4 -t 5 starts with the cell-B. The switch S B3 and S B2
are switched off and on respectively. The current in L B2 decrease, while current in all other
inductors increases. This interval ends at t= t 7 , switch S B2 turns off and S B3 turns back on.
The current in inductors L A1 and L B1 decrease, while that in L B2 and L A2 increase. The
interval ends at t=t 8 when the switching cycle also ends. The next switching cycle starts
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and the same phenomenon repeats from t 0 -t 8 . The operation of the converter remains
similar in the negative half cycle also.

3.5 Use of Coupled Inductors
The interleaved current sourced converter as described above usually has four bulky
inductors on the input side. The use of coupled inductors in this application greatly reduces
the size of the input side magnetics. For the same size and core material, the A L value (A L :
specified by the manufacturers) is constant. A comparison of a two-cell interleaved
converter with and without coupled inductors shows a number of advantages like reduced
copper losses, reduced iron losses (hence an improvement in the efficiency) and a size
reduction.
As an example consider a two cell interleaved converter, the number of turns required for
an inductor is given by:
𝐿𝐿
𝑁𝑁𝑇𝑇 = 1000�
𝐴𝐴𝐿𝐿
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Where N T is the number of turns, L the inductance value in mH and A L in mH per 1000
turns squared. For, four inductors of the same value L, the number of turns will be 4N T .
For the case of coupled inductors, two inductors of the same cell are wound together as
shown in the figure. Hence a value of 2L is required by winding on a single core. The
number of turns required for making the inductor for a single cell is:
2𝐿𝐿
𝑁𝑁A1 = 𝑁𝑁A2 = 1000� = 1.414 𝑁𝑁𝑇𝑇
𝐴𝐴𝐿𝐿
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Where N 12 and N 34 are total number of turns on a single coupled inductor. This means that
the total number of turns for a two cell converter is 2.828 times the number of turns required
for a converter without mutual inductance. Which is around 30% reduction in the number
of turns and a 50% reduction in the number of cores. The total number of turns is reduced
by 30 percent but to maintain the same fill factor for the magnetic core, a thinner wire may
have to be used, which may increase the resistance of the wire and cause more losses, also
since we are down from two magnetic cores to one core, the magnetic field density now
would be higher and may again lead to a higher losses. In this case a tradeoff may be made
as per the application whether a single coupled inductor is more bulky and tougher to
manufacture or two separate inductors are bulkier and costlier.

3.6 Operation of Converter with Balanced Coupled Inductor
The effect of inductors in each incoming line is analyzed in this section using the equivalent
circuit diagrams of the circuit in each of the four different switching instants. The analysis
presented here is for a two cell converter having four input side inductors, which are
realized using two coupled inductors.
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Fig. 3-7: Equivalent circuits for the operation (Fig. 3-5 and Fig. 3-6) of proposed circuit
topology (Fig. 3-3) in bipolar modulation mode

For the analysis, it is considered that the change in line voltage for one switching period is
negligible, since the switching frequency is much higher than the line frequency. The
equivalent circuits presented in Fig. 3-7 and since voltage is considered constant, it is
represented as a DC voltage source of same value as that of instantaneous AC voltage.
Also, because the output voltage is considered to be a constant DC value, the change in
inductor current in one switching period should be zero. So a focus on the change in
currents in one switching period will provide us information about current sharing by
different inductors.
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For the first switching instant, if S B1 & S B3 are in on state and S A2 & S A4 are switched
on at t = 0. The equivalent circuit is as shown in Fig. 3-7(d) and the corresponding equations
according to superposition theorem:
𝑣𝑣𝑖𝑖𝑖𝑖 = ((𝐿𝐿𝐴𝐴1 ∥ 𝐿𝐿𝐵𝐵1 ) + (𝐿𝐿𝐴𝐴2 ∥ 𝐿𝐿𝐵𝐵2 ) )
𝑣𝑣𝑑𝑑𝑑𝑑 = ((𝐿𝐿𝐴𝐴1 ∥ 𝐿𝐿𝐵𝐵2 ) + (𝐿𝐿𝐴𝐴2 ∥ 𝐿𝐿𝐵𝐵1 ) )

∆𝑖𝑖𝑖𝑖𝑖𝑖1
∆𝑡𝑡

∆𝑖𝑖𝑖𝑖𝑖𝑖2
∆𝑡𝑡
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This switching interval finishes at t = dT s . Now the switches S A2 & S A4 are switched off
and S A1 & S A3 are turned on. The switched S B1 & S B3 are still conducting. At this moment
the equivalent circuit is as shown in Fig. 3-7 (a) and the change in current through inductors
in previous time zone is given by equation:
𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑑𝑑 = ((𝐿𝐿𝐴𝐴1 ∥ 𝐿𝐿𝐵𝐵1 ) + (𝐿𝐿𝐴𝐴2 ∥ 𝐿𝐿𝐵𝐵2 ) )

∆𝑖𝑖𝑖𝑖𝑖𝑖
∆𝑡𝑡
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This switching interval ends at time t = T s /2. At this time the Switches S B1 & S B3 are
turned off and switches S B2 & S B4 are turned on. The switches S A1 & S A3 remain on
during this transition. The equivalent circuit is shown in the Fig. 3-7(c) and corresponding
change in inductor currents are again given by similar equations according to superposition
theorem:
𝑣𝑣𝑖𝑖𝑖𝑖 = ((𝐿𝐿𝐴𝐴1 ∥ 𝐿𝐿𝐵𝐵2 ) + (𝐿𝐿𝐴𝐴2 ∥ 𝐿𝐿𝐵𝐵1 ) )

𝑣𝑣𝑑𝑑𝑑𝑑 = ((𝐿𝐿𝐴𝐴1 ∥ 𝐿𝐿𝐵𝐵1 ) + (𝐿𝐿𝐴𝐴2 ∥ 𝐿𝐿𝐵𝐵2 ) )

∆𝑖𝑖𝑖𝑖𝑖𝑖1
∆𝑡𝑡

∆𝑖𝑖𝑖𝑖𝑖𝑖2
∆𝑡𝑡
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This interval ends at t = T s (d + 1/2). At this time the switches S B2 & S B4 are switched off
and S B1 & S B3 are turned on while the switches S A1 & S A3 remain on. The equivalent
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circuit for this interval is shown in Fig. 3-7(a). This interval finishes at t= T s , and a new
switching cycle starts where the same process repeats again.
In the case when the coupled inductors are manufactured well, the inductance in both the
legs of a single converter would be same in a single cell. This means L A1 = L A2 = L B1 =
L B2 . These four inductances form different parallel combinations at different time
intervals. Since all of them are equal, they share voltage across them and hence the current
ripple equally. If identical coupled inductors are used in the circuit, the current ripple in all
the inductors would be same. In this case the ripple in the source current is minimum and
hence the THD is minimum.

3.7 Operation of Converter with Unbalanced Coupled Inductor
The unbalance in the inductors can be of two types: (1) the coupled inductors of two cells
are balanced individually, but both of them have different inductance, i.e. L A1 = L A2 ≠ L B1
= L B2 . (2) The Coupled inductors are not balanced, i.e. L A1 ≠ L A2 ≠ L B1 ≠ L B2 . In the first
case, the unbalance in the inductance in two cells would just lead to different current ripples
for equal current sharing by the two cells. In the second case there would be a change in
the current slope in each inductor every time either of the cells switch, hence there would
be a second harmonic of the switching frequency in all the four inductors. In, both cases
there is not much that can be done, the ripple will be different in both inductors but source
current will not have any distortion other than the current ripple double the switching
frequency.

46

3.8 Design of Circuit Parameters
3.8.1 Design of coupled inductors
The coupled inductor used in this work are electrically connected in differential mode. The
total inductance that is achieved in this way, as explained in the previous sections, is more than the
algebraic sum of two inductors. Since the windings of two inductors are on the same core, the
magnetic field intensity in the core increases. Thus, core selection becomes extremely important,
so that the core doesn’t saturate in any possible condition of the converter operation. The
mathematical details of inductor design is explained in this section.
The value of inductance was determined by design equations of the controller, provided in
the next chapter. Some amount of trial and error was done using PSIM simulations for reducing the
THD content in the AC side current. Once the value of inductor was determined, the inductor design
was done according to the equations provided in this section.
The converter operates in the continuous conduction mode, with the maximum current
ripple at the peak rms current is considered to be ∆i s. So, the peak current through the inductor will
be I pk + ∆i s . For preliminary design, the core and proximity losses are neglected. The inductor is
used for PFC application, hence it will have a low frequency and a high frequency current ripple.
Since core losses depend on the magnitude of magnetic field density and frequency of operation of
the converter, both the components need to be considered while determining the core losses.
The reluctance of the magnetic path for a magnetic core is given by [28]:
ℛ=

𝜇𝜇𝑐𝑐 𝑙𝑙
𝐴𝐴𝑐𝑐

3-24

Where ℛ is the reluctance of the magnetic path, µ c is the permeability of the magnetic

material, l is the length of the magnetic path and A c is the cross sectional area of the core in which
the magnetic field is confined. Also, from the theory of magnetic circuits [28], we know,
𝐻𝐻𝐻𝐻 = 𝜙𝜙𝑚𝑚 ℛ
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Where, H is the magnetic field intensity and 𝜙𝜙 m is the magnetic flux.
𝑁𝑁𝑇𝑇 𝑖𝑖 = 𝐵𝐵𝐴𝐴𝑐𝑐 ℛ
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𝑁𝑁𝑇𝑇 (𝐼𝐼𝑠𝑠,𝑝𝑝𝑝𝑝 + ∆𝑖𝑖𝑠𝑠 ) ≤ 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝑐𝑐 ℛ

3-27

Constraint for maximum flux density can be given from this equation as:

Since the inductance for this application was determined by the circuit parameters, we can
create a constraint on inductor design by the inductance value. From the magnetic circuit theory,
we know:
𝑁𝑁𝑇𝑇 2
𝜇𝜇𝑐𝑐 𝐴𝐴𝑐𝑐 𝑁𝑁𝑇𝑇 2
𝐿𝐿 =
=
ℛ
𝑙𝑙
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Generally, the parameter A L is specified by core manufacturers [130]–[132], given by:
𝐴𝐴𝐿𝐿 =

4𝜋𝜋𝜇𝜇𝑐𝑐 𝐴𝐴𝑐𝑐
𝑙𝑙
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A L is used to specify the core, and one can then forget about most of the physical geometry
of the core. Inductance can now be defined in terms of A L as:
𝐿𝐿 =

𝑁𝑁𝑇𝑇 2 𝐴𝐴𝐿𝐿
4𝜋𝜋
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From this equation, the number of turns required to achieve the inductance value is
determined and then substituted in 3-27 to get:
4𝜋𝜋𝜋𝜋(𝐼𝐼𝑠𝑠,𝑝𝑝𝑝𝑝 + ∆𝑖𝑖𝑠𝑠 )2
�
≤ 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝑐𝑐 ℛ
𝐴𝐴𝐿𝐿
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B max is a material specific constant & I s,pk and ∆i s are specified from the converter
performance requirements. In this project the MPP cores from Magnetics Inc. [132] were used. All
the parameters except A L and B max are defined at this point.
The procedure provided in the Magnetics Inc. MPP core catalog [132], to choose A L and
B max , for toroidal cores was used. According to this procedure, the following relationship is
developed from eq. 3-31,
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𝐿𝐿(𝐼𝐼𝑠𝑠,𝑝𝑝𝑝𝑝 + ∆𝑖𝑖𝑠𝑠 )2 ≤

(𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝑐𝑐 ℛ)2 𝐴𝐴𝐿𝐿
4𝜋𝜋
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The left hand side of this equation has converter parameters whereas the right hand side
has the core parameters. Using this relationship a list of suitable cores can be shortlisted. From this
list of cores, we calculate the number of turns, n, maximum flux density, B max , and whether these
number of turns of the specific wire gauge used, fit in the window area of the chosen core. To
calculate the number of turns based on A L , the following formula was used:
𝐿𝐿
𝑁𝑁𝑇𝑇 = 1000�
𝐴𝐴𝐿𝐿
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In this relationship, L is given in µH and A L is given in nH/turns2.
After calculating n, the fill factor K u is calculated. The fill factor is defined as the ration
of total required window area to the available window area. Total required window area is
calculated based on the conductor size (chosen according to the current rating of a cell in the
converter) and total number of turns. The fill factor ranges between zero and one but usually it is
much lower because of factors as discussed in [28]. The round wire when stacked in a row and then
one row on top of each other leaves air gaps between the layers, these air gaps occupy space in the
window, reducing the fill factor of the inductor. Next the wire used has a layer of insulation on it
and there might be a requirement to provide insulation between layers of winding depending on the
application. The thickness of insulation depends on the type of wire used and the application for
which it is being used. This also occupies space in the core window and reduces fill factor. One of
the major components of magnetics is bobbin, on top of which the wire is wound, the thickness of
the bobbin material and geometrical tolerances further eat away the window area. But fortunately
a toroidal structure of magnetics generally doesn’t require any bobbin. Taking all these factors into
account, the maximum fill factors that could be achieved for toroidal inductors range between 0.5
and 0.65.
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The cores are then shortlisted based on the calculated fill factors. From the shortlisted
inductors then a final choice can be made based on the approximate calculated losses (copper losses
plus core losses). According to the number of turns and the geometrical parameters of the core the
total length of the wire can be calculated. Based on the copper wire tables, provided by the
manufacturer, the total resistance of the wire is calculated and then the copper losses given as:

is calculated.

