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ABSTRACT

In this thesis, design and control of hybrid buck-SEPIC two-input DC-DC converter
topologies and its application in power management is investigated. The hybrid converter
topologies are evolved with the aim to realize extreme step-down conversion ratios. The hybrid
converters formulated in this work are: (i) Switched Inductor Hybrid Buck SEPIC two-input
Converter (SIHBSTIC), (ii) Sixth-order Quadratic Buck-SEPIC two-input DC-DC Converter
(QBSTIC), and (iii) Switched Capacitor-cell with Hybrid Buck-SEPIC two-input converter
(SCHBSTIC) topology-1 and topology-2. All these topologies exhibit step-down voltage
conversion features and are functions of two different pulse width modulated (PWM) controlling
inputs. Further, they also draw power from two different voltage sources along with load sharing
on the input dc-sources. All of these topologies offer the benefit of more bucking at lower duty
ratios while some of the topologies exhibit quadratic bucking behavior. The topologies are
evolved to not only give the benefit of more bucking but to also give the feature of lower ripple
content in their source currents.

An extensive steady-state analysis of these proposed topologies is carried-out so as to
understand the nature of these hybrid-buck converters. To further investigate the nature of these
topologies, dynamic analysis is done and state-space models are formulated. As all these
topologies belongs to multi-input multi-output (MIMO) systems and are primarily evolved for
two-input applications, the transfer functions indicating the dependency of load voltage, source
current on the controlling duty ratios are formulated. On the basis of these transfer functions
controlling and controlled quantities dependency is identified and then their pairing is done for

judicious power management.



After having enough understanding of the hybrid topologies evolved in this thesis, attention
has been paid in designing the controller for achieving reliable power transfer. Though many
multi-variable control strategies are possible for these hybrid buck topologies but this
work primarily focuses on the Individual Channel Design (ICD), multi-variable quantitative
feedback theory (QFT) based design so as achieve controllers. By the virtue of multi-input
structure, existence of interactions within the converter system are inevitable. For
designing the diagonal controllers, the plant interactions dependent transfer functions
needs to be reflected on to the diagonal transfer functions. Although such transformation
is possible but it would lead to ineffective handling of the high frequency dynamics. Thus to
avoid all such transformation relevant issues and to accommodate the dynamics of the
plant for the entire frequency range, a full-order or non-diagonal controller strategy

design using MIMO-QFT is attempted.

Having done thorough investigations on steady-state, dynamics as well as the MIMO-
controller design of all the proposed hybrid buck-SEPIC topologies, their validity is tested in the
simulation platform. In all the topologies formulated, the effectiveness of the non-
diagonal controller is seen both in steady-state as well as during dynamics. It clearly
indicated that the resultant MIMO-controller takes into account the plant interactions
effectively thus avoiding instability issues. To also test MIMO-controller effectiveness,
several different disturbances are created and in all these cases the proposed topologies are

stable and ensures power management indicating the designed controllers robustness.
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Organization of the Thesis

Chapter-1: Introduction - The first chapter deals with the background literature pertaining to the
evolution of two-input DC-DC converters (TICs) to cater to the needs of the hybrid and
intermittent energy systems, and reliable electrical power generation systems etc. Review on
conventional series-connected MICs, parallel-connected TIC topologies along with realization
of pulsating voltage source and pulsating current source converters discourses. The need and

significance of multi-input power processing are deliberated.

Chapter-2: Steady-state analysis and design of two-input hybrid converter topologies - In this
chapter the steady-state analysis of SIHBSTIC, SCHBSTIC, QBSTIC will be discussed. The
modes of operation are analyzed. The mathematical expressions of the steady-state voltage gain
for the TICs, comparison of the voltage gain, output voltage variation, design the elements of
MICs, voltage and current stress across the devices, source, and load ripple variations is studied

and a comparison is made for all the TICs.

Chapter-3: Dynamic modeling of two-input DC-DC converters - In this chapter the dynamic
behavior and stability of any TIC system operating with and without a controller can be entirely
defined by using the six small-signal transfer functions (SSTF). For all the TICs this SSTFs is
derived and the frequency responses of the SSTFs and the Frequency sweep plots of the same
are superimposed to check the validity of the mathematical modeling. As the controller is

designed the Discrete-time model formulation and relevant mathematics are derived.

Chapter-4: MIMO QFT Controller design methods - MIMO Control strategies are applied to
TICs, the control pair identification using RGA and its interpretations is discussed. The
implementation of SMIMOQFT, DDMIMOQFT, and ICD in the simulation environment with

relevant discussion and the result analysis is discussed.

Chapter-5: Conclusions and future scope and Future Scope - This chapter gives the conclusions

of the thesis work.
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CHAPTER -1

1. INTRODUCTION TO TWO-INPUT DC-DC CONVERTERS

Harvesting energy from renewable energy sources and fulfilling the ever-increasing
power demand is gaining momentum in the modern era and has thus paved the path for the
development of new technologies in the arena of hybrid DC power distribution systems [1].
Systems for renewable energy are built using several power sources that have distinct V-1
characteristics. Power electronics converters that are dependable and extremely efficient are
required to integrate these many renewable energy sources. Traditionally, separate DC-DC
converters are used to mix various renewable energy sources. However, these setups are
expensive and cumbersome. The conventional design exhibits a somewhat intricate structure,
resulting in decreased overall effectiveness and inadequate dependability. Using multi-input DC-
DC converters (MIC), several single-input renewable energy systems, such as fuel cells and
photovoltaic cells (PV), can be paired to supply the load. Several renewable DC sources can be
connected in series to create a single source as one technique [1] — [2]. Using PWM converters
in parallel, with or without electrical isolation, is a further technique [3]. They are more efficient
and feature a small design. These MICs have the ability to deliver power to loads from several
renewable sources, either simultaneously or independently [4]. The goal of this thesis intends to

develop two-input DC-DC converters (TICs) that can provide excessive bucking operation.

The following are the available power sources that can be used ([4], [5], [6]) to enhance the

primary source capability.

(i) Photo-voltaic generators (PVG’s)
(1)) PV energy harvested with AC mains
(i11)) Wind distribution systems

(iv) Fuel cell systems

(v) Battery energy storage systems

(vi) Hybrid ultra-capacitor storage-based DC systems
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Power must be utilized judiciously to cater to the excessive power demand, aided by proper
power conversion methodologies. Renewable energy sources are intermittent, i.e., they cannot
produce power continuously at a constant rate, and their power levels change continuously. This
necessitates their integration with conventional sources so that the energy produced from
renewable sources is effectively utilized and the burden on the primary source is reduced and
shared with the intermittent sources to some extent. Since the voltage levels of different sources
vary with time, it is not advisable to connect them in parallel. In order to transfer power between
various sources and the load efficiently, a suitable power conversion system is needed, and it is

here that the multi-input DC-DC converters (MICs) find their role [7].

Considering many applications, an assortment of numerous special types of switched-mode
DC-DC converters, belonging to conventional and derived topologies are being proposed and
their feasibility concerning many applications are presented in the literature. Integrating one or
more different sources is made possible with evolution of integrated converters. Such a
combination of different sources either collectively or individually feeding a common bus is

being recognized as one of the prospective areas for research [8].

PVG DC-DC
@) o Converter
e DC-DC o
Rectif
WD ectinier Converter 8
—
—L* Battery bDc-DC
I Systems Converter
: DC-DC
Fuel Cells - Converter

18| Page



Fig. 1. 1. Hybrid energy systems with independent converters.

Associating a converter to each energy source was adopted in the traditional methods of MICs,
which is flexible in terms of operation point of view and is a viable option for the hybrid vehicles
of automotive industries, and even in remote DC stand-alone power supply system as shown in
Fig. 1.1. The hybrid energy systems are shown in Fig. 1.2 connects different energy sources

through a MIC to feed the load.

Q
v

Rectifier Multi-input
wbD DC-DC

Converter
_IA Battery
! Systems

Load

Fuel Cells

Fig. 1. 2. Structure of hybrid energy systems with multi-input converters [9].

1.1 Conventional Converters

The block diagram is shown in Fig. 1. 3 depicts a system in which converters are connected in
parallel. Separate DC-DC conversion stages are utilized for individual sources. These converters
are connected together at the dc bus and controlled freely. In certain systems, a communication
bus may be included to exchange information and manage power flow between the sources.
Various examples of such converters are interleaved boost converters. The main drawback of
such a system lies in the fact that it is inherently complex and has a high cost due to the multiple

conversion stages and communication devices between individual converters [10].

19|Page



P
DC/DC J—+
Vo,
Va Converter T_ Load
L
DC/DC
Ve Converter

Fig. 1. 3. Structure of parallel-connected MIC converter [11].

The circuit shown in Fig. 1.4 is an integrated-type, two-input DC-DC converter. This setup
has a few advantages, including the fact that (i) if one DC source fails to supply the load, the
other DC source will continue to do so, and (ii) if one of the input DC sources' power-supplying
capacities are limited, additional power will come from another source. It is more advantageous
to use multi-input converters rather than several independent converters as it results in fewer
number of components, simple control, more stability, and lower power losses in the system. The
DC-DC converter topology has the following advantages: the DC source can deliver power to
the load individually or and the magnitude of the input DC voltage can be higher or lower than

the one with a regulated output.

DC-DC
Converter

[ |
1]
| =

Load

Fig. 1. 4. Integrated type DC-DC converters [12].
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1.2 Significant Developments in MICs and their Control Strategies

The usefulness of MICs in obtaining regulated output voltage for clean electric power
generation systems is given in [2]. Here, the basic principle of the two-input isolated buck-boost
converter is introduced along with its modes of operation. It later discusses the solar arrays and
AC commercial lines that use two-input power sources for isolated DC-DC converter with
magnetic coupling to obtain voltage regulation. The equivalent circuit approach, theoretical
aspects of steady-state and dynamic characteristics, and stability of TICs have also been
presented. A Buck-Boost Multi-input DC-DC converter (MIC) topology for obtaining the
combination of many dc sources which can accommodate various sources automatically with
interchangeable input sources, with less part count of two energy storage elements and analyzed
the converter in both continuous and discontinuous modes of operation has also been proposed
[13]. The power supplies design based on inductor-less switched capacitor pocket computer
systems, the concept of switching capacitor cells capable of charging in series and discharging
in parallel are studied, the feature of average voltage across the switched and reduction of stresses
and losses in the switches is presented in [4]. Various methods of synthesizing MICs and
identifying feasible topological inception methods by introducing Pulsation Voltage Source Cells
(PVSCs) and Pulsating Current Source Cells (PCSC) was discussed [12]. It also discussed the
formation of feasible MICs along with methods of identification of quasi-MICs. Feasible
inception regions are explained with certain rules and guidelines in all the six primary PWM DC-
DC converters. The paper [14] proposed a novel double-input topology for high/low voltage
source, three techniques for identifying a double input converter discussed concerning Buck-
Buck-Boost configuration and later inception of the soft-switching cell was demonstrated to
reduce the switching losses and improved the efficiency. It also discussed the method of
generating gate pulses to the respective switches. In [15], MIC topology integrating multiple
sources to a single converter with two energy storage elements was proposed which also realized

the bi-directional operation of the same and was able to give the buck, boost and buck-boost
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modes of operation separately without using any additional transformer with fixed frequency
switching control strategy. The paper [16] presented a concept of using MICs to distributed
generation based utility grids, where micro-sources connected to high-voltage sources were used
as power inputs to telecom power supplies, emphasizing more on minimizing the energy storage
requirements and also proposed simple input current control approaches to MICs.. The author
of [17] discussed the feasibility of using MICs for Hybrid and Electric Vehicles and the flexibility
of MICs for storage units like batteries, ultra-capacitor banks, etc., were also discussed. The paper
discussed the usage of MICs for harvesting available energy using a buck-boost MIC and MICs
with energy storage units and thereby converting regulated DC to AC. Its application to hybrid
electric propulsion drives was also studied, and an attempt was made to investigate the optimal
and feasible solution for different designs. The author of [18] discussed the Buck-SEPIC MIC
topology, and its discrete-time model, the concepts and application of MIMO control theory to
MICs, the concept of application of interaction based analysis, power management strategy and
digital controller design for voltage regulation on for load and source disturbances are analyzed.
To study the interactions, relative gain array technique (RGA) was used. Excellent mathematical
analysis was done at different parts while explaining the concept. The closed-loop operation of
the converter proposed was validated by using simulation and also experimentation. By the
inception of switching capacitor and switching inductor cell based DC-DC converters,
development of hybrid converters was carried out [ 19]. Both for high and low voltage realization,
different topologies consisting of switched-inductors, switched-capacitors and multiplier
structures are evolved ([5], [14], [20], [21], [22], [22], [23], [24]). Many evolutions of quadratic
buck, as well as boost converters, are reported [25]-[26] and these are one of the prospective

areas of research applicable to multi-input DC-DC converters.

Modeling of power electronic converters play an important role in studying and designing of
realistic systems ([29], [48]). In the modern days digital control of power supplies has evolved

as an attractive feature, because of high flexibility, reliability, programmability and advanced
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control algorithms ([18], [27], [28], [29], [30]). Multi-input power electronic systems have many
common energy storage elements which exchange of power. To study such interaction behavior
several control theories were developed. A well-known interaction analysis method is relative
gain array theory ([55], [56], [58]). The decentralized as well as the centralized controllers ( [59],
[60], [61], [62]) were adopted to regulate and manage the multi-input power electronic systems

([63], [64], [65], [66]).

1.3 MOTIVATION

The load distribution on the two-input voltage sources and the balance of input-output power
are the two key issues in the power management of multi-input DC-DC converters involving a
combination of DC-DC converters with two or more input sources, which can be energy storage
units like batteries, ultra-capacitors, etc. Multi-input DC-DC converters are meant for integrating
renewable energy sources, assisting in reducing the burden on primary (battery) sources and
meeting the power demands of various applications like electric vehicles, telecom power
supplies, etc. The operation of multi-input DC-DC converters for wide power conversion ranges
with different capacities of input voltages and their control using digital control methodologies
is a challenging issue. Therefore, suitable control approaches are needed for fulfilling power

distribution demands.

A DC-DC power conversion is a form of power conditioning, i.e., the process of receiving
power with a given voltage or current waveform and delivering that power, which is received on
the output side, in a different form, which results in a change in the level of voltage or current
(bucking, boosting operations). Over the years, significant research has been done in this area,
and many new converter topologies have been developed that fall under the same classification
as either bucking converters or boosting converters. All other topologies are derived from these

two basic topologies. For example, the Buck-Boost topology is a combination of both buck and
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boost topologies. Some other buck-boost topologies presented in the literature are Cuk, SEPIC,
dual SEPIC converters, etc. [45]. The SEPIC has the following advantages:
1. Reduced source current ripple
il. The operation of SEPIC converter in buck and boost mode while transferring power from
source to load aids in the smooth operation of converter even at fluctuating loads.
1ii. Absence of common ground problem between source and load.
iv. Absence of problems of inverted output voltage prevailing in CUK, high input current

ripple in Zeta converters, etc.

While evolving the topologies, the following are the important considerations:
a. For monitoring the power conversion during switching operation, various DC-DC
conversion systems must have at least one variable resistor.
b. Atleast one inductor must be present in a DC-DC converter so that volt-second balance may
be applied to the inductor of the converter for obtaining the voltage gain expression. (amp-

second balance in case of capacitor).

The development of technology has led to several applications, such as modern high-power
consumption CPUs, telecom power supplies for providing internet services [19], high-intensity
lighting for head lamps of electric vehicles, etc., that require either voltage bucking, boosting, or
both. Furthermore, operating MOSFET gate drivers and switcher ICs with an excessive duty
cycle may result in penalties for efficiency and minimum on-time limits. The active transistor in
step-down converters and the diode (self-driven transistor) in step-up converters have very short
conductivities. This means that the high duty cycle may even cause problems at high switching
frequencies. Such parameters have an impact on the input voltage source, which is burdened

since it must deliver a wide range of voltage and current profiles [19], [31].
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The fundamental concepts of hybrid and quadratic converters are utilized with SEPIC and have
been amalgamated with the multi-input converter leading to the evolution of two-input converter
topologies. On the basis of this concept, many hybrid TIC's can be evolved but this thesis has
primarily focused on the following topologies: (i) Switched inductor Hybrid Buck-SEPIC TIC
(SIHBSTIC) [32], (i1) Switched-Capacitor Hybrid Buck-SEPIC TIC (SCHBSTIC) topology-1

and topology-2 ([33],[34]), and (iii) Quadratic Buck-SEPIC TIC (QBSTIC) ([35],[36]).

1.4. Objectives and Contribution of the Thesis

The objectives of the thesis are:

Firstly, four different two-input topologies based on hybrid and quadratic converters are
developed. An extensive steady-state analysis is carried out to obtain the voltage transformation
ratio of the respective topologies as well as to identify the benefits offered by them. Secondly,
the design of the parameters of these two-input integrated DC-DC converters is done to explore
their feasibility.

In order to understand the underlying issues prevailing in these two-input converter topologies,
small-signal models that work with multiple-variable control frameworks are created. A detailed
investigation is carried out to understand the interactions existing in the proposed topologies and
choose the suitable control variable pairings of the controlled quantities. Once the control loops
are paired, the right control strategy for regulating voltage and current must be created. This is
done using a quantitative feedback transformation method. Validation of the designed strategy is

done both in MATLAB and in circuit simulators.
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CHAPTER -2

2. STEADY-STATE ANALYSIS AND DESIGN OF TWO-INPUT

HYBRID CONVERTER TOPOLOGIES

* The development of DC grids, decentralized power, and power generation has had a
minimum impact on the environment and paved the way for the exploration of clean
energy resources [2]. Realizing clean power generation is a challenging issue, and
sufficient attention has been paid globally. Meeting the load demand through a single
energy source is a difficult task, and thus the need to integrate such energy sources arises.
All the sources may not have identical voltage and current profiles, and thus their
interconnection is not straight-forward. In this context, power electronics technologies
are able to provide reliable solutions as these converters are effective in interfacing
different kinds of sources with a variable degree of voltage and current profiles. Recently,
many multi-input DC-DC converters (MIC) have been reported in the literature suitable
for sources exhibiting variable voltage and current profiles [13]. These MICs offer many
advantages, of which a few salient benefits are: better versatility, reliability, and better
utilization of power generated from clean energy sources [13]. The primary goal of MICs
is not only to tap energy from various sources with different voltage-current profiles, but
they should also perform the following tasks:

* They should tap energy from multiple inputs and should have the capability to feed it to
a common DC bus/load.

* To the possible extent in the context of TICs each of the input to output port combinations
should behave more like an individual PWM converter, for convenient transfer of the

power.
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* The MIC should not allow any exchange of power among the sources, i.e. the MIC must
act as a unidirectional converter, however the exception is given if one of the sources is

a battery.
While formulating the MICs with desired voltage transformation ratios, the features
mentioned above are to be taken into account. A brief review of the existing MIC topologies
which were formulated on the basis of step-down voltage transformation is discussed in the

subsequent section.

2.1. Step-down Voltage Gain based Multi-input Converters

Buck-based topologies are more popular when loads are to be fed at lower voltages. MIC has
to exhibit a step-down voltage conversion feature in order to feed a common load (connected to
a low-voltage bus) by drawing power from multiple high-voltage sources. In this context, many
MIC formulations are possible to generate by integrating other topologies with buck
converters. As shown in Fig. 2.1, one such converter is a two-input integrated converter, which
is the result of combining two buck converters. This MIC is capable of drawing power from two
different high-voltage input sources, either simultaneously or individually. In this case, the
sources supply pulsating currents, and hence handling the ripple current is the major issue in this
MIC. To overcome this ripple issue, additional input filters are required to be connected, but at
the expense of increased control complexity as well as reduced power density.

Another MIC that is capable of drawing power from two different input sources but exhibits
a buck plus buck-boost transformation is shown in Fig. 2.2. This MIC is more straightforward in
structure as it uses a smaller number of switches, diodes, and inductors as compared to the parallel
connection of many individual converters. This dual-input DC-DC converter can draw power
from two different voltage sources simultaneously or individually. Further, it always allows
power flow from source to load, i.e., acts as a unidirectional converter.

The two integrated topologies discussed above can generate either buck or buck-boost

voltage transformation ratios but exhibit high ripple content at the side of the source. To minimize
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the ripple content and yet realize the buck-boost voltage transformation, a single-ended primary
inductance converter (SEPIC) is integrated with the buck converter, as shown in Fig. 2.3, and is
identified as the Buck-SEPIC two-input converter (TIC) [4]. In this converter, the ripple in one
of the source currents is very low, and this feature comes without the addition of input filters. A
two-input Buck-SEPIC converter uses one buck and one SEPIC converter, the integration of
which led to the reduction of component count by one inductor and hence resulted in a fourth-

order system, as shown in Fig. 2.3.
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Fig. 2.2 Buck-buck boost converter
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Fig. 2. 3 Two-input Buck-SEPIC converter.

Table 2.1 Output Voltage of TICs with the variation of di and dz for Vg1=36V, V=12V

Converter Output V.oltage Variation of load voltage with duty ratio’s
Topology Equation
Buck-Buck- V- Vad, s V.4,
boost ’ (l_dz) (l_dz)
Buck-SEPIC d
V,= Vgldl + ng ?
TIC 1-d,
&9 T __——"04
02 03 T—1"" 08 06
d2 d1
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From Fig. 2.4 it can be observed that load voltage is a function of both the duty ratios d; and
d>. Moreover, Buck integrated Buck—Buck-Boost topology gives maximum load voltage [4],
[37] compared to the other two topologies for the same duty ratios di and d». The buck-buck

topology gives the least load voltage compared to other topologies for the same duty ratios.

600 .-
S i
E Buck-BuckBoost
400‘ . |
E : : ..
S o -
- Buck-SEPIC
200
100_“ k--“-"éwBl_J_ck_BiuCk

l'o'IIC

0=
0.35

Switch Duty ratio d2 Switch1 Duty Ratio d1
Fig. 2.4. Comparison of V, of Various Buck based Multi-Input DC-DC Converter.

2.2 Hybrid Buck-SEPIC Topologies

The above discussed integrated topologies need to be operated at extreme duty ratios (di, d2)
in order to maintain constant voltage against wide variation in the respective input voltages. Such
operation may result in (i) higher source current ripple content, (ii) higher device stress, and (iii)
reduced efficiency. To preserve the features of the Buck-SEPIC converter and to achieve

additional bucking along with reduced ripple content in the sources, a hybrid switched-inductor
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cell (SIC) and a switched-capacitor cell (SCC) are added into primary converters [19]. This led

to the development of the Two-Input Hybrid Buck-SEPIC DC-DC Converters ([ 18]-[22]).

MM |
L

D; A A D,

L,
L) |
(a) (b)

Fig. 2. 5. (a) Switched Inductor cell (SIC) (b) Switched-Capacitor cell (SCC).[19]

Though the amalgamation of SIC and SCC into primary DC-DC converters is feasible, it has
the following limitations: (i) increase in their order, (ii) incurring of more losses due to increased
component count, and (iii) tedious controller design. Despite these factors, it possesses better
steady-state performance characteristics along with wider voltage transformation ratios.

On considering the above-stated points, firstly, modification to BSTIC (Fig. 2.3) is done by
adding an inductor and a diode (shown in Fig. 2.5 (a)) to BSTIC to achieve extra-bucking of the
output voltage. This led to the formulation of the Switched Inductor Hybrid Buck SEPIC Two-

Input Converter (SIHBSTIC), shown in Fig. 2.6.
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Fig. 2.6. Circuit Diagram of STHBSTIC.

