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Sammanfattning

Dagens höga efterfrågan på kraftelektronikbaserade omvandlare kräver hög kvalitet,
hög tillförlitlighet och låg kostnad. Det finns dock flera utmaningar för dessa system. Ett
relevant exempel är energivariationer i DC-bussen hos enfas-omvandlare. Variationerna
kan orsaka problem som överhettning och minskning av kondensatorernas livslängd.

Variationerna, som är en andra ordningens överton av den fundamentala frekvensen,
begränsas vanligen med en skrymmande kondensator kopplad till DC-bussen. Det
resulterar i låg effekttäthet och stor omvandlarvolym. Några av dessa kondensatorer kan
också medföra problem med kortare livslängd och lägre tillförlitlighet.

I denna rapport behandlas detta problem genom att lägga till ett aktivt filter med
effektlager vid DC-bussen för att absorbera den andra övertonen. Därmed behövs ingen
ökning av kondensatorns storlek för att absorbera den andra övertonen. Den
konventionella DC-busskondensatorn kan istället ersättas med två mindre kondensatorer.

När både kondensatorns storlek och övertonen minskas fås högre effekttäthet som
konsekvens. Med den senaste tidens utveckling inom halvledarkomponenter kan metoden
dessutom implementeras med hög tillförlitlighet till en rimlig kostnad.

Komponenternas utformning och analysen av variationerna i DC-bussen förklaras i
detalj i denna avhandling. Funktionen hos metoden bekräftas av simuleringar.
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Abstract
The high market demand for power electronics converters nowadays requires

converters with high power quality, great reliability and low cost. However, there are
several challenges related to these systems, one relevant example is the energy ripple in
the DC bus for single phase converters which causes problems such as overheating and
reduction of the capacitor lifetime.

To limit this energy ripple, which consists of the second order harmonic in the DC bus,
a bulky DC link capacitor is usually required. Although, it results in low power density and
large converter volume. Some of these capacitors can also present some problems such
as shorter life-time and reliability.

This thesis addresses this problem by adding active filter storage elements to the DC
bus to absorb the pulsating power at twice the frequency on the bus line. In this way,
there is no need to increase in the capacitor size to reduce the ripple. On the contrary,
this method allows to replace the DC capacitor used for the conventional method by two
smaller capacitors.

The size of the DC bus capacitor is reduced, as is the energy ripple, and thereby the
power density is increased. Besides, with the significant improvement of power
semiconductor devices nowadays, the storage element method can be applied with
acceptable cost and high reliability. In this thesis, component design and ripple analysis
are explained in detail. The effectiveness of the power storage method is confirmed by
simulations.
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1. Introduction
The power system and the electricity market today demand systems with high power

quality and reliability for power generation, transmission and distribution with a
reasonable cost. For this reason, efficient converters with high power density are required
for applications such as medium voltage drives, HVDC (High-Voltage Direct Current), PV
(Photovoltaic) cells, and even STATCOM (Static Synchronous Compensator). Full bridge
converters have been used in many of these systems to improve the transmission and
distribution of power quality. However, for all the above configurations where single phase
converters can be used, the pulsating power at twice the fundamental frequency is a
problem that should be solved to increase the power density of these cells. Especially
nowadays where the challenges are enormous, since many requirements such as
minimal weight, minimal cost, high performance and reliability should be all fulfilled.

On the other hand, in order to limit this second order harmonic in the converter DC
bus, a bulk DC link capacitor is required which results in low power density and large
converter volume. Some of these capacitors can also present some problems such as
shorter life-time and reliability. Consequently, the second order harmonic should be
filtered to achieve the DC capacitor reduction and obtain a higher power density.

This thesis proposes a method which can solve the second order harmonic by the
active filter storage method. The storage elements are added to the DC bus to absorb
this pulsating power at the twice at the frequency on the bus line. Besides, with the
significant improvement of power semiconductor devices, the storage element method
can be achieved with acceptable cost and high reliability. The proposed component
design and the ripple analysis is explained in details in this thesis. The effectiveness of
the power storage method is validated by simulations.

1.1. Aim
The aim of the thesis is to investigate the use of an active filter in full bridge converters

to reduce the DC voltage ripple and the total capacitance in the system. A detailed
analysis of the ripple in the extra components is also presented in this thesis. A simplified
overview of the system is shown in Figure 1.

Due to the power electronics applications, such as medium voltage drives, HVDC, PV
cells, and STATCOM, the proposed design is focused on four aspects: lower DC voltage
ripple, lower total energy, lower capacitance and lower frequency.

The thesis main aim is to reduce the capacitor size and absorb the second order
harmonic from the DC bus, by using some passives and active components with different
control methods. Consequently, the capacitor energy storage is reduced for any single
phase rectifiers independently of a specific application.
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Figure 1 - Proposed storage method simplifier scheme

1.2. Goal
The goals of this master thesis are to:

· Based on the literature review, study the main concepts of power electronics
and its applications, as well as design and simulate the control of a single phase
converter and understand the system behavior.

· Simulate a model of a full bridge converter in Simulink with active filter
components.

· Analyze the ripple consequences with the active filter implementation.
· Propose a design for the active filter components.
· Analyze the active filter design with respect of switching frequency, capacitance

and inductance values.

1.3. Content of the thesis
The thesis is divided into seven chapters. Chapter 2 presents the surveyed results

from the literature review focused not only in the main interested of this thesis, but also in
power electronics as a general field. Chapter 3 demonstrates the proposed system and
state of art for energy storage elements.

The minimum ripple energy storage requirement is derived independently of a specific
topology in chapter 4. Based on the minimum ripple energy requirement, the feasibility of
the active capacitor’s reduction schemes are verified.

 Meanwhile, the main contribution of this thesis is to design an active filter in details
and its control system. Chapter 5 proposes two different detailed controllers designed
procedures; one for the full bridge converter and a different one for the active filter.

The key part of the work is described in chapter 6, where several simulations are
conducted. The simulations are represented by two different cases for each proposed
active filter control method; hysteresis and average model control.

Furthermore, the two methods are tested for different components and frequency
ranges in order to evaluate the best configuration scenario and to develop a new ripple
reduction solution. The simulations are performed using the MATLAB® and Simulink™
platform. Finally, chapter 7 presents the analysis, conclusions and further work.
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2. Background and Theory

2.1. Power electronic concepts
This chapter describes some definitions that are useful for the thesis.
Active power (P [kW]) is the real power transmitted to the loads and is defined as:

P = V ∙ I ∙ cos(θ)	

Where V	is the instantaneous grid voltage [V], I	is the instantaneous grid current [A]
and θ is the angle between the current and the voltage.

Reactive power (Q [VAR]) is the power which causes the inductive or capacitive load
(depending on the phase between the current and the voltage) and can be defined as:

Q = V ∙ I ∙ sin(θ)	

Apparent power (S [kVA]) is the resultant power of the active and reactive power and
is:

S = V 	 ∙ I

Where the term RMS (Root Mean Squared) is defined as “the square root of
the mean of the square of the mid-ordinates of the voltage/current waveform’’ this is given
as:

V =
1( + + +⋯+ )

Where, 	 	is the number of mid-ordinates voltage.

The three power relation can be represented as a triangle and consequently the
relation between them can be achieved through trigonometric equations, as shown in the
figure:

Ripple voltage or current: is defined in this thesis as the fraction of the nominal voltage
over the voltage difference, as given in:

V =
Nominal	Voltage

Voltage	Diference

Total Harmonic Distortion: is a measurement of the harmonic distortion present in the
signal. It is defined as the difference of the first 150 harmonics contents of a signal with
its fundamental. It is an important to measure the level of harmonics in voltage and current
waveforms.
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2.1.1. Per unit System
In order to scale and normalize the quantities, a standard scaling method called per

unit system is used. This method is commonly used in power system analysis and its aim
is to simplify numerical calculations. Furthermore, by using this method all the quantities
are expressed as ratio of a base value. The standard per unit scaling equation is:

per	unit =
actual	value
base	value 	

Where the base value needs to have the same units as the actual value, to have the
per unit value dimensionless.

2.2. Applications
Power systems applications have gained increased attention over the past few years,

some of them are mentioned in [1] and [2]. In most of those applications, the power
electronic converters are utilized in electrical systems such as industry, household and
utility [3].

The power electronic converter is composed by semiconductor switches, passive
components and a control system. Thus, power electronics is used to control,
compensate and convert electrical power for high or low power applications [4]. In the
subsequent subsections, three main common applications are discussed.

2.2.1. HVDC
Power transmissions lines are often used where large utilities are interconnected,

loading centers and pooling power, for instance. Well-designed transmissions lines are
beneficial to reduce the overall losses for a given power generation capacity.

For this reason, transmission capacity plays a significant role nowadays, less
transmission capacity means more generation resources are needed for the system and
the cost is increased consequently.  Transmission connections allow a diversity of loads,
availability of source to supply electricity. Consequently, these transmissions require
more complex control and reliability [5].

HVDC (High-Voltage Direct Current) is utilized to transmit DC power for long
distances, or to connect unsynchronized AC transmission system through a DC tie line.
For this reason, HVDC transmission system can connect two systems with different
frequencies such as 50Hz and 60Hz. One of the HVDC aims is to have low losses in long
transmissions systems.

A 2000 MW link built across the English Channel, connecting the electricity grids of
England and France bi-directionally, is a good example how the conventional AC cables
were successfully replaced by the ABB HVDC system. Another example is the longest
HVDC link installed in Brazil which connects Porto Velho to Sao Paulo. The system
consists of two bipoles of ±600 kV, 3150 MW each and has a length of 2,375 km of DC
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line. Although, for short distances transmissions, HVDC systems may be more expensive
and suffer more electrical losses compared to conventional AC transmissions.

