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ABSTRACT
Power Electronics Interfaces for DC-Microgrids Applications

Gabriel Renan Broday, PhD.
Concordia University, 2022

The decentralization of power generation has become a topic of high interest for industry and
academia. The integration of stochastic Renewable Energy Sources (RESs) at the distribution level
is facilitated by incorporating them into a Microgrid. In this scenario, DC-Microgrids are a good
option since many RESs, such as photovoltaic and fuel cell, and energy storage units present DC
output characteristics. Also, the efficiency of the DC-DC interfaces tends to be higher than in DC-
AC and issues such as frequency regulation, reactive power control and synchronization are
avoided. The control of segments of the distribution system as a Microgrid also helps with the
deployment of new large loads such as Electric Vehicles (EVs).

However, the intermittent nature of RESs presents a natural challenge for the large scale
implementation of DC-Microgrids. Since weather and nature conditions (such as wind, tides, and
sunshine) can be rather unpredictable and are uncorrelated with power consumption needs, DC-
Microgrids based on RESs must be strongly supported by fast acting Energy Storage Systems
(ESSs) to balance supply/demand and assure high power quality to the system. Among these
storage devices, Supercapacitors (SCs) have seen a rise in their popularity for power quality
improvement in DC-Microgrids. SCs are devices with a high power density and high
charge/discharge rates that can be used to provide sudden bursts of power by managing currents
with high gradients, acting as dynamic devices to either supply the necessary power or demand
extra power within the DC-Microgrid. Thus, the interface of such system requires that both the
power converter topology and the control scheme present the right set of features.

Therefore, this PhD research work discusses the main aspects regarding the operation of power
electronics converters and suitable control laws considering the characteristics of the mentioned
application. These aspects include: the modulation scheme employed, steady-state characteristics
of the power converters and modelling/design of a suitable control law.

First, a unified controller for multi-state operation of the traditional 4-switch Bidirectional

Buck-Boost DC-DC converter is proposed. It employs a carrier-based modulation scheme with
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three modulation signals that allows the converter to operate in all four possible states and eight
different modes of operation. A mathematical model is developed for devising a multi-variable
control scheme using feedback linearization. This allows the design of control loops with simple
PI controllers that can be used for all multi-state modes under a wide range of operating conditions
with the same performance.

Then, to deal with the limitations presented by the previous converter, a novel bidirectional
DC-DC converter based on a Tapped-Inductor (TI) for higher voltage gain at moderate duty cycles
is proposed. What is more, the direction of the current in the intermediate inductor of the new
topology does not need to be reversed for power flow reversal, leading to a faster action and
avoiding singularities in the control law. Besides, it can employ a similar multi-state and multi-
variable modulation scheme that eliminates the Right Half-Plane (RHP) zero, common in Boost-
type converters. A systematic approach for deriving control laws for the TI current and output
voltage based on exact state feedback linearization is discussed. The performance of the proposed

control scheme is verified by simulation for a SC-based ESS.
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1. Introduction

The decentralization of power generation has become a trend for both the industry and
researchers. Environmental and social issues concerning the installation of new fossil-based power
plants and the high financial costs associated to the upgrade and maintenance of the current
transmission/distribution system are driving the need for a more local and sustainable power
generation model. Taking this into account, DC-Microgrids have shown to be a really good option
for, among others, the decentralization of power and consequently the modernization of the
conventional grid [1] — [4].

By definition, a DC-Microgrid can be seen as an autonomous small-scaled power grid system,
consisting of “energy generators/suppliers” from renewable and non-renewable-resources (PV
panels, wind turbines, fuel cells, etc.), energy storage devices (such as batteries and
supercapacitors) and power electronics interfaces (power converters) [1] - [9]. In summary, the
DC-Microgrids can be understood as a complete electrical power system in all characteristics
which are inherent to them, but on a tiny scale [8] [9].

In this scenario, DC-Microgrids have been considered a natural approach for better
accommodating stochastic Renewable Energy Sources (RESs) and charging of Electric Vehicles
(EVs) at the distribution level. Since most of the RESs output DC quantities, the integration of
renewables is done with simpler and reduced number of power conversions, where the energy
efficiency of the system can be improved and it is much easier to deal with since aspects such as
frequency regulation, power factor, reactive power and synchronization are eliminated [1] [2] [10].

DC-Microgrids have also the capability of operating completely independent of the
conventional power grid. In this mode, called as island mode, the power generation sources can
be placed close to the loads, avoiding, or at least reducing significantly, the need for larger and
expensive transmission lines/systems. Recall that transmission lines, as we know it, bring a huge
economic and environmental impact that include, among others: restriction of land use, permanent
removal of wood and vegetation (which can provoke erosion and soil compaction) and disruption
of natural hydrology [11] — [14]. It should be noted that there is a growing increase of power
demand caused by the technological advancements of the last decades. The reduction/decrease of
the loading of transmission systems caused by the distributed generation nature of DC-Microgrids
presents a good solution to meet this growing demand in terms of reliability, reducing power

outages and losses due to the proximity of the generation sources and loads [7] [8] [10] [11].
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Another important aspect of the implementation of DC-Microgrids is the social inclusion it can
provide. Even though the access to electrical energy is already well-established as a basic human
right, whether for economical or geographical reasons, there are still some remote communities
around the world living without electricity [12] — [14]. Some of this communities, located in
African and South/Central-American countries, for example, have great potential for renewable
generation based on solar radiation and wind, which can strongly support the implementation of a
DC-Microgrid [12] [13]. In this case, the implementation of a DC-Microgrid can greatly improve
the quality of life of these communities, where electricity can be used, among others, for household

purposes such as lightning, heating and personal hygiene [12] [13].
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Figure 1.1 — Overview of a DC-Microgrid based in energy storage systems and renewable sources

However, one important factor that should be considered when employing a DC-Microgrid
based on renewable power generation is the intermittent nature of RES. Since weather and nature
conditions can be rather unpredictable, the employment of such systems must be supported by
storage devices in order to proper balance the power demand within the system [15] [16].

Talking specifically about residential DC-Microgrids and Electric Vehicles (EVs), Energy
Storage Systems (ESSs) have an important role to play balancing the power generation and power
demand within the system, and also on the regulation of power variations in order to keep and
assure the power quality through the system. In summary, the ESS will act as a buffer for the DC-
Microgrid, storing and supplying back the energy according to the system needs. In [16], some of
the main elements used as energy storage units on DC-Microgrids and other DC-applications are

presented and discussed, and they are summarized next in Table 1.1.
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Table 1.1 — Energy Storage Elements [16]

. Energy Densit . Lifetime Response Time Cost
Storage Unit (g\{lh/l) Y Power Density (in years) P (ms) ($/kWh)
Batteries HIGH (200-350) LOW SHORT (5-15) MEDIUM (3-5) LOW (100-800)
Flywheel MEDIUM (80-200) MEDIUM LONG (>15) HIGH (>10) MEDIUM (1000)
Supercapacitors LOW (2-10) HIGH LONG (>15) FAST (<1) HIGH (10k-20k)
SMES LOW (0.5-10) HIGH LONG (>20) MEDIUM (1-10) HIGH (>20k)

As presented in Table 1.1, the different elements present different characteristics, making them
good for some applications and not for others. For example, batteries are widely used for the energy
bank of EVs due to their high energy density, but their low power density and low charge/discharge
rate represent some natural drawbacks for this application. On the other hand, Supercapacitors
(SCs) present high power density and high charge/discharge rates, but since their energy density
is low, they cannot fully power an EV, since a SC bank for this application would be costly and
with a high volume [15] — [17]. Then, in order to avoid those limitations, batteries and SCs are
being merged into a single system in DC-applications called Hybrid Energy Storage Systems
(HESSs). The main idea of a HESS is to combine different energy storage units creating a new
system capable to provide the benefits of each energy source, thus increasing efficiency and
reducing costs of the overall system [18] — [24].

Among these storage devices, SCs have seen a rise in their popularity for power quality
improvement in DC-Microgrids. In such application, the power quality within the DC-Microgrid
is directly related to the voltage regulation of the common DC-bus, where one should be able to
fast and precisely regulate the DC-bus voltage if high power quality is to be achieved. Therefore,
since SCs are devices with a high power density and high charge/discharge rates, they can be used
in such systems to provide sudden bursts of power by managing currents with high gradients,
acting as dynamic devices to either supply the necessary power or demand extra power within the
DC-Microgrid, this way keeping the DC-bus voltage of the system strongly regulated [4] [16] [18]
[21].

However, SCs are not frequently available, or are more expensive, at high voltage levels and
their voltages vary quite a bit with the amount of energy stored. Also, SCs are devices
commercially sold with high capacitances and low voltages, and interfacing them to the DC-
Microgrid can be quite challenging, especially if the DC-bus voltage is of a high value [25] [26].
Therefore, additional features for the SC power electronics interface is to have a high voltage gain

and be able to operate with a wide input/output voltage range. These are also typical characteristics



for power electronics interfaces of hydrogen fuel cells that are being considered for EVs as well
as for Net-Zero Energy Homes (NZEH), since the fuel cell produces heat as a sub-product of
electricity generation [6] [16] [19] [20] [25] [26].

1.1 Challenges of DC-Microgrids and Research Problems

In such systems, power electronics converters will allow the fast and precise control of the
power flow among the different devices/elements, maximizing efficiency and improving the
interaction between the different elements through the overall system. In this scenario, the study
of power electronics converters and their control strategy is of high importance if the mentioned
technologies are to be made more accessible to the society [19] [20] [25] [27] [29] [30].

With power electronics converters presenting fast power flow control, the power quality of the
mentioned systems can be significantly enhanced. In addition, the use of SCs for fast transients in
parallel with batteries avoid the latter providing strong power variations. This can greatly extend
batteries lifetime without compromising the SCs which are very well fit for fast power variations.