Applying volt-second balance to the inductors, the voltage gain expression is obtained as

A
(2-d,) (2-d,)(1-d,) 2.1)

The SIHBSTIC, shown in Fig. 2.6, can deliver power to the load from two different voltage

sources simultaneously or individually, and the topology consists of five energy storage elements
which results in a fifth-order system. On observing the output voltage expression in eq. (2.1), the
voltage gain is almost half of the BSTIC, it is observed that the source is connected to switch,
which raises the possibility of high input source current ripple. To deal with this drawback; a
second converter is formulated by initially incorporating an L-C input filter at source-1 (Vg1) of
the BSTIC converter. The capacitor of the input L-C filter is replaced by a switched-capacitor
cell (SCC) shown in Fig. 2.5(b), which led to the evolution of the new topology, as shown in
Fig. 2.7. The topology has been formulated by combining the switched capacitor cell with a
hybrid buck-SEPIC converter and is named as two-input DC-DC switched capacitor cell with the
hybrid buck-SEPIC converter (SCHBSTIC). It is a seventh order converter that offers the benefit

of source current ripple minimization with extra bucking of the output voltage.
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Fig. 2.7. Circuit diagram of SCHBSTIC, integrated and parallel TICs.

Applying volt-second balance to the inductors, the voltage gain expression is obtained as

For SCHBSTIC Topology-1,

dl _dz

2d,(1-d,)

I/0 = Vgl +
(2—d, -3d, +2d,d,)

For SCHBSTIC Topology-2,

(d1 _dz)

Vo=V
¢ 2(1_d1)(1_d2)+(d1 _dz)
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Though the SCHBSTIC topologies have the combined advantages of extra bucking of the
output voltage at larger duty ratios and reduced source current ripple, it has a disadvantage of
developing negative source current at lower duty ratios (di and d2) which violates one of the
constraints imposed on MICs. The next modification was to incorporate a switched Inductor cell
into the BSTIC in order to Overcome these drawbacks while maintaining the feature of extra-

bucking and unidirectional current flow, a sixth-order quadratic buck-SEPIC two-input DC-DC

converter (QBSTIC), depicted in Fig. 2.8
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Fig. 2.8. Circuit Diagram of QBSTIC.

Applying the volt-second balance to the inductors the voltage gain expression is obtained as

V,=V,d’ +Vg2£ 4 )
1-d
2 (2.3)
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2.3 Switched Inductor Hybrid Buck-SEPIC TIC Topology
The circuit diagram of the STHBSTIC shown in Fig. 2.9 consists of two input voltage sources,
high voltage source Vg1 and low voltage source Vg, output voltage V,. Input sources can be

batteries, PV, fuel cells or any other dc sources.
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Fig. 2. 9. Circuit Diagram of SIHBSTIC.

The converter can deliver power from the two sources simultaneously or individually by
operating the power switches S, and S.. This results in three modes of operation in one switching
cycle. The number of stages may vary as it depends on the switching frequency, the magnitude
of the load, and the source voltages. The converter operation also relies on the pulse width
modulation (PWM) signals of the S; and Sz phase differences. They can be synchronized either
for trailing or leading-edge operations. Furthermore, three different modes are possible

depending on the load demand and available power from each DC source. They are case (i) £ > P,
or d, >d,,case (ii) B < P,or d, <d,, case (ill) P =P, or d, =d, where P;, P> are the powers of the
two sources; dj, d» are duty ratio of switch S; and S respectively. In cases (i) and (ii), there are

three switching modes of operation are possible, namely Si, S2 on, S; on, S; off. However,
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B =P, or d, =d, case will result in only two operating modes. In the majority of the cases, the
circuit has to operate either for d, > d,, or d, <d,, but in this thesis, d, > d, the case is analyzed

for trailing-edge synchronized switching signals. For d, > d, the case, the switching instants and

the turn-on and turn-off sequences are given in Table 2.3. A similar procedure is adopted for

modeling for all the topologies considered in this thesis.

2.3.1 Modes of operation of SIHBSTIC

The equivalent circuit diagram for the operating modes of SIHBSTIC is shown in Figs. 2.10,
2.11, and 2.12 whereas the key waveforms is shown in Fig. 2.13. In mode-1, the switching
devices S and S; are turned ON, while diodes D1, D2, and D3 are in turned-OFF. In this mode,
the source Vg1 will charge the inductors L1, L11 in series while that of source Vg charges inductor
Lo respectively. The load demand is met by the load capacitor C> alone. The intermediate

capacitor C; gets discharged through the conducting switch S..

igl lo
= >¢ Yy
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+
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>
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-—— VgZ

Fig. 2.10. Equivalent circuit diagram for mode-1 operation.
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Fig. 2.11. Equivalent circuit diagram for mode-2 operation.
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Fig. 2.12. Equivalent circuit diagram for mode-3 operation.

37|Page



v

Gy € d, T > - E(l'dz)Ts————>

(DT, Do f
Fig. 2. 13 Fundamental Waveforms of SIHBSTIC.

The equivalent circuit of mode-2 is shown in Fig. 2.11, wherein the power switching devices
Siis turned ON and S; are turned OFF, while D1, D> is in OFF state and D3 is in ON state. In this
mode, the source Vg will charge the inductors L1, L1, while the load demand is met by the
sources Vg1 and Vg. The intermediate capacitor C; gets charged through inductor L,. The
equivalent circuit of mode-3 is shown in Fig. 2.12 wherein Si, Sz is in the OFF-state and diode
D3 is ON state. Diodes D1 and D, are ON, and they will provide a bypass path for inductor
currents iL1, iL11. In this mode, the load demand is met by the source, V. The voltage conversion

ratio of the converter can easily be derived by applying volt-second balance to the inductors.
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Assuming the parasitic resistances of the inductor are negligible and solving the KVL equations
of the inductor for different modes of operation, which are reported in Annexure-1, the voltage

conversion ratio of this converter is obtained as follows:

o=y, | =4 |y, i
’ g[z—dl] g[(Z—dl)(l—a’z)j

The above equation is formulated under the assumption of negligible parasitic components.

(2.4)

However, in reality, this voltage gain depends on the non-idealities of the converter and the load

connected to it.

2.3.2 Design of SIHBSTIC Topology parameters

The ripple-based design approach is used to design the elements of SIHBSTIC. It was
reported in the literature that “a good rule for determining the inductance is to allow the peak-to-
peak ripple current to be approximately 40%, [81], [82] and while to that of the voltage ripple is
assumed to be less than 10% [81],[82]. The design parameters for validation are listed in Table

2.10.

Design of Inductors, Capacitors:

The design of inductors L1, L11, and L are based on voltage expressions given in Table 2.2 and

Table 2.3, and the capacitors are designed based on the current expressions listed in Table 2.4.

Table 2.2. The voltage across inductor L; of SIHBSTIC

Mode—1 For D=d»

Mode-2 For D=( d;-d2)

Mode—3 For D=(1-d;)

The voltage across inductor
L during doTs
diLl _ Vgl _VCI

" dt 2

Ll — Vgl _V;
Al f,

The voltage across inductor
Li during (di-d2)Ts
diy, Ve =V,

' dt 2
(Vgl _V;)(dl _dz)

1 AIL 1 f;

The voltage across inductor
L during (1-d1)Ts
L % =-V,
dt
L _(F=d)
=
AILZ];
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Table 2.3. The voltage across inductor L, of STHBSTIC

Mode—1 For D=d, Mode—2 For D=(d-d>) Mode—3 For D=(1-d;)
The voltage across inductor | The voltage across inductor Lo | The voltage across inductor
L> during d>Ts during (di-d2)Ts L> during (1-d1)Ts
di di di
Lz#:ng LZ#:VgZ_V;I_V; Lz#:ng_Vz_Vo
Lzz( Ve }dZT I :(ng_Vz_V;)(d1_d2) Lzz(ng_ch_Vo)(l_dl)
AL, ? AlLf AlLf

Table 2.4. KCL expressions of SIHBSTIC

Modes of operation Capacitor Current of C1 Capacitor Current of C2
Mode — 1 for D=d» ley ==y Iy =~y

Mode — 2 for D=(d;-d>) Iy =1p, Iy ==,

Mode — 3 for D=(1-d:) Ie) =g, Iey =20 +1, =1,

The converter specifications are mentioned in Table 2.5 and switching frequency 'f;'is chosen

as 50 kHz for all the converters [80],[81]. The mathematical expressions of all the energy storage

elements are obtained and tabulated in Table 2.6.

Table 2.5 Converter voltage and power ratings

Parameter Specifications
Vil 36 V
Vg 12V
Vo 24V
Po ~100 W
R ~10Q
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For the converter rating mentioned in Table 2.5, the component values are computed and are
presented in Table 2.6. The converter voltage and power ratings listed in Table 2.5 are considered

for computing the energy storage elements for all the TICs.

Table 2.6. Converter L-C expressions and parameters

Element SIHBSTIC Parameters Rating
L Yo 175 uH
1 : u

Airy fs
L Yo 175 uH
11 - U
Airy fs
v 2d2
L> g— 230 uH
Aipy fs
C v, dd, J 150 uF
i
RiAv,\(2-d)(1-d,) #
2 RAv,, f. M

The expressions for obtaining other parameters of the TIC are reported in Annexure-1.
The subsequent sections discuss the steady-state analysis and design of the SCHBSTIC
Topology-1 and QBSTIC.

2.4 Switched Capacitor Hybrid Buck SEPIC Two-input DC-DC Converter
Topology-1
The SCHBSTIC Topology-1 is shown in Fig. 2.14. In this proposed converter, both the
sources are always connected through an inductor and hence the source current ripple is low.
Furthermore, the subsequent switched-capacitor stage provides a steep step-down voltage gain
at moderate duty ratios. This is one of the salient features of this converter which is also
responsible for better switch utilization. Depending on the load demand, the source side
inductor currents can either be smooth continuous waveform, or discontinuous waveform.

One of the areas of applications of TIC is DC-grids, and its voltage levels vary depending upon
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the size of the grid. In low voltage grids, the source current magnitude is higher (if supplying
higher loads). So for most of the loads, the inductor currents are continuous. Taking into account
of this, the converter is analyzed here for the continuous current mode of operation only. The
di>d> case is analyzed here for the trailing-edge synchronized switching signals, which was
implemented for the converters mentioned above also. The equivalent circuits for these operating
modes are shown in Figs—2.15 to 2.17. The fundamental waveforms of the converter are given
in Fig. 2.18. The status of the conducting devices of SCHBSTIC Topology-1 is given in Table

2.7.

™M —_
+ L] - u'
Si
C, AD;
+
= Va ) VAN
D;
D] —_—— CZ
| + +
. . — R
lg2 n o Cim= Vo g
L, C,
Yis
* i =
— Vo + |}
Fig. 2. 14. Circuit diagram of SCHBSTIC Topology-1.
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Fig. 2. 15. Equivalent circuit of Mode-1 of SCHBSTIC Topology-1.
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Fig. 2. 16. Equivalent circuit of Mode-2 of SCHBSTIC Topology-1.
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Fig. 2. 17. Equivalent circuit of Mode-3 of SCHBSTIC Topology-1.
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Fig. 2. 18. Key waveforms of SCHBSTIC Topology-1.

Table 2. 7. Status of the conducting devices of SCHBSTIC Topology-1

Mode Devices-ON Devices-OFF
Mode-1 S1, S2, D D1, D3, D4
Mode-2 S1, D2, D4 S1, D1, D3
Mode-3 D2, D4 S1, S2, D1




Table 2. 8. Operating modes of SCHBSTIC Topology-1

Working Inductor voltages Supplying ON-
Modes vLi, VL2, VL3) Source state
switch
Vi1 :(Vgl_Vo_Vc3) Vai S
Mode-1 Via = Vg2 ng S2
Vi3 = Vs -
Vi = (Vgl —Ver) Ver S
Mode-2 Vi =V =ves +ve = V) Vo2
vy =, =ve)) -
= (Vgl Ve~ Ves) -
Mode-3 Vi = (ng v =V,) Vg2
v, =V,

Assuming the parasitic resistances of Inductor are negligible, and solving the KVL equations of
inductor for different modes of operation which are reported in Annexure-1, the voltage
conversion ratio of this converter is obtained as:

d —d 2d,(1-d
V; :Vgl 1 2 +Vg2 2( 1)
(2—d, -3d, +2dd,) (2—d, -3d, +2dd,)

2.5)

2.4.1 Design of SCHBSTIC Topology-1 parameters

The ripple-based design approach is used to design the elements of SCHBSTIC Topology-1.
The peak-to-peak current ripple is assumed to be less than 20%, while the voltage ripple is

assumed to be less than 10%. The design parameters for validation are listed in Table 2.10.
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Inductor Design L;

Table 2. 9. The voltage across inductor L1 of SCHBSTIC Topology-1

Mode-1 for D=d;

Mode-2 for D=(di-d>)

Mode-3 for D=(1-d1)

Voltage across inductor L

during d,Ts
di
L17?= Vgl =V, —=ves

I = Vgl_VO_vc3 AT
1 2%s
AIL1 x f.

Voltage across inductor L
during (di-d2)Ts
V

diy, Vo=V,

a2
=(Vg1_V:7)(dl_d2)
1 Muxfs

LI

Voltage across inductor L
during (1-d1)Ts

di
j =V, =ve —ve )(1=d)T,

L = (Vo —Vai _VCZO)(I_dI)
1 AL, x f

Inductor Design L;

Table 2. 10. Voltage across inductor L, of SCHBSTIC Topology-1

Mode-1 for D=d, Mode-2 for D= ( di-d>) Mode-3 for D=(1-d1)
Voltage across inductor | Voltage across inductor L during | Voltage across inductor L
L> during d>Ts (di-d2)T;s during (1-d1)Ts
di di di
Lz#:ng L, stZZng_V;3+Vc1_Vo L, dlszgZ_I/ﬁ_I/o
; :(ng jxdT . _(ng—Ifc3+VCl—I/o)(dl—d2) Lzz(Vg2—K3—T€)(l—d1)
2 2%s -
Al ’ Al ,xf Al x f
Inductor Design L;

Table 2. 11. Voltage across inductor L3 of SCHBSTIC-1

Mode-1 for D=d;

Mode-2 for D=(di-d>)

Mode-3 for D=(1-d1)

Voltage across inductor L3

during d,Ts

Voltage across inductor

Lsduring (di-d2)Ts

di
L, d? =V, =vq
L= (V‘—jw )T,
A[L3

Voltage across inductor

Lsduring (1-d1)Ts

L di,, v
dt
L3=( v, jx(l—dl)Ts
AIL3
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For the converter ratings mentioned in Table 2.5, the component values were computed, and

their respective values are presented in Table-2.12.

Table 2. 12. Converter parameter expressions

SCHBSTIC Topology-1 Values
Element
Parameters
V.o -2V \(d —d
L (Ve fl)( =) 150 uH
AlLlfs
V .d
L 22 530 uH
AZLZj:v
? Aijf, #
4 (l_dl)(dl_dZ)

C, C 0 33uF
b RAv. f\ (2—d, —3d,+2d d.) #
C Va 2d2(1_d1) 47 uF

. RfAv \(2—d, ~3d, +2dd,) K
C Vd, 1=4, 100uF
’ RAv. [\ (2—d, —3d,+2d.d,) a

2.5 Quadratic Buck-SEPIC DC-DC Converter Topology

The SCHBSTIC Topology-1 converter, which was detailed above, has the ability to provide
lower source and load ripple currents, and reduced component power losses. However, it has the
disadvantage of being a higher order converter (7th order), which could make the process of
synthesizing controllers laborious. So, a new converter was needed that could maintain the wide
range of voltage conversion capabilities of buck-SEPIC converters and able to provide excessive
bucking. The quadratic converter and SEPIC were combined to create the Quadratic Buck-SEPIC
DC-DC converter (QBSTIC) which was a sixth order TIC. In this thesis, the trailing-edge
synchronized switching signals are used to assess the QBSTIC performance for the d1 > d2
condition. The switching sequence and associated operating modes are provided in Tables 2.13

and 2.14, respectively.
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Table 2.13. Modes of operation of QBSTIC

Devices-OFF

Mode Devices-ON

Mode-1 S1, S2 D2 D1, D3, D4
Mode-2 Si, D2, Da Sz, D1, D3
Mode-3 D1, D3, D4 Si, S2, D2

Table 2.14. Operating modes of the proposed QBSTIC

|.| +
|
<
w.

Inductor Supplying | ON State
Working Voltages source switch
Mode (vLi, VL2, VL3)
Vai-ver Vi Si
Mode-1 Va2 Va2 S>
Vertve:
Vai-ver Vai Si
Mode-I11 Ve2- vea-Vo V2
vci-Vo
-vel
Mode-111 Ve2- vea-Vo V2
-Vo
_l.gl A N -
D

|
e
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Fig. 2. 19. Circuit diagram of QBSTIC.
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Fig. 2. 20 Equivalent circuit diagram for mode-1 operation.
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Fig. 2. 21 Equivalent circuit diagram for mode-2 operation.
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Fig. 2. 22. Equivalent circuit diagram for mode-3 operation.
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Fig. 2. 23. Key waveforms of QBSTIC.
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The equivalent circuits for these operating modes are shown in Figs. 2.20, 2.21, 2.22, and the

operating waveforms are shown in Fig. 2.23.

Considering the above three modes of operation and applying the volt-sec balance to

inductors L, L, L3, the voltage conversion ratio of this converter is obtained as

V,= Vgld12 + ng d2
(l_dz)

From the above equation, it is clear that the load voltage is controlled by the combination of

(2.6)

switch duty ratios and also depends on both input dc sources voltage magnitudes.

The ripple-based design approach is used to design the elements of QBSTIC, which may be

found in annexure-1. The design parameters for validation are listed in Table 2.18.

2.5.1 Design of QBSTIC Topology parameters

Inductor Design L,

Table 2.15. Voltage across inductor L; of QBSTIC

Mode — 1 for D=d»

Mode — 2 for D=d;-d»

Mode — 3 for D=1-d;

Voltage across inductor L
during d>Ts

L%y

— Ve

Voltage across inductor L

during (di-d2)Ts

di
'

L —(—Vgl —Va ]d T
1 A[ 2%s
L XS

L,

— Ve

Voltage across inductor L
during (1-d1)Ts

di
L d;l == V¢ (1- dl)Ts

, _Val-d)
= YalZd)
A]LIXf;

Inductor Design L;

Table 2.16. Voltage across inductor L, of QBSTIC

Mode — 1 For D=d»

Mode — 2 For D=d;-d»

Mode — 3 For D=1-d;

Voltage across inductor

L> during doTs,
di
Lo =l

V
L, :( £2 jxdﬂ;
AIL2

Voltage across inductor L> during
(di-d2) Ts,

di
L=V, =V,

o

_ (ng _Vz _Vco)(dl _dz)

’ Al ,xf

Voltage across inductor Lo
during (1-dy) Ts,

di
L, stz = ng V.-V,

o

Ve V)0-d)
’ Al ,xf




Inductor Design L;
Table 2.17. Voltage across inductor L3 of QBSTIC

Mode — 1 For D=d; Mode — 2 For D=di-d> Mode — 3 For D=1-d;
Voltage across inductor L3 Voltage across inductor Voltage across inductor
during d,Ts, Liduring (di-d2) Ts, Liduring (1-di) Ts,
di di di
L, st3 = (Ve +Ver) L TL; =ve =V, L st3 =V,
@{ijdﬂ; L3=[ij(dl—d2ﬂ; L3=[ £ jx(l—dlﬂz
AILB A]L?y AIL?:

For the converter rating mentioned in Table 2.5, the component values were evaluated, and

their respective ratings are presented in and Table 2.18.

Table 2.18. Converter parameter expressions

Element QBSTIC Parameters Ratings
L, L= % 190 uH
L L,> Zf;djé 150 uH
L L= % 135 uH
Ci G = % 33 uF
C> G2 % 220 uF
C; G, 2 Rj?zvza 100 uF
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2.6 Switched Capacitor Hybrid Buck SEPIC Two-input DC-DC Converter

Topology-2

Fig. 2.24 shows the circuit diagram of the SCHBSTIC Topology-2, which has evolved from
the SCHBSTIC Topology-1. This topology retains the benefit of low ripple content in both the
source currents, as in the case of Topology-1. However, the main benefit of this converter is that
both sources have a common ground. The equivalent circuit diagrams of each mode of the
converter are shown in Figs. 2.25,2.26 and 2.27, and the inductor voltages and currents are shown
in Fig. 2.28. In mode-1, the source-1 is connected to load through L;. Source-2 charges L3 and
L> linearly by capacitor Cs. In this mode, the capacitor C; and C; are floating. During mode-2,
capacitor C; and Cz comes in parallel to each other and are charged by source-1. Vg comes in
series with inductor L> and capacitor Cs. In mode-3, capacitors C; and Cz comes in series with

source-1 and L and discharges through the load.

ig1 i
L paas -

+ L1 - ﬂ»
C, = Ap, >

- Vgl Dy ZS

|l|+

D,
Dl? =q,
A + +
. ] - - \Y R
Ig T Ci== ° §
— o aaa - -
2 C, {
13

S,
—— ng _E +

|l|+

Fig. 2. 24 Circuit diagram of SCHBSTIC-2
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Fig. 2. 26. Equivalent circuit diagram for mode-2 operation.
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Fig. 2. 27. Equivalent circuit diagram for mode-3 operation.
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Fig. 2. 28. Key waveforms of Switched-Capacitor Topology-2.
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Using the above equations, the voltage gain expression of the converter is obtained:

K) :Vl (dl_dz) j|+V2|: 2d2(1_d1) (2.50)
¢ 2(1_d1)(1_d2)+(d1_d2) ¢ 2(1_d1)(1_d2)+(dl_d2)

Table 2.19. The voltage across each inductor of SCHBSTIC Topology-2

Mode-1 Mode-2 Mode-3
VLI Ve =V0) Ve =70 Ver =2v =V5)
VL2 Ve Vg tva—va—=V,) Ve =vs = V)
VL3 (=vs) Vo =var) Vo

The voltage appearing across the inductors, L1, L>, and L3 in each mode of the converter is given
in Table 2.19. The steady-state expressions of the inductor currents, which are obtained by
applying charge balance on capacitors Ci, Cz, C3, C4 and capacitor voltages obtained by the volt-

sec balance on inductors L1, L and L3 are given in Table 2.20.

Table 2.20. Steady-state expressions of SCHBSTIC Topology-2

Inductor currents Capacitor voltages
P AT A0
' 21-d,)(1—-d,)+(d, —d,) . 2(1-4))
;- 1,2d,(1-d) ] N 0]
P 20-d)(1~d,)+(d, —d,) | ¢ 2(-d)
21,(1—d,)(1—d, 1
I ={ o X ) Vs =Vg2
2(1_d1)(1_d2)+(d1 _dz)_
V=V,

Table 2.21 gives the design equations for computing the values of the energy storage elements.
The inductors are designed by considering the ripple current to be less than 20% of their average

currents. The capacitors are designed by considering the ripple voltage to be less than 10% of
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their respective average voltages. The values thus obtained by using these expressions are

tabulated in Table 2.21.
Table 2.21. Design Expressions
Element SCHBSTIC-2 Topology Values
vV, -2V, -V,)d
L le( LI L 250 uH
AlLlfs
V(1-d,)

L L, > —— 450 uH
’ L i, g
V(-d
Ls Ly (—1) 270 uH
Aisf,

I,,(-d)

C C=C> £ 33 uF
1 1 2 ( AVleS M
I,,(1-d)

Cs Csz[ﬁj 33 uF
AVc3f;

I,+1,-1,,-1)1-

‘, C42[< ut T =11, dl)j 100 uF
Avc4f;

The state-space matrices were listed in Annexure — 1.