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐼𝐼 2 𝑅𝑅
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To determine the core losses, the procedure is not as simple as for the copper losses. The
core losses can be divided into two components, one is the low frequency components and the high
frequency component. The core loss calculation for both the components can be done separately.
The procedure for these calculations remains same and is described below.
The magnetic field intensity, H is determined for the positive and negative peak current
through the inductor. Then from the B-H curves provided in [MPP catalog], the corresponding
value is either read from the graphs provided or calculated based on the curve fit equation of B:
𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝐻𝐻 2
𝐵𝐵 = �
�
1 + 𝑑𝑑𝑑𝑑 + 𝑒𝑒𝐻𝐻 2

𝑋𝑋
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Where a, b, c, d, e and X are constants depending on the material and type of core used.
From the max and min value of magnetic flux density, a change in the flux density is obtained, ∆B.
The MPP core catalog [132], then provides core loss density curves and curve fit equations,
depending on the type of material of the core. The power loss density curve fit equation for the
MPP cores is given as:
𝑃𝑃𝐿𝐿 = 𝑎𝑎(∆𝐵𝐵)𝑏𝑏 𝑓𝑓 𝑐𝑐
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Where a, b and c are constants provided in the catalog [132].
The core loss is then determined by multiplying the volume of the shortlisted cores with
the corresponding core loss density.
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The total approximate losses are then determined by adding the core losses and the copper
losses. The cores which provide lowest losses with the lowest number of turns is then selected.

3.8.2 Design of DC Bus Capacitance
The design of the DC bus capacitance depends on two major power circuit specifications:
i.

High frequency current magnitude passing through the capacitor.

ii.

Low frequency voltage ripple because of oscillations in input power in single phase
systems

For the first part, the high frequency current passes through the DC link capacitor due to the
switching of the input voltage source. The inductor current is a unidirectional current with a ripple
but the capacitor current changes direction each switching instant. Hence the current in the
capacitor would have a huge ac component. The capacitors generally have equivalent series
resistors and equivalent series inductors. These equivalent series parameters limit the high
frequency current rating of the capacitors, and hence need a careful design of the DC link
capacitors. Most of the times, to reduce the equivalent series parameters, a number of capacitors
are used in parallel.
For the second part, the low frequency voltage ripple appears on the capacitor voltage in single
phase systems. The cause of this low frequency voltage ripple is the oscillating nature of the power
that a single phase system provides.
Let us consider that the instantaneous value of input source voltage and current be denoted by
𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) = √2 𝑉𝑉𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔)

𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡) = √2𝐼𝐼𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 )
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Where V in and I in are the RMS values of the input voltage and input current respectively. The grid
frequency is denoted by ω. The instantaneous power can be given by the product of voltage and
current as:
𝑠𝑠𝑖𝑖𝑖𝑖 = 2𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔)𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 )

= 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖 (𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙𝐿𝐿 ) − 𝐶𝐶𝐶𝐶𝐶𝐶(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 ))
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The equation 3-40 shows that the instantaneous value of power has a DC component and an AC
component at twice the line frequency. The presence of this AC component causes the input power
in the converter to go to zero at certain instants. At these instants, the power is supplied by the
capacitor to the load. When the capacitor supplies power to the load without being compensated
for that much power from any other source, it gets discharged and a drop in the capacitor voltage
can be observed. To mathematically express the voltage change on the capacitor, we write the
power balance equation:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

3-41

Instantaneous value of input power is expressed by the equation 3-40. The instantaneous power
will have two components, one that gets the charge stored in the capacitor and the other that gets
dissipated in the load.
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝑣𝑣𝑐𝑐(𝑡𝑡) 2
= 𝑣𝑣𝑐𝑐 (𝑡𝑡)𝑖𝑖𝑐𝑐 (𝑡𝑡) +
𝑅𝑅𝐿𝐿
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Where R L is the value of the output load as it appears from the DC-bus,𝑣𝑣𝑐𝑐 (𝑡𝑡) is the instantaneous

capacitor voltage and 𝑖𝑖𝑐𝑐 (𝑡𝑡) is the instantaneous capacitor current. The capacitor current, 𝑖𝑖𝑐𝑐 (𝑡𝑡) can

be expressed as:

𝑖𝑖𝑐𝑐 (𝑡𝑡) = 𝐶𝐶𝐿𝐿
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𝑑𝑑𝑣𝑣𝑐𝑐 (𝑡𝑡)
𝑑𝑑𝑑𝑑
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Where C L is the value of the DC-bus capacitor. Now, from power balance equation 3-41 can be
written as:
𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖 �𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙𝐿𝐿 ) − 𝐶𝐶𝐶𝐶𝐶𝐶(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 )� = 𝑣𝑣𝑐𝑐 (𝑡𝑡) 𝐶𝐶𝐿𝐿

𝑑𝑑𝑣𝑣𝑐𝑐 (𝑡𝑡) 𝑣𝑣𝑐𝑐(𝑡𝑡) 2
+
𝑑𝑑𝑑𝑑
𝑅𝑅𝐿𝐿

3-44

Now, according to the law of conservation of energy, the energy provided by the load in one cycle
is equal to the energy consumed by the load in one cycle. And since there is only one component
on the load side consuming the energy, the resistor, it can be said that energy supplied by source in
one cycle is equal to the energy dissipated by resistor in one cycle.
𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙𝐿𝐿 ) =

〈𝑉𝑉𝑐𝑐 〉2
𝑅𝑅𝐿𝐿
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The equation 3-44 is a first order differential equation in v c (t). To simplify the solution of this
equation, it can be modified to:
𝐶𝐶𝐿𝐿 𝑑𝑑𝑑𝑑(𝑡𝑡) 𝜑𝜑(𝑡𝑡)
+
= 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖 �𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙𝐿𝐿 ) − 𝐶𝐶𝐶𝐶𝐶𝐶(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 )�
2 𝑑𝑑𝑑𝑑
𝑅𝑅𝐿𝐿
𝜑𝜑(𝑡𝑡) = 𝑣𝑣𝑐𝑐 2 (𝑡𝑡)
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Solving the above two equations, the expression for v c (t) can be given as:
4I𝑖𝑖𝑖𝑖 R 𝐿𝐿 V𝑖𝑖𝑖𝑖 ((1 + C𝐿𝐿 2 R 𝐿𝐿 2 𝜔𝜔 2 )Cos(𝜙𝜙𝐿𝐿 )
− Cos(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 ) − C𝐿𝐿 R 𝐿𝐿 𝜔𝜔Sin(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 ))
� − 2𝑡𝑡
𝑣𝑣𝑐𝑐 (𝑡𝑡) = 𝑒𝑒 C𝐿𝐿 R𝐿𝐿 𝐾𝐾 +
4(1 + C𝐿𝐿 2 R 𝐿𝐿 2 𝜔𝜔 2 )
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In this equation, K is an arbitrary constant that can be determined by constraining the equation at
some critical times, such as t = 0. Evaluating the equation 3-48 at t = 0, and solving for K,
𝐾𝐾 = V𝑐𝑐 2 (0) −

4I𝑖𝑖𝑖𝑖 R 𝐿𝐿 V𝑖𝑖𝑖𝑖 (C𝐿𝐿 2 R 𝐿𝐿 2 𝜔𝜔2 Cos(𝜙𝜙𝐿𝐿 ) + C𝐿𝐿 R 𝐿𝐿 𝜔𝜔Sin(𝜙𝜙𝐿𝐿 ))
4 + 4C𝐿𝐿 2 R 𝐿𝐿 2 𝜔𝜔 2
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At steady state, we choose t = 0, when V𝑐𝑐 (t) = 〈𝑉𝑉𝑐𝑐 〉, to simplify the solution. The equation 3-49
transforms to:
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Where,

𝐾𝐾 = 𝑉𝑉𝑐𝑐 (0)2 (𝐶𝐶𝐶𝐶𝐶𝐶 2 (𝜃𝜃) +

𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃)𝑇𝑇𝑇𝑇𝑇𝑇(𝜙𝜙𝐿𝐿 )
)
2
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𝜃𝜃 = 𝑇𝑇𝑇𝑇𝑇𝑇−1 (𝜔𝜔𝑅𝑅𝐿𝐿 𝐶𝐶𝐿𝐿 )
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From equations 3-48-3-51, we can write the equation of capacitor voltage as:
𝑉𝑉𝑐𝑐 (0)2 �𝐶𝐶𝐶𝐶𝐶𝐶 2 (𝜃𝜃) +

2𝑡𝑡

−
𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃)𝑇𝑇𝑇𝑇𝑇𝑇(𝜙𝜙)
� 𝑒𝑒 C𝐿𝐿R𝐿𝐿
2
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𝑣𝑣𝑐𝑐 (𝑡𝑡) = �
+ 〈𝑉𝑉𝑐𝑐 〉2 �Cos(𝜙𝜙𝐿𝐿 ) − Cos(θ)Cos(2𝜔𝜔𝜔𝜔 − 𝜙𝜙𝐿𝐿 − 𝜃𝜃)�

In the above equations, the exponential part represents the transient phenomenon of capacitor
voltage and the cosine part represents the oscillating component. The magnitude of oscillating
component at steady state is:
�〈𝑉𝑉𝑐𝑐 〉2 �Cos(𝜙𝜙𝐿𝐿 ) + Cos(θ)� − �〈𝑉𝑉𝑐𝑐 〉2 �Cos(𝜙𝜙𝐿𝐿 ) − Cos(θ)�

3-53

From this equation we can observe that the magnitude of voltage oscillation on the DC-bus
depends on the average DC-bus voltage, the capacitance value, the load and the AC-line
frequency. A larger value of C L , R L , and ω causes the ripple magnitude to decrease and viceversa.
The practical ripple may be larger than predicted from this theoretical procedure because of the
equivalent series resistance and equivalent series inductance.

3.9 Circuit Component Values
Based on the design equations developed in the previous sections, the values of the circuit passive
components are mentioned in Table below:
Table 2: Converter parameters – Values of passive components for proposed converter
Circuit Parameters

Symbols

Values

Output Power

P ac

150W

AC Input Voltage

V dc

240V±15%
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Circuit Parameters

Symbols

Values

DC-Bus Capacitor

C dc

1880 µF

DC-Bus Voltage

V dc

400V

Inductance

L

2x1.75mH

Core Material

MPP

125µ

No. of Turns

110

Wire Size

14AWG

Peak Flux Density

B pk

0.63 T

Saturation Flux Density

B sat

0.77 T

The converter circuit was simulated on PSIM 10.0 and prototype prepared based on the values
mentioned in the table above. The simulation and experimental results are summarized in the next
section.

3.10 Simulation and Experimental Results
A 2KW AC-DC bidirectional converter was designed and simulated in PSIM software with
the component values obtained from the design procedure mentioned in previous sections and as
listed in Table 2. A detailed simulation was performed taking the low pass filter characteristics of
the current sensor and the signal conditioning circuits into account. The MOSFET characteristics
Voltage spikes of hard switching

Fig. 3-8: Drain Source voltage for switches SA1 and SA3 - voltage spikes on MOSFET
Drain during turn-on showing hard switching, and no spikes on the complementary
switches showing soft switching. Yellow - VDS, SA1 (20V/div.), Pink - VDS, SA3 (20V/div.).
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like the switch on state resistance and forward voltage drop of the body diode are incorporated in
the simulations. The coupled inductors are modeled by a transformer having inverted windings and
the magnetizing inductance calculated as per the number of turns used for making a single winding.
The value of the leakage inductance is used from the prototype model. The inductor losses are
modeled by the series resistance of the inductor.
A 150W converter prototype was built and controlled using TI DSP TMS320F28335 ezdsp
experimenter’s kit. Code composer studio 6.0 was used to write the program to generate gate pulses
at appropriate timing. The DSP uses a 150 MHz clock to process the code and generate the required
PWM pulses. The control signals were isolated from the power circuit using digital isolators.
Bootstrap high-Low side gate drivers were used to drive the power MOSFETS. The high voltage
electrolytic capacitors were used as DC-bus capacitors, but these capacitors have high equivalent
series resistance and inductance and cause a lot of voltage spikes to appear on the DC bus. This
problem is overcome by the use of high voltage high frequency low capacitance value capacitors.