Taking this into account, different power topologies and control strategies have been proposed
for DC-applications in the past few years. Depending on the application, the power electronics
converters should present specific characteristics and good trade-offs concerning performance and
cost or complexity. The power converters of the ESSs must be bidirectional and can be either
isolated or non-isolated. The Dual-Active Bridge (DAB) is an example of the former, allowing
higher voltage gains than the latter at the expense of a higher switch-count. Among the non-isolated
bidirectional DC-DC converters there are, among others, the Class-C and the 4-switch Buck-Boost
converter, with two half-bridges and an intermediate inductor.

Another important factor for the implementation of DC-Microgrids is the control strategy.
Aspects such as system reliability, operational and set-up costs and performance/efficiency are
directly related to the control law employed within the system [1], [21] —[25]. It is a function of
the controllers to provide proper power flow management and, as mentioned before, ensure high
power quality through the voltage regulation of the DC-bus voltage.

Power converters frequently employ linear PI-type controllers, mainly due to their simplicity
and for the fact that they are already well-established both for academia and industry applications
[27] — [30]. They are designed based on converter models linearized around a specific operating

point. In this case, in order to obtain the desired linear model, some of the system dynamics are



disregarded, and the constant changes of operating conditions within the DC-Microgrids are not
taken into account either. Recent studies have shown that this approach plays a major factor on the
underperformance and inefficiency of DC-Microgrids, since the performance of PI controllers
tends to degrade if the operating point of the converter changes. This might be a significant issue
for DC-Microgrids and ESSs that are prone to wide variations and very volatile operating
conditions resultant from the impact of RESs generation and variable loads [31] —[35]. Recall that
SCs typically operate with voltages in the range of rated to half-rated.

For these reasons, a more robust control strategy must be employed. In this scenario, the use
of nonlinear controllers is showing to be a good solution for the volatile nature of working
conditions on DC-Microgrids, where the design of nonlinear controllers is based on a complete
model of the system, where the nonlinear dynamics and the whole operation space is taken into
account . This way, such controllers can provide a broader region of operation, eliminating stability
issues and performance degradation as the conditions change [31] — [35].

On the other hand, such approaches still face some resistance to be employed, mainly because
they usually rely on more complex models, and a heavy mathematical approach is necessary to
determine the control strategy. For cases like this, state feedback linearization techniques are a
good and effective alternative. State feedback linearization has been applied to unidirectional
Buck, Boost and Buck-Boost converters in [36] — [40], where the proposed nonlinear control laws
presented increased robustness and efficiency when compared to traditional linear controllers.

It was also applied to the bidirectional Class-C converter in [41]. However, [41] also discussed
another potential issue on the actual implementation of these control laws into real power
converters. In this case, if the inductor current is used as a feedback term in the denominator of the

control law, the zero crossing of the inductor current represents a difficult feature to deal with.

1.2 Thesis Objectives and Contributions

The applications and topics discussed in the previous sections regarding DC-Microgrids, ESSs
and the implementation of power electronics converters for such applications is an area of research
with several questions to be addressed.

As mentioned earlier in this Chapter, it will be the power converters employed in the DC-
Microgrids and storage systems that will allow the fast and precise power flow control of the

system assuring high power quality. There has been a lot of work regarding the use of different



topologies and their advantages/disadvantages, where the issues addressed go from simplicity of
implementation to control aspects. Therefore, the enhanced operation of power converters and
consequently the operation of the overall system where they are employed, and also aspects such
as system reliability, operational and set-up costs, are directly related to these power electronics
interfaces and their characteristics.

This way, this PhD research aims make a contribution on the main aspects regarding the
operation of power electronics converters considering the characteristics of the mentioned
applications. Among others, these aspects are summarized in this thesis into three mains topics for
discussion/contribution: the modulation scheme employed, steady-state characteristics of the
power converters and modelling/design of a suitable control law. Thus, the main contributions of
this PhD research work are summarized below:

e Proposal of a new modulation scheme for a bidirectional DC-DC converter

e Proposal of a parallel control structure for a bidirectional DC-DC converter

e Proposal of a unified nonlinear control scheme for a bidirectional DC-DC converter

e Proposal of a novel power electronics topology

e Modelling and design of a nonlinear controller for the novel power electronics topology

Based on the above, the following publications were achieved during the realization of this
PhD research work:

Journal publications:

e J1) G. R Broday, L. A. C Lopes and G. Damm, “Exact Feedback Linearization of a Multi-
Variable Controller for a Bi-Directional DC-DC Converter as Interface of an Energy Storage

System” on Energies 2022, 15(71), 7923, pp. 1-26, October 2022.

e J2) G.RBroday, G. Damm, W. Pasillas-Lépine and L. A. C. Lopes, “A Unified Controller
for Multi-State Operation of the Bi-Directional Buck—Boost DC-DC Converter” on Energies 2021,
14(23), 7921, pp. 1-21, November 2021.

Conference publications:

e C1) G. R. Broday, L. A. C. Lopes and H. Karimi, “A Robust Nonlinear Multi-Variable
Controller for a 5-Switch Bi-Directional DC-DC Converter for DC-Microgrids Applications” on
IEEE 1* Industrial Electronics Society Annual On-Line Conference (ONCON) 2022, December
2022, pp. 1-6.



e (C2) G.R. Broday and L. A. C. Lopes, “A Minimum Power Loss Approach for Selecting
the Turns Ratio of a Tapped Inductor and Mode of Operation of a 5-Switch Bidirectional DC-DC
Converter” on IEEE 4" International Conference on DC Microgrids (ICDCM) 2021, Arlington -
USA, July 2021, pp. 1-7.

e (C3) G. R Broday, G. Damm, W. Pasillas-Lépine and L. A. C. Lopes, “Modeling and
dynamic feedback linearization of a 5-switch tri-state buck-boost bidirectional DC-DC converter”
on IEEE International Conference on Industrial Technology (ICIT) 2021, Valencia - Spain, March
2021, pp. 427-432.

e (C4) G. R. Broday and L. A. C. Lopes, “A novel 5-switch tapped-inductor multi-state
bidirectional DC-DC converter” on IEEE International Conference on Industrial Technology

(ICIT) 2018, Lyon - France, February 2018, pp. 596-599.

¢ (5) G. R. Broday, C. B. Nascimento, E. Agostini and L. A. C. Lopes, “A bidirectional
DC-DC converter for Supercapacitors in Hybrid Energy Storage Systems” on IEEE 11

International Conference on Compatibility, Power Electronics and Power Engineering (CPE-

POWERENG) 2017, Cadiz - Spain, April 2017, pp. 298-303.

1.3 Thesis Structure

This PhD thesis consists of 5 Chapters, being this the first one, the Introduction, where the
main aspects concerning DC-Microgrids, ESSs and power electronics interfaces were discussed
and how this research work aims to make a contribution on this field.

Chapter 2 presents the proposal of a unified nonlinear PI-controller for the operation of a well-
known bidirectional DC-DC converter, the 4-switch Bidirectional Buck-Boost DC-DC converter.
The novel unified controller is made possible due to the proposal of a novel multi-state modulation
scheme for such converter. This new modulation scheme, the modelling of the system, and control
considerations, such as controller gains and reference determination, are presented and discussed
in detail in this Chapter. The work presented in this Chapter concerns publication J2, as defined in

the last section.



Chapter 3 presents the novel 5-switch Bidirectional DC-DC converter proposed in this PhD
thesis. The conceptualization of this novel topology and how it arises from some of the limitations
presented by the 4-switch Bidirectional Buck-Boost DC-DC converter are discussed. Then, the
main working principle of the novel topology along the possible operating states and operating
modes are presented. In order to choose one of the possible operating modes for a given operation,
a design example is also discussed in this Chapter. The work presented in this Chapter concerns
publications C2, C4 and C5.

Chapter 4 presents the modelling and control of the novel 5-switch converter based on exact
state feedback linearization employing Lie derivatives. An explicit formal mathematical control
design and stability analysis, based on a zero-dynamics formalism, are also presented and
discussed. The work presented in this Chapter concerns publications J1, C1 and C3.

Finally, Chapter 5 presents the final conclusions of this thesis and possible future works.



2. A Unified Controller for Multi-State Operation of the 4-Switch
Bidirectional Buck-Boost DC-DC Converter

2.1 Chapter Introduction

This Chapter proposes a unified control scheme for the 4-switch Bidirectional Buck-Boost DC-
DC converter that allows it to operate in several multi-state (Tri-state and Quad-state) modes. In
this way, the RHP zero that usually appears in the output voltage/current to duty cycle transfer
functions related to the conventional Dual-state Boost and Buck-Boost modes is eliminated and
the most efficient mode can be used for given operating conditions. A carrier-based Pulse-Width
Modulation (PWM) scheme that allows the operation of the converter with Dual-state, Tri-state
and Quad-state logic is proposed. A model for the converter operating in multi-state with multi-
variable control is developed. It is used to derive a unified control scheme based on feedback
linearization for the control of the output voltage/current of the converter and the intermediate
inductor current with simple PI-controllers, independently. In the proposed scheme, one can have
the converter operating in five different multi-state modes by converting control variables w; and
w> from the control scheme, into three modulation signals u;, u> and u3 according to given rules.
Simulation results are used to show that the dynamic performance of the converter with the unified
control schemed is essentially the same for the converter operating in any of the multi-state modes
and for a wide range of input voltage and output current.

Thus, this Chapter is organized in the following way: In Section 2.2, the multi-state carrier-
based Pulse-Width Modulation (PWM) scheme and modes of operation of the DC-DC converter
are introduced. Section 2.3 presents the mathematical model of the converter and the proposed
control scheme with feedback linearization. Section 2.4 discusses an approach for obtaining the
modulation signals for the PWM (u;, u> and u3) from the control variables (w; and w>) obtained in
Section 2.3. A design example is presented in Section 2.5 and the performance of the proposed
and conventional control schemes are verified in Section 2.6. The Chapter conclusions are stated

in Section 2.7.