2.7 Results and Discussion

The steady-state time-domain analysis of all the TICs is performed to obtain the steady-state
operating point expressions all the state variables which are inductor currents and capacitor
voltages etc. shown in Table 2.22, followed by summarization of expressions for the energy
storage elements in terms of their respective inductor ripple currents and capacitor ripples
voltages in Table 2.23. Table 2.24 gives the mathematical expressions of the peak inductor
currents, whereas voltages and current stresses of the switches and diodes for all the four

topologies are listed in Table 2.25, and Table 2.28, and their respective RMS currents are listed
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in Tables 2.29 and 2.30. Based upon these expressions, Table 2.26 compares the switch voltage
and current stresses for identical load power (100 W) and source voltages Vgl (36 V) and Vg2
(12 V) in all cases. Here, the switch voltages are normalized by taking nominal load voltage
(24V) as base value whereas, the switch currents are normalized by taking load current (2.4 A)
as the base value. The comparison chart is shown in Fig. 2.29. The table clearly illustrates that
the voltage stress across switch S is least for SCHBSTIC Topology-2 as compared to all other

converters.

Similarly, the current stress of switch S; is minimum among all topologies. Even though the
voltage stress of switch S2 of SCHBSTIC Topology-2 is higher than BSTIC, SIHBSTIC and
QBSTIC, it is still lower than SCHBSTIC Topology-1. The current stress of SCHBSTIC

Topology-2 is lower than all topologies except SCHBSTIC Topology-1.

Table 2.22. Steady-state Inductor currents and capacitor Voltage Expressions of TICs

SIHBSTIC SCHBSTIC-1 SCHBSTIC-2 QBSTIC
1, =14, 1, =1,H, 1, =1la,, 1, =14,
I =1b, I,,=1H, 1,,=1pb., I =1,
I,=1, I,=1(-a,,)
_( . j V:[Vg‘—Vj _[ gl Vj V. =V
“"\1-q, ° a=\12q ° a=\12q ° q =~ Vat
o elten) [elten) ol
o =" S R @7\12q ° e \12q,
- Ves = ng Ves = ng Vey =V,
Ve =, Ve =,
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Table 2.23 Design equations of TIC Topologies.

SIHBSTIC SCHBSTIC-1 SCHBSTIC-2 QBSTIC
Li=L;
Ai (K,l _2V01)(1_d1) (Vgl _VO)dl (Vgl_Vo)dz
u Vod—dy) Lf L/ Lf
Ly f
Aj Vg2d2 Vo(1-d) Vo(1-d)) ngdz
N L, f; L, fs L, fs L, f;
N V,(-d) va=d) | V(-d)
[ -— - —or "7 o 1/
L,f, L, f; Lf.
Av _ Vodz2 VoHl (l_dl) Voasc2 (1 - dl) Vodl (l_dz)
“ GR /Ky, CRf, R £,C Rf,C,
Av. VaQSi(l_dl) VoHl (l_dl) VoaSCZ (1 _dl) V:;bsq(l_dl)
“ RC,f, CR Y, R f,C, Rf.C,
A V,H,(1-d) Vobsea (1—d5) V,d,
“ C,R f, R f,C; RfC,
N VQobo)=d) | Vpbeo(=dy) |
‘ CRf, R f.Cy

59|Page




Table 2.24. Peak Value of Inductor current Expressions of TICs

SIHBSTIC SCHBSTIC-1 SCHBSTIC-2 QBSTIC
i, =1,d, i, =1,H, i, =1a,, i, =1,d,
+ Vo(l_d1) i(Vgl_Va)(dl_dz) i(Vgl_Vo)d1 i(Vgl_Vo)dz
Llfs‘ Llf; Llﬂ Llj;
i,=1b
d 1_ L2 07 sc2 V d
le = ]obxi T — iLZ - 10H2 + I/O( dl) I/o(l — dl) llz = [obsq = =
LZ ]; LZ f;‘ t L2 ‘](; LZ f;
=1 (1—
) V;(l_dl) ZL3 o( asc2)
_— i, =1 +t——— V.(-d,) _—
L,f, T
L, f,
Table 2.25. Comparison of Voltage and Current Stresses of Switches
SIHBSTIC SCHBSTIC-1 SCHBSTIC-2 QBSTIC
v 2K 2 Vo =Y,
1% +a..
st o(1+ay) 1-d, Va(+d)
2-d,-d,
lsl ]oasi IOHI Io [ d , j [odl
Vy+V,
V 0 2
v &2 V.4V ¢ Vo
52 (1 _ d ) g2 0]
2 (1-d,)
: - - I (- _,+a
ZS2 L1 peak 112 peak LH, ’ = e ) I,(+ bsq )
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Table 2.26. Normalized voltage and current stresses of switches

SIHBSTIC QBSTIC SCHBSTIC-1 | SCHBSTIC-2
I, 0.5461 1 0.6041 1.17525
5 0.6935 1.4492 0.2525 0.62007
Vg 2.6121 2.6851 2.1997 2.3473
v, 0.7142 0.724638 1.5161 1.5077
304 | |SIHBSTIC .
[ ]@BSTIC - 3
© ©
[ | SCHBSTIC1 S o 2
— N~
2°7  |[_]scHBSTIC2 3
o
2.0 -
@ S 3
S S 5
3 © o
1.5 N - ==
~
<t o <
1.0 ~— © 0 < g g
sl gl | g | s ~ R
© o © N ~ =
I .
0.5 - N
N
o
0.0
is1 is2 Vs1 Vs2
Fig. 2.29 Normalized voltage and current stresses of switches.
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Table 2.27. Qualitative comparison of converters normalized voltages and currents

SIHBSTIC QBSTIC SCHBSTIC-1 SCHBSTIC-2
I, Very Low high low Very high
I, low high Very low low
vy high Very high Very low low
Vo, low low Very high high
Table 2.28. Peak Current Stresses of Diodes
SIHBSTIC | SCHBSTIC-1 SCHBSTIC-2 QBSTIC
] Il g. i . . .
Dl © gSl L1peak lLZ peak ZL3 peak lLl peak
i Ig. i . . .
D2 Ogu Llpeak lLlpeak lLlpeak - ZLSpeak
I i : .
b3 Llpeak lLZpeak o lL3peak Io
ZDO Io (2aSi * bSi) lLZpeak - lLSpeak ]o (1 - (bscz + asc2 )) iLZpeak + iLSpeak
Table 2.29. RMS Switch Currents
SIHBSTIC SCHBSTIC-1 SCHBSTIC-2 QBSTIC
2 2-d —d,\
. H~ d, + —4,—7 4,
st N NHz>(d, -d,) L ey I,\d,

+a,,’d,

sc2

i, LB, +gnd, | IH,\d, 10(d1+d2—2d1d2j @ | re i

d o sq

sc2
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Table 2.30. RMS Diode Current

STHBSTIC SCHBSTIC-1 | SCHBSTIC-2 QBSTIC
iy | g Ja-d) 2K, of Lnlo ) 1y va
1-d, ¢
ipy | Lg.Ja-d) 2Ky of Lo}y say
1-d, ¢
l,, IH, I(-(b,,+a,,)) | I,(0+b, »)
’ 2 2
ZDO [0 \/(4aSi + bSi )(1 B dz) ]0H2 Io (1 - (bsc2 + ach )) Ia (1 + bsq )

On comparing the device stresses of Hybrid TICs with BSTIC, the voltage and current stresses
of SIHBSTIC and QBSTIC are little more, where as that of SCHBSTIC Topology-1 are less
except the voltage stress of switch S;’, this is because SCHBSTIC Topology-1 is an integrated
TIC, the voltage of the intermediate isolation capacitor of the SEPIC converter is varying
minimally, the discharging operation in mode-1 and the combined voltage of source-2 and
inductor getting applied across it in the remaining two modes are the factors leading to the high
voltage stress across S». Similarly, the presence of an LC circuit in QBSTIC is responsible for
high current stress as they are forming a local discharge loop in mode-3 followed by discharging
the capacitor through inductor L3 for mode-1,2 is responsible for the more current stress, which

also flows through switch S» in the second half of converter leading to more voltage stress in S».

Voltage Gain Expression:
The output voltage equations of all the TICs are derived in the previous sections and are

summarized in Table 2.27. For identical input voltages of Vg1=36V, V=12V, the duty ratios are
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varied such that always the condition di> d; is met at all points of operation. The waveforms of
output voltages are plotted on the same graph to make a comparison, shown in Fig. 2.29. (The

Red dotted indicates the desired voltage of 24V at the output for all TICs).

Table 2.31 Output Voltage Expressions of TICs

BSTIC SCHBSTIC-1 SIHBSTIC QBSTIC SCHBSTIC-2
V, = Vgldl Vgl(dl %) V, =V~ 4 V,= Vg1d12 Vgl(dl ~ )
+V,,2d,(1~d,) “2-d, +,2d,(1-d))
d, |V,="———" d =t
+Vg21_d 2-d -3d, W, d, +V,, 1—2d 2(1-d,)(1-d,)
2 12d.d, (2-d,)(1-4d,) 2 +(d, ~d,)

To generate a voltage of say 24V, TIBSC for identical source voltages, needs to be operated
at the duty ratio of di=0.5, d>=0.4, in order to attain the same voltage, Hybrid Two-input
converters (HTICs) are supposed to be operated at around d;=0.8, d»=0.3, so HTICs are to be
operated at higher duty ratios to attain the same voltage, which may also be interpreted that they
are capable of providing excessive bucking at nominal duty ratios. The two-dimensional plot of
the output voltage for a fixed low duty ratio of di=0.5, d>=0.2, is shown in Fig. 2.31, the point
mentioned above is validated. Observing the plots of Figs. 2.30 and 2.31, it can be presumed that
the hybrid Buck-SEPIC derived topologies providing approximately 50% to 60% lesser voltage
compared to BSTIC, this is an advantage concerning bucking. However, on the other hand, the
order of the Hybrid TICs is more, which indirectly points to higher dynamics and may also pose
difficulties while designing the controllers.

On similar lines, for input voltages of Vg1=36V, V=12V, the duty ratios are varied to
observe the variation of source-1 and source-2 currents with duty ratios di, d> are shown in

Figs. 2.32 and 2.33.
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Fig. 2.30. The output voltage at lower duty ratios di =0.5, d>=0.2.

Where the Vo) where x=1 for SIHBSTIC, q-QBSTIC, sc1-SCHBSTIC-1, sc2-SCHBSTIC2
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Fig. 2.31 The output voltage variation of TICs with duty ratios di, d».
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Fig. 2.32 The output voltage variation of TICs with duty ratios di(0.4 to 0.9), d2(0.1 to
0.35) for the condition d;> d»

Buck-SEPIC TIC Switched Capacitor Hybrid Buck-SEPIC TIC
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Fig. 2.33 2-d plots of Variation of Output Voltage with respect to duty ratios di, da.
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The percentage peak ripple in the inductor currents and output capacitor voltage is plotted in Fig.
2.34. The average values of the load voltage and load currents of TICs are taken as base values,
and for plotting the graph, all are found to be within acceptable limits. These graphs are plotted
to trace the effect of the difference in duty ratio variation on source currents. The shorter the
difference in duty ratio, which means longer is the period of power storage in inductor-2 and
quicker is the discharge, results in a higher source-2 current. It can be seen that the ripple current
of SCHBSTIC?2 is a little bit higher compared to other TICs because it is continually supplying
the current to the load in all modes, which is not the case with other TICs. Similar effects of

variations are seen in output power for constant source voltages, as shown in Figs. 2.35 to 2. 36.

Table 2.32 Output Voltage Expressions of TICs

Ripple SIHBSTIC | QBSTIC | SCHBSTIC1 | SCHBSTIC2
Inductor-1 diL1(A) 14.0521 14.2133 11.4953 15.5743
Inductor-2 diL.2(A) 4.42917 7.04167 7.9167 9.4001
Capacitor dVco(A) 1.99259 1.5002 1.3251 1.6875
Q
; 5
164 g 0 [ ]SIHBSTIC
| 23 [ ]@BSTIC
o 147 ~ o [ |SCHBSTIC1
= Q [ ]SCHBSTIC2
£ 90 =
e
- ~
o 10+ © o
o 5 o
o) x N
o 8- o
© N~
< ~
S :
o 4 il 3
= g o 5
~ v g <«
2 - <& <
0 . .
diL1(A) diL2(A) dVco(A)

Fig. 2.34 The peak percentage ripple of inductor currents and output capacitor voltage.
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Table 2.33 Percentage Power Losses of Components in TICs

SIHBSTIC QBSTIC SCHBSTIC1 | SCHBSTIC2
Efficiency 90.2481 88.1411 90.2 90.34
Output POWGI‘ Poutput
61.53 61.34 59.4641 60.014
(Watts)
Total Loss (Watts) 6.1479 8.27 6.01 6.4295
_ N
100 Ao [ ]SIHBSTIC
> 2 ° [ ]Q@BSTIC
[ | SCHBSTIC1
80 + [ |SCHBSTIC2
& op >
S o (oq?‘ COQQ
60
40
20 -
NP2 N WU
o 2 Lo
. | ] [
Efficiency Poutput (Watts) Total Loss (Watts)

Fig. 2.35 Efficiency, Output Power, and Losses in TICs

The TICs efficiency is found to vary between 88% and 90%. The output power and losses are
shown in Fig. 2.35. The graph shown in Fig. 2.36 depicts the power loss distribution across the
switch, diode, inductor, and capacitors. The diode losses were found to be around 50%, while
the inductor losses in SIHBSTIC are about 22%, which is high in comparison to other TICs,
and the capacitor losses are found to be high, about 27% in SCHBSTIC 1, 2, as it comprises

four capacitors. The switching losses are about 10% to 14% across different TICs.
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Table 2.34 Percentage Power Losses of Components in TICs

2.8 Summary

The mathematical modeling aspects of the proposed TIC topologies were discussed, and state-
space models were formulated. The steady-state voltage gain in the case of all the hybrid
converters was derived and presented. The hybrid TICs have evolved based on the existing Buck-
SEPIC TIC. The operating principle, design of energy storage elements, and state-space matrices
were derived for each TIC. A comparison among all TICs was performed by taking the voltage
and current stresses of the switches into account. Further, it was seen that the switched capacitor-
based topologies (SCHBSTIC-1 and SCHBSTIC-2) have better source current ripple

performance compared to other topologies, and the comparison of power loss distribution and

Power Losses
SIHBSTIC QBSTIC | SCHBSTIC1 | SCHBSTIC2
of Components
PLswitch 14.03 10.19 15.15 12.13
PLDiode 47.94 51.34 49.65 50.2
PLinductor 22.12 13.16 7.44 10.6
PLCapacitor 15.9 19.33 27.72 27.07
60
3 . [ ]SIHBSTIC
3680 [ ]@BSTIC
50 S [ ] SCHBSTIC1
o [ ]SCHBSTIC2
B
B 40 -
o]
-
‘G N
® 30 1 N S R
© - B
c N 3
8 9} ] o)) g
o 20 7 S 5 © e © [
o 3 @ = 5 o) © ~
el E < 2
10 N
0 I I T
PLswitch PLDiode PLinductor PLCapacitor

Fig. 2.36 Percentage Power Losses of TICs.

efficiencies of TICs was tabulated, and respective graphs were plotted.
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CHAPTER -3

3. MODELING OF TWO-INPUT DC-DC CONVERTERS

3.1 Introduction

This chapter aims at outlining the variables influencing the dynamical behavior of the DC-
DC TICs working with and without a control loop. Examining the dynamic behavior of the
switched-mode dc-dc converters is an essential requirement to develop a steady and high-
performance closed-loop converter system [38]. The growing interest in practical digital control
for high-frequency DC-DC converters has led to an increase in interest in discrete-time analysis
and modeling of DC-DC converters to facilitate direct digital compensator design ([39], [22]).
The earlier modeling methods explained how the converter state and the control variable behaved
at a specific point in the switching period. Consequently, these types of methods aren't
appropriate for A/D converters that are digitally controlled. Therefore, to overcome this, discrete-
time modeling is employed for modeling the converter [40]. The discrete-time model considers
sampling, measured impacts, and inborn delays in the digital control loop. Switch-mode DC-DC
converters are discrete, and time-varying systems. Cyclic changes in power stage topologies
describe the activity of these switching circuits. Each cycle can be separated into a few intervals
relying on the state of the switches (either 'ON' or 'OFF') and the inductor current. Regardless,
every one of these circuits is spoken to by many state conditions utilizing state-space techniques.
Modeling of these converters is generally done using methods for the state-space averaging
procedure. In spite of the fact that state-space averaging has a helpful continuous, time-invariant
structure and has been applied effectively in numerous applications, however, it has a few

constraints and disadvantages, as referenced underneath [24].

The model accuracy deteriorates rapidly as the frequency of interest approaching one half of

the fundamental switching frequency of the converter.
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1. The average model predicts high gain and less phase delay at higher frequencies.

2. The effect of a delay from a perturbation in the ON time interval to the subsequent
perturbation of the OFF-time interval will prompt an extra high-frequency pole, which the regular

state-space average model cannot foresee.

Stability can be analyzed if one realizes how a disturbance propagates through the
controller and power stage to influence ‘d’, ‘Vo’. In essence, this implies finding the suitable
transfer functions which relate input voltage to power stage to yield output voltage, despite the

fact that the power stage is switched and becomes non-linear when control loop is closed [41].

3.2 State-space analysis of Two-input DC-DC Converters

Utilizing KVL and KCL, the accompanying first-order differential equations are established
in detail for all L-C components to obtain all inductor currents and capacitor voltages. Study and
analysis of higher-order differential equations is a complex task and hence, all the inductor and
capacitor voltages must be transformed into a set of first-order differential equations. In that case,
all the network equations of each mode of operation can easily be represented in the state-space
model. To study the dynamic behavior of HBSTIC, all three different state-space models are to
be considered for analysis. However, analyzing each mode with the corresponding state-space
model and extending it in sequence to all modes of the switching cycle is a tedious task. Hence
to get rid of this complexity, the state-space averaging method is widely adopted [42], [43]. This
method of averaging is found to be an immensely helpful tool for obtaining the average values
of state variables in steady-state as well as for analysis of the dynamical variation of state
variables [44], [45]. To attain a linearized state-space equation, small-signal AC perturbations
are superposed in the duty ratios, voltages, and currents [44]. The state-space model of the system

can be represented as:
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X =[A]X +[B]U +[M];,
Y =[E|X+[F|U+[J];,

3. 1)
The steady-state solution (Xss) is obtained by using;
X, = —A’IBU,
i

. 3.2)
where X' is the state vector containing all inductor currents and capacitor voltages.
State-space average model equations for the TICs are:
A=Ad + A,(d,—d)+ A,(1-d,)) = (4 - 4,)d, + (4, - 4)d, + 4, (3.3)
B=Bd, +B,(d,~d,)+B,(1-d,)=(B,- B,)d, + (B, - B,)d, + B, (.4)
E=Ed +E,(d,-d)+E,(1-d,)=(E ~E,)d, +(E, - E,)d, +E, (3.5)
P=PRd +P(d,-d)+F(1-d,)=(F-P)d +(P,-P)d, +P, (3.6)
P=PRd +P(d,-d)+F(1-d,)=(F-P)d +(P,-P)d, +P, 3.7
P=Fd +P(d,-d))+F(1-d,)=(F-P)d, +(P,-P)d, +F (3.8)

where Ai, Bi, Ci, D; are the state-space matrices corresponding to i mode. The small-signal

continuous-time model is obtained by perturbing [46] the control, line and load parameters

d, :(D1+c?l), d, :(D2+c;’2), v, =(Vg +9g), v,=(V,+9,), i, :(10+z°0).

3.3 The Small-signal Transfer Functions
The circuit operation depends on the type of controlling signal used for switching devices S;
and S,. Two duty ratios need to be controlled, one for current control and the second for load
voltage regulation. To design suitable controllers, firstly the converter transfer functions are to

be formulated. These formulations are obtained after linearization of the converter system around
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the operating point. Once these small-signal transfer functions are known, linear control systems
theory is extended for closed-loop system stability analysis. In the following lines, the small-
signal linearization of two-input converters and their transfer function formulations are

explained. The state-space representation of the converter system is

X =AX +BU (3.9)

X=[(4-4,)d + (4 -4,)d, + 41X +[(B, - B,)d, +(B, - B,)d, + B, U (3.10)
Including small-signal perturbations and then linearizing gives

X"';CZ ((Al _AZ)(dl +‘21)+(A2 _As)(dz +‘;’2)+A3)(X+)AC)+
((B,~B,)(d, +,)+ (B, ~B)(d, +d,)+ B)(U +4)

= AR+ Bi+[(4 — A,)d, +(4, - 4,)d,1X +[(B, - B,)d, +(B, - B,)d, U (3.11)
Applying Laplace transform results in

(SI = A)x(s) = Bi(s)+[(4 — 4,)X +(B, - B2)U]021 (s)+[(4, - 4,)X +(B, - B3)U]c:’2 (s) (3.12)
By substituting (22 (s)=0,u(s)=0 ineq. (3.11)

x(s)
d,(s)

=[sI — A]"'[(4 = 4,) X +(B, - B,)U] (3.13)

dy (5)=0,i(s)=0

By substituting cz’l (s)=0,u(s)=0 ineq. (3.11)

x(s)

~

d,(s)

=[sI - A]"'[(4, - 4,)X +(B, - B))U] (3.14)

dy (5)=0,i(s)=0

By substituting c?l (s)= 0,6?2 (s)=0ineq. (3.11)

i =[s] - A]"'B (3.15)

dy (5)=0,d, (s)=0

The output equation is given by
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Y=EX
Y =[(E,-E,)d, +(E, - E,)d, + E;]X

Including perturbations and then linearizing the output equation gives

Y +§=[(E - E,)d, +d)+(E, —E)d,+d,) + E,J(X +%)

$ = EX+[(E, - E,)d, + (E, — E;)d,1X

Applying the Laplace transform results in

V,(5) = Ex(s) +[(E, — E,) Xd,(5) +(E, — E,) Xd, (5)]

By substituting eq. (3.12) in eq. (3.20) and assuming 622 (s)=0

G11 :%S) - E{[SI_A]il[(Al _AZ)X+(BI _B2)U]}+[(El _EZ)X]
s

By substituting eq. (3.12) in eq. (3.20) and assuming c?l (s)=0

NAG

1y == E{[s] — A]'[(4, — 4)X + (B, - B)U} +[(E, - E,) X]
d,(s)

ﬁ =E{[s] - A]"'B
u(s)

The input current equation is given by

I =PX

m

1,=[(R~P)d, +(P,~P)d, + PJX

Including perturbations in the input source current and then linearizing gives

I, +i, =[(B-P)d,+d,)+(P, - B)(d, +d,)+ B][X + 3]
i =Pi+[(P-P)X1d, +[(P,- P)Xd,

Applying Laplace Transform results in
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(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3. 25)

(3. 26)

(3.27)



£,(5) = Pi(s)+[(R — P)X1d,(s) +[(P, - P) X1d,(s)

(3.28)
By substituting eq. (3.13) in (3.28) and assuming d,(s) =0

Gy, :ldl% = P{[sI = AT '[(4 — 4)X +(B1-B2)UL} +[(R - P,) X] (3.29)
By substituting eq. (3.12) in (3.28) and assuming d,(s) =0

G = ; ((Z )) = P{[sT - A [(4y - A)X + (B, ~ B)U L +[(P, - P)X] (.30

From all the above equations (eq. (3.21), (3.22) and (3.29), (3.30)), the two-input converter

system is represented by the following matrix equation. This equation is formulated assuming

the converter load voltage and one of the inductors current to be regulated.