(a)

(b)
Fig. 3-9: Gate-Source pulses for switches SA1 and SB1 under (a) Bipolar modulation
scheme, (b) Unipolar modulation scheme. Yellow, Green – vgs, SA1(5V/div.) and Yellow,
Blue – vgs, SB1(5V/div.)
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For sensing the current, low cost isolated hall-effect current sensors from allegro microsystems
were used.
The ZVS operation for switches S1 and S3 in the positive half line cycle is depicted in Fig. 3-8.
The gate pulses for switches SA1 and SB1 & inductor current for two interleaved cells are
shown in Fig. 3-9 for unipolar and bipolar modulation mode.

1.27 V

Fig. 3-10: DC-Bus Voltage ripple at 40V bus voltage and 40 W output power (calculated
value of ripple – 1.21V), (Scale – 500mV/div.)

The gate pulses of the corresponding switches of the two cells for bipolar modulation mode,
as seen from the Fig. 3-9 are phase shifted by 180 degrees. The DC-Bus voltage ripple as calculated
by the theoretical analysis for a load of 40W on a 40 V bus voltage is 1.21 Volts. The Fig. 3-10
shows the experimental results for the voltage ripple, the ripple magnitude is more than the expected
value. This anomaly can be attributed to the equivalent series resistance of the capacitors used to
form the DC-bus capacitors. The Fig. 3-11 Fig. 3-12shows the simulated and experimental
waveforms for the individual inductor currents of the interleaved converter. The operation of
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converter using bipolar and unipolar modulation technique for unity power factor is shown in Fig.
3-12.

(a)

(b)
Fig. 3-11 : Current waveforms of the individual cells of the interleaved converter for (a)
Bipolar modulation mode (Green – Current in Cell-A (100mA/div.), Pink – Current in
Cell-B (100mA/div.), Yellow – Total Line Current (200mA/div.)), (b) Unipolar
modulation mode (Green – Current in Cell-A (100mA/div.), Blue – Current in Cell-B
(100mA/div.), Pink – Total Line Current (100mA/div.))
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(a)

(b)
Fig. 3-12 : PFC operation of the converter in (a) Unipolar Modulation mode (Pink – DC
Bus Voltage – 20V/div., Yellow- Grid Side AC voltage – 20V/div., Blue – Grid side
current – 5A/div.),

(b) Bipolar modulation mode (Yellow – DC Bus Voltage –

20V/div., Blue- Grid Side AC voltage – 20V/div., Green – Grid side current – 5A/div.)

The experimental results were obtained for different load conditions to obtain the efficiency curve
and were plotted alongside the simulated efficiency curve (Fig. 3-13 ). The simulated and
experimental efficiency curve show a close agreement. The differences in both the curves can be
explained as a result of parasitic inductance and capacitance formed between the tracks on the
board, component tolerances, etc. An optimization of the gate drive voltage and gate drive
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parameters could also help in reducing the difference in the simulated and experimental efficiency
curves. Further, a better inductor model, that could incorporate the hysteresis curve, could result in
improved simulation results. All these improvements and system optimization are proposed as a
part of future work in section 5.3.

Efficiency Curve-Bipolar
Efficiency (%)

98
96
94
92
90
88

13.3

23.93

36.29

74.13

90.72

134.2

94.37

176

Power (W)

(a)

Efficiency (%)

Efficiency curve- Unipolar
96
94
92
90
88
86
84
82
80

15.3

27.04

31.66

68.62

Power (W)

Fig. 3-13 : Efficiency curve for PFC operation of the converter in (a) bipolar modulation
mode, (b) unipolar modulation mode

3.11 Summary
The AC-DC converter using interleaved Full-bridge topology is proposed in this chapter.
This topology makes it possible to process larger amounts of current through the converter. The
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detailed analysis of the interleaved converter using 2-cells is presented in this chapter. This analysis
confirms that the magnitude of ripple in input current reduces with increase in number of
interleaved cells. Further, since there is a requirement of impedance in both the incoming AC lines
of each cell, the use of coupled inductor is proposed. A generalized design of coupled inductor and
analysis of the effects of balanced and unbalanced windings is also presented in this chapter. The
design equations of DC bus capacitance value are derived. The optimum value is then designed
based on input voltage and output load of the converter. Finally, the simulation and experimental
results of the proposed converter are presented and compared. The comparison shows a close
agreement with the theoretical analysis, which proves the feasibility of the proposed converter.
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Chapter 4
Converter Control and Digital Implementation

4.1 Introduction
The control algorithm is the brain of the power converter and hence its design becomes
extremely critical in the converter design. It is the control system of the converter that gets the
physical parameters of the circuit, analyses and processes them and then provides the switching
signals to the converter switches. The algorithm needs to be tested for various conditions like the
transient response, steady state response, and stability characteristics. There are a number of ways
of analyzing the control system characteristics like the state space analysis, transfer function
approach etc. Here, large signal and small signal models of the control loop are developed and their
transfer functions determined for analysis.
The large signal and small signal models of the converter are also developed in this chapter
to analyze the transient and steady state response and stability issues. The large signal model
developed to analyze the circuit response against the DC biasing provides key information of the
converter dynamic response whereas the small signal or the AC – response provides the response
of the converter against the small excursions of the input to the converter.
The main objective of this thesis is to perform bidirectional power flow control using
interleaved AC-DC converter introduced in the previous chapter. The converter should be capable
of processing both the active and reactive power in both the rectification as well as inverting mode.
The one-cycle controller (OCC) is employed in this work to perform converter control. The OCC
technique is an extremely proven and robust control technique that has been tested and used widely
in the field. The versatility of the OCC scheme is explored in this thesis to perform reactive power
control. This control technique is inherently an analog control technique that uses the current
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information to compare against the modulation carrier to generate the control pulses. This type of
control for AC-DC systems provide an extremely fast current loop. For controlling the DC-bus a
PI- controller is used. It is found that the dynamics of this kind of control technique mainly depends
on the capacitance of the DC-bus.
The proposed reactive power control is developed by the fictitious current approach. The
fictitious current is added to the controller inputs and the controller characteristics are modified.
The reactive power control requires a quadrature signal reference to be introduced to the fictitious
current. This kind of reference signal was derived from the filtered and processed input voltage
signal. There are many techniques like the direct differentiation, all pass filters or the SOGI and
adaptive notch filters for generating the quadrature reference signal. In this thesis the second order
generalized integrators (SOGI) are used for filtering the input AC voltage and generating the
quadrature reference signal.
The digital implementation of OCC technique is performed to reduce the size of the control
circuit. The generalized triangular carrier based implementation is also explored in this work.
Based on the type of carrier used, it was found that the small DC bias of the magnitude of current
ripple could be cancelled.
Finally, the unipolar modulation technique for AC-DC converters, with both legs switched
at high frequency was developed based on OCC control scheme. The use of unipolar modulation
scheme provides an additional advantage of reducing the AC side current THD, when using lower
amount of inductance as compared with the bipolar modulation. The simulation and experimental
results are provided at the end of this chapter verifying the theory proposed.

4.2 One Cycle Control (OCC)
The one cycle control technique first developed in [109], [133] was introduced more than twenty
years earlier in 1991. Since then the control scheme is used for many applications such as active
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power filters for single phase an three phase circuits, power factor correction circuits, DC-DC
converters etc.[73]–[79], [109]–[111], [128]. The simplicity of implementation, robustness and the
fast transient response are the advantages to just name a few.
The constant frequency OCC scheme is used in this thesis. The main idea behind the control
technique is to equate the time integral of the switched variable to the time integral of the reference
variable in one switching period [109]. Suppose the reference variable is denoted by c(t) and the
switched variable is denoted by x(t), then
𝑇𝑇𝑜𝑜𝑜𝑜

�

0

𝑇𝑇𝑠𝑠

𝑥𝑥(𝑡𝑡) 𝑑𝑑𝑑𝑑 = � 𝑐𝑐(𝑡𝑡) 𝑑𝑑𝑑𝑑

4-1

0

Where, T s is the time period of one switching cycle and T on is the on time of the switch in one
time period.
The application of this control technique to Full-bridge power converters for AC-DC power
conversion was explained in [77]–[79], [110], [128]. The circuit diagram for the Full-bridge voltage
source converter is shown in Fig. 4-1. This is a boost derived topology suitable for AC systems.
Since the primary objective of the converter is to convert the AC voltage into a DC voltage and the
boost operation happens from AC-side to the DC side, the DC-bus voltage should be higher than
the peak voltage of the AC voltage signal. The converter can be operated with either unipolar or
bipolar modulation technique. In this section the controller would be explained for PFC application
considering the bridge to be switched with bipolar modulation method using leading edge triangular
carrier.
The leading edge triangular carrier used for this control technique, has a time period of T s . At the
start of the time period, the carrier resets to its peak value and then linearly decreases to its negative
peak. The magnitude of carrier is determined by the DC-bus voltage control loop. Let the magnitude
of carrier be given by V m . Then the carrier can be expressed mathematically as:
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S1

L

S2

iin

Vin

S4

S3

CL RL

Vdc

Fig. 4-1: Circuit diagram of conventional boost based AC-DC bidirectional converter.
𝑣𝑣𝑚𝑚 (𝑡𝑡) = 𝑉𝑉𝑚𝑚 (1 − 2𝑡𝑡),

0 ≤ 𝑡𝑡 < 𝑇𝑇𝑠𝑠

4-2

The switches S2 and S4 are switched on at the start of each switching cycle. The switches are then
kept on till the time 𝑑𝑑(𝑡𝑡)𝑇𝑇𝑠𝑠 . Where 𝑑𝑑(𝑡𝑡) is the duty ratio, and is given by:
𝑑𝑑(𝑡𝑡) =

𝑇𝑇𝑜𝑜𝑜𝑜
𝑇𝑇𝑠𝑠

4-3

In this time the voltage across the inductor is given by:

𝑣𝑣𝐿𝐿 (𝑡𝑡) = 𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) + 𝑣𝑣𝐷𝐷𝐷𝐷

4-4

At the time T on , the switches S2 and S4 are turned off and the switches S1 and S3 are turned on.
The inductor voltage at this time is given by:
𝑣𝑣𝐿𝐿 (𝑡𝑡) = 𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) − 𝑣𝑣𝐷𝐷𝐷𝐷

4-5

For the stable operation of the converter the volt-second balance must hold for the inductor for one
switching cycle. According to volt-second balance for inductor, we have:
〈𝑣𝑣𝐿𝐿 (𝑡𝑡)〉 𝑇𝑇𝑠𝑠 = (𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) + 𝑣𝑣𝐷𝐷𝐷𝐷 )𝑑𝑑(𝑡𝑡)𝑇𝑇𝑠𝑠 + (𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) − 𝑣𝑣𝐷𝐷𝐷𝐷 )�1 − 𝑑𝑑(𝑡𝑡)�𝑇𝑇𝑠𝑠 = 0

4-6

Solving equation 4-6, we get:

𝑣𝑣𝐷𝐷𝐷𝐷 =

𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡)
(1 − 2𝑑𝑑(𝑡𝑡))

4-7

This expression shows the relationship between the AC side voltage and the DC side voltage. For
the DC-bus voltage to remain constant, large signal expression for d(t) can be given by:
65

𝑑𝑑(𝑡𝑡) =

1
𝑉𝑉𝑖𝑖𝑖𝑖
(1 −
sin(𝜔𝜔𝜔𝜔))
2
𝑉𝑉𝐷𝐷𝐷𝐷

4-8

Where, V in is the magnitude of input AC waveform, VDC is the average value of the DC-bus
voltage and ω is the angular frequency of the input AC voltage.
To achieve a power factor correction goal, the target of the control system is to make the converter
appear as a resistor to the AC-source. This means the voltage current equation for the converter
should be given as:
𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) = 𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡)𝑅𝑅𝑒𝑒𝑒𝑒

4-9

From equations 4-7 and 4-9 and on considering the current sense resistor,
𝑣𝑣𝐷𝐷𝐷𝐷 �1 − 2 𝑑𝑑(𝑡𝑡)�

𝑅𝑅𝑠𝑠
= 𝑖𝑖𝑖𝑖𝑖𝑖 𝑅𝑅𝑠𝑠
𝑅𝑅𝑒𝑒𝑒𝑒
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On comparing the above equation with the equation of the carrier, it can be seen that they are very
analogous, and the control goal can be achieved by using the leading edge carrier. Where the
magnitude of the carrier can be given by:
𝑣𝑣𝑚𝑚 (𝑡𝑡) =

𝑅𝑅𝑠𝑠
𝑣𝑣
𝑅𝑅𝑒𝑒𝑒𝑒 𝐷𝐷𝐷𝐷

4-11

The magnitude of carrier is obtained from the output of the PI controller used to maintain the DCbus constant. The voltage of the DC-bus is fed back to the PI-controller, on comparison with the
reference value an error signal is generated. The PI controller attempts to compensate the error and
produce V m . The Fig. 4-2 shows the block diagram of the conventional one-cycle controller.
In continuation with the discussion of the OCC scheme, and completeness of the text the fictitious
current approach is also briefly explained in this section [78]. In this approach a fictitious current
is added to the input sensed current in the controller. Let the magnitude of fictitious current be
given by i F, then the control objective now changes to:
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Fig. 4-2: Block diagram of the conventional One-Cycle Controller implemented with
converter of Fig. 4-1

𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) = (𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡) + 𝑖𝑖𝐹𝐹 (𝑡𝑡) )𝑅𝑅𝑐𝑐
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Where R c is the effective resistance as a result of the combination of two currents, and can be given
as:
1
1
1
=
+
𝑅𝑅𝑐𝑐
𝑅𝑅𝑒𝑒𝑒𝑒 𝑅𝑅𝐹𝐹

4-13

The current component i F is derived from the AC voltage applied to the converter. For PFC
applications, the magnitude of this current is obtained by scaling the AC voltage. The current i F ,
can then be expressed as:
𝑖𝑖𝐹𝐹 =

𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡)
𝑅𝑅𝐹𝐹

4-14

Where, R F , is the scaling constant. It can also be viewed as the value of resistance that has been
added in parallel to the converter as seen by the controller. The corresponding change in the control
equation 4-10 could be given by:
𝑣𝑣𝑚𝑚 (𝑡𝑡)�1 − 2𝑑𝑑(𝑡𝑡)� = 𝑅𝑅𝑠𝑠 (𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑖𝑖𝐹𝐹 ),
𝑣𝑣𝑚𝑚 (𝑡𝑡) =
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𝑅𝑅𝑠𝑠
𝑣𝑣
𝑅𝑅𝑐𝑐 𝐷𝐷𝐷𝐷

4-15
4-16

From the above analysis, it is clear that if an appropriate value of R F is selected the converter can
be made to operate at no load (i.e. R eq → ∞) or in inverting mode (i.e. R eq is negative).

