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Abstract
This thesis presents topologies and control methods to improve the efficiency and dynamic
response of Electric Vehicle (EV) power converters. There are three main converters in an EV
power conditioning system: a plug-in AC/DC converter, a low-voltage DC/DC converter, and a
three-phase inverter. The focus of this thesis is to improve the plug-in AC/DC converter and the
low-voltage DC/DC converter.
A new topology is proposed to improve the efficiency and increase the reliability of the plugin AC/DC converter. The plug-in AC/DC converter consists of a Power Factor Correction (PFC)
stage, which is followed by a high voltage DC/DC converter for galvanic isolation. The proposed
approach includes a simple and effective auxiliary circuit for the PFC stage, which guarantees
soft-switching for the power switches. Next, a current-driven full-bridge topology is proposed for
the high-voltage DC/DC conversion stage, which guarantees soft-switching and eliminates
voltage spikes across the output diodes. Also, two control approaches are proposed in order to
improve the dynamic response of the AC/DC converter. The first controller is based on nonlinear
differential flatness theory, which can be used to improve the transient response of the AC/DC
converter. The second controller is based on an optimized stabilizing control-Lyapunov function,
which extends the stability margins and improves reliability.
An optimized variable-frequency phase-shift controller is proposed for the low voltage
DC/DC converter, which adaptively controls the amount of reactive current required to maintain
soft-switching throughout the whole range of operation and minimizes the switching and
conduction losses of the converter.
Mathematical analysis, simulation, and experimental results are presented to verify the
performance of the proposed techniques.
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Chapter 1
Introduction
Power converters are the prime components of advanced Electric Vehicles (EVs). Advanced
power converters will soon be responsible for a major part of the automotive industry. The
automotive market is rapidly moving towards “more electric” vehicles because vehicles that use
fossil fuels are one of the main causes of rising energy costs and harmful emissions. Additionally,
diminishing fossil fuel reserves are making the transition to electric vehicles imperative. In the
past few years, advanced Hybrid Electric Vehicles (HEVs) have been commercialized and
available in the markets. For instance, Toyota Prius, Toyota Highlander Hybrid, Toyota Camry
Hybrid, Lexus RX 400 h, Honda Insight, Honda Civic Hybrid, Honda Accord Hybrid, and Ford
Escape Hybrid are among some of the commercialized HEVs. Plug-In Hybrid Electric Vehicles
(PIHEVs) and Plug-In Pure Electric Vehicles (PIPEVs) are also becoming popular due to the
resulting savings in fuel costs and environmentally-friendly operation. Chevrolet Volt 2012 and
Nissan LEAF 2012 are among the commercialized plug-in hybrid and plug-in pure electric
vehicles, respectively. However, before electric vehicles dominate the mainstream automotive
market, there are certain challenges to be addressed. Processing the electrical energy that flows
into the energy storage system, through power converters, is one of the main challenges that
needs to be addressed in order to allow EVs to succeed in the automotive market. Power
converters, which control the flow of electrical energy within EVs, are the key components
required to make EVs more efficient and more reliable [1].
In the first half of the past century, a 6V electric system was used in cars to provide electrical
energy for ignition, cranking, and a few lighting loads. Since then, there has been a constant rise
1

in electrical energy demands in vehicles. Such demands have forced designers to increase the
voltage level in vehicular applications. The electrical system voltage level in automobiles has
been scaled up from 6V to 12V in response to increasing electric power demands. With the everincreasing electrical energy demands, the electrical system voltage level is further increasing to
42V, 300V, or even higher [2]-[6]. Therefore, there is a high-voltage bus in the electrical system
of the vehicle. This high voltage bus is usually supported by a high-energy battery pack to store
energy. Thus, it is essential to have an AC/DC converter to charge the high-energy battery. Also,
due to the increase in the voltage level, it is essential to have a DC/DC converter to supply
different ancillary loads in the vehicle. Therefore, the AC/DC converter and the DC/DC converter
are two main components of the power conditioning system in EVs. Figure 1.1 shows a typical
block diagram of an EV power conditioning system. The power conditioning system includes: an
AC/DC converter, a three-phase inverter and a DC/DC converter. The focus of this thesis is to
improve the performance of the AC/DC converter and DC/DC converter.

High Voltage BUS
High Power
Loads

AC/DC
Converter

DC/AC
Inverter

3-phase
Motor

12V-BUS

High Energy
Battery Pack

DC/DC
Converter
Low Power
Loads

12V Battery

Figure 1.1: Block diagram of EV power conditioning system.
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1.1 AC/DC Converter
The AC/DC converter is the first building block required to supply energy from the utility
main to the plug-in electric vehicles. Because the AC/DC converter is the interface between the
vehicle electrical system and the utility main, it must comply with the standard requirements of
both the utility main and the EV electrical system. The utility main imposes very strict regulatory
requirements, such as IEC 1000-3-2 [7] and IEC 100-3-4 [8], in terms of the quality of the power
processed through the utility main. This requires the input current drawn by the converter to be
nearly sinusoidal at the line frequency and in phase with the input voltage. Also, from the
perspective of the load, a well-regulated DC current should be supplied to the high-energy battery
pack. In conventional AC/DC converters, a diode rectifier performs the AC/DC conversion at the
input stage. The diode rectifier introduces some adverse effects on the AC side of the converter.
These effects include distortion of the input current, input voltage dip due to the presence of a
large capacitor, and electromagnetic noise injected to the main from the converter [9].
Figure 1.2 shows the typical block diagram of a front-end AC/DC converter. This block
diagram includes a PFC stage at the input side, followed by a high voltage DC/DC converter. The
PFC converter shapes the input current in order to achieve a high quality input power, and the
high voltage DC/DC converter provides galvanic isolation. In the following sections, state-of-theart topologies for the PFC stage and the DC/DC stage, as well as the problems related to them, are
explained.
DC-Link
AC

Power Factor
Correction
(PFC)

High Voltage
DC/DC
Converter

High
Voltage
Battery

Figure 1.2: General block diagram of a front-end AC/DC converter.
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1.1.1 Power Factor Correction
The most popular topology used for the PFC stage is the boost converter. The boost converter
provides improved performance for implementing power factor correction and scales up the
voltage at the DC link. Different state-of-the-art topologies for the PFC stage, and drawbacks
related to these topologies for this application, are summarized in this section:
1. Bridgeless PFC Topologies
Bridgeless PFC topologies avoid the need for an input rectifier bridge, yet they
maintain the classic boost topology [10]-[19]. Bridgeless topologies are attractive for
high-power applications, because they have easier heat management. However,
bridgeless topologies produce much higher conducted Common Mode (CM)
electromagnetic interference (EMI) noise than conventional boost PFC converters [13],
[14]. Thus, significantly larger CM chokes are required in order to meet EMI standards,
which increases the cost of the converter while decreasing the power density. In addition,
bridgeless topologies usually have a floating input line with respect to the boost ground,
which makes it impossible to sense the input voltage without a low frequency transformer
or an optical voltage sensor. Also, in order to sense the input current, complex circuitry is
required to separately sense the current in the MOSFET and diode paths, because the
current path does not share the same ground during each half-line cycle. The
aforementioned difficulties related to the bridgeless topologies highly restrict their use in
this application.
2. Soft-Switched PFC Topologies with Active Auxiliary Circuits
Active resonant auxiliary circuits are usually used to implement soft switching in
these topologies [20]-[37]. The active resonant auxiliary circuits include semiconductor
4

devices, which are turned on prior to the main switch in order to discharge the output
capacitor of the main switch. Thus, the auxiliary circuits are only active for switching
transitions. Although the active auxiliary circuits are able to provide soft-switching for
different load conditions, they usually include additional active and passive components.
The auxiliary switches also need to be precisely controlled with respect to the main
switch, which increases the complexity of the system and decreases reliability.
Additionally, the auxiliary switches should normally withstand a high peak
current/voltage in order to maintain ZVS for different load conditions. Higher cost and
complexity as well as lower reliability and robustness are the main drawbacks, which
limit the use of these topologies in this application.
3. Soft-Switched PFC Topology with Passive Auxiliary Circuits
Soft switching can be achieved by using passive auxiliary circuits in the PFC
converter [38], [39]. Passive auxiliary circuits, unlike active auxiliary circuits, do not
require additional semiconductors and do not increase the complexity of the PFC. Despite
the fact that soft-switched PFC topologies with passive auxiliary circuits are tailored for
this application, they have some adverse effects on the converter. Passive auxiliary
circuits usually provide a constant amount of reactive current in order to implement ZVS
for the converter. Therefore, the amount of reactive current is determined based on the
worst case in order to be able to guarantee ZVS for the entire operating range. The fact
that passive auxiliary circuits are not optimized for different load conditions diminishes
their advantages for this application, since this application has a very wide load range.
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There is also a major drawback in the conventional control system of the boost PFC
converter. Due to the pulsating power in a single-phase AC system, there is a significant amount
of 2nd-harmonic ripple present in the output voltage of the converter. Because there is a 2nd
harmonic ripple in the DC-bus capacitor, the voltage loop should have a low bandwidth so that it
does not affect the input power factor. State-of-the-art control methods attempt to mitigate this
issue by using advanced control and signal-processing techniques. The state-of-the art control
methods and their drawbacks are summarized as follows:
1. Fast Voltage Loop based on Notch Filters
The double-frequency ripple at the output voltage can be filtered using a digital comb
filter [40], [41]. The digital comb filter is able to effectively remove the double-frequency
ripple with a small amount of phase delay and increase the controller bandwidth.
However, a high-order digital filter is required to implement this technique and the
response is still affected by the phase lag of the filter. Thus, the complexity of the digital
algorithm offsets the advantages of this technique.
2. Fast Voltage Loop based on Pseudo-Continuous Conduction Mode (PCCM)
The boost PFC converter can have a simple and fast voltage loop in Discontinuous
Conduction Mode (DCM), which gives a better transient response than the one obtained
in CCM. However, for the level of power required in this application, it is not economical
to operate in DCM due to excessive losses and current distortion. The improved transient
response of the DCM can be captured, without the accompanying drawbacks, through
PCCM [42]-[44]. In PCCM, the inductor voltage is set to zero, through a switch across
the inductor, and a constant current circulates through the switch and the inductor for a
portion of the switching cycle. This converter shows similar dynamic performance to the
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PFC in DCM mode. Therefore, a simple voltage mode controller with a fast transient
response can be implemented for this converter. However, due to the high amount of
circulating current in the inductor and the extra switch across the inductor, this solution is
not very efficient and practical for this application.
3. Fast Voltage Loop based on Coarse Sampler
The double-frequency ripple can be removed by coarsely sampling the output voltage
[45]. If the output voltage is synchronously sampled with a double-frequency sampler,
the double frequency is inherently rejected though the sampling. Despite the fact that this
method is able to effectively cancel out the double-frequency ripple, the implementation
of the coarse sampler requires a precise synchronization circuit, which increases the
complexity and cost of the converter.

1.1.2 High-Voltage DC/DC Converter
According to Figure 1.2, DC/DC converters are used in order to provide galvanic isolation
after the PFC stage, as the second stage of the AC/DC conversion. In addition to high efficiency,
high power density, and high reliability, the main challenge for high-voltage DC/DC converters
in this application is the wide range of operation.
In particular, in the high-voltage DC/DC stage the main issue is the poor performance due to
the transformer parasitic components. The presence of a significant amount of transformer
parasitic components is inevitable because of the high output voltage. The parasitic components
produce voltage spikes across the output diode rectifier and draw high oscillatory current from the
primary side, especially for high switching frequencies. These adverse effects are intensified as
7

the load increases. This situation forces the designers to choose overrated components in order to
achieve reliable operation. Recently proposed topologies, which deal with these issues, are listed
as follows:
1. Current-Driven Resonant Topologies
Parasitic components can effectively be used to transfer power in resonant
topologies. In particular, current-driven resonant topologies provide improved
performance for high-voltage applications. Because the current-driven resonant
topologies provide current pulses for the secondary side, the performance of the output
diodes can be highly improved [46]-[47]. Recently-proposed high-order current-driven
resonant topologies are also able to extend the ZVS range of operation, which is
necessary for this application [48]. The main drawback of the high-order current-driven
resonant topologies is the use of too many passive components for processing the main
power. This approach limits the efficiency and power density of the converter. In
addition, extending the ZVS range of operation to zero load requires a high circulating
current.
2. Active Clamp Topologies
Active clamp circuits are used to clamp the voltage across the diode rectifier in order
to remove the voltage spikes [49]-[53]. In active clamp circuits, a pre-charged capacitor
is usually placed across the diode rectifier though a semiconductor device. Although the
active clamp circuits are able to clamp the voltage, they increase system complexity and
degrade system reliability due to the additional gate drive/isolation circuitry required for
the clamp circuit.
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3. Energy-Recovery Clamp Circuits (ERCCs)
Energy-recovery clamp circuits are used to clamp the voltage spikes by using
additional passive components and diodes in order to recover the energy lost during the
voltage spikes [54]-[60]. Because there are no active components in ERCCs, they can
greatly simplify the converter and decrease the complexity. However, the effectiveness of
ERCCs is highly dependent on the duty ratio and load condition. Because of the wide
range of operation in this application, ERCCs are therefore not an appropriate choice.
Also, ERCCs are only able to decrease the voltage spikes, but not completely remove
them.

1.2 DC/DC Converter
The DC/DC converter is used to process the power between the high-voltage bus and the lowvoltage (12V) bus. With ever-increasing loads on the 12V battery, the DC/DC converter must
process larger amounts of power. Luxury loads have also increased over time, which imposes
more burdens on the 12V battery. Thus, a high output current is one of the challenges related to
the DC/DC converter used in the power conditioning system. The other challenge is the wide
range of operation required by this application. The DC/DC converter should robustly operate
from zero load conditions to full-load conditions.
The state-of-the-art topologies for relevant DC/DC converters are summarized as follows:
1. Resonant-based Topologies
Resonant topologies are attractive due to their ability to take advantage of the
parasitic components in DC/DC converters and provide soft switching. Current-driven
resonant topologies in particular, are able to improve the performance of the converter for
9

the secondary side. However, the current-driven topologies have problems producing the
gate signals for the synchronous rectifier [62]-[66]. They need complicated circuitry to
implement the gate circuit of the synchronous rectifier. The use of the synchronous
rectifier is inevitable in this application due to the high output current. Voltage-driven
resonant topologies usually need a high amount of circulating current in order to ensure
soft switching for a wide range of operation, which makes them less attractive for this
application [67]-[70].
2. Soft-Switched Topology based on Active Auxiliary Circuits
Active auxiliary circuits can be employed to provide soft switching for the converter
[71]-[73]. However, increased complexity in these topologies limits their usage for EVs.
3. Soft-Switched Topology based on Passive Auxiliary Circuits
Passive auxiliary circuits are able to effectively provide soft switching for the
converter for a wide range of load variations, while keeping the power circuit simple and
practical for this application [74]-[77]. The main difficulty with the passive auxiliary
circuits is that they provide a constant amount of circulating current throughout the whole
range of operation. Therefore, the converter suffers from low efficiency for a wide range
of loads, which is not desirable for this application.

1.3 Comments on the Existing Topologies
The analysis of existing state-of-the-art topologies and control methods of the EV powerconditioning system, highlighted in Section 1.1 and Section 1.2, suggests that EVs can only
dominate the automotive market if these topologies and control methods are improved. There is a
great need to find a topology that can provide better performance while at the same time keeping
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the power circuit simple to limit complexity and cost. The main problems with the existing
topologies are summarized below:
(1) High number of active and passive components required to implement soft-switching.
(2) High circulating current.
(3) Slow transient response.
(4) High voltage and current stress.
(5) High complexity and low reliability.

1.4 Thesis Objectives
The following are the objectives of this thesis:
1. Development of an enhanced DC/DC converter, which processes the power between
the high voltage DC-bus and 12V DC-bus. The converter should have the following
features:
a. Regulate the output voltage and the output current of the converter according
to the charging curve of the 12V battery.
b. Operate under ZVS from no-load conditions to full-load conditions.
c. Optimize the amount of reactive current required to guarantee ZVS, based on
the load condition, resulting in improved efficiency for the entire load range.
2. Development of an enhanced AC/DC converter, which charges the high voltage
battery from the utility mains. The converter should have the following features:
a. The input current complies with the regulatory standards, IEC 1000-3-2 and
IEC 1000-3-4.
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b. Eliminate the switching losses of the PFC stage to improve the efficiency of
the AC/DC converter.
c. A new control system for the PFC stage that improves the transient response
of the converter.
d. Eliminate the voltage spikes of the output diode rectifier for the high voltage
DC/DC conversion stage.

1.5 Thesis Contributions
The major contributions of this thesis are summarized as follows:
1. A ZVS interleaved boost PFC converter is proposed, which guarantees ZVS for the
whole line cycle.
2. An optimized control system for the PFC converter is proposed, which minimizes the
amount of circulating current required to guarantee ZVS.
3. A nonlinear controller based on differential flatness theory is proposed in order to
improve the transient response of the AC/DC converter.
4. An optimal stabilizing nonlinear controller is proposed, which extends the stability
margins of the closed-loop system for the AC/DC converter.
5. A current-driven full-bridge topology is proposed, which eliminates voltage spikes across
the output diodes and increases the efficiency of the high-voltage DC/DC converter used
as the second stage of AC/DC converter.
6. A load-adaptive variable-frequency phase-shift control system is proposed, which
optimizes the amount of reactive current required to guarantee ZVS based on the precise
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analysis of the leading-leg and lagging-leg switching transitions for the low voltage
DC/DC converter.

1.6 Thesis Organization
This thesis is organized as follows. Chapter 2 reviews different topologies and control
systems proposed in the literature for the AC/DC converter and DC/DC converter. The ZVS
interleaved boost PFC converter is proposed in Chapter 3. This chapter also discusses the
frequency loop utilized to optimize the auxiliary circuit current during the line cycle for different
line voltages and different loads. This chapter also introduces two control techniques based on the
nonlinear control theory to improve the transient performance and stability of the boost PFC
converter. The current-driven full-bridge topology for the high voltage DC/DC converter is
presented in Chapter 4. Chapter 5 presents a new control approach, which optimizes the amount
of reactive power required to guarantee ZVS for the low-voltage DC/DC converter. Precise
derivations of the converter dynamics during switching transitions for the leading leg and lagging
leg are given in this chapter. This chapter also explains the implementation of the low-voltage
DC/DC converter in detail. Finally, a conclusion and summary of the thesis are given in Chapter
6.
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Chapter 2
Literature Review
In this chapter, a review of the literature related to the two main converters used in the EV
power conditioning system is presented. The two main converters are the AC/DC converter,
which is used to charge the traction battery, and the DC/DC converter, which is used to charge
the 12V battery. Figure 2.1 shows the integration of the AC/DC converter and DC/DC converter
into the EV power conditioning system.

High Voltage BUS
High Power
Loads

AC/DC
Converter

DC/AC
Inverter

3-phase
Motor

12V-BUS

High Energy
Battery Pack

DC/DC
Converter
Low Power
Loads

12V Battery
Figure 2.1: Block diagram of EV power conditioning system.
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2.1 AC/DC Converter
The high-energy battery pack is typically charged from a utility AC outlet. An AC/DC
converter performs the energy conversion while the battery is charging. Such AC/DC converters
usually consist of two stages: a front-end boost converter, which performs input power factor
correction (PFC) as well as AC/DC conversion, and a high-voltage DC/DC converter for battery
charging and galvanic isolation [42]. PFC is essential to improve the quality of the input current
drawn from the utility in order to comply with the regulatory standards, such as IEC1000-3-2 and
IEC 1000-3-4. The high-voltage DC/DC converter is necessary for galvanic isolation. In this
section, the literature review for both the PFC stage and the high-voltage DC/DC converter is
presented.

2.1.1 Power Factor Correction
Recently, the power factor correction (PFC) stage has become a neccessary part of the frontend AC/DC converters. PFC shapes the input current of the AC/DC converter in order to achieve
the high-quality input power mandated by regulatory standards [7], [8]. There are two general
PFC circuits used to eliminate input current harmonics: passive PFC circuits and active PFC
circuits. In passive PFC circuits, LC filters that are tuned to the low-order current harmonics are
used to increase the quality of the input current. The bulky size of the passive PFC circuits is the
main drawback of this approach. The active PFC approach utilizes switching converters to shape
the input current. The active approach has several advantages over the passive one, such as a
much smaller size, and better power quality due to the use of a high switching frequency.
The most popular topology used for the PFC stage is the boost converter. The boost converter
provides improved performance for realizing power factor correction and scales up the voltage at
15

the DC-link. Figure 2.2 shows the schematic of the boost PFC converter. The boost circuit
includes a power switch, which allows the rectifier to draw current from the utility main during
the entire power cycle. The boost PFC circuit operates either in Discontinuous Conduction Mode
(DCM) or Continuous Conduction Mode (CCM), depending on the power level and the
application. Operation in CCM results in better utilization of power devices, lower conduction
losses, and lower input current ripple. On the other hand, boost converters operating in DCM
have lower reverse recovery losses and lower turn-on losses for the switch. For applications
whose power requirements exceeds a few kW, the boost PFC converter is usually designed to
operate in CCM.
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Figure 2.2: Boost PFC converter schematic.

The main problem regarding the boost topology is the hard-switching of the power devices,
which creates a significant amount of switching losses. The main sources of switching losses in
boost PFC converters are the hard turn-on of the MOSFET and the reverse recovery of the boost
diode during its turn-off. Several topologies have been introduced to reduce the power losses of
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the PFC converter, including switching losses and conduction losses. In the following sections,
the previously proposed topologies are categorized and briefly explained.

2.1.1.1 Bridgeless PFC Topologies
Figure 2.3 shows the basic topology of the bridgeless boost PFC converter [10]-[19].
Bridgeless PFC topologies decrease power losses by reducing the number of semiconductor
devices that carry the main current. However, bridgeless boost PFC has a significantly larger
amount of conducted Common Mode (CM) electromagnetic interference (EMI) noise than the
conventional PFC boost rectifier [13]–[14]. The reason for this behavior is that, in the
conventional boost PFC, the output ground is always connected to the AC source through the fullbridge rectifier. However, in the bridgeless boost PFC, the output ground is connected to the AC
source only during a positive half-line cycle through the body diode of the MOSFET, whereas
during a negative half-line cycle, the output ground is pulsating relative to the AC source with a
high frequency and with an amplitude equal to the output voltage. The high frequency pulsating
voltage source charges and discharges the equivalent parasitic capacitance between the output
ground and the AC line ground, resulting in a significantly increased CM noise. Thus,
significantly larger CM chokes are required in order to meet EMI standards, which increases the
cost of the converter while decreasing the power density. In addition, bridgeless topologies
usually have a floating input line with respect to the boost ground, which makes it impossible to
sense the input voltage without a low frequency transformer or an optical voltage sensor. Also, in
order to sense the input current, complex circuitry is required to separately sense the current in
the MOSFET and diode paths, because the current path does not share the same ground during
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each half-line cycle. The aforementioned difficulties restrict the use of bridgeless topologies in
this application.
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Figure 2.3: Basic bridgeless boost PFC converter [10].

2.1.1.2 Boost PFC Converter with Auxiliary Circuits
Several topologies have been introduced in the literature to provide soft-switching for the
boost converter [20]-[39]. Previously proposed topologies usually include an auxiliary circuit to
provide soft-switching transitions. The typical placement of a ZVS auxiliary circuit is shown in
Figure 2.4. Commonly, these auxiliary circuits consist of a combination of passive components,
such as small inductors and capacitors, and additional active components, such as MOSFETs and
diodes.
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Figure 2.4: Placement of ZVS auxiliary circuit in boost PFC converter.