2.2 The 4-Switch Bidirectional Buck-Boost DC-DC Converter

Energy storage units such as SCs can provide fast varying currents for power balancing and

voltage regulation of DC-grids, provided they have a suitable interface: Power electronics
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converter and control scheme. A 2-switch class-C DC-DC converter is frequently used as interface
of SCs [21]. However, its dynamic response tends to be relatively slow due to the presence of a
Right Half Plane (RHP) zero in the output voltage (V,) to duty cycle (D) transfer function in the
Boost mode. This can be addressed with a Tri-state logic that eliminates the RHP zero, at the
expense of an addition switch and the use of a multi-variable modulation scheme [42]. Another
issue with the class-C converter is that it loses its power flow control ability, due to the conduction
of the top anti-parallel diode, when the DC-grid voltage falls below the voltage of the storage
device [30].

The 4-switch Bidirectional Buck-Boost converter, with two half-bridges and an intermediate
inductor as shown in Figure 2.1, can be used to overcome this issue [43]. In fact, it was used in a
DC-bus fault protection scheme in [30] and [44]. Its ability to operate in the Buck, Boost and Buck-
Boost modes can be explored in several ways, including increased efficiency [45]-[48]. The Tri-
state logic has also been applied to the 4-switch converter operating in the Buck-Boost mode for
enhanced dynamic performance [49]. One issue with the Tri-state logic is that it concerns a multi-
variable control problem with two variables, usually the ON and OFF duty cycles (Do, and Do)
that need to be determined. The free-wheeling duty cycle (Dsy) is taken as the remainder of the
switching period. The small-signal model employed for the design of linear controllers is
complicated, mostly when one attempts to control two state variables what leads to the appearance
of cross-coupled transfer functions [50]. This can be addressed by keeping constant the duration
of a state, typically Doy [49], or employing a dual-mode control scheme with parallel [51] or
cascaded [52] control loops.
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Figure 2.1 — The 4-Switch Bidirectional Buck-Boost DC-DC Converter
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2.2.1 Operating States of the 4-Switch Bidirectional Buck-Boost DC-DC
Converter

For the proper operation of the 4-switch Bidirectional Buck-Boost DC-DC converter, two
switches must be ON at the same time in order to provide a viable current path, which is also called
as operating state. Then, the combination of the different operating states that can arise will
determine the operating mode and characteristics of the converter for a given operation. For the 4-
switch Bidirectional Buck-Boost DC-DC converter, the generation of its operating states is usually
done by employing 2 modulating signals, one for the left switch-leg (switches Si and S»), and
another one for the right leg (switches S3 and S4), where the only constraint is that the switches
from the same leg cannot be ON at the same time in order to avoid potential short-circuits [30]
[43]-[52]. Then, considering the possible combinations of ON switches at the same time, all four
possible operating states for this converter (Si4, S13, S23 and S24) are shown in Figure 2.2, where
the subscript indicates the switches ON at a given time. Thus, State Sxy concerns a moment when
switches Sx and Sy are ON/activated together.
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Figure 2.2 — Operating states of the 4 switch converter: (a) State Si4, (b) State Si3, (c) State S»3, and (d) State Sa4
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From KVL and KCL analysis of the operating states presented in Figure 2.2, the following can

be determined, where the main aspects of each operating state are summarized in Table 2.1.

e State Si4: In this state, switches S; and S4 are ON. One can find that the voltage v; across
the inductance L is equal to V¢, the currents ic; and ic> through the capacitors C; and C: are,
respectively, (i;-ir) and -i>.

e State Si3: In this state, switches Si and Sz are ON. One can find that the voltage v, across
the inductance L is equal to (V¢ - Vc2). The currents ic; and ic> through the capacitors C; and C>
are, respectively, (i;-ir) and (i-i2).

e State S»3: In this state, switches Sz and S3 are ON. One can find that the voltage v, across
the inductance L is equal to -Vc2, the currents ic; and ic2 through the capacitors C; and C; are,
respectively, i; and (iz-i2).

e State S»4: In this state, switches Sz and S4 are ON. One can find that the voltage v, across
the inductance L is equal to 0, the currents ic; and ic> through the capacitors C; and C> are,

respectively, i; and -i>. This state is also called as free-wheeling state.

Table 2.1 — Summarization of the Operating States of the 4-switch Bidirectional Buck-Boost DC-DC Converter

State ici ic2 VL Current Path/Switches ON
Sia i7-1ir 7 Ve Si and S4
Si3 ir-1ir ir -2 ver - ve? Si1and S3
Sa3 i] ir-12 -ve2 S> and S3
So4 i - 12 0 S> and S4

2.2.2 The Proposed Multi-State Carrier-Based Modulation Scheme
The carrier-based Pulse-Width Modulation (PWM) scheme for the Bidirectional Buck-Boost

DC-DC converter proposed in this thesis is shown in Figure 2.3(a). It presents three modulation
signals, 0 < u; <u> <us3 <V, where V,, is the peak value of the sawtooth carrier, usually assumed
to be equal to 1 V. With the proposed modulation scheme, a third modulating signal is added, and
the control of the right switch-leg is done with 2 modulating signals (#; and u3). By adding an extra
modulating signal, all possible operating states can be used within a switching period and, what is
more, and what will be a topic of discussion further in this Chapter, the decoupling of the state
variables of the system can be achieved. By comparing the modulation signals with the carrier

using the circuit shown in Figure 2.4, one obtains the gating signals for switches Si, Sz, S3 and S4
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as shown in Figure 2.3(b). All four possible states of operation for this converter, and their

sequence within a switching period imposed by the PWM modulator, are shown in Figure 2.3(c¢).
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Figure 2.3 — The proposed carrier-based PWM modulation scheme:
(a) Carrier and modulation signals; (b) Gating signals of the switches; ¢) Operating states
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Figure 2.4 — Realization of the proposed carrier-based PWM modulation scheme for the 4-switch Bidirectional
Buck-Boost DC-DC Converter
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From Figure 2.3, for V,, =1 V, one can see that:
u, =D (2.1)

Uz —uqy = Ds (2.2)

By setting additional constraints concerning the magnitudes of the modulation signals u;, u>
and u3, one can have the converter operating in eight different modes as shown in Table 2.2. The
modes in which the average voltage across the inductor (7) cannot be made zero on a switching
period are not useful/practical. It should be noted that for operation in Buck modes (1 and 4) it is
mandatory that vc; > vez while for the Boost modes (3 and 6) that ve; < vez. It has been shown that
operation in the Buck and Boost modes, when possible, leads to lower power converter losses and

stress on the switches than in the Buck-Boost mode [53].

Table 2.2 — Modes of Operation of the 4-switch Bidirectional Buck-Boost DC-DC Converter

ui uz us States Mode of Operation

0 0 us S23-S24 Not useful — Disregard

0 ux3;  u23 S13-Sa4 Not useful — Disregard

0 uz 1 S13-S23 1 — Dual-state Buck
ur2 U2 1 S14-S23 2 — Dual-state Buck-Boost

U 1 1 S14-S13 3 — Dual-state Boost

0 uz us3 S13-S23-Sa4 4 — Tri-state Buck with free-wheeling (fw)
U uz 1 S14-S13-S23 5 — Tri-state Buck-Boost with no fw

uj U233 U233 S14-S13-So4 6 — Tri-state Boost with fw (123> u;)
U2 UL us3 S14-S23-S24 7 — Tri-state Buck-Boost with fw (u3 > u;2)
Ui uz us3 S14-S13-S23-So4 8 — Quad-state

2.3 Mathematical Model for the 4-Switch Converter

In order to obtain the model that describes the dynamics of the system considered in this
Chapter, the dynamic-average model approach is applied within a switching period, where one can

find the following set of equations:

<lcy >re= (g — i) () + (g — i)z —uyg) + () (uz —up) + (A —uz) (2.3)
<lgy >7rs= (i) (ug) + (i — i) (uy —ug) + (i, —ix)(uz —up) + (—ix)(1 —u3)(2.4)

< v >1s= Wer) (W) + Wer — ve2) (U — wg) + (—ve2) (Uz — up) (2.5)
Then, by making the necessary mathematical manipulations and considering the input and
output currents (i; and i2) as functions of the capacitor voltages (vc; and vc?), feeder resistances

(R; and R>) and the DC-units voltages (V; and V), one can find the following state space model.
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According to (2.6)-(2.8), the converter presents three state variables (vci, vez and iz), and three
control signals (u;, u> and u3). Typically, one wishes to control either the output current of the
converter (i2) or the output voltage of the converter (vc2), which require similar control actions.
Frequently, this is achieved with an inner inductor current (i) control loop and an outer
current/voltage loop [28] [30] [49]. However, with the three modulation signals and the four
possible operating states, one can decouple the output quantities from the inductor current, having
a certain value of vcy, or i, with different values of iz, what is not the case for the conventional
cascaded control scheme. This can be exploited for either reducing the losses in the converter, with
a low value of iz, or having a faster dynamic response for the vc2, with a larger value of i;.
Therefore, in this analysis, it is assumed that there will be a reference value for the average value
of the output voltage (vc2") and a reference value for the inductor current (i1). These values are
not independent and a discussion on suitable values for i, is presented in Section 2.4.

In order to control two of the state variables, one can employ two control variables. Therefore,

by making the following change of variables:

Wl = u3 - u1 (29)
Wy = Uy (210)

One can convert (2.6) — (2.8) to:
dve, W Ver 1 2.11)

dt  R,C, R.C, C 2

dve, v, VUc2 i p 1
_ _ A 2.12
dt  R,C, R,C, G - ¢ oM (2.12)
di, v Ve2
PR A _—
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These are non-linear equations due to the cross product between state variables and control
variables. In such a case, one can design control loops for the average values of the output voltage

(Vc2) and inductor current (/1) based on the feedback linearization technique [37] [39] [40].