4.2.1 Stability of OCC and OCC with fictitious current
The stability of the OCC scheme and that of the one with fictitious current is analyzed in this
section. The carrier based modulation schemes like OCC exhibit instability at light loading
conditions [78], [79]. There is also a problem of DC offset that has been reported in the literature
[79]. The instability problem exhibited in this control scheme are due to the slope of the current

i= iin + if + iX

Vm
∆iin

In+1

In
Md

Mu

In*

Mca

-Vm

Vgs

S2
S4

S1
S3

S2
S4

S1
S3

S2
S4

Clk
dnTs

(1-dn)Ts

dn+1Ts

(1-dn+1)Ts

Ts

Fig. 4-3: Switching pulse generation by comparison of converter current with the carrier
as shown in the block diagram of
becoming larger than the carrier slopes. If during the converter operation, the carrier magnitude
that is given by processing the DC-bus voltage error through PI controller, becomes too small, then
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it might happen that the carrier slope is smaller than the inductor current slopes. This phenomenon
is similar to that observed in the current mode controllers [79].
The mathematical analysis of this instability can be performed by analyzing the slopes of the carrier
and the inductor current in one ac line cycle. Let the slope of inductor current and the carrier in nth
switching cycle be given by [79]:
𝑀𝑀𝑢𝑢 =
𝑀𝑀𝑑𝑑 =
𝑀𝑀𝑐𝑐𝑐𝑐 =

𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝐷𝐷𝐷𝐷
,
𝐿𝐿𝑖𝑖𝑖𝑖
𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝐷𝐷𝐷𝐷
,
𝐿𝐿𝑖𝑖𝑖𝑖

2𝑣𝑣𝑚𝑚
2𝑣𝑣𝐷𝐷𝐷𝐷
=
𝑇𝑇𝑠𝑠 𝑅𝑅𝑠𝑠 𝑇𝑇𝑠𝑠 𝑅𝑅𝑒𝑒𝑒𝑒

4-17

4-18

4-19

From Fig. 4-3 and the assumptions stated above, the following expression can be written:
𝑀𝑀𝑑𝑑 (1 − 𝑑𝑑𝑛𝑛 )𝑇𝑇𝑠𝑠 + 𝑀𝑀𝑐𝑐𝑐𝑐 𝑑𝑑𝑛𝑛 𝑇𝑇𝑠𝑠 = 𝑀𝑀𝑢𝑢 𝑑𝑑𝑛𝑛+1 𝑇𝑇𝑠𝑠 + 𝑀𝑀𝑐𝑐𝑐𝑐 𝑑𝑑𝑛𝑛+1 𝑇𝑇𝑠𝑠
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From equations 4-17 through 4-20, the expression for d n+1 in terms of d n can be written as:
𝑑𝑑𝑛𝑛+1 =

𝑀𝑀𝑑𝑑
𝑀𝑀𝑑𝑑 − 𝑀𝑀𝑐𝑐𝑐𝑐
−
𝑑𝑑
𝑀𝑀𝑢𝑢 + 𝑀𝑀𝑐𝑐𝑐𝑐 𝑀𝑀𝑢𝑢 + 𝑀𝑀𝑐𝑐𝑐𝑐 𝑛𝑛

4-21

The slopes M d and M u are load independent. These are due to the parameters and rating of the
circuit. Hence the change in load does not affect the current slopes. The slope of the carrier,
however is a function of the load, a higher load translates into a larger value of M ca and vice versa.
So, as an extreme condition of light load,( M ca → 0, or no load), the expression for d n+1 can be
written as:
𝑑𝑑𝑛𝑛+1 =

𝑀𝑀𝑑𝑑
(1 − 𝑑𝑑𝑛𝑛 )
𝑀𝑀𝑢𝑢

4-22

This expression shows that in the negative half cycle, the value of d n+1 depends on the magnitude
of AC Voltage. For the converter operation to remain stable,
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�

𝑀𝑀𝑑𝑑 − 𝑀𝑀𝑐𝑐𝑐𝑐
�<1
𝑀𝑀𝑢𝑢 + 𝑀𝑀𝑐𝑐𝑐𝑐

4-23

From equations 4-21 and 4-23, a stability criterion can be developed as:

From Eq. 4-16 and 4-24,

−𝑣𝑣𝑖𝑖𝑖𝑖 <

2𝐿𝐿𝑖𝑖𝑖𝑖 𝑣𝑣𝑚𝑚
𝑇𝑇𝑠𝑠 𝑅𝑅𝑠𝑠

−𝑣𝑣𝑖𝑖𝑖𝑖 <

2𝐿𝐿𝑖𝑖𝑖𝑖 𝑣𝑣𝐷𝐷𝐷𝐷
𝑇𝑇𝑠𝑠 𝑅𝑅𝑒𝑒𝑒𝑒

4-24

4-25

From this equation, it can clearly be stated that the stability of the converter depends on the load.
When the fictitious current is introduced in the controller, the converter circuit is not changed hence
the current slopes do not change. That means, the slopes M d and M u remain same as given in
equation 4-17 and 4-18. But the effective load changes from R eq to R c , The change in effective
load as seen by the controller forces the magnitude of the carrier V m to remain above a certain
minimum value. The carrier slope given by eq. 4-19, changes to:
2𝑣𝑣𝐷𝐷𝐷𝐷 1
1
+ �
�
𝑇𝑇𝑠𝑠 𝑅𝑅𝑒𝑒𝑒𝑒 𝑅𝑅𝐹𝐹
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2𝐿𝐿𝑖𝑖𝑖𝑖 𝑣𝑣𝐷𝐷𝐷𝐷 1
1
+ �
�
𝑇𝑇𝑠𝑠
𝑅𝑅𝑒𝑒𝑒𝑒 𝑅𝑅𝐹𝐹
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𝑀𝑀𝑐𝑐𝑐𝑐 =
Also the stability equation 4-25 changes to:
−𝑣𝑣𝑖𝑖𝑖𝑖 <

If the value of R F is chosen properly, it can be ensured that the above expression 4-27 always
satisfies and that the expression for d n+1 given by 4-21 never converges to expression 4-22 . Hence,
the addition of a fictitious current in the controller improves stability performance of the OCC
scheme.
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4.3 Reactive Power Control using One-Cycle Control
The OCC technique explained in the section 4.2 is advanced in this section to process reactive
power. It was also explained above, using fictitious current the controller could be made to process
negative current. In this section the concept of fictitious current is used to further process reactive
current. The introduction of reactive current control strategy allows the converter to control power
in all four quadrants using OCC technique.
The Reactive power control using the OCC technique provides an advantage of simplicity of
implementation, since the reactive power control is naturally independent of active power control
there is no need to decouple them explicitly. This property of OCC avoids the use of complex
mathematical operations such as Park’s transformations for splitting the two components in d-q
axes components [86].
The input current for converters controlled by OCC technique used for power factor correction is:
𝑖𝑖𝑐𝑐 = 𝑖𝑖𝑖𝑖𝑖𝑖 =

𝑣𝑣𝑖𝑖𝑖𝑖
𝑅𝑅𝑒𝑒𝑒𝑒
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Where i c is the current seen by the controller, i in is the input current to the converter, v in is the grid
voltage and R e is the equivalent resistance as it appears to the grid. An addition of a component,
proportional to the input voltage, to the control law changes the control goal to,
𝑖𝑖𝑐𝑐 = 𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑖𝑖𝑓𝑓 =

𝑣𝑣𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑖𝑖
+
𝑅𝑅𝑒𝑒𝑒𝑒 𝑅𝑅𝐹𝐹
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The point worth noting in this technique is that the control goal is dealing with only active power
and no term involving reactive power appears in any expression. This confirms the property of
OCC technique to have a natural capability of independent active and reactive power control. To
achieve reactive power control, an orthogonal current component is introduced in the control law.
In this work, an addition of a fictitious reactive current is proposed which is proportional to the
derivative of the source voltage, i.e.
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���⃗
�����⃗
𝐼𝐼𝑘𝑘 = 𝑗𝑗𝑗𝑗𝑉𝑉
𝚤𝚤𝚤𝚤
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Where the sign of k gives us the leading (positive sign) or the lagging current (negative sign).
The new control law changes the control goal to,
���⃗ ���⃗
𝐼𝐼��⃗𝑐𝑐 = 𝐼𝐼����⃗
𝚤𝚤𝚤𝚤 + 𝐼𝐼𝐹𝐹 + 𝐼𝐼𝑘𝑘 =
𝐼𝐼��⃗𝑐𝑐 =

Where Z c is given by:

�����⃗
𝑉𝑉𝚤𝚤𝚤𝚤 �����⃗
𝑉𝑉𝚤𝚤𝚤𝚤
�����⃗
+
+ 𝑗𝑗𝑗𝑗𝑉𝑉
𝚤𝚤𝚤𝚤
𝑍𝑍𝑒𝑒 𝑅𝑅𝐹𝐹
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�����⃗
𝑉𝑉𝚤𝚤𝚤𝚤
𝑍𝑍𝑐𝑐
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1
1
1
=
+
+ 𝑗𝑗𝑗𝑗
𝑍𝑍𝑐𝑐
𝑍𝑍𝑒𝑒 𝑅𝑅𝐹𝐹
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The equivalent circuit of the converter as seen by the controller is depicted in Fig. 4-4.
The control law now changes to:
�����⃗
𝑉𝑉𝚤𝚤𝚤𝚤 = (𝑍𝑍𝑒𝑒 ‖𝑅𝑅𝐹𝐹 ‖(1/𝑗𝑗𝑗𝑗))𝐼𝐼��⃗𝑐𝑐

4-34

Ic
Iin

Vin

Ze

IF

RF

Ik

1
jk

Fig. 4-4: Equivalent circuit of the converter as seen by the controller
Where, Z e is the equivalent series impedance posed by the converter to the grid. Including current
sense resistor, R s , eq. 4-15 becomes,
𝑉𝑉𝑑𝑑𝑑𝑑 𝑅𝑅𝑠𝑠 �1 − 2𝑑𝑑⃗� = (𝑍𝑍𝑒𝑒 ‖𝑅𝑅𝐹𝐹 ‖(1/𝑗𝑗𝑗𝑗))𝑅𝑅𝑠𝑠 𝐼𝐼��⃗𝑐𝑐
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4-35

𝑉𝑉𝑚𝑚 (1 − 2𝑑𝑑⃗) = 𝑅𝑅𝑠𝑠 𝐼𝐼��⃗𝑐𝑐
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From Eq.4-35 and 4-36, it can be said that the value of V m changes to:
𝑉𝑉𝑚𝑚 =