The most attractive advantage of an HVDC transmission network is its full
controllability with respect to power transmission. HVDC can be classified into CSC
(Current Source Converter) or VSC (Voltage Source Converter). Due to significant
advances, VSC topologies are currently predominantly used for power conversion
purposes.

2.2.2. FACTS
As mentioned previously, transmission lines are an important component in power

systems. AC transmission systems have some limitations which are traditionally
overcame with devices such as fixed or mechanically switched shunt and series
capacitors and/or inductors, reactors and synchronous generators connected to the
transmission lines. It becomes difficult to accomplish the desired performance and
stability with the slow response that such mechanical devices have. After a worldwide
restructuring of electric utilities in the 90’s, the regulations has become more restricted to
build new transmissions lines resulting in high costly investments. Therefore, the industry
was demanded to come up with innovations reusing the existing transmission lines.
Furthermore, this scenario was aggravated by environmental and social problems that
new transmission lines have been facing.

Another problem in AC transmission line is that the electrical generation and load must
be constantly balanced. If energy generation is less than the load needs, the voltage and
frequency will drop and consequently the energy load will be the resultant of the
generated energy minus the transmissions losses.

The challenges mentioned above and the invention of the thyristor switch
(semiconductor device) triggered the use of FACTS (Flexible AC Transmission System)
devices which took advantage of the rapid advances of the semiconductor technology.
SVC (Static Var Compensator) was the first generation of FACTS devices family in the
1970s.

FACTS controller can also be operated as a CSC or a VSC [6]. The most common
FACTS controller is realized by VSC and this solution has been emerging fast in power
systems due to its many advantages. In general, FACTS controllers can be divided into
four categories: series controllers (injecting voltage in series with the line), shunt
controllers (injecting current into the point of connection with the system), combined
series-series controllers (combination of separated series controllers) and combined
series-shunt controllers (combines shunt and series controllers).

FACTS is composed by modern power electronics, its aim is to control some desired
parameters in the transmission system to improve stability and reliability in power
systems. FACTS devices should be stable and reliable, especially in situations with
unexpected disturbances and oscillations. The basic idea is to utilize reactive power
compensation by taking advantage of these modern power electronics. The power
compensation improves the reliability and stability of AC transmission systems when
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necessary and increases emphases in high power quality. Consequently, stability
becomes crucial.

2.2.3. FACTS versus HVDC
FACTS and HVDC are not the same technology although they have similar devices.

For example, in cases where the semiconductors share the same specification, the cells
are also the same for both. Thus, they are complementary technologies where one is
used for AC and the other for DC systems, respectively [6]. As explained in the previous
section, HDVC is typically not a grid network. Its role is to interconnect AC systems where
a reliable AC interconnection is economically unviable. Figure 2 illustrates these
complementary systems and their characteristics:

Figure 2 - Comparison between HVDC and FACT [6]7.

Nevertheless, as power systems become more complex and high power quality are
required, some problems such as low power factor, voltage fluctuations, and unbalancing
load are unveiled. Thus, the systems become more vulnerable and such problems need
to be overcome. To meet these challenges, the capacity of the present transmission
systems needs to be increased under some constraints to extend the usable transmission
limits instead of building new transmissions lines. This gives new opportunities to develop
new and more complex controlling power and ways to enhance the usable capacity of the
already existent transmission lines.

Among the SCC (Shunt Connected Controllers) the two most important ones are the
STATCOM and SVC (Static Var Compensation) in FACTS family. Figure 3 illustrates a
simple SVC scheme. SVC has power electronic equipment, such as the TCR (Thyristor
Controlled Reactor) and the TSC (Thyristor Switched Capacitor), which has no gate turn-
off, is used to control the AC voltage in transmission networks [7]. One drawback is that
it depends on the applied voltage in order to inject or absorb the demanded reactive
power.

To overcome the drawbacks of SVC, a new generation of power electronic equipment,
STATCOM, was introduced and it is explained in more details in the next section.
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Figure 3 - An SVC Example [7].

2.2.4. STATCOM
A STATCOM is a regulating device connected in shunt with the AC electricity

transmission networks. Furthermore, by connecting the STACOM to a source of power it
provides active power and can perform either as a source or sink of reactive power to the
network. A common and one of the most complex applications for STATCOM is the
electric arc furnace due to its unbalanced voltage condition [8]. In addition, STATCOM
can also be used to start induction motors in oilfield power system as presented in [9].
One can think a STATCOM as a basic DC to AC converter which is achieved by the
controlling of the time that each switching gate device is turned on and off.

There are two types of STATCOM; the CSC based and the VSC, or one can say VSI
(Voltage Source Inverter) based, as described in Figure 4 [10].



18

Figure 4 - Static Synchronous Compensator based on voltage-sourced and current-sourced
converters. Extracted from [10]

More specifically, a STATCOM is controlled by high power gate turn-off thyristors and
transistor devices such as GTO (Gate Turn-off Thyristor) and IGBT (Gate Bipolar Junction
Transistors). In addition, through a modulation method the switches devices are turned
on and off, generating the voltage converted. This voltage converter is the necessary
voltage to compensate the reactive power in a grid system as illustrates Figure 5. The
compensated voltage stabilizes the grid voltage with the desired amplitude, frequency
and phase.

The modulation method can be performed by using different techniques such as Step
wave, Carrier PWM (Pulse Width Modulation), SHE (Selective Harmonic Elimination),
Space vector, PS-PWM. In addition, one well known method and the one used in this
thesis, to realize a voltage-sourced converter for power utility application is PWM.

One popular converter used by ABB is SVC Light 1 (for utility and industry
applications) and PCS100 STATCOM (for industry) for instance.

Figure 5 - VSC STATCOM Topology
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2.3. Multilevel Converter
Power converters have some limitations, imposed by physical characteristics of the

semiconductor, limiting the number of switches and affecting directly the operational
capability. Multilevel inverters are one solution to increase the voltage level without
increasing the number of switches, where only the switching combinations already
existent are used.

In multilevel converters the power devices are connected in series connection in a
bridge configuration, where each power semiconductor is an individual switch. A
multilevel converter is composed by  cells connected in series, where each cell is
composed by one full bridge converter providing	+ , zero and −  as its output
voltage, as is shown in Figure 6.

In a multilevel converter, the switching sequence is controlled such that in each instant
only  cells are switched on in order to form a voltage staircase waveform. As shown in
Figure 7, the output voltage waveform is an approximation of a sinusoidal waveform. Even
though, the output voltage is not exactly a sinusoid waveform, it has the same
characteristics.  For instance, if the DC voltage source is	110	 , a four level converter will
provide	440	 	as the maximum voltage output. This closer resemblance to a sinusoid
waveform makes it possible to control the fundamental component (50 or 60Hz) and
eliminate low-order harmonics by utilizing techniques such as SHE. Consequently, the
multilevel converter gives lower THD (Total Harmonic Distortion) in the output. The used
techniques to eliminate low order harmonics are not the scope of this thesis.

Figure 6 - Multilevel scheme where a) One full bridge cell and b) One cell voltage output
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Multilevel converters are mainly utilized for medium voltage devices, but can also be
applied in high-voltage applications. However, one drawback is the capacitor voltage
balancing.

The balancing problem appears since there are several different switching cell
combinations to keep the desired output voltage level in the waveform case. For instance,
to obtain level 1 (+ ) either the cell number 1 can be turned on while the other three
cells are off or cell number 2  can be turned on while the other cells are off, as shown in
Figure 7. Therefore, to keep the capacitor voltages balanced and reduce the losses, these
different possibilities should be used alternatively, avoiding that one given capacitor is
frequently turned on. For that, a capacitor balancing algorithm is needed and should be
capable of making use of all the stated possibilities to overcome this problem.
Nevertheless, if cell number 1 is always turned on, the balancing algorithm should be able
to detect that and select another cell to turn it on when is necessary. Moreover, the
principle of operation can be extended to any multilevel configurations.

Figure 7 - One phase nine-level, four cells, converter output voltage waveform

The most common topologies are: cascade H-bridge, which are used for STATCOM
application, and MMC (Modular Multilevel Converter), which is used for HVDC
applications [11]. For these two main topologies, the single phase H-bridge converter is
an important component. For this reason, this work performs an analysis of the single
phase H-bridge to improve its functionalities and be used for any of these topologies.
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2.4. Chain Link
A chain link is an alternative circuit arrangement for a STATCOM, constructed by

connecting a number of converters cells in series on their AC side forming a ‘chain’ per
phase, the chain link connection can be in a delta or wye connection [12]. Figure 8 and
Figure 9 show a wye connection and a delta connection respectively.

Figure 8 - Chain link wye connection

Each link corresponds to one phase, four levels, full bridge, composed by four IGBT
switches and a self-controlled DC capacitor. It can be seen it is quite similar to the
multilevel converters except to the way of connecting the cells and consequently the
operation. On the other hand, the converted voltage is the same in both cases.

In a chain link scheme the equivalent frequency per phase is the product of the H-
bridge frequency times the number of cells. The output voltage per phase is the sum of
the individual voltage on each cell. One important characteristic of a chain link is that by
connecting more cells in series is possible to increase the total output voltage. On the
contrary, two and three level converters, need to have switches connected in series to
have a higher output voltage level. Besides, the chain link does not need to be switched
simultaneously, which is a difficult procedure in practice for the two and three level
converters due to mechanical limitations.
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Figure 9 - Chain link delta connection

2.5. Full bridge Converter
A single full bridge cell is a circuit very commonly used in power electronics, especially

in DC to AC and DC to DC converters. The H-bridge permits to apply a voltage across a
load in either direction by switching the switches.