2.3.1 Output Voltage Control Loop with Feedback Linearization

The feedback linearization technique can be used in the design of a controller for the output

voltage of the converter (vc2) as follows. First, an auxiliary input variable (vy) related to vc2 and
corresponding to ic; is defined as:

dve, Uy

dt C,

It provides a means for designing a linear PI-type controller (Gvcz) as shown in Figure 2.5.

(2.14)

Then, with v, being the voltage error (vc2* - ve2) processed by the PI-controller, (2.14) becomes:

dvc 1 i %
2t = ¢ leones = ved) + o] = (2.15)
dé i
== Vi~ Ve (2.16)

It should be noted that v, is the output of the output voltage loop PI (vpp) and it corresponds to
ic2. In steady-state, Ic2 and Vpp should be zero. Finally, the value of the control variable wi is

obtained by substituting (2.12) in (2.15) leading to:

1, * 1
W1 = i iz + kepy (V22 = ve2) + kS| = 5 (i, + vpp) (2.17)

There, one can clearly see the presence of the feedforward signals iz and i>, what should make
the dynamic response of the performance of the v control loop determined essentially by the PI-
controller design specifications. Since 0 < u; <u><us3 <1, and according to (2.9), one should have
0 <w;<1. While vcz and V>, are expected to remain positive at all times, i> and i, become negative
as the direction of the power flow reverses, with V2 < V2. Also, when i, crosses zero, the value of
w; changes between oo and - o, requiring a limiter to keep it within the [0 — 1] expected range.

From (2.17), one can say that in steady-state, > = w; Ip with 0 <w; < 1. i, and iz should have
the same sign, with the magnitude of i, being larger or equal to the magnitude of i>. In general,
when one applies a positive step in vco*, the positive error will make vpp change from “0” to

positive. If i> and i, are positive, w; increases so as to increase vc2. Conversely, if i2 and i; are
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negative, w; decreases, due to the negative sign of iz, what should make v¢> increase since ic2 =
wiir - i2. Therefore, the control law described in (2.14) should work for both forward and reverse

power flows.
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Figure 2.5 — Block diagram with the auxiliary variable v, used for the design of the output voltage controller

2.3.2 Inductor Current Control Loop with Feedback Linearization

The same approach can be employed for the inductor current control loop. In this case, another
auxiliary input variable (vy), related to iz and corresponding to vz, is defined as:
dip, vy
dt L
It provides a means for designing a linear PI-type controller (Gcir) as shown in Figure 2.6. With

(2.18)

vy being the voltage error (iL* - ir) processed by the PI-controller, (2.18) becomes:

di;, 1 . Upji

rrini [kpi G = i1) + kuidi] = TL (2.19)
dE.
d—i‘ =i —i (2.20)

One can see from Figure 2.6 that v, is the output of the inductor current PI-controller, vrz;, and
it corresponds to v;. In steady-state both V7 and Ve should be zero. The value of the control
variable w is obtained by substituting (2.13) in (2.19), leading to:

1 . 1
Wy = — [UCZW1 +ky (i — i) + kiifi] = — (Veawy + Vpyi) (2.21)
Uc1 Ve

In the expression above, one sees the feedforward of signals vc;, vez and w;. Neither ver nor
vc2 should present any challenges to the computation of w2, since they should be positive and not
much different from V; and V>. By feedforwarding w;, the dynamic response of the system should
be determined by the current PI-controller. Since 0 < u> < 1 in the PWM scheme and according to
(7), 0 < w2z < 1. Concerning the values of w; and w» in steady-state, one can see from (2.13) that

w2 >wrif ver > vey.
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Figure 2.6 — Block diagram with the auxiliary variable v, used for the design of the inductor current controller

2.3.3 Impact of the Output Current and Input Voltage on the Choice of the
Reference Inductor Current

As discussed in previous Sections, variable w; will be used for controlling vc> and variable w»
for controlling i;. Both control variables should be limited between 0 and 1. This will impose
constraints on the possible values of V;, V> and i; which are important to know. An equation
describing this relationship can be derived from the equivalent circuit shown in Figure 2.7. It
considers the reflection of the voltages V; and V> and resistances R; and R> to the intermediate
(inductor) segment of the converter, using the principle of DC-transformer and the duty cycles of
the S-Sz and S3-S4 converter legs [55].

2 H 2
wy" Ry 178 w1 R,

—\WWA———)——WW\—

Ci') wa w1V Ci')

Figure 2.7 — Equivalent circuit of the converter with sources and resistances reflected to the intermediate segment

Based on (2.1), (2.2), (2.9) and (2.10) the duty cycles of the two legs, which correspond to the

turns ratios of the DC-transformers, can be computed as:

D =w, and D; = w, (2.22)
In general, by controlling vc2, one should be able to control i2, which is related to the inductor

current by:

iz = WliL (223)
Therefore, for a given desired output current (i2) and a given value of inductor current (iz), a

suitable value for wi can be determined. Next, one can estimate a candidate value of w; for given
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values of V1, V2 and i, for a specific value of i> (< ir) and respective value of wi. For the operating
conditions to be feasible, 0 <w, < 1.
By using KVL in Figure 2.7, the following second order equation can be used for calculating

w2l

iLR1W22 - V1W2 + iLR2W12 + V2W1 == 0 (224)
In order to have 0 <w» < 1, with given values of V>, iz, R and R» as w; varies between 0 and a

maximum value (Wimax), there is a minimum value of V1 (Vimin), calculated by:

Vimin = i, (R + RaWimax) + VaWimax (2.25)

Figure 2.8 shows the values of w; as a function of i> with a maximum output current (i2xax) of

20 A, for V>=48 V, ir =40 A (fixed) and R; = R> = 62.5 mQ for various values of V;. For this

particular case, using (22) with wimax = 0.5, one obtains Vimin = 27.125 V. From Figure 2.8, one

can see that for values of V; < Vimin one cannot have 0 < i> < izmax with 0 <w> < 1. Conversely, for
Vi > Vimin, one can have 0 < iz < iopmar with 0 <w, < 1.

Alternatively, one can use a larger iz, say 60 A, and a smaller wimax, say 0.33, for i2me = 20 A.

In this case, one computes Vimin = 20.17 V. Figure 2.9 shows the values of w> as a function of i>

(wiir, 0 <w1<0.33), for 12=48 V, i, = 60 A and for various values of V1. As in the previous case,

an izmax 0of 20 A can be obtained with 0 < wy < 1, as long as V1 > Vimin. In general, in order to

decrease Vimin, it suffices to increase i;. By using a lower wiuax, One increments the Boost effect

that allows the use of a lower input voltage.
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2.3.4 Reference Value for the Inductor Current

In the analysis presented in the previous Section, a constant reference inductor current (iL*) is
considered. One issue is that for a low value of i>*, a low value of w; is used. If one wishes to
reduce vc2*and i2*, the value of w; will decrease and possibly saturate, slowing down the dynamic
response. Besides, if one wishes to reverse the power flow, both 7> and i need to be reversed. The
value of i* should change from, say 60 to -60 A, what will take more time to realize, than if the
current variation was smaller.

Another option is to determine a value for i;* as a function of i>. One of the requirements of
this converter is that, since 0 <w; < 1 and 7> = w; ir, 0 < |i2| <|iz|. This can be based on a gain (kizL),
where ip* = kiz; 12, which is the inverse of the value of w; in steady-state. To keep w; not too low,
so that it can be decreased to regulate vc, without saturating at the minimum value, one can select
kizr = 3, for w; = 0.33. This matches with the conditions shown in Figure 2.9, where for izme = 20

A, ir = 60 A and one can operate with Vi, =20.17 V.

2.4 Obtaining u;, uz and u;3 from w; and w>

The control scheme developed in Section 2.3 for v¢2 and iz considered control variables w; and
wz. For the actual implementation of the proposed multi-state PWM scheme, one needs the
modulation signals u;, u> and u;3 for generating the gating signals of the switches. As shown in
Table 2.2, there are eight possible modes of operation for the non-isolated 4-switch bidirectional
Buck-Boost DC-DC converter. Only those that allow independent control of w; and w2 can be used
with the proposed control scheme. Based on the values they employ for u;, u> and u3, one can say
that only modes 4-8 comply with this condition. Another aspect to be considered is whether they
are compatible with the input and output voltages in the circuit. For instance, mode 4 (Tri-state
Buck) can only be used when vc; > vz while mode 6 (Tri-state Boost) can only be used when v¢;
<wvcz. Conversely, modes 5, 7 and 8 (tri-state Buck-Boost and quad-state) can be used for all cases.

Table 2.3 shows how to obtain u;, u> and u3 from w; and w; for the five multi-state modes. For
mode 5 (Tri-state Buck-Boost with no free-wheeling state), since 0 < u; <u> then, 1 <w; + wy. For
mode 6 (Tri-state Boost with free-wheeling), w; < w». Finally, for mode 8 (Quad-state), one can

use a constant large value for ¢, say 0.95, while ensuring that w; < w> < c.
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Table 2.3 — Multi-state modes of operation compatible with the proposed control scheme.

ui u2 u3 Mode of Operation
0 w2 wi 4 — Tri-state Buck with free-wheeling (fw)
1-wy w2 1 5 — Tri-state Buck-Boost with no fw
Wo-Wg w2 w2 6 — Tri-state Boost with fw
W2 w2 wotwg 7 — Tri-state Buck-Boost with fw
c-wi w2 c 8 — Quad-state

2.5 Design Example

The following parameters were selected for a case study that concerns the interface of a SC
rated at 48 V to a DC-grid also rated at 48 V. It is assumed that the voltage in the SC (V) can vary
between rated and half-rated (24 V < V; < 48 V). Concerning the DC-grid voltage (12), it is
assumed that it can vary by +/- 5% around rated value, thus 45.6 V < V> < 50.4 V. The other
converter parameters are: R; = R> = 62.5 mQ, C; = C>=76.8 uF, L = 38.8 uH, fs = 250 kHz, -20
A<ix<20A.