𝑉𝑉𝑑𝑑𝑑𝑑 𝑅𝑅𝑠𝑠
|𝑍𝑍𝑒𝑒 ‖𝑅𝑅𝐹𝐹 ‖(1⁄𝑗𝑗𝑗𝑗)|
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The change of phase of current shows up in the modulation of duty ratio.
The block diagram for the proposed controller for single phase full bridge converter is shown in
the Fig.4-5. The orthogonal current reference used here can be generated by the use of any of the
available techniques like the differentiation of the input voltage, all pass filters with 90 degree phase
shift at the required 60Hz frequency or SOGI based double integration technique. Here SOGI with
PLL was used to generate the orthogonal current reference [134]–[136] (Details of SOGI-PLL are
provided in Appendix-A). An appropriate gain is then applied to this reference current and added
to the real current to achieve the required power factor for the input current.
The stability of the converter under reactive power control mode depends on the magnitude of
effective impedance posed by the converter which is clear from the equations 4-37 and 4-24.
Stability of OCC for AC-DC systems is explained in [78], [79]. For stable operation of converter,
following condition should be met at all times:
−𝑣𝑣𝑖𝑖𝑖𝑖 <

2𝐿𝐿 𝑉𝑉𝑚𝑚
𝑇𝑇𝑠𝑠 𝑅𝑅𝑠𝑠

4-38

According to this equation the negative peak of the input sinusoid poses the most dangerous
situation. But this equation is only dependent on input voltage, switching frequency, DC-bus
voltage and series inductance. It does not depend on angle of input current but only its magnitude,
which means that as long as the above equation is satisfied, the power factor angle does not affect
the stability of the converter.
Since the control law of the converter changes by incorporating reactive component, so there is a
change in V m. as represented in equation 4-38.
Where,
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𝑉𝑉𝑚𝑚 =

𝑉𝑉𝑑𝑑𝑑𝑑 𝑅𝑅𝑠𝑠
|𝑍𝑍𝑒𝑒 ‖𝑅𝑅𝐹𝐹 ‖(1⁄𝑗𝑗𝑗𝑗)|
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The stability of converter operation is ensured if this new value of V m satisfies (14).
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Fig.4-5: Control Block Diagram of the proposed four quadrant power flow control based on OCC

4.4 Generalized Triangular Carrier and Modulation Techniques
The One cycle controller explained in the literature for AC-DC converters use leading edge
triangular carrier based modulation. OCC based control can be thought of as a subset of peak
current control. In this kind of control, the controlled parameter (the AC side current in this case)
develops a DC offset. The magnitude of the DC offset is equal to the ripple of the current, as
reported in literature [79]. In, double edge carrier based modulation was used and was reported that
no DC-offset was observed. This clearly indicates that the DC offset is not a property of control
technique, but of the modulation carrier used. In this section, a generalized expression for triangular
carriers is presented which shows that indeed the DC offset is a parameter of the carrier and during
the AC line cycle, it may vary based on the magnitude of the AC voltage.
A fixed frequency triangular carrier can be described by two lines one with positive slope and one
with negative slope. The carrier bounces between a maximum (M x ) and a minimum amplitude
(M n ). Let the slope of the first edge of the carrier be m 1 and that of the second edge be m 2 .
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It is assumed that the parameter (inductor current in this case) also has two edges. Let us assume
the first edge to have a slope M 1 and the second edge to have a slope M 2 . For simplicity of
derivation, the analysis is presented for a steady state condition where the magnitude of carrier is
assumed to be constant. Which in case of an AC-DC converter translates to a ripple free DC-bus
voltage, and hence is a valid assumption.

The slopes of the carrier can be represented in terms of maximum and minimum values of
the carrier as:
𝑚𝑚1 = (𝑛𝑛(𝑀𝑀𝑥𝑥 – 𝑀𝑀𝑛𝑛 ))/𝑇𝑇𝑠𝑠
𝑚𝑚2 =

4-40

𝑀𝑀𝑛𝑛 – 𝑀𝑀𝑥𝑥
𝑀𝑀 − 𝑀𝑀
(Ts – 𝑥𝑥 𝑚𝑚 𝑛𝑛 )
1
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Where, 1 ≤ 𝑛𝑛 ≤ ∞, changes the type of carrier. At n = 1, the carrier modifies to lagging edge
carrier, n = 2 represents a double edge carrier and n = ∞ represents a leading edge carrier.
For one switching cycle, the carrier can be represented as:

v𝑐𝑐 (𝑡𝑡) =

𝑚𝑚1 𝑡𝑡 + 𝑀𝑀𝑛𝑛 ,

𝑚𝑚2 𝑡𝑡 + 𝑀𝑀𝑥𝑥 –

𝑚𝑚2 (𝑀𝑀𝑥𝑥 – 𝑀𝑀𝑛𝑛 )
,
𝑚𝑚1

(𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛 )
𝑚𝑚1
(𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛 )
≤ 𝑡𝑡 < 𝑇𝑇𝑠𝑠
𝑚𝑚1
0 ≤ 𝑡𝑡 <
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The equation of the current (the controlled parameter) can be given by:
𝑖𝑖1 (𝑡𝑡) = 𝐼𝐼0𝑛𝑛 + 𝑀𝑀𝑢𝑢 𝑡𝑡 ,

𝑖𝑖2 (𝑡𝑡) = 𝐼𝐼1𝑛𝑛 + 𝑀𝑀𝑑𝑑 (𝑡𝑡 − 𝑡𝑡1 ),

𝑖𝑖3 (𝑡𝑡) = 𝐼𝐼2𝑛𝑛 + 𝑀𝑀𝑢𝑢 (𝑡𝑡 − 𝑡𝑡2 ),

0 ≤ 𝑡𝑡 < 𝑡𝑡1
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𝑡𝑡2 ≤ 𝑡𝑡 < 𝑇𝑇𝑠𝑠

4-45

𝑡𝑡1 ≤ 𝑡𝑡 < 𝑡𝑡2

4-44

Average value of controlled parameter is the average value of the maximum and minimum in the
waveform because of it being a linear function. Average value of the current can then be given as:
𝐼𝐼𝐴𝐴𝐴𝐴 =

𝐼𝐼1𝑛𝑛 + 𝐼𝐼2𝑛𝑛
2
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In AC-DC converters, the required DC value in the AC side current is zero. Hence, the DC value
in all the switching cycles should be zero, or if the DC offset is present in positive half then equal
and opposite polarity of offset should be present on the corresponding portion of the negative half
cycle.
Mx

A

G

I1

Mn

B

m1

F

L

K

Ic
O

E

J

t1

I2

H

tAV1
t2

m2

D
tAV2

C
Ts

Fig.4-6: Generalized triangular carrier based current control: One time period
Assuming the value of the control signal to be I c , consider Fig.4-6.The duty ratio is given by:
𝑑𝑑(𝑡𝑡) =

Now from ∆AEJ and ∆ADB (similar triangles),

𝑡𝑡2 − 𝑡𝑡1
𝑇𝑇𝑠𝑠

𝐽𝐽𝐽𝐽
𝐴𝐴𝐴𝐴
=
𝐵𝐵𝐵𝐵
𝐴𝐴𝐴𝐴

𝑇𝑇𝑠𝑠
− 𝑡𝑡1
𝑀𝑀𝑥𝑥 − 𝐼𝐼1𝑛𝑛
⇒ 𝑛𝑛
=
𝑇𝑇𝑠𝑠
𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛
𝑛𝑛

4-47

4-48
4-49

Similarly, from ∆AGH and ∆ADC (similar triangles),

𝐺𝐺𝐺𝐺
𝐴𝐴𝐴𝐴
=
𝐷𝐷𝐷𝐷
𝐴𝐴𝐴𝐴
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𝑇𝑇
𝑡𝑡2 − 𝑛𝑛𝑠𝑠
𝑀𝑀𝑥𝑥 − 𝐼𝐼2𝑛𝑛
⇒
=
(𝑛𝑛 − 1) 𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛
𝑇𝑇𝑠𝑠
𝑛𝑛
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From equations 4-47, 4-49 and 4-51, we can write the equation of duty ratio as:
𝑑𝑑(𝑡𝑡) =

𝑡𝑡2 − 𝑡𝑡1
(𝑛𝑛 − 1) 𝑀𝑀𝑥𝑥 − 𝐼𝐼2𝑛𝑛 1 𝑀𝑀𝑥𝑥 − 𝐼𝐼1𝑛𝑛
=
+
𝑇𝑇𝑠𝑠
𝑛𝑛 𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛 𝑛𝑛 𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛

⇒ 𝑑𝑑(𝑡𝑡) =

(𝑛𝑛 − 1)(𝑀𝑀𝑥𝑥 − 𝐼𝐼2𝑛𝑛 ) + (𝑀𝑀𝑥𝑥 − 𝐼𝐼1𝑛𝑛 )
𝑛𝑛(𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛 )

⇒ 𝑑𝑑(𝑡𝑡) =

(𝑛𝑛 − 1)𝐼𝐼2𝑛𝑛 + 𝐼𝐼1𝑛𝑛
𝑛𝑛
(𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛 )

𝑀𝑀𝑥𝑥 −
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Now suppose for some value of control parameter I c , which intersects AD at point K. Draw a line
parallel to BC through K, that intersects AB and BC at points L and O respectively. The length of
LO is equal to t2 – t1, the duty ratio would be given by:
𝑑𝑑(𝑡𝑡) =

𝑡𝑡2 − 𝑡𝑡1
𝑀𝑀𝑥𝑥 − 𝐼𝐼𝑐𝑐
=
𝑇𝑇𝑠𝑠
𝑀𝑀𝑥𝑥 − 𝑀𝑀𝑛𝑛
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Comparing equations 4-54 and 4-55, the control current corresponds to:
𝐼𝐼𝑐𝑐 =

(𝑛𝑛 − 1)𝐼𝐼2𝑛𝑛 + 𝐼𝐼1𝑛𝑛
𝑛𝑛
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Amount of DC-offset from average value of controlled parameter:
𝐼𝐼𝐷𝐷𝐷𝐷−𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐼𝐼𝑐𝑐 − 𝐼𝐼𝐴𝐴𝐴𝐴 =

(𝑛𝑛 − 1)𝐼𝐼2𝑛𝑛 + 𝐼𝐼1𝑛𝑛 𝐼𝐼1𝑛𝑛 + 𝐼𝐼2𝑛𝑛
−
𝑛𝑛
2
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From the above equation, it can be clearly seen that when a double edge modulation technique is
used, i.e. n = 2, I DC-Off is zero. Also, it is clear that the magnitude of DC offset depends on the value
of n, which means changing the slopes of the carrier.

4.5 Proposed Instantaneous Digital Implementation of One Cycle Control
One cycle control is inherently an analog control technique, which was first proposed for DC-DC
converters and since has been used for various purposes like active power filters, AC-DC power
77

conversion etc. The digital implementation of one cycle controller is hindered by the components
of digital conversion of analog signals. The main roadblock is the ADC which is a slow system.
Even the fastest ADCs available today are not fast enough to capture the ripple in the current and
provide us the correct instantaneous picture for current. The ADC and the signal conditioning
circuits used to clean up the noise in the sensed signals behave as low pass filters, which in general
provide an estimate of average current instead of instantaneous current. This sensing of averaged
current removes the advantages, mentioned above, of one cycle controller which we want to have.
In order to keep the advantages of OCC and still be able to apply this control technique digitally,
we need to estimate the amount of ripple correctly and superimpose it on the averaged sensed
current by the ADC.
In this section a technique to closely estimate the current ripple and superimpose on the averaged
current sensed by the ADC is explained to successfully implement the one cycle control digitally.
The use of this estimation technique not only allows the digital implementation of the said
controller but also helps reduce the cost and space requirements of the controller. A slow ADC
would not degrade the performance of the controller as compared to a fast ADC by the use of this
estimation technique, hence a slower and a cheaper ADC would do the same job.
The basic idea of estimation of current ripple revolves around the fact that the current ripple is
introduced and governed by the parameters of switching action of the converter. Since one-cycle
controller is a fixed frequency control technique, the cycle reset timing is very well defined. The
switching action takes place on comparison of the control current with the carrier signal. The slope
of the carrier is not dependent on the sensed current, but on the magnitude of the DC bus voltage
and the load present on the DC bus (or in other words, by the PI control loop). The slope of the
current ripple can be determined by the sum/difference of the source voltage with that of the DC
bus voltage and the inductance present on the AC side [114].
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The digital estimation technique calculates the value of duty cycle for the next cycle based on the
parameters like inductor current, AC voltage and the DC-bus voltage, measured in the present
cycle. For AC-DC converter, as described in previous section, the control system tries to make the
average of the inductor current track the control reference. Since the switching frequency of the
converter is large enough as compared to the AC line frequency, the source voltage can be assumed
to be constant for one switching cycle. The use of triangular carrier ensures that there are only two
edges of current with different slopes. The slopes of current in one switching cycle can be given
as:
𝑀𝑀1 [𝑛𝑛] =
𝑀𝑀2 [𝑛𝑛] =