A full bridge cell is composed by four semiconductors (IGBTs, IGCT or MOSFETS for
instance) switches ( 1, 2, 3 and	 4), and a capacitor  as shown in Figure 10. These
switches produce some losses directly proportional to the switching frequency, meaning
the losses will be higher by increasing the switching frequency [13]. Furthermore,
component losses should also be considered in the system to calculate the total losses.
In this thesis, the full bridge is considered lossless.
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Figure 10 - Full bridge single cell

By switching on and off the four semiconductors, the converter is capable to produce
three different output voltages such as:	+ , −  and 0  (bipolar modulation).
Therefore, in order to obtain a positive output	+ , the switches 1 and 4 are turned on
while 2 and 3 are bypassed. Accordingly, the negative output –  is obtained by
switching 2 and 3 and bypassing 1 and	 4. Finally, the zero voltage state can be
obtained through two possible switching configurations either by switching on 1 and 3
or 2 and	 4. In conclusion, the switches	 1, 2 cannot be switched on simultaneously
and the same rule applies for 3 and	 4. Figure 11 illustrates the three mentioned output
states. The charging or discharging of the capacitor depends on the current direction that
flows through the semiconductors that are not bypassed.

As mentioned in section 2.3, by having more than one cell it is possible to create a
voltage waveform output just by having  numbers of identical cells connected together.
This allows controlling the output voltage by switching the number of selected cells, when
the maximum voltage step is equal to the maximum number of cells, the same operational
principle is obtained for the multilevel converter.
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Figure 11 - Full bridge states and current path. a) ,	  swithed  and ,  bypassed=+  b)
,	  switched  and ,  bypassed= -  and c)	  ,  swithed  and ,  bypassed= 0

As opposed to the multilevel converter, a single full bridge converter output voltage
has two or three (depending the modulation that is been used as explained in the next
section) possible numbers of discrete voltages. Figure 12 shows the single phase
converter waveform.

Figure 12 - Single phase full bridge converter waveform
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2.6. PWM modulation
PWM (Pulse Width Modulation) is a technique to control switched DC-DC or DC-AC

converters. The three most common used schemes are; SPWM (Sinusoidal Pulse Width
Modulation) where two signals are compared, space vector PWM and SHE. The SPWM
is simpler to implement compared with the other schemes and for that reason this PWM
technique is implemented for this work.

The duty cycle variation of the PWM signal provides a specific voltage pattern in the
converter output. This pattern can be implemented by comparing the carrier with a
(sinusoidal) reference signal, as shown in Figure 13. If the reference is greater than the
carrier, the converter is switched. In multilevel topologies, with more than one cell, there
will be more carriers being compared with the reference. Furthermore, the converter will
switch to the uppermost (carrier) only when the reference is greater than all the carriers.
It switches down to the previous level if the reference falls below the uppermost carrier
[14].

Figure 13 - Reference signal and Carrier signal for bipolar voltage

The reference is a desired voltage sinusoidal waveform with a desired amplitude and
phase, as shown in equation bellow:

= ∙ ( + )

Where  is the phase shift,  is the modulation index which lies between 0 and	1,
	 = 2 	 /  and  is the switching frequency.

The amplitude and phase of the desired converter output voltage parameters are
typically determined by the control system output. The desired voltage  is compared
to the carrier, which is a triangle waveform. The carrier has unit amplitude and fixed
switching frequency, only the sinusoidal amplitude and frequency vary according to the
desired parameters.

The switching frequency 		is directly connected to the output waveform quality. If the
switching frequency is very low, the output will not be a perfect sinusoidal waveform in
the case of a two or three level converter. On the other hand, if the switching frequency
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is too high, thus having a perfect sinusoid output voltage waveform, the devices lifetime
are shorter and the losses increase. This behavior is due to the comparison between the
desired sinusoidal waveform and the triangle waveform, which has amplitude		 , from
the modulation system. Moreover, the modulation system is responsible to switch on and
off depending on the comparison results. There are two modulation methods: bipolar and
unipolar voltage switching which is discussed following:

2.6.1. Bipolar Voltage Switching
This switching is called bipolar because the output waveform (voltage between A and

B), as shown in Figure 10, varies between negative and positive DC voltage. For a single
phase H-bridge inverter, the upper and the lower switches work in a complementary
manner: one switch turned on and another turned off. Furthermore, there are only two
independent output signal:+  which is obtained by switching  and  and −  which
is obtained with  and  switched. Thus, it is needed to consider only two independent
switching signals  and	 , that are generated by, as mentioned above, the comparison
between the sinusoidal reference signal and the triangular carrier waveform. The bipolar
carrier waveform is illustrated in Figure 14.

Figure 14 - Reference signal and carrier signal for PWM with BIPOLAR voltage switching
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2.6.2. Unipolar Voltage Switching
Unipolar voltage switching does not switch simultaneously, distinguishing itself from

the bipolar switching. For that reason, there are three possible inverter output voltage;
negative, positive and zero DC voltage. The positive output voltage (+  ) is obtained
with  and  switched, the negative output voltage (−  ) is obtained with  and
switched and zero output voltage is obtained either  and  switched or  and
switched.

Usually, unipolar voltage switching method requires two voltages reference to be
compared with the triangular carrier V  [15]. In addition, these two reference signals
can be obtained simply by having V  and −  as shown in Figure 15. During the
positive half cycle, the triangle waveform is compared with the reference V  and
furthermore the converter output voltage switches are either between zero and	+ , this
scheme is explained in more details in

Table 1.

Figure 15 - PWM UNIPOLAR voltage switching
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Table 1 - Positive half cycle sequence for unipolar voltage switching scheme
Condition Switch Output voltage

 >   ON and    ON +
  <   ON and    ON 0	

On the other hand, during the negative half cycle of the fundamental frequency, the
converter output voltage switches between either zero and	− , in this case the triangle
waveform is compared with	− , the gating scheme is detailed in Table 2.The unipolar
switched converter is adopted for this thesis.

Table 2 - Negative half cycle sequence for unipolar voltage switching scheme
Condition Switch Output voltage

 >   ON and   ON −

 <   ON and   ON 0

2.7. Buck/Boost Converter
A DC-DC converter is used to regulate switch-mode DC power supplies in many power

electronic applications. This functionality is illustrated in Figure 16, where the DC-DC
converter is used to regulate an unregulated DC voltage into a controlled DC output at a
desired voltage level. This converter type can be applied for a different range of
applications.

Figure 16 – DC/DC Power Converter Abstract functionality

There are two basic DC-DC converter topologies; (step down) buck converter and
(step up) boost converter. From these two main topologies it is possible to derive other
topologies such as Cuk, full bridge and buck-boost converters [4].

As a buck converter, the voltage DC average output produced is lower level than the
DC input voltage. The opposite behavior occurs by operating as a boost converter, the
DC average voltage output produced is higher than the DC input voltage. A buck-boost
converter is achieved by a combination from these two converters. This last topology
combination permits to operate at input voltages both higher and lower than the desired
output voltage level. Furthermore, depending on the level of input voltage the switched
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mode operation changes in order to operate as a buck or either as a boost converter,
Figure 17 illustrates a bidirectional buck-boost converter, which is adopted in this thesis.

Figure 17 - Bidirectional buck-boost converter

In general, the average output voltage is controlled to a desired value through a given
input voltage. The desired average output level is achieved by controlling the switch on
( ) and switch off		( ). The control measures the input and selects the appropriate
switch mode. One of the methods to perform this control is by applying PWM modulation,
as explained in 2.6, where the switching frequency  is fixed and the duty cycle is
adjusted to control the output voltage level.

Another important DC-DC converter characteristic is the conduction mode operation.
The converter can operate in CCM (Continuous Conduction Mode) or DCM
(Discontinuous Conduction Mode). The CCM is when the current through the inductor
never falls to zero during the sample period. On the other hand, there are some situations
where the amount of energy required by the load is small enough to be transferred in the
whole period, thus the current through the inductor   falls  to  zero  during  part  of  the
period. That means the inductor is completely discharged in the end of the period and
operates in DCM mode [4]. Section 4.4 provides in-depth description of the equations and
designed components.

2.8. Proportional Resonant Controller
A resonant controller is similar to a conventional PI controller, however, it is capable

of tracking sinusoidal reference of arbitrary frequencies and achieve the same steady
state as a PI controller. The Proportional Resonant (PR) controller is designed to
introduce an infinite gain at a desired resonant frequency to eliminate stationary errors at
a desired frequency [16]. Therefore, resonant controller has become widely utilized in
electronic power converters.

In order to understand the PR controller’s behavior, two groups of bode plots are
presented to demonstrate its frequency response. First, a generic magnitude and phase
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bode plot for an ideal PR controller is shown in Figure 18 and the respective transfer
function in equation (1). As it can be seen, it gives an infinite dB magnitude gain at the
resonant frequency.

( ) = + +

(1)

Where	 ,  are constant gains, = 2	 	 /  and  is the supply frequency.

Figure 18 - Bode plot of ideal PR compensator = ,	 = , = 	 /  and = /

The problem with an ideal PR is that it may introduce instability problems due to the
infinite gain. For this reason, usually a non-ideal (approximated ideal) resonant with a
damping term	  is used in order to reduce the infinite gain as shown in equation (2). The
respective magnitude and phase bode plot are shown in Figure 19. It can be seen the
gain is not infinite for the desired frequency, however, it is high enough to eliminate small
steady-state error at the desired frequency. Non ideal PR compensator is adopted for this
thesis.

( ) = kp + ∙
2 ∙ ( 0) ∙

2 + 2 ∙ 	 ∙ ( 0) ∙ + 2

(2)

Where	 ,  are constant gains,	 = 2	 ,  is the supply frequency and  is the
cut off frequency.
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Figure 19 - Bode plot of non-ideal PR compensator = ,	 = , 	 = 	 /  and =
/

Similar to PI controller, the resonant controller is tuned;  determines the dynamics
of the system in terms of bandwidth, phase and gain margin. In addition, when  is
increased, the PR gain margin increases but with a peak value at the resonant frequency
while the phase margin decreases. The resonant controller design for this thesis is
described in more details in the section 5.