Auxiliary circuits in ZVS-PWM single-switch converters are generally one of two types, nonresonant [20] or resonant [21]-[37], depending on whether there is an LC resonant network placed
in series with the switch. Typical non-resonant and resonant ZVS auxiliary circuits are shown in
Figure 2.5(a) and Figure 2.5(b)-(d), respectively. There is a third type, known as dual auxiliary
circuits [28], that is a combination of both resonant and non-resonant circuits. These circuits are
shown in Figure 2.5(e).
For each converter in Figure 2.5, the auxiliary switch is turned on just before the main
converter switch is to be turned on. The auxiliary switch is used to discharge the capacitor across
the main switch so that it can turn on with ZVS. Some capacitance, either internal to the device or
external, is needed to slow down the rise in voltage across the main switch so that it can turn off
with ZVS.
The auxiliary switch is turned off shortly after the main switch is turned on, and all the
energy in the auxiliary circuit is eventually transferred to the output. After this is finished, the
auxiliary circuit is fully deactivated and the converter operates like a conventional PWM
converter. The components in the auxiliary circuit have lower ratings than those in the main
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power circuit because the circuit is active for a fraction of the switching cycle. This allows a
device that can turn on with fewer switching losses than the main switch to be used as the
auxiliary switch.
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Figure 2.5: ZVS-PWM AC-DC boost converters with auxiliary circuits [21]-[37].
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The addition of an active auxiliary circuit to a PWM converter can eliminate the reverserecovery current of the main power boost diode if a Si device is used. It can be seen from Figure
2.5, that all of the auxiliary circuits have an inductor located in series with the auxiliary switch.
This allows current to be gradually transferred away from the boost diode to the auxiliary switch
when it is turned on so that the charge in the diode is slowly removed. With such a gradual
transition of conduction state, the diode can stop conducting and there will be no reverse-recovery
current.
The main drawbacks of the previously proposed auxiliary circuits for single switch boost PFC
converters are the use of additional semiconductor devices, such as diodes and MOSFETs, as well
as passive components and the additional losses associated with the auxiliary circuit. In resonanttype auxiliary circuits, the main switch can suffer from additional current stress [25], while in
non-resonant type auxiliary circuits, the auxiliary switch may undergo hard switching [20]. These
problems in the ZVS auxiliary circuit tend to offset the gain in efficiency achieved by the soft
switching of the main boost switches. In addition, the gating pulse of the auxiliary switch must be
precisely synchronized to that of the main switch, which increases the complexity of the boost
PFC control system and decreases the reliability and robustness of the converter.
It should also be noted that in EV power-conditioning systems for this application, high
efficiency of the power stages is imperative. The front-end AC/DC boost PFC converter plays a
key role in transferring power from the external utility mains to the EV battery packs, and the
boost diodes in this converter are key sources of losses. Recently, SiC diodes are gaining
popularity in AC/DC boost converters [33] because they have near-zero reverse-recovery losses.
However, SiC diodes normally have greater forward voltage drops, typically 2.4V or more, as
compared to 1.2V in Si diodes for a 600V device. Thus, the use of Si diodes in a high-power
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(3kW or more) AC/DC boost PFC converter contributes to high reverse recovery losses, while the
use of SiC diodes contributes to high conduction losses in such converters.

2.1.1.3 Control System of Boost PFC Converter
The boost PFC stage in the AC/DC converter shapes the input current and, at the same time,
regulates the voltage of the intermediate DC bus. A pulse-width modulation (PWM) scheme is
commonly employed to control the boost switch in order to shape the input current and regulate
the intermediate DC-bus voltage. Figure 2.6 depicts the control system of the boost PFC
converter. The control system includes an external voltage loop and an internal current loop. The
voltage loop regulates the voltage of the intermediate DC link and the current loop shapes the
inductor current in order for it to be in phase with the input voltage.
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Figure 2.6: Boost PFC control system.
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There is a major drawback in the conventional control system of the boost PFC converter. In
a single phase AC system, there is a significant amount of 2nd-harmonic ripple present in the
output voltage of the converter due to the pulsating power. Thus, the voltage loop should have a
low bandwidth so that it does not affect the input power factor by modulation due to the 2ndharmonic ripple present in the DC bus capacitor. Typically, the cut-off frequency of such a
voltage control loop is as low as only 10Hz in order to remove the 2nd-harmonic ripple at the DCbus voltage, which would otherwise modulate the control signal at the controller output, giving
rise to 3rd-harmonic distortion of the input current. This low-bandwidth voltage control loop leads
to a sluggish transient response, or high overshoots and undershoots in the DC-bus voltage during
load transients. Therefore, the transient response of the control system is quite slow relative to
load changes. This behavior leads to unwanted over-designing of downstream converters, which
affects their efficiency and overall cost.
A few solutions have been proposed in the literature to solve the problem outlined above
[40]-[45]. One approach is to increase the bandwidth of the voltage loop of the controller by
implementing a complicated digital notch filter that is tuned to the second harmonic frequency
and its multiples in order to remove the 2nd harmonic ripple at the DC bus voltage [40], [41].
Although this control system has better performance than the conventional controller,
implementation of the self-tuning digital comb filters involves complex digital algorithms and
hence creates an additional computational burden on the digital signal processor (DSP).
The boost PFC converter can have a simple and fast voltage loop in Discontinuous
Conduction Mode (DCM), which gives a better transient response than the one obtained in CCM.
However, for the level of power required in this application, it is not economical to operate in
DCM due to excessive losses and current distortion. The improved transient response of the DCM
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can be achieved, without the accompanying drawbacks, through PCCM [42]-[44]. In PCCM, the
inductor voltage is set to zero, through a switch across the inductor, and a constant current
circulates through the switch and the inductor for a portion of the switching cycle. Figure 2.7
shows the schematic of the PCCM boost PFC converter. This converter shows similar dynamic
performance to the PFC in DCM mode. Therefore, a simple voltage-mode controller with a fast
transient response can be implemented for this converter. However, due to the high amount of
circulating current in the inductor and the switch across the inductor, this solution is not efficient
and practical for this application.
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Figure 2.7: PCCM boost PFC converter.

In order to mitigate the second-harmonic issue, some papers propose using a digital controller
with coarse samplers in order to remove the second-harmonic ripple at the bus voltage [45]. If the
output voltage is synchronously sampled with a double-frequency sampler, the double-frequency
is inherently rejected though the sampling. Despite the fact that this method is able to effectively
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cancel out the double frequency ripple, the implementation of the coarse sampler requires a
precise synchronization circuit, which increases the complexity and cost of the converter.

2.1.2 High-Voltage DC/DC Converter
In order to have galvanic isolation, the second stage of the AC/DC converter is an isolated
high voltage DC/DC converter. The full-bridge topology is the most popular topology used in the
power range of a few kilowatts (1-5kW) for DC/DC converters, and for this power range,
MOSFETs are mainly used to implement the full-bridge converters. Also, in order to have robust
and reliable operation, MOSFETs should be switched under zero voltage. Operation with Zero
Voltage Switching (ZVS) has numerous advantages including reduction of the converter
switching losses, and a noise-free environment for the control circuit, etc. The conventional fullbridge converter loses its ZVS capability at light loads depending on the leakage inductance of
the transformer. Loss of ZVS implies high switching losses at high switching frequencies, and
also high EMI due to the high di/dt of the snubber discharge current.
In battery-charger applications, ZVS is important because the converter might be operating at
no load for a long period of time when the battery is charged. The converter should be able to
safely operate under such zero-load conditions. Because ZVS in conventional full-bridge PWM
converters is achieved by utilizing the energy stored in the leakage inductance to discharge the
output capacitance of the MOSFETs, the range of ZVS operation is highly dependent on the load
and the transformer leakage inductance. Thus, this converter is not able to ensure ZVS operation
for a wide range of load variations.
Figure 2.8 shows the schematic of the conventional full-bridge converter. In high-voltage,
high-frequency applications, the conventional full-bridge converter has poor performance,
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especially in the transformer secondary side. Basically, the leakage inductance of the transformer
causes voltage spikes across the output diodes. Increasing the switching frequency of the
converter intensifies these spikes. Thus, the diodes should be designed such that they are be able
to withstand the voltage spikes. This leads to higher losses due to the higher forward voltage drop
of the diodes and worse reverse recovery characteristics. In addition, the spikes significantly
increase the EMI noise of the converter. This fact makes the topology impractical for highfrequency, high-voltage applications.
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Figure 2.8: Conventional full-bridge converter.
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There are quite a few published work, which have proposed solutions for the voltage spikes
across the output diodes. Some previously published work tried to decrease the leakage
inductance as much as possible through the transformer winding structures, which effectively
decreased the peak of the voltage spikes across the output diodes. However, reducing the leakage
inductance decreases the ZVS operating range of the full-bridge converter, which results in a very
narrow range of ZVS operation. In [61], an R-C-D snubber circuit is used to mitigate the voltage
spikes across the diodes. Figure 2.9 shows the full-bridge converter with an R-C-D snubber
circuit. The main problem with the snubber circuit is the amount of losses in the snubber resistor,
which considerably degrades the efficiency of the converter especially at higher power and higher
switching frequencies. Moreover, it can only reduce the peak value of the voltage spikes.

+

S3

S1

vBUS
A

B

CBUS
S2

S4

Lf
Lleak

Ds

Rs
Cf

Cs

Figure 2.9: Full-bridge with R-C-D snubber circuit.
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Active clamp circuits are able to clamp voltage spikes and significantly reduce the power
losses compared to R-C-D snubber circuits. Figure 2.10 shows the basic active clamp circuit used
to clamp the voltage spikes at the secondary side of the transformer. In [49]-[53], different active
clamp circuits have been proposed to clamp the voltage across the output diodes. This method can
effectively clamp the voltage spikes of the output diodes. However, the active clamp circuit
increases the complexity of the converter. Generally, active auxiliary circuits are not preferable in
automotive applications due to reliability issues, and cost and complexity of extra
semiconductors, drive/isolation circuits.
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Figure 2.10: Full-bridge with active clamp circuit.
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Another solution proposed in the literature to mitigate voltage spikes across the output diodes
is Energy Recovery Clamp Circuits (ERCCs). Figure 2.11 shows a typical ERCC. ERCCs can
recover the energy of the voltage spikes and transfer it to the output. Several ERCCs have been
proposed in [54]-[60]. In [60], an improved ERCC method has been proposed to accommodate
the effects of voltage spikes for a wide range of input voltage. Although the ERCC techniques are
able to reduce the voltage stress across the output diodes, the amount of the voltage stress
depends on the duty ratio and input voltage of the converter in most of the ERCC techniques.
Thus, the effectiveness of the ERCC depends on the operating condition of the converter. This is
not preferable for this application since it has a very wide range of operation.
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Figure 2.11: Full-bridge with ERCC.
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2.2 DC/DC Converter
The main challenges of the DC/DC converter in this application are the very wide range of
operation and the very high current at the low voltage side.
Several topologies have been proposed in the literature based on resonant topologies [62][66]. The resonant topologies are divided into two general groups: current-driven resonant
topologies and voltage-driven resonant topologies. Figure 2.12 and Figure 2.13 show the currentdriven resonant converter and voltage driven resonant converter. The current-driven resonant
topologies show superior performance, especially in the secondary side of the converter.
However, it is very challenging to produce gate signals for the synchronous rectifier in currentdriven topologies. The use of the synchronous rectifier for this application is made obligatory by
the very high current in the secondary side.

Current-Driven
Rectifier
DC

High Frequency
Inverter

Resonant
Circuit

irec

Ro

Figure 2.12: Current-driven topology.
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Figure 2.13: Voltage-driven topology.
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Different battery chargers based on resonant topologies have been reported in [67]-[70].
Generally speaking, in order to guarantee ZVS in resonant converters, a high value of reactive
current circulation is required, especially for a wide range of load variations. This leads to a bulky
resonant tank, lower power density and lower efficiency. In addition, the main power should be
processed by the resonant components, which increases the overall losses of the converter.
Active auxiliary circuits can be employed to provide soft-switching for the converter [71][73]. Active auxiliary circuits usually provide reactive current to guarantee soft-switching through
a resonant circuit. Although, active auxiliary circuits can ensure soft-switching for wide range of
operating conditions, they increase the complexity of the system and decrease reliability, which is
very vital in this application.
Auxiliary commutated ZVS full bridge converter topologies suitable for low power
applications have been reported in [76]–[79]. In these converters, a passive auxiliary circuit is
used to produce the reactive current for the full-bridge switches. The auxiliary circuit works
independent of the system operating conditions and is able to guarantee ZVS from the no-load to
full-load conditions.
Although this topology seems very suitable for the battery charger application, there are some
drawbacks related to the auxiliary circuit. Since the auxiliary circuit should provide enough
reactive current to guarantee ZVS at all operating conditions, the peak value of the current
flowing through the auxiliary inductor is very high, which increases the MOSFET conduction
losses drastically. In addition, too much reactive current leads to large voltage spikes on the
semiconductor switches due to the delay in the body diode turn-on. These drawbacks offset the
advantages of no-load ZVS, which is achieved by the passive auxiliary circuit.
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2.3 Summary
In this chapter different topologies and control systems for AC/DC converters and DC/DC
converters have been reviewed. Different issues related to the previously proposed converters are
listed as follows:
1. Complexity and lack of reliability.
2. Additional active and passive components required to provide soft-switching.
3. High circulating current.
4. Slow transient response.
5. Low stability margins.
6. High voltage/current stresses of the components.
Despite the fact that the existing topologies for AC/DC converters and DC/DC converters can
provide soft-switching and minimize the power losses, there is still a great need for new
approaches that are able to further minimize losses, cost, and power density while simultaneously
increasing reliability for this application.
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Chapter 3
Zero Voltage Switching Boost PFC Converter with Improved Dynamics
Electric Vehicle (EV) power conditioning systems usually utilize a high-energy battery pack
to store energy for the electric traction system [88]. The general block diagram of the power
conditioning system for an EV is shown in Figure 3.1. The high-energy battery pack is typically
charged from a utility AC outlet [89]. The energy conversion between the utility main and the
battery is performed by an AC/DC converter. Such AC/DC converters, usually consist of two
stages: the front-end boost converter, which performs input Power Factor Correction (PFC) and
AC/DC conversion and, the full-bridge DC/DC converter for battery charging and galvanic
isolation [90]. PFC is essential to improve the quality of the input current drawn from the utility,
in order to comply with regulatory standards such as IEC1000-3-2 and IEC 1000-3-4. This
chapter presents a ZVS boost PFC topology that is able to effectively reduce the switching losses
of the converter. Also, two nonlinear control schemes are proposed, which can improve the
steady-state and transient response of the boost PFC converter.

HV Battery

DC-Link

PFC
Converter

DC/DC
Converter

DC/AC
Inverter

3-phase
Motor

AC/DC Converter
12V Battery

DC/DC
Converter

Figure 3.1: Block diagram of EV power conditioning system.
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3.1 Proposed ZVS Interleaved Boost PFC Converter
Figure 3.2 shows the power circuit of the ZVS interleaved boost PFC converter. In this
circuit, two boost converters operate with a 180° phase-shift in order to reduce the input current
ripple. This 180° phase-shift can be used to provide reactive current in order to implement ZVS
for the power MOSFETs. A simple passive auxiliary circuit is used to provide reactive current as
shown in Figure 3.2. This auxiliary circuit consists of a high frequency inductor, LAUX, and a DCblocking capacitor, CB. The DC-blocking capacitor is used to avoid having DC current flow
through the auxiliary circuit. Because there may be a slight difference between the duty ratios of
the two phases, this capacitor is necessary to eliminate any DC current arising from the mismatch
of the duty ratios of the main switches in the practical circuit.

iin

iLA

SA2

LA

+

+

vBUS

AC

SA1
vin

CBUS
iAUX

-

-

LAUX
CB
iLB

LB

SB2

SB1

Figure 3.2: Proposed ZVS interleaved boost PFC schematic.
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The proposed topology offers a simple and practical circuit to provide ZVS for the power
MOSFETs. The peak value of the auxiliary circuit current adaptively changes during the line
cycle. The peak value of the auxiliary circuit current is small for the zero crossing points where a
small amount of current is required to guarantee ZVS. On the other hand, the peak value of the
auxiliary circuit current is at its maximum for the peak points where the auxiliary circuit current
should neutralize the input current. This solution is practical for automotive applications, because
the power circuit can be implemented by the commonly used full-bridge MOSFETs and the only
additional components are a small DC-blocking capacitor and a small high frequency inductor. Hbridge power modules are the standard building blocks in automotive applications.

3.2 Steady-State Analysis of the Proposed Converter
Figure 3.3 shows the key waveforms of the converter for D>0.5. According to this figure,
there are eight operating modes in one switching cycle of the converter. The operating modes are
explained as follows:

1. MODE I (t0 < t < t1):
This mode starts when the gate pulse is applied to SA1. Once the voltage is applied to the gate,
SA1 is turned on under zero voltage. Since SA1 and SB1 are on during this interval the voltage across
the auxiliary inductor is zero. Thus, the current through the auxiliary circuit remains constant at
IAux,p. During this interval, the switch SA1 current, iSA1, is given by:

iSA1 (t ) = I V (t ) − I Aux , p (t ) +

vin (t )
(t − t 0 )
LA

(3-1)

Because the two phases have a 180° phase-shift, the value of t1 is given by:
35

t1 − t 0 = [D(t ) − 0.5].T

(3-2)

Inserting Eq. (3-2) into Eq. (3-1), the value of the switch current is calculated at t1:

I1 (t ) = IV (t ) − I Aux , p (t ) +

vin (t )
v 2 (t )
− in
2 LA . f s LA . f s .Vo

(3-3)

This mode ends once the gate voltage has been removed from SB1.

2. MODE II (t1 < t < t2):
This mode is the dead time between the phase B MOSFETs. During this interval, the
auxiliary circuit current charges the output capacitance of SB1 and discharges the output
capacitance of SB2. In this mode the average voltage across the boost inductance LB is zero.
Therefore the current through LB remains constant at its peak value. The voltage across the
auxiliary inductor is given by:

v AUX (t ) = −

Vo
.(t − t1 )
(t 2 − t1 )

(3-4)

Thus, the current through auxiliary circuit is given by:

i AUX (t ) = I Aux , p (t ) −

Vo
2
.(t − t1 )
2(t 2 − t1 ).LAUX

(3-5)

t2-t1=td is the dead-time between SB1 and SB2. During this period, the output capacitors of the
MOSFETs should fully charge and discharge in order to guarantee ZVS for SB1 and SB2. Thus, the
dead-time is calculated as follows:

I P + I Aux , p (t ) −

Vo
V
.t d = 2C So . o
2 LAUX
td

(3-6)
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td

(I
=

P

+ I Aux , p ).LAUX
Vo

+

(I

+ I Aux , p ) .L2AUX
2

P

Vo2

− 4CSo .LAUX

(3-7)

The current through switch SA1 is calculated as:

iSA1 (t ) = IV (t ) −

vin (t )
(t − t0 ) − I Aux, p (t ) + Vo (t − t1 )2
LA
2t d .LAUX

(3-8)

This mode ends when the output capacitors have completely charged and discharged. The
switch current, iSA1, at this point is given by:

I 2 (t ) = IV (t ) −

vin (t )
(td + t1 − t0 ) − I Aux, p (t ) + Vo t d
LA
2t d .LAUX

(3-9)

3. MODE III (t2 < t < t3):
Once the output capacitors of SB1 and SB2 have been charged and discharged completely, the
gate signal of SB2 is applied and SB2 is turned on under ZVS. During this interval, the voltage
across the auxiliary circuit is –Vo. The current through the auxiliary inductor, inductor LA and
switch SA1, are given by:

i AUX (t ) = I Aux , p (t ) −

Vo
V
.t d − o .(t − t 2 )
2 LAUX
LAUX

(3-10)

I LA (t ) = IV (t ) −

vin (t )
(t − t0 )
LA

(3-11)

iSA1 (t ) = IV (t ) −

vin (t )
(t − t0 ) − I Aux, p (t ) + Vo t d + Vo (t − t 2 )
LA
2 LAUX
LAUX

(3-12)
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This mode ends once the gate signal of SB2 has become zero (t3 = t0+0.5Ts-td). The value of
iSA1 at this point is given by:

I 3 (t ) = IV (t ) −

vin (t ) vin (t ).t d
Vo
V (1 − D ) 2t d .Vo
−
− I Aux , p (t ) +
td + o
−
LA
2 f s .L A
2 LAUX
f s .LAUX
LAUX

(3-13)

4. MODE IV (t3 < t < t4):
During this mode, the output capacitor of SB2 is charging from zero to Vo, and the output
capacitor of SB1 is discharging from Vo to zero. This period is actually the dead-time between SB2
and SB1 (t4 –t3=td). The auxiliary inductor current, the boost inductor current and the switch
current during this mode are given by:

i AUX (t ) = I Aux , p (t ) +

3Vo
V (1 − D )
Vo
2
td − o
−
.(t − t3 )
2 LAUX
f s .LAUX
2t d .LAUX

I LA (t ) = IV (t ) −

vin (t )
(t − t0 )
LA

iSA1 (t ) = I V (t ) +

vin (t )
(t − t 0 ) − I Aux, p (t ) + Vo t d + Vo (t − t 2 )
LA
2 L AUX
L AUX

(3-14)

(3-15)

(3-16)

This mode ends once the gate signal is applied to SB1. The value of iSA1 at this instant is given
by:

I 4 (t ) = I V (t ) +

vin (t )
V .t
V .(1 − D )
− I Aux , p (t ) + o d + o
2 f s .L A
L AUX
f s .L AUX
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(3-17)

5. MODE V (t4 < t < t5):
This mode starts when the gate signal is applied to SB1. Once the gate signal has been applied,
SB1 is turned on under ZVS. Since SA1 and SB1 are on during this period, the voltage across the
auxiliary inductor is zero; hence, the auxiliary inductor current remains constant at its peak value,
IAux,p. The boost inductor current and the switch current, during this mode, are given by:

iLA (t ) = I V (t ) +

vin (t )
(t − t 0 )
LA

i SA1 = I V (t ) + I Aux , p (t ) +

(3-18)

vin (t )
(t − t 0 )
LA

(3-19)

This mode ends once the gate signal is removed from SA1. The value of iSA1 at this time is
given by:

iSA1 (t ) = I V (t ) + I Aux , p (t ) +

vin (t ).D
f s .L A

(3-20)

6. MODE VI (t5 < t < t6):
During this mode, the output capacitor of SA1 is charging from zero to Vo and the output
capacitor of SA2 is discharging from Vo to zero. This period is actually the dead-time between SA1
and SA2 (t6 –t5=td). In this period, the current through the boost inductor LA remains constant at its
peak value. The auxiliary inductor current, iAUX, is given by:

i AUX = − I Aux , p (t ) +

Vo
(t − t 5 ) 2
2t d .L AUX

(3-21)

This mode ends once the output capacitors have completely been charged and discharged.
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7. MODE VII (t6 < t < t7):
During this mode, the voltage across the auxiliary circuit is Vo; hence, the current through the
auxiliary circuit is given by:

i AUX (t ) = − I Aux , p (t ) +

Vo
V
t d + o (t − t 6 )
2 L AUX
L AUX

(3-22)

The MOSFET channel SA2 is conducting the current to the output. The current through this
switch is given by:

iSA 2 (t ) = I Aux , p (t ) −

Vo
V
v (t ) − Vo
(t − t 6 )
t d − o (t − t 6 ) + I P − in
2 L AUX
L AUX
LA

(3-23)

The peak value of this current is given by:

I 5 = I Aux , p (t ) −

Vo
.t d + I P (t )
2 LAUX

(3-24)

This mode ends when iSA2 reaches zero. Thus t7 is given by:

Vo
td
2 L AUX
vin (t ) − Vo

I Aux , p (t ) −
t7 = t6 +

Vo
+
L AUX

(3-25)

LA

8. MODE VIII (t7 < t < t8):
During this mode the output capacitor of SA1 is discharging from Vo to zero and the output
capacitor of SA2 is charging from zero to Vo. In this mode, the current through LA is at its
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minimum value IV and the excess current from the auxiliary circuit charges and discharges the
output capacitors. The auxiliary inductor current is given by:

Vo
td
2 L AUX
Vo
(t − t7 )2
+
vin (t ) − Vo
2 L AUX
+
LA

I Aux , p (t ) −

i AUX (t ) = − I Aux , p (t ) +

Vo
V
td + o .
Vo
2 L AUX
L AUX
L AUX

(3-26)

This mode is the dead-time between SA1 and SA2, hence t8 = t7 + td. This mode ends once the
output capacitors have been charged and discharged completely.