{V,)}{Gn(s) Gu(s)} 4(s) (3.31)
I,-,, G21(S) G22(S) dz(S)

Expressing the above s-domain matrix equation in the z-domain,

{Vo} _ {GH(Z) Glz(Z)} d(2) (3.32)
L, G, (2) Gyu(2) 6;’2(2) |

Including all the small-signal perturbations in the state-space model equations

X = AX + BU + M.

Y =EX +FU +JI. (3.33)
I, =PX

By considering initially all set of perturbations d, = (D1 +c§1), d,= (D2 +d2), v, = (Vg +\3g),

u= (U +ﬁ), i, = ([ N +l'm), i = ([Z +iz) and linearizing average model around a steady-state

operating point [46], the following eq.s are obtained.

X = AR+ Bii+ Mi +d,[(4, — 4) X, + (B, —B)U +(M,—M,)1.]
) (3.34)
dz[(Al _Az)Xss +(Bl _Bz)U+(M1 _Mz)lz
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"}0 = E’Se-I_F‘;g +JlAZ +£1[(E2 _E3)Xss +(F'2 _F;)Vg +(‘]2 _"]3)[z]+
\ (3.35)
dI(E - E)X, +(F-F)U+(J,-J,)1,

A

,(s)=Pi(s)+d,($)[(B, — B)XT+[(B —P)X1d,(s) (3.36)

mn

Various small-signal transfer functions that describe the dynamical behavior of converter can be

derived from eq. s 3.34, 3.35, 3.36.

3.4 Discrete-Time Model Formulations

An exact small-signal discrete-time model for digitally controlled dc-dc converters, which is
based on well-known approaches to discrete-time modeling and the standard Z-transform, takes
into account sampling, modulator effects, and delays in the control loop. Such models can be
used for any leading or trailing edge PWM converter operating in continuous conduction mode
and with a single A/D sampling instant per switching period. The models can be used directly in
software tools such as MATLAB for system analysis [39] and direct digital compensator design.
In each state of the switch (1 or 2), the converter circuit is linear, time-invariant, with the

corresponding state-space description.
x=A4x+BV, (3.37)
y=Ex+DV, (3.38)

Where i=1, 2; ‘X’ is the vector of converter states (e.g., inductor current and capacitor voltage).
We assume the input voltage is constant since the primary interest is in the control-to output
responses.

The small-signal discrete-time model can be written as,
n]=g3n—1]+yd[n-1] (3.39)

The output state-space equation can be written as follows:
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yn]

)é: Ax+ Bil +[(Al _A2)(’:Z1 +(Az _A3)‘;12]X+[(Bl —32)6:’1 +(Bz _B3)‘;l2]

= E x[n]

X=Ai+Bi+Kd +K,d,

where

Kl = (Al _AZ)X+(BI _Bz)U
= (A2 —A3)X+(32 —B3)U

‘|— d{Ts %‘ TS-d1 Ty emm—t
1
l

d1|

it

Ts-doTs ﬁ

e e e e— — — et

3

d4-d2

Fig. 3. 1 PWM for d; > d> sequence.

2=[Ad + 4(d, -d))+ 4,(1-d,)]5+[Bd, +B,(d, - d,)+ B,(1-d,)Ji + K,d, + K, d,

From (n=1)T; to (n-1T, +,

F= A%

Applying Laplace transform

x(s)=

x(0)
(sI-4)

Applying inverse Laplace transform
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(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.46)



(1) = e*3(0) (3.47)
x(t-t)=e"""%(t)

(3.48)
From t =(n-1T ;

H{(n=-DT +t,]=e"x[(n-1)T ] (3.49)

From (n-DT +t, to (n=1)T +t,+d,T —-d[T,

A

x=AR+Kd, (3.50)
Apply Laplace transform
(sI — A,))%(s) = £(0) + K,[d, (n —1)]e” DT (3.51)

Apply inverse Laplace Transform

(1) = ™" 2(0) + K, [d, (n—1)]e DT+ (3. 52)
M(n-DT +t,+d,T ~dT)=e* Mg (n-1)T +t,)+ K [d,(n-1)T Je* =4 (3.53)
From (n=DI +t,+d, I, =dT to (n-DI +t,+d,[-dT +T -d,T,

X= A5+ K,d,(n-DT.8(t—((n—DT. +t,+(d,T. —d,T)) (3.54)
Apply the Laplace transform

(s — 4,)%(5) = 2(0) + K, T,d, (n —1)e VTt li =4l (3.55)
Apply the inverse Laplace transform

(1) = € 3(0) + k,T.d, (n—1)e DT+t +bT =41, ] (3.56)
X(n=DT, +1, +(d,T,~dT)+ T, ~d,T) =" S5-I, +1, +d,T, ~dT)
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+K,T.d,(n—1)e™ %401 (3.57)
)Ac(t) — eA3 (7 —dsz)eAz(dsz —les)eAztd )2'[(71 _ I)T ]
N
_|_Kl]';eA3(d2Tv_dITs)eAztd)e[(n — DT, ] + _|_K2]';6A3(Ts—dsz)6§2 (n—1) (3.58)
From interval x(n—-1)T, +t,+(d,T. -dT)+T -d,T)) to x(nT))
§o 43 (3.59)

Apply the Laplace transform

1
sl -4

(s) = £(0) 3. 60)

X[nT. 1= 1% (n—DT) + Klz—;eAS[T,;fdsz]eAz[dzz;7les]eAl[dlz;ftd]df\l (n—1)
_|_(KT)eA3[Ts_d2Ts]eAl[d1Ts_td]d2(n_1) 3.61)

$nT,1= $3((n=DT,) + 1idy(n=1)+ y,d, (n-1) (.62
Apply Z-transform to the eqn. (3.62)

#(z2)= gz '3z]+ 7,2 d,(2) + 7,2 d, (2) (3.63)

5(2)=[2l 1" 1 (2) +[2 =91 1,d, (2) (3.64)
The output equation is given by

y(n) = Ex(n) (3.65)
By applying z-transform to eq. (3.65)

¥(z) = Ex(z) (3.66)
Substituting eq. (63) in eq. (3.66) and assuming

d,(2)=0
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V.(z ]

G, = () =E[zI - 9]y, (3.67)
d\(z) iy (2)=0

and assuming

‘;’1 (2)=0
v ,

12 AC) = E[zl - ¢]'y, (3.68)

,(2) d,(2)=0

AT, AT, —d,T, ] A, [d,T,—d>T,] Ad\T,—t
Here ¢:€ A;]/zzKlez[; 2A]ez[2; 25]61[1A ]

Similarly
i (2) -1
L= P gy, (69
d\(2) d,(2)=0 ’
i (2) -1
L= G P gy, .70
d2 (Z) d,(2)=0 ’
{VD} {G”(z) Gu(z)} d,(z) 3.71)
Im GZI(Z) Gzz(z) 6’22(2) |

The control to output and control to input discrete-time transfer functions are derived and given
in eq. 3.71, in the similar lines the small-signal discrete performance transfer functions may be

derived discussed in the next part.

3.5 Small signal open-loop discrete-time transfer functions

The open-loop dynamics of the converter which yields the performance of TICs to
characterize the input and output open loop operations can be derived in the comparable lines of
the procedure mentioned previously might be acquired for: line-to-output transfer function (G.y),
converter output impedance transfer function (Zo), input admittance transfer function (Gyig),
Reverse current gain transfer function (Gig), Control to Input Transfer function (Gis), from the

small-signal transfer functions.
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The controller is designed based on the small-signal transfer functions ([1], [47], [48], [49]).
There are six main small-signal transfer functions for a TICs used to define their dynamics
completely. They are:

1. Converter control — to — Output transfer function ‘Gva’: describes the influence of control

signal d (z) on the output voltage given by eq. 3.72, and is a key component in the loop

A

gain, derived by setting the small-signal variations of v, (z), i,(z) to zero.

Vo (2)
A 3.72
d; (2)| A 7

g @701 5 @0

Gvd (Z) =

2. Converter Output impedance transfer function ‘Zout’: This transfer function is obtained
by setting the source and duty cycle perturbations to zero. It describes how the variation

in the load current affects the load voltage given in eq. 3.73.

1A/0 (z
Z,,(2) = A—) (3.73)

] A A
Lo (Z) vg; (2)=0,dj (2)=0

3. Audio-susceptibility transfer function ‘Gvg’: is obtained by setting d (z),fo (z)to zero. It

describes how the small-signal variation in the source reflects in the load voltage, shown

in eq. (3.74).
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v, 6

vV 2. A
&i d; (2)=0, i, (z)=0

G (2)

Vg

(3.74)

4. Input Admittance transfer function ‘Gyig’: it is obtained by setting them d (z),fo (2) to

zero and is given by eq. (3.75).

ie)

vV (2)|A A
8i d; (2)=0,i(z)=0

G (A= (3.75)

5. Reverse (input— to — output) current gain transfer function ‘Gigo’: also called as reverse
current Audiosusceptibility obtained in eq. (3.76) by setting the source and control
perturbations to zero.

ie )
Grpo(2)=—2 (3. 76)

iz(z) v; (2)=0, d (2)=0

6. Control — to — Input transfer function ‘Gid’: this TF is useful in the point of obtaining
the current loop in current mode control given in eq. 3.66, by setting the source and
current perturbations to zero

ig, (z)
G, @)= == (3.77)
4@ | 3 7. 0

=0,
gi

Table 3. 1 Small-signal transfer functions formulations

Small-signal Transfer Function Formulae
o (2) _ 1
Control-to-output ——=E(@zl-®)y
d(2)
v,(2)

=E(z[-®)'w+D

Audio-susceptibility v (2)
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Output impedance ‘jo—(z) = E(z-®)'T+J
i-(z)

50y, ayy

Control — to — input d ()
. i (2) _ 1
Input admittance ——==P(z-®) 'y
ve (2)

lg (Z) P( (D) IF
Reverse current gain lo (2)

where ¥ =BT, I'=MT,

3.6 Validation of Small Signal Transfer Functions

General formulations of small-signal models of multi-input converter topologies are
discussed above, which involves state-space matrices. The state-space matrices are also derived
above which are used to generate the frequency response of all the proposed converters and are
shown in Fig. 3.2 to Fig. 3.17 with red labeling. The above performed mathematical analysis
pertains to state-space models that are formulated for different modes ensures the principle of
energy conservation. While this approach might not be prone to errors when modeling lower-
order systems, there is a greater chance of errors while modeling higher-order systems. In order
to identify such issue, it is essential to first validate the derived mathematical models before
making an attempt to design any control strategy. To ensure this, a cross-validation methodology
is necessary and therefore, a circuit simulator [PSIM] is adopted in this thesis for the same.
Firstly, the circuit structure of the converter is transformed into the simulator for the parameters

listed in Table IV. The perturbation is created individually in both d; and d> through a sinusoidal
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source of 0.05 V magnitude with frequency sweep beginning from low range to half of the
switching frequency, and AC sweep analysis is performed to generate the frequency response of
the TICs as per the procedure reported in [S0]. The same procedure has been extended to obtain
all the desired frequency responses of all the topologies under investigation. These frequency
response plots obtained from schematic simulations are compared by superimposing them (blue
colored responses) in Fig. 3.2 to Fig. 3.17. The superimposed plots confirm the effectiveness of

the mathematically modeled frequency responses.
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3.7 Conclusion

In this chapter, the state-space analysis of the two-input dc-dc converter is reported. The state-
space analysis was used to find the discrete-time small-signal transfer functions for the two-input
dc-dc converter. The frequency responses of different TICs are compared using both the circuit
simulator (PSIM) and coding program in MATLAB to make sure that the different transfer
functions are valid. The results seem to be convincing. A difference in magnitude and phase
response of a few waveforms for Figs. 3.10 and 3.12 was visible. The reason for this difference
is that the order of the transfer functions is 5th, 6th, and 7th, and finding the inverse of such a
higher-order transfer function and generating their frequency response through simulation is
carrying longer simulation minutes. To reduce the time taken for simulation, the higher-order
systems are reduced to second-order by order reduction commands (especially the red-colored
responses generated using MATLAB), which led to mismatches of responses in a few cases, as
all the reduced-order transfer function responses may not be identical with the original transfer
function responses. The discrete time transfer functions derived in this chapter will be helpful in

designing the controllers discussed in the subsequent chapter.
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CHAPTER -4

CONTROLLER DESIGN

4.1 Introduction

This thesis aims to investigate a multi-input integrated converter (MIC) with two input dc-voltage
sources. The two-input integrated converter (TIC) draws power from these two sources and
supplies it to the load output, which may be a dc-bus or a stand-alone dc load. Generally,
integrated converters are composed of dedicated and intermittent sources. Here, the dedicated
source is capable of supplying load demand all the time, and the intermittent power source shares
its burden. This sharing of burden depends on the power-generating capability of the intermittent
source, which varies depending on the type of source integrated as an intermittent source. For
example, in the case of a photovoltaic plant, the power generated depends on environmental and
weather conditions, seasonal changes, geographical location, etc. In such cases, the power is
drawn from the intermittent source if it is capable of generating it during that time, or else the
power is drawn from the dedicated power source. Here, load management becomes crucial as it
has to choose between drawing power from either an intermittent or dedicated source. With TICs,
the two main power management problems are balancing the input and output power streams and
making sure that the power is distributed evenly between the two input voltage sources. The
intermittent source supplies power to the load as long as it generates, while the dedicated source
is responsible for supplying the rest of the demanded load power. Therefore, an appropriate

control scheme must be established for varying power demands.

The dedicated source is the primary power source for the load, while the intermittent source
assists the primary power source in supplying the fluctuating load demands. To meet the

consistent load current demand continuously, suitable measures must be taken such that the input
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current of the intermittent source is controlled to provide a maximum of its rated current. In
contrast, the dedicated source will supply the difference between the two currents so that load
demand is always met. Here, load management is an important task that has to be done

continuously so that power generated by the intermittent source is optimally utilized.

4.1.1. Voltage and current mode control strategies for TIC

Integrated converters need to maintain a constant voltage at the dc-bus/load even if the
multiple sources encounter the fluctuations. Also, bus/load voltage has to be maintained firmly
even if the fluctuations occur in the load locally or due to downstream loads/converters. In order
to achieve this task, a dedicated control strategy has to be formulated. In this thesis, a simple
voltage-mode controller (VMC) is used to control the dc-bus/load voltage [51]. To realize this,
the dc-bus/load voltage must be sensed on a continuous basis. The sensed load voltage should
then be compared with the reference voltage 'V../' and depending on the error voltage; the

controller has to react so that the aim of constant bus voltage is achieved.

In an integrated converter, load management/sharing on the input de-source is a crucial task.
It can easily be achieved in the TIC by adopting a three-loop current control-strategy, of which
two-loops are dedicated to the two sources while the third one aims at controlling the load current.
Although this three-loop control scheme seems quite attractive as well effective in load
monitoring and also load sharing on the input sources, from the control point of view, it induces
many challenging problems in terms of complexity. The complexity in such systems can be
minimized by limiting the number of sensing elements without compromising effective load
management. Minimization of sensing elements may not be possible for all systems as it
primarily depends on the type of system to be controlled. However, in this thesis, there is a scope
for minimization of sensors in the case of TIC as only the intermittent source current needs to be

controlled.
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A single current control-loop is sufficient to achieve effective load sharing on the front-end
side of TIC i.e. between the dedicated and intermittent sources. In this thesis, investigations are
carried out for dc-bus voltage regulation along with load management on the input dc-sources.
A single-loop voltage-mode controller is adopted for bus voltage regulation whereas a current

control-loop ensures load management task.

In this current control scheme, the inductor current is sensed continuously and then the switch
S2 PWM control signal is adjusted to ensure the regulation. In this converter, the intermittent
source has limited energy and thus to restrict current drawn from this source, a closed-loop
current mode control is utilized. The two quantities which should be controlled are load voltage
and source currently, whereas the controlling quantities accessible are the switching devices duty
ratio's di and d», which are utilized to perform the necessary control tasks as well as to generate
desired PWM signals. These PWM signals are necessary to operate the TIC to obtain the voltage

regulation and appropriate load sharing irrespective of source and load disturbances.

4.1.2 Controller design for the two-input DC-DC converter

In order to obtain optimal power flow control between the two sources and common load,
designing of the appropriate controllers for the two-input integrated converters are necessary.
The controllers' design for stand-alone single input DC-DC converters is well established, which
primarily uses the linear control principles. These controllers can perform either current or
voltage regulation or both but it is achieved with only one controlling duty ratio. In the case of
TIC, controlling only one duty ratio is not adequate to perform the dual task of load management
as well as bus voltage regulation. Since the proposed TIC's have two controlling quantities
contrary to the single-input converters, the implementation of a multi-variable controller offers a
promising solution for effective power management. Due to the integrated structure of the TIC's

as well as the presence of common power flow paths there exist interactions. Further, these
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interactions become more pronounced when the control-loop is closed. Hence, the
implementation of a multi-variable control strategy becomes imperative for such systems.

In the case of TIC's under investigation, there are two controlling quantities (di and d») as
outlined above. Also, these two controlling quantities (di and d>) are required to perform front-
end side load management (i.e., source current regulation) as well as the back-end load voltage
regulation. Due to the converter structure, which as discussed above, one controlled quantity is
present at the input-port while the second quantity is present at the output port of the converter.
When power flows from source end to load end via the intermediate TIC, interactions are bound
to happen between the two controlling loops. All TIC's are capable of handling the power

management task but vary in terms of achievable performance.

Because every TIC has a different set of controlling inputs and controlled outputs, the
performance trade-offs are used to decide which TIC to use. Any pairing of controlling inputs
and controlled outputs could provide stability problems for TIC and prove to be unfeasible. As a
result, methodological solutions based on the principles of energy conservation and control
theory are required. All the TICs examined in this thesis feature two switches that allow for the
regulation of both source current (ig2) and load voltage (V,). As a result, managing power
becomes an intriguing multi-variable control problem. The plant is characterized by a series of
expressions which are mentioned below are functions of both the controlling and controlled

variables.

The equations given below are more general and are equally applicable for all the TIC's

proposed in the thesis.

Y :f(dpdz)
ig2 =f(d1,d2) (4. 1)

v,=G,d, +G,d,

ig2 =G,,d, +G,,d, 4.2)
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From the eq. (4.1) it can be said that the load voltage, as well as the source current, are

dependent on both the switches duty ratio signals di and d. The possible control combinations

are listed below.

1) Load voltage regulation is obtained by controlling duty ratio ’d;” and the current tracking

by controlling duty ratio ‘d>’.

1) The same above can also be achieved by swapping the two duty ratio control signals.
Though the above-stated combinations may be possible, but their final selection depends on the
nature of interactivity among the loops. To address such issues on mathematical grounds,

different control strategies of MIMO systems are reported in the literature. Some control methods
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reported deal with interactions while others are independent of interactions. If the degree of
interactions is weak, the decentralized control structure is easily applicable [10]. Alternatively,
to minimize the interactions a de-coupler along with a decentralized controller methodology can
be adopted [25]. In case the interactions are predominant, a higher number of controllers (more
than decentralized controllers) are needed to stabilize the plant [26-29]. Several classical
controller design techniques such as linear quadratic gaussian (LQG), individual channel design
(ICD) methods, robust Hoo controller design methods, sequential MIMO non-diagonal controller
designs, frequency-based quantitative feedback theory (QFT) loop shaping methods are
belonging to robust control design strategy [61]-[74]. All these methods are evolved to cater to
the needs of a variety of systems, be it either SISO or MIMO. However, the selection of
methodology depends on the specific goals pertaining to the system and the applicability of the
specific method. The majority of the controller design methods use weight functions and their
construction for a specific system is a tedious task.

Further, the Hoo type designs invariably result in higher-order controllers as discussed in [47].
However, the difficulties which are posed by the methods involving weight functions have been
overcome using a frequency domain based open-loop shaping with QFT approach for robust
control design of switched-mode power supplies (SMPS). This established QFT methodology
has been widely applied for SISO systems and its philosophy is now extended to the proposed
two-input integrated converter systems. The work presented here has been focused mainly on
developing multi-variable controllers design based on QFT approach. Firstly, MIMO QFT based
controller designs is discussed for the QBSTIC system and are followed by decoupled-
decentralized MIMO controller design for STHBSTIC.

The general block diagram representing the TIC's belonging to the MIMO system is shown
in Fig. 4.1. In this block-diagram, the transfer functions G2 and Gz represent the interactions
existing in the TIC. These two transfer functions primarily give the degree of interaction. If either

of the transfer functions or both are zero, then it indicates minimal interactions exist in the
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corresponding TIC. If the transfer functions Gi» and G2 are zero, it indicates that the
corresponding MIMO system is diagonal, and it is called the decoupled system. For the
decoupled system, only the diagonal control strategy is sufficient, else individual controllers must
be designed based on all the transfer functions shown in the block diagram.

The following factors must be considered while building MIMO closed loop converter
controllers: (i) stability; (i1) capability to track the reference signal; (iii) rejection of external
disturbances at plant output; (iv) rejection of external disturbances at plant input; (v)
minimization of noise-related impacts, etc. ([57], [58]). Transfer functions are used to analyze,
impose limits, and take corrective action for each of the aforementioned problems in order to

achieve the intended system response throughout the entire range of uncertainty.

4.2 Pairing of control Inputs and Outputs

Fig. 4.1 shows the general block diagram of the TIC's wherein a pair of controlling and
controlled variables. One method that can be used to suggest pairings by measuring the degree
of coupling or interaction in a system is known as the Relative Gain Array (RGA) [52]. This
method is an analytical tool used to determine the possible input-output variable pairings for a
multi-input-multi-output (MIMO) system. Several similar quantitative techniques are available
to assist in this pairing selection process, but RGA is sufficient enough to identify the best pairing
combination for the proposed TIC's. Each element in the RGA matrix is a measure of the relative
gain of that particular control loop. The relative gain is the ratio between the open-loop gain and

the closed-loop gain.

The relative gain array (RGA), R(s), is useful for establishing the best input-output control
pairings for use in the control of a multivariable system [8]. The array R(s) is defined as the
element-by-element product of the transfer-function matrix G(s) and the transpose of the inverse
of this matrix. Typically, the relative gain array is calculated by evaluating the plant transfer
function at zero frequency, and its mathematical expression is given by
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RGA=G(0)*(G"(0)) . 4.3)

This technique is based upon the open-loop steady-state gains of the process and is relatively
simple to interpret. The only information needed for the calculation of the relative gain array is

the steady-state gain matrix G(0). The RGA of a non-singular (2x2) square complex matrix is

defined as

A:G(O).*(G_](O))T:|:/1” j“12:| :|: ;{II ]_/lllj|
’121 ’122 1_’111 }“11

where =2

4.4

Relative-gain interpretation is discussed in ([52],[18]). The plant is decoupled if the RGA is
near the identity matrix; if not, interactions must be assumed to be present. In order to prevent
instability problems, pairings on negative RGA elements should be avoided. Instead, pairings

corresponding to RGA elements should be selected near to '1' or higher value. Furthermore,

higher RGA-element values indicate a very sensitive process. As a result, managing such a
plant becomes challenging. Table 4.1 lists the RGA matrices that were derived for QBSTIC,

SIHBSTIC, SCHBSTIC Topology-1, and SCHBSTIC Topology-2. It also suggests the optimal
control-loop pairings that might be made for each TIC.