3. System Overview

3.1. State of the Art
Single phase H-bridge is a component present in high power converters such as

medium voltage drives, HVDC, PV cells, and STATCOM. A well-known critical
characteristic of single phase H-bridge converter is the ripple on the DC bus voltage
pulsating at twice at the fundamental frequency. This ripple can cause overheating and
reduce the capacitor lifetime for instance. The power transfer occurs from the AC line to
the DC bus when the AC input voltage and current are sinusoidal.

A common solution for this ripple on the DC bus voltage at twice at the fundamental
frequency, is to install a bulk capacitor to filter this second harmonic. It is worth
mentioning the proposed solution results in low power density besides the increased cost
due to the significantly capacitor size increment. Thus, using a bulk DC link capacitor is
an inefficient way of filtering the second order harmonic.

Another way to overcome this problem is to connect a filter in the DC bus to eliminate
the desired voltage ripple by using some passive components. The main disadvantage is
there is no current or voltage control across the passive elements, since there are no
active components. In addition, the passive components have high values (capacitor and
inductor) in order to reduce the second order harmonic. Consequently, the converter
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volume is increased which is unfeasible for many power electronics applications. Hence,
the need for a better solution to achieve the ripple reduction in single phase converter is
notable.

Several methods have been proposed to deal with the second-order ripple [18-21]. In
[22-23], a new storage method topology is proposed where the auxiliary capacitor and
auxiliary inductor are connected directly to the AC bus. This solution has the advantage
of having a pure AC voltage across the auxiliary components; however, the design is
more complex and harder for the control system. Even though, the capacitance
decreased 10 times with the storage method, the proposed method uses a high switching
frequency which can compromise the IGBT’s for some applications where the switching
frequencies are low.

The literature mention the use of energy storage components focused on DC capacitor
reduction in power factor applications. In [24], a bidirectional buck–boost converter
coupled to a single phase rectifier is proposed in order to absorb the low frequency ripple.
In addition, this method has high switching frequency (20 kHz). Besides this drawback,
the auxiliary inductor is designed to work in discontinuous mode stressing the respective
inductor to its maximum and minimum current level.

The ripple storage methods discussed above have not been quantitatively analyzed
the low-frequency ripple energy. This is to say, storage requirements for the switching
frequency and DC capacitor reduction simultaneously. For this reason, a new active
storage method is proposed in this thesis in order to reduce the capacitor size by storing
the ripple energy and eliminate the DC bus second order harmonic.

3.2. Proposed Energy Storage System
The proposed active filter ripple storage method, is an active filter added to a classical

full bridge converter to store the undesired ripple. The active filter is a bidirectional buck-
boost converter composed by one phase leg, two switches, an auxiliary inductor and an
auxiliary capacitor. The main advantage of this method is that there are not only passive
components as in the bulk capacitor or typical filter solutions, which makes it possible to
control the current and consequently the voltage across the extra components.

The proposed topology for the ripple energy storage is illustrated in Figure 20.
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Figure 20 - Full bridge single phase with storage elements

The active components play an important role in the system, since without them the
system becomes a simpler filter connected to the DC bus as described above. Moreover,
this proposed active filter method is able to store the ripple energy and improve power
density considerably.

The auxiliary inductor is used as an energy transfer element that transfers the ripple
energy between the auxiliary capacitor and the DC bus while the auxiliary capacitor works
as the energy storage element to accomplish this energy transfer.

The active filter is controlled by a different controller and switching frequency than the
full bridge circuit. Nevertheless, the DC bus voltage is controlled by the full bridge
converter.

The ripple energy from the DC bus is transferred to the auxiliary capacitor by
switching	 , as a consequence the active filter acts as a bulk converter. In this way, the
DC bus charges the auxiliary capacitor and auxiliary inductor during  on interval. During
the turn off interval of switch	 , the auxiliary inductor releases its energy to the auxiliary
capacitor.

On the other hand, switch  is used to control the system when the ripple is being
released from the auxiliary capacitor back to the DC bus. In this manner, the active filter
acts as a boost converter. The auxiliary inductor is charged by the auxiliary capacitor
when switch  is on. Finally, when switch  is off, both auxiliary capacitor and auxiliary
inductor release energy to the DC bus.

To sum up, the proposed active filter method has several advantages such as the total
components weight reduction, increment the whole system efficiency, power density
which comes with the significantly DC bus capacitor and correspondent ripple reduction.
In addition, the proposed system design is also focused in the following aspects: lower
DC ripple, lower total energy, lower DC capacitor size and lower switching frequency.
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4. Theory
4.1. Full bridge Conventional Ripple analysis
A full bridge single phase PWM rectifier, which operation was explained in 2.5 is

illustrated in Figure 21 and Table 3 summarizes the considered parameters. The
drawback for this type of converter is the ripple power on the DC bus voltage at twice the
fundamental frequency, as mentioned previously. It results in a DC voltage ripple on the
DC link. Generally, capacitors have a specified maximum rating for the ripple voltage
depending on their material. For instance, an ideal minimum the ripple rate is two percent
of the DC bus voltage.

Figure 21 - Conventional Full bridge converter

Table 3: Full bridge system parameters

100 [V]  desired 180[V]

20 [A] 1[m H]

250µ[F] Supply Frequency 50[Hz]

Conventionally, a bulky capacitor is used to absorb this ripple, as already mentioned
earlier. Furthermore, the DC capacitance can be calculated by using the well-known
energy capacitor equation, as shown in equation (3).

=
	 	

∆ 	
(3)

Where	 = 2 ,  is the fundamental frequency,  is the supply voltage magnitude,
	 is the AC output current magnitude of the system (the absorbed or inserted current

depending on the mode operation),  is the average voltage across the capacitor and
∆  is the peak to peak voltage ripple across the capacitor usually giving in percentage.

http://www.thesaurus.com/browse/precedently
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From equation (3), it is noticeable that the equivalent capacitance depends on the
ripple value tolerance for the system. For a small ∆   the equivalent capacitor value
needs to have a higher value since its value is inversely proportional to the voltage ripple
one.

Figure 22 and Figure 23 illustrate the mentioned relation. One can notice that for a
larger capacitor value the voltage ripple value is lower and conversely.

Figure 22 - Voltage across the DC capacitor ( ) for a large capacitance

Figure 23 - Voltage across the DC capacitor ( ) for a lower capacitance

These two capacitors values comparison shows that the easiest way to reduce the
voltage ripple value is by increasing the capacitor size. Although this increment leads to
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low power density and increases the size and weight of the system. One can notice the
capacitor size plays a main role in the system footprint. Besides, the cost increases
drastically as its size is increased.

4.2. Full bridge equations
The following analysis expresses a common single phase full bridge composed by a

small inductor connected to an AC supply and a DC capacitor in the DC bus, as illustrated
in Figure 21. The instantaneous voltage and current in the supply can be expressed as
shown in equations (4) and (5).

( ) = 	 ( + ) (4)

( ) = 		 	( + ) (5)

Where 	 and  are respectively the voltage and current peak values,  and  are
respectively voltage and current phase angles. The difference between these two values
(  and  ) represents the phase shift between the voltage and current supply.

The circulating current in the DC capacitor side can be derived as shown in equation
(6) (see Appendix A for a detailed derivation). One can see that this DC current contains
the second order harmonic at twice the fundamental frequency.

( ) = 	 2 + + −   (6)

In reality, the DC current consists of a second order low frequency and a high
frequency part caused by the full bridge switching frequency. The last part is not
considered for this thesis because the switching frequency is much higher than the ripple
and fundamental frequency. As briefly explained in the previous section, the proposed
storage elements topology, which is discussed in more details in the next section, aims
to eliminate the low frequency part.

By assuming a system with no losses, the instantaneous power at the AC side can be
calculated as shown in equation (7).

= ( ) ∙ ( ) = 	 ( + ) 		 	( + ) (7)

By applying some trigonometric relations equation (8) is obtained.

										 =
	

2
( − ) −

	
2

(2 + + )		
(8)

The first term of equation (8) represents the active power in the system, whereas the
second term is the reactive power. This equation can be split in two as shown in equations
(9) and (10).

=
	

2
( − )

(9)
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= −
	

2
(2 + + )

(10)

Equation (10) can be modified to have it as a sine waveform, as shows (11):

= −
	
2 		 2 + + + 2

(11)

Hence, the corresponding energy can be calculated as:

= 	

=
	 	 		 − + + + + 			 			 (12)

The output inductor energy is neglected for the previous equations, since then the
following equations intend to analyze the influence of the output inductor on the ripple
energy:

The inductor energy can be expressed as:

=
1
2

( ) =
1
2 	 (	 + )

(13)

The inductor instantaneous power equation is expressed by (14) :

= ( )
( ) (14)

Hence, from equation (5) and (14) one can find:

= ( + ) ( + ) (15)

Thus, the system instantaneous power in (8) can be redefined as:

=
	

2
( − ) −

	
2

(2 + + ) + 2 	 (2 + 2 )
(16)

Consequently, the active and reactive power can be redefined and represented
respectively as follows:

=
	

2
( − )

(17)
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= −
	
2 	 (2 + + ) + 2

(2 + 2 )
(18)

By using trigonometry tools one can have the power with respect to sine terms:

= −
	

2 2 + + + 2 + 2
(2 + 2 )

(19)

Equation (19) shows the converter instantaneous reactive power which produces a
ripple power at twice the fundamental frequency as already proofed in (10). For this
reason, a method using active filter is proposed to compensate this ripple power which is
explained in more details in the next section.