Figure 3.4 shows the key waveforms of the circuit for D<0.5. Comparing Figure 3.3 and
Figure 3.4 shows how the auxiliary circuit behaves differently for D>0.5 and D<0.5. According
to Figure 3.4, the modes of operation are more or less the same for the proposed circuit. However,
the variations of the peak value of the auxiliary circuit current are different for D>0.5 and D<0.5.
As duty ratio changes from 1 to 0.5 the peak value of the auxiliary circuit current increases.
Whereas, the peak value of the auxiliary circuit current decreases as the duty ratio reduces further
than 0.5. This fact will be explained in detail, later on in this chapter.
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Figure 3.3: Key waveforms of the converter for D>0.5.
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Figure 3.4: Key waveforms of the converter for D<0.5.
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3.3 Qualitative Study of the Proposed Converter
In this section, some salient features of the proposed converter are discussed. According to
the waveforms of the converter in Figure 3.3 and Figure 3.4, all MOSFETs of the interleaved
boost converter are turned-on under zero voltage and the output MOSFETs are turned-off at
nearly zero current. This implies that the MOSFETs have near zero switching losses. In order to
guarantee ZVS for the MOSFETs, the inductive current of the auxiliary circuit should be enough
to neutralize the input current and discharge and charge the output capacitors of the MOSFETs
during the turn-on times of SA1 and SB1. Also, the dead-time between the gate pulses should be
enough to allow complete charging and discharging of the output capacitors of the MOSFETs.
Therefore, first the auxiliary inductor should be designed so that it provides enough inductive
current to charge and discharge the capacitors. Then, the dead-time should be properly adjusted
such that it has enough time to complete the charge and discharge process. Since the input current
helps to charge and discharge the output capacitors of SA2 and SB2, ZVS is automatically
guaranteed for SA2 and SB2.
Figure 3.5 shows the boost inductor valley current, peak current and the auxiliary inductor
current. In order to guarantee ZVS, the auxiliary inductor current should not only neutralize the
valley current, IV, but should also provide enough current to charge and discharge the output
capacitors. The valley current, IV, and the peak current, IP, are given by:

 V . Sin(ω l .t )
Vin . Sin(ω l .t ) .1 − in
Vo
P

I V (t ) = in . Sin(ω l .t ) −
Vin
2LA . f s






(4-27)

 V . Sin(ω l .t )
Vin . Sin(ω l .t ) .1 − in
Vo
P

I P (t ) = in . Sin(ω l .t ) +
Vin
2LA . f s






(4-28)
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The peak value of the auxiliary inductor current, IAux,p, is given by:

 V . Sin(ω l .t )
Vin . Sin(ω l .t ) .1 − in
Vo
P

I Aux , p (t ) = in . Sin(ω l .t ) −
Vin
2LA . f s



 2C .V
+
So o
td

(4-29)

Figure 3.5: Boost inductor valley current, peak current and auxiliary inductor current.

Figure 3.6 compares the current waveforms of the MOSFET and boost diode in the
conventional boost PFC converter and those of the MOSFETs in the interleaved boost PFC with
the auxiliary circuit. According to this figure, there are two main sources of switching losses in
the conventional boost PFC converter. The first source of switching losses is the turn-on losses of
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the boost MOSFET and the second source is the reverse recovery of the output diode. The former
not only deteriorates the efficiency of the converter but also introduces a lot of noise through the
drain-gate capacitance of the MOSFET to the control circuit. This leads to an unreliable operation
of the converter. The latter imposes a lot of losses to the converter, which significantly degrades
the overall efficiency. Recently, Silicon Carbide (SiC) diodes are used to mitigate the reverse
recovery losses of the output diodes. However, Silicon Carbide diodes usually have a large
forward voltage drop, (typically the forward voltage drop in SiC diodes is 2.4V as compared to
around 1.2V in Si Diodes for a 600V device) which creates extra conduction losses in the
converter during their conduction intervals. This effectively decreases the advantage such diodes
gain from zero reverse recovery, especially at very high output power and low AC input voltages.

Semiconductor
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ZVS Turn-on
SA

DA
Reverse-Recovery
Losses

Turn-on losses

SA1

ZVS Turn-on
0

t

SA2
D.Ts

Ts

No Reverse Recovery
(Nearly ZCS)

Figure 3.6: waveforms for the conventional and the proposed Interleaved boost PFC.

According to Figure 3.6, the proposed auxiliary circuit can effectively cancel out the positive
current imposed by the input inductor during the MOSFET turn-on times and completely
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eliminate the turn-on losses of the boost MOSFET. In addition, the auxiliary inductor current
brings down the current prior to the output MOSFET turn-off times; hence the output MOSFET is
turned-off with nearly ZCS. Therefore, the switching losses are almost zero in the proposed
converter.

3.4 Proposed Frequency-Control System
Figure 3.7 shows the current through the boost inductors and the auxiliary circuit current in
half of a line cycle. According to this figure, the envelope of the auxiliary circuit current should
be slightly higher than the valley current of each of the boost inductors. This implies that in order
to optimally control the amount of reactive current through the auxiliary circuit the peak value of
the auxiliary inductor current should follow the envelope given by Eq. (3-29), which means that
the envelope of the auxiliary circuit current should be at its maximum when the boost inductor
current is at its maximum.
Figure 3.8 shows the peak value of the auxiliary inductor current versus the boost duty ratio.
According to this figure, for duty ratios higher than 0.5, the maximum value of the auxiliary
circuit current decreases as duty ratio increases. This implies that if the input voltage is low
enough to have duty ratios higher than 0.5 for the whole line cycle, the envelope of the auxiliary
current follows the shape of the inductor current. In other words, the peak value of the auxiliary
inductor current is maximum at the peak value of the input voltage and as the input voltage
decreases to zero the peak value of the auxiliary inductor current decreases to zero too. Figure 3.9
and Figure 3.10 illustrate this phenomenon. These figures show the variation of the duty ratio and
the envelope of the auxiliary circuit current for different input voltages respectively. According to
these figures, the auxiliary circuit operates optimally if the duty ratios are higher than 0.5 during
the half line cycle. This condition is satisfied for input voltages smaller than 141Vrms. However,
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for the universal input voltage range (85Vrms to 265Vrms) this condition is not satisfied and the
duty ratio becomes very small for higher voltages.

Figure 3.7: Boost inductor currents and auxiliary circuit current.
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Figure 3.8: Peak value of auxiliary circuit current versus duty ratio.
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Figure 3.9: Duty ratios for different input voltage.

Figure 3.10: Peak value of auxiliary circuit current for different input voltage.
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Figure 3.11: Envelopes of auxiliary circuit current for different loads.

In addition, the peak value of the auxiliary circuit current should be adjusted based on the
load condition in order to optimize the circulating current between the two phases of the
interleaved boost converter. Figure 3.11 depicts the optimal envelopes of the auxiliary circuit
current for different loads. Therefore, in order to optimize the circulating current, the envelope
should be just enough to overcome the valley current of the boost inductor in the half cycle.

Considering the aforementioned discussion, there are two main difficulties related to the
optimization of the circulating current in the proposed converter. The first problem is the
operation with duty ratios lower than 0.5, and the second issue is optimizing the circulating
current for different load conditions. Figure 3.12 shows the block diagram of the proposed control
system. The proposed control system includes an external voltage loop, an internal current loop,
and a switching frequency control loop. Therefore, a frequency loop is added to the control
system to optimize the circulating current of the auxiliary circuit based on the load condition and
duty ratio of the converter.
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Figure 3.12: Control system block diagram with frequency modification loop.

At heavy loads, the frequency is lower in order to provide more reactive current in the
auxiliary circuit to overcome higher values of IV and charge and discharge the output capacitors.
Whereas at light loads, the frequency is higher in order to reduce the auxiliary current so that any
extra circulating current between the two phases can be avoided. Figure 3.13 shows the typical
switching frequency variations at heavier and lighter loads. The required auxiliary circuit current
for different loads is determined by:

I Aux , p = I ref −

∆i LA 2C So .Vo
+
2
td

(3-30)
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Figure 3.13: Frequency change for different loads.
The auxiliary circuit current is given by:

I Aux , p =

vin

(3-31)

2 L AUX . f s

The boost inductor ripple is given by:

∆i LA

 v
vin .1 − in
 Vo
=
LA . f s





(3-32)

Inserting Eq. (3-31) and Eq. (3-32) into Eq. (3-30) determines the desired switching
frequency of the converter:
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 v 
vin .L A + vin .1 − in .L AUX
 Vo 
f s1 =
2C .V
I ref + So o
td

(3-33)

Figure 3.14: Switching frequency variation versus load.

Figure 3.14 shows the variation of the switching frequency with respect to the converter
output power. Owing to the change of switching frequency, the circulating current is optimized
for a very wide range of operation. Because the converter is used to charge the traction battery,
there is a wide range of operating conditions and the converter may operate at light loads for a
long period of time. Thus, this optimization is critical in this application.
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Figure 3.15: Switching frequency variation for half line cycle for above 141Vrms.

The other issue regarding the auxiliary circuit was its operation with less than 0.5 duty ratio
for an input voltage higher than 141Vrms. According to Figure 3.8, when the duty cycle decreases
lower than 0.5, the auxiliary circuit current reduces too. In order to accommodate this issue
another block is added to the control circuit to modify the switching frequency for duty ratios less
than 0.5. Figure 3.15 illustrates the operation of the auxiliary circuit for high input voltage. The
auxiliary circuit current follows the sinusoidal waveform from D=1 to D=0.5. However,
afterwards, the auxiliary circuit current decreases, which hinders the auxiliary circuit from
providing the ZVS condition for the power MOSFETs. In the proposed control system, the
frequency is modified once the duty ratio has reached 0.5. The frequency profile and the modified
auxiliary circuit current are depicted in Figure 3.15. The peak value of the auxiliary circuit
current is given by:
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I Aux , p

Vo .D
2 L AUX . f s
=
Vo .(1 − D)
2 L AUX . f s

for D < 0.5
(3-34)

for D ≥ 0.5

Therefore, the frequency can be modified so that the auxiliary circuit current follows the
sinusoidal reference. Frequency profile as a function of duty ratio is shown in Figure 3.16.
According to this figure, the frequency is constant from D=1 to D=0.5 and after this point the
frequency is modified to have the auxiliary current follow the sinusoidal waveform. Therefore,
for D<0.5 (or vin>200V), the frequency is given by:

 vin
1 −
Vo
fs = 
vin
Vo



.f

(3-35)

s1

Figure 3.17 shows the frequency variations versus input voltage.

There are two main points related to the proposed control system. First, the frequency loop is
completely decoupled from the duty cycle loop. Figure 3.18 illustrates this fact, in that by
changing the frequency of the saw-tooth counter, the duty cycle does not change (i.e., D1 = D2).
Second, the frequency change does not tamper with the operating modes of the converter in terms
of operating under the Continuous Current Mode (CCM) of the input inductors. Since the
frequency is higher for light loads, the control system helps the converter to work in CCM for a
wider range of loads. In addition, for higher input voltage, frequency decreases at the peak value
of the input current. Therefore, reducing the frequency does not bring the converter into DCM.
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Figure 3.16: Switching frequency variation versus duty ratio.

Figure 3.17: Switching frequency variation versus input voltage.
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Figure 3.18: PWM pulses for different frequencies.

The frequency loop is able to effectively optimize the amount of reactive current required to
guarantee ZVS during the line cycle. Thus, the circulating current is just enough to provide softswitching. Although the control system, shown in Figure 3.12, can optimize the switching
frequency based on the load condition and the input voltage, it still suffers from the sluggish
voltage loop due to the significant amount of low-frequency ripple in the output voltage. Also,
due to the fact that the boost PFC converter is a highly nonlinear system with a wide range of
operation, PI-regulators are not able to perform optimally throughout the whole operating range.
Another issue related to the control system is that the PFC stage converts the AC input
voltage to a fixed intermediate DC-bus voltage and then the DC/DC converter is controlled
according to the charging profile of the battery. Therefore, the PFC AC/DC input converter
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operates independent of the charging profile of the battery. It just regulates the intermediate DCbus voltage to a fixed value and shapes the input current of the converter. Thus, the input voltage
of the DC/DC converter (DC-bus) is fixed (with a second-harmonic ripple). Because the input
DC-bus voltage of the DC/DC converter is fixed, it operates with maximum duty ratio at the
maximum load and with small duty ratios at light loads. Due to the fact that the converter
operates under light loads or zero load (when the battery is charged) for long periods of time, the
converter mostly operates with small duty ratios. Because of high circulating current and
freewheeling modes for small duty ratios, the converter has poor light-load efficiency.
In the following sections, two nonlinear control approaches are presented, which address the
issues present in the conventional control system of the boost PFC converter.

3.5 Control Law based on Differential Flatness Theory
In this section a nonlinear controller is presented to overcome the problems of the
conventional control system. Basically, the proposed controller, unlike the conventional one,
adaptively controls the PFC stage based on the amount of power required to charge the battery,
such that the voltage at the DC-bus is adaptively changing based on the load condition.
The voltage loop in the conventional control system determines the amplitude of the
sinusoidal reference for the input current. This amplitude actually represents the amount of
power, which the load requires. The controller proposed in this section actually determines this
amplitude based on the amount of power required to charge the high energy battery. Therefore,
the proposed controller regulates the input power of the AC/DC boost PFC converter, instead of
the DC-bus voltage, based on the power demand from the charging curve of the traction battery.
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The control system controls the input current of the PFC according to the power demand of the
converter. In this way, there is no sluggish voltage loop to regulate the DC-bus voltage.
Consequently, the output voltage of the PFC (i.e., the intermediate DC-bus voltage of the overall
AC/DC converter system) is not fixed and the full-bridge converter operates with higher duty
ratios for the whole range of the battery charging curve as compared to the conventional PFC
control techniques that maintain a constant DC-bus voltage at the PFC AC/DC converter output.
The boost PFC AC/DC converter is a highly nonlinear system with widely varying operating
conditions. Therefore, linear controllers are not able to perform optimally for the whole range of
operating conditions. Nonlinear controllers can optimize the performance of the AC/DC converter
for a wide range of operating conditions. Flatness theory is an effective nonlinear approach to
design the controller for nonlinear systems. Flatness is a measure of the nonlinear behavior of the
system. When a system is flat, it means that the nonlinear behavior of the system is well
characterized. Thus, taking advantage of the flat structure of the system, controller design for
trajectory generation and stabilization can be achieved. More particularly, if the system is flat, it
can be transformed to a trivial system through an endogenous feedback [91]. The theory of
differential flatness in the framework of differential geometry is explained in [92]. The
applications of this theory in power electronics are reported in [93], [94], and [95].
In interleaved AC/DC converter, the instantaneous input current should track a sinusoidal
waveform, whose amplitude should be determined by the amount of power required by the load.
In this section, it is proved that if the system is flat with respect to the input power and then the
input power controller can be designed based on the differential flatness theory [96]. Therefore,
the key advantage of applying the flatness theory for this application is that the nonlinear system
structure is well-characterized with respect to the flat output (input power); hence the system can
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be transformed to a trivial system by utilizing the flatness theory. In the controller design
procedure, first the system is transformed to the flat coordinates and then the controller is
designed in terms of those flat coordinates.

3.5.1 Differential Flatness Theory
A specific class of nonlinear systems is so-called “(differentially) flat systems”, for which the
structure of the trajectories of the nonlinear dynamics can be completely characterized. Flat
systems are a generalization of linear systems (in the sense that all linear controllable systems are
flat), but the techniques used for controlling flat systems are much different than many of the
existing techniques for linear system,
Flatness was first introduced by Fliess et al. in [91] using the formalism of differential
algebra. A system is said to be flat if one can find a set of state variables, so called the flat
outputs, such that the system is (non-differentially) algebraic over the differential field generated
by the flat outputs [92]. Equivalently, all state variables and inputs can be determined from the
flat outputs without any integration. Assume that the system dynamics are given by:

x = f ( x, u )

(3-36)

If there exists a set of outputs:

y = h( x, u, u,..., u (r ) )

(3-37)

such that the state variables and the inputs can be determined as the functions of the flat
outputs and the finite derivatives of the flat output as:

x = ϕ ( y, y ,..., y (η ) )

(3-38)
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u = ξ ( y, y ,..., y (η ) )

(3-39)

then the system is called flat. It should be noted that the flatness is a geometric property of a
system. When a system is flat, it means that the nonlinear system is well characterized and this
characteristic can be utilized to design an endogenous feedback to control the system [92].
By definition a control system is a pair (Ξ, F), where Ξ is a smooth manifold and F is a
smooth vector field on the manifold. For the system described by Eq. (3-36), the vector field, F, is
given by:

F ( x, u, u (1) ,...) = ( f ( x, u ), u (1) , u ( 2) ,...)

(3-40)

When a system is flat, there exists an invertible endogenous feedback, which transforms the
system into a trivial system (The word endogenous reflects that the feedback variables are
generated by the system variables x, u). Therefore, the system is equivalent to the trivial system.
The vector field for the trivial system is given by:

Ft ( y, y , y ( 2 ) ,...) = ( y , y ( 2 ) , y ( 3) ,...)

(3-41)

A trivial system is, basically, a finite chain of integrators.
There are two important points regarding the differential flatness theory. Firstly, if two
systems are equivalent they have the same number of inputs. Secondly, the dimension of the flat
outputs is equal to the input dimension. Therefore the original system and the equivalent trivial
system have the same number of outputs [92].
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3.5.2 Proposed Control Method Based on Differential Flatness Theory
In the proposed controller, the input power of the PFC boost converter is controlled instead of
its output voltage (DC-bus). The input power is considered as the flat output, and then the system
dynamics is transferred into the flat coordinates in order to design the controller.

3.5.2.1 Boost PFC Dynamical Model
If it is assumed that the converter is ideal and its switching frequency is extremely large
compared to the input AC frequency so that the input AC voltage can be assumed to be constant
over a full switching cycle, then the following state-space model of the converter can be derived:

X = f ( X ) + g ( X ).u + D
 − RL

 iL 
, f ( X ) =  L
X = 
v
 1
 BUS 
C
 BUS

(3-42)

−1
L
−1
Ro .C BUS

 v BUS


 i 
. L , g ( X ) =  L
 − iL
  v BUS 



 C BUS



 vin
, D =  L


 0








iL and vBUS are the input current and the output voltage respectively, RL is the equivalent
resistance of the inductor, and Ro is the load resistance. According to Eq. (3-42), the boost PFC
model is nonlinear due to the coupling between the state variables and duty ratio. The differential
equations of the currents for a two-phase interleaved boost PFC converter are given by:

di L1 1
R
1
= .vin − L .i L1 − .(1 − d ).v BUS
dt
L
L
L

(3-43)

diL 2 1
R
1
= .vin − L .iL 2 − .(1 − d ).vBUS
dt
L
L
L

(3-44)
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3.5.2.2 Power Reference Generator
The reference value of the input power of the front-end PFC AC/DC boost converter is
calculated based on the typical charging curve of the battery as shown in Figure 3.19. According
to Figure 3.19, the battery is being charged with a constant current, and then the constant power
period starts. Once the constant power charge period has finished the battery is being charged
with a constant voltage. Let’s assume that Pref is the reference value of the power based on the
battery voltage and the charging graph. The reference value of the instantaneous input power
pref(t) of the front end boost PFC AC/DC converter is given by [87]:

pref (t ) = Pref [1 − cos(2ω.t )]

(3-45)

P(KW)

I(A)
P
I

I0

I1

V0

V1

V2

Figure 3.19: Charging curve of the battery.
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Vn

V(V)

In order to implement this reference power signal, the sample of vin, which is the
instantaneous input AC voltage, is used as shown in Figure 3.20. In this block diagram, there is a
peak detector circuit to measure the peak value of the rectified input voltage. The reference value
yd of the instantaneous input power which is used in the control loop is given by:

yd = pref (t ) =

2vin2 .Pref

(3-46)

V2

where V is the amplitude of the input AC voltage and the instantaneous input voltage is given
by:

vin = V . sin (ω.t )

(3-47)

Figure 3.20: Reference value for instantaneous input power.

3.5.2.3 PFC Control Law Based on Input Power Reference and Flatness Theory
The instantaneous input power of the interleaved boost converter with input PFC, is given by:

pin = vin .iin

(3-48)
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The flat output is defined as the instantaneous input power:

y = h( x, u ) = vin .iin

(3-49)

The system state-variable and the control input are given by:

x = iin

(3-50)

u=d

(3-51)

In order to show that the system is flat the state variable and the control input should be
determined as the functions of the flat output. The state variable is determined as a function of the
flat output from Eq. (3-48):

x = ϕ ( y) =

y
vin

(3-52)

In order to derive the control input as a function of the flat output, the derivative of the flat
output is calculated as:

 R

v
v
v
dy
= x.vin + vin .x = in y + vin .− L + in − BUS .(1 − u )
dt
vin
L
L
 L.vin


(3-53)

The control input is derived from Eq. (3-53) as:

u = ξ ( y, y ) = 1 +

 L.v
RL
L
. y −  2 in −
vin .v BUS
 vin .v BUS vin .v BUS


v
. y − in
v BUS


(3-54)

Thus, the system is flat and it can be transformed to a trivial system through an endogenous
feedback.
In order to take into account the input disturbance, model errors, and system uncertainties, an
integral of the flat output is augmented to the system. This integral term effectively compensates
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the system uncertainties such as the uncertainties in RL and L, etc. Therefore, the tracking
variables are defined as:

e1 = ∫ ( y d (τ ) − y (τ ))dτ

(3-55)

e2 = yd − y

(3-56)

t

0

In order to derive the control law for the system, the following control-Lyapunov function
[97] is defined:

V (e1 , e2 ) =

1 2 1 2
e1 + e2
2
2

(3-57)

The derivative of Eq. (3-57) is given by:


 v
R
V (e1 , e2 ) = e1 .e2 + e2 . y d −  in − L
 vin L




v2 1
1
. y − in + .vin .v BUS − .vin .v BUS .u 
L L
L



(3-58)

Therefore, the control law is designed as:

u=

L
v in .v BUS


 v
R
. y d −  in − L
L

 v in



v2 1
. y − in + .v in .v BUS + k1 .e 2 + e1 
L L



(3-59)

By using Eq. (3-59), the derivative of the Lyapunov function, is given by:

V = −k1.e22

(3-60)

Figure 3.21 shows the block diagram of the proposed PFC controller. The new AC/DC PFC
controller operates in the following way:
1. Reference value of the average power is calculated by the sense circuitry in Figure 3.20,
based on the charging curve of the battery and its terminal voltage as shown in Figure
3.19.
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Figure 3.21: Proposed flatness-based PFC control system.
2. The reference value for instantaneous power is calculated by Eq. (3-46).
3. The tracking error, e2, and the integral of the tracking error, e1, are calculated from the
measured instantaneous power and the reference value of the instantaneous power.
4. Finally, the duty cycle is determined by using the control law derived from the controlLyapunov function, Eq. (3-59). The gating pulse fed to the two input boost phases are
180° apart in phase similar to conventional controllers.
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In the next section, asymptotic stability of the closed-loop control system will be analyzed.