𝑣𝑣𝑖𝑖𝑖𝑖 [𝑛𝑛] + 𝑣𝑣𝐷𝐷𝐷𝐷 [𝑛𝑛]
,
𝐿𝐿𝑖𝑖𝑖𝑖

𝑣𝑣𝑖𝑖𝑖𝑖 [𝑛𝑛] − 𝑣𝑣𝐷𝐷𝐷𝐷 [𝑛𝑛]
,
𝐿𝐿𝑖𝑖𝑖𝑖
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Considering the sensed parameter to be slower than the switching frequency of the converter, the
duty ratio of the present cycle (nth cycle) can then be defined by the switch on time (t 1 ) and switch
off time (t 2 ), in terms of sensed parameters in nth cycle. The carrier can be defined by a piecewise
function given by eq.4-42. The equation of current in one time period can be given by:
𝐼𝐼𝑜𝑜𝑜𝑜 + 𝑀𝑀1 𝑡𝑡
𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡) = 𝐼𝐼1𝑛𝑛 + 𝑀𝑀2 (𝑡𝑡 − 𝑡𝑡1 )
𝐼𝐼2𝑛𝑛 + 𝑀𝑀1 (𝑇𝑇𝑠𝑠 − 𝑡𝑡2 )

0 ≤ 𝑡𝑡 < 𝑡𝑡1
𝑡𝑡1 ≤ 𝑡𝑡 < 𝑡𝑡2
𝑡𝑡2 ≤ 𝑡𝑡 < 𝑇𝑇𝑠𝑠

4-60

Where t 1 is the time when the current waveform hits the first edge of the carrier after the start of
switching cycle, t 2 is the time when the current hits the carrier on the second edge of the carrier.
I on is the sensed current at the start of the switching cycle, I 1n is the calculated current at time t 1 ,
I 2n is the calculated current at the time t 2 . To obtain the duty ratio, it is required to know the time
t 1 and time t 2 , at which switching needs to happen. The times t 1 , t 2 , currents I on , I 1n and I 2n can
be calculated using equations 4-42 and 4-60.
𝑡𝑡1 =

𝐼𝐼𝑜𝑜𝑜𝑜 − 𝑀𝑀𝑛𝑛
𝑚𝑚1 − 𝑀𝑀1
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And,
𝐼𝐼1𝑛𝑛 = 𝐼𝐼𝑜𝑜𝑜𝑜 +

𝑀𝑀1 (𝐼𝐼𝑜𝑜𝑜𝑜 − 𝑀𝑀𝑛𝑛 )
𝑚𝑚1 − 𝑀𝑀1

For the next time, t 2 and I 2n ,
−𝐼𝐼𝑜𝑜𝑜𝑜 𝑚𝑚1 2 + 𝐼𝐼𝑜𝑜𝑜𝑜 𝑚𝑚1 𝑀𝑀2 + 𝑚𝑚1 𝑀𝑀1 𝑀𝑀𝑛𝑛 + 𝑚𝑚1 𝑚𝑚2 𝑀𝑀𝑛𝑛
−𝑀𝑀1 𝑚𝑚2 𝑀𝑀𝑛𝑛 − 𝑚𝑚1 𝑀𝑀2 𝑀𝑀𝑛𝑛 + 𝑚𝑚1 2 𝑀𝑀𝑥𝑥 − 𝑚𝑚1 𝑀𝑀1 𝑀𝑀𝑥𝑥
−𝑚𝑚1 𝑚𝑚2 𝑀𝑀𝑥𝑥 + 𝑀𝑀1 𝑚𝑚2 𝑀𝑀𝑥𝑥
𝑡𝑡2 =
𝑚𝑚1 (𝑚𝑚1 − 𝑀𝑀1 )(−𝑚𝑚2 + 𝑀𝑀2 )
And,

4-62

4-63

𝐼𝐼2𝑛𝑛 = 𝑖𝑖(𝑡𝑡2 )

4-64

𝐼𝐼𝑜𝑜𝑜𝑜+1 = 𝐼𝐼3𝑛𝑛 = 𝐼𝐼2𝑛𝑛 + 𝑀𝑀1 (𝑇𝑇𝑠𝑠 − 𝑡𝑡2 );

4-65

A current calculation can be performed for the next sample, at the beginning of the next switching
cycle as:

The stability analysis remains same as that presented in [78], [79], [114]. This type of instantaneous
implementation can be made more practical by choosing the value of R F in the control law properly
as it can change the modulation index of the entire waveform and hence can buy more time for
computation by the digital processor for this implementation.

4.6 Modeling of the Proposed Converter
4.6.1 Large Signal model of the proposed controller
The large signal model of the proposed reactive current controller is presented in this section. The
main idea of modelling is to be able to predict the power factor one can produce using the proposed
control technique. The model is derived based on the change in current from one cycle to the next
at respective timings. The procedure for modelling the controller is directly followed from the one
presented in [78] for real fictitious current. The current as seen be the controller was given by
equation 4-31, which is provided here again:
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�����⃗
𝑉𝑉𝚤𝚤𝚤𝚤 �����⃗
𝑉𝑉𝚤𝚤𝚤𝚤
4-66
�����⃗
+
+ 𝑗𝑗𝑗𝑗𝑉𝑉
𝚤𝚤𝚤𝚤
𝑍𝑍𝑒𝑒 𝑅𝑅𝐹𝐹
Now, from the Fig. 4-3, consider two consecutive switching cycles, say the first one of them is the
���⃗ ���⃗
𝐼𝐼��⃗𝑐𝑐 = 𝐼𝐼����⃗
𝚤𝚤𝚤𝚤 + 𝐼𝐼𝐹𝐹 + 𝐼𝐼𝑘𝑘 =

nth switching cycle. Then the change in current from first switching cycle to the next one is given
by:
∆𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐼𝐼𝑛𝑛+1 − 𝐼𝐼𝑛𝑛 = 𝐼𝐼𝑛𝑛∗ + 𝑀𝑀𝑢𝑢 𝑡𝑡1 − (𝐼𝐼𝑛𝑛∗ − 𝑀𝑀𝑑𝑑 𝑡𝑡2 )
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From Equations 4-17 and 4-18, the values of M 1 and M 2 are substituted in the above equation:
𝑣𝑣𝑖𝑖𝑖𝑖 + 𝑣𝑣𝐷𝐷𝐷𝐷
𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝐷𝐷𝐷𝐷
∆𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑢𝑢 𝑡𝑡1 + 𝑀𝑀𝑑𝑑 𝑡𝑡2 = �
� 𝑡𝑡1 + �
� 𝑡𝑡2
𝐿𝐿𝑖𝑖𝑖𝑖
𝐿𝐿𝑖𝑖𝑖𝑖

4-68

This equation can be rearranged to be written as:
∆𝑖𝑖𝑖𝑖𝑖𝑖 =

𝑣𝑣𝑖𝑖𝑖𝑖
𝑣𝑣𝐷𝐷𝐷𝐷
(𝑡𝑡 + 𝑡𝑡2 ) +
(𝑡𝑡 − 𝑡𝑡2 )
𝐿𝐿𝑖𝑖𝑖𝑖 1
𝐿𝐿𝑖𝑖𝑖𝑖 1

4-69

Again, from the Fig.4-6similar timing equations could be written in the form of carrier slopes as :
𝑡𝑡1 =

𝑉𝑉𝑚𝑚 − 𝐼𝐼𝑛𝑛+1
,
𝑀𝑀𝑐𝑐𝑐𝑐

𝑡𝑡2 =

𝑉𝑉𝑚𝑚 + 𝐼𝐼𝑛𝑛+1
𝑀𝑀𝑐𝑐𝑐𝑐

4-70

From Equation 4-69 and 4-70 the equation for ∆𝑖𝑖𝑖𝑖𝑖𝑖 can be rewritten as:
∆𝑖𝑖𝑖𝑖𝑖𝑖 =
𝐿𝐿𝑖𝑖𝑖𝑖

𝑣𝑣𝑖𝑖𝑖𝑖
𝑣𝑣𝐷𝐷𝐷𝐷
𝐼𝐼𝑛𝑛+1 𝑇𝑇𝑠𝑠
(𝑇𝑇𝑠𝑠 ) +
�−
�
𝐿𝐿𝑖𝑖𝑖𝑖
𝐿𝐿𝑖𝑖𝑖𝑖
𝑉𝑉𝑚𝑚
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∆𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝐷𝐷𝐷𝐷
= 𝑣𝑣𝑖𝑖𝑖𝑖 −
𝐼𝐼
𝑇𝑇𝑠𝑠
𝑉𝑉𝑚𝑚 𝑛𝑛+1

4-72

The control law makes the current to follow equation 4-66. I n+1 is the current in the converter from
the viewpoint of the controller. Hence, it can be written as:
∆𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝐷𝐷𝐷𝐷
4-73
(𝑖𝑖 + 𝑖𝑖𝐹𝐹 + 𝑖𝑖𝑘𝑘 )
= 𝑣𝑣𝑖𝑖𝑖𝑖 −
𝑇𝑇𝑠𝑠
𝑉𝑉𝑚𝑚 𝑖𝑖𝑖𝑖
Since the switching frequency of the converter is much higher than the AC line frequency, so T s
𝐿𝐿𝑖𝑖𝑖𝑖

can be taken to be a small enough time that

∆𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑠𝑠
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could be replaced by

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖
.
𝑑𝑑𝑑𝑑

Also v in can be

considered as a sinusoidal forcing function and neglecting harmonics in i in , a steady state phasor
equation can be written as follows:
𝐿𝐿𝑖𝑖𝑖𝑖

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝐷𝐷𝐷𝐷
𝑣𝑣𝐷𝐷𝐷𝐷
(𝑖𝑖 + 𝑖𝑖𝑘𝑘 )
+
𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑣𝑣𝑖𝑖𝑖𝑖 −
𝑑𝑑𝑑𝑑
𝑉𝑉𝑚𝑚
𝑉𝑉𝑚𝑚 𝐹𝐹
𝐼𝐼����⃗
𝚤𝚤𝚤𝚤 =

𝑣𝑣
1
�����⃗
𝑉𝑉𝚤𝚤𝚤𝚤 �1 − 𝑉𝑉𝐷𝐷𝐷𝐷 �𝑅𝑅 + 𝑗𝑗𝑗𝑗��
𝑚𝑚

𝐹𝐹
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4-75

𝑣𝑣
� 𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑗𝑗𝑗𝑗𝐿𝐿𝑖𝑖𝑖𝑖 �
𝑚𝑚
From this equation, it can be clearly seen that even though the fictitious reactive current is zero,

there would be some reactive power through the converter because of jωL in in the denominator.
Further, from this relation between v in and i in , it is clear that the properties of the fictitious elements
i.e. R F and k can be used to change the behavior of the converter. The amount of reactive power
can be controlled by changing the value of k and the mode of conversion (i.e. rectification or
inversion) can be controlled by R F . If the real part of numerator is positive:
𝑅𝑅𝑅𝑅 �1 −

𝑣𝑣𝐷𝐷𝐷𝐷 1
� + 𝑗𝑗𝑗𝑗�� > 0
𝑉𝑉𝑚𝑚 𝑅𝑅𝐹𝐹
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Then the converter operates in rectification mode and vice versa.
4.6.2 Small Signal model of the DC-bus voltage control loop
In AC-DC converter applications, the DC-bus must remain constant and noise free in order to act
as a DC-source for the next stage of converter. The voltage on the DC-bus may not remain constant
because of the sudden loading, load throw, source disturbance etc. A voltage control loop is hence
required to maintain the voltage. The voltage control loop must be able to take care of all these
transient conditions, the bus voltage may ever experience. To predict the performance of the voltage
control loop a small signal model is presented here. This control loop has low-bandwidth because
of the large amount of capacitance present on the DC-bus.
In single phase applications, the DC-bus has a voltage ripple riding the DC bus at the second
harmonic of the AC-line frequency. This ripple appears because of the oscillating supply power in
82

single phase AC sources. The voltage control loop may not be able to remove this low frequency
voltage ripple because in doing so, it might end up distorting the AC-line current more than
allowable limits [28]. The derivation of the small signal model is followed straight from the one
provided in [28] for ideal rectifiers. Unlike the ideal rectifier model given in [28], here the rectifier
is modelled to behave not only as a resistor but an impedance.
The AC input voltage is given by:
𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡) = √2 𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔)

4-77

The instantaneous Volt-Ampere for an impedance is then given by:
2

�𝑣𝑣𝑖𝑖𝑖𝑖 (𝑡𝑡)�
4-78
𝑠𝑠(𝑡𝑡) =
|𝑍𝑍𝑒𝑒 |�𝑣𝑣𝑚𝑚 (𝑡𝑡)�
2
𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
4-79
𝑝𝑝(𝑡𝑡) =
(𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙) − 𝐶𝐶𝐶𝐶𝐶𝐶(2𝜔𝜔𝜔𝜔))
|𝑍𝑍𝑒𝑒 |
Where, ϕ is the power factor angle introduced in the current by the emulated impedance Z e .
Average power (averaged over one line cycle) is then given by:

2
𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙)
|𝑍𝑍𝑒𝑒 |
From output power equation and above equation,

〈𝑖𝑖𝐷𝐷𝐷𝐷 (𝑡𝑡)〉 =

2
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
=
𝐶𝐶𝐶𝐶𝐶𝐶(𝜙𝜙)
〈𝑉𝑉𝐷𝐷𝐷𝐷 〉
|𝑍𝑍𝑒𝑒 |〈𝑉𝑉𝐷𝐷𝐷𝐷 〉
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4-80

4-81

The second harmonic in the power equation as shown above, appears on the DC bus voltage and
then enters the DC bus voltage feedback in the control system. The presence of this ripple will

Ideal Rectifier ‹iDC(t)›
‹vDC(t)›

Paverage
Vin,rms

AC Voltage source

C

Zeq.