Hence, the energy equation can be recalculated according to (18). This equation
represents the relationship among the ripple value, the inductor size, output power and
the angle between the output current and output voltage.

=

=
	 −1 + 2 + + + 2 			 − 	 (−1 + (2 + 2 ))

(20)

Based on equation (3), 15.9  DC bus capacitor is needed to have 2% of the DC bus
voltage ripple, applying the parameters specified in Table 3. The corresponding RMS
current can be derived as:

=
√2	 	

	
(21)

Equation (20)  shows the influence of the output inductor on the ripple energy.
Furthermore, this influence can be visualized by plotting (20) for different values of output
inductor as Figure 24 illustrates. Where the supply frequency is fixed and equal to	50 ,
and the system parameters are summarized in Table 3.
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Figure 24 - Ripple value relation between input inductor and  for a fixed supply frequency

From Figure 24 one can see the inductor value has an effect on the total energy for a
given value of	Φ. Thus, one can conclude that due to its influence in the total system
energy the output inductor should be considered.

The same relation can be derived for the supply frequency influence in the total system
energy by using the same equation.

Figure 25 - Ripple value relation between supply frequency and  for a fixed input inductor
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From Figure 25, it can be noticed that also the supply frequency influences the ripple
value, as the lower the supply frequency the higher is the ripple. For both cases, it can be
seen that there is a minimum of 	6.4	 	ripple to be absorbed.

4.3. Ripple analysis with energy storage element
As explained in 3.2, an active filter circuit in connection to a full bridge converter is

proposed as shown in Figure 26 to eliminate the ripple voltage in the DC bus converter.

Figure 26 - Full bridge converter with storage elements

The proposed active method is composed by one extra leg containing two extra
switches and two additionally passive components; an  capacitor ( ) and an
inductor	(	 ). These two switches operate in a different switching frequency rate than the
full bridge converter. These components are connected in parallel to the DC line as shown
in Figure 26. The following current and voltage analysis are necessary to design these
elements in order to eliminate the double-line frequency ripple.

The main idea is to store the energy which contains the ripple in the auxiliary
capacitor	 . Therefore, the energy in the extra capacitor  can be calculated to be equal
to the power  calculated in equations (19) and (18):

1
2 =

	 −1 + 2 + + + 2 			 − (−1 + (2 + 2 ))

Thus,

=
2( 	 −1 + 2 + + + 2 			 − (−1 + (2 + 2 )))

	



41

After some calculations, the voltage in the auxiliary capacitor can be defined as
follows:

=
2( 	 −1 + 2 + + + 2 			 − (−1 + (2 + 2 )))

	
(22)

By introducing a variable	  [18], which defines the quantity of energy that is being
stored in the auxiliary capacitor, equation

(22) can be rewritten in the following expression:

=
2( 	 + 2 + + + 2 			 − ( + (2 + 2 )))

	

(23)

Where  can be defined [18]:

=
	

− 1 (24)

If = 1 it means all the ripple energy from the DC bus is being transferred to the
auxiliary capacitor	 . On the other hand, = 2 means 66% of the ripple energy is being
transferred.

Hence, equation (18) and (23) show the necessary voltage in the auxiliary capacitor
to absorb the second harmonic component.

Consequently, the current circulating inside the extra leg can be expressed as follows:

= 	 (25)

=
− 	

2 2 + + + 2 + 2 (2 + 2 )

2( 	 + 2 + + + 2 			 − 	 ( + (2 + 2 )))
	

(26)

Similar to the DC capacitor calculation in (3), the auxiliary capacitor	  can be derived
from the energy equation as shown in:

=
2
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=
2 	 	

	
(27)

By equating the power equations, the circulating current inside the auxiliary circuit is
derived as:

_ =
√2 	 	

	
(28)

These analyses are held limiting the auxiliary capacitor voltage to be equal or less
then the DC capacitor voltage, due to the bidirectional buck-boost that is discussed in the
next section. Moreover, the DC capacitor and the auxiliary capacitor energy are assumed
to be equal.

In section 4.1, the conventional DC capacitor calculation was defined in equation (3)
while equation (27) presents the auxiliary capacitance calculation for an ideal case; the
capacitor completely charges and discharges. Figure 27 illustrates the capacitance
reduction of 40.5 times by using the active filter method. This reduction means the
capacitance calculated in the previous section can be reduced from	15.9   to		390μ  .
Finally, the DC capacitor is selected to be 250μ  and the auxiliary capacitance	350μ  to
permit some margin of error.

Figure 27 - Conventional and active filter capacitance comparison

Another relevant comparison is the current rating for the traditional DC capacitor
described in equation (21) and the current derived in equation (28) for the active filter
method as illustrated in Figure 28.
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Figure 28 - Conventional and active filter current comparison

On the other hand, it can be seen in Figure 28, the capacitance that decreases, the
active filter current should be increased by 2 times than the DC capacitor current.

4.4. Buck/Boost equations
A bidirectional buck-boost converter is composed by two switches and some auxiliary

components. In this way, the proposed active filter can be considered as a buck-boost
converter connected to the single phase full bridge converter to manage the second
harmonic ripple energy storage and the DC output voltage level. Furthermore, the system
structure can operate either boost or buck, depending on the direction of the power flow.

By considering that, there are two possible switching modes for the switches; open
and close due to the complementary mechanism between the switches. The duty cycle

 which is defined by:

= = +
(29)

Where  and  represent the close and open switch time duration respectively.

The following analysis provide a detailed description regarding the two operating
modes and the designed components by considering a load   and  which are
replaced to be more realistic with the real system.
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4.4.1. Boost mode
The buck-boost converter equivalent circuit operating under boost mode is shown in

Figure 29. In this mode operation, as already explained in 2.7, the output voltage is always
greater than the input voltage for this operation mode [25]:

Figure 29 - Equivalent circuit operating under boost mode a) when   is on b) when   is on.

·  off ,	  on (0 < < )

In this operation,  is on and due to the complementary mechanism  is  off,  the
equivalent circuit becomes as in Figure 29 a) illustrates.

In this operation, the auxiliary capacitor   and the auxiliary inductor   are in a closed
circuit, connected in series. The auxiliary capacitor   charges the auxiliary inductor
resulting in | | = | | .The auxiliary inductor voltage	  , can be expressed as:

= = (30)

The auxiliary inductor current will present a linear increase and can be expressed as:
I

= = (31)

Hence:

( ) = (32)

·  on ,	 ( 	 < < )

Consequently, when  is on the switch  is off due to the complementary mechanism
and the equivalent circuit becomes as in Figure 29 b) illustrates.

In this operation the auxiliary capacitor   and the auxiliary inductor  release energy
to the DC link bus since the current flow is positive direction.
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= − = (33)

Rearranging the equation (33)

=
−

=
	

(1 − )
(34)

From (34), the following equation can be obtained:

( ) =
( − )

(1− ) (35)

By considering a steady-state operation, the change in the auxiliary inductor current
  in one cycle of operation should be:

( ) + ( ) = 0 (36)

From (32) and (35), the following equation is obtained:

+
( − )

(1 − ) = 0 (37)

By simplifying (37), a voltage relation between the DC input voltage and AC output
voltage can be obtained as shown in equation (38):

=
1

(1 − )
(38)

Considering 0 < < 1	and  greater than	 .

4.4.1.1. Inductance design - Boost mode
By neglecting the losses, the power in the output side should be equal to the power in

the input side, as equation (39) is described.

= = (1 − )
(39)

And the new value for the current in the auxiliary circuit can be rewritten as:

=
( )

	 		 = (1 − ) (40)

Moreover, there are two criteria for selecting the auxiliary inductance: the first criterion
is the CCM (Continuous Conduction Mode) limit, and the second criterion is the peak
current limit. Then, the maximum and the minimum auxiliary inductance value can be
obtained by combining (40) and (32).

_ = + 	 2 = (1 − ) 	+ 	 (41)
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_ 	 = −	 2 = (1− ) 	− (42)

For the current in the auxiliary inductor to operate under continuous conduction mode
(CCM) operation, the minimum value of the inductor current must be greater than zero.

(1 − ) 	− 2 ≥ 	0 (43)

Thus,

	 ≥ 	
(1− )

2
(44)

By substituting  by /  and recognizing that in a set-up converter the inductor
current and output current are the same	 = , the inductance at the edge of
discontinuous mode is given by:

	 ≥
(1 − )
2

By combining (40)

	 ≥
	 (1− )

2
(45)

As it is explained in [4], the output current reaches its maximum value when	 = 1/3.
Hence, In order to calculate the auxiliary inductance value, D is substituted with	1/3.

4.4.2. Buck mode
The buck-boost converter equivalent circuit operating under buck mode is shown in

Figure 30, as already explained, the output voltage is always lower than the input voltage
in this operation mode.
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Figure 30 - Equivalent circuit operating under buck mode. a) when   is on b) when   is on.

·  ,	 	(0 < < )

In this operation,  is on and  is off due to the complementary mechanism, the
equivalent circuit becomes as in Figure 30 a) illustrates.

In this operation, the auxiliary capacitor   and the auxiliary inductor   are in series
with the DC capacitor and the DC link has a negative current flowing. Moreover, the
auxiliary inductor and auxiliary capacitor will be charged by the DC link voltage. Finally,
auxiliary inductor voltage    can be expressed as:

= − = (46)

The auxiliary inductor current will present a linear increase and can be expressed as:

= =
− (47)

Hence,

( ) =
− (48)

·  ,	 	( 	 < < )

Sequentially, when  is off, the switch  is on (due to the complementary
mechanism) the equivalent circuit becomes as Figure 30Figure 29 ) illustrates.