3.5.3 Stability of the Closed-Loop System
The stability of a nonlinear system can be analyzed based on the Lyapunov stability theory
[97]. This theory states that if one can find a positive-definite function such that its derivative is
negative-definite, the system is asymptotically stable in the sense of Lyapunov. According to Eq.
(3-57), the Lyapunov function is positive-definite. However, the derivative of the Lyapunov
function is not negative-definite. It is only Negative Semi-Definite (NSD) [98]. In this case, the
asymptotical stability is not guaranteed by the Lyapunov theory. Also, since the system dynamics
are not autonomous, the invariant set theorem cannot be applied to prove the asymptotical
stability [99]. Therefore, the stability of the system is analyzed through Barbalat’s Lemma, which
analyzes the stability of non-autonomous systems [97]. Barbalat’s Lemma states that if V(x,t)
satisfies the following conditions:
1. V(x,t) has a lower bound.
2. 𝑽̇(x,t) is negative semi-definite (NSD)

3. 𝑽̇(x,t) is uniformly continuous in time (𝑽̈is bounded)
Then:

V ( x, t ) → 0
as t → ∞

(3-61)

According to Eq. (3-57) the Lyapunov function has a lower bound and according to Eq. (360), the derivative of the Lyapunov function is NSD. This means that V(0) ≥V(t). From Eq. (360), we have:
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t

∫ V (e , e ,τ )dτ = V (t ) − V (0)

(3-62)

1
∫ e dτ = k [V (0) − V (t )]

(3-63)

1

0

t

0

2

2
2

1

Therefore,
t

lim ∫ e22 dτ

(3-64)

t →∞ 0

exists and is finite, hence e2 is bounded. It is only required to show that the third condition is
satisfied. In order to show that 𝑉̇(x,t) is uniformly continuous, 𝑉̈ is calculated from Eq. (3-60) as

follows:

V(e1 , e2 ) = −2k1.e2 .e2
From Eq. (3-64), e2 is bounded, and

(3-65)

e2 is given by:

e2 = y d − y

(3-66)

where y is given by:

y = vin iin + vin iin

(3-67)

It is evident from Eq. (3-46) that y d is bounded and from state-space equations Eq. (3-43)
and Eq. (3-44), y is also bounded, which implies that

e2 is also bounded. Therefore, it can be

concluded that Eq. (3-65) is bounded, hence, 𝑉̇(x,t) is uniformly continuous. Therefore, according

to the Barbalat’s Lemma:
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V ( x, t ) = − k1.e22 → 0

(3-68)

as t → ∞

which proves asymptotical stability of the new PFC AC/DC boost converter operated by the
proposed control law.

3.5.4 Comparative Study
In this section, a brief comparison between the proposed controller and the conventional
controller is presented. Figure 3.22 and Figure 3.23 show the block diagrams of the proposed
control system and the conventional control systems respectively. In the following the main
differences between the proposed controller and the conventional one are highlighted.
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Figure 3.22: Proposed flatness-based control system.
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Figure 3.23: Conventional control system.

1. Basic Principles of Control of Input AC/DC Boost PFC Converter
In conventional control system for AC/DC PFC boost converter, there are two independent
control systems for interleaved boost PFC converter and for the full-bridge DC/DC converter.
The PFC controller usually consists of an external voltage loop, which regulates the DC-bus
voltage and an internal current loop, which shapes the input current of the converter. The external
voltage loop is a very low bandwidth compensator and has a DC reference voltage. However, the
current loop is a fast controller, which has 120Hz reference and is designed so as to track the
shape of 120Hz rectified input voltage waveform. The voltage compensator, basically, determines
the amplitude of the 120Hz reference waveform for the current loop.
In the proposed controller, the amplitude of the 120Hz reference waveform is determined by
the instantaneous power reference generator, which is an integral part of the proposed controller
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instead of the sluggish external voltage loop. By minimizing the Lyapunov function, given in Eq.
(3-57), the nonlinear controller adjusts the instantaneous duty ratio, given by Eq. (3-59), which
ensures that the input power tracks the reference value for the instantaneous power. Input power
waveform actually determines the shape of the input current as well as its amplitude.
Moreover the value of the DC-bus voltage in case of the new controller is no longer
independent of the load; rather it adaptively changes with the output load and attains a maximum
value for peak power requirement by the battery and decreases as the power demand drops.

2. Effect on the 2nd Stage DC-DC Full-bridge Converter and its Control
The key advantage of the proposed controller compared to the conventional controllers is that
in conventional systems the full-bridge DC/DC converter is operating according to the charging
profile of the battery and the boost PFC converter is operating independent of the charging
profile. This in turn, forces the duty ratio of the full-bridge to dramatically reduce with load since
its input voltage remains constant regardless of the load, so that at low loads and no-load the fullbridge has to operate with very low duty ratios to maintain a well regulated output voltage.
However, in the proposed controller both stages adaptively operate corresponding to the charging
profile of the battery and the required amount of power at any instance during the charging
period. The battery charging profile can easily be incorporated in the form of a look-up-table in
the DSP used to implement the control system. By adaptively working together according to the
load variation the DC-bus voltage is modulated as a function of the power required by the battery.
The control of the full-bridge, in both conventional and proposed control methods,
determines the phase-shift of the lagging leg switches of the full-bridge with respect to the
leading leg by the conventional average current mode control. In this controller, the current
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reference is set by the battery terminal voltage, and the power required to charge the battery at
that voltage determined by its charging graph. This implies that the duty ratio of the full-bridge
should be such that it is able to deliver the necessary power to the battery as determined by its
charging curve and the terminal voltage of the battery. The basic difference between the two
control methods is the variation of the DC-bus voltage which is the input to the full-bridge
converter, achieved with the proposed method.
Overall in case of the new controller the following phenomena happen:
Firstly, with the increase of required power by the battery, the new AC/DC Boost PFC
controller tries to increase the DC-bus voltage by increasing the peak value of the input current
which can be concluded from Eq.(3-59). Simultaneously the full-bridge, in order to increase the
power flow to the output load, increases its operating duty-ratio so that the effective load seen by
the DC-bus capacitor is higher and its equilibrium voltage tries to decrease. The reverse occurs
when the power requirement drops. Thus the two converters operated by the proposed control
scheme tries to modulate the DC-bus voltage adaptively to the load through transients, based on
the balance of input power to the DC-bus capacitor from the AC/DC Boost stage and the output
power drawn from it by the full-bridge converter.
Secondly, owing to the load adaptive variation of the DC-bus voltage with the proposed
control approach, the full-bridge converter operates with larger duty ratios even at lighter loads as
compared to the conventional PFC controller where the full-bridge has to operate with very small
phase-shifts at very low loads; this leads to an optimal or near optimal operation of the full-bridge
converter from no-load to full-load conditions and herein lies the additional advantage of the
proposed control law over the conventional controllers.
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3. Stability issue
The other well-known problem with the boost PFC topology, in the control point of view, is
the non-minimum phase zero that naturally present in the converter transfer function. If the load
current increases, the duty ratio is increased temporarily to make the inductor current rise. This,
actually, makes the diode conduction time to decrease, until the slowly rising inductor current
changes to the new operating point. In other words, the diode current decreases before it can
finally increase. This phenomenon is the effect of the right-half plane zero present in the boostbased topologies. This non-minimum phase zero has a rising gain characteristic, but with a 90°
phase-lag. This combination is almost impossible to compensate with linear controllers,
especially as this non-minimum phase zero varies with the load current. However, the proposed
nonlinear controller is able to effectively remove the effects of the non-minimum phase zero
present in the boost PFC converter due to the fact that the controller is designed based on the
system dynamics.

4. Immunity against component variations
Compared to the conventional controller, the proposed controller requires the information of the
system parameters such as L, RL, etc. However, the proposed controller is robust against the
variations of these parameters by incorporating the integral of the flat outputs, given by Eq. (355), into the Lyapunov function. In addition, in conventional controller, the values of the output
capacitor, the output capacitor Equivalent Series Resistance (ESR), and the boost inductor are
required to design the linear PI-controller. However, the proposed controller does not require the
values of the output capacitance and its ESR.
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3.6 Control Law based on Control-Lyapunov Function (CLF)
Automotive applications demand a very high degree of reliability under different conditions.
This fact forces the designers to over design components used in automotive applications to
increase reliability. In terms of the control system, stability is the main concern to guarantee
reliable operation. This implies that the converter should be able to maintain stable operation
under severe operating conditions. The controller presented in this section tries to increase the
stability margins as much as possible, while at the same time having a satisfactory transient and
steady-state performance.
In order to deal with the uncertainties in the operating environment as well as in system
components, feedback is required to preserve stability and improve the system performance.
However, a tighter feedback loop may cause instability instead of achieving better performance
[100]. The quantitative concept of gain and phase stability margins are among the frequency
domain tools to examine the stability margins. Although the gain and the phase margins do not
guarantee robustness, they do characterize certain degree of robustness, which should be
considered in every closed-loop system design. Gain margin is the interval of the gain values for
which the loop remains stable and phase margin is the amount of phase lag, and hence the
dynamic uncertainty, that the feedback loop can tolerate. The concept of gain margin also extends
to nonlinear feedback systems; however, the phase margin concept cannot be extended to the
nonlinear feedback systems [100]. The sector stability margin and the disk stability margin are
the extensions of the gain margin for nonlinear feedback systems. The sector and disk stability
margins are able to predict the system stability against the uncertainties, which do not change the
relative degree of the system. These uncertainties include static nonlinearities, uncertain
parameters and un-modeled dynamics of the type pole-zero pairs.
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In an AC/DC PFC boost converter, due to the coupling between the duty-ratio and the state
variables in the PFC boost stage, the large signal model of the system is nonlinear with widely
varying operating conditions. Therefore, linear controllers are not able to perform optimally for
the whole range of operating conditions. Nonlinear controllers can optimize the performance of
the AC/DC converter for a wide range of operating conditions. Control-Lyapunov Function
(CLF) has been widely used to effectively control nonlinear systems which include many power
electronic converters [101]-[104]. The controller, proposed in this section, is an optimal
stabilizing controller based on a CLF, which guarantees the disk stability criterion.

3.6.1 CLF-Based Optimal Stabilizing Control Design
The existence of a Lyapunov function is the most important necessary and sufficient
condition for the stability of a nonlinear system [98]. Lyapunov theory deals with dynamical
systems without inputs. Therefore, conventionally, it only has been applied to the closed-loop
control systems. The idea of the CFL-based controller is to define a Lyapunov candidate for the
open-loop system and then design a feedback loop, which makes the derivative of the Lyapunov
function negative. A Control Lyapunov Function (CFL) for the following system:

x = f ( x, u )

(3-69)

is a C1, positive definite, radially unbounded function V(x) such that

inf (∇V ( x). f ( x, u ) ) < 0
u∈U

for x ≠ 0

(3-70)

where “U” is a convex set of admissible controllers “u” [98]. If f is affine in control variables,
which is the case for the PFC dynamics, then the existence of a CFL for Eq. (3-69) is also
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sufficient for stabilizability through a continuous state feedback [105]. For the affine control
system defined as:

x = f (x ) + g (x ).u

(3-71)

the derivative of the Lyapunov function is given by:

V = L f V ( x) + LgV ( x).u

(3-72)

where L represents the Lie derivative operator [98]. There might be infinitely many
controllers, which render the derivative of the Lyapunov function to negative. In some methods,
the nonlinear terms are cancelled out through u and the derivative becomes negative. Those
methods, however, are not robust against system uncertainties; because, with a slightly perturbed
feedback, the closed-loop system might lose its stability. In addition, sometimes, the nonlinear
terms help the system stability characteristics and the closed-loop performance. Thus, canceling
the nonlinear terms through feedback controller is not always the best option [98]. In order to
clarify the non-robustness of the cancellation designs, a simple example is given. Consider
following scalar system

x = x 2 + u

(3-73)

One simple design is to use feedback linearization technique and cancel the nonlinear term
and add a stabilizing controller term as follows:

u fl = − x 2 − x

(3-74)

This feedback results in the following stable closed-loop system:

x = − x

(3-75)
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However, due to the cancellation, the closed loop controller does not have any stability
margin, in that with a slightly perturbed feedback (1+ε)ufl, the closed-loop system is unstable:

x = −(1 + ε ) x − εx 2

(3-76)

If the following optimal control law is used, instead of the feedback linearizing control law,
ufl, the system will have a very good stability margin.

u optimal = − x 2 − x. x 2 + 1

(3-77)

Figure 3.24 shows the superiority of the optimal control law over the feedback linearizing
control law graphically. This figure shows that the optimal controller has a very good margin
from unstable area. The optimal control law, given by Eq. (3-77), has two main advantages:
1. For x<0, it recognizes the beneficial effects of x2 and minimizes the control effort
accordingly (for x →-∞, uoptimal → ½).
2. Instead of cancelling the destabilizing term x2 for x>0, the optimal controller dominates it
and achieve a disk margin of (½,∞).

u

Stable

Unstable

uOptimal
x

ufl

Figure 3.24: Feedback linearization control, ufl, and optimal control, uOptimal, laws.
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The concept of optimal stabilizing control design is to find the optimal controller, out of all
possible controllers, which makes the derivative of the Lyapunov function negative, so as to have
disk stability margin or at least sector stability margin [98]. A particular optimal stabilizing
control law, derived from the CFL, is proposed by Sontag in [106], [107], [108]:

(



T
2
 −  c + a ( x) + a ( x) + b ( x).b( x)
 0
uoptimal ( x) = 
bT ( x).b( x)


 0

)

2


.b( x)



for b( x) ≠ 0

(3-78)

for b( x) = 0

where

a ( x) = L f V ( x)

b( x) = (LgV ( x) )

T

Eq. (3-78) guarantees the negative definiteness of the derivative of the Lyapunov function.
Inserting the optimal controller, Eq. (3-78), into Eq. (3-72) results in

(

)

2
V = − a 2 (x ) + b T (x ).b(x ) − c0 b T (x ).b(x ) < 0

(3-79)

which is negative definite. The control law given by Eq. (3-77) is also Lipschitz continuous at
origin and smooth elsewhere. In addition, it minimizes the following cost function
∞ 1

1
J = ∫  p(x ).b T (x ).b(x ) +
u T .u dt
0
2 p(x )
2


(

(3-80)

)

2

2
T
 c0 + a( x ) + a ( x ) + b (x ).b(x )
p(x ) = 
b T ( x ).b( x )
0


forb( x ) ≠ 0
forb(x ) ≠ 0

Accordingly, the control law given by Eq. (3-78) has the sector margin (1/2,∞) [96].
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3.6.2 Proposed Optimal Control System
The proposed controller is designed based on the instantaneous input power in order to
improve transient response and achieve variable DC-bus voltage. The instantaneous input power
of the interleaved boost converter is given by:

pin = vin .iin

(3-81)

The error state variable is defined by

x = pref − vin .iin

(3-82)

Therefore the system dynamics is given by:

x = p ref − vin .iin −iin .vin

x = p ref +

(3-83)

v

vin
v
R p ref RL x 1
+
.x − in p ref − vin . in − L .
. − (1 − u ).v BUS 
vin
vin
L vin
L vin L
L


(3-84)

In order to take into account the input disturbance, model errors, and system uncertainties, an
integral of the error is augmented to the system. This integral term effectively compensates the
system uncertainties such as the uncertainties in RL and L, etc. Therefore, the system variables are
defined as:

x1 = ∫ x(τ )dτ

(3-85)

x2 = x(t )

(3-86)

t

0

The state-space model of the system is given by

X = f ( X ) + g ( X ).u

(3-87)
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g 
f 
x 
X =  1 , f ( X ) =  1 , g ( X ) =  1 
 g2 
 f2 
 x2 

f1 = x 2
 v
v2  R
v 
v .v
R 
f 2 = p ref +  in − L .x 2 − in +  L − in . p ref + in BUS
L 
L  L vin 
L
 vin

g1 = 0
g2 = −

v in .v BUS
L

The control-Lyapunov function is defined as

V=

1 2 1 2
x1 + x2
2
2

(3-88)

The optimal stabilizing controller is calculated using Eq. (3-78):

uoptimal = −c0 .g 2 .x2 −

x1 f 2 1
2
−
− . sgn ( x2 ). ( x1 + f 2 ) + x22 .g 24
g2 g2 g2

(3-89)

Figure 3.25 shows the closed-loop block diagram of the system. In this figure, the reference
value of the average power is calculated based on the battery voltage and the charging curve of
the battery. The battery charging profile can easily be incorporated in the form of a look-up-table
in the DSP used to implement the control system. Then, the instantaneous power is calculated
based on the average power and the input voltage (As discussed in the previous section). The
error between the reference value of the instantaneous power and the measured instantaneous
power is calculated and used by the CLF-based optimal controller given by Eq. (3-89).
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Figure 3.25: Proposed CLF-based closed-loop control system.

3.6.3 Stability Analysis of the Closed-Loop Control System
The stability of the system is analyzed through the Lyapunov stability theory [97]. This
theory states that if one can find a positive-definite function such that its derivative is negativedefinite, the system is asymptotically stable in the sense of Lyapunov. According to Eq. (3-88),
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the Lyapunov function is positive-definite. The derivative of the Lyapunov function is derived by
inserting the optimal stabilizing controller, Eq. (3-89) into the derivative of the Lyapunov
function as follows:
2
V = x1 .x1 + x2 .x 2 = −c0 .g 22 .x22 − x2 . sgn ( x2 ). ( x1 + f 2 ) + x22 .g 24

(3-90)

According to Eq. (3-90), the derivative of the Lyapunov function is not negative-definite. It is
only Negative Semi-Definite (NSD) [98]. In this case, the asymptotical stability is not guaranteed
by the Lyapunov theory. Also, since the system dynamics are not autonomous, the invariant set
theorem cannot be applied to prove the asymptotical stability [99]. Therefore, the stability of the
system is analyzed through Barbalat’s Lemma, which analyzes the asymptotical stability of the
non-autonomous systems [98]. Barbalat’s Lemma was given in the previous section.
Eq. (3-88) proves that the Lyapunov function has a lower bound and according to Eq. (3-90),
the derivative of the Lyapunov function is NSD. It’s only required to prove that the derivative of
the Lyapunov function is uniformly continuous. In other words, we have to show that

V( x, t ) ≤ β ( x, t ),

β : Bounded

The derivative of Eq. (3-89) is given by:
2
V( x, t ) = 2c 02 .g 24 .x22 + 2c 02 .g 22 .x1 .x2 + 2c0 .g 22 . x22 .( x1 + f 2 ) + g 24 .x24

(

)

2
1 − 2 x2 .x 2 .( x1 + f 2 ) − 2 x22 .( x1 + f 2 ). x1 + f2 + 4 x 2 .x23 .g 24
+ .
2
2
x22 .( x1 + f 2 ) + g 24 .x24

(3-91)

The derivative of x2 is derived using Eq. (3-87):
2
x2 = 2c0 .g 22 .x2 − x1 − sgn (x2 ) (x1 + f 2 ) + g 24 .x22

Inserting Eq. (3-92) into (3-91) results in:
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(3-92)

2
V( x, t ) = 2c 02 .g 24 .x22 + 2c 02 .g 22 .x1.x2 + 2c0 .g 22 . x22 .(x1 + f 2 ) + g 24 .x24 +

(

)

2
2
2
2
2
4 2
2
4
1 − 2c0 .g 2 .x2 .(x1 + f 2 ) − 2 x1.(x1 + f 2 ) − 2(x1 + f 2 ) . (x1 + f 2 ) + g 2 .x2 − 2 x2 .(x1 + f 2 ). x1 + f2 + 4 x 2 .x2 .g 2
.
2
(x1 + f 2 )2 + g 24 .x22

(3-93)
Eq. (3-93) shows that 𝑉̈(x,t) is bounded. Because, according to Eq. (3-87), the following

condition never happens simultaneously:

x2 = 0

(3-94)

x1 = − f 2

Therefore, that 𝑉̇(x,t) is uniformly continuous and then according to the Barbalat’s Lemma,

we have:

2
V = −c0 .g 22 .x22 − x2 . ( x1 + f 2 ) + x22 .g 24 → 0

(3-95)

as t → ∞

x2 → 0

(3-96)

as t → ∞
Then x2 asymptotically converges to zero.

3.6.4 Comparative Study of the Proposed Controller
In this section, the performance of the proposed controller is evaluated compared to the
feedback linearization-based controller (FLC). Another possible controller, which can be used to
track the input power reference, can be derived using the feedback linearization approach. The
FLC is given by:
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u FL =



 v
R
v2 1
v 
R 
L
. p ref +  in − L .x 2 − in + .vin .v BUS −  L − in . p ref + k 2 .x 2 + k1 x1 
vin .v BUS 
L 
L L
 vin
 L vin 

(3-97)

According to Eq. (3-97), the FLC tries to cancel out all nonlinear terms and transforms the
closed-loop system to a linear controllable system. However, these nonlinear terms help to
increase the stability margin of the system. For instance, the term vin2/L increases the stability
margin when x2 is positive or the term vBUS.vin/L boosts the stability margin when x2 is negative.
The superiority of the optimal stabilizing controller over the FLC is graphically shown in Figure
3.26. The shaded-areas in Figure 3.26 show the unstable regions. According to this figure the
optimal stabilizing controller takes advantage of the nonlinear terms in order to increase the
system stability margin. The FLC controller does not have any stability margin. With a slightly
perturbed feedback, (1+ε)uFL, the system might go into the unstable region. In addition, the
control effort, which has been taken by the FLC to cancel out the nonlinear terms, increases the
cost function of the system. Thus it can be concluded that the proposed controller has superior
stability margin and robustness compared to the conventional FLC control methods by preserving
the non-linear terms arising from the non-linear behavior of the boost PFC AC/DC converter.
x2

Unstable
GM1
GM2

(1+ɛ)uFL
x2
uFL

Unstable

uOptimal

Figure 3.26: Performance of the optimal and feedback linearizing controller.
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Figure 3.27 shows the block diagram of the proposed controller.
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Figure 3.27: Block diagram of the proposed control system.

3.7 Performance Analysis through Simulation
In order to evaluate the performance of the proposed topology and proposed control systems,
different simulations of the system are carried out. The simulations are performed in PSIM 9.0.4
circuit simulator software from Powersim Inc.

3.7.1 Simulation Results for the ZVS Interleaved Boost PFC Converter
The simulation results for the proposed ZVS interleaved boost PFC converter are given in
this section. Figure 3.28 shows the phase B inductor current and auxiliary inductor current. This
86

figure illustrates that the peak value of auxiliary circuit current is a little greater than the valley
current in order to guarantee ZVS for the boost MOSFET.
Figure 3.29 and Figure 3.30 illustrate the waveforms of phase A and phase B, respectively.
According to these figures, the boost MOSFETs are turned on under ZVS.
Figure 3.31 shows the switching waveforms of the output MOSFET. According to these
waveforms, the output MOSFETs are turned on under ZVS and turned off at near ZCS. Figure
3.32 shows the auxiliary circuit waveforms for vin=220VAC. Since the duty ratio becomes smaller
than 0.5 near the maximum points, the peak value of auxiliary circuit current is reduced. Thus, the
frequency modification is required to make sure that the auxiliary circuit performs optimally.

Figure 3.28: Phase B inductor current and auxiliary circuit current.

87

Figure 3.29: Waveforms of phase A boost converter.

Figure 3.30: Waveforms of phase B boost converter.
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Figure 3.31: Waveforms of the output MOSFET.