Table 4. 1 RGA Matrices of TIC Topologies

TIC

Topologie SIHBSTIC QBSTIC SCHBSTIC-1 SCHBSTIC-2

S

11371 —0.1371 1128 —0.128 1257  —0.257 10364 —0.0364
RGA ~0.1371 11371 ~0.128 1128 0257 1257 ~0.0364 10364

Control- (v, > d)) (v, > d,) (v, > d,) (v, > d,)
loop (i,, > d,) (i,, > d,) (i,, > d,) (i,, > d,)
pairings
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4.3 Realization of MIMO systems with Single loop equivalents

A challenging issue with multivariable systems is the impact of interactions and their
presence, which gets reflects when the control-loops are closed which can easily be seen by way
influencing the dynamics of different states. Therefore, the coupling information is needed to
design and apply some of the SISO controller design methods to MIMO controller designs. It
also gives the scope of applying the procedures of sequential loop closing methods, individual
channel design method ([53], [54]), sequential diagonal/non-diagonal MIMO QFT design
procedures etc,. The main contribution of this thesis is to apply and design the controllers using
QFT based approach to the proposed TICs. The individual channel design (ICD) based technique

is also outlined for getting insight into the multi-variable controller designs.

4.3.1 Applying ICD technique to TICs

The ICD technique is one of the controller design tools available for power supply designers
[52], in this thesis it is applied to design controllers for STHBSTIC topology. This is the easiest
way to get multi-variable controllers employing which the given TIC can be controlled [18]. The
ICD technique is a framework wherein frequency response (Bode/ Nyquist) techniques are
applied directly to the independent channels under all circumstances, including when cross-
coupling is substantial [69]. Here, the multivariable system which may have either strong or weak
interactions is decomposed into an equivalent set of single-input single-output (SISO) systems
and are called as individual channels. To illustrate the controller design principle, the block

diagram shown in Fig. 4.1 is considered and is used to establish the following analysis.

Y) = G)d() @.5)

{yi(z)}:{Gu(Z) G]Z(Z)}{CL(Z)}
@] G,z G,u2)| d,(z)
where G;, G2, G21, G22 given by equations 3.67, 3.68, 3.69, 3.70.
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The diagonal controller is given by

d(z)=G,(z)e(z) (4. 6)
{d,(z)]_{k”(z) 0 }[61(2)]

b)) | 0 ka(z)]e *7
where e, =7, —y, ;i=12 4.8)

The channel can be defined as

Ci(2) =k,;g,(2)A=y(2)h;(2)) (4.9)

where i#j and 1i,j=1,2
G,2)G,,(z)

G,(z)G, (z)
h(z) __k(=8,(2)  and 1,6 = G .G, )

_ , W2 =
Tk (212, () GG * "

are a complex valued

function, is referred to as multi variable structural function (MSF) of diagonal and off-diagonal
controllers.
Substituting the values of Tables 2.5, and 2.6 in eq’s. 3.67 to 3.70 the following transfer functions

mentioned in eq.s 4.10a to 4.10d were obtained for STHBSTIC.

1.3512° -3.4082" +2.7922-0.73141
G, =— ; > (4. 10a)
z' —=3.871z" +5.64z" -3.665z +0.8963

_ —0.06468z" +0.07682" +0.01403z - 0.02608
z*-3.8712° +5.642% -3.6652 +0.8963

(4. 10b)

12

0.6008z° —1.434z" +1.079z —0.2445
G, =— 3 > (4. 10c)
z' =3.871z" +5.64z° —3.665z+0.8963

G - 1.4482° —4.252% +4.1652—1.363 . 100
2 4387120 +5.6425 —3.6652 +0.8963 '

The general form of MSF and its specific form for diagonal controller respectively are

y (s)= 81,(5)g5,(s)

4.10
211(5)&,,(s) ( ?

-0.01986z" +0.22472" —1.1592" +3.5882"" —7.3842'" +10.522° -10.382° +

e 6.696z" —2.122°—-0.6091z° +1.105z* —0.6246z° + 0.1966z> —0.03437z + 0.002618
4 2% —13.22" +80.852"% —304.7z" +788.92'° —14852° +2094z* — 224927 +1847z°

—11552° +540.9z* —184z° +42.952*> —6.16z + 0.4093
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(4.10f)

The MSF for the off-diagonal controller is given by

2,(5)85(5)

7, (s) === (4.10g)
21,(5)g,,(s)

-50.352" + 664.62"° = 40712 +1.534e04z" —3.972e042" +7.476e042° —1.055¢05z° +

_ 1.132e052" —9.302¢04z° +5.816e04z° - 2.724¢04z* +92642° - 2163z" +310.22-20.61 (4.10h)
1307 4808527 ~304.72" + 788,927 14852 +20047' ~2049; +18472° '

~11552° +540.92° ~1842" +42.952* - 6.162+0.4093

As this transfer function is proper, numerator order is equal to the denominator order; for both ya
and vy functions. To investigate further the selection of gamma functions, the bode and Nyquist

plots are plotted for gamma’a’ and gamma’b’ functions which are shown in figures below.
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Fig. 4. 2 (a) Bode plot of Gamma Functions
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Fig. 4. 2 (b) Nyquist plot of Gamma Functions

It is evident from the above transfer function (y,) is having inappropriate gain and its Nyquist
plot is also complex so the off-diagonal controller is not suitable for closed-loop operation for
the proposed converter, on the other hand the responses of the (y.) is quiet good and the
characteristics were found to be feasible so the diagonal controller were chosen for closed-loop

operation for the proposed SIHBSTIC.

Understanding of the MSF gives a clear physical insight of the TIC systems and allows the
possibility of establishing the design of diagonal stabilizing controllers for multivariable plants,

even for highly coupled systems.
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Fig. 4. 3 Channel representation of TIC system [52].

The interaction or cross-coupling between the channels can be evaluated through a transfer

function. For instance, the influence of the j'" channel on the i channel is

G;(2)

u,(z) = hy@)r,(2)

G,(z) 4.11)
6 ()= 0OK

(I+G(z)K (2)) 4.12)

If the channel is defined by eq. 4.9 indicates stability, then the closed-loop system described
by eq. 4.12 is stable. Individual channel representations of the plant, along with interaction

equivalent, are shown in Figs. 4.3 and 4.4.

v

G12 G;; h?

Fig. 4. 4(a) Equivalent channel-1 representation of the TITO control system [52].
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Fig. 4. 4 (a,b) Equivalent channel-1, 2 representation of the TITO control system [52].

The robustness of the channels can be established in terms of gain and phase margins as the

Nyquist plot of the function y,(z)4,(z) does not enclose the critical point (-1+j0). For the system

under consideration, the controllers are designed using this approach. The Nyquist plots for MSF

(7,2) and y,(2)h,(z) v,(z)h,(z) are shown in Fig. 4.5. In this figure, the Nyquist plot for all the

three transfer functions does not enclose the critical point (-1+j0). Hence, the respective channels,

as well as the closed-loop system, are stable.
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——gamma
0.5+ [——gamma*h1
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E
-0.5

-1 -0.5 0 0.5
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Fig. 4. 5 Structural robustness assessment for 7.(2) ,a @)1, @@
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Bode Diagram
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Fig. 4. 6 Bode plots of channel-1 and channel-2.
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Fig. 4. 7 Nyquist plots for channel-1 and channel-2.
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Making use of the above outlined ICD procedure and based on individual channel formulations,

the controllers for the proposed system are designed and are given below.

_0.32(2-0.9612) (z-0.7331)
(z-1)(z-0.8611)

(4. 13)

11

~0.15 (2-0.7523) (2-0.8614)
- (z-1) (z-0.9322)

(4. 14)

22

Using these controllers, bode plots and Nyquist plots are plotted for the channels CH;, CH», and
loop gains and the corresponding gain and phase margins of the channels, as well as the loops,

are tabulated in Table 4.2.
Gain and phase margins of two channels and two loops are tabulated in the Table 4.2.

Table 4. 2 Gain and phase margins and bandwidths of channels and loop gains.

Parameter Channel-1 Channel-2
Gain margin (dB) 14.1 20.5
Phase margin (deg) 52.8 48.9

Bode Diagram

T
100 L

-90

-180

Frequency (Hz)

Fig. 4. 8 Bode plot of the G11, Ki1, loopgain-1
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Fig. 4. 9 Bode plot of the G2, K22, loopgain-2
As the system is decentralized and the controllers are synthesized independently to one
another, the two channels are treated as individual SISO systems, so the Table 4.2 gives the gain
and phase margins of such individual channels, the gain and phase margins exhibited here are
having values greater than the minimum specifications of gain margin greater than 6 dB and

phase margin greater than 45 degrees.
In both cases, the controller is providing necessary compensations both in magnitude and
phase to the corresponding loops. Further, the loop-gain frequency responses give evidence of

the system stability.

4.3.2 Closed-loop TIC system stability analysis

The closed-loop system signal flow graph (SFG) is shown in Fig.4.10 which is of immense

help in analyzing the closed-loop system stability. As the TIC's structure is complex, the block-
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diagram approach may not provide quicker solutions while formulating the desired transfer

functions [40].

=P - ®

Vo-ref Vo
i g2-ref ig 2
o—p -

Fig. 4. 10. SFG of the closed-loop system with decentralized controllers.

Here the SFG method is used to obtain the below mentioned expressions (using Mason’s gain

formula) which are used to assess the closed-loop system stability.
Vo = Q]lvo,rﬁff +Q12ig2,ref (4 15)

ig2 = QZleoiref + QZZigzireff (4 16)

— [GcllGll (1 + G22G022) B GIZGZIGCI ch22]

oy

A (4.17)
0, =0
12
A (4. 18)
0, =G
21
A 4.19)
Q _ [Gczszz (1"' Glchll)_GIZGZIGcllGCZZ]
” A (4. 20)
A= I:l + GcllGll + GzzGczz + Gclchzz (G11G22 - G12G21 ):I (4_ 21)
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For the closed-loop system to be stable, the roots of ‘A’ should lie within the unit circle. The
pole-zero map for the system with decentralized controllers given in Fig. 4.11 satisfies the

condition of poles lying within the unit circle.

Pole-Zero Map

1 T — T —__ T
' = '_r_,"T ~_
04 027N
006
@ /( 08 20w
é IIII : 09 T '
2 1 :
g 0n
()] |
m III
£

-0.57 \Ugm‘T

- 06me
-1 : '
-1 -0.5 0 0.5 1
Real Axis

Fig. 4. 11. Pole-zero plot of closed-loop transfer functions with decentralized controllers.

From the step response (Fig. 4.12), it can be noticed that as the step responses of OFF-
diagonal terms (interactions) are going towards zero while the step responses of diagonal terms
are moving towards unity. The existence of the interactions is clearly seen in the step responses
of OFF-diagonal terms which becomes more prominent in the initial stages while their influence
later subsides. The magnitude of these step responses varies depending on the TIC system and
the respective control strategy used. In order to mitigate the impact of OFF-diagonal terms which

are responsible for delay time response, a centralized controller consisting of four controllers has
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to be incorporated. Keeping in view of the above issues, the non-diagonal (full matrix) controller

design method needs to be formulated and is discussed in the subsequent sections.

Step Response

1.5

o oref

Vo“ngef

A&olitude

I92'(\'{0ref

IgZ‘”ngef

B.:P-008 0.01 0.012

0 0.002 0.004,,999

Fig. 4. 12. Step responses of the system with de-centralized controllers.

4.4 Quantitative feedback Controller design for TICs

The voltage variations at the input of the converter, the fluctuating loads at the output and
parametric variations all of these collectively termed uncertainties that degrade the performance
of the system and bring the destabilizing effects on the system. TICs operation always has to
ensure the voltage and current regulation amidst various uncertainties need a robust control

technique which ensures stable operation.

The voltage variations at the input of the converter, the fluctuating loads at the output and
parametric variations all of these collectively termed uncertainties that degrade the performance

of the system and bring the destabilizing effects on the system. TICs operation always has to
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ensure the voltage and current regulation amidst various uncertainties need a robust control

technique which ensures stable operation.

The QFT is a robust control design technique is a transparent technique revealing the
tradeoff between performance specifications and parameter uncertainties, it takes account the
plant’s quantitative information of the wvariability, robust specifications, amplitudes of
approximate disturbance, requirements of attenuation, specifications of tracking performance
etc., with an assurance to meet the rejection of the disturbances, ensuring stability, and
robustness. QFT is Nichols chart-based design technique which gives fine parting of control
problem and bids the two degrees of freedom structure where the feedback controller which
tackles the disturbances and feedforward controller to deal with plant uncertainties which are
either structure or unstructured. The block diagram for the MIMO QFT controller is shown in
Fig. 4.7, for voltage and current mode control loops. QFT adapts the startup response and
disturbance rejection response of the converter autonomous to each other ([58], [61-61], [71-
74]). The literature reports about the QFT technique is used to design controllers for the buck
and boost DC-DC converters mentioned in ([55], [49], [56], [57]...). The robust QFT controller
design technique is applied for fourth-order boost converter and reported in [48], the QFT
technique is aimed to design controllers for highly uncertain LTI systems, and it was reported
that the same can be extended to MIMO systems [55]. So, an attempt was made to extend the
work of applying the MIMO-QFT technique to TICs, which is one of the salient features of this

thesis. The design and procedure are restricted to the MIMO QFT control design.
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4.4.1 Sequential MIMO-QFT-Based Robust controller Design of QBSTIC

A fully populated matrix-based compensator offers more design flexibility in the regulation
of MIMO systems, rather than classical diagonal controllers. SMQFT breaks the QBSTIC into
2-equivalent tracking and disturbance rejection single-loop equivalent systems. The SMQFT
formulates the classical definition of MIMO specifications by designing a new set of loop-by-
loop QFT bounds on the Nichols Chart with necessary and sufficient conditions [58]. The small-
signal block diagram of MIMO closed-loop control of a 2DOF QBSTIC equivalent is shown in
Figs.4.13. The block diagrams of Decoupled small-signal single-loop equivalents (DSSSLEs) of
the QBSTIC along with the input and output disturbances for voltage loop and current loop are

shown in the Figs. 4.14, 4.15.

] Vg i A n
Disturbanceat -r——-+--—-—-——-rF——-

plant output-1 :

Pre-Filter | E Compensator
Vref - .
’ F11 I Ge
Gc12
Ge12
Ingef
I F2 Ge22
Pre-Filter :
+ Compensator

Disturbance at
plantoutput-2 - --—q---——-—-—}-——- v
i

Fig. 4. 13 Small-Signal block diagram of closed-loop control of a 2DOF TITO QBSTIC.
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Fig. 4. 14 Decoupled small-signal SISO equivalents of loop-1 of QBSTIC, with internal and

external disturbances.

In the above figure, the blocks shown in blue color are the disturbances of loop-2 coming and
interacting with loop-1, while the disturbances of loop-1 interacting with loop-2 are shown in

red color in the figure below.

1 V0, Disturbance-
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F | Pre OIl)lt ut -
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Fig. 4. 15 Decoupled small-signal single-loop equivalents (DSSSLEs) of loop-2 of QBSTIC,

with internal and external disturbances.
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The design of controllers of a MIMO system poses specific challenges, contrary to SISO system,;
the MIMO systems comprise (1) internal-channels which link the inputs and outputs in more than
one paths, thereby introduces challenging interactions (ii) the pairing problem (ii) gain of the
system over a frequency range, etc. ([58], [60], [61]). To address the above issues proper control
to output transfer functions are to be identified, for comfortable design, the following preliminary
requirement is to be considered:

The [G*] matrix is the inverse of transfer function matrix which is indicated by [P], and the
[Q] matrix is obtained by inverting each element of [P]. As an initial step, the inverse of the plant
matrix [Q] is obtained to check whether the plant is singular. If the plant is singular, the system

is uncontrollable, so this condition is checked first.

Table 4. 3 Plant, Inverse Plant and Effective Plant transfer functions

Matrix Description

G" @) GIZ ) Gle GVd2 The plant transfer function Matrix
[G]= |:G21(Z) G, (Z):| = GI GI represented in Eq. 4.2

g2dl g2d2

_ The inverse of Plant transfer function
[P]1=[G]"

matrix

The effective plant transfer function

Q11 Q12 :| - |:1/p11* 1/p12*:| Matrix

Q. Q4| [1/p, 1/p, 1 _ det[P]
p; adj;[P]

[Q]=[

i

[Q] = |:g” glzi|; here (211 = Qle;le =QVd2;Q21 = ngzdl;sz = QIgZdZ' (422)

Where

~0.1256z* —0.4689z° +0.6539z° — 0.40372 +0.09303

- T 5 5 (4.23)
2" —4.947z" +9.789z" —9.686z" +4.792z - 0.9485

o

0.9462z" +3.5312° —4.9252% +3.041z-0.7007
0, == - - - (4.24)
2’ —4.641z* +8.5742° —7.8722° +3.5892—0.6491
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0.835z* —3.1162° +4.3462z° —2.683z+0.6184
0y =— 3 3 3 (4.25)
27 —4.923z"+9.702z° —9.565z° +4.718z—-0.9316

1.317z* —4.9162" + 6.8562% —4.2332+0.9755
0y, =— 7 3 > (4.26)
2°—4.718z* +8.8972° —8.3782% +3.942-0.7398

Based on matrix [Q] in eq. (4.22) and the corresponding transfer functions are presented from
eq.s 4.23 to 4.26, the verification of diagonal dominance plot, singular values plot, and condition

number plots shown in Figs. 4.16 to 4.18 are plotted.

(i) Diagonal Dominance of TFM: A check is performed to observe the Diagonal Dominance
(DD) of TFM of QBSTIC the magnitude of the product of the diagonal terms and the off-diagonal
terms are obtained and the bode plot is plotted. Here, P11P22 (blue) is the product of the
magnitude of diagonal elements of TFM-[G], and the off-diagonal product is P12P21 (red), it is
clear that for all the frequency range the diagonal term product is higher than the off-diagonal

term product.

Check on Diagonal Dominance

T T — T

50

Magnitude (dB)

Il
a
o

10 10 10 10

Fig. 4. 16 Verification of diagonal dominance condition
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(ii) The gain of QBSTIC: Based on [Q] given in eq. 4.22, and its individual transfer functions
mentioned in eq. 4.23 to 4.26, the nominal plant capacity of the channels for signal transmission
is needed. Singular Value Decomposition (SVD) provides us the information of maximum and
minimum gains of the TFM over the frequencies of interest, the SVD of QBSTIC is plotted and
the range of gain variation for a frequency of 1Hz to half of switching frequency 25KHz is shown

in Fig. 4.15.

If system is a single-input, single-output (SISO) model, then the singular value plot is similar to
its Bode magnitude response, only one curve will be indicated. If system is a multi-input, multi-
output (MIMO) model with ‘Nu’ inputs and ‘Ny’ outputs, then the singular value plot
shows minimum (Nu,Ny) lines on the plot corresponding to each singular value of the frequency
response matrix. As the control structure of TIC is of two input and two output type, two lines

are shown in the log magnitude plot.

In log frequency scale, the plot shows two branches for models with real coefficients, the
one shown above is the variation of real coefficients of vectors of plant moving in clockwise

rotation (upper curve), and another for counterclockwise rotation (lower curve).

Singular Values
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40

30
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Singular Values (dB)
>

Fig. 4. 17 Singular values of TFM

118 |Page



(iii) Disturbance condition number variation: All the loops of the system are not equally

affected by disturbances; some may be rejected easily and others maybe not [62].

25
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»
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-2 (0] 2 4 6
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Fig. 4. 18 QBSTIC Condition Number

The Disturbance Condition Number (DCN) measures the change of the output magnitude for a
small variation in input excitation, the higher the DCN indicates that the systems are ill-
conditioned. The DCN variation is plotted and is shown in Fig. 4.16. The DCN of QBSTIC is

8dB which is found to be low [63], [64].

(iv) The upper limit on PM: while designing a controller, choosing an inappropriate order of
loop arbitrarily, may result in a non-existent of solution [62], which may occur if the solution
process is based on satisfying the upper limit of phase margin frequency for both loops, the loop
having smallest bandwidth is chosen as the first loop. The diagonal elements of [Q] which are
the inverse of [G], are plotted as shown in Fig. 4.19, so Q11=1/P11* is identified as the first loop
(voltage loop). The lower bandwidth element of the inverted TFM is the one with broader BW

in the original plant TFM. In the case, if Q22 was found to be of lower BW, Q11 is to be replaced

by Q2.
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Fig. 4. 19 Bandwidth Constraint

By performing the above checks, the elements of TFM are fixed, and a comparative
overview of variation of system gain, and the reflection of the effect of source disturbance on the
system is roughly known. The control pair confirmation is obtained, which helps design the QFT

MIMO controller, discussed in the next section.

4.4.2 Controller design procedure

A fully populated matrix-based compensator offers more design flexibility in the regulation
of MIMO systems, rather than classical diagonal controllers. SMQFT breaks the QBSTIC into
2-equivalent tracking and disturbance rejection single loop systems shown in Figs. 4.12, 4.13.
The SMQFT performs the design of a controller on a loop-by-loop basis for de-coupled single
loop equivalents, the constraints, and specifications of SISO for each loop are applied. When the
loop controllers attain equilibrium among the individual loops, the interaction present between
the loops just becomes a trade-off. The flow chart of the SISO design procedure is shown in Fig.
4.21, and that of the MIMO design procedure is shown in Fig. 4.22, the decoupled SISO
equivalents of the QBSTIC along with the input and output disturbances for voltage and current

loops are shown in Figs. 4.12 and 4.13.
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The QFT control design works on the frequency response converting the constraints
placed on the plant into what is called bounds. It takes the quantitative information of plant’s
uncertainty, tracking performance, disturbance amplitude and its attenuation into account, in
order to synthesize the controller. Initially, all the pre-filters and controllers are assumed as unity
to proceed to design. The stability of the controller is ensured loop-by-loop; the diagonal
controllers are designed first and, in a sequence, the other column controllers are designed from

their respective diagonal controllers shown in the figure below.

0 .. 0] (G, GA.. 0 . 0] Gy Gy - G,
0 0 Gy God . 0 .. 0 Gy Gy - G,
0 U I 0
0 .. 0 ” G, GYl. 0 .0 : G, G, - G,
0 0 .0
0 0] G, GY .. 0 .. 0 G, G, - G, ]

Fig. 4. 20 Sequential controller design methodology [61]
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Fig. 4. 21 Flowchart of implementation of SISO QFT [65]
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Fig. 4. 22 Flowchart of implementation of SMQFT




4.4.3 Diagonal Controllers design of QBSTIC

The ratings mentioned in Table 2.3 and Table 2.10 and the small-signal transfer functions
obtained from chapter-3 are used to design the controllers. In order to generate the uncertainty

templates, the source, load Resistor ‘R’, are varied, as listed in Table 4.4 below.

Table 4. 4 Uncertainty set

Parameter Rating
Vg1 36V£10%
Ve 12V+10%

R 10Q+50%

The duty ratio d; is varied from 0.6 to 0.74 and the duty ratio-2 is obtained by solving the voltage

o

V0+Vg2

. . V,=V, 1“112

gain expression of QBSTIC expressed by d, = —=—.

The uncertainty mentioned in the above set is used to observe the variation of all the small-signal
transfer functions listed in Table 3.1 and the variations are stored as an array in the MATLAB.
To conduct the design process the toolboxes mentioned in [66], [67] are used combinedly at

various stages of simulation of controllers.

After decoupling the MIMO system into DSSSLEs, the procedure of synthesizing the SISO
controllers is used in the process of designing the diagonal controller first and later using the

Sequential method the off-diagonal controllers are designed.
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4.4.3.1 Selection of frequency array (FA)

To complete the controller design, it is crucial to choose the appropriate FA. FA can be
chosen from plant templates for parametric variations and contain the frequencies at which

disturbances affect the TIC output. The following FA is selected for QBSTIC.

w=2%pi*[1 10 50 100 200 300 400 500 700 800 1e3 1.5e3 2e3 5e3 10e3 20e3 25e3];

4.4.3.2 Selection of Nominal Plant
QFT design is carried out using the simple control to output transfer function
corresponding to the rated source voltage and load value. Based on the variation in these

parameters, the nominal transfer function is obtained and used for loop shaping.