In this operation, the auxiliary capacitor   will be charged by the auxiliary inductor
resulting in | | = | | .The auxiliary inductor voltage   for this configuration can be
expressed as:

= − = (49)

By rearranging the following equation is obtained:
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= (1 − ) =
−

	 (50)	

From (50) the following equation can be obtained:

( ) =
−

(1− ) (51)

By considering a steady-state operation, the change in the auxiliary inductor current
  in one cycle of operation should be:

( ) + ( ) = 0 (52)

From (48) and (51) the following equation is obtained:
−

− (1 − ) = 0 (53)

By simplifying (53) to obtain a voltage relation between the DC input voltage and AC
output voltage, the equation (54) is obtained

= 	 (54)

Considering 0 < < 1	and  lower than	 .

4.4.2.1.1. Inductance design - Buck mode
Under a steady state mode, the mean current flowing to the auxiliary capacitor and

through the load resistor  are the same because the mean value of the capacitor
current under steady state is zero [4, 25]. Thus (55)(59), is derived:

= = 	 (55)

Hence, the average inductor current at the boundary between the continuous and
discontinuous mode, where the auxiliary inductor current  goes to zero at the end of
the	  period, is defined as:

_ = 2
(56)

Therefore, the maximum and the minimum auxiliary inductance value can be obtained
by combining (48) and (51) and re-arranging them in respect to	  .

_ = + 	 2 = R 	+
1
2

(1 − ) =
1

+
(1− )

2
(57)

_ 	 = −	 2 = −
1
2

(1− ) =
1

−
(1 − )

2
(58)
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For the auxiliary inductor current to operate under continuous mode operation, the
minimum value of the inductor current must be less than zero. Hence, from (58):

1
−

(1− )
2 ≥ 	0

(59)

Thus, the minimum inductance can be obtained as:

	 ≤ 	
(1− )

2
(60)

By eliminating = / :

	 ≤ 	
(1− )

2 	
(61)

4.4.3. Components design
To summarize, the previous section deduced two main equations for each mode for

the auxiliary capacitor; (45) and (61) respectively:

	 = 	
	 (1 − )

2
(62)

	 = 	
(1− )

2 	
(63)

These two equations represent the auxiliary inductor minimum and maximum value.
Hence, to be able to operate in the continuous mode operation, the auxiliary inductor
should be greater than 	and less than 	as it is summarized in (64)

	 (1− )
2 < <

(1 − )
2 	 	

(64)

Furthermore, to calculate the auxiliary inductor D is substituted with	1/3.  Thus, the
inductor  is calculated to be	1.24 .

5. Control design

5.1. Conventional full bridge modeling
To design the control system for the H-bridge, an average model is proposed as

shown in Figure 31:
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Figure 31 - H-bridge converter average model

By using this average model, the state space equations can be derived as:

̇
̇ = 0 −1/

1/ 0 +
1

0
V

(65)

And

y = {[1 0]	or	[0 1]} i
v

(66)

The system transfer function can be obtained by using the formula:

= ( − ) + (67)

Where

= 0 −1/
1/ 0  , =

0
, = [1 0]	 	[0 1] and = 0

(68)

Thus, the transfer function to control the inductor current and to control the DC bus
capacitor voltage can be expressed as:

=
+ (69)

=
	 + (70)

A PI controller is used for the outer voltage loop. The feedback inner loop is utilized to
determine the control parameters. The accordingly schematic is illustrated in Figure 32.
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Figure 32 - Voltage control system schematic

Initially, the	 	is a PI controller defined as:

= K 1 + 	
1

( / ) )

 and  are designed to guarantee that the system can compensate the voltage
error in the current loop tracking. The designed control was obtained by loop shaping and
root locus analyses, accordingly to Figure 33.

Figure 33- Root Locus analyses for the Closed Loop System (C1 tuning)
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The proportional-integrator compensator obtained is showed in equation (71), which
meets all the aforementioned requirements.

= 0.01 ∙ 1 +
1

0.1 ∙

By analyzing the poles’ location (−21.12	and	−18.91) of the feedback system, the
closed loop system is confirmed to be stable since the poles are located in the left
hand side.   The system has two poles and no zeros. The two real poles correspond
to decaying exponential terms ∙ .  and ∙ . , so that the total
homogeneous response is ( ) 	= 	 ∙ . 	+ 	 ∙ .

· The term	 . , with a time-constant  of 0.04 seconds, decays rapidly and
is significant only for approximately 2  or 0.09 seconds.

· The term	 . , with a time-constant = 0.05 seconds, persists for
approximately 0.1 seconds. It is therefore the dominant long term response
component.

Another important stability analyze is the bode plot; the frequency response of a
system.  The bode plot shown in Figure 34, presents the gain and phase margin to
guarantee the system stability. The cross over frequency is 41.2	 / 	(6.55 ) and
the phase margin is 76°.

Figure 34 – Loop Gain Bode Diagram (C1 tuning)
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Finally, the system step response is observed in Figure 35. This step shows the
system response under fast deviations. The closed loop system presents a rise time
equal to	0.0365	 ; settling time equal to 0.2695  and an overshoot of 13.4201 . These
parameters are acceptable since the voltage loop control should be considerably
slower than the current loop.

Figure 35 – Close loop Step response (C1 tuning)

In sequence, the current loop controller is designed. For that, a proportional
resonant (PR) is used to track the system output current to its reference. Figure 36 shows
the simplified schematic containing the simplified plant modeling and the PR transfer
function. The scheme is contained in a feedback inner current loop to tune the controller.
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Figure 36 - Current control system schematic

Where  is a PR controller and it is initially defined as:

= k + ∙
2 ∙ ( ) ∙

+ 2 ∙ ( ) ∙ +

 The cross over frequency is regulated to be around 314 rad/s and the phase margin
is 135° as shown in Figure 37.

Figure 37 - Bode plot of a non-ideal PR compensator	 = , = . , = 	 / 	and =
	 /
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In this way,  is chosen to guarantee that the system can achieve high performance
in the current reference tracking as well as the disturbance rejection. The proportional-
resonant compensator in equation (72) meets all the aforementioned requirements

=
+ 22 ∙ + 9.87	 ∙ 10
+ 20 ∙ + 9.87 ∙ 	10

(72)

The system has one real pole at (−9.98) and a complex conjugate pole pair at
(	−0.11	 + 	3.14 	 	 − 0.11	 − 	3.14 ) which introduces an oscillatory component. The
system also has two zeros (−1.1 ∙ 10 	+ 	3.14	 ∙ 10 	, −1.1 ∙ 10 − 	3.14	 ∙ 10 	).	The real
pole correspond to decaying exponential term ∙ .  and the complex conjugate to
the oscillatory term A ∙ . ∙ 	sin	(3.14t	 + 	φ),	 so that the total homogeneous
response is ( ) 	= 	 ∙ . 	+ A ∙ . ∙ 	sin	(3.14t	 + 	φ),	

· The term	 . , with a time-constant  of 0.1 seconds, decays rapidly and is
significant only for approximately 4  or 0.2 seconds.

· The response has an oscillatory component	A ∙ . ∙ 	sin	(3.14t	 + 	φ)	and
exhibits some overshoot. The oscillation will decay in approximately 0.4
seconds because of the . ∙  damping term. It is therefore the dominant
long term response component.

5.2. Conventional full bridge control
After the previous control design, the final proposed control contains two loops; the

outer loop which controls the DC voltage level across the DC capacitor 	 and the inner
loop which controls the AC current 	 circulating in the output of the converter, as shown
in Figure 38.

The DC voltage is also measured in order to track to a desired voltage value. After
passing by a PI controller this voltage error is also included in the inner current loop.

Figure 38 - H-bridge control system block diagram
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The AC current is measured and a PR is used to lock the desired frequency and track
the current as it was explained in section 2.8. After passing through the PR controller a
feedforward AC voltage is added to have a faster controller.

In other words, these two control loops provide the voltage output waveform
necessary to control the AC output current and DC capacitor voltage.  This generated
voltage waveform is connected to the PWM modulation module, which is responsible to
turn on and off the switches. The PWM module generates the reference output voltage in
the converter ( ∗). This modulation method is explained in the next section.

5.3. Conventional full bridge modulation
Figure 39 shows the single phase PWM modulation method [14] for a fixed switching

frequency determined by the carrier frequency. One leg is not switched during the positive
half cycle of the supply frequency. Likewise, the other leg is switched during the negative
half cycle of the supply frequency.

Figure 39 - PWM modulation module

Furthermore, the corrected (generated) voltage reference,  comes from the control
system and is compared to the carrier frequency as explained in section 2.6. Thus, the
four full bridge switches are switched accordingly to its PWM modulation in order to
provide the desired DC voltage and output current.

5.4. Active Filter control design
Two control methods are proposed for the active filter control system. The first

approach is hysteresis control and the second is proportional integrator control, which the
respective details are also explained in the following section.

5.4.1. Hysteresis control
The auxiliary circuit has another loop control besides the H-bridge control loops.  First

of all, a hysteresis control is implemented to understand the behavior of the system and
guarantee the robustness that the hysteresis provides.  Figure 40 shows the hysteresis
control, where	 	is measured and tracked in respect to the	 	, which is generated from
equation (25).
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Figure 40 - Hysteresis control scheme, upper band=0.01, lower band=-0.0001

The current hysteresis control is used to determine the switching signals  and
states for the auxiliary circuit (storage elements). Thus, the respective switching pattern
generates the desired current	  which cancels out the second order harmonic from the
DC bus.  For the hysteresis control technique, the switches are not on or neither off at the
same time,  has always an opposite value of  . For instance, if  is on  is always
off.