2.5.1 Controller Design

Based on (2.14) and (2.18), one only needs the values of C> and L, respectively, to design the
output voltage and inductor current controllers. Since in the actual switched converter voltages
and currents present switching harmonics, first order Low-Pass Filters (LPFs) of 100 kHz are
employed in both control loops.

The control specifications are determined following standard procedures for the design of PI-
controllers. The bandwidth of the inductor current control loop (fx iz) is selected as 50 kHz (20%
of fsw) in order to avoid any interference of the switching frequency into the current control loop
and its phase margin as 60°. Since the output voltage of the converter (v¢2) is regulated based on
the switching of the inductor current through the feedforwarding of w;, the bandwidth of the
voltage control loop should present a slower dynamic when compared to the current loop to fully
decouple the two loops, therefore the bandwidth of the voltage control loop is selected as 10 kHz
(20 % of f; iz) and its phase margin as 60°.

Instead of a conventional Pl-controller, a type-2 Pl-controller is used in this study. The
additional pole further helps attenuating the switching harmonics in the sensed inductor current
and output capacitor voltage. Their parameters are: k; = 13.63, 7; = 106.16 ps, fp; = 1668 kHz and
ky=2.46, 7,=193.43 ps, fp» = 30.4 kHz.
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2.6 Performance Verification

There are several aspects of the proposed concept to be verified. First is the performance
achieved with the proposed control scheme with PI-controllers and feedback linearization for
various operating conditions: Forward and Reverse power flows with V; < V> and V; > V>. This
can be done with the mathematical equations derived in Section 2.3 and employing control
variables w; and w>. Next is the performance of the actual switched converter. The goal is to
demonstrate that one can convert control variables w; and w», obtained for the unified model, into
uy, u2 and uz so that the converter operates in a desired mode. The dynamic response of the
converter should be similar irrespectively of the selected mode of operation, as long as both w;
and w, are used for obtaining u;, u> and us3.

The schematic diagram of the proposed control scheme is shown in Figure 2.10. There one can
see how the control laws for w; and w; are created as a function of the reference signals and sensed
converter quantities. LPFs are included to attenuate the switching harmonics and a limiter is used
to prevent the magnitude of iz, used in the denominator of (2.17), from becoming too small, during
power flow reversals. Limiters are also used for keeping w; and w> that correspond to D3 and D;,
within 0 and 1. Then, depending on the selected mode of operation, control variables, w; and w2,
are converted into the modulation signals u;, u> and u3, and used in the PWM modulator of Figure

2.3 to create the gating signals for the switched converter.
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N eq.(2.21) 25 LM
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NEEE
TT7T L=
, L va va T
V2 W1 Mode of
H eq. (2 1 7) 7| LIM Operation
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Figure 2.10 — Proposed unified controller for multi-state operation of the bidirectional Buck-Boost DC-DC converter
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2.6.1 Control Scheme with PI-controllers and Feedback Linearization

The performance of the proposed unified controller for multi-state operation of the 4-switch
Bidirectional Buck-Boost DC-DC converter is verified with the mathematical model in this
Section. The parameters of the SC interface (V; in Figure 2.1) are those shown in Section 2.5. A
SC with a small capacitance (15 mF) is the base value used in this test so that one can observe the
variations of the voltage in the storage unit (vi) as well as the fast varying current and voltage
waveforms, in the same time frame. It is assumed that the magnitude of the DC-bus voltage and
feeder (2) and the value of the feeder impedance (R2) are known. They are used in the calculation
of the reference value for the output capacitor voltage (vc2*) and inductor current (i *) as a function
of the reference injected current (i2*). As mentioned in Section 2.3.4, ki2z = 3.

Key waveforms obtained with control laws for wi and w2, (2.14) and (2.18), and the
mathematical model of the converter, (2.11)-(2.13), are shown in Figure 2.11. On the top, one can
see the waveform of the DC-bus voltage (v2), with an average value 0of 48 V and a +/-5% triangular
ripple of 40 Hz along with the voltage across the SC (vi). The latter varies as a function of the
injected current (i2), shown just below, which concerns a staircase waveform of 20 Hz and
maximum current of 20 A. The voltage across the SC increases when i> > 0 and decreases when i
< 0. The injected power is shown in the screen at the bottom, presenting a zero average value. In
such a case, the power losses across the two feeder resistors come from the SC, which tends to
discharge over time, as seen in the top screen. For most of the time, vi < v, but vi > v, in a short
segment. Therefore, the converter needs to operate in both the Boost (step-up) and Buck (step-
down) modes. It is evident that there is good tracking of the reference values for the injected current
(i2), output capacitor of the converter (vc2) and inductor current (iz), with control signals, w; and

w2, shown just below those waveforms.
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Figure 2.11 — Waveforms with the mathematical model: a) Input and output voltages (in Volts); b) Reference and
output current (in Amps); ¢) Reference and output capacitor voltage (in Volts); d) Reference and inductor current (in
Amps); e) Control variables; f) Injected power (in Watts)
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2.6.2 Performance Verification with the Switched Converter

Having shown that the proposed control scheme provides a fast and accurate control of the
inductor and the output current of the converter using the developed mathematical model of the
system, its feasibility is verified with the switched converter for the same test conditions. This is
done by simulation with the power electronics software PSIM.

In this case, the control variables (w1 and w») are converted into the modulation signals of the
PWM modulator (u1, u> and u3) so that the converter operates in a desired multi-state mode
according to the expressions shown in Table 2.3. Since the converter is expected to operate in the
Buck and Boost modes, only the Tri-state Buck-Boost and Quad-state modes, in Table 2.3, are
considered at first.

Figure 2.12 shows key waveforms for the switched converter operating in the Quad-state mode.
The waveforms are essentially the same obtained for the mathematical model test. The main
difference is the presence of switching harmonics. Index “con” indicates results obtained with the

switching converter while “mod” refer to the mathematical model.
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Figure 2.12 — Waveforms with the switched converter in the quad-state mode: a) Input and output voltages (in
Volts); b) Reference and output current (in Amps); ¢) Reference and output capacitor voltage (in Volts); d)
Reference and inductor current (in Amps); e) Control variables
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In Figure 2.13, one can see a close view of the control parameters (w; and w>), the modulation
signals (u#; < u2> < u3) and the gating signals of switches S; and S3. There one can observe all sorts
of combinations of vgs; and vgs3, meaning that all four switching states are employed in the quad-

state mode.
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(c)
Figure 2.13 — Waveforms with the switched converter in the Quad-state mode:
a) Control variables; b) Modulation signals; ¢) Gating signals of switches S; and S3

Figure 2.14 shows the same waveforms for the switched converter operating in a tri-state Buck-
Boost mode, mode 5 in Table 2.3. The waveforms are essentially the same as those for the quad-
state mode. As shown in Figure 2.15, the free-wheeling state, when S> and S4 conduct together, is

not present in this mode.
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Figure 2.14 — Waveforms with the switched converter in the Tri-state Buck-Boost no free-wheeling mode: a) Input
and output voltages (in Volts); b) Reference and output current (in Amps); ¢) Reference and output capacitor voltage
(in Volts); d) Reference and inductor current (in Amps); €) Control variables
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Figure 2.15 — Waveforms with the switched converter in the Tri-state Buck-Boost no free-wheeling mode:
a) Control variables; b) Modulation signals; ¢) Gating signals of switches S and S3

For testing the converter operating in the Tri-state Buck and Boost modes, one should always
have v; > v> and v; < v, respectively. In order to keep the same output voltage and current
waveforms, one can change the initial voltage of the SC (v;) so that the converter always operates
in the desired mode. Besides, it is important to reduce the range of variation of v; by increasing
the capacitance of the SC to 0.03 F. Figure 2.16 shows waveforms for the switched converter

operating in the Tri-state Buck mode, where v; is always bigger than v..
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Figure 2.16 — Waveforms with the switched converter in the Tri-state Buck mode: a) Input and output voltages (in
Volts); b) Reference and output current (in Amps); ¢) Reference and output capacitor voltage (in Volts); d)
Reference and inductor current (in Amps); ¢) Control variables
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Again, the unified controller allows a fast and close tracking of the reference quantities. The
quantities obtained with the model, index “mod”, are shown along with those of the switched
converter, index “con” to show the similarities. The major difference is the presence of the
switching harmonics that can be seen in some waveforms. The control parameters, modulation
signals and gating signals of switches are shown in Figure 2.17, where one can see that only three

states are used, S13-S23-S»4, as seen in Table 2.1.

wl con w2 con

1
0.8
0.6
0.4
0.2
0
(a)
ul ul u3
1
0.8
0.6
0.4
0.2
0
(b)
vgS1+1.5 vgS3
2.5
2
1.5 4) \ { \—
1
| \ / |
0
50.2032m 50.2048m 50.2064m 50.208m 50.2096m
Time (s)
(c)

Figure 2.17 — Waveforms with the switched converter in the Tri-state Buck mode:
a) Control variables; b) Modulation signals; ¢) Gating signals of switches S and S3

Finally, Figure 2.18 shows waveforms for the switched converter operating in the Tri-state
Boost mode, where v; is always smaller than v,. It should be noted that the conventional class-C
DC-DC converter could not be used in this case. The unified controller allows a good tracking of
the reference quantities. In the bottom screen, the control variables obtained for the switching

converter, index “con”, are similar to those obtained for mathematical model, index “mod”. The
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control parameters, modulation signals and gating signals of switches, with only three-states, are

shown in Figure 2.19. In this particular case u> = u3, as determined in Table 2.3.
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Figure 2.18 — Waveforms with the switched converter in the Tri-state Boost mode: a) Input and output voltages (in
Volts); b) Reference and output current (in Amps); ¢) Reference and output capacitor voltage (in Volts); d)
Reference and inductor current (in Amps); e) Control variables
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Figure 2.19 — Waveforms with the switched converter in the Tri-state Boost mode:
a) Control variables; b) Modulation signals; ¢) Gating signals of switches S and S3

2.6.3 Comparison to a Conventional Technique

The performance of the proposed unified controller for multi-state operation will be compared
with a conventional technique. In this case, it concerns the 4-switch Bidirectional DC-DC
converter operating with Dual-state in the Buck-Boost mode (mode 2 in Table 2.2). The output
current (i2) is controlled with a single loop employing a standard PI-controller. This is designed
considering a model of the plant linearized around a certain operating point. The transfer function

relating the injected current (i2) to the duty cycle (D) of the converter is the following:

iZ (S) _ 1 (VC1 + VCZ) - (ILL)S (2 26)
D(s) R,LC 1 (1 = D)? |
S 28%2 162 4 (m) s+ T

One can clearly see that the system presents non-minimal phase when 7, > 0. A linear PI-

controller was designed for the current loop considering Ve = Ve =48 V, D=0.5 and I, =40 A.
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Because of the RHP zero at 4.7 kHz, the bandwidth of the control loop should be about 20%
of that, thus it was selected as 1 kHz with a phase margin of 60°. A first order LPF of 25 kHz was
employed at the sensed output current signal. The parameters of the current loop PI-controller are:
ki=5.1m, 7; =918 ps, f,i = 5.8 kHz.