4.4.3.3 Uncertainty Template Generation

The uncertainty templates represent the gain and phase variations of all the plants TFs at a
particular frequency. These templates are plotted at all the frequencies of FA. The templates for
stipulated variation in Vg and R for QBSTIC are plotted in Fig. 4.23. Where it is seen that the
shape of the templates at some frequencies is disturbed thereby indicating that the effect of
uncertainties is more dominating at those frequencies. The uncertainty templates for Q12, Q21

and Q22 are plotted in Figs. 4.24, 4.25, 4.26, respectively.
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Fig. 4. 26 Uncertainty Template Plot of Q22

It is observed that the templates generated from the control-to-output transfer functions

of Q11 and Q22 indicate the lower effect of uncertainties as compared to that of Q12 and Q21.

127 |Page



4.4.3.4 Control loop design and formulation of bounds formation

The design specifications for the control loop are defined well in advance and then converted
into suitable bounds, which are then used during the controller design. Apart from above, other
specifications like disturbance rejection at the load caused due to sources and variation of the
load Resistance ‘R’ are also to be considered. The design specifications are placed as inequalities
on design loop gain, as inequalities on loop gain ‘G’, sensitivity function ‘S’, and the
complementary sensitivity function ‘T’, at each frequency of the frequency array. The bounds
placed on the loop gain and of the nominal plant of QBSTIC should ensure that all the plants
corresponding to each operating point of the converter in the uncertainty set should satisfy these
design specifications. The QFT places uncertainties and specification on them as inequalities in

the form of closed-loop specifications given in Table-4.4, for both the loops:

Table 4. 5 Robust stability specifications

Specification Inequality
e 1
Sensitivity 7200 <9,
Complementary
I

sensitivity ‘T’

Tracking T,(2)< i <T,(2)

Modulus Margin
UMM =1/[1+L| =|§| <2

(MM)

Where Js is the constraint on sensitivity, Tr, Tu is the upper and lower bounds specifications
expressed either in constants/Transfer Functions/Arrays which will be dealt with in the

subsequent sessions.
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4.4.3.5 Formulation of Gain and Phase margin Bound

The constraint on gain margin (GM) and phase margin (PM) are placed as bounds on NC.
From the specifications of Table-4.2 for a GM of 10dB and PM of 45°, the gain and phase margin
bounds are obtained using the equations 4.22, 4.23, as 6gm=0.65 which corresponds 8dB GM,

and opw = 1.25 for 45° PM ([61], [68], [69]).

o+l
GM=20log,,y—— dB 4.27)
(e2
a1
PM=2sin" {— +deg (4. 28)
20
10
5
o
& -5
=
=
S -10
o
3
s -15
S
o
_20 e - : H B N : . o B
-360 315 270 225 180 35 90 45 o
Open-Loop Phase (deg)
Fig. 4. 27 Gain Margin Bounds
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Fig. 4. 28 Phase Margin Bounds
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4.4.3.6 Formulation of Bandwidth Bound

The settling time of the closed-loop response is inversely proportional to the bandwidth of the
loop gain. Hence, the controller bandwidth of QBSTIC is restricted due to the presence of RHP
zeros in the off-diagonal control-to-output transfer functions. Therefore, a bandwidth bound of a
minimum of 100Hz is placed during controller design to ensure that all the plants in the
uncertainty range have a bandwidth higher than 100Hz. The bandwidth bounds are shown in Fig.

4.29.
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Open-Loop Gain (dB)
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Fig. 4. 29 Bandwidth Bounds

4.4.3.7 Formulation of Reference Tracking Bound

Some of the applications demand that the start-up response of the controller must lie within
a certain specified range. The start-up response of QBSTIC for all parametric variations can be
maintained within the desired range by designing a pre-filter. Therefore, the requirement of the
upper and lower startup response is placed as reference tracking bounds at the design time itself.
The TF representing the startup response of QBSTIC is given by eq. 4.24. The step response
corresponding to these transfer functions is shown in Fig. 4.30 while the reference tracking
bounds are plotted in Fig. 4.31. These bounds are the requirements of the plant output to follow

the given desired reference; due to the uncertainty in plants, the desired output is to be bounded
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between the upper and lower time/frequency specifications mentioned in eq. 4.24, their step

responses are shown in Fig. 4.30 where all the uncertainty set should lie [62].

_0.024892 (2-0.9987) (2-0.779)
" (2-0.9982) (z-0.9881) (z-0.6756)

(4.29)

_ 7.4474e-08 (2+3.704) (z+0.2659)
Y (2-0.9977) (z-0.9863) (z-0.9859)

Step Respanse

0 0.02 0.04 0.06

"~ Time (seconds)

Fig. 4. 30 Step Response of the upper and lower tracking TFs Tu, Tr

For the Tu, TL mentioned in eq. 4.24, the plant type-7 is selected to plot the reference tracking

bounds, shown in Fig. 4.31.
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Fig. 4. 31 Tracking bounds of QBSTIC

4.4.3.8 Formulation of Sensitivity Bound

The output disturbance parameters for QBSTIC are to source voltage, load and the effect
of the second controller loop. These disturbances affect the output in accordance with the closed-
loop output impedance and closed-loop audio-susceptibility and (one more similar term for loop
interaction). Therefore, these disturbances can be attenuated by placing bound on the magnitude
of sensitivity function ‘S’ such that inequality is given by eq. s 4.30 is satisfied. The sensitivity
bound is obtained using a first-order filter approximation equation given by eq. 4.30, which is

reported in

1

11,7932 (z-1)
1-i_Qll(;cll

IS|= T (2:0.9969)

<5, (4.30)

Let the Q11 and Gell are written in polar form:

_ jo . _ j$
0,=q¢".G,, =g.e

1
S|=|———"<|0
|| 1+0,G,, |S|
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1

120G o" <& (4.31)

1+Qe G, 2[5,
Squaring on both sides, and rearranging the final expression is obtained as
0*G2+20%G.2cos(0+p)+1—5," >0 (4.32)

The sensitivity bounds are shown in Fig. 4.32
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Fig. 4. 32 Sensitivity bound plot of loop-1
4.4.3.9 Formulation of Modulus Margin Bound (MMB)
The modulus margin is the minimal distance between the critical point [-1, jO] and the

Nyquist plot of the open-loop transfer function. The closed-loop system is considered to be

robustly stable if the condition of eq. 4.33 is met, the response of controllers will be fast if MM<2;

MM =[1+L| >050r 1/MM =1/[1+L| =|S

<2 (4.33)

max
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Fig. 4. 33 Modulus margin bound

4.4.3.10 Formulation of Composite Bound

The

composite bounds are framed from the individual bounds corresponding to each

constraint. These bounds are plotted at each frequency element of FA by choosing the outer

envelope of each bound. If the composite bound is satisfied, it indicates that all the constraints

corresponding are also satisfied. The composite bound is shown in Fig. 4.34.
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4.4.3.11 Controller design by Loop-Shaping (LS)

QFT toolbox offers the GUI based platform for manually designing of the controller such
that an open-loop TF of Loop L(z) satisfies all the specifications and constraints mentioned
previously and ensures the stability and robustness. The poles and zeros of the controller adjusted
in such a way that the shape of the loop is moved in all the four directions of the NC plane to a
get into such a shape that satisfies all the bounds. The loop-gain plot along with the composite
bounds at each frequency in FA, is shown in Fig. 4.26, the loop gain lies above the upper bounds
and below the lower bounds so that it ensures the loop gain satisfies at all the bounds. The robust
controller obtained after loop shaping is given in eq. 4.34. The frequency responses of loop-gain,

S, T are shown in Fig. 4.36.

_0.003787 (z-0.9937)(z-0.9814)

Gcll
(z-1) (z-0.997)

(4.34)
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Fig. 4. 35 Loop-shape of controller Gec11 of Voltage-loop
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Bode Diagram
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Fig. 4. 36 Bode plot of Loop gain (Gc11*Q11) (red), complementary sensitivity (T),

Sensitivity (S) of voltage control loop.

4.4.3.12 Prefilter (F) design

Once the controller sis designed, pre-filter is also designed using the GUI which allows
the placement of poles and zeros of pre-filter at desired locations so that the uncertainty set plants
and the step and frequency responses of QBSTIC are brought within the desired upper and lower
limits, shown in Fig. 4.37 and the corresponding F is shown in eq. 4.35, And the frequency
response of the uncertainty plants set is shown in Fig. 4.37 (blue and green lines), it was found

to be within the mentioned limits.

_ 0.6714 (2-0.9829)
B (2-0.9885) 4. 35)
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Fig. 4. 37 Pre-filter (F1) design of Loop-1

4.4.3.13 Performance Validation of Loop-1

In order to check whether the loop gain is satisfying all the constraints/bounds the

composite bound is compared with the constraint.

(i) Verification of GM and PM bound: After completion of the design of the controller
and pre-filter, the robust stability of the controller is to be verified in the time-domain as well as
frequency domains. The constraint on the magnitude on |T| is to check by plotting the robust
stability plot shown in Fig. 4.38, it may be observed that the closed-loop (CL) frequency
Response (FR) is well below the safety margin ‘Y=1.3" (blue dotted line) [66]. This indicates
that the loop-gain at all operating points has GM>6 dB and PM>40°, which validates the robust
stability check. For addressing the Robust Stability in terms of bounds on the nominal loop, two

aspects are considered [66]:

(1) stability of the nominal system (corresponding to nominal plant)

(2) the Nyquist envelope does not intersect the critical point (which is the (-180°,0 dB) in
Nichols chart or the (-1,0) point in the complex plane).
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In a Nichols chart it is equivalent to placing a magnitude constraint on the complementary

sensitivity function which is

7]= L <o
1+L,

Therefore, the above condition is typically replaced by the margin condition

L
|Tl|:ﬁﬁy>l VpeP,w>0

gl

Where Y which is termed as a safety factor calculated using the following equations:

GM=2010g10{7/—+1} dB
y

]
PM=2sin"'{— {deg
2y
So, in this context the GM of 8dB and Phase margin of 45° were selected to obtain the Y to be
2, which was kept as safety margin. To ensure stability the log magnitude plot is plotted using

the QFT toolbox [66] shown below:
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& 20+
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o -40 i
o
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= -60 ]
&
= -807 —
===« Robust stability bound
100 t Closed-loop frequency response .
of all operating points

10?1 10° 103 104
Frequency (rad/sec)

Fig. 4. 38 Robust stability check for Loop-1
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(ii) Verification of Modulus margin bound: Modulus margin bound discussed the previous
section is the bound on the closed-loop system stability and the condition is mentioned in ~ eq.
4.33, so for MM<2, a check on stability is performed and plotted in Fig. 4.39, it is observed that
the peak of the envelope of the sensitivity function at all operating points is less than the modulus

margin, which satisfies check-2.
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‘S -10 |
c

%-20

=

----- Modulus Margin Bound (=2)
-30 F Envelop of Output Sensitivity Function |

10" 10 10° 104 10°
Frequency (rad/sec)

Fig. 4. 39 Closed-loop system stability check of Loop-1

(iii) Verification of Sensitivity bound: The envelope of the output sensitivity function for all
operating points in the uncertainty set and the disturbance rejection is plotted in Fig. 4. 40 is
found to be less than s, which is the closed-loop sensitivity mask, shown in the blue dotted

line. This indicates that the disturbances arising due to rejection of all plants in uncertainty set.
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Fig. 4. 40 Sensitivity bound check.
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(iv) Verification of the startup response bound: The start-up response is checked by plotting
unit step of closed-loop tracking response of QBSTIC at all the operating points of the uncertainty
shown in Fig. 4.41, it is observed that the start-up responses of the most operating points (yellow
lines) are within the acceptable lower (red line) and upper bounds (blue line), the QFT-GUI

dedicated tool of ‘pfshape’ of pre-filter is used to observe and plot these responses.

i
o o

Amplitude

=2 2
[ T =N

0 0.02 0.04 0.06

Tima learande)

Fig. 4. 41 Step response of the uncertainty set
This concludes the performance validations of loop-1. In the same guidelines, the design
procedure is applied for loop-2, the following bounds were obtained, shown in Figs. 4.42, 4.43.

The corresponding bounds of the current loop are mentioned below:
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Fig. 4. 43 Bandwidth Bound of Current controller of QBSTIC
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Fig. 4. 44 Tracking bound of Current controller of QBSTIC.
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Fig. 4. 45 Phase Margin Bound of Current controller of QBSTIC.
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Fig. 4. 49 Step response of the Upper and lower Tracking TFs Tu, Tr

The robust controller obtained after loop shaping is shown in eq. 4.31. The loop-shaping plot is

shown in Fig. 4.50, and the frequency response of loop-gain, S, T are given in Fig. 4.51.
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Fig. 4. 51 Bode plot of Loop gain (Gc22*Q22) (red), complementary sensitivity (T),
Sensitivity (S) of voltage control loop.

The current controller for current loop is given by eq. 4.32.
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_0.009674 (2-0.9937) (2-0.9777)
* (z-1) (2-0.983) (4.36)

The pre-filter F2; is given by 4.32.
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Fig. 4. 52 Robust stability check for Loop-2
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Fig. 4. 53 Closed-loop system stability check of Loop-2
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Fig. 4. 55 Tracking verification of (F2) design of Loop-2
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The envelopes of the robust stability, output sensitivity functions for all operating points in the
uncertainty set are found to be less than the respective bounds, shown in the Figs. 4.52-4.55.
Having designed the diagonal controllers ‘Geii, Ge22’, and their pre-filters ‘Fi1, F2o’ the off-

diagonal controller design is handled in the subsequent section.

4.4.3.14 Off-diagonal controller design

The main aim of designing the off-diagonal controllers is to reduce the coupling, once the
diagonal controllers are designed and they satisfy constraints like disturbance rejection and
stability etc., the off-diagonal compensators just become a trade-off. Since the off-diagonal
controllers do not belong to either voltage or current loops, the loop-shaping controller design and
pre-filter are not required. For off-diagonal controllers instead, they are designed in sequence from
already obtained diagonal controllers Ge11, Ge22 to minimize the coupling given by eq.s (4.34,4.36),
as per the procedure given in [61], [58]. The off-diagonal controllers are to be designed with the

plant which has the magnitude and phase which is in the middle range of uncertainty set.

C,=p, - _p22*(p12* +Gen)

- " (P +Ge) (4.38)
C,=p x pll*(pzl* +Gey))

o (P +Ger) | (4.39)

The element Gei2, Ge21 are designed over the frequencies of interest so that its magnitude,

phase passes through the middle of expression mentioned in eqs. (4.38, 4.39) are selected,

Gch = |:G022 pn*} (4.40)
P

G {Gm Lo } (4.41)
P

From the above two equations, the off-diagonal controllers are obtained as:
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~0.00013  (z-0.9998)

P (z-1) (z-0.8644) (3.42)
0.000017z
G e .
C21 (Z _ 1) (4 43)
The full controller matrix is given by eq. 4.44.
0.003787 (2-0.9937)(z-0.9814) 0.0013 z (z-0.9998)
G 1= (z-1) (z-0.997) (z—1) (z—0.8644)
¢ 0.00017z 0.009674 (z-0.9937) (z-0.9777) (4.44)
i (Z - 1) (z-1) (z-0.983)
The loop-gain matrix (Lp) is obtained by eq. 4.45:
[L ]:|:LP11 LP12:|:|:GC11Q11 GC12Q12:|
! LP21 LP22 GC21Q2] GC22Q22 (445)

The Figures 4.56, 4.57, 4.58, 4.59, and 4.59, which show the uncertainty template
plots for the frequencies of interest of frequency array discussed in subsection 4.4.3.1,
each of these figures have two plots: the ones on the left are the uncertainty template
variation for transfer functions Q11, Q12, Q21, Q22, while the ones on the right are the plots
of loop gains Ge11Q11, Ge12Q12, Ge21Q21, Ge22Q22 . The uncertainty templates of effective
transfer functions of matrix [Q] were found varied unevenly around the critical
point (180°, 0 dB) "+'" symbol on the Nichols chart, exhibiting improper phase and gain
margins. After the controllers are designed the uncertainty plots of loop gains are plotted
which showed the proper phase and gain margins for each of the plant's remaining transfer

functions.
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The Nichols charts of uncertainty template
plots without controllers

The Nichols charts of uncertainty template
plots along with the controllers incepted
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Fig. 4. 58 The uncertainty template plot of Q21 and loop gain G¢21 Q21
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Fig. 4. 59 The uncertainty template plot of Q22 and loop gain G¢c22 Q22

The Figs. 4.56 to 4.59 are the Nyquist plots of the plant-controller loop gains, after the
inception of controller the Nyquist plot is plotted to check the stability of all the four loops,
as per the procedure given in the book “Robust control Engineering: Practical QFT

Solutions”, by Mario- Garcia-Sanz, explains the procedure to check the stability condition.

4.4.4 Stability check on controllers of QBSTIC

The sequential non-diagonal MIMO QFT controller design when finished, should meet the

stability conditions:

(1) Each loop QiiGeii, 1=1,2 has to satisfy the Nyquist encirclement condition
(11) There should not be any pole-zero cancellations.

(i11)  No Smith McMillan pole-zero cancellation between Q, Ge.

The plots are shown in Fig. 4. 60 (a)-(d) are the Nyquist plots of loop-gains mentioned in eq. 4.43,
upon observing the plots all curves are away from the critical point (-1,j0), which ensures the
stability of all the loops. It was observed that due to calculation of equivalent plant Q;; needs the

inverse of plant matrix usually introduces some exact pole-zero cancellations, which could
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erroneously be introduced due to computer rounding errors [58], maybe ignored, such cases are

observed for unrealizable combinations of every uncertainty set, and were ignored.

The Nyquist plots are plotted for the nominal plant and the designed controllers to check
the closed-loop stability condition which was shown in Fig. 4.60, all the Nyquist plots are away
and not encircling the critical point and hence the closed-loop system is stable at the nominal

operating point.
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Fig. 4. 60 The loop gain of (Qu Gen),
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Fig. 4. 61 The loop gain of (Q12 Ge12)
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Fig. 4. 64 Nyquist plot of the nominal plant loop

4.4.5 Performance Validation and simulation

In order to verify the design of QFT controllers of eq. 4.36, the open-loop frequency
response of all the disturbances at the output of the voltage and current loops due to parametric
variation of Table 4.2 [52], and their worst-case bounds are shown in Fig. 4.61, and the frequency
response plots of the open-loop and the closed-loop responses of the nominal plant are shown in
Fig. 4.54. The worst-case bound for both the voltage and current loops were obtained and are given

by expressions Audvgd for voltage loop and Audigq for the current loop, shown in eq. 4.46,47:
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0.1067z* —0.1394z+0.03326

Aud (4.46)
& 23 _2.004z% +1.012z —0.006957

0.4773z% —0.21432z—0.2451

Aud - (4.47)
2> —1.8432+0.8491

Igd =

These are the two bounds which are place as a constraint for the disturbances at the output
of both the loops and envelop of all of the disturbances at the output voltage and current loop

should lie below these two bounds shown in eq. 4.39, to ensure the robust performance of the

controller, which is plotted below in Figs. 4.65, 4.66.
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Fig. 4. 65 Robust stability bound check for disturbance attenuation at Voltage-loop

155|Page



.
-
FessmsssEmEmmnnnnsst®

o

Magnitude (dB)
o
o

-100 -

= » » »a AODbUst Stability Bound AudI J

Envelop of closed loop frequencies of all the worst
case bounds at the ouput of current loop

101 102 103 104 10°
Frequency (rad/sec)

Fig. 4. 66 Robust stability bound check for disturbance attenuation at Current-loop

The above validations confirm the effectiveness of the controllers in minimizing the
disturbances and ensuring the stable operation, in the next section the controllers obtained are used

to carry the time-domain simulations.

4.4.6 Performance Validation and simulation :

Time-domain simulation:

The effectiveness of the SMQFT controller is demonstrated for a 36/12V, 96W prototype
QBSTIC for testing the voltage, current regulation and checking the robustness against the
source/load variations. After designing the SMQFT controllers for QBSTIC, a series of
simulations are carried out to validate the effectiveness of the controller in attaining the output
voltage regulation and source current regulation. For the uncertainty set mentioned in Table 4.19,
of section 4.4.3 and the following results are obtained. The steady-state waveforms of load voltage

and source current and load current are shown in Fig. 4.67.

156 |Page



When the load Resistance is fixed, and the source voltages are varied from 36V to 40V,
36V to 32V, at 0.3 secs, and source voltage Vg2 varied from 12-14V and 12 to 10V at 0.5 secs,
shown in the Figs. 4.68 to 4.71, in all the cases, appropriate duty ratios are generated to maintain

the load voltage regulation and source current regulation.
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Fig. 4. 67 Steady-state waveforms for QBSTIC.
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Fig. 4. 68 The variation of V,, Lo, I> currents due to variation of Vg2: 36V to 32V
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Fig. 4. 69 The variation of V,, Lo, I> currents due to variation of Vgl: 36V to 40V
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Fig. 4. 70 The variation of V., Lo, I currents due to variation of Vg: 12V to 10V
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The simulation result is shown in Fig. 4.72 is plotted by fixing the source voltages at their
rated value and the load resistance is varied from 10 Q - 4 Q at 0.8 secs, it was observed that the
output voltage started to fall from 24V to 18V, and source-2 current varied from 2Amps to
approximately 5A, shown in the figure below, meanwhile the duty ratios Dy and D are being
altered so that the output voltage is driven to 24V in about 10mSec and similarly the current is

regulated to the rated 2A, which proves the effectiveness of the designed SMQFT controllers
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0.5
0.4

02
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= N W & 0 &

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Time (s)

Fig. 4. 72 The variation of V,, lo, Ig> for variation in load R: 10 Q - 4 Q

All the voltage variation combinations of Vg1 and Vg are tested, and the responses are
shown in Figs. 4. 73, it may be observed from all of them that the duty ratio,’ remained same so

that a constant current of 2A is drawn continuously from Vg, and duty-ratio ‘d;’ varied in all the
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cases so that the voltage regulation is maintained constant at 24V, which proves that the output
voltage is controlled by:’, and source-2 current (ig2) is controlled by>’, this also proves the feasible

pair identification from RGA matrix.
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Fig. 4. 73 Power Management among the sources for variation in sources

similarly, during the load variation shown in Fig.4.72, both d; and d> got varied to maintain
the voltage and current regulation during the load disturbance, this proves the efficacy of controller
in attenuating the source and load disturbances, Fig. 4.73 shows the power management among
the source and load during the source to regulate the voltage and current during the load

disturbances.
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4.5 Controllers design for SIHBSTIC Topology

Apart from designing ICD controllers for SIHBSTIC topology, an attempt is made to
design another type controllers for SIHBSTIC topology. The values of RGA matrix of SIHBSTIC
shown in Table 4.1, it is observed that the interactions are considerable, for designing the
controllers two approaches were considered, first is based on the ICD mentioned in section 4.3.1
and another method based on non-inverted plant-based approach reported in [70], [71], [72],
[731,[74]1,[75],[76],[79] were tried. So, a controller design reported in [74],[79] were considered
initially for controller design. Designing diagonal controllers may not be a feasible solution due to
the presence of the interaction among the loops, so an attempt is made to study the simplified de-
coupling controller design approaches of [54], and [74] are implement it with the QFT based
controller design, because of the existence of the de-couplers between the loops, the voltage and
current loops acts like two independent loops, this feature fortified to implement the Decoupled
Decentralized MIMO QFT (DDMQFT) controller design technique. The block diagram of the

controller is given in Fig. 4.74.