The hysteresis control technique consists of an upper band and a lower band. When
the difference between the reference current and the measured current reaches the upper
band, the switch  is turned on. Moreover, switch  is turned off if the difference between
the reference current and the measured current reaches the lower band.  The upper and
lower band are defined in the hysteresis settings as shows in Figure 41. As a
consequence, the switching frequency is controlled by the hysteresis bandwidth in this
case. In another words, the switching frequency is not controllable for this method.

Figure 41 - Principle of hysteresis band current controller diagram

5.4.2. Proportional Integrator (PI)
The second control approach is a proportional integrator (PI) which is used to track

the auxiliary system current	  to its reference. The aim of this PI is to have the control of
the switching frequency in the active circuit. Figure 42 shows the simplified schematic
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comprehending the plant modeling and the PI transfer functioning contained in a feedback
inner current loop to regulate the controller parameters.

Figure 42 - Auxiliary circuit current control system schematic

Where  is a PI controller and it is initially defined as:

= K 1 +
1

(K / ) ∙

In this way,  and  are designed to compensate the current inside the active filter
to filter the DC second order harmonic and assure the system stability. The control is
obtained by loop shaping and root locus analyses, accordingly to Figure 43.

Figure 43 - Root Locus analyses for the Closed Loop System (  tuning)

The proportional-integrator compensator obtained is showed in equation (73), which
meets all the aforementioned requirements.
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= 2.61 ∙ 1 +
1

0.025 ∙
(73)

By analyzing the poles’ location (−1.23 ∙ 10 	and	−40.1) of the feedback system, the
closed loop system is confirmed to be stable since the poles are located in the left hand
side.

The system has two poles and no zeros. The two real poles correspond to decaying
exponential terms ∙ . ∙  and	 ∙ . , so that the total homogeneous
response is ( ) 	= 	 3 1 ∙ . ∙ 	+ 	 3 2 ∙ .  .

· The term	 . ∙ , with a time-constant  of	8.13 ∙ 	10  seconds, decays very
rapidly and is significant only for approximately 2  or 1.63 ∙ 10 seconds.

· The term	 . , with a time-constant = 0.02 seconds, persists for
approximately 0.05 seconds. It is therefore the dominant long term response
component.

The loop gain system frequency response is shown in

Figure 44, presents the gain and phase margin to guarantee stability for the system.
The cross over frequency is	1.23	 ∙ 10  rad/s (2k Hz) and the phase margin is
approximately 90°. The phase margin is considerably enough and even though the cross
over frequency is high, it is not higher than the switching frequency, which makes the
cross over frequency acceptable for this purpose.
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Figure 44 - Loop Gain Bode Diagram (C3 tuning)

The system step response is shown in Figure 45. This analyze shows the system
response under fast deviations. The closed loop system presents a rise time equal
to	1.76 ∙ 10 	 ; settling time equal to	3.07 ∙ 10 	  and an overshoot of	0.18 . The
obtained parameters are fast enough to perform well the active filter current control.
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Figure 45 - Close loop Step response (C3 tuning)

6. Simulations and Results

6.1. Hysteresis Control

6.1.1. Case study 1: High frequency H-Bridge Simulation
A single phase full bridge AC/DC converter with active filter technique based on Figure

26 is built and tested in Simulink. The parameters designed in section 4 are summarized
in Table 3 and Table 4.

Table 4 - Active filter parameters - case study 1-Hysteresis controller

0.1m [H] 180 [V]

350µ [F] 1.1

Hysteresis band 0.01 Full bridge switching
frequency

20K [Hz]
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Where  is defined in (24) and the hysteresis band creates a frequency variation from
5 kHz to 10 kHz.

The control methods utilized for the H-bridge and the active filter in this simulation are
the same that are illustrated in Figure 38 and Figure 40, respectively. In addition, the
active filter is activated at 0.5 seconds. For this simulation case, a fixed  reference is
used to control the desired current inside the active filter, this current is derived in (26)
and is illustrated in Figure 46.

Figure 46 - Is calculated reference

Before	0.5 , the auxiliary circuit is inactive. Consequently, most of the ripple energy
goes to the small DC bus capacitor causing a large voltage ripple (around	100 ) which
can be noticed in the main DC bus capacitor, as shown in Figure 47.

Figure 47 - DC voltage across C1 with nominal value of 180V

After	0.5 , the auxiliary circuit is activated and most of the ripple energy is stored in
the auxiliary capacitor 	 , as shown in middle plot of Figure 48. This figure shows the
system overview before and after the active filter is activated, where the first plot on the
top shows the voltage across the auxiliary capacitor	 , which is zero before active filter
activation. Furthermore, the bottom plot presents the auxiliary components current I .
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Figure 48 - Voltage across the capacitors and current circulating in the auxiliary circuit –Auxiliary
circuit activated at 0.5s

Figure 49 illustrates the DC capacitor current before and after the active filter
actuation. The voltage ripple presents a reduction due to its current being more distributed
(the average value is close to zero) comparing with the current before the activation
caused by the most ripple energy been stored at the auxiliary components.

Figure 49 - DC capacitor voltage and current –Auxiliary circuit activated at 0.5s

In order to confirm the second order harmonic reduction, the DC current FFT is
calculated. Figure 50 shows the FFT plot of the current circulating at the DC capacitor,	 .
It is noticeable the main harmonic is the second harmonic. The second harmonic is not
completely eliminated, although it is reduced drastically as shown in Figure 51 when the
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active filter method is activated. Besides, other harmonics are injected due to new leg
insertion.

Figure 50 - 	DC current FFT before active filter activation

The voltage and current across the auxiliary capacitor is illustrated in Figure 52 (top).
It can be seen the auxiliary capacitor charges and discharges completely and has a ripple
between 0  and	150 . The current across the auxiliary capacitor is controlled to be in
CCM mode as discussed previously, as illustrated in Figure 52 (bottom). Figure 53
illustrates the comparison between the current reference and the actual current inside the
auxiliary circuit. It can be noticed that the active filter current tracks the fixed reference as
expected.
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Figure 51 - DC current FFT after active filter activation

Figure 52 - Auxiliary capacitor voltage and current
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Figure 53 - Current track in the auxiliary circuit –Auxiliary circuit activated at 0.5s

The H-bridge current and voltage outputs are shown in Figure 54. One can notice that
there is not an enormous change for the two signals, except that the current is slightly
better after the active filter activation. As a consequence, the voltage and current outputs
remain at the desired values as they were designed to be.

Figure 54 - H-bridge voltages and AC current output –Auxiliary circuit activated at 0.5s
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6.1.1.1. Case study 1: analyze
Under these conditions, it can be observed that the designed method reduces the

ripple by seven times. The voltage ripple is not within the ideal value of 2% limit, however,
it is reduced to 7% of the DC average voltage using a	250μ	[ ]	for the main capacitor. By
using the conventional method, a 2.8 	[ ] capacitor value would be needed to meet the
same 7% limit.

In addition, for a high switching frequency, the switched current coming from the H-
bridge	  , as illustrates in Figure 26, is similar to a continuous current as the current
reference	 	 	.  Thus, the current reference for the hysteresis is quite similar to the desired
current inside the auxiliary circuit, as expected.

The total energy reduction is also an important factor to decrease effectively the
capacitor size. By using the conventional method (2.8 	[ ] main capacitor), the total
energy across the capacitor is equal to	45.36 . On the other hand, with this new method
implementation, the conventional main capacitor is replaced by two capacitors: =
250μ[ ] and	 = 350μ[ ]. In this case, the capacitor total energy is	9.72 . Consequently,
the active filter method is able to reduce the energy in the system by almost 5 times. The
next case simulates the same control method for a different switching frequency.

6.1.2. Case study 2: Low frequency H-Bridge Simulation
The same single phase full bridge AC/DC converter with active filter technique based

on Figure 26 is tested in Simulink. This simulation case aims to study the ripple reduction
for a lower H-bridge switching frequency. The parameters designed in section 4 are
summarized in Table 3 and Table 5

Table 5 - Active filter parameters case study 2- Hysteresis controller

0.1m  [H] V 180 [V]

350µ [F] 1.1

Hysteresis band 0.01 Full bridge switching frequency 1k [Hz]

The same control method for the H-bridge and for the active filter from the previous
simulation is used.  In addition, the same fixed  reference is employed to control the
desired current inside the active filter.

Before	0.5 , the auxiliary circuit is inactivated, most of the ripple energy goes to the
small DC bus capacitor and a large voltage ripple (around 100  ) can be noticed in the
main DC bus capacitor as shown in Figure 55 (middle on the left).

After	0.5 , the auxiliary circuit is activated and part of the ripple energy is stored in the
auxiliary capacitor as shown in the middle plot of Figure 55 (right). Furthermore, one can
notice that the capacitor DC ripple is reduced three times for this specific switching
frequency.
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Figure 55 - Voltage across the capacitors and current circulating in the auxiliary circuit - 1 KHz
switching frequency

This behavior can be analyzed by plotting all these signals in the same plot, as shown
in Figure 56.

Figure 56 - Current and voltage signals for the H-bridge and active filter circuit 1 kHz

In the case of low switching frequency, (green waveform) is discontinuous and
consequently contains more zero points. Thus, a continuous current reference is not
suitable for this case. Besides that, one can notice from Figure 56 that when  is equal
to zero (more zeros due to low switching frequencies) more mismatches occur between
the hysteresis and rectified current of H-bridge DC link ( ). In this way, the current
generated by the active filter ( ) goes directly to the DC link resulting in an increase of
the ripple in that region.

In addition, mismatching current between	 , and 	will cause more ripple effect in
some operation points such as region 1 or 2 in Figure 56. This increment in the ripple
value (red waveform) is due to the difference between the DC current  and	 , which
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results in the AC switched current	 . In other words:	 = − ,	 where a mismatch
occurs when these two currents are not approximately the same. This relation between
the currents can be seen in Figure 26.