Figure 3.32: Auxiliary circuit current for vin =220V.
89

3.7.2 Simulation Results for the input power controller
In order to evaluate the performance of the proposed control system, a simulation of the
system is carried out. In this simulation, the transient behavior of the control system is examined
for the step load change at the output of the converter. Figure 3.33, Figure 3.34, and Figure 3.35
show simulation results. In Figure 3.33(a), a positive step load of 1KW is applied at the output at
t=0.15s and Figure 3.33(b) shows the response when a negative step change of 1KW is applied at
the output at t=0.15s. These figures illustrate that the control system instantly adjusts the
instantaneous duty ratio based on the new load condition. Whereas, in conventional control
method, the sluggish external control loop should first detect the change in the output voltage and
then change the peak of the instantaneous reference value of the current loop and finally the
current loop adjusts the duty ratio accordingly. Therefore, very fast response is achievable
through the proposed controller in that the input power controller with a very high bandwidth acts
instantly against severe load changes. In addition, the input power controller, basically, controls
the amount of power, which is charging and discharging the output capacitor. Thus, in a sense,
the closed-loop system acts as a first order system and there is no overshoots or undershoots in
the capacitor voltage. This fact is clear in simulation results (Figure 3.33).
Figure 3.34(a) and Figure 3.34(b) depict different transient waveforms of the closed-loop
control system for positive step change and negative step change in the load respectively.
According to these figures, the input power tracks the reference value of the instantaneous power,
very fast. In addition, the input current waveforms show a very good power factor with the
proposed control system.
Figure 3.35(a) and Figure 3.35(b) show the behavior of the closed-loop control system
against uncertainties in the system parameters. In Figure 3.35(a), the equivalent series resistance
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of the boost inductor is increased by 20% and in Figure 3.35(b), the value of the input inductor is
decreased by 20%. According to these figures, the closed-loop controller can effectively maintain
stability and tracking performance against parameter variations. This is, basically, due to the
integral term in Eq. (3-55) added to the Lyapunov function in order to compensate the effects of
disturbances and model uncertainties.

(a)

(b)

Figure 3.33: Transient response of current for: (a) positive load step, (b) negative load step.

(a)

(b)

Figure 3.34: Transient response of input power for (a) positive load step, (b) negative load step.
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(a)

(b)

Figure 3.35: Performance of the controller against system uncertainties: (a) RL, (b) L

3.8 Experimental Results
A 3KW prototype is implemented to verify the performance of the proposed converter. The
converter specifications are shown in Table 3.1 and the designed parameters are given in Table
3.2. Figure 3.36 illustrates the system block diagram. At the input stage, there is inrush current
protection, which limits the inrush current of the converter. Since there is usually a big capacitor
at the output of the PFC, the inrush current to charge the capacitor is very high and a circuit is
required to limit this current. The next block is the EMI filter, which is designed to comply with
the EMI standard (CISPR25/12) for electric vehicles [80], [81]. The following block is the input
diode rectifier. It rectifies the input voltage for the two-phase interleaved boost converter. The
interleaved boost converter converts the rectified input voltage to the intermediate DC-bus
voltage. The output capacitor of the interleaved boost converter is large (1.4mF) in order to
decrease the 2nd harmonic voltage ripple caused by the power ripple of the input boost PFC
converter. In addition, there is a differential-Mode (DM) filter at the output of the PFC in order to
filter out the differential-mode noise. At the output of this filter, a clean DC-bus voltage is
provided to the full-bridge converter. Note that another EMI filter is required at the output of the
full-bridge converter in order to provide filtering for the EMI noise injected by the inverter. Since
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the inverter is connected to the high energy battery, it injects switching noise to the battery
charger.

Table 3.1: Converter specification.
Symbol

Parameter

Value

Po

Output Power

3KW

Vac

Input Voltage

170-267VAC

Vo

Output Voltage

235-431VDC

fsb

Interleaved boost switching frequency

44-148KHz

fsf

Full-Bridge Switching Frequency

220 KHz

Iin(max)

Maximum input current

16A

Iinrush

Maximum inrush current

32A

P.F.

Power Factor

> 98%

Table 3.2: System parameters.
Symbol

Parameter

Value

LA,LB

Boost Inductors

270uH

Co

Output Capacitor

1.4mF

SA1,SA2,SB1,SB2

MOSFETs

STx25NM50N

DBR

Bridge Rectifier

20ETF06pbF

LAUX

Auxiliary Inductor

120uH
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Figure 3.36:AC/DC converter block diagram.

In order to implement the proposed controller, the TMX320F28335 eZdSP board is
employed. This DSP board is a floating-point DSP, which offers a very flexible environment for
advanced calculations. This DSP has a 12-bit ADC with a sequencer that is able to convert
multiple analog signals sequentially [82]. It also has 6 EPWM (Enhanced PWM) modules, which
can produce the desired PWM signals with a very high degree of flexibility [83]. The highresolution EPWM module is utilized to produce the PWM pulses [84]. In order to verify the
performance of the proposed converter, two converters are implemented. The first one is the
conventional interleaved boost PFC without the auxiliary circuit and the second one is the
proposed converter.
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Figure 3.37 show the prototype of the converter. Figure 3.38 and Figure 3.39 illustrate the
waveforms of the conventional interleaved boost PFC converter. In Figure 3.38, the gate pulse
and the drain-source voltage of the boost MOSFET are depicted. According to this figure, the
boost MOSFET is hard-switched during the turn-on and there are a lot of switching losses as well
as switching noise generated by the hard-switching. Figure 3.39 is the enlarged version of Figure
3.38.
As discussed earlier, the converter with an auxiliary circuit has the problem of losing ZVS
during turn-on at duty-ratios less than 0.5 when the output MOSFETs are replaced with diodes.
Figure 3.40 shows the results for the converter with an auxiliary circuit and diodes at the output.
In this figure, the duty ratio is 0.46 and it is clear that the output diode turns on prior to the boost
MOSFET and does not allow ZVS to happen at turn-on.

Figure 3.37: AC/DC converter prototype.
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.
Figure 3.38: Conventional interleaved boost PFC waveforms.

Figure 3.39: Conventional interleaved boost PFC waveforms (enlarged).
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Figure 3.40: Converter waveforms with auxiliary circuit and output diodes.

Figure 3.41 and Figure 3.42 show the waveforms of the proposed converter. According to
these figures, the boost MOSFET is turned-on under zero voltage. This is due to the negative
current provided by the auxiliary circuit. Having the MOSFETs at the output side guarantees the
appropriate waveforms across the auxiliary circuit and avoids any unwanted turn-on of the output
diodes prior to the boost MOSFET turn-on. Figure 3.42 is the enlarged version of Figure 3.41.
This figure shows that the output capacitor of the boost MOSFET is completely discharged prior
to applying the gate signal and once the voltage across the MOSFET has become zero the gate
signal is applied to the MOSFET.
Figure 3.43 shows the waveforms of the two phases of the proposed interleaved boost PFC
converter as well as the auxiliary circuit current. This figure, explains how the auxiliary circuit
provides the reactive current for the both phases at the same time.
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Figure 3.41: Proposed interleaved boost PFC waveforms.

Figure 3.42: Proposed interleaved boost PFC waveforms (enlarged).
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Figure 3.43: Waveforms of two phases of the proposed converter and auxiliary current.

The waveforms of the proposed converter for very large duty ratios are shown in Figure 3.44.
Figure 3.45 illustrates that the auxiliary circuit current changes during a line cycle based on the
input current. The auxiliary circuit current is at its minimum at the zero crossing points of the
input current and it is at its maximum at the peak of the input current. This implies that the
auxiliary circuit current adaptively changes based on the shape of the input current and is
optimized over the line cycle. Figure 3.46 illustrates the auxiliary circuit current around the input
current zero crossing point and Figure 3.47 shows the proposed converter waveforms around the
peak point of the input current. These figures show that the auxiliary circuit current adaptively
changes during the line cycle to provide just enough reactive current for realizing ZVS.
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Figure 3.44: Waveforms of the proposed interleaved boost converter for large duty ratios.

Figure 3.45: Drain-source voltage of the boost MOSFET, auxiliary current and input current.
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Figure 3.46: Auxiliary current around the current zero crossing point.

Figure 3.47: Proposed converter waveforms around the peak point of the line cycle.
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Figure 3.48 shows the input voltage and the input current of the proposed converter for 30%load and Figure 3.49 illustrates the same waveforms for full-load. It can be seen that the input
current and input AC voltage are in phase, thus maintaining near unity (0.999) power factor.

Figure 3.48: Proposed converter input voltage and input current for 30%-load.

Figure 3.49: Proposed converter input voltage and input current for full-load.
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Figure 3.50 shows the phase A boost inductor current and the boost MOSFET drain-source
voltage. The input current and phase A boost inductor current are shown in Figure 3.51. This
figure shows that interleaving effectively reduces the current ripple at the converter input.

Figure 3.50: Phase A boost inductor current and boost MOSFET drain-source voltage.

Figure 3.51: Phase A boost inductor current and input current.
103

Figure 3.52 shows the efficiency curves of the conventional interleaved boost PFC converter
as well as the proposed interleaved boost PFC converter. According to this figure, the proposed
converter shows better efficiency for the whole load range compared to the conventional one. The
improvement in the efficiency can be attributed to the fact that the proposed converter eliminates
two main sources of losses, which are the turn-on losses of the boost MOSFETs and the reverserecovery losses of the output diodes.

Figure 3.52: Efficiency curves of the proposed and conventional converters (vin=220VAC).

Figure 3.53 and Figure 3.54 depict the transient response of the conventional PFC control
system for a 50% positive and a 50% negative step load, respectively. According to these figures
the transient response of the converter is very poor against the load step change. There are a large
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amount of overshoots and undershoots in the output voltage during the load step transient. This
behavior is inherent to the conventional very low bandwidth voltage controller that exists in the
PFC control systems. The low bandwidth voltage loop is not able to sense the voltage dip very
fast. Therefore, the current controller cannot modify the duty cycle accordingly. The oscillatory
behavior of the current is also observed in these figures. Figure 3.55 illustrates the response of the
conventional PFC controller for a severe step change in the load. This figure shows that for
severe load changes, the control loop cannot maintain the system stable.

Figure 3.53: Transient response of conventional PFC controller to a 50% positive step load.
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Figure 3.54: Transient response of conventional PFC controller to a 50% negative step load.

Figure 3.55: Transient response of conventional PFC controller to a severe step load.

Figure 3.56 and Figure 3.57 illustrate the steady-state performance of the nonlinear
controllers. These figures validate very high power factor and stable operation of the converter
with the proposed controllers.
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Figure 3.56: Steady-state waveforms of the nonlinear controller at 50%-load.

Figure 3.57: Steady-state waveforms of the nonlinear controller at 80%-load.

Figure 3.58 Figure 3.59 show the transient response of the converter with the flatness-based
input power control approach for a positive and a negative step load change respectively.
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According to these figures, the input power controller shows a very smooth and fast response
against load changes.

Figure 3.58: Transient response of the flatness-based controller for positive step load change.

Figure 3.59: Transient response of the flatness-based controller for negative step load change.
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Figure 3.60 and Figure 3.61 show the transient response of the converter with the CLF-based
input power control approach for a positive step load change and positive step input voltage
change respectively. According to these figures, the controller shows a fast response for sudden
load/input change and it is able to keep the closed-loop system stable under severe conditions.

Figure 3.60: Transient response of the CLF-based controller for positive step load change.

Figure 3.61: Transient response of CLF-based controller for input voltage positive step change.
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3.9 Summary
In this chapter, a new interleaved boost PFC converter is proposed, which provides soft
switching for power MOSFETs through an auxiliary circuit. This auxiliary circuit provides
reactive current during the transition times of the MOSFETs to charge and discharge the output
capacitors of the MOSFETs. In addition, the control system effectively optimizes the amount of
reactive current required to achieve ZVS for the power MOSFETs. The frequency loop, which is
introduced in the control system, determines the frequency of the modulator based on the load
condition and the duty cycle of the converter. Experimental results and efficiency curves show
the improved performance of the proposed converter compared to the conventional one.
In this chapter, two new control approaches are also proposed, which control the input power
of the PFC for the AC/DC converter used in the electric vehicle. In the proposed control
approaches, the DC-bus voltage is adaptively controlled based on the power demand from the
charging curve of the battery. The control systems optimize the amount of reactive power
required for the full-bridge converter for different load conditions. The first controller is designed
based on differential flatness theory and the control-Lyapunov function. The control system is
much faster compared to the conventional low-bandwidth PI controller used to regulate the output
voltage. The stability of the closed-loop system is proved using Lyapunov’s second method for
stability and Barbalat’s Lemma. The second controller is designed based on the control-Lyapunov
function in order to extend the stability margin of the closed-loop system. The proposed
controller shows better stability margins and robustness compared to the conventional linear
control methods because it preserves the nonlinear terms arising from the nonlinear behavior of
the boost PFC AC/DC converter. Experimental results show the improved performance of the
proposed methods over the conventional method.
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Chapter 4
Current-Driven Full-Bridge DC/DC Converter Topology
As discussed in the previous chapter, power-conversion systems in Electric Vehicles (EVs)
usually include a plug-in AC/DC converter to charge the traction battery. Such AC/DC converters
consist of two stages: input power factor correction (PFC) for AC/DC conversion and, DC/DC
conversion for battery charging. This chapter focuses on the design and implementation of the
high-voltage DC/DC converter used to charge the high-voltage battery.
MOSFET-based full-bridge converters are popular in this range of power. Figure 4.1 shows
the schematic of a conventional full-bridge converter. In high-voltage high-frequency
applications, conventional full-bridge converters suffer from high voltage spikes across the output
diodes and high oscillatory current on the primary side. The voltage spikes are caused by the
leakage inductance, and the high oscillatory current is caused by the parasitic capacitance of the
main transformer and output diodes.
The problem of voltage spikes is related to the presence of voltage-driven output rectifiers in
the converter. This is due to the fact that the full-bridge inverter produces high-frequency voltage
pulses across the output diode rectifier, which is connected to the output inductor as show in
Figure 4.1. The voltage-driven rectifier works perfectly if there is no leakage inductance in
between the output of the full-bridge inverter and the diode rectifier. However, the existence of
the leakage inductance makes the rectifier connect two current sources, i.e., leakage inductance
and output inductance, together. This connection creates high voltage spikes across the output
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diodes. In this chapter, a topology is proposed based on a current-driven rectifier, which
effectively rectifies the voltage stress problems related to the full-bridge DC/DC converter. The
proposed topology also provides zero current switching (ZCS) for the output rectifiers, which
eliminates the reverse recovery losses of the output diode rectifiers.
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Figure 4.1: Conventional full-bridge converter.
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Load

4.1 Proposed Topology
The main problem regarding the conventional full-bridge converter is the series connection of
the leakage inductor and output inductor through the diode rectifier. In other words, the diode
rectifier at the secondary side of the converter connects two current sources together. This leads
to large voltage spikes across the diode rectifier and very lossy commutation of the current in the
rectifier diodes. This phenomenon is intensified in high-voltage applications due to the inevitable
large leakage inductance. This fact forces the designers to overdesign the diode rectifier at the
output side. For instance, designers may use 1200V diodes for a 400V output DC power supply in
order to have reliable operation.
Moreover, in full-bridge DC/DC converters with high output voltages (400V or higher), the
equivalent capacitance viewed from the transformer primary side is not negligible. The reasons
for this condition are the high number of turns at the secondary, and the requirement for highvoltage semiconductors with high output capacitance. In high frequency applications, these
parasitic capacitances resonate with the leakage inductance of the transformer, which leads to a
high resonant current in the primary of the transformer. Therefore, this capacitor diminishes the
performance of the converter in high switching frequency applications. The conventional fullbridge topology exhibits poor performance due to the secondary side components in highfrequency, high-voltage applications.
The proposed topology is a ZVZCS-type full-bridge converter with a current-driven rectifier.
Figure 4.2 shows the power circuit of the proposed topology. In this topology, the full-bridge
converter converts the DC-bus voltage to a high-frequency quasi-square-wave voltage. Then,
there is an inductor in series with the transformer, which acts as a current source for a current-
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driven rectifier. The current-driven rectifier rectifies the output current of the transformer and
transfers power to the output.

+

vBUS
CBUS
Ca1

S3

S1

Ca1

Laux1

A
S2

Ca2

Laux2

B

Ca2

S4

Lf
CB

Ls

Lleak

D1

D3
Cf

HVBattery
VBAT

D2

D4

Figure 4.2: Proposed DC/DC converter with current-driven rectifier.

Figure 4.3 illustrates the key waveforms of the converter. In one switching cycle, the circuit
has fourteen modes during steady-state operation. Due to the symmetrical structure, the analysis
is only given for half a switching cycle. In a half cycle, the steady state behavior of the circuit is
divided into the following operating modes:
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Figure 4.3: Ideal waveforms of the proposed converter.
115

1. MODE I: (t0≤t≤t1)
At t0, S2 is turned off. The output capacitor of S1 is discharging and that of S2 is charging up
with the reactive current provided by the auxiliary circuit. During this interval, the secondary-side
diodes are reverse biased and are off. Therefore, the rising voltage vAB conducts a very small
current through the dc blocking capacitor, Cb, series inductance, Ls, leakage inductance, Lleak, and
magnetizing inductance, LM. Figure 4.4 shows the active components in this mode of operation.
The current through the series inductance, Ls, is given by:

is (t ) =

1
Ls + Lleak + LM

∫

t

t0

v AB dt

(4-1)

Due to the fact that LM is large, the amount of current flowing through the primary side of the
transformer is much smaller than the current through the auxiliary circuit, iAUXA. According to this
assumption vAB is calculated as:

v AB (t ) = Vdc − vCso (t )
vCso (t ) = Vdc −

(4-2)

I PA
(t − t 0 )
2C So

(4-3)

By using Eq. (4-1), Eq. (4-2) and Eq. (4-3), the equation of the series current is calculated as:

is (t ) =

I PA
(t − t 0 ) 2
4( Ls + LM + Lleak ).C so

(4-4)

This interval ends once the voltage across the secondary reaches the output voltage plus the
voltage drops of the diodes to forward bias the output diodes. Thus, t1 is given by:

t1 = t 0 +

2k (Vo + 2Vd ).( Ls + LM + Lleak ).C so
LM .I PA

(4-5)
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Figure 4.4: Active components of MODE I.

2. MODE II: (t1≤t≤t2)
This mode starts once the output diodes get forward biased. Figure 4.5 shows the active
components in this mode. According to this figure, the output capacitor of the MOSFET, S1, is
still discharging to finally reach zero and that of S2 is charging up to Vdc. This mode ends once the
voltage across this capacitor becomes zero. In this interval, the series current, is, is calculated as:

is (t ) =

1
Ls + Lleak

∫ (v
t

t0

AB

− k (Vo + 2Vd ) )dt

(4-6)

vAB is given by

v AB (t ) =

I PA
(t − t1 )
2C so

(4-7)

Replacing Eq. (4-7) into Eq. (4-6), is is given by:

is (t ) =

k (Vo + 2Vd )
I PA
(t − t1 ) 2 −
(t − t1 )
4( Ls + Lleak ).C so
Ls + Lleak
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(4-8)

This interval ends once the output capacitor of the MOSFET, S1, has discharged completely.
Therefore, t2 is calculated using Eq. (4-3) as follows:

t2 = t0 +

+

2Vdc .C so
I PA

(4-9)
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Figure 4.5: Active components of Mode II.

3. MODE III: (t2≤t≤t3)
This mode starts once the MOSFET output capacitors have been charged and discharged
completely. Figure 4.6 shows the active components in this mode. During this mode, the output
diodes clamp the secondary voltage to the output voltage. Thus, there is a constant voltage across
the combination of the series inductance and the leakage inductance. Therefore, the series current
ramps up to its peak value. According to Figure 4.6, the series current, is, is given by:

is (t ) =

Vdc − k (Vo + 2Vd )
(t − t 2 )
Ls + Lleak

(4-10)
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The peak value Ip of the series current is is determined by using Eq. (4-4), Eq. (4-5), Eq. (4-8),
Eq. (4-9), Eq. (4-10) and the amount of phase-shift between the leading leg and the lagging leg of
the full-bridge inverter.

Ip =

2k 2 .(Vo + 2Vd ) 2 .( Ls + Lleak + LM ).C so
L2M .I PA
V .C
k (Vo + 2Vd ).( Ls + Lleak + LM ).C so 2
I PA
( dc so −
)
LM .I PA
( Ls + Lleak ).C so I PA

+

(4-11)

2k (Vo + 2Vd ) Vdc .C so k (Vo + 2Vd ).( Ls + Lleak + LM ).C so
(
)
−
−
Ls + Lleak
I PA
LM .I PA
+

Vdc − k (Vo + 2Vd ) ψ
( − td )
ωs
Ls + Lleak

This mode ends once the MOSFET, S4, gate voltage becomes zero. The end of this interval, t3,
is given by:

t3 = t 2 +

+

ψ
−t
ωs d

(4-12)
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Figure 4.6: Active components of Mode III.
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4. MODE IV: (t3≤t≤t4)
Figure 4.7 illustrates the active circuit during this mode. During this interval the output
capacitor of S3 is discharging from and that of S4 is charging up to Vdc. In this interval, the output
voltage of the inverter, vAB, is given by:

v AB (t ) = Vdc − Vdc Sin(

I
t
− t 3 ) − PB (t − t 3 )
2C so
2C so .( Ls + Lleak )

(4-13)

The series current is calculated using Eq. (4-13) as follows:

is (t ) =

1
Ls + Lleak
−

Vdc
t


Vdc (t − t 3 ) + 2C .( L + L ) Cos ( 2C .( L + L ) − t 3 )
so
s
leak
so
s
leak


 I PB

(t − t 3 ) 2
−

 4C so


(4-14)

k (Vo + 2Vd )
(t − t 3 ) + I p
Ls + Lleak

This mode ends once the S3 output capacitor gets completely discharged and the S4 output
capacitor gets charged to Vdc. The end of this mode t4 is determined by solving Eq. (4-13) for
vAB(t4) = 0.
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Figure 4.7: Active components of Mode IV.
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5. MODE V: (t4≤t≤t5)
Figure 4.8 shows the active components during this mode of operation. Once the voltage, vAB,
becomes zero this mode commences. During this mode, the output voltage of the inverter is zero
and the output diodes clamp the secondary voltage to the output voltage. Thus, a net negative
voltage is seen across the series inductor, which is the reflected output voltage at the transformer
primary side. This causes the current is to ramp down. According to Figure 4.8, the series current
is given by:

is (t ) = is (t 4 ) −

k (Vo + 2Vd )
.(t − t 4 )
Ls + Lleak

(4-15)

This interval is part of the dead time between the gating pulses of S3 and S4. Therefore, in this
mode the body diode of S3 is conducting. Once the gate pulse of S3 is applied this mode finishes
and the current flows through the MOSFET channel.
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Figure 4.8: Active components of Mode V.
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6. MODE VI: (t5≤t≤t6)
This mode starts when the gate pulse is applied to S3. The active components in this mode are
shown in Figure 4.9. The equivalent circuit is the same as the previous mode except the S3
channel is conducting in this mode rather than the body diode of S3. Therefore, the series inductor
current is still ramping down to reach zero at the end of this mode. It should be noted that S1 turns
off under near zero current switching at the end of this mode. At the end of this mode, the current
through the series inductor reaches zero, so that the output diodes D2 and D3 naturally turn off
with zero current.

+

S3

S1

Ca1

iAUXA

vBUS
CBUS
Ca1

Laux1

is

iAUXB

A
S2

Ca2

Laux2

B

Ca2

S4

io
CB

Lleak

Ls

D1

D3
Cf

LM

Lf
HVBattery
VBAT

D2

D4

Figure 4.9: Active components of Mode VI.

7. MODE VII: (t6≤t≤t7)
Figure 4.10 shows the active components during this mode of operation. This interval starts
once the current through the output diodes reaches zero and the diodes naturally turn off with zero
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current. During this mode, the output capacitor Cf feeds the output load with its stored energy
while on the transformer primary side there is no current.
The modes of operation of the converter are slightly different for light loads. In particular,
MODE IV is subdivided into two modes for light load conditions due to the small value of peak
current, Ip, in the series inductor. There are, basically, two sources of current to charge and
discharge the MOSFET output capacitors. Firstly, the auxiliary circuit current, and secondly, the
current flowing in the series inductance. In light loads, the latter is not enough to charge and
discharge the MOSFET output capacitors. Therefore, the lagging edge of the inverter output
voltage has two different slopes at light loads. The first slope is determined by the auxiliary
circuit current and Ip while the second slope is just determined by the auxiliary circuit current.
That is why there are two different modes of operation during MODE IV. Figure 4.11 shows the
sub-modes of MODE IV at light loads.
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Figure 4.10: Active components of Mode VII.
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Figure 4.11: Sub-modes of Mode IV.