R

Fig. 4-7 : Equivalent model of the voltage control loop using averaged parameters for the
proposed converter of Fig. 3-3

make the equations become time varying and hence must be filtered out. Hence, the DC bus voltage
is averaged over half of AC line cycle. Averaging over a switching period removes the switching
harmonics and averaging over the line cycle removes the second harmonic variation from the DCbus voltage, as seen by the controller. The equivalent circuit of the averaged model is shown in
Fig. 4-7 . This is a time invariant, nonlinear model and needs to be linearized about the operating
point in steady state.
The averaged quantities with small variations are:
〈𝑣𝑣𝐷𝐷𝐷𝐷 (𝑡𝑡)〉 = 𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑣𝑣�𝐷𝐷𝐷𝐷 (𝑡𝑡)
〈𝑖𝑖𝐷𝐷𝐷𝐷 (𝑡𝑡)〉 = 𝐼𝐼𝐷𝐷𝐷𝐷 + 𝚤𝚤̃𝐷𝐷𝐷𝐷 (𝑡𝑡)
84

4-82
4-83

𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡)

4-84

𝑣𝑣𝑚𝑚 (𝑡𝑡) = 𝑉𝑉𝑚𝑚 + 𝑣𝑣�𝑚𝑚 (𝑡𝑡)

4-85

𝑉𝑉𝐷𝐷𝐷𝐷 ≫ |𝑣𝑣�𝐷𝐷𝐷𝐷 (𝑡𝑡)|

4-86

𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 ≫ �𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡)�

4-88

The quantities with a tilde sign on top are the small signal ac variations applied to the steady state
quantities such that following hold:

𝐼𝐼𝐷𝐷𝐷𝐷 ≫ |𝚤𝚤̃𝐷𝐷𝐷𝐷 (𝑡𝑡)|

4-87

𝑉𝑉𝑚𝑚 ≫ |𝑣𝑣�𝑚𝑚 (𝑡𝑡)|

4-89

〈𝑖𝑖𝐷𝐷𝐷𝐷 (𝑡𝑡)〉 = 𝑓𝑓(𝑣𝑣𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡), 〈𝑣𝑣𝐷𝐷𝐷𝐷 (𝑡𝑡)〉, 𝑣𝑣𝑚𝑚 (𝑡𝑡))

4-90

Averaged model of the DC bus voltage control loop given by equations 4-82 through 4-85, can be
represented as:

The above expression can be expanded about the quiescent operating point using three dimensional
Taylor series and neglecting of higher order non-linear terms as:
𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 +
𝜕𝜕𝑣𝑣𝐷𝐷𝐷𝐷 +
𝜕𝜕𝑣𝑣
𝜕𝜕𝑣𝑣𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕𝑣𝑣𝐷𝐷𝐷𝐷
𝜕𝜕𝑣𝑣𝑚𝑚 𝑚𝑚
This equation can also be written in terms of small AC variations as:
𝜕𝜕𝜕𝜕𝐷𝐷𝐷𝐷 =

𝚤𝚤̃𝐷𝐷𝐷𝐷 =

Simplifying this equation by,

𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 +
𝑣𝑣�𝐷𝐷𝐷𝐷 +
𝑣𝑣�
𝜕𝜕𝑣𝑣𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕𝑣𝑣𝐷𝐷𝐷𝐷
𝜕𝜕𝑣𝑣𝑚𝑚 𝑚𝑚
𝚤𝚤̃𝐷𝐷𝐷𝐷 = 𝑔𝑔𝑖𝑖𝑖𝑖 𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 −

Where the constants g in , (-1/r 2 ) and j m are given by:
𝑔𝑔𝑖𝑖𝑖𝑖 =

𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
�
𝜕𝜕𝑣𝑣𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣

𝑣𝑣�𝐷𝐷𝐷𝐷
+ 𝑗𝑗𝑚𝑚 𝑣𝑣�𝑚𝑚
𝑟𝑟2

𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 =𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
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=

2 𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
|𝑍𝑍𝑒𝑒 |𝑉𝑉𝐷𝐷𝐷𝐷
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4-92
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4-94

−
𝑗𝑗𝑚𝑚 =

1
=
𝑟𝑟2

𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
�
𝜕𝜕𝑣𝑣𝐷𝐷𝐷𝐷 〈𝑣𝑣

𝐷𝐷𝐷𝐷 〉= 𝑉𝑉𝐷𝐷𝐷𝐷

𝜕𝜕𝑖𝑖𝐷𝐷𝐷𝐷
�
𝜕𝜕𝑣𝑣𝑚𝑚 𝑣𝑣

𝑚𝑚 = 𝑉𝑉𝑚𝑚

= −

= −

𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
|𝑍𝑍𝑒𝑒 |𝑉𝑉𝐷𝐷𝐷𝐷

𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝜕𝜕|𝑍𝑍𝑒𝑒 |
=
|𝑍𝑍𝑒𝑒 |2 𝑉𝑉𝐷𝐷𝐷𝐷
𝜕𝜕𝑣𝑣𝑚𝑚

ginṽin,rms

⇒ 𝑗𝑗𝑚𝑚 =

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝐷𝐷𝐷𝐷 𝑉𝑉𝑚𝑚

jmṽm

-r2

−

2

= −

𝐼𝐼𝐷𝐷𝐷𝐷
𝑉𝑉𝐷𝐷𝐷𝐷

𝑉𝑉𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑅𝑅𝑠𝑠 𝑉𝑉𝐷𝐷𝐷𝐷
× �−
�
|𝑍𝑍𝑒𝑒 |2 𝑉𝑉𝐷𝐷𝐷𝐷
𝑉𝑉𝑚𝑚 2

CL
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RL

Fig. 4-8: Equivalent circuit of the small signal model
The parameters g, r 2 and j m are represented in the equivalent circuit of the small signal model in
Fig. 4-8. Now, from this figure, the control to output transfer function can be given as:
𝑣𝑣�𝐷𝐷𝐷𝐷
1
4-98
= 𝑗𝑗𝑚𝑚 𝑅𝑅𝐿𝐿 ‖𝑟𝑟2
𝑣𝑣�𝑚𝑚
1 + 𝑠𝑠𝐶𝐶𝐿𝐿 (𝑅𝑅𝐿𝐿 ‖𝑟𝑟2 )
Where R L is the incremental load resistance of the load operating at the quiescent point. The input
to output transfer function can be written as:
𝑣𝑣�𝐷𝐷𝐷𝐷

𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑔𝑔𝑖𝑖𝑖𝑖 𝑅𝑅𝐿𝐿 ‖𝑟𝑟2

1
1 + 𝑠𝑠𝐶𝐶𝐿𝐿 (𝑅𝑅𝐿𝐿 ‖𝑟𝑟2 )
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The AC resistance r 2 , is derived from the droop characteristics of the DC power source. In this
application, the DC bus would be feeding a DC-DC isolated converter which poses a constant
power load to the DC-bus. The constant power sources pose an incremental resistance which is
given by:
𝑅𝑅𝐿𝐿 = −

𝑉𝑉 2

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
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Which is equal in magnitude but opposite in sign of the incremental output resistance r 2 . Hence, a
parallel combination of R L and r 2 becomes an open circuit and the control to output and input to
output transfer functions change to:

And,

𝑣𝑣�𝐷𝐷𝐷𝐷
𝑗𝑗𝑚𝑚
=
𝑣𝑣�𝑚𝑚
𝑠𝑠𝐶𝐶𝐿𝐿
𝑣𝑣�𝐷𝐷𝐷𝐷

𝑣𝑣�𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟

=

𝑔𝑔𝑖𝑖𝑖𝑖
𝑠𝑠𝐶𝐶𝐿𝐿
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The transfer functions for constant power loads or otherwise contain a single pole that is contributed
by the DC bus capacitance. The size of the inductor for boost converter based AC-DC converters
is small enough so that it doesn’t contribute significantly to the outer low-bandwidth control loop
dynamics [28]. The inner high-bandwidth control loop makes the inductor appear as a current
source to the converter. Also the bandwidths of the inner and outer control loops are far apart and
don’t interfere with each other hence the inductor impedance doesn’t show up in the small signal
model of the outer voltage control loop.

4.7 Inductor Design
The inductor value can prove to be extremely critical in the design of the converter based on one
cycle controller. The stability of the controller depends on the fact the current ripple should intersect
the carrier edges. Since the slope of current ripple depends on the value of inductor, the value of
inductance plays a critical role in the stability of the converter. The equation 4-38, showing the
stability of the one cycle controller without fictitious controller can be rearranged as:
𝐿𝐿𝑖𝑖𝑖𝑖 >

−𝑣𝑣𝑖𝑖𝑖𝑖 𝑇𝑇𝑠𝑠 𝑅𝑅𝑒𝑒𝑒𝑒
2 𝑣𝑣𝐷𝐷𝐷𝐷
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This equation shows that a minimum amount of inductance is required, to keep the operation of the
converter stable at a particular level of power. This requirement is posed by the OCC controller. It
is clear from this equation that infinite inductance would be required for stable operation of the
converter at no load and the required amount of inductance for stable operation of the converter
increases as the load decreases. The need for higher inductance is reduced on the addition of the
fictitious real current to the controller:
𝐿𝐿𝑖𝑖𝑖𝑖 >

−𝑣𝑣𝑖𝑖𝑖𝑖 𝑇𝑇𝑠𝑠 𝑅𝑅𝑒𝑒𝑒𝑒 𝑅𝑅𝐹𝐹
�
�
2 𝑣𝑣𝐷𝐷𝐷𝐷 𝑅𝑅𝑒𝑒𝑒𝑒 + 𝑅𝑅𝐹𝐹
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(a)

(b)
Fig. 4-9: Simulation results for AC-DC converter control using conventional OCC in (a)
Rectification mode, (b) Inversion mode
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The addition of fictitious current to the controller also has limits. Since the inductance value
depends on the value of R F and also the mode of operation (rectification or inversion) depends on
the value of R F , so it should be selected so as to remain in the desired operating mode.

4.8 Simulation and experimental Results
A 2KVA prototype converter was prepared as explained in the previous chapter. The proposed
control technique was implemented on the TI-DSP TMS320F28335, which has a clock frequency
of 150 MHz. The simulated waveforms of the conventional OCC based PFC converter are shown
in the Fig. 4-9.
The Fig. 4-10 shows the plot of fictitious resistance vs. effective resistance, which shows the range

Re

Inversion mode

Rectification mode

Value of load as seen by the grid

RF
Fig. 4-10: Range of resistance RF for rectification and inversion mode
of R F for rectification and inversion mode of the converter for a given value of an effective
resistance that is visible to the controller.
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The SOGI based quadrature current reference generator is then simulated and its results are shown
in Fig. 4-11 .