4.5.1 Decoupled Decentralized MIMO QFT control

The process of designing the diagonal controllers is the same as that of the process
mentioned in section 4.4; the decouplers are designed in the DDMQFT process. In Two-input-
Two-Output (TITO) decoupled-Decentralized QFT control, the relationship of input and output

vector is given by:

Y(z)=G(2)D(z)U(z) (4.48)
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Fig. 4. 74 Small-Signal block diagram of closed-loop control of a 2DOF TITO system.

Where Y(z) is the Output Vector, G(z) is the plant TFM, D(z) is the de-coupler Matrix, U(z) is the
control duty ratio matrix.

The TITO SIHBSC system with diagonal controllers is represented in the form of eq. 4.49

|:‘30(Z):|:{G” GHH I D,Z} d,(2)
,(2) G, G, D, 1 dAZ(Z) (4.49)
The Controllers are represented as shown below:
G, 0
{ el . }= G(z)D(z) (4.50)
0 GCZZ
|:G11 G12i||: ] D12j|:|:GZ‘11 0 :|
G, G, || D, I 0 Gy 4.51)
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The de-couplers represented as are designed using the ratio of off-diagonal transfer functions as

per the methodology presented in [75], the equations are shown in eq.s 4.52, 4.53.

D, (z) =222 (4. 52)
G, (2)
-G, (2)
D =27 4.53
,,(2) G..(2) ( )

Because of existence of the de-couplers, the TITO-SIHBSC voltage and current loops acts like
two independent loops, similar to the decentralized system, controllers are then designed

individualistically, expressed as [74]:

G _ \Aio (2) -G _ G,,(2)G,,(2) 4.54
c1(2) 4.(2) 11(2) G..(2) ( )
Go(z) = V(2 _ 5 GG, (2) (4.55)

d,(z) 7 Gepu(2)

The specifications mentioned in Table 4.6, 4.7, 4.8 are considered for synthesizing the

decoupled controllers for SIHSBSTIC.

Table 4. 6 SIHBSTIC Bound Specifications

Specifications Voltage Loop Current Loop
Gain Margin 8dB 10dB
Phase Margin 50 degrees 45 degrees
Overshoot 20% 20%
Gain Margin bound 1.25 1.13
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Table 4. 7 SIHBSTIC Source and load variations

Parameter Variation
Source-1 Vgl 36V £10%
Source-2 Vg2 12V £20%

Load Resistance R 10Q2 £50%

Table 4. 8 Robust Performance Specifications

Specification VMC, CMC
Sensitivity (S 1 _5
ensitivity (S) 1+ L) >
Trackin T, (z)< L <T, (2)
8 S 1)
Modulus Margin (MM) 1/MM =1/ |1+L|mm = |S |max <2

The upper and lower tracking bound transfer functions are given in eq’s. 4.56, 4.57:

0.024892 (z-0.9987) (z-0.779)

To= (2-0.9982) (z-0.9881) (z—0.6756) (4.56)

7.4474e-08 (z+3.704) (z+0.2659)
(2-0.9977) (z-0.9863) (z—0.9859) (4.57)

L

The procedure of synthesizing controller is the same as that of the previous controller design
method, for realizing diagonal controllers, eq. 4.56 to 4.57 were used for generating tracking

bounds, and the following specifications are considered for design:
1. The frequency array FA:  w=2*pi*[1 100 500 1e3 2e3 5e3 10e3 20e3 25e3];
2. The nominal plant is selected as the 10™ Plant.

3. Uncertainty Template Plot of the equivalent diagonal plants
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Fig. 4.81 Loop-shaping controller design plot of the Voltage control loop, current control loop

The figures are shown in Fig. 4.76, 4.79 represents the modulus margin and the composite
bounds, the loop-shaping is done in such a way that the loop gain lies above the upper bounds and

below the lower bounds so that it ensures the loop gain is satisfied at all the bounds, shown in Figs.

4.80, 4.81 and the controllers are obtained as:

_0.054915 (2-0.9626) (2-0.9489)

o (z-1) (2-0992) (4.60)
0012962 (2:0.9832)
27 (2-1) (2-0.9897) (61
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Furthermore, the respective pre-filters are designed and given in egs. 4.62, 4.63

7 _ 06714 (2:0.9829)
: (2-0.9885)

(4.62)

_ 14363 (z-0.998)
? (z-0.9972)

(4.63)

From the off-diagonal elements of TFM G12 and Ga1, the de-couplers di2 and d2; are designed in

eq.s 4.64 and 4.65 below:

~0.80412 (z-0.9624)
. (2-0.9642)

4.64)

- 0.3397 (z-1.394)
2 (z-0.8388)

(4.65)

On obtaining required controllers, pre-filters and decouplers, from eq.s (4.62) to (4.65), the time-
domain simulations are done. The figures given in Figs. 4.82 to 4.89 are the frequency response
verification bounds to verify the robust stability, sensitivity, and uncertainty set variation. All the
uncertainty variations are within the respective bounds, which prove the effectiveness of the

controller design.
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Fig. 4. 86 Closed-loop frequency response verification of voltage control loop
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Fig. 4. 87 Closed-loop frequency response with pre-filter of the current control loop
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The effectiveness of the DDMQFT controller is demonstrated for a 36/12V, 96W
prototype SIBSTIC for testing the voltage, current regulation and checking the robustness against
the source/load variations. After designing the DDMQFT controllers for SIBSTIC, a series of
simulations are carried out to validate the effectiveness of the controller in attaining the output
voltage regulation and source current regulation. For the uncertainty set mentioned in Tables 4.5
to 4.7, of section 4.6 and the following results are obtained. The simulation result is shown in
Fig. 4.79 for the steady-state waveforms, Fig. 4.80 shows the plot of the voltage and load currents,
which is plotted by fixing the source voltages at their rated value and the load resistance is varied
from 8 Q - 2 Q at 0.8 secs, it was observed that the output voltage started to fall from 24V to
14V, and source-2 current varied from 2Amps to approximately 8A, shown in the figure below,
meanwhile the duty ratios Dv and Di are being altered so that the output voltage is driven to 24V
in about 10mSec and similarly the current is regulated to the rated 2A, which proves the

effectiveness of the designed DDMQFT controllers.
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Fig. 4. 90 Steady-state waveforms of SIHBSTIC
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4.5.2 Results of ICD control based design

Apart from working on DDMQFT controllers, the simulation is also performed for STHSBSTIC
using the controllers obtained from ICD technique mentioned in section 4.3.1, and following
waveforms for various perturbations in source-1,2 and load variations were obtained as shown
in Figs. 4.94 to 4.96. The controller is found effective in reducing the perturbations in source-1,2
voltages and load resistance variation in about 0.2ms. The ICD technique was found to be

effective when compared to DDMQFT approach for this topology.
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Fig. 4. 94 Dynamic response of the SIHBSTIC, the variaton of Output Voltage V,, Output
Current I, and source-2 current I currents are plotted with variations of Source-1 voltage
from 32V to 36V at 50ms, voltage of source-2 from 12V to 10V at 0.1s, and Load form 10 Q to
5Q at 0.15s using ICD controller
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Fig. 4. 96 Dynamic response of the SIHBSTIC, the variation of V,and o, Ig> currents when
Vg2 is varied from 12V to 14V at time 0.3s using ICD controller
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4.6 Controller Design of SCHBSTIC1

In the similar lines, the Decoupled-Decentralized MIMO QFT controller design discussed
in section 4.6.1 is applied to SCHBSTICI to obtain the controllers shown below in table 4.9, and

the controller loop shaping graphs are shown in Figs. 4.97 and 4.98, followed by the verification

plots shown in Figs. 4.99 to 4.104.

Table 4. 9 Controllers and decouplers of SCHBSTIC-1

Voltage Loop Controller Current Loop Controller

G - 0.47415 (2—0.4326) _0.1997 (z-0.8355)

ol (z-1) i (z-1)

0.2394 (z-09578) | _ 0467 (2:0.9858)
= 21~

T (1)

100
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60

Open-Loop Gain (dB)

Open-Loop Phase (deg)

Fig. 4. 97 Loop-shaping controller design plot of the Voltage control loop, current control loop
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Fig. 4. 99 Frequency response of the Robust control verification bounds of the Voltage loop
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Fig. 4. 102 Frequency response of the Robust control verification bounds of Current loop
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Fig. 4. 104 Closed-loop frequency response verification of uncertainty set current control loop

The effectiveness of the DDMQFT controller is demonstrated for a 36/12V, 96W
prototype SCBSTIC1 for testing the voltage, current regulation and checking the robustness
against the source/load variations. After designing the DDMQFT controllers for SCBSTICI, a
series of simulations are carried out to validate the effectiveness of the controller in attaining the
output voltage regulation and source current regulation. For the uncertainty set mentioned in
Tables 4.6 to 4.8, of section 4.6 and the following results are obtained. The simulation result is
shown in Fig. 4.105 is plotted for the steady-state waveforms, dynamic response of the
SCHBSTIC-1 is shown in Fig, 106, for the variaton of source-1 voltage Vgl: 32V to 36V, source-
2 voltage Vg2: 12V to 10V, and load resistance 10€Q2 to 5Q, the Output Voltage (Vo), Source
Current (Ig2), Output current I, are plotted. It is observed that the output voltage is driven to 24V
in about 10mSec and similarly the current is regulated to the rated 2A, shown in Fig. 107, proves

the efficacy of the designed DDMQFT controllers.
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Fig. 4. 106 Dynamic response of the SCHBSTIC-1, for the variaton of source-1 voltage Vgl:
32V to 36V, source-2 voltage Vg2: 12V to 10V, and load resistance 10€2 to 52, the Output
Voltage (Vo), Source Current (Ig2), Output current I, are plotted.
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4.7 Controller Design of SCCHBSTIC-2

In the similar lines, the Decoupled-Decentralized MIMO QFT controller design discussed
in section 4.6.1 is applied to SCHBSTICI to obtain the controllers shown below in table 4.10,
and the controller loop shaping graphs are shown in Figs. 4.108 and 4.112, followed by the
verification plots shown in Figs. 4.109 to 4.111 for voltage control and 4.113 to 4.115. The steady
state responses are shown in Fig. 4.116, and the dynamic response of the SCHBSTIC2 topology
for the variaton in sources and load are shown in Fig. 4.117, the controllers were able to regulate

the output voltage and source-2 currents at the required limits.

Table 4. 10 Controllers and decouplers of SCHBSTIC-2

Voltage Loop Controller Current Loop Controller
i 0.27 (Z—O.89)(Z—0.583) _ 0.1(z-0.61)(z-0.77)
T (2-1) (z-072) 0 (2-1)(z0.33)
0453 (2-0.6578) _0.712 (2:0.933)
B (2-0.1143) T (z-82)

50

40

30

20

10

Open-Loop Gain (dB)

. 1 .[’ R | PR 1 s » 1 1 =
-300 -250 -200 -150 -100 -50

Open-Loop Phase (deg)

-20 dB

Fig. 4.108 Loop-shaping plot of Current loop

188 |Page



3 T T T
2
] L | L | L] | | | L] || [} | L] |} T
1
0
-1
o
T 2
[0} L
o
2
S -3
& L
=
-4
-5
i PR S S S A A | i PR S S R | i I S S T S A
1 2 3 4
10 10 10 10

Frequency (rad/sec)
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Fig. 4. 110 Frequency response of the sensitivity verification bounds of the Voltage loop
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Fig. 4. 113 Frequency response of the Robust control verification bounds of the current loop
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Fig. 4. 114 Frequency response of the sensitivity verification bounds of the current loop.
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Fig. 4. 116 Steady-state waveforms of SCHBSTIC2
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Fig. 4. 117 Dynamic response of the SCHBSTIC2 topology for the variaton of sourc-1 voltage
Vgl: 30V to 36V, source-2 voltage Vg2: 12V to 10V, and load resistance 10Q to 5Q, the
Output Voltage (Vo), Source Current (Ig2), Output current I, are plotted.

The dynamic response of SCHBSTIC-2 is plotted for variaton of source-1 voltage Vgl:

30V to 36V, source-2 voltage Vg2: 12V to 10V, and load resistance 10Q to 5CQ, the Output

Voltage (Vo), Source Current (Ig2), Output current I, are plotted. It is observed that the output

voltage is driven to 24V in about 6mSec and similarly the current is regulated to the rated 2A,

which proves the effectiveness of the designed DDMQFT controllers.
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4.8 Hardware Results and discussion

To validate the performance of the proposed topologies with the controllers, the experimental
set up in the laboratory was carried out on 100 W 50 kHz prototype which is shown in Fig. 4.119,
to realize the digital controllers dsPIC33FJ16GS504 digital signal controller was used. The opto-
isolator 6N137, driver circuit IR2110, diode MURI1520, and switch IRFP250N are the
components utilized in the prototype converter circuits. The microcontroller's on-board ADC
receives the measured load voltage after it has been reduced to a range of 0 to 5V. The relevant

hardware implementation methodology is shown in Fig. 4.118.
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Fig. 4. 118 Block Diagram of Hardware Implementation method of SCHBSTIC-2 topology
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Fig. 4. 119 (a) The Hardware setup for experimentation (b) PCB of TIC topologies (c) Sensing
Circuit
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The steady-state waveforms for the nominal operating conditions (Vgi: 36 V, Vg2:12 V, 1:2.0
A, R: 5 Q and f:50 kHz) are shown in Figs. 4.120, 4.121. Here, the duty-ratio control signals Gg
and Gs2 are shown. As it can be seen, the duty-ratio signal of G (d1) is greater than the duty-
ratio signal of Gy (dz2). Here, the load voltage and the source-ig; current are regulated due to
closed-loop operation. Another steady-state measurement is captured for R=10 Q while keeping
the remaining conditions the same as above. Here, the difference in the width of the duty-ratio
of the two signals (di and dz) can be seen. In Fig. 4.120, d> has been increased whereas a small
decrease in d; is visible. This justifies the successful operation of the designed controller which
is capable of readjusting the respective duty ratios according to the change in power demand.
Furthermore, the regulation of source-2 current and load voltage has been successfully achieved
in both conditions. The other quantities such as the load Voltage as well as source-2 current, are
also measured and shown in Figs. 4.122 and 4.123 for the cases of load value 5 Q and 10 Q,
respectively. Similarly the output voltage and source-2 current are obtained for SIHBSTIC and

QBSTIC in Figs. 128 and 129.

The measured dynamic response of the SCHBSTIC- topology-2 is also shown in Fig. 4. 124,
4.125 for load change from 10 to 5 Q for the conditions of Vg1:36 V, V2:12 V, V¢:24 V. The
effectiveness of the designed controller in terms of loads voltage regulation as well as source-2
current regulation is apparent. It takes around 10.0 ms for the converter to achieve its steady-
state value. The steady-state of the source-2 current has also been achieved. Dynamic
performance in terms of source-2 variation (12 to 16 V) as well as source-1 variation (change
from 30 to 36 V) can also be seen in Fig. 4. 125 and 4.126, respectively. In the case of source-1
variation with the conditions of V=12 V, V(=24 V, R=10 Q, regulation of load voltage and
source-2 current is seen. It takes less than 10.0 ms for the converter to achieve its steady state.
The constant flow of load current is also visible. On similar lines, regulation of load voltage, as

well as source-2 current, was also seen in case of source-2 voltage change under the condition of
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Vg1=36 V, V=24 V, R=10 Q. Regulation is achieved in nearly 50.0 ms. Source-2 current

waveform along with the source-2 voltage waveforms are also shown.
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Fig. 4. 120 Steady-state waveforms of SCHBSTIC (Vg1=36 V, V=12 V, V(=24 V, R=5 Q).
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Fig. 4. 122 Steady-state waveforms of SCHBSTIC (Vg1=36 V, V=12 V, V(=24 V, R=5 Q).
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Fig. 4. 124 Dynamic response of the SCHBSTIC2 (V=36 V, V=12 V, V(=24 V, R=10- 5 Q)

using simulation and hardware.
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Fig. 4. 129 Steady-state waveforms of QBSTIC (Vg1=36 V, V=12 V, Vo=24 V, R=10 Q).



4.9 Summary

Chapter 4 discusses controller design techniques for TIC topologies, including ICD,
SMQFT, and DDMQFT, to regulate output voltage and source-2 current in case of disturbances.
The ICD technique effectively achieves desired results, while decentralized controllers mitigate
interactions among loops. The SMQFT technique, applied to QBSTIC, provides feasible voltage
and current regulation, but suffers from low gain and high dynamic response ringing. The
hardware prototype was set up for SIHBSTIC, QBSTIC, and SCHBSTIC-2 topologies. The
steady-state responses were obtained for all three topologies. Dynamic responses were obtained
for SCHBSTIC-2 topology. The SCHBSTIC- topology-2 controller is shown in steady-state
waveforms for nominal operating conditions, demonstrating its ability to adjust duty ratios based
on power demand changes. The controller successfully regulates source-2 current and load
voltage in both conditions, with a 10ms time to achieve steady-state values, and also source
current regulation. The controller's effectiveness in regulating loads voltage and source-2 current
is evident, with the converter achieving steady-state values in less than 10ms for source-1

variation and 50ms for source-2 voltage change.
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CHAPTER -5

CONCLUSIONS AND FUTURE SCOPE OF WORK

5.1. Conclusions

After reviewing the multi-input topologies extensively, it was identified that there is a need
to evolve two-input converters capable of exhibiting extreme step-down voltage gains. With this
aim, the integration of the buck and SEPIC topologies was done and then amalgamated with the
switched-inductor/switched-capacitor cells to yield the two-input hybrid topologies. In these
topologies, the switched-inductor/switched-capacitor cells were responsible for ensuring the
extreme step-down voltage gain feature. The hybrid converters investigated in this thesis were:
(1) Switched Inductor Hybrid Buck SEPIC two-input Converter (SIHBSTIC), (ii) Sixth-order
Quadratic Buck-SEPIC two-input DC-DC Converter (QBSTIC), and (iii) Switched Capacitor-
cell with Hybrid Buck-SEPIC two-input converter (SCHBSTIC) topology-1 and topology-2. The
analysis of these topologies revealed the following: (i) the voltage gain exhibited by all these
topologies was a function of both the controlling inputs (duty ratio control signals of the
controllable switches d; and d»), (i1) with the aim to realize the desired load voltage by setting
the duty ratios d; and d», the load shared by the two sources gets hampered. This issue called for
the need to bring in the controller on the input source side, (iii) the flexibility of choosing different
di and d> values offered the benefit of drawing of power of different magnitudes from the input
sources. This feature is attractive in the sense that it helped in drawing power from multiple
sources according to their power supplying capacities, and (iv) though flexibility is achieved in
terms of realizing desired voltage gains, some of these topologies (SIHBSTIC, QBSTIC)
exhibited more ripples in their source current. However, the SCHBSTIC topology-1 and

topology-2 were successful in minimizing the ripples in the source current.

Dynamic performance features of the proposed topologies were explored after the exhaustive

steady-state analysis was done. This was initiated after establishing the transfer functions of all
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the topologies. Since the topologies belonged to MIMO systems, multi-variable control theory
was applied to understand the interactions (based on RGA theory) existing in the converter

systems to obtain the suitable control-loop pairings.

Upon ensuring suitable control-loop pairings that were obtained on a mathematical basis, a
non-diagonal control strategy was formulated for all the topologies enlisted above. To design a
robust controller, a multi-input multi-output QFT based approach was adopted. Based on these
strategies, the steady-state, as well as the dynamic performance of the proposed topologies, was
assessed. The analytical studies were verified and supported by the simulation results. In all the
topologies formulated, the effectiveness of the non-diagonal controller was also seen both in
steady-state as well as during dynamic conditions. It indicated the MIMO-controller's satisfactory
performance on account of the plant interactions as well as the uncertainties which lead to active

avoidance of the instability issues along with proper power management.
5.2. Future Scope of Work

In this thesis, the emphasis was laid on topological evolutions based on an amalgamation of
buck and SEPIC converters along with switched-inductor/switched-capacitor cells. Although
four different topological formulations were established, still there lies a scope of evolving
topologies similar to them either from voltage gain point of view or exhibiting identical ripples.
In addition, the scope for making use of the flexibility within the switched-inductor/switched-
capacitor cells and exploring new topological structures is also present. Rearrangement of the
alternate along with the new ones. The above suggestions were concerning the topological
structure point of view; however, much work can still be carried out about the control viewpoint.
Here, emphasis can be laid not only on the full-order controller structures, but possibilities also

lie on evolving suitable lower or upper triangular control structures.
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ANNEXURE

Various equations of chapters-2,3 were unburdened and are represented here.

A.1. Switched Inductor Hybrid Buck SEPIC TIC

The KVL equations for inductors in each mode as listed below.

Mode -1:
Vgl_2vL1+vC1:0; (Al)
V2 =V =0 (A2)
Mode - 2:
Vg1 -2v,, =V, =0; (A.3)
ng Vi~V =V, =0
(A4)
Mode -3:
n=Vo; (A.5)
ng_VLz_Va_Vo =0 (A.6)
On solving the above equations, the resultant capacitor voltage equation is
g2
Ver = Vo
1-d, (A.7)

Substituting the vc; expression obtained from eq. (A.4), and in the eq. (A.2b) results in

d
Vad, =V,(2-d, —d))+| V,, ———V,d, |=0
1-d,
(A.8)
Solving and substituting eq. (A.4) in eq. (A.3b), and simplifications results in the following.

dZ

V0(2—d1) = Vgldl _ng (1_d2)

(A.9)
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Assuming the parasitic resistances of the inductors to be negligible, the voltage conversion

ratio of this converter is obtained and is given below.

V=V1[—d‘ j+V2[ ie j
cTE 2-d, ) (2-4))(1-dy)

A.1.1 Design of SIHBSTIC parameters

(A.10)

The ripple-based design approach is used to design the elements of SIHBSTIC. The peak-to-
peak current ripple is assumed to be less than 20%, while the voltage ripple is assumed to be less

than 10%. The design parameters for validation are listed in Table 2.10.

The load power for dual input integrated converter is:

P =V I where V,, I, is the load voltage and current, respectively.

The load current can be calculated as. 7, = % (A.11)
For a lossless system: P, =P, (A.12)
which may be also written as V[, =(V, 1, +V,1,,) (A.13)

Substituting ‘Vo’ from eq. (A.7) in (A.10)

d d
[Vgl ( = d, } G [WDI =Vala+Vely (A.14)
4 4, = Al
Veilo d +Volo 2 d 24, =V g +Vool s (A.15)

Comparing the RHS and LHS of eq. (A.11), the expressions for the two source currents Iy and

Ig> can be written as

] (A.16)
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Design of Capacitors:
For obtaining capacitance of the output capacitor C», the ripple current flowing through

capacitor C, during interval d,Ts gives rise to the ripple voltage across the capacitor C> and is

given by
1 d,T;
AV, =— [ 1, dt
2 0
c, =| Lot |_| _Tods (A.17)
AV, f, ) \RAV,f,

Similarly, the capacitor ‘C;’ is obtained when main switch S; is in OFF-state, the capacitor
current is equal to the inductor current, which same as the source-2 current for the duration (1-

d>) Ts and the corresponding capacitor ripple voltage is given by:

c :{M} (A.18)
: AV f '

By applying, amp-sec balance on the capacitors C; and C; (Figs. 2.10 to 2.12), the steady-state

expressions of ir are found out.

The average current of the capacitor C; over one switching cycle is zero. Accordingly,

<lgy >= _ilez +iL2(d1 _d2)+iL2(1_d1) =0

(A.19)
d
i,=1 - A20
L2 o|:(2_d1) l_dz):| ( )
Similarly, applying amp-second balance to the other capacitors
=t {ﬁ}
4 (A.21)
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A.1.2 Formulation of STHBSTIC state-space model

In order to analyze the dynamic behavior and also to realize a controller, the converter
operating modes are transformed into a set of first-order differential equations using the KVL
and KCL approach, which ensures the conservation of energy. In each mode of operation, the
power stage dynamics can easily be described by a set of state-space equations given by the first-
order differential equations formulated for various inductor currents and capacitor voltages in the

following lines. After that, these equations are transformed into a state-space model given below.