4.2 Steady-State Analysis of the Proposed Topology
In this section, the steady-state operation of the converter is analyzed. The following
assumptions are considered for the derivations:
1. The converter losses are neglected, which implies that the input power of the converter is
equal to the output power.
2. The energy transferred from the primary to the secondary side of the transformer during
MODE I and MODE II of the operation, which extends from time t0 to t2, is neglected
since the series inductance current is negligible during these intervals.
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3. The change in the waveform of the series inductor current during MODE IV of operation
is neglected since the duration of MODE IV is very small compared to the switching
cycle.
4. All passive components are considered to be ideal, which implies the ESRs of inductors
and capacitors are neglected.
5. The magnetizing inductance of the transformer is large enough to have a negligible
magnetizing current.
6. The voltage ripple across the output filter capacitor is very small considering the
application of battery charging.
Figure 4.12 illustrates the series inductance current and voltage waveforms. In order to
calculate the conversion ratio of the converter, the average value of the series inductance current
should be determined. According to Figure 4.12 and the aforementioned assumptions, the average
value of the series inductance current is given by:


2 ψ
I =  − t d 
Ts  ω s


2

 V   V − kVo
. dc . dc
 kVo   Ls + Lleak





(4-16)

In order to find the conversion gain, the power balance equation is used. The power balance
is given by:

k .I .Vo = VBAT .I BAT

(4-17)

By using Eq. (4-16) and Eq. (4-17) the gain of the converter is given by:
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Figure 4.12: Series inductor current and voltage waveforms for half a switching cycle.
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(4-18)

where Re is the effective load of the converter and is given by:

Re =

VBAT
I BAT

(4-19)
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Figure 4.13 shows the converter gain with respect to the phase-shift angle of the full-bridge
converter for different load conditions. According to this figure, the variations of the gain are
more pronounced for light loads and for smaller values of the phase-shift angle, while the gain
varies more consistently for heavier loads. This is due to the fact that the current in the series
inductance has a very small peak for light loads; hence, the duration of MODE IV-VI is short,
whereas this duration is long compared to the switching cycle at heavy loads.
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Figure 4.13: Converter gain for different load conditions.

127

200

4.3 Features of the Proposed Topology
In this section, the salient features of the proposed converter are discussed as follows:

1. Zero Voltage Switching from Absolutely No-Load to Full-Load
In the electric vehicle applications, the power converter should be able to operate at
absolutely no-load condition for long periods of time. The conventional full-bridge converters
lose ZVS at light loads. This limits the use of the conventional full-bridge converter in such
applications. Two auxiliary circuits are placed to provide reactive current for ZVS turn on of the
full-bridge switches independent of the load condition [109]. Although, the auxiliary circuit
increases the current of the MOSFETs, this current is essential to ensure reliable operation of the
converter in the battery charging application, where the converter operates at no-load for a long
period of time. Losing ZVS at no-load implies a significant amount of switching losses especially
at high switching frequencies and very noisy control and gate drive circuit, which may cause
shoot-through and failure of the power MOSFETs.

2. Same Amount of Reactive Current Requirement for Leading and Lagging Legs
In [109], it is proved that the amount of reactive current required to guarantee ZVS for the
leading leg is higher than the one for the lagging leg due to the extra negative current in the
transformer leakage inductor, which has to be compensated by the auxiliary circuit. This implies
that the leading leg auxiliary inductor should carry much more current than the lagging leg. The
extra current in the auxiliary inductor significantly increases the conduction losses in the leading
leg switches as well as in the leading leg auxiliary inductor. In the proposed topology, due to the
fact that the series inductor current starts from zero during the switching of the leading leg
MOSFETs, the auxiliary circuit only requires to provide just enough reactive current to charge
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and discharge the leading leg MOSFET output capacitors. This can be concluded from MODE I
of the converter operation. Therefore, both the auxiliary inductors only carry a small amount of
current just enough for the ZVS turn on of the MOSFETs. Therefore, the two auxiliary circuits
are symmetric, and hence, easier to manufacture.

3. Near Zero Current Switching (ZCS) for the Leading Leg MOSFETs
It is evident from MODE I and MODE VII that when the leading leg switches are turned on,
the current in the series inductor is zero. The only current in the leading leg switches is the
auxiliary circuit current during these modes. Considering the fact that the current in the auxiliary
circuit is much smaller than the current in the series inductor, it can be concluded that the
MOSFETs of the leading leg undergo near ZCS turn-on.

4. Elimination of voltage spikes across the output diode
In the proposed topology, the voltage spikes across the output diodes are eliminated by using
a current driven configuration, which is realized by a series inductance and a capacitive filter at
the output of the diode bridge. The series inductor acts as a current source and the capacitive filter
clamps the voltage across the diode bridge.

5. Natural lossless commutation of the output diodes:
Owing to the current driven nature of the output rectifier, the output diodes turn off naturally
when the current in the series inductance reaches zero. This eliminates any reverse recovery and
switching losses in the output diode bridge and guarantees a safe and reliable operation of the

129

secondary side of the converter. Figure 4.3 illustrates the lossless commutations of the output
diodes.

6. Elimination of the freewheeling modes:
In conventional full-bridge converters, when the output voltage of the inverter rises to Vdc, the
current though the leakage inductance increases to reach the reflected output inductor current.
Once it reaches the reflected output inductor current, the voltage at the transformer secondary
side rises to Vdc/k. During this time the output diodes are freewheeling and the transformer
secondary voltage is near zero. In this period, the output inductor current is flowing through the
output diodes and the leakage inductance current is circulating in the primary side of the
converter. The freewheeling operating mode significantly increases the losses of the converter
especially for heavy loads. In the proposed topology, the freewheeling mode is completely
eliminated due to the current driven structure at the primary side and capacitive output filter at the
secondary side.

7. Discontinuous Mode of Conduction of the Series Inductor:
The operation in DCM of the series inductor plays an important role in eliminating the
voltage spikes across the diode rectifier. This allows use of 600V diodes to implement the output
diode bridge. Elimination of the voltage spikes guarantees highly reliable operation of the
converter for heavy loads. However, the DCM operation increases the rms and peak values of the
series inductor current, which may deteriorate the efficiency at very heavy loads.
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8. Improved EMI:
Another main advantage of the proposed method compared to the conventional phase-shift
full-bridge controller is the very low amount of EMI produced by the proposed converter. In the
conventional phase-shift full-bridge converter, the voltage spikes of the output diodes and the
reverse recovery phenomena during diode transitions are significant sources of EMI, which
deteriorate the performance of the converter in the high frequency range. Due to the fact that the
converter for the traction battery is connected to the utility mains to charge the traction battery,
these high frequency voltage spikes are injected to the grid from the converter. Therefore, the
converter requires a bulky EMI filter at the input side to suppress the effects of the high
frequency voltage ringing present at the output side of the converter. The proposed converter
operates without any high frequency spikes at the output diodes as well as the full-bridge DC –
bus due to the current driven structure and auxiliary circuits in the primary side.

4.4 Design Procedure
In this section the design procedure of the proposed converter is presented. The main
components, which require special considerations while designing, are the auxiliary inductors,
series inductor and output capacitor.

4.4.1 Design of Auxiliary Inductors
Auxiliary inductors are designed based on the amount of reactive power required to guarantee
ZVS for the MOSFETs. In other words, the reactive current should be enough to completely
charge and discharge the MOSFET output capacitors. The peak value of the auxiliary circuit
current is derived as:
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I PA =

Vdc

(4-20)

8 LAUX 1 . f s

In order to design the inductor for the auxiliary circuits, first the amount of energy required to
charge and discharge the output capacitors of the MOSFETs is calculated. Then the amount of
dead-time required to allow complete charging and discharging is derived. Therefore, the amount
of energy stored in the auxiliary inductor is given by:

E AUX =

1
2
L AUX 1 .I PA
2

(4-21)

The amount of energy required to charge and discharge the output capacitors of the
MOSFETs is given by:

ECso = C So .Vdc2

(4-22)

Therefore the value of the auxiliary inductance is designed as:

LAUX 1 =

1
128C So . f s2

(4-23)

In order to ensure ZVS, the dead-time, td, should be adjusted to allow the output capacitors of
the MOSFETs to fully charge and discharge and is given by:

td =

2C So .Vdc
I PA

(4-24)

It should be noted that the auxiliary inductors are AC inductors. Therefore, the maximum flux
density considered for these inductors should be limited to avoid significant core losses.
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4.4.2 Design of Series Inductor
The series inductor should be designed such that the converter full-load condition
corresponds to the critical conduction mode of the series inductor. Figure 4.14 shows the critical
conduction mode of the series inductance, which is used to design the series inductor. According
to this figure, the reflected output current at the primary side is half of the peak current in the
series inductor. Therefore, the value of the series inductance is given by:

Lseq =

T
Vdc − kVo  ψ
. − t d . s
2I o
 ωs
 2

(4-25)

where Lseq = Ls + Lleak .
Substituting the phase-shift with the expression for the gain of the converter given by Eq. (418), the series inductance is given by:

Lseq


V
= 1 + k o
Vdc


 Vo 2 Ts

 Po ,max 64

(4-26)

is

2kIo
ΔILs
2

kIo

ΔILs
2
t0

ψ
ωs td

Ts
2

Ts
-kIo

-2kIo
Figure 4.14: Critical conduction mode.
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This series inductance, Lseq, plays a major role in the energy transfer from the primary to the
secondary side of the transformer. This inductance by nature is an AC inductor. So regular design
methods of an AC inductor with air-gap has to be followed if an external inductor is to be
designed for the series inductor, Ls. This inductance can be integrated as the leakage inductor of
the transformer too. Although in that case a transformer with a precisely designed leakage
inductance will be necessary but the advantage of having this integrated series inductance is
immense including elimination of an actual physical inductor along with its core and copper
losses and the adverse effects of its fringing flux on the EMI and the operation of the surrounding
devices on the PCB of the converter.
In order to enjoy the advantages of having an integrated series inductor, the design of the
transformer leakage is closely studied in this section [110]. In order to calculate the magnetic
field in a transformer the following assumptions are made:
1.

The winding consists of a large number of turns, which are placed close to each other
and the cross-sectional area of the wire used for winding is small compared to the
winding cross-section.

2.

The magnetic field intensity inside the ferrite core is uniform and constant.

Although there can be numerous configurations of windings on a bobbin, in this section only
the two-winding top-bottom arrangement is considered. This winding structure is shown in Figure
4.15. It is evident in this figure that this winding provides excellent isolation between the two
windings which is essential for this application (5000 V isolation required). The magnetic flux
distribution pattern can be derived by Ampere’s Law.
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H(field Intensity)
h

Np.Ip
h

b1

c

b2

Figure 4.15: Transformer winding configuration.

The leakage inductances 1 and  2 of each winding arise due to the magnetic flux, which is
stored only in the winding and not in the core, and the effective leakage inductance of one
winding is evaluated by electrically shorting the other winding. For calculating leakage
inductance at the primary winding, the secondary winding is shorted. Under such a shorted
condition, the field intensity along the cross section of the winding is shown in Figure 4.15, with
the mutual flux approximately reduced to zero. The leakage inductance 1 is calculated by
evaluating the following volume integral over the window area of the core occupied by the
primary winding:

1 =

µo
I

2
1

∫∫∫ H (ρ

2

)dv

(4-27)

Similarly the reflected leakage inductance of the secondary winding on the primary side is
given by:
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2 =

µo
I12

∫∫∫ H (ρ

2

)dv

(4-28)

evaluated over the volume occupied by the secondary winding on the bobbin.
Evaluation of the above integrals gives:

1 =
2 =

µo

(4-29)

µo

(4-30)

c b 
N12  + 1 
h
2 3 
c b 
N12  + 2 
h
2 3 

The equivalent leakage inductance on the primary side is given by:

 eq =  1 +  2 =

µo

b +b 

N12  c + 1 2 
h
3 


(4-31)

From the expression for equivalent leakage inductance, it can be realized that for a given
winding span and winding volume on the bobbin, the leakage inductance can be fine-tuned by
variation of the distance c between the two windings. This feature is unique to this type of layout
of the windings and cannot be exploited in the common method of laying the windings one on top
of each other and just having the insulating material separating them. Moreover, this gap between
the windings also ensures proper clearance, and henceforth isolation between the windings, which
is extremely essential for such automotive applications that require strict isolation levels between
the high voltage traction battery ground and the input utility mains following the electric car
isolation standards [111].

4.4.3 Design of Output Capacitor
Figure 4.16 shows the voltage and current of the output capacitor for a typical load. This
capacitor is designed for the maximum load of the converter. Therefore, the minimum value of
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the capacitor is designed to assure operation in the critical conduction mode at peak load. The
voltage and current waveforms of the capacitor are shown in Figure 4.17 for the critical
conduction mode. According to this figure, the value of the capacitor is designed by:

Cf =

Io
8 f s .∆VCf

(4-32)

where ΔVCf is usually considered as 5-10% of the output voltage. In the implemented
prototype of this converter this capacitor value is chosen to be higher than the one given by Eq.
(4-32).

iCf

Ip
k
Ip
2k
Ip
2k

t
-Io

vCf
ΔICf

D1,D4
t0

D2,D3
ψ
ωs td

Ts
2

Figure 4.16: Output capacitor waveforms for a typical load.
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Figure 4.17: Output capacitor waveforms for full-load.

4.5 Performance Analysis through Simulation
In order to evaluate the performance of the proposed topology, simulations for different loads
are carried out. The simulations are performed in PSIM 9.0.4 circuit simulator software from
Powersim Inc.
Simulation results for the proposed converter are given in this section. Figure 4.18 shows the
simulation results for 50%-load and Figure 4.19 depicts the simulation results for full-load.
According to these figures, there are no voltage spikes across the output diodes owing to the
current-driven nature of the proposed topology.
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Figure 4.18: Simulation results for 50%-load.

Figure 4.19: Simulation results for full-load.
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4.6 Experimental Results
A 3KW prototype is implemented to verify the performance of the proposed converter. The
proposed high voltage DC/DC converter is a part of the 3KW AC/DC converter. The designed
specifications are shown in Table 3.1. Table 4.1 shows the passive components used to
implement the proposed full-bridge converter.
In order to compare the performance of the proposed converter with the full-bridge converter,
a prototype of the full-bridge converter with the same specification is implemented. An
asymmetric auxiliary circuit was added to the conventional full-bridge converter to be able to
operate at light loads [77]. Table 4.2 shows the key components of the conventional full-bridge
converter with asymmetric auxiliary circuits.

Table 4.1: Passive Components of the Proposed Full-Bridge Converter.
Symbol

Parameter

Value

Ratings

LAUX,A,B

Auxiliary Inductor

67uH

2A(rms)

Leq

Series Inductor

11.8uH

12.6A(rms)

Cf

Filter Capacitor

1uF

630VDC

Lf

Filter Inductor

80uH

10A(DC)

k

Transformer Turn’s Ratio

1:1.18

-

Ca1

Auxiliary Capacitor

2.2uF

300VDC
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Table 4.2: Passive Components of the Conventional Full-Bridge with Auxiliary Circuits.
Symbol

Parameter

Value

Ratings

LAUX,A

Auxiliary Inductor A

37uH

6A(rms)

LAUX,B

Auxiliary Inductor B

67uH

2A(rms)

Lleak

Transformer Leakage Inductor

1.8uH

-

Co

Output Capacitor

140uF

500VDC

Lf

Filter Inductor

80uH

10A(DC)

k

Transformer Turn’s Ratio

1:1.18

-

Ca1

Auxiliary Capacitor

2.2uF

300VDC

Figure 4.20 shows different waveforms of the conventional full-bridge converter operating at
10%-load. According to this figure, the secondary voltage of the transformer, which is present
across the output diode-bridge, shows significant voltage spikes. Figure 4.21 illustrates the
waveforms of the conventional full-bridge converter operating at full-load. This figure shows
severe voltage spikes across the transformer secondary voltage.
Figure 4.22-Figure 4.32 show the waveforms of the proposed converter for different load
conditions. These figures are given for a constant DC-link voltage. Figure 4.22 shows the
waveforms for no-load condition. According to this figure, the converter is able to operate at
absolutely no-load without any adverse voltage spikes across any of the semiconductors. Figure
4.23 shows the waveforms for 10%-load. By comparing Figure 4.23 and Figure 4.20, it is
concluded that the proposed converter has improved performance over the conventional one
especially in regards to the voltage across the secondary-side diode-bridge.
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Figure 4.20: Waveforms of the conventional full-bridge with auxiliary circuit at 10%-load.

Figure 4.21: Waveforms of the conventional full-bridge with auxiliary circuit at full-load.

Figure 4.24 and Figure 4.25 show the converter waveforms at 25%-load. It can be seen in
Figure 4.24 that, even at light loads, the full-bridge output voltage has very smooth transitions at
the leading and lagging edges. Moreover, the series inductor current remains zero during the
transition of the leading edge MOSFETs, which confirms that these switches have zero voltage
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and zero current switching. Also from the output diode-bridge voltage waveform, depicted in
Figure 4.25, the voltage clamping effect of the filter capacitor, Cf, is appreciated.

Figure 4.22: Proposed converter waveforms at no-load.

Figure 4.23: Proposed converter waveforms at 10%-load.
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Figure 4.24: Proposed converter waveforms at 25%-load.

Figure 4.25: Proposed converter enlarged waveforms at 25%-load (enlarged).
Figure 4.26 and Figure 4.27 illustrate the waveforms at 50%-load. Figure 4.28 and Figure
4.29 show the waveforms for 70%-load. Figure 4.30 and Figure 4.31 depict the waveforms for
85%-load. From these figures it is concluded that with increasing load MODE IV-VI gain
prominence. Figure 4.32 shows the waveforms at the full-load operation of the converter. The
waveforms confirm that the converter operates close to critical conduction mode for the series
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inductor. It should be appreciated from the waveforms presented in this section that for the whole
range of operation, the freewheeling mode of the output diode-bridge is eliminated due to the
current driven nature of the output rectifier, which is a unique feature of the proposed topology.
Figure 4.33 shows the auxiliary circuit current along with the other waveforms of the converter.

Figure 4.26: Proposed converter waveforms at 50%-load.

Figure 4.27: Proposed converter enlarged waveforms at 50%-load (enlarged).
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Figure 4.28: Proposed converter waveforms at 70%-load.

Figure 4.29: Proposed converter enlarged waveforms at 70%-load (enlarged).
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Figure 4.30: Proposed converter waveforms at 85%-load.

Figure 4.31: Proposed converter enlarged waveforms at 85%-load.
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Figure 4.32: Proposed converter waveforms at full-load.

Figure 4.33: Auxiliary circuit current along with other waveforms.
Considering the experimental results of the proposed topology for the output diode bridge,
600V diodes can be used to implement the output diode bridge rather than the 1200V diodes with
a higher forward voltage drop and bigger packages as required by the conventional full-bridge
converter.
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Figure 4.34 shows the efficiency curves of the proposed and conventional full-bridge
converter. This figure confirms the improved performance of the proposed converter over the
conventional full-bridge converter with the asymmetric auxiliary circuit. According to this figure,
the efficiency is higher especially for heavy loads due to the elimination of the freewheeling
mode, associated reverse recovery losses of output diodes, ZVZCS switching of the leading leg
and ZVS switching of the lagging leg in the proposed topology.

Figure 4.34: Efficiency curves of the proposed and conventional full-bridge converter

According to Figure 4.34, the efficiency is more or less the same for light loads. This is due
to the fact that the duty ratio is low for light loads, which deteriorate the efficiency due to large
freewheeling modes and circulating currents. Figure 4.22 and Figure 4.23 confirm that the duty
ratio is low for light loads. Figure 4.35 shows the full-bridge output voltage when the nonlinear
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controller with variable DC-bus is used for the PFC stage. Comparing Figure 4.35 and Figure
4.22, illustrates a large difference in duty ratios for no-load.

Figure 4.35: Full-bridge output voltage for variable DC-bus voltage at no-load.

Figure 4.36: DC bus voltage values for conventional and nonlinear PFC controller vs. load.
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Figure 4.37: Duty cycles for the conventional and nonlinear PFC controller vs. load.

Figure 4.36 shows the DC-bus voltage for the conventional and the nonlinear controller,
while Figure 4.37 shows the operating duty ratios of the full-bridge converter for the whole load
range from no-load to full-load. From these figures, it can be appreciated that the nonlinear
controller by reducing the bus voltage with reduction of the load helps the DC-DC full-bridge to
operate with larger duty ratios. At the same time it can be concluded from Figure 4.36 the output
voltage of the PFC is regulated to a constant value if the conventional controller is used which in
turn reduces the duty cycle as the load decreases and attains a very small values for light loads.
This leads to increased reactive current circulations in the full bridge converter. It is also very
hard to maintain ZVS for small duty-ratios, in such conditions the auxiliary circuit should provide
enough inductive current to make sure that the converter is operating under ZVS; all these factors
contribute to increased conduction losses of the converter and deteriorates the efficiency of the
overall system. Figure 4.38 show the efficiency curves for the fixed DC bus and the variable DC151

bus approaches. This figure shows that the variable DC-bus approach can effectively improve the
performance of the converter for light loads.

Figure 4.38: Efficiency curves for conventional and variable DC-bus approaches
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4.7 Summary
In this chapter, a current-driven full-bridge topology is introduced for high voltage battery
charging applications in an electric vehicle. The proposed converter eliminates the adverse effects
of voltage spikes at the secondary side of the transformer, as well as the freewheeling modes of
operation, which are intrinsic to the conventional full-bridge converters. Moreover, the proposed
converter ensures reliable operation at no load by using the symmetric auxiliary circuits on both
legs of the full-bridge converter. Experimental results show that the proposed converter has an
improved efficiency over the full range of operation compared to the conventional full-bridge
converter.
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Chapter 5
Optimized Variable-Frequency Phase-Shift Controller for DC/DC
Converter
In this chapter, the design and implementation of a low-voltage DC/DC converter is
explained in detail. Figure 5.1 shows the block diagram of the electric vehicle power conditioning
system. In this diagram, there is a DC/DC converter to charge the 12V battery from the traction
battery, which is discussed in this chapter.
The full-bridge DC/DC converter with asymmetric passive auxiliary circuits [73]-[79] is a
very good candidate for this application. Since the converter only utilizes auxiliary inductors to
provide ZVS, there is no need for active devices with gate/drive circuitry. It is highly preferable
in this application that the converter has a reliable and robust operation and avoids using complex
structures, which reduce the reliability of the power conditioning system. The asymmetric passive
auxiliary circuit provides a constant amount of reactive current for the whole range of operation,
without introducing any complexity. In this chapter, a precise analysis of the converter during
switching transitions for the leading leg and the lagging leg is performed. Then, based on the
precise analysis, a variable frequency phase-shift approach is presented, which optimizes the
required reactive current provided by the auxiliary circuit. The proposed control circuit adaptively
controls the reactive current required to guarantee ZVS under different load conditions. This leads
to significantly reduced semiconductor conduction losses as well as reduced auxiliary circuit
losses. In this chapter, first the analysis of the leading leg and the lagging leg during switching
transitions is derived. Then, the controller is designed based on the given analysis.
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HV Battery

AC/DC
Converter

DC/AC
Inverter

3-phase
Motor

12V Battery

DC/DC
Converter

Figure 5.1: Block diagram of EV power conditioning system.