To sum up, if one wants to avoid the undesirable ripple for a lower frequency, the
current reference in the mentioned regions above should be modified.  The next
simulation case addresses this issue.

6.1.2.1. Case study 2: analyze
Under the low switching frequency condition, it is noticed the voltage ripple is reduced

by three times. Furthermore, the reasons why the ripple is not reduced even further is
discussed in the end of last section. The voltage ripple obtained for this case is equivalent
to 16% of the DC voltage and a 250μ	[ ] capacitor is used to achieve this value. While a
1.22 	[ ]	capacitor is needed to meet the same ripple limit for the conventional method.

The energy reduction is also calculated for this case. The conventional method gives
a total energy in the DC capacitor of	19.76 . Alternatively, the proposed method presents
a total energy of 9.72  by having two capacitors	 = 250μ[ ] and	 = 350μ[ ].
Consequently, even for a lower ripple reduction the active filter method is able to reduce
the energy by half, which is very reasonable.

6.1.3. Case study 3: Low frequency Modified Hysteresis
For this simulation case, the same controller for the single phase H-bridge AC/DC

converter is used as shown in Figure 38. However, a modified control method is used for
the active filter as illustrated in Figure 57. The used parameters are summarized in Table
3 and Table 6.

Table 6 - Active filter parameters case study 3- Modified Hysteresis controller

0.1m [H] 180 [V]

350µ [F] 1.1

Hysteresis band 0.01 Full bridge switching frequency 500 [Hz]

In addition, a discontinuous  reference used is to control the desired current inside
the active filter.

Figure 57 - Modified Hysteresis control
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The simulation results are presented in Figure 58. Before	3 , the auxiliary circuit is
inactivated, most of the ripple energy goes to the small DC bus capacitor and a large
voltage ripple (around 100 ) can be observed in the main DC bus capacitor as shown in
Figure 58 (middle on the left).

After	3 , when the auxiliary circuit is activated, part of the ripple energy is stored in the
auxiliary capacitor as shown in middle plot of Figure 58 (right). Furthermore, one can
notice that the DC capacitor ripple is considerably reduced. Nevertheless, the reduction
is significant, however, lower if it is compared with the previous cases for the specific
modified control technique.

Figure 58 - Voltage across the capacitors and current circulating in the auxiliary circuit -500Hz–
per unit values

The behavior can be analyzed by plotting all these signals in the same plot as shown
in Figure 59.
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Figure 59 - Current and voltage signals for modified hysteresis control 500Hz

From Figure 59, one can realize the previous undesired behavior which occurs when
 is zero, is fixed for the modified control method. This behavior can be confirmed by

noticing that when  is zero,   is also zero. It means there is no energy going to the
DC when this current is zero, in other words, there is no switch being activating in the
auxiliary system. Another important fact is that the current reference is modified according
to a specific logic. It can be noticed that  is different from	 _ , as shown in Figure
60. However, the ripple reduction is not significantly higher than the previous case. The
reasons for the ripple reduction have already been discussed above.



72

Figure 60 - Current track with the modified controller

6.1.3.1. Case study 3: analyze
The modified control is able to change the hysteresis reference in different regions

according to the ripple value. This modified hysteresis control method solved same
undesired behaviors, however, the voltage ripple is not sufficiently reduced. The two
regions highlighted by the two black circles in Figure 59 shows an example of where the
ripple increases. The respective ripple can be confirmed by checking the increased
(red waveform) for those regions. In those regions, it can be clearly noticed that by
changing the reference (step wise) the current hysteresis control is lost during the
transients and takes longer to the actual current track the reference current. There are
two proposed ways to minimize that scenario. One way is to decrease the sampling time
and this time delay will be reduced, consequently the simulation will take much longer
time to run.  Another solution is to design a new controller to be proactive for such region.
A new control method is proposed as discussed in 5.4.1 and the simulation results are
presented in the next section.

6.2. Average model control

6.2.1. Case study 4: PI controller Simulations
A single phase full bridge AC/DC converter with active filter technique based on Figure

26 is built and tested in Simulink. The parameters designed in section 4 are summarized
in Table 3 and Table 7.
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Table 7- Active filter parameters - case study 1-PI controller

1m [H] 180 [V]

350µ [F] 1.3

Is gain 2 Full bridge switching frequency 500 [Hz]

As already mentioned before, this new control method for the active filter is able to
control the switching frequency for the auxiliary circuit as discussed in section 5.4.2 and
designed as shown in Figure 42. In addition, Figure 61 presents the simulation for the
same fixed  reference already used before.

Figure 61 - Voltage across the capacitors and current circulating in the auxiliary circuit - PI controller

The behavior is quite similar to the previous method. Before	0.5 , the auxiliary circuit
is inactive and most of the ripple energy goes to the small DC bus capacitor causing the
same large voltage ripple. After	0.5 , the auxiliary circuit is activated and part of the ripple
energy is stored in the auxiliary capacitor as shown in middle plot of Figure 61. This figure
shows the system overview before and after the active filter is activated is activated.

Under the low frequency the voltage ripple is reduced by four times as it was obtained
for the case 2 by using the hysteresis modified method. However, the method has an
advantage that the switching frequency can be controlled, which is mandatory in some
application cases.

Figure 62 shows the current trajectory  for the auxiliary circuit. It is notable that the
control method follows the reference well, although, it does not eliminate all the ripple.
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Figure 62 - PI controller Current track 500Hz

The ripple behavior can be analyzed by plotting all these signals in the same plot as
shown in Figure 63.
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Figure 63 - Current and voltage signals for PI controller 500Hz

In Figure 63, the black ellipse shows a region where the DC voltage	 	starts
increasing. This DC bus increment (causing a bigger ripple) occurs when the current
inside the auxiliary circuit 	is different from the current coming from the H-bridge(	 ).

6.2.1.1. Case study 4: analyze
The PI controller method is able to reduce the ripple by 4 times whenever using this

control method. Besides, this method is also capable of controlling the switching
frequency in the auxiliary circuit, which is a huge advantage compared to the previous
method where the frequency varies accordingly to the hysteresis band.

The DC voltage ripple reduction obtained for this controller method is approximately
13% of the DC voltage, a 250μ	[ ] capacitor is used to achieve this value.

The energy calculation for the conventional method gives a total energy in the DC
capacitor of	24.3 . Although, for the active filter storage method controlled by a PI has a
total energy of	9.72J. The proposed method needs two capacitors	C = 250μ[F] and	C =
350μ[F]. On the other hand, a conventional method needs	1.5m	[F].

Consequently, even for a lower ripple reduction the active filter method is able to
reduce the energy at least by half which is a significant reduction.
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7. Conclusion and Future Work

7.1. Conclusion
In this thesis, an active filter method for an H-bridge converter is studied to eliminate

the undesired DC voltage ripple caused by the two sinusoidal signal; voltage and current
at the AC bus. The active filter circuit is analyzed in details to find the generation of the
ripple cause and design their components.

It is proved that the storage energy method is feasible. Furthermore, the storage
energy method is able to eliminate great part of the ripple energy by storing it in other
designed passive components. The amount of ripple energy eliminated is even greater
when the H-bridge switching frequency is higher. Two control methods are designed in
order to study the ripple for different frequencies (H-bridge switching frequency) and
parameters (passive components values). In addition, for the PI control technique, the
active filter switching frequency is also controlled.

However, it is difficult for the control system to track the full wave rectified sine voltage
reference in the auxiliary capacitor. Although this problem can be overcame simply by
reducing the harmonic content by increasing	k, which reduces the energy margin and
compromises the auxiliary capacitor utilization. That means the auxiliary capacitor voltage
does not go to zero when 	k is increased.

It has been found that for lower H-bridge frequency, discontinuous current reference
needs to be used to minimize the current mismatched between rectified H-bridge current
and the active filter switched current.

To sum up, the active filter storage method is feasible to eliminate a significant part of
the voltage ripple value. However, the method is proved to be more effective for higher
frequencies.

7.2. Future Work
Based on the work of this thesis, some observations for future improvements and

research are recommended.

It has been found that to minimize the ripple further down, the hysteresis switching
output signals need to be modified. Modification of the active switch signals according to
the voltage ripple and /  on the main DC link can reach a lower ripple.

A more sophisticated current reference can be obtained by designing an observer or
applying a model predictive control to enhance its accuracy. A real time current reference
can decrease the ripple further since the control method follows quite well the reference.

A sensitivity analysis on losses to investigate how the losses change with the extra
components addition could enhance the work.
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Appendix A
( )  Extra Calculations

This appendix presents a detailed calculation for I  derived in (6).

Figure 64 - Conventional Full bridge converter detailed (extension of Figure 21 )

According to Figure 64, the DC current across the  capacitor can be derived as:

= + (74)

= − (75)
= ( − ) (76)

Where  and  are the switching functions and can be described as:

=
1
2 + ( + ) + ( + )

(77)

=
1
2 + ( − + ) + ( + − )

(78)

And
= ( )	 (79)
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= (− )	 (80)

By substituting (76) and (5)(74) in (77) and (78):

= 		 	( + )( ( + )− ( − + )) (81)

Where the switched part of the	S  and	S  are neglected.

After the multiplication, the following equations are obtained:

= 	 ( + ) ( + )−	 	 ( + ) ( + − ) (82)

= 2 	[ ( − ) + 	(2 + + )	]

− 2 	[ ( − + ) + 	(2 + + − )	]

(83)

If one considered =  and	 = 0, some terms disappears and the following equation
is obtained:

= 	cos	(2 + + ) (84)

By transforming it to  term, equation (85) is obtained which is equal to equation (6)

( ) = 	 2 + + − 2
(85)