The conventional technique was used in the switched converter for the test case presented in
Figure 2.11. The capacitance of the SC is 15 mF and the DC-bus voltage (v.) presents an average
value of 48 V and a +/-5% triangular ripple of 40 Hz. Figure 2.20(a) shows the SC voltage and the
DC-bus voltage on the top. Figure 2.20(b) at the bottom shows the staircase reference output
current along with the current obtained with the proposed, index “con’ and the traditional, index
“trad” control schemes. In this case, the filtered (25 kHz) output current signals are shown, so that
one can better observe the difference between the two responses. There one can see that the
response of the traditional PI-controller presents longer settling times than the proposed scheme,
and sometimes it fails to track the reference current. This is because the PI-controller was designed
for operation close to a certain operating point. Figure 2.21 shows the response of the two
controllers when both the input and the output voltages are 48 V, the values used in the model of
the plant and design of the traditional PI-controller. There one can see that the proposed and the

conventional control techniques perform equally well.
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Figure 2.20 — Waveforms with the proposed unified multi-state controller and the traditional dual-state Buck-Boost
controller for the SC interface to a DC grid: a) the input and output voltages (in Volts) for the two cases b)
Reference and output currents (in Amps) for the two cases
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Figure 2.21 — Waveforms with the proposed unified multi-state controller and the traditional dual-state Buck-Boost
controller for two 48 V regulated DC-buses: a) the input and output voltages (in Volts) for the two cases b)
Reference and output currents (in Amps) for the two cases

2.6.4 Discussion of Results

The first test shown in Section 2.6.1 for the 4-switch Bidirectional Buck-Boost DC-DC
converter interfacing the SC to a DC-grid, considered the mathematical model of the converter and
the control laws for control variables w; and w.. The resulting waveforms show that the proposed
control scheme with multi-variable control and feedback linearization provides a very good
transient response to step variations in the reference currents i>* and ir*. Besides, the load
disturbance, represented by the triangular voltage ripple on the DC-bus, did not degrade the
tracking of currents nor output voltage in steady-state. The dynamic responses with fixed PI-
controllers was essentially the same despite the large variation in the SC voltage, 28 V to 50 V,
and the reversal of the power flow direction. This is provided by the feedback linearization
technique.

The second test shown in Section 2.6.2 considered the actual/switched bidirectional DC-DC
converter, with the scheme for converting control variables w; and w>, into PWM modulation
signals u;, u> and u3, according to a selectable and desired multi-state mode of operation. The
Quad-state and Tri-state Buck-Boost modes were used for the cases where the input voltage is

smaller and larger than the output voltage. For the test with the Tri-state Buck and Tri-state Boost
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modes, the values of the SC and initial input voltage were adjusted so that the input voltage is
always larger, for the Buck, and smaller, for the Boost, than the output or DC-grid voltage,
considering the same reference output current and DC-bus voltage. It should be noted that, taking
into account all these tests, the input voltage varied between 28 V and 58 V but the dynamic
response of the proposed control scheme with fixed PI-controllers was essentially the same for all
multi-state modes of operation.

The fact that the conventional current control scheme for a Dual-state Buck-Boost DC-DC
converter with a single PI-controller works well when the operating conditions do not vary much
was highlighted in Section 2.6.3. There it was shown that in applications such as the interface of a
SC, with a wide voltage variation, to an unregulated DC-grid, the use of the proposed unified
controller provides a better response in terms of dynamic response and tracking of the reference

output current.

2.7 Chapter Conclusions

This chapter presented a unified controller for multi-state operation of the 4-switch
Bidirectional Buck-Boost DC-DC converter suitable for interfacing SCs to DC-grids. According
to the literature, multi-state operation of DC-DC converters allows the elimination of RHP zeros,
switch power loss equalization, etc. The challenge of multi-variable control was tackled by
employing feedback linearization and simple fixed PI-controllers. A mathematical model for
designing the controllers and obtaining the control laws for the generic parameters (w; and w>) was
developed. These can be converted to three modulation signals (u;, u> and u3) and used in a carrier-
based PWM scheme for generating the gating signals for five different multi-state modes of
operation. The technique was verified by means of simulations in the interface of a SC operating
in a wide range of voltages to a DC-bus with a +/-5% of voltage ripple. The same set of controllers
provided fast and accurate regulation for step changes in the reference quantities under bi-
directional power flow for the converter operating in Quad-state, Tri-state Buck-Boost, Tri-state

Buck and Tri-state Boost modes.
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3. The Novel 5-Switch Tapped-Inductor Multi-State Bidirectional DC-DC
Converter

3.1 Chapter Introduction

In this Chapter, based on the previous limitations presented by the 4-switch converter
employing the nonlinear controller based on feedback linearization, a novel bidirectional power
electronics converter is proposed. It concerns a 5-switch DC-DC converter, based on a Tapped
Inductor (TI), that presents voltage gains that vary as a function of the duty cycle (D) and the turns
ratio (n) of the TI with Buck, Boost and Buck-Boost characteristics. Unlike previously reported
DC-DC converters, this one allows reversal of the power flow without reversing the intermediate
inductor current. This is beneficial since the inductor current, which is often used in the
denominator of nonlinear control laws, will always be positive eliminating potential singularities.

Thus, this Chapter is organized in the following way: In Section 3.2, the novel 5-switch
converter is introduced, where the working principle of the converter as well as the possible
operating states/modes are presented and discussed in detail. Section 3.3, the steady-state analysis
of some selected modes is discussed, where the main equations and theoretical waveforms are
presented. In section 3.4, the impact of » into the voltage gain characteristic of the novel topology
is assessed. Then, from section 3.5 to 3.7, an approach on how to select the value of » and operation
modes for a given operation based on the power losses of the novel topology is discussed. Finally,

the conclusions of this Chapter are stated in section 3.8.

3.2 The Novel 5-Switch Converter

As discussed in the last Chapters, SCs are devices that come in high capacitances and low
voltages. It is possible to achieve higher voltage levels with the association of multiple SCs in
series, but this should yield higher costs and complexity in order to assure voltage balancing across
long arrays of SC cells. On the other hand, there is a trend for increasing the magnitude of the DC-
bus voltage of Microgrids where, by doing so, the current drawn for a given power demand is
reduced, thus reducing conduction losses and also reducing the size and weight of conductors. This
presents a challenge for the connection of SCs to these systems. Therefore, a suitable power
electronics topology that can present high voltage conversion characteristic is needed to interface

SCs to high-voltage DC-buses in DC-Microgrids.
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In this scenario, even presenting the Buck and Boost operation capability, the 4-switch
converter discussed in the last Chapter is not suitable for applications where a high/low gain is
required. This is due to the fact that this converter presents just the conventional Boost/Buck
operation, where the voltage gain is defined just as a function of the duty cycle (D) of the
controllable switch, in this case 1 / (1-D) for the Boost mode and D for the Buck mode.

This way, to deal with the voltage gain limitations of the previous topology, a new converter
was proposed by [19]. In this new topology, switches S»> and S4 of the 4-switch converter are
replaced by a single switch that taps the inductor. By employing a Tapped Inductor (TI), the
voltage gain range of the converter is extended, where it will become a function of two parameters,
the D of the controlled switch and the turns ratio (n) of the tapped inductor, meaning that the D of
the converter at a certain operating point can be chosen according to the needs of the system, which
means that an appropriate value can be determined based in the winding ratio of the inductor,
where the converter will work with higher efficiency and the utilization of the circuit components
is optimal [55]-[59]. Also, high or low voltage gains can be achieved with these TI-based
topologies, presenting low components cost and relatively high efficiency. Talking specifically
about D range extension for high/low voltage gains, TI-converters are regarded to present the best
weight, size, complexity and cost associated when compared with other methods used to the same
purpose (such as the cascading of converters, the use of multi-winding transformers and quadratic
converters) [55]-[59].

However, [20] and [60] showed that the 3-switch T1 converter proposed by [19] presents some
limitations regarding the speed of its current/power flow control, since the power flow direction is
based on the direction of the current flowing in the magnetizing inductance of the TI. Also, by
removing a switch when compared with the 4-switch converter, the switching schemes available
for this converter and consequently the use of multi-state operations is limited, and concerns
regarding the RHP zero and the aging of components plays again a role in the implementation of
this converter [20] [60].

Figure 3.1 shows the power electronics converter proposed in this Thesis and discussed in this
Chapter. It consists of 5 power switches and a TI interfacing two DC-elements. One of the main
features of this converter is a high voltage gain that can be achieved by adjusting the n of the TI.

Besides, the direction of the power flow can be reversed without changing the direction of the

39



intermediate inductor (magnetizing inductance) current (iry), which favors a faster dynamic
response in case of power flow reversal.