5.1 Circuit Analysis
Figure 5.2 shows the power circuit of the full-bridge converter with an asymmetric auxiliary
circuit. According to this figure, there is a full-bridge inverter to produce a high-frequency quasisquare-wave voltage, which is applied to the power transformer. A current doubler synchronous
rectifier is used to rectify the voltage applied to the transformer. Due to the fact that the output
current is high (200A) in this application, the current doubler is able to effectively reduce the
output inductor power losses as well as the transformer power losses [112]. The output inductor
current and the transformer secondary current are half as large as the current for the center-tapped
topology. Therefore, a great deal of copper losses can be compensated by using the current
doubler topology. The operating principles of the current doubler synchronous rectifier are fully
described in [113]. Rectification through the current doubler topology does not affect the primary
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side operating modes. Thus, the operating principles of the converter remain the same as the ones
for the center-tapped topology at the primary side of the transformer. The key waveforms of the
converter are shown in Figure 5.3.
According to the gate signals, S1 and S2 represent the leading leg and S3 and S4 represent the
lagging leg of the converter. The behavior of the leading leg and the behavior of the lagging leg
are significantly different during the switching transitions. Thus, the behavior of the converter is
separately analyzed for the leading leg and the lagging leg.

S3

S1

Ca1

iprimary

iAUX1

Ca1

iAUX2

A

LAUX1
S2

Ca2

B

HVBattery

LAUX2

S4

Ca2

Ll

LF1

LF2
CF

SR1

SR2

Figure 5.2: DC/DC converter schematic.
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Figure 5.3: Key waveforms of the converter.

The switching transition for the leading leg of the converter is shown in Figure 5.4. During
this time S1 is turned off and S2 is turned on. According to this figure, the current through the
leakage inductance crosses zero at t = tβ. This means that the snubber capacitor across S2 is
charging instead of being discharged by the leakage inductance current. If the value of the current
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at tα is high enough to discharge the snubber capacitor across S2 to zero before tβ, zero voltage
switching is guaranteed. However, this only happens at heavy loads especially if the leakage
inductance is very low. According to Figure 5.4, in order to provide the ZVS condition for the
leading leg, the auxiliary circuit not only should provide enough current to discharge the snubber
capacitor, but it should also neutralize the negative current of the leakage inductance. Whereas,
the auxiliary circuit should only provide enough current to discharge the snubber capacitor for the
lagging leg, as shown in Figure 5.5. This is because the current never becomes negative for the
lagging leg. Thus, the amount of inductive current required to guarantee ZVS is completely
different for the leading leg and the lagging leg.
Calculating tβ, tγ and tθ is very crucial in order to determine how much current is required to
guarantee ZVS for the leading leg. In order to calculate tβ, tγ and tθ, the mathematical equation for
the leakage current and the voltage across the snubber capacitor should be derived. According to
Figure 5.4, at tα, S1 is turned off. At this point the energy stored in the leakage inductance is
released to the MOSFET capacitors. The equivalent circuit of the converter without the auxiliary
circuits is shown in Figure 5.6. According to this figure, the differential equations of the system
are given by

diLeak (t − tα )
R
v (t − tα )
= − series .iLeak (t − tα ) − S 1
dt
Lleak
Lleak
dvS 1 (t − tα ) iLeak (t − tα )
=
dt
2CS 1
iLeak (tα ) = I1
vS1 (tα ) = Vdc
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(5-1)
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Figure 5.4: Leading leg waveforms.
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Figure 5.5: Lagging leg waveforms.

The transformer current and the voltage across S1 are given by the following equations for tα
< t < t γ:
160

iLeak (t ) = (

I1.ξ

ωz

−

+ I1.e

( Lleak

−ξ ( t −tα )

kVo
).e −ξ ( t −tα ) .Sin[ω z .(t − tα )]
+ k 2 .L f ).ω z

(5-2)

.Cos[ω z .(t − tα )]

v S 1 (t ) = Vdc .e −ξ (t −tα ) Cos[ω z .(t − tα )] −
(

Vdc .ξ

ωz

+

I1
).e −ξ (t −tα ) Sin[ω z .(t − tα )]
2C s1 .ω z

(5-3)

where I1 is the current value at t = tα , k is the transformer turns ratio, ωz is the resonant
frequency of the leakage inductance and the snubber capacitances, and ξ is the damping ratio
given by:

ωz =
ξ=

1
2Cs1.Lleak

(5-4)

Rseries
2 Lleak

(5-5)

and Rseries is the equivalent resistance in series with the leakage inductance.
tβ is the time that the current through the leakage inductance crosses zero. Therefore, by
inserting tβ into Eq. (5-2) the value of tβ is given by:

tβ =

1 π
[ − tan −1 (
I1.ξ
ωz 2
−

ωz

I1
kVo
( Lleak + L f ).ω z

)]

(5-6)

The capacitor across the MOSFET must be discharged completely during the dead-time in
order to have zero voltage switching. If I1 is large enough to discharge the capacitor and bring VS1
to zero during the dead-time, the voltage will be clamped by the body diode of the MOSFET and
the resonant voltage will be zero. However, this condition only happens at heavy loads with
enough dead-time. The worst case is either the current is not enough to discharge the capacitor
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completely or the dead-time is too short to allow the voltage to reach zero. In this scenario, the
resonant voltage won’t be clamped by the body diodes and will continue to resonate with the
leakage inductance.

Ca1

+

S1

vS1
iLeak -

Laux1
Ca2

VAO

LLeak

RSeries

S2

Figure 5.6: Resonant circuit during the switching transition time.

According to Figure 5.4, tγ is the time at which S2 is turned on. It basically represents the
dead-time between S1 and S2. If there is enough current to bring VZ to zero before the dead-time
the voltage across the switch remains zero:

VZ = vS 1 (tγ ) = 0
Otherwise, the values of the voltage and the current at tγ are calculated by inserting td into Eq.
(5-2) and Eq. (5-3).
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VZ = vS 1 (tγ ) = Vdc .e −ξ .td Cos (ω z .t d ) −
(

Vdc .ξ

+

I1
).e −ξ .td Sin(ω z .t d )
2Cs1.ω z

I1.ξ

−

kVo
).e −ξ .td .Sin(ω z .t d )
( Lleak + L f ).ω z

ωz

I Z = iLeak (tγ ) = (

ωz

(5-7)

(5-8)

+ I1.e −ξ .td .Cos (ω z .t d )
Switch S1 is turned on at tγ and the voltage across the leakage inductance is –Vdc until the
primary current reaches the reflected load current. Thus, between tγ and tθ the output diodes are
freewheeling the output current and the large negative voltage across the leakage inductance
forces the primary current to reach the reflected output current at tθ. The value of tθ depends on
the value of the leakage inductance and the load current. For heavy loads, tθ is larger and for light
loads tθ is smaller. The transformer primary current for tγ < t < tθ is given by:

iLeak (t − tγ ) = I Z −

Vdc
(t − tγ )
Lleak

(5-9)

where IZ is given by Eq. (5-8).
The value for tθ is given using Eq. (5-9) as follows:

tθ =

( I Z − IV ).Lleak
Vdc

(5-10)

Eq. (5-2), Eq. (5-3) and Eq. (5-9) thoroughly describe the behavior of the leading leg during
the switching transition. The value of the currents, Ip, Iv and I1 are derived from the steady-state
analysis as:

I p = Io +

(V dc−kVo ).Vo
4 L f .Vdc . f s

(5-11)
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Iv = Io −

(V dc−kVo ).Vo
4 L f .Vdc . f s

(5-12)

I1 = I p −

ψ .k .Vo
2π .L f . f s

(5-13)

where ψ is the phase-shift between the rising edge of vg1 and the rising edge of vg3.
Figure 5.7 shows the variations of tβ for different load conditions. This graph is helpful in
designing the optimal dead time. The dead time should be chosen as close as possible to tβ to
avoid too much negative current.

Figure 5.7: tβ versus load current.

In order to satisfy the ZVS criterion, the value of the voltage at tγ, VZ, must be zero. Thus, the
inductive current from the auxiliary circuit should be enough to make sure the voltage is zero at
tγ. Due to the fact that the auxiliary circuit current remains relatively constant during the dead
time, the auxiliary inductor acts as a constant current source, which discharges the capacitor
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across S1 and charges the capacitor across S2. The value of this constant current source is derived
as:

I AUX =

Vdc
8 f s .LAUX

(5-14)

Therefore, the MOSFET capacitor voltage due to this constant current source is derived as:

vS 1,aux (t ) = Vdc −

Vdc
.(t − tα )
8 f s .LAUX

(5-15)

The inductor value is designed so as to provide enough current to make VZ zero; hence the
inductor is designed as:

LAUX 1 =

Vdc .t d
16 f s .Cs1.(Vdc + VZ )

(5-16)

In order to design the auxiliary inductor for the lagging leg, the energy which is required to
discharge the snubber capacitor should be calculated. In this case, the primary current never
becomes a negative value, and in the worst case, it can be zero. The energy required to discharge
and charge the snubber capacitors is given by:

WCs = Cs 2 .Vdc2

(5-17)

The energy stored in the leakage and the auxiliary inductances as well as the peak current of
the auxiliary inductor are given by:

1
1
2
WL = .Lleak .I p2 + .LAUX 2 .I AUX
2
2
2

I AUX =

(5-18)

Vdc
8 f s .LAUX

(5-19)

In the worst case, Ip is equal to zero. Therefore, the lagging leg auxiliary inductance is
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derived as:

LAUX 2 =

1
128 f s2 .Cs 2

(5-20)

Figure 5.8 and Figure 5.9 depict the value of VZ and IZ versus load for different values of the
dead time. These graphs show how the dead time affects the switching losses for different load
conditions.

Figure 5.8: VZ versus load for different values of dead time.
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Figure 5.9: IZ versus load for different values of dead-time.

Figure 5.10 shows the value of the leading lag auxiliary inductance versus VZ for different
values of the dead-time. This figure is used to design the auxiliary inductor for the leading leg
based on the designed dead time.
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Figure 5.10: LAUX versus Vz for different values of dead time.

5.2 Proposed Control System
In order to guarantee ZVS in the full-bridge phase-shift converter, there must be enough
inductive current to charge and discharge the snubber capacitors. The auxiliary circuit is utilized
to provide this current. However, the auxiliary circuit current is processed by power MOSFETs
during the conduction period. This increases the conduction losses of the semiconductors
significantly, especially at heavy loads.
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Also, too much inductive current charges the snubber capacitors more than what is required
due to the delay in the body diode turn-on time, which leads to voltage spikes on the MOSFETs.
Therefore, the inductive current should be controlled depending on the load conditions. In this
section, a control approach is proposed to adaptively control the peak value of the auxiliary
circuit current based on the load condition. Figure 5.11 shows the proposed closed-loop control
system.
The proposed control system consists of an internal current loop, and an external voltage
loop. There is another loop which regulates the frequency for the modulator depending upon the
load conditions. The proposed control system is able to minimize the converter losses, such that
the peak value of the reactive current through the auxiliary circuit is controlled by the switching
frequency. At light loads, the switching frequency is lower to provide enough inductive current to
ensure ZVS and at higher loads the switching frequency is higher to avoid too much reactive
current and reduce the semiconductor conduction losses.
Figure 5.12 illustrates how the frequency loop works. At light loads the frequency is lower.
Therefore, the voltage across the auxiliary inductor remains for a longer time and the inductive
current at the start of the switching transition is a larger value. For heavy loads the frequency is
higher, which decreases the peak value of the inductive current. By substituting the value of VZ
from Eq. (5-7) into Eq. (5-16), the switching frequency is determined as follows:

fs =

Vdc .t d

 V .ξ
I1
16 L AUX 1 .C s1 .Vdc + Vdc .e −ξ .td Cos (ω z .t d ) −  dc +
2C s1 .ω z
 ωz


169


 −ξ .td
.e
Sin(ω z .t d )



(5-21)
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Figure 5.11: Closed-loop system block diagram.

170

The maximum and minimum values of the switching frequency are calculated as follows:

f max =

Vdc .t d
16 LAUX 1.Cs1.(Vdc + VZ ,min )

(5-22)

f min =

Vdc .t d
16 LAUX 1.Cs1.(Vdc + VZ ,max )

(5-23)

where VZ,min and VZ,max are the minimum and the maximum values of Eq. (5-7) respectively.

vLAUX

Vdc/2
IAUX2

IAUX1

iAUX1
t
iAUX2

Figure 5.12: Auxiliary circuit waveforms.
There are two important points regarding the proposed control system. First, the control
system does not impose any compromise on the design of the transformer. This is because at light
loads the duty cycle is small, and at heavy loads the duty cycle is large in this application.
Therefore, the volt-second across the transformer for light loads with a lower frequency and
smaller duty cycle is more or less the same as the volt-second for heavy loads with a higher
frequency and larger duty cycle. Second, the frequency loop is completely decoupled from the
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phase-shift loop. Figure 5.13 illustrates this fact in that by changing the frequency of the sawtooth counter, the duty cycle does not change (i.e., D1 = D2).

D1Ts1

D2Ts2

vcont

t
Ts1

Ts2

Figure 5.13: PWM pulses for different frequencies.

The output voltage and the output current of the converter are controlled through the external
voltage loop along with the internal current loop. The internal current loop makes sure that the
charging current remains constant and limited during the constant current battery charging
process. It limits the duty cycle when the output voltage of the converter is much larger than the
battery voltage. As the battery voltage gets close to the output voltage of the converter, the
voltage loop determines the duty cycle.
In the proposed control block diagram, there are two digital controllers for the external
current loop and the internal voltage loop. There are three general approaches to design the digital
controllers:
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1.

Design the controller in the s-domain and transform the designed controller to the zdomain.

2.

Transform the system dynamics from the s-domain to the z-domain and design the
controller in the z-domain directly.

3.

Design the digital controller directly in the s-domain using the exact transformation.

A simple technique for designing digital controllers for continuous-time plants is first to
design a continuous-time controller for the plant and then approximate it with a digital one using
an s-domain to z-domain transformation. There are three common approximations used to
transform s-domain equation to z-domain equation. One of the simplest approximations is so
called Euler’s forward method. Euler’s forward transformation is given by:

H z ( z ) = H s (s)
s=

(5-24)

z −1
Ts

The other commonly used technique is the Euler’s backward method. Euler’s backward
transformation is given by:

H z ( z ) = H s (s)
s=

(5-25)

z −1
Ts z

Euler’s forward and Euler’s backward transformations are called first-order transformations,
because they use one sample during each sampling interval. The last approximation is called the
bilinear approximation and is given by:
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H z ( z ) = H s (s)

(5-26)

2 z −1
s=
Ts z + 1

The bilinear transformation is also called the trapezoidal transformation or Tustin’s method.
In terms of approximation, the bilinear method is more accurate than the other two methods.
Euler’s forward approximation has the potential to map the poles in the left half of the s-plane to
poles outside the unit circle on the z-plane. Thus, a stable continuous-time controller may produce
an unstable digital controller. Figure 5.14, Figure 5.15, and Figure 5.16 show the mapping
between the s-plane and the z-plane for Euler’s forward approximation, Euler’s backward
approximation and the bilinear approximation. According to Figure 5.14, the bilinear
approximation technique maps the left half plane on the s-domain to the unit circle on the zdomain. Due to its accuracy and its stable region mapping, the bilinear transformation is popular.

Im(z)
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jω

Euler’s Forward

σ

-1

Figure 5.14: Mapping for Euler's forward approximation.
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Figure 5.15: Mapping for Euler's backward approximation.
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Figure 5.16: Mapping for bilinear approximation.
The second approach to design a digital controller is to transform the plant transfer function
from the s-domain to the z-domain and design the digital controller directly in the z-domain. In
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this approach, one of the aforementioned transformations is used to approximate the continuoustime system transfer function in the z-domain. Once the discrete-time approximation of the plant
is calculated, the controller is designed directly in the z-domain, using different methods such as
the discrete-time frequency-response method, root-locus method, or deadbeat method. In
particular, the frequency-response method is commonly used because engineers are familiar with
the Bode-plot design concepts such as gain and phase margins.
The third approach is to design the digital controller in the s-domain using the precise
transformation. This approach is proposed in [114] and further developed in [115]. In this
method, the controller is directly designed in the s-domain, using the exact transformation:

z −1 = e − j 2π . f .T

(5-27)

In this chapter, the third approach is adopted to design the digital controller. The external
voltage controller and the internal current controller are directly designed in the s-domain. In this
configuration, the internal current loop determines the response to input voltage changes, while
the external voltage loop determines the response to the load changes. In automotive applications,
the operating range is wide and the converter should have a fast response to input surges and load
changes. Thus, a two-loop structure is tailored for this application. In a two-loop control system,
the internal current loop should be designed first. The internal current loop adds a pole to the
external voltage loop at its crossover frequency. Therefore, it is best to have the current loop cross
over at a higher frequency than the voltage loop to minimize the unwanted interaction between
two loops.
The transfer function of the inductor current with respect to the phase shift is given by:

Gi ( s ) =

ro .C f s + 1
i L ( s ) Vdc
=
.
ψ ( s ) kπ ro + L f .s + ro .L f .C f .s 2

(5-28)
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The Bode-plot of the transfer function is shown in Figure 5.17. According to this figure, the
two complex conjugate poles bring down the phase. In order to have a phase boost in the loop
response, a complex conjugate zero pair is placed right before the two complex conjugate poles.
The zeros would result in a 180° phase boost, which increases the phase margin considerably.
The transfer function of the zero pair is given by:
Soft
H ZeroPair
( z ) = 1 − (2 −

1
1
).z −1 + (1 −
).z − 2
256
512

(5-29)

In order to have infinite DC gain in the control loop, an Euler integrator is added to the
control system. The transfer function of the Euler integrator is given by:
Euler
H Integrator
( z) =

1
1 − z −1

(5-30)
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Figure 5.17: Bode plot of current transfer function.
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6

10

Figure 5.18 shows the bode plot of the compensated and uncompensated systems. According
to this figure, the pair of zeros effectively boosts the phase right before the corner frequency of
the output filter. It should be noted that the pair of digital zeros has the same impact as an analog
zero for the low frequency range. However, the behavior is completely different as the frequency
approaches to the sampling frequency.

Figure 5.18: Bode plot of the compensated and uncompensated current loop.
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The internal current loop regulates the inductor current. Thus, the voltage loop should be
designed for a first-order system. An Euler integrator and a single digital zero are used for the
voltage loop. The transfer function of the zero is given by:

1  −1

Soft
H Zero
.z
Pair ( z ) = 1 − 1 −
 128 

(5-31)

Figure 5.19 shows the bode plots of the compensated and uncompensated systems.

Figure 5.19: Bode diagram of the compensated and uncompensated voltage loop.
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5.3 Design of Magnetics
The magnetics design is one of the most important parts of the converter for this application.
In the electric vehicle application, low-profile magnetics should be used to satisfy the height
limitations. The planar magnetics approach is able to provide a low profile suitable for this
application. Also, planar magnetics are able to offer much better performance in terms of
vibrations. The electric vehicle environment has excessive vibration, and because planar
magnetics are low profile magnetics, they are highly suitable for this environment. There are two
output inductors, the main transformer and two auxiliary inductors in the converter.

5.3.1 Current Doubler Inductor
Current doubler inductors are high current DC inductors with a high-frequency ripple
superimposed on the DC current. Table 5.1 shows the specifications of the output inductors. The
core selection is one of the main parts of the inductor design. At this range of frequency, 3F3 is
the best option. This material shows optimal performance in the range of 200-450KHz.
Figure 5.20 shows the current waveform and the corresponding B-H curve for a typical DCinductor. This current ripple and the number of turns determine the variation of flux density, ΔB,
inside the magnetic core and this ΔB determines the core losses of the inductor. According to this
figure, the shaded area determines the core losses of the inductor. It should be noted that only the
number of turns and the current ripple determines ΔB. Therefore, the design procedure starts with
the calculation of ΔB from the maximum permitted core losses. The maximum value of ΔBmax is
given by [85], [86]:

∆Bmax


Pcore
= 
2
 Cm .(Ct0 − Ct1.T + Ct 2 .T ). f

1/ y



x 


(5-32)
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where T is the temperature and thermal coefficients are given in Table 5.2 for 3F3 in the 100300KHz frequency range. Once the value of ΔBmax has been calculated, the number of turns is
calculated using the following equation:

N=

L f 1.∆I Lf

(5-33)

Ac .∆B
Table 5.1: Output Inductor Specifications.
Symbol

Parameter

Value

Lf

Inductance Value

1.6uH@300KHz

ILf,peak

Peak Current Value

102.75A

ILf

DC Current

90A

ΔILf

Current Ripple

25.5A

ΔT

Temperature Rise

40°

Tamb

Ambient Temperature

60°

Table 5.2: 3F3 thermal coefficients [85].
Symbol

Parameter

Value

-

Material

3F3

Cm

3F3 core loss coefficient

0.25e-3

x

3F3 core loss coefficient (f)

1.63

y

3F3 core loss coefficient (B)

2.45

Ct0

Temperature coefficient

1.26

Ct1

Temperature coefficient

1.05e-2

Ct2

Temperature coefficient

0.79e-4
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Figure 5.20: Core losses of a typical DC-inductor.
The air gap should be sufficiently wide to achieve the required inductance, given the number
of turns. The width of the air-gap is calculated by [87]:

lg =

2
µ 0 .L f 1.I max

(3-34)

Bmax . Ac

Figure 5.21 shows a prototype implementation of the inductor.

Figure 5.21: Current-doubler inductor.
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5.3.2 Auxiliary Inductor
The design of the auxiliary inductor is not straightforward, unlike the DC-inductor design.
The auxiliary inductor is an AC inductor whose current waveform contains significant highfrequency components. Figure 5.22 depicts the core losses of an AC inductor. According to this
figure, there is a significant amount of high-frequency current ripple that flows through the
inductor. This ripple causes the core to sweep a large area on the B-H curve, which leads to
significant core losses if the value of ΔB is not selected properly. Unlike DC inductors, the value
of Bmax is not determined by the width of the air-gap. It is calculated by the number of turns.
Therefore, the design starts with calculating the value of Bmax based on the maximum sustainable
core losses. Then the number of turns is determined based on Bmax. The width of the air-gap is
calculated based on the value of the inductor. Thus, the maximum value of Bmax is calculated
based on the maximum core losses of the inductor through the following equation [87]:

Bmax =

Pc
1β
2 K c . f sx .Vc

(5-35)

Then, the number of turns is calculated based on the required ΔB through the following
equation:

N=

Vdc
8 f s . Ac .Bmax

(5-36)

Finally, the required air-gap is given by:

lg =

µ 0 . Ac .N 2
LAUX

(5-37)
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Figure 5.22: Core losses of a typical AC inductor.

5.4 Simulation Results
In order to examine the performance of the power circuit and the control system, different
simulations are performed. In this section, the simulation results are given using PSIM 9.0.4
circuit simulator software from Powersim Inc.
Figure 5.23 shows the simulation results when a step load change is applied to the output at
t=0.002. According to this figure, the control system senses the load variations and adjusts the
switching frequency accordingly.
Figure 5.24 illustrates the transient response of the control system. According to this figure,
the system behaves like a first-order system with respect to the step load change. This is due to
the fact that during a fast load transient, the voltage loop dominates the system behavior.
However, the response against the input voltage step change is first sensed by the current loop,
and the current loop determines the transient response for the step change in the input voltage.
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Figure 5.24 confirms that the response to the input voltage change is oscillatory, which shows the
impact of the current loop during this transient.

Figure 5.23: Simulation results for the proposed control system.