Fig. 4-11 : SOGI based quadrature current reference generation
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4-12: Simulation results for converter operation unity power factor (a) rectification
mode, (b) inversion mode, lagging power factor (c) rectification mode, (d) inversion
mode, leading power factor (e) rectification mode, (f) inversion mode
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The Fig. 4-12 shows the simulated and Fig. 4-13 shows the experimental results of the converter
for leading, lagging and unity power factor modes of operation of the converter in rectification as
well as the inversion mode.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4-13 : Experimental results for converter operation unity power factor (a)
rectification mode, (b) inversion mode, lagging power factor (c) rectification mode, (d)
inversion mode, leading power factor (e) rectification mode, (f) inversion mode. For all
above results : Yellow – DC Bus Voltage (20V/div.), Blue – Input AC voltage(20V/div.),
Green, Pink – Input AC current (2A/div.)
The transient performance of the proposed converter is presented in the Fig. 4-14 . The load is
changed from 50% to 100%. The transients on the DC-bus voltage die out in 5-6 line cycles.
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(a)

(b)

(c)
Fig. 4-14 : Transient performance for (a) unity power factor operation, (b) lagging
power factor, (c) leading power factor. For all above curves: Pink – DC-bus voltage
(20V/div.), Yellow- Input AC-side voltage (20V/div.), Blue- Input AC side current
(5A/div.)
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4.9 Summary
The main focus of this chapter was on the development of the control system for the
interleaved AC-DC converter so that it can process power in all four quadrants of the VI-plane.
The OCC control technique was utilized for this purpose. The previously developed control system
for AC-DC converters was presented in detail with the stability analysis. The proposed reactive
current control approach based on OCC was then detailed. Further the stable operation limits of the
control system were then presented. A generalized triangular carrier based modulation analysis was
presented and it was found that by using a double edge carrier the DC offset in the current waveform
can be cancelled. The OCC was then implemented in digital signal processor using a predictive
current control approach. Further by changing the type of carrier from leading edge to lagging edge,
one can control the amount of DC offset in the AC side current of the converter. The converter
large and small signal models of the proposed converter and the control system were presented.
Finally the experimental and simulation results were presented for the proposed reactive power
control system, and change in the modulation carriers. This chapter concludes the theoretical
analysis required for the stable operation of the proposed interleaved AC-DC converter in all the
four quadrants of the VI-plane.
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Chapter 5
Conclusions
5.1 Summary
This thesis has developed a new AC-DC bidirectional converter topology and control
algorithm for EV applications. This converter is a grid interface for EV battery bank, which can
perform bidirectional active and reactive power flow. As discussed in chapter two, the single phase
unidirectional converter topologies for the purpose of EV battery charging are available in the
literature which can process higher currents and still have small size of passive components.
Whereas for providing an interface between an EV battery bank and utility grid the bidirectional
converters do not have optimized topologies. Hence an interleaved full bridge topology was
proposed in this thesis.
An interleaved full bridge topology has the capability of processing higher AC currents
with the use of smaller inductors as compared to a single large inductor. Not only the size of
inductors gets reduced, but also a lower THD content in the AC current can be achieved by the use
of interleaved topology. The factors affecting the choice of passive components were discussed and
design equations developed. Since there was a requirement of impedance in each incoming ACline of the converter, an inductor was introduced. Now, using four small inductors in this kind of
topology would again make the converter bulky. Hence, for size reduction, the coupled inductors
were used in this work.
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The control system required for the above discussed converter was developed based on the
One-Cycle Controller (OCC). A fictitious current was introduced in the controller that makes it
possible to achieve bidirectional power flow as well as reactive power control. The introduced
fictitious current also helps in improving light load stability performance of the converter. The
characteristics of the fictitious current to modify the converter behavior were analyzed and utilized
for achieving the objectives. To achieve reactive power control, a fictitious quadrature component
of current is introduced in the control law. The quadrature component of current is derived from
the grid voltage using second-order generalized integrators. To avoid circuit complexity, the control
technique was then developed to be applied with digital processor. A digital-one-cycle controller
was developed for AC-DC converters. A generalized triangular carrier modulation was analyzed
and double edge-carrier modulation was selected as the preferred carrier for AC-DC converters for
the proposed control technique. Finally, the technique was utilized and applied to interleaved fullbridge converter using unipolar modulation technique. This technique further helps to reduce the
size of the AC side inductor.
The control theory for this converter was implemented on the circuit using a TI-DSP
TMS320F2335. The DSP has built in ADC module and PWM generator modules, which help in
the glitch free implementation and control of the prototype converter.

5.2 Contributions
The main contributions of this thesis are summarized below:
1. Interleaved full-bridge topology for bidirectional active and reactive power control was
introduced in this thesis. Use of this topology helps in reducing the size of the AC side
inductors from one large inductor to a few smaller inductors. The THD content in the AC
side current also reduces by the use of this topology. The implementation of interleaved
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topology using both unipolar and bipolar modulation techniques has been done in this
thesis.
2. Reactive power control using OCC was introduced in this thesis. The fictitious current used
in OCC technique was modified to make the controller incorporate the reactive power
control. The reference value of quadrature component of the current used to perform
reactive power control is generated by the use of AC voltage. Second-order generalized
integrators were fed with the sensed input voltage, which then generates the in-phase and
quadrature current components. These components are then scaled and provided to the
control law to perform active and reactive bidirectional power control.
3. Digital implementation of OCC is proposed in this work. The OCC technique is an
extremely simple and robust analog control technique used for various applications. Here
the OCC technique was used for AC-DC bidirectional converters, but to add the required
capabilities to the controller, keeping the circuits simple, it was necessary to implement the
control on the digital processors. This saves cost and reduces the size of the control circuit.
Hence, a digital OCC technique was developed for AC-DC converter having active,
reactive, bidirectional power processing capabilities. A generalized triangular-carrier based
modulation has been assumed in developing the digital controller, and double edge carrier
was chosen to implement the control law.

5.3 Future Scope
In this section a future scope of work to obtain a better, more efficient, cost effective and a
versatile converter are outlined:
1. In the proposed topology, the AC side has a simple first order inductive filter. To obtain a
better THD performance of the converter, the size of inductor may become large reducing
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the power density of the converter. Hence, to improve the output power quality and achieve
a high power density a third order LCL filter should be investigated.
2. The DC bus voltage controller used in this converter is essentially a PI controller, which
exhibits slow transient performance. More advanced non-linear control techniques can be
used to control DC bus in order to achieve an even faster transient response from OneCycle control technique.
3. The proposed control technique and interleaved topology were simulated and experiments
performed considering that the grid voltage was purely sinusoidal, further work and
experiments are required to confirm the suitability of the proposed techniques in presence
of distorted input voltages, islanding of renewable generation systems and grid
disturbances.
4. Variable frequency control techniques should be investigated to improve THD and
efficiency of the converter at light load conditions.
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Appendix A
Second Order Generalized Integrator– Phase Locked Loop

A general theory and details of digital implementation of the second order generalized integrators
(SOGI) is presented in this section. The SOGI-PLL was used in this thesis for quadrature current
reference generation. The quadrature current reference used for reactive power control needs to be
of the same frequency and must have exactly 90 degree phase difference from the grid voltage. The
need for the reference generation to be in sync with the grid voltage forces us to use grid
synchronization algorithms. Hence, a phase locked loop (PLL) is used with the SOGI to correctly
track the frequency of the grid and provide the frequency feedback to SOGI (Fig.A-2). A PLL is
fundamental concept that produces an output signal which tracks phase angle of the input signal
adaptively. There are three major parts of a PLL, viz. (a) Phase detector (PD) block which calculates
the phase difference between the input and output signals, (b) Loop Filter (LF) which is generally
a low pass filter that tries to reduce the error signal generated by the PD block, and (c) Voltage
Controlled Oscillator (VCO), which generates the output signal. Fig.A-2 shows the basic block
diagram of a PLL with α-β- transformation block as the phase detector, PI controller as the loop
filter and integrator in combination with sinusoidal block as the VCO. The SOGI is used in this
thesis for quadrature current reference generation and is also fed to α-β- transformation block to
calculate the phase difference.
The continuous time transfer function of the second order generalized integrators is given by [134],
[136]–[138]:
𝐺𝐺(𝑠𝑠) =

𝜔𝜔 2
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𝜔𝜔𝜔𝜔
+ 𝑠𝑠 2

A-1

Where ω is the resonant frequency of the SOGI. The block diagram for the equation A-1 is
presented in Fig.A-1. This transfer function has a zero at the origin and two poles at s = ± jω. Since
the transfer function has both the poles on the j-axis, the output of the system would be oscillatory
without damping.
vin

+

1

X

-

vout

s

ω

1

X

s

v’out

Fig.A-1: Fundamental block diagram of second order generalized integrator (SOGI)
To stabilize the system a feedback loop with a gain (K SOGI ) is added to the basic SOGI block. The
block diagram of SOGI with a feedback loop is presented in Fig.A-2. The transfer functions of the
in-phase and quadrature components of the signal incorporating the feedback loop are given as:
𝐺𝐺𝑑𝑑 (𝑠𝑠) =
𝐺𝐺𝑞𝑞 (𝑠𝑠) =

vin

+

KSOGI

+

-

X
ω

𝑉𝑉𝑜𝑜 (𝑠𝑠)
𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝜔𝜔 𝑠𝑠
= 2
𝑉𝑉𝑖𝑖 (𝑠𝑠)
𝑠𝑠 + 𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝜔𝜔 𝑠𝑠 + 𝜔𝜔 2

A-2

𝑉𝑉𝑞𝑞 (𝑠𝑠)
𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝜔𝜔2
= 2
𝑉𝑉𝑖𝑖 (𝑠𝑠)
𝑠𝑠 + 𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝜔𝜔 𝑠𝑠 + 𝜔𝜔 2

1
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vβ
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+
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ωSS
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PLL

Fig.A-2: Block diagram of PLL with SOGI as an orthogonal signal generator
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θ

Where V in is the input voltage signal that needs to be tracked, V o is the output voltage in phase
with the input voltage and V q is the output voltage 90 degrees phase shifted from the input voltage.
The transfer functions given by eq. A-2 and A-3 are of the form of second order band-pass filters
with a center frequency ω. The bandwidth of the filters is controlled by the gain K SOGI . Since the
transfer functions are bandpass filters, the SOGI also helps in rejecting any high frequency noise
in the input grid voltage. Because of all these advantages, SOGI is one of the most ideal solutions
for reactive current reference generation for single phase systems.
The converter in this thesis uses a digital controller implemented using a DSP. Hence the SOGIbased PLL also needs to be discretized to achieve the required performance of the system. The
fundamental block of the SOGI is an integrator. The realization of an integrator controls the
properties of the SOGI and the PLL both. Hence the more accurate the integrator is, the more
accurate will be the system. In this thesis the trapezoidal method was used to realize the integrator.
The equation for the integrator using trapezoidal method is as follows:
𝑦𝑦[𝑛𝑛] = 𝑦𝑦[𝑛𝑛 − 1] +

𝑇𝑇𝑠𝑠
(𝑢𝑢[𝑛𝑛] + 𝑢𝑢[𝑛𝑛 − 1])
2

A-4

The integrator in s-domain can be realized using the above equation in z-domain by:
𝑇𝑇𝑠𝑠 1 + 𝑧𝑧 −1
2 1 − 𝑧𝑧 −1

A-5

Using the trapezoidal method a phase of -90 degrees can be achieved in the entire frequency
spectrum [136]. In order to avoid any algebraic loops the above representation of integrator must
1
𝑠𝑠

be used with the closed loop transfer function. Hence on substituting the integrator representing ,
in the eq.A-5 and rearranging [136]:
𝑥𝑥
−𝑥𝑥
�𝑥𝑥 + 𝑦𝑦 + 4� + �𝑥𝑥 + 𝑦𝑦 + 4� 𝑧𝑧 −2
𝐺𝐺𝑑𝑑 (𝑧𝑧) =
2(4 − 𝑦𝑦)
𝑥𝑥 − 𝑦𝑦 − 4
1 − �𝑥𝑥 + 𝑦𝑦 + 4� 𝑧𝑧 −1 − �𝑥𝑥 + 𝑦𝑦 + 4� 𝑧𝑧 −2

For a cleaner representation,
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A-6

𝑎𝑎1 =
𝑎𝑎2 =
𝑏𝑏0 =
𝑏𝑏0 =

2(4 − 𝑦𝑦)
𝑥𝑥 + 𝑦𝑦 + 4

𝑥𝑥 − 𝑦𝑦 − 4
𝑥𝑥 + 𝑦𝑦 + 4

𝑥𝑥
𝑥𝑥 + 𝑦𝑦 + 4
−𝑥𝑥
𝑥𝑥 + 𝑦𝑦 + 4

A-7
A-8
A-9
A-10

From equations, (A-6), (A-7), (A-8), (A-9) and (A-10),
𝐺𝐺𝑑𝑑𝑑𝑑 (𝑧𝑧) =
𝐺𝐺𝑞𝑞𝑞𝑞 (𝑧𝑧) =

𝑏𝑏0 + 𝑏𝑏2 𝑧𝑧 −2
1 − 𝑎𝑎1 𝑧𝑧 −1 − 𝑎𝑎2 𝑧𝑧 −2

1 − 𝑧𝑧 −2
1 − 𝑎𝑎1 𝑧𝑧 −1 − 𝑎𝑎2 𝑧𝑧 −2

A-11
A-12

q-axis current

d-axis current
Input Voltage

(a)
q-axis current

d-axis current
Input Voltage

(b)

Fig.A-3: Simulated waveforms for block diagrams of Fig.A-2. (a) Quadrature reference
generation without any distortion in input voltage. (b) Quadrature reference generation
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Where G dz (z) and G qz (z) are the z-domain transform of the equations A-2 and A-3. These transfer
functions can be directly implemented in the DSP using the past values of the individual
parameters.

Simulation Results
The simulation results of the digital SOGI based PLL is presented in this section. The single phase
converter as described in chapter-3 was used. The Fig.A-3 shows the quadrature reference
generation from the input AC voltage containing zero percent and five percent third harmonic
distortion. It is clearly seen that the SOGI rejects the third harmonic voltage and provides a clean
reference for the converter.
The change in frequency from 58Hz to 62 Hz was simulated to verify the performance of the PLL
based on SOGI. The Fig.A-4 shows the performance of SOGI-PLL. The feedback system is able
to track the changed frequency within less than two AC-line cycles.

Fig.A-4: Transient performance of SOGI based PLL for a step change in frequency
from 58Hz. To 62Hz. (Top: Dark curve- q-axis current, light curve – d-axis current)
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