For the proper operation of the power converter, switches Si to S4 should be unidirectional in
terms of current, such as those used in PWM Current Source Inverters (CSIs), which can be
achieved by employing either IGBTs with reverse blocking capability or IGBTs/MOSFETs in
series with a diode. Conversely, St (the switch that taps the inductor to the common node of the
DC-buses) is a standard IGBT/MOSFET with anti-parallel body diode for bidirectional current
flow. The TIis modeled as an ideal transformer with two windings (L7; and L72) and a magnetizing
inductance (L) in parallel with the primary winding, where the turns ratio of the windings, L7i/Lz2,
is n/l1. Besides, it presents different operating states depending on the switching logic
implemented, leading to controllable voltage gains (72/V;) that vary with the control variable (the
duty cycle D of the switches) with Buck, Boost and Buck-Boost characteristics. The choice of the

turns ratio of the TI (n:1) affects the values of D that should be neither too small nor too large.
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Figure 3.1 — The proposed 5-switch Bidirectional DC-DC Converter

For further analysis purposes, since this is a bidirectional topology and considering the circuit
presented in Figure 3.1, it is assumed that, if the power flows from V; to V2, meaning that i; and i>
are positive, the converter operates in the Forward mode (P;«2). On the other hand, if the power

flows from V> to V3, i; and i> are negative and the converter operates in the Reverse mode (P21).

40



3.2.1 Forward Mode of Operation

Similar to the 4-switch converter presented and discussed in the last Chapter, the proposed 5-
switch converter presents operating states that, when combined, make the converter operate with
given features. For the operating states, the current path must be provided by two active switches.
However, different from the 4-switch converter where the same operating states could be used for
both power flow directions, each power flow direction presents operating states that can only be
used for that specific condition/operation. This way, the operating states of the Forward mode of

the novel 5-switch bidirectional converter are presented next in Figure 3.2.
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Figure 3.2 — Operating states of the Forward Mode for the proposed 5-switch Bidirectional DC-DC Converter

From KVL and KCL analysis of the operating states presented in Figure 3.2, the following can
be determined:

e State Sot: In this state, switches S and St are ON. One can find that the voltage v across
the magnetizing inductance Ly is equal to v¢;. The current i’; is the magnetizing current izy and,

since both switches S; and S4 are OFF, the current i > is equal to 0.
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e State So3: In this state, switches S1 and S3 are ON. One can find that the voltage v across

the inductance Ly is equal to [n (Vci - V)] / (n+1). For this state, since the energy is transferred
directly from one voltage source to the other, current i’; and i "> present the same magnitude, which
is [n (ira)] / (n+1).

e State S31: In this state, only switch S3 is ON, and the complimentary current path is
provided by the antiparallel body-diode of switch St. From this operating state, one can find that
the voltage v across the inductance Ly is equal to -nvc2. Now, since both switches Si and S are

OFF, the current i ’; is equal to 0, and the current i ' is nizy, which is the reflected current from the
magnetizing inductance.

e State S34: In this state, switches S3 and S4 are ON. This is called as the Forward free-
wheeling operating state. For this state, the voltage v is equal to OV, and both currents i’; and
i’> are also OA.

Based on the analysis of the operating states presented above, the main aspects of each

operating state are summarized next in Table 3.1.

Table 3.1 — Summarization of the Forward operating states for the novel 5-switch Bidirectional DC-DC Converter

State i’1 i’ VLM Current Path Power Flow
Sor iLm 0 ver >0 S> and St V1 to inductor
Sz (miwm)/(n+1) (miwm)/(n+1) (nvci-nvey)/(n+l) S> and S3 Vito V>
Sat 0 nim -nVe? S3 and D(Sr) Inductor to V>
S34 0 0 0 S;and S4  Free-wheeling (fw)

Then, from the combination of the possible operating states, the novel 5-switch bidirectional
converter can present up to 8 different operating modes for the Forward power flow. Note that,
since the 5-switch converter is an extension of the 3-switch converter (which was already a TI

version of the 4-switch converter), these modes are similar to the ones from Chapter 2.

Table 3.2 — Forward operating modes for the novel 5-switch Bidirectional DC-DC Converter

States Mode of Operation

S23-Sat 1 — Forward Dual-State Buck

So1-S23 2 — Forward Dual-State Boost

Sor-Sat 3 — Forward Dual-State Buck-Boost
S23-S31-S34 4 — Forward Tri-State Buck with Free-wheeling (fw)
Sor-S23-S34 5 — Forward Tri-State Boost with fw
So1-S31-S34 6 — Forward Tri-State Buck-Boost with fw
Sor-S23-S3T 7 — Forward Tri-State Buck-Boost with no fw

So1-S23-S31-S34 8 — Forward Quad-State Buck-Boost
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3.2.2 Reverse Mode of Operation
Now, for the Reverse mode, the possible operating states are presented next in Figure 3.3. They
are very similar to the ones from the Forward mode, where the main difference between these

modes is that switches S, and S3 are the ones used for the Forward mode, while S; and S4 are the

main switches for the Reverse mode, with St being the only switch used for both modes.
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Figure 3.3 — Operating states of the Reverse Mode for the proposed 5-switch Bidirectional DC-DC Converter

Similar to the Forward operation, from KVL and KCL analysis of the operating states
presented in Figure 3.3, the following can be determined, where the main aspects of each operating

state are summarized in Table 3.3.
e State S4t: In this state, switches S4 and St are ON. One can find that the voltage v across

the magnetizing inductance Ly is equal to Vc2. The current i > is the negative magnetizing current

(-iLm) and, since both switches S1 and Sz are OFF, the current i’; is equal to 0.
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e State S14: In this state, switches S1 and S4 are ON. One can find that the voltage v across
the inductance Ly is equal to [ (Vc2- ver)] / (n+1). For this state, the energy is transferred directly
from V> to V7, currents i ’; and i > present the same magnitude, which is in this case [-n (iza)]/(n+1).

e State Sit: In this state, only switch S; is ON, and the complimentary current path is
provided by the antiparallel body-diode of switch St. From this operating state, one can find that
the voltage v across the inductance Ly is equal to -nvc;. Now, with switches S3 and S4 turned
OFF, the current i 2 is equal to 0, and the current i ’; is the reflected current from the magnetizing
inductance (-niLy).

e State Si2: In this state, switches S; and Sy are ON. This is called as the Reverse Free-
wheeling operating state. For this state, the voltage v is equal to OV, and both currents i’; and
i’> are also OA.

Based on the analysis of the operating states presented above, the main aspects of each

operating state are summarized next in Table 3.3.

Table 3.3 — Summarization of the Reverse operating states for the novel 5-switch Bidirectional DC-DC Converter

State i’1 i’ vL Current Path Power Flow
Sat 0 - i ve2>0 S4 and St V> to inductor
S (-nitm)/(n+1) (-niwm)/(n+1) (nvcz-nvey)/(n+l) Si and S4 V>to Vi
Sit -n LM 0 -nver Si and D(Sr) Inductor to V;
Si2 0 0 0 Siand S» Free-wheeling (fw)

Then, with the combination of the operating states presented in Table 3.3, the Reverse mode
can also present up to 8 different operating modes. These modes are presented next in Table 3.4,
where one sees that these modes are basically the same as the ones from the Forward mode.
However, one should note that now the terms Buck, Boost and Buck-Boost relate to the magnitudes

of V> to Vi, while for the Forward mode relates to the opposite, which is V; to V.

Table 3.4 — Reverse operating modes for the novel 5-switch Bidirectional DC-DC Converter

States Mode of Operation

S14-Sit 1 — Reverse Dual-State Buck

Sar-S14 2 — Reverse Dual-State Boost

Sat-SiT 3 — Reverse Dual-State Buck-Boost
S14-Si1-S12 4 — Reverse Tri-State Buck with Free-wheeling (fw)
Sat-S14-S12 5 — Reverse Tri-State Boost with fw
Sar-S1T-S12 6 — Reverse Tri-State Buck-Boost with fw
Sat-S14-S1T 7 — Reverse Tri-State Buck-Boost with no fw

Sar-S14-S17-S12 8 — Reverse Quad-State Buck-Boost
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3.3 Steady-State Analysis of Dual-State Modes

Since it would be unfeasible to present the analysis of all operating modes presented in Tables
3.2 and 3.4, just the analysis of the Dual-state operations are presented next in this Thesis in order
to highlight some of the features of this new topology. The main reason for that is that these modes
already present the 3 mains operating states for each power flow direction: S»3, Sot and Szt for the
Forward modes; and Sit, S14 and Sar for the Reverse modes.

In order to determine the modes to be presented/analyzed, it is assumed that V; will be the
high-voltage side and V2 the low one. Based on this assumption, the converter can operate in 4
different Dual-State modes: 2 for the Forward mode and 2 for the Reverse mode. They are: Buck
and Buck-Boost modes for the Forward case, and Boost and Buck-Boost for the Reverse case.

Their analysis is presented next.