Ky o 1 0
2L, 2L,
K 0 1 0
2L, 2L,
RL
4= 0 0 ) 0
LZ
—L 0 0 0 0
Cl
1
0 0 0 0
L CZ(R+R02)_
i _ K3 _ Kl 0 _ K2 ]
2L, 2L, 2L,
O _ K3 _ Kl _ KZ
2L, 2L, 2L,
ol K, K1 K
L, L, L, 2L,
0 0 L 0 0
Cl
G RC,
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KK, K K
Ll Ll Ll
0 _ (K +K5) K, 0 K
2L, 2L, 2L,
O Y A B
L L L 2L
0 0 L 0 0
Cl
(1-K,/R) 0 I-K/B) o K
e C, RC,
1 RR, .
Rc R+R. R+R.
1/, 1/, 0 0 0]
B =B, = :
0 0 1/L, 0 0
00 0 00
B, =
00 1/L, 0 0
R R R
E=|0 0 0 0 . E,=|K, 0 K, 0 . Ey=|K, K, K, 0
! { R+RC2} : [ : : <R+RC2} } { S R+ R,

F=r=r=[0]

M1=M2=M3:{O 000 X }

R+Re,
| _BR,
| R+R,

The above matrices are obtained for each mode and are used in the latter part of the thesis to
obtain the state-space averaging model of the respective TIC which, is necessary for controller

design.
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A.2 Switched Capacitor Hybrid Buck SEPIC Two-input DC-DC Converter-1

Volt-second balance of inductor L1, L3, L3 was solved using the equations mentioned in Table

2.8 in mode-1, mode-2, and mode-3.

<y >= (Vo =Ves =V )T+ Vg =ve ) A =d)T + (Vo = v, = v, )A=d))T,

=V, —ve,(I1=d,)=ve,(1=d)) —vesd, =V, d, =0 (A.22)
<y, >=Vody +(Vyy = Vs +ve =V dy = dy) + (Vyy —vey =V, (1= d)

=V, —ves(1=dy) +ve (d, —dy) = vesdy =0 (A.23)
<v,, >=—Vdy +(V, —ve Nd, —dy) +V,(1-d,)

=V, (1-d,)~v.(d,~d,))~ved, =0 (A24)

On solving and rearranging the terms of the above equation, the following expressions are

obtained.
Ve(d, =d,) =V, (1-d,) = ved, (A.25)
Substituting eq. (A. 21) in eq. (A. 19)

Ver =Ves(1=dy) + Vo (1=dy) =vesd, =V, (1-d,) =0

ng =Vcs3

vCl(dl _dz) = Vo(l_dz)_l/;xzdz

vor =V, L) (—dz ] (A.26)
(dl - dz) (dl - dz)

Substituting eq. (A.22) in eq. (A.19)

Vgl —ve,(1-4d,) _ch(l_dz)_ngdz —Vod, =0
v (i-dy) ~ (-d) (A.27)

g2~ Yci c2
dz dz

Vo=V

gl
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Assuming v., =V, = V., and also neglecting the products and higher powers of duty ratio

terms, substituting eq. (A.23) in eq. (A.24), results in

1-d d
e _(V”(d] —i}ng(dl fdzj}(z_dl b r2ad) =0

On solving the above equations, the voltage conversion ratio of this converter is obtained as:

V =V dl_dz + Zdz(l_dl)
o gl g2
(2—d —3d,+2dd,)  **(2—d -3d,+2d.d,)

(A.28)

Expressions for source currents Ig1 and Iy

The load power for double input integrated converter is:

P =(V,I,) where Vo, L, are the load voltage and current, respectively. For a lossless system:

P, =P,

ou

which may be also written as

Volo =Vl 4Vl

gl gl g2 g2

Substituting ‘Vo’ from eq. (A.25)

VI, d,—d, +V I 2d,1-d)) =V, I,+V,I, (A.29)
o\ @2-d -3d,+2dd,)) °\@2-d -3d,+2dd,)) ¢ e

Equating both sides of eq. (A.26)

d—d
1,=1, 1%
(2—d, -3d, +2d.d,)

2d,(1-d
=1 1-d) (2.30)
(2—d, -3d, +2d.d,)

A.2.1 Design of SCHBSTIC Topology-1 parameters

The ripple-based design approach is used to design the elements of SCHBSTIC Topology-1.
The peak-to-peak current ripple is assumed to be less than 20%, while the voltage ripple is
assumed to be less than 10%. The design parameters for validation are listed in Table 2.10. For

obtaining capacitance of the output capacitor C4, the ripple current flowing through capacitor
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‘Cs’ during interval d,Ts gives rise to the ripple voltage across the capacitor C4 which is given

by

1 YN
M= l (I,-1,)dt

4

20, d 1-d,~d
| =2 . (A31)
R f.Av,\ (2—d,~3d, +2d,d,)

Similarly, the capacitor C; is obtained when main switch (Sz) is in the OFF-state. Here, the
capacitor current is equal to the inductor current, which same as the source-1 current for the

duration (1-d2) Ts and the corresponding capacitor ripple voltage is given by

1%
c]:E 21[

¢ =c,=L0=4) d,~d, (A32)
RAv, f. \ (2—d,-3d,+2dd,)
yo_ L ]
C C d
C3 — V()(l_dl) 2d2(1_d1) . (A33)
RAv, f. \2—d, -3d,+2dd,

A.2.2 Formulation of SCHBSTIC Topology-1 state-space model

In order to analyze the dynamic behavior and also to design a controller, the converter
operating modes are transformed into a set of first-order differential equations using the KVL
and KCL approach. In each mode of operation, the power stage dynamics can easily be described
by a set of state equations given by the following first order differential equations which are

formulated for various inductor currents and capacitor voltages. These equations are then
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transformed into state-space model and the state-space matrices are obtained and are given

below.

(R FRGHRR,/P) Ry 0o o —L R
—L, L L, LPrP
0 R 0 0O 0 O 0
L,
R, 7 0 (Rc3 + R, ) 0 0 1 0
A = 3 —L, L,
0 0 0 0O 0 O 0
0 0 0 o 0 O 0
1/C, 0 1/C, O 0 O 0
Ry 0 0 O 0 O !
i PC, C,P |
RLI +RC1RC2 RCIRC2 _Rcch2:| _Rcz _Ra 0 0
_QLI LIQ LIQ L1Q LIQ
Rc1Rc2 ;1 RL2+RC3+RRC4 +RC1RC2 i RRC4 _I_RCIRCZ _Rcz & -1 i
L0 L, P 0 L rp 0 LY LO L LP
RC1+Rm l RRC4 +RC1RC2 _i R”+RRC4 _I_RaRcz _Rcz Rcz 0 Rc4
_L3Q L3 P Q L3 P Q L}Q L}Q L3P
A2 - Rcz _h h ;1 L 0 0
o o Go o o
Ko o L LU N
o1 G0 G0 GO CQ
0 1/C, 0 0 0 0 0
0 i i 0 0 0 ;1
] C,P C,P C,P |
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_RL1+RL‘3+RL‘2 0 O ;1 ;1 O 0 il
-L, L L
0 —[RL2+RC3+ C } R 0o o =L Rs
2 LZP 2 LZP
0 RR,, _I(RL3+RR04J 0 o0 o R
L(R+R.,) L, P L,P
4= L 0 0 0 0 0 0
C'l
€ 0 0 0 0 0 0
C2
1
0 — 0 0 0 0 0
C}
0 R R 0 0 o —
L C,p C,P C,P |
1
P=
R+ R,
s_p_p_|00 0o oo
TP o 0 1/, 0 0
RR RR R
Elzﬂ 0000 0 s E,=E,=|0 c4 c4 0
R+Rey R+Rey R+Re, R+Rcy R+Rey

K =F =F=[0];

M1:M2:M3:{0 00000 —=X }

R+Rc,
J- RR,,
R+Rc,

A.3. Quadratic Buck-SEPIC DC-DC Converter

<V >= Vo =Ver )T+ (V= ve dy = dy)T, + (v N1 = )T, =0

Vi =vei(d,) (A.34)
Volt-second balance of inductor L> was solved using the equations mentioned Table 2.7 for
mode-2

<, >=Vd, + (Vi =ve, =V I d —dy) + (V= v, =V, )1=d)) =0

1

Ver =V, i v, (A.35)
2
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Volt-second balance of inductor L was solved using the equations mentioned in Table 2.7 for

mode-3

<V, >=, +v,)d, + (v, =V )d, —d,)-V (1-d)=0

Ve dy Ve, —dy) =V, (1-d,)=0 (A.36)
Substituting eq. (A.31) and (A.32) in eq. (A.33)

V,di+v, 9 2y =0 (A.37)
*1-d

2

On rearranging the terms, the voltage conversion ratio of this converter is obtained as

d,
V,=V,d’+V,, R (A.38)

Applying the amp-second balance, the relation between different currents are obtained and given

in eq. (A.36).

Iy =ipd, 5 iy =1, (A.39)
[ a

i, =i, 1—251 } (A.36a)
L 2

i, =i, _dl(l_dz)} (A.36b)

A.3.1 Design of QBSTIC parameters

For obtaining capacitance of the output capacitor Cs, the ripple current flowing through

capacitor ‘C3’ during interval d>Ts gives rise to the ripple voltage across the capacitor Cs and is

given by
d,T
—L I (1) dt
3 0
d
- V.d, (A.40)
R fAv,,
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Similarly, the capacitor C; is obtained when the main switch (S;) is in OFF-state then the
capacitor current is equal to the inductor current, which is also same as the source-1 current for

the duration (1-d2) Ts and the corresponding capacitor ripple voltage is given by

1 (1-a\)T;
AV, =— _[ (i,-1,5) dt
Cl 0
d(1-d
c - LAd=d) (A.41)
RAv_ f.
1 (I=d)T;
And AV, =— [ (i) adt
2 (d,=dy)T;
d
c, o (A.42)
RAv,, f.

A.3.2 Formulation of QBSTIC state-space model

In order to analyze the dynamic behavior and also to design a controller, the converter
operating modes are transformed into a set of first-order differential equations using the KVL
and KCL approach. In each mode of operation, the power stage dynamics can easily be described
by a set of state equations given by the following first order differential equations which are
formulated for various inductor currents and capacitor voltages. These equations are then

transformed into state-space model and the state-space matrices are obtained and are given

below.
—(R,, +R) 0 R, o o 0
Ll L]
—R. 0 0 o0 0
L2
Rey (R; =Ry i L 0
Al — L13 1 L3 L3 L3
— — 0 0 o0 0
Cl Cl
-1
0 0 — 0O 0 0
C2
0 0 0O 0 1
L Ci(R) |
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[ _(Ru + RCI ) 0 Rc1 __1 0 0
L L, L,
0 _(RLz + Kl) _Kl __1 _Kz
L, L, L, L,
0 _Kl _(Kl) 0 O _K2
A — L3 L3 L3
2 1 -1
— — 0 0 0 0
Cl Cl
0 J; 0 0 0 0
C2
0 K 50 o =K
L C3RC3 C3R(,3 R _
(R, +R - i
( L1 C]) O 0 _1 O 0
Ll Ll
0 _(RLZ +K1) -k, 0 __1 -k,
LZ L2 L2 L2
0 _Kl _(Kl + RL3) 0 0 _Kz
4 = L3 L3 L3
, =
1
— 0 0 0 0 0
CI
1
0 — 0 0 0 0
C2
0 & K 0 o =K
| G, C, R |
1 T
7 0 O 0O O O 0 0 O 0O 0 O
p— 1 - p—
B =5, = 1 B=lo L o 0 0 o
0 T O 0O O O L,

R +R,,
RR
Kl: G ; Kzz R ; ,= 1
R+R, R+R, R+R,
F = F, = F =[0];
—-R
M, =M,=M;=|0 0 0 0 0 0
R+R,

RR,
J=| —
R+ RC3
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A.4. Switched Capacitor Hybrid Buck SEPIC Two-input DC-DC Converter-2

By applying 'volt-sec' balance for Li:

(Vgl - Vo)dsz +(Vg1 _V())(dl _dz)rc +(Vgl _Zvcl _Vo)(l_dl)Ts =0

(A.43)
v, = % (A.44)

By applying 'volt-sec' balance for Lo:

Vo)A, T+ Vo 4V =V =Vo)d, —d )T +(V, —v

c

s—V)(1=d)T, =0 (A.45)
By applying 'volt-sec' balance for Ls:

(_Vc3 )dﬂ; + (Vo _vcl)(dl - dz )Tv + (Vo )(1 - dl)Ts =0 (A.46)
By using eq. (A.42) and (A.43):

Vs =V (A.47)

Solving the above equations, the voltage gain expression is obtained as:

v :V{ (d,~d,) }V,{ 2d,(1-d,)
¢ Z(I_dl)(l_dz)"'(dl_dz) ‘ 2(1_d1)(1_d2)+(d1_d2)

(A.48)

Expressions for source currents Ig1 and Ig2

The load power for double input integrated converter is:

P = (Vola) where V,, I, are the load voltage and current, respectively. For a lossless system:

P =P (A.49)

ou

which may be also written as

Volo =Vl +V,1,,) Substituting Vo’ from eq. (A.45)

gl gl g27 g2
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Equating both sides of eq. (A.47)

d —d
Igl =IO 1 2
(2—d,-3d, +2d/d,)

;o 2d,(1-d,)
g2 o
(2—d, —3d, +2d.d,)

A.4.1 Design of SCHBSTIC Topology-2 parameters

VI d, —d, +V I, 2d,(1-d)) =V I +V,I (A.50)
o\ (2-d, -3d,+2dd,)) )\ (2-d -3d,+2dd,)) * ¢

g2 g2

(A.51)

The ripple-based design approach is used to design the elements of SCHBSTIC Topology-2.

The peak-to-peak current ripple is assumed to be less than 20%, while the voltage ripple is

assumed to be less than 10%. The design parameters for validation are listed in Table 2.21. For

obtaining capacitance of the output capacitor C4, the ripple current flowing through capacitor

‘C4’ during interval d>Ts gives rise to the ripple voltage across the capacitor C4 which is given

by
d,T,
:Lj ~1)dt
4 0
_(]gl_]())dZ
Y Rfav,
I (d —-d
Where 1g1={ (6 —dy) };I e
2(1_d1)(1_d2)+(d1_d2) R

Similarly, the capacitor C; is obtained.

(A.52)

Similarly, the capacitor C; is obtained when the main switch (S2) is in OFF-state then the

capacitor current is equal to the inductor current, which is also same as the source-1 current for

the duration (1-d2) Ts and the corresponding capacitor ripple voltage is given by

1 (-d)T;
AV, =AV,=— [ () adt

1 (d=dy)T;
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(A.53)

1,(d, —d,) } 7 =

Where 1, z[z(l_dl)(1—d2)+(dl ~d,)

"
R

A.4.2 Formulation of QBSTIC state-space model

In order to analyze the dynamic behavior and also to design a controller, the converter
operating modes are transformed into a set of first-order differential equations using the KVL
and KCL approach. In each mode of operation, the power stage dynamics can easily be described
by a set of state equations given by the following first order differential equations which are
formulated for various inductor currents and capacitor voltages. These equations are then

transformed into state-space model and the state-space matrices are obtained and are given

below.
—tita) 0 00 o =%
LI LI
0 s 0 00 0 0
LZ
0 0 M 0 0 __1 0
L3 L3 )
[4]=
0 0 0 00 0 0
0 0 0 00 0 0
0 0 1 00 0 0
C3
b 0 0 0 0 b
e RC,
R
Ll
o L
LZ
,E =[a 0 0 0 0 0 5],
[B]1=| 0 O
0 0
0 0
0 0
_O 0_
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—(h+a)  —a a o0
Ll LI Ll
—a —k, (a+p) T T
LZ L2 LZ R(?LZ RCLZ
a (a+p) —(a+p+n) -n, T
L3 L3 L3 RCL3 RcL3
[4,]= 0 -7, 7., -1 1
RC, R.C, RC, RC,
0 T 0 1 -1
RCCZ RcC2 RCCZ
0 1 0 0 0
C3
LA b —b o 0
L C4 C4 C4
. -
— 0
Ll
o L
L2
[B,]J=|0 0 |,E,=[a a —a 0 0 0 b],
0 0
0 O
0 O
ch a Ay 2
Ll Ll Ll Ll Ll Ll
—a (a+r,) 4 0 0 -1 =
LZ LZ L2 L2 LZ
4 4 —(a+n) 0O 0 0 b
L3 L3 L3 L3
[4,]= € 0 0 0 0 O 0
Cl
1
— 0 0 0 0 O 0
CZ
1
0 — 0 0 0 O 0
C3
b D by b
| C, C, C, RC, |
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1
Z 0
0o L
L2
[B,]={ 0 0
0 0
0 0
0 0
L 0 O _
Where a=——¢t __R

k, :(’”1 +r€1+r62+a);

k, :(r2+rc3+a+pl).
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The important terms used for deriving various expressions of chapter 2,3 of TICs:

SIHBSTIC QBSTIC
a, = dl > 8 = ! aSq = dlz
(z_dl) (2_d1)
b = 4,
Hy=[gsi + bs; —11; e, =(1+b,,) T (1-d,)
d
T=dy) T dy) "odii-dy)
V
V _ Va2
d :L;Kq:i—lfg, q_(l_d)_[’
Y d(1-d,) (1-4d,) 2
_ d, X _I/D(Z—dl)—Vgldl esq:(1+bsq)
Si (1-dp)’ “g v,
Ksi1=(l-d1)(2-d2); Ksi2=(2-d1)(l-d2)
0, = 2SN 2, -1;
2-d) @2-d)(1-d,)
0. = d+d,—dd,
« (2_d1)(1_d2)

SCHBSTIC-1 SCHBSTIC-2
avcl = dl _d2 = Hlvcl avc2 = dl _d2 ;
) (2—-d,-3d,+2dd,) ) ) (2-d,-3d,+2dd,)
_ 2d2(1_d1) - H _ 2d2(1_d1)

' (2-d, -3d,+2dd,) > *? (2-d,—3d,+2dd,)
H3SL,1 — Hlsc] _ (HZ\; _1) dscz = 2_d1 _3d2 +2d1d2
_ Va =V,
scl — 2(1_d1)
M, = Hlsc12d2 + HSsclz (d,—d,)
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The following table gives the representation of duty ratio of TICs in terms of Vg1, Vg2, Vo

TICs Duty ratio 'd;’ Duty ratio 'd;’
2V, — Vy, (1) Vo(2 = dy) = Vs
SIHBSTIC 921 — d,
A Vo2 —dy) — Vg dy + V,
dz(Zng + 3VO - Vgl) - ZVO ZVO - VOdl - Vgldl

SCHBSTIC1
2Wy,dy — Vg, —Vo+2Vod, | 2V, +3Vo—V,,—2V, dy — 2Vod;

SCHBSTIC2 dz(Zng + 3VO - Vgl) - ZVO ZVO - VOdl - Vgldl
2V, d,  —Vy, — Vo + 2V,d, 2Vy, +3Vy =V, =2V, dy — 2V,od,
d, V,—V, d,*
QBSTIC Vo~ To,l1 =4 —
o, R

The following table gives the expression of Source Voltages in terms of each other and the duty

ratio.
TIC Vel Vg2
SIHBSTIC Vo — Vg, bs, Vo — Vg, a,
as, by,
SCHBSTIC]1 Vo — Vg, Hy Vo — Vg, Ha
H, H,
SCHBSTIC2 Vo — Vg, bs,, Vo — Vg, as,,
Se, bsc2
Vo — Vg bs
QBSTIC — 2 Vo — Vg, as,
asq b
Sq
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The expression for the output power sharing among source-1 and source-2 is deduced using the

expressions given below:

T

F=B i a |}
L + gx - gx |
L

P,=P| ———
_1+Vgxdgx_

V 1
where V,, =| -~
Ver
The suffix ‘x’ may be replaced by ‘i’ for SIHBSTIC, ‘scl’ for SCHBSTICI, ‘sc2’ for

SCHBSTIC2, and ‘sq’ for QBSTIC”.

TIC Duty Ratio
SIHBSTIC d, = 4, (ld—z d,)
SCHBSTIC1 d,., :%
SCHBSTIC2 d,.,= %

QBSTIC = %
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A.5. Techniques used for TIC Controller Synthesis.

Methodology 1: Power Management Control Strategy

The discussion in paper [11] deals with three distinct power status combination situations that
can be suggested to double-input dc/dc converter which has two input voltage sources and one
output load to obtain a regulated voltage, where the power for each one of them can be either

controlled or undetermined.

Case I: In instance I, the load will use the required power by drawing a constant current, the high-
voltage source will only offer a portion of the required constant power, and the low-voltage
source will supply the remaining portion. The high-voltage source is the primary power source
for the load in the converter used in scenario I, while the low-voltage source is an auxiliary power
source. If the input current of the high-voltage source is not under control for the continuous load
current demand, the low-voltage source will supply the remaining current required by the load

current.

Case II: Case Il is similar to Case I in that the low-voltage source will only offer a small amount
of consistent power, and the high-voltage source will not be able to supply the full amount of
power that the load requires. The previously described voltage and current equations can also be
used to illustrate the control strategy for case II, which is the same as that for case 1. The duty
ratio dro is calculated in order to manage the low-voltage input current ILO with a constant load
current 10. The duty ratio dui for a high-voltage source can be computed with constant input and
output voltages and the established dio. The high-voltage source input current Iy can be

calculated after durand dLO are known.

Case III: In this scenario, the load must be capable of absorbing the energy produced by both the
high- and low-voltage sources. A typical load of the power system for case III, where the two

voltage sources can always provide the maximum power to the load, is a rechargeable battery.
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The electrical properties of the load will dictate the output which can be used to determine the

duty ratios dui and dro.

Methodology 2: Integrated digital controller design

The control scheme mentioned in [76] has three controlled duty ratios to regulate the power flow
from three power ports, and a fourth port is used to keep the balance of power. Only three of the
ports have their working points carefully controlled, while the fourth port was left "flexible" and
allowed to run at any position that complies with the power balancing limitations. The feedback
control structure, which is based on several control objectives, is dictated by the selection of the
flexible power port. If the battery is left "flexible," the maximum power from the wind and solar
sources can be tracked by their port currents or voltages independently, and the load voltage can

be managed by a voltage feedback as well.

Methodology 3: Power Budgeting control method

A closed loop regulating control [77] was sought in order to more effectively illustrate power
budgeting. To demonstrate the converter using non-ideal sources, a solar panel and a rectified
line supply were utilized. Two separate proportional-integral (PI) controllers were combined into
a straightforward control. The first PI loop modifies the line source's duty cycle so that it tracks
a reference output voltage. The second PI loop, which has a significantly slower time constant,
modifies the solar input's duty cycle to follow a reference input voltage. The greatest power point
is quickly. In order to leave advanced control design to future work, the control gains were chosen

to provide a delayed reaction.

Methodology 4: Independent loop control method

This methodology demonstrates in [78] shows how two control inputs, di and d», can be
separately regulated with different control objectives for each loop. The inner current control

loop Ti(s) maintains the average switch current Is> by average switch current control. Once the
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inner current control loop Ti(s) is closed, the perturbations in d; are treated as disturbance signals
for the inner loop in an effort to lessen this dependence, which results in control of d> with

comparable perturbations depicts the dependence of Vo(s) on the two control inputs.
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[4]

[5]
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