Figure 5.24: Transient response of the controller.
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5.5 Experimental Results
A 2KW prototype is implemented to evaluate the performance of the converter. The
converter specifications are shown in Table 5.3 and the designed parameters are given in Table
5.4. Figure 5.25 illustrates the block diagram of the converter. At the input stage, there is an EMI
filter to comply with the EMI standard (CISPR25/12) of the electric vehicle. Then, there is a
Differential-Mode (DM) filter to filter out the differential-mode noise. At the output of this filter,
a clean DC-bus voltage is provided for the full-bridge power module.
The full-bridge power module is shown in Figure 5.26. This module consists of power
MOSFETs along with drivers and pulse transformers. IRFPS40N50L is used to realize the power
module. This MOSFET has a fast body diode, which is important for the phase-shift ZVS
converter. IXDD414YI is selected to drive the MOSFETs. This driver is able to drive 14A peak
current, which speeds up the switching transitions significantly. Two 1nF capacitors are used as
the snubbers in parallel with the leading-leg MOSFETs, and two 1.5nF capacitors are used in
parallel with the lagging-leg MOSFETs. These capacitors are added to guarantee ZVS during
turn-off times. The key point regarding the snubber capacitors is that the value of the capacitor is
higher for the lagging-leg of the converter due to the fact that the inductive current for the
lagging-leg is much higher than the one for the leading-leg. Therefore, using a smaller capacitor
for the lagging-leg leads to voltage spikes due to the delay in the body diode turn-on and the
presence of too much reactive current. The snubber capacitors should also be soldered as close as
possible to the MOSFET drain-source to minimize the inductive path.
Because the output current is high (200A), the current-doubler configuration is used to reduce
the ohmic losses of the converter. Figure 5.27 shows the power module used for the synchronous
rectifier in the current doubler. IRFP4110PBF is utilized to realize this module. This switch has a
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low Rds (ON), 4.5mΩ, which reduces the conduction losses. There are three MOSFETs in parallel
for each switch of the synchronous rectifier. Figure 5.28 shows the prototype of the 2KW DC/DC
converter.
Table 5.3: Converter specifications.
Symbol

Parameter

Value

Po

Output Power

2KW

Vdc

Input Voltage

300VDC

Vo

Output Voltage

12VDC

-

Line/Load regulation

5%

-

Dynamic Response (50% step

5%

change)
Vor

Output Voltage Ripple

50mV(p-p)

Iomin

Minimum Load

0A

Table 5.4: Converter parameters.
Symbo
Parameter

Value

Cf

Output Capacitor

460uF

Lf

Output Inductor

1.6uH

LAUX1

Leading-Leg Auxiliary Inductor

37uH

LAUX2

Lagging-Leg Auxiliary Inductor

67uH

k

Transformer turns ratio

15:2

l
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Figure 5.25: Converter block diagram.

Figure 5.26: Full-bridge power module.
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Figure 5.27: Synchronous rectifier power module.

Figure 5.28: 2KW DC/Dc converter prototype.
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In order to verify the performance of the proposed control method, two programs have been
implemented on the DSP board. In the first program, a conventional controller with a fixed
switching frequency is implemented. The second program is the proposed controller. In the
conventional controller, a lower switching frequency is required to guarantee the zero voltage
switching of the MOSFETs. Figure 5.29 and Figure 5.30 show the results for the fixed-frequency
method under no-load and full-load conditions, respectively. In the no-load condition, the inverter
output voltage perfectly shows zero voltage switching. However, there is an overshoot in the
voltage for the full-load condition. This overshoot is caused by too much inductive current and
the delay of the MOSFET body diode turn-on.

Figure 5.29: Converter waveforms for fixed-frequency control system at no-load.

190

Figure 5.30: Converter waveforms for fixed-frequency control system at full-load.

Figure 5.31 shows the block diagram of the proposed control technique implemented in the
DSP. According to this block diagram, there are two decoupled control loops integrated into the
DSP. The first control loop determines the phase-shift angle and the second loop determines the
switching frequency. The first loop is composed of an external voltage loop cascaded with an
internal current loop. The external voltage loop takes the reference value of the output voltage
from the charging curve of the battery. This curve depends on the battery characteristics and the
impedance between the battery and the converter. The discrete value of the measured voltage
comes from the embedded A/D converter on the DSP board. Then, the digital error value is
processed by the designed digital controller, Hv(z). This controller determines the reference value
of the charging current of the battery charger. This value is compared to the measured current and
then processed by the current controller, Hi(z). Note that the current controller limits the dutyratio of the converter during the constant-current charging interval. This means that the value of
the phase-shift angle is only determined by the current controller and is limited to a constant
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value. Finally, the current controller determines the phase-shift angle for the phase-shift
modulator. The second loop is the frequency loop, which adjusts the frequency of the modulator
based on the converter load. In order to implement this loop, a simple look-up table is employed
to adjust the frequency accordingly.

S1

ψ
Charging Curve
of Battery

Vo,ref[n]

ev[n]
+

-

Hv(z)

iL,ref[n]
+

ei[n]

Hi(z)

-

S2

ψ[n]
f1

S3

f2
Modulator
Imax[n]

Vo(t)
iL(t)

A/D
Converter

Vo[n]

A/D
Converter

iL[n]

S4

f[n]
Frequency
Look-up Table

Vdc[n]

Figure 5.31: The proposed controller block diagram.

Figure 5.32, Figure 5.33, and Figure 5.34 show the experimental results of the proposed
converter at no-load. The auxiliary circuit current and the full-bridge output voltage are shown in
Figure 5.32. The peak value of the auxiliary circuit current is at its maximum at no-load, and the
switching frequency is at the minimum value. Figure 5.33 and Figure 5.34 show the voltage
transitions for the leading leg and the lagging leg of the full-bridge inverter respectively. These
figures illustrate that there are no voltage spikes due to the fact that there is just enough inductive
current for realizing ZVS. Optimized reactive current leads to a smooth voltage transition
compared to Figure 5.30, where there is too much inductive current for the fixed-frequency
controller.
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Figure 5.32: Inverter output voltage and auxiliary circuit current at no load.

Figure 5.33: Leading leg waveforms at no-load.
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Figure 5.34: Lagging leg waveforms at no-load.

Figure 5.35, Figure 5.36, and Figure 5.37 show the experimental results of the proposed
converter at full-load. The full-bridge output voltage and the transformer primary current are
shown in Figure 5.35. The auxiliary circuit current and the full-bridge output voltage are shown
in Figure 5.36. The peak value of the auxiliary circuit current is at its minimum at full-load, and
the switching frequency is at the maximum value. Figure 5.37 shows the voltage transitions for
the leading leg and the lagging leg of the full-bridge inverter. This figure illustrates that there are
no voltage spikes compared to Figure 5.30, where there is voltage spikes due to too much
inductive current for the fixed frequency controller.
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Figure 5.35: Inverter output voltage and transformer primary current at full load.

Figure 5.36: Inverter output voltage and auxiliary circuit at full load.
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Figure 5.37: Leading- and lagging-leg waveforms at full load.

Figure 5.38 and Figure 5.39 show the transient response of the control system against a step
change in the load and a step change in the input voltage. In Figure 5.38, a 75% step change is
applied to the output load. This figure shows a first-order dynamic, which confirms that the
response in the load is handled by the voltage loop and the voltage loop with internal current loop
manifests a first-order dynamic. A 35% step change is applied to the input voltage in Figure 5.39.
This figure shows that the system response is like a second-order system, which shows that the
internal current loop deals with the fast change in the input voltage.
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Figure 5.38: Transient response of the converter against 75% step change in the load.

Figure 5.39: Transient response of the controller against 35% step change in the input voltage.
It is worthwhile to note that the proposed variable-frequency approach imposes few
compromises on the output capacitor design. Because the frequency is adaptive to the load
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condition (i.e., switching frequency is higher for heavy loads and lower for light loads), the
amount of the current ripple remains more or less constant during the entire range.
The output current ripple is given by:

∆iLo =

Vdc − k .Vo
.D
k . f s .Lo

(5-38)

According to this equation, the amount of ripple is proportional to the ratio of D/fsw, which
means that for light loads, the duty ratio is small and the switching frequency is low, whereas for
heavy loads the duty ratio is large and the switching frequency is high. This leads to a relatively
constant ripple for the entire range. Figure 5.40 shows the theoretical and experimental peak-topeak values of the output voltage ripple for different load conditions. According to this figure
there are some discrepancies between the theoretical results and the experimental results. Two
factors cause these discrepancies. The first factor is the nonlinear behavior of the output capacitor
ESR with respect to the frequency. According to the datasheet of the capacitor, ESR is lower for
higher frequencies. The other factor is the loss of duty ratio for heavy loads. In order to
incorporate this effect and make Eq. (5-38) more accurate, the duty cycle should be modified as
follows:

∆iLo =

t −t
Vdc − k .Vo 
. D −  θ γ
k . f s .Lo 
 T


 


(5-39)

The effective duty ratio is almost the same as the theoretical duty ratio for light loads.
However, the effective duty ratio will be reduced for heavy load conditions.
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Figure 5.40: Output voltage ripple.

Figure 5.41 illustrates a comparison between the efficiency of the fixed-frequency control
method and the proposed control method. This figure shows that the efficiency of the proposed
converter is more or less the same as the fixed frequency controller for light loads, but higher for
heavy loads.
The proposed converter shows good efficiency compared to the fixed frequency methods due
to the fact that the amount of auxiliary inductor energy is optimized according to the load
condition. Because at light loads, the amount of energy is not sufficient to maintain ZVS, the
auxiliary inductor energy is higher. For heavy loads, the energy is just enough to have the
converter operate under ZVS, and the auxiliary circuit energy is reduced by the frequency loop.
In addition, the proposed control method does not place any additional burden on the DSP,
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because the frequency loop is implemented by a simple look-up table. Therefore, the proposed
controller imposes little any additional complexity compared to the conventional controller.

Figure 5.41: Efficiency curves of the fixed-frequency controller and the proposed controller.
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5.6 Summary
In this chapter, a load-adaptive control method was proposed to optimally control the amount
of reactive current required to guarantee zero voltage switching of the semiconductor switches for
a 2KW DC/DC converter. In addition, a complete analysis of the converter behavior during the
switching transitions was presented in this thesis. Based on the study in this chapter, the proposed
approach controls the switching frequency to regulate the amount of reactive current in order to
ensure ZVS, and it controls the phase-shift angle to control the output voltage and the output
current of the converter. Experimental results show the improved performance of the proposed
method over the fixed-frequency method, especially at heavy loads. In addition, the detailed
procedure for designing the magnetics used in the converter is described in this chapter.
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Chapter 6
Conclusion
6.1 Summary of Contributions
In this thesis, the analysis, development, and design of the AC/DC converter and the DC/DC
converter for an EV power conditioning system have been presented. The main challenges of
developing the AC/DC converter and DC/DC converter have been identified and addressed
though new topologies and control approaches presented in this thesis. A new AC/DC converter
and a new DC/DC converter have been proposed to overcome the challenges of this application.
The main contributions and conclusions of this thesis are summarized as follows:
1. In order to increase the efficiency of the AC/DC converter, a new ZVS interleaved boost
PFC converter has been proposed. The proposed approach uses a simple passive auxiliary
circuit to guarantee ZVS for the power MOSFETs. In the proposed converter, the amount
of reactive current provided by the auxiliary circuit to guarantee ZVS is optimized based
on the load condition during the entire line cycle. The peak value of the auxiliary circuit
current should be just enough to neutralize the valley current of the inductor, and to
charge and discharge the output capacitors of the MOSFETs. Thus, a frequency control
system has been proposed that determines the optimized switching frequency of the
converter based on the load condition. The frequency loop also modifies the frequency
for high input voltages during the line cycle. Using this method, the switching and
conduction losses of the converter are minimized for different input voltages and load
conditions. A complete steady-state analysis of the converter for different modes of
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operation has been derived in order to optimally design the converter, which has soft
switching for the entire range of operation.
2. A nonlinear control approach based on differential flatness theory has been proposed in
order to improve the transient response of the converter. Because there is a significant
amount of 2nd-harmonic ripple at the output of the PFC converter, the voltage loop should
have a low bandwidth. The low bandwidth voltage loop results in a sluggish transient
response as well as overshoots and undershoots during the load transients. In addition, the
boost PFC converter is a nonlinear system with a wide range of operation. Therefore,
linear regulators are not able to optimally control the converter. The proposed nonlinear
control system controls the input power of the boost PFC converter instead of the DClink voltage. Thus, the control loop exhibits a fast transient response and eliminates the
sluggish voltage loop. In addition, the proposed controller allows the DC link voltage to
adaptively change based on the load condition. Thus, the second-stage converter operates
with an optimized duty ratio for the entire range of operation. Because the closed-loop
system is nonlinear and time-variant, the stability of the proposed control system has
been proven by using Lyapunov’s second method and Barbalat’s Lemma.
3. An optimal stabilizing controller has been proposed, which extends the stability margins
of the closed-loop system for the boost PFC converter. This controller has effectively
increased the robustness and reliability of the closed-loop control system by optimizing
the stability margins in the control loop. The proposed controller can guarantee a sector
margin of (1/2,∞) for the closed-loop control system. The stability of the proposed
controller has also been proven by using Lyapunov’s direct method and Barbalat’s
Lemma.
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4. A current-driven full-bridge topology has been proposed as the second stage of the
AC/DC converter. In the proposed converter, the voltage spikes across the output diodes
and oscillatory current in the primary side of the transformer have been eliminated
through the use of a current-driven topology. This topology has shown an improved
performance in terms of the voltage spikes across the output diodes and reverse recovery
losses of the output diodes. A thorough steady-state analysis of the converter in different
modes of operation has been performed, which leads to an optimized converter design for
DCM operation.
5. A precise analysis of the leading leg and lagging leg during switching transition times has
been performed for the low-voltage DC/DC converter with asymmetric auxiliary circuits.
This analysis provides the optimal frequency at which the converter has soft switching
and a minimum amount of circulating current for different load conditions. Based on this
analysis, a load-adaptive variable-frequency phase-shift control system has been
proposed, which optimizes the amount of reactive current required to guarantee ZVS for
the low-voltage DC/DC converter. The design procedures of the converter as well as the
digital controller for the closed loop have been presented in this thesis.

6.2 Future Work
A continuation of this research can be conducted in the following areas:
1. Current sensors always introduce noise into the control system. Using robust sensorless
techniques to estimate the inductor current is challenging for the boost PFC converter due
to the nonlinear dynamics and the wide range of operation. The experimental verification
has not yet been performed. Sensorless techniques eliminate sensor noise and reduce the
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number of components required to implement the converter. A thorough investigation of
these nonlinear sensorless techniques should be performed in the future.
2. The coefficients of the digital controller used for the low voltage DC/DC converter can
be optimized to achieve minimum control effort. Because the controller is linear, the
optimization can be performed by using a properly weighted LQR cost function in order
to accommodate the different variables involved in the closed-loop control system.
3. An optimized controller can be explored in order to enhance the dynamics of the closedloop system of the high-voltage DC/DC converter, because the new current-driven fullbridge topology has different dynamics compared to the conventional full-bridge
converter.
4. The development of application specific integrated circuits (ASICs) can be explored in
order to provide a smaller, more reliable, and cheaper controller.
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Appendix A
Fundamentals of Control and Mathematics

A.1 Stability Definitions
The equilibrium xe=0 of the system
𝑥̇ = 𝑓(𝑡, 𝑥)

is stable in the sense of Lyapunov if for every ε>0 and t0≥0, there exists a δ(ε,t0)>0 such that
|𝑥(𝑡, 𝑡0 , 𝑥0 )| < 𝜀

for all t≥t0 whenever |𝑥0 | < 𝛿(𝜀, 𝑡0 ) and 𝑥(𝑡, 𝑡0 , 𝑥0 ) ⊂ 𝐵ℎ (𝑥𝑒 ) for some h>0.

Roughly speaking, when the system starts close to the equilibrium, it will stay close to it.

Actually, the stability is the property of the equilibrium, not the system. However, the system is
said to be stable if all its equilibriums are stable. According to the stability definition, stability in
the sense of Lyapunov is a “local property”.
In the stability definition, if δ is independent of t0, that is, if δ=δ(ε), then the equilibrium xe is
“Uniformly Stable”.
The equilibrium is “Asymptotically Stable” if for every t0≥0 there exists η(t0) > 0 such that

whenever |𝑥0 | < η(𝑡0 ).

lim |𝑥(𝑡, 𝑡0 , 𝑥0 )| = 0

𝑡→∞

The equilibrium is “Exponentially Stable” if
|𝑥(𝑡, 𝑡0 , 𝑥0 )| ≤ 𝜀(𝛽)𝑒 −𝛼(𝑡−𝑡0 )

whenever |𝑥0 | < β for α > 0 and β > 0.
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A.2 Lyapunov’s Stability Methods
Lyapunov invented two methods to analyze stability. His first method is so-called “Indirect
Method”. In indirect methods, the stability is analyzed by linearizing the system around it
equilibriums and investigate the stability through the eigenvalues of the linearized system.
In the second method, which is also called “Direct Method”, the stability depends on the
existence of an appropriate “Lyapunov Function”. If the Lyapunov function is positive definite
and the derivative of the Lyapunov function is negative definite, the system is asymptotically
stable.

A.3 Stability Margins
The classical gain and phase margins quantify the feedback loop’s closeness to instability.
Gain margin is the interval of gain values for which the loop will remain stable. Phase margin is
an indicator of the amount of phase lag (and hence, of dynamic uncertainty) that the feedback
loop can tolerate.

A.3.1 Classical Gain and Phase margins
Let’s consider the linear SISO system given by:
ẋ = 𝐴𝑥 + 𝑏𝑢
𝑦 = 𝑐𝑥

Suppose that the Nyquist plot of the system is bounded and let μ be the number of poles of
the system in the open right half-plane. If the Nyquist curve of the system encircles the point (1/k,j0) in the counterclockwise direction μ times when ω passes from -∞ to +∞, then the feedback
interconnection with the constant gain k is globally asymptotically stable (GAS).
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The Nyquist criterion is necessary and sufficient for asymptotic stability. If the Nyquist curve
passes through the point (-1/k,j0), the closed-loop system has a pole on the imaginary axis.
Phase margin is introduced to guard against the effects of unmodeled dynamics, which cause
phase delay.

A.3.2 Sector Margin
The system has a sector margin (α,β) if the feedback interconnection of the system with static
nonlinearity ψ(.) is GAS for any locally Lipchitz nonlinearity ψ in the sector (α,β).

A.3.3 Disk Margin
Let μ be the number of poles of the system in the open right half-plane. The system has a disk
margin D(α,β) if the Nyquist curve of the system does not intersect the disk D(α,β) and encircles
it μ times in the counterclockwise direction.
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Appendix B
General Block Diagrams of EVs

In an Electric Vehicle (EV) power conditioning system, usually two or more energy sources
are used to propel the vehicle and perform power management. An EV usually consists of a high
voltage battery pack, which is called a traction battery and a low voltage battery pack, which is
the 12V battery. In a Hybrid Electric Vehicle (HEV), an electric motor drive and an Internal
Combustion Engine (ICE) are used to propel the vehicle. The electric motor in HEVs, usually, is
fed by the traction battery. The electric motor is usually the only propeller at low speeds and at
starts and stops. At higher speeds when extra power is required, both the electric engine and ICE
are used to propel the vehicle. Therefore, the combination of the electric engine and the internal
combustion is used to optimize the fuel consumption of the vehicle [1].
In the automotive industry, there is a trend towards replacing various mechanical and
hydraulic systems with advanced electrical systems in order to increase reliability and safety [1].
This concept, the More Electric Vehicle (MEV), requires higher energy sources, which implies
the need for a higher system voltage such as 42V PowerNet or higher. Increasing the voltage
reduces the current requirements. The advantages of MEVs are higher efficiency and
performance, and reduced total installed power due to the replacement of mechanical and
hydraulic parts with advanced electrical systems. In the following sections of this chapter, some
general block diagrams of the EV electrical systems are discussed.

225

B.1 Dual Voltage Vehicular Electrical System
Dual voltage architecture has been getting popular as one of the solutions to the everincreasing load demands in EVs. Figure B.1 shows a 12V/42V dual-voltage architecture [1]. The
entire electrical system in the vehicle is run at 42V. The advantages of such a system are high
efficiency and superior performance, cost effective operational procedures, reduced total installed
power due to the integration of the mechanical and hydraulic systems into the electrical power
system, and reduction in the overall design complexity.
In the 12V/42V structure, the semiconductor devices still have to withstand a very high rms
current (400 to 500 Amps/phase) [10]. In order to process such high profile currents, paralleloperated semiconductor devices are used, since using single semiconductor devices is highly
uneconomical. Recently, advanced MOSFET devices, with very high current capability and very
low on-state resistance, have been introduced for application in 42-V automotive power systems.
Trench IGBTs have also shown a promising potential from the point of view of providing 42-V
architectural solutions, wherein the research focus is mainly on solving reliability and shortcircuit current capability issues.
42V-BUS
Internal
Combustion
Engine

Starter/
Generator

Bi-Directional
Power Converter

High Power
Loads

14V-BUS

DC/DC
Converter
36V

DC/DC
Converter

12V

DC/DC
Converter

Figure B.1: 12V/42V dual voltage system typical block diagram [1].
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B.2 Fuel-Cell Electric Vehicle
Another type of electric vehicle is the Fuel Cell Vehicle (FCV). FCVs have the potential to
offer better efficiency and near zero emission [1]. Figure B.2 shows a typical block diagram of an
FCV. Although the FCV offers very attractive features such as high efficiency, near zero
emission, and quieter operation, the technology is fairly expensive. A suitable bidirectional
DC/DC converter is required for FCVs. This bidirectional DC/DC power electronic converter is a
key subsystem within the drive train, which manages the energy flow between the low-voltage
and high-voltage buses in the FCV [11]. The hydrocarbon fuel such as gasoline, natural gas,
methanol, or ethanol is first reformed to obtain the required hydrogen using a reformer (or fuel
processor) [12]. This hydrogen rich gas from the reformer is fed to the anode of the fuel cell. It is
also possible to store H2 on-board the vehicle using a pressurized cylinder, instead of using the
reformer for converting the fuel to H2-rich gas.

AC/DC
Inverter

Fuel-Cell
Stack

Bi-Directional
Power Converter

Figure B.2: Full-cell based electric vehicle.
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Motor

12V

The main challenge in designing FCV power systems is the energy conversion stages
interfacing the electrical output from the fuel cell with the various electrical loads present in
FCVs. Moreover, there has to be a supervisory control scheme in order to exploit the full
potential of the fuel cell technology by using efficient methods to convert the fuel cell output to a
useful electrical or mechanical energy. In addition, the conversion process must be implemented
cost effectively.

B.3 Plug-In Pure Electric Vehicle
The trend in EV technology is going toward using more and more electrical components. The
goal is to reach a full electric car, which has electric motors to handle all ancillary systems, such
as the steering system, automatic transmission system, and other regular and luxury loads [13].
Such electrical systems are more energy efficient, more intelligent and have a longer life-time
compared to their mechanical counterparts. These are essential advantages, which make purely
electrical cars very attractive and promising for the future generation of EVs.
In order to be able to realize a full electric car, the system requires a high energy bus for
traction and other high power electrical systems in the EV. Therefore, a high voltage battery pack,
which is called the traction battery, should be included in the system topology. Figure B.3
illustrates the topology of the electrical energy processing system of the full electric car. In this
system there are two sets of batteries: a high voltage battery set, which mainly feeds the inverter
for the electric motor, and a 12V battery.
The power conversion system consists of an AC/DC converter, a three-phase DC/AC inverter
and a DC/DC converter. The AC/DC converter is a plug-in converter, which charges the high
voltage battery from the utility mains. The high voltage battery is supplying power to the three228

phase inverter, which feeds the 3-phase motor. The high voltage battery is also charging the 12V
battery through a DC/DC converter. The focus of this work is to design and implement the plugin AC/DC converter, which charges the high voltage battery from the single-phase utility mains,
and the DC/DC converter which charges the 12V battery from the high voltage battery.

HV-BUS
HV Battery

To High Power Loads

AC/DC
Converter
DC/AC
Inverter

3-phase
Motor

12V Battery 12V-BUS

DC/DC
Converter

Figure B.3: Block diagram of a full electric vehicle.
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To Low Power Loads