3.3.1 Forward Dual-State Buck

For the Forward Dual-State Buck mode, switch S3 in ON during all the switching period,
whereas switches S is PWM controlled. During the first operating state (S23), switches S» and S3
are ON, and the duration of this operating state is defined by the duty cycle D>r, which is the duty
cycle of switch S». From this state, the following equations for the current through the ON switches

and the voltage of the OFF switch can be found to be:

n(ipy)
= =77 3.1
lSZ n+ 1 ( )
. n(ipm)
= 3.2
ls3 n+1 (3.2)
Vst = Ve1 — Vim (3.3)

For the second operating state (S3t), switch S; remains ON, switch S; is turned OFF and the
current finds a path through the antiparallel body-diode of St. Now, the equations that define this
state are presented from (3.4) to (3.6).

is3 = n(iLy) (3.4)
isr = —n(ipm) (3.5)
Vsz = Ve1 — Vim (3.6)
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From the previous equations, one sees that all the currents and voltages of the semiconductors
are directly related to the values across the magnetizing inductance. This way, knowing how this
inductance behaves and the theoretical waveforms of it is of high importance. From the analysis
of the Forward Dual-State Buck mode, one can draw the theoretical waveforms for the voltage and
current across the magnetizing inductance Ly. This is presented by Figure 3.4.
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Figure 3.4 — Forward Dual-State Buck: Theoretical waveforms of the magnetizing inductance
Then, based on Figure 3.4, one can find (3.7), which is the equation that depict the average
values of the magnetizing voltage within a switching period.

n(ver — vez)

n+1 Dy3 + (—nvc2) (1 — Dy3) (3.7)

VLM=[

By considering the average value of viy to be zero in steady-state, one obtains the voltage

conversion characteristic of this mode as (3.8).

v D
T e (3.8)
V1 n+1-— nD23
Also, as can be seen from equations (3.1), (3.2), (3.4) and (3.5), the switch currents are a
function of the magnetizing current, izy. Therefore, with the theoretical waveform of izy presented

in Figure 3.4, one can define the time equation for the switch currents as the following:

n(i -1 ni
(iLm2 LMl)l ‘4 [ LM1

0 <t < Dy3Ty

Is2(8) = 4| (n 4+ 1)Dy3Ts (n+ D) (3.9
0' D23TS S t S TS
( n(ipmz — iLm1) nipy

t+ ) 0<t< D,3T

: (n + 1)Dy3Ts [(n D 23T
Is3(t) = : . ) . (3.10)

ln(lLMl —irm2) ln(LLMZ - lLMlDZS)l DoiTe <t <T

l (1 = Dy3)Ts (1 —Dy3) ' B =S
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0, 0 <t < Dy3T5
[ = n(ipys — 1 n(ip2 — gD
Isr(t) _[ (iLm LMz)l ‘ [ (iLmz — im1D23) ’ Dy Ts <t < Ty (3.11)
(1 = D23)Ts (1= Dg3)

Finally, the average value of the magnetizing current /1), and the equation for the sizing of the

magnetizing inductance are presented next by equations (3.12) and (3.13), respectively, where: f;

is the switching frequency; P. is the rated power and Aizy the inductor current ripple.

_ (n+ 1P, (3.12)
M nvgy Dy .
_ n(ver — Vez)Das (3.13)

L. =
M7 (n+ DAigyf,

3.3.2 Forward Dual-State Buck-Boost

For the Forward Buck-Boost mode, switch St in ON during all the switching period, whereas
switches S» and S; are the ones PWM controlled. During the first operating state (S2r), switches
Sz and St are ON, and the duration of this operating state Dot is defined by the duty cycle of switch
S», which is D>r. From the analysis of this state, one can find the following equations for the current

and voltage across the power semiconductors.

isz == iLM (314)
ls = iLm (3.15)
Viy + v
Vg3 = — (—LM - Cz) (3.16)

For the second operating state (S3t), switch Stremains ON, switch S; is turned OFF and switch
S; turns ON. Now, the equations that define this state are presented from (3.17) to (3.19). Note

that both the Forward Buck and Forward Buck-Boost modes present the same second operating

state.
is3 = n(iLm) (3.17)
isr = —n(ipy) (3.18)
Vs = Ve1 — Vim (3.19)

As for the Forward Dual-State Buck mode, all the equations of the Forward Buck-Boost mode

are functions of the voltage and current across the magnetizing inductance. This way, Figure 3.5
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presents the theoretical waveforms of the voltage and current across the magnetizing inductance

for the Forward Dual-State Buck-Boost mode.
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Figure 3.5 — Forward Dual-State Buck-Boost: Theoretical waveforms of the magnetizing inductance

Based on Figure 3.5, one can find the following equation that depicts the average voltage value

of the magnetizing inductance within a switching period.

Vim = (We1) (D7) + (—nvez) (1 — Dor) (3.20)
From (3.20) and, by considering the average value of v,y to be zero in steady-state, one obtains
the voltage conversion characteristic of the Forward Dual-State Buck-Boost mode in (3.21).
Ve _ Do
ver  n(1—Dyr)

Similar to the previous mode, the time equations for the switch currents for the Forward Dual-

(3.21)

State Buck-Boost mode can be found from the theoretical waveform of the magnetizing inductance

current, izy. They are presented next from (3.22) to (3.24).

iy, — i
Lﬂﬁ—iﬂ4t+hmp 0 <t < DyTs

iSZ (t) = DZTTS (322)
0, Dyls=t=T;
0, 0<t<DyTs
igz(t) = { [nCiLm — iLmz)l [n(iLMZ - iLMlDZT)l DyrTs <t < Ts (.23
(1 = Dyp)Ts (1= Dar) ’ o
i — i
Wl t + iLMl' 0<st< DZTTS
. 2rls
isr(t) = S oy — 2
ST _ ln(lLMl — lLMz)l . ln(lLMz - lLMlDZT)l DorTe<t<T
U a-p015 =Dy |7 THEEEE
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The average value of the magnetizing current and the equation for the sizing of the magnetizing
inductance for the Forward Dual-State Buck-Boost mode are presented next by equations (3.25)

and (3.26), respectively.

P
Iy =— (3.25)
Ve1Dar
ve1Dar
= — 3.26)
M Aipyfs (

3.3.3 Reverse Dual-State Boost

For the Reverse Boost mode, switch S4 in ON during all the switching period, whereas switches
Si and St are PWM controlled. During the first operating state (Sar), switches S4 and St are ON,
and the duration of this operating state (Dast) is defined by the duty cycle of switch St. From the

analysis of this state, the following equations can be found.

isq = Iy (3.27)
iST = iLM (328)
—(nves +V,

pey = ( Cln L) (3.29)

For the second operating state (S14), switch S4 remains ON, switch St is turned OFF and switch
Si1 turns ON. Now, the equations that define the current and voltage across the power

semiconductors are presented from (3.30) to (3.32).

n(iLM)
= 3.30
ls1 ) ( )
n(ipm)
— 3.31
lsa ) ( )
Vst = Vez — Vim (3.32)

Following the same steps from the previous operating modes of the Forward operation, one
can find see the theoretical waveforms for the magnetizing inductance of the Reverse Dual-State
Boost mode in Figure 3.6. Also, the equation for the average value of the magnetizing voltage in
a switching period can be seen in (3.33) and, after considering the steady-state value of v.u to be

0, the voltage conversion characteristic of this mode in (3.34).
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Figure 3.6 — Reverse Dual-State Boost: Theoretical waveforms of the magnetizing inductance

Vim = (0c2) (Dyr) + %] (1 = Dyr) (3.33)
Vez _ (1~ Dar) (3.34)

Veq n+ Dyr
Next, from equations (3.35) to (3.37), the time equation for the switch currents of this mode
based on Figure 3.6 are presented.
0, 0 <t < DyrTs

is1(t) = l n(ipms = im2) l n(ipmz — imaDar) ' DypTs < t < T (3.35)
(n + 1)1 = Dar)Ts (n+ 1)(1 = Dyr)

(iLMZ - iLMl)

t+ iLMl’ 0<st< D4—TTS
DyrTs

540 = J J (i i (3.36)
> n(ipms — im2) l n n(im2 = ipma Dar) DT <t <T
U+ D — Dyp)Ts |+ D1 —Dap) |’ arTs =t < Ts
(imz = im1)]
j — 7 |ttimn 0=t < DyrT,
Lsr(t) = Dyr T LM1 4t ls (3.37)

0, DyrTs <t < Tg
The average value of the magnetizing current and the equation for the sizing of the magnetizing

inductance for the Forward Dual-State Buck-Boost mode are presented next by (3.38) and (3.39).

(n+ 1P,

—_ e (3.38)
M Vea(n + Dyr)
VeaDyr
= — (3.39)
M Aipyfs
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3.3.4 Reverse Dual-State Buck-Boost
For the Reverse Dual-State Buck-Boost mode, switch Stis ON during all the switching period,
whereas switches S; and S4 are PWM controlled. During the first operating state (S4t), switches
S4 and St are ON, and the duration of this operating state (D41) is defined by the duty cycle of
switch S4. From the analysis of this state, (3.40)-(3.42) are defined. Note that now the Reverse

modes present the same first operating state, but not the second ones like the Forward operation.

isq = Iy (3.40)
iST == iLM (341)
—(nves +V,

pey = ( Cln Lm) (3.42)

For the second operating state (Sit), switch St remains ON, switch S is turned OFF and switch
Si turns ON. The equations for the current and voltage across the power semiconductors are

presented from (3.43) to (3.45).

Is1 = n(ipy) (3.43)
isy = —n(ipy) (3.44)
Vsy = Vez — Vi (3.45)

Figure 3.7 shows the theoretical waveforms of the voltage and current across Ly for the

Reverse Dual-State Buck-Boost mode.
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Figure 3.7 — Reverse Dual-State Buck-Boost: Theoretical waveforms of the magnetizing inductance

From Figure 3.7, one can find in (3.46) the equation that depicts the average values of the
magnetizing voltage within a switching period. Finally, the voltage conversion characteristic of

the converter operating in the Reverse Dual-State Buck-Boost mode is presented in (3.47).
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Vim = (Wez2) (Dyr) + (=nvey) (1 = Dyr) (3.46)

Vez _ n(1 — Dyr)

(3.47)
Vc1 Dy

The time equation for the switch currents of the Reverse Dual-State Buck-Boost mode based

are presented next in (3.48)-(3.50).

0, O0<t<DyTs

is; (1) = { [nliLmr — lm2) n(izmz — im1Dar) DT <t <T (3.48)
(1 = Dyr)Ts (1 — Dyr) ' wes= e
(iimz — Lmi)
, — |t + i1y 0 <t < DyrT
Is4(t) = DyrTs Lm1 4TS (3.49)
0, DyTs<t<Ts
( [ -1
J l—( LM; T“V”)l t+imy, 0=t < DyTs
. arls
igr(t) = , , _ _ (3.50)
ST | n(ipmr — iLmz) £ — n(ipmz — ium1Dar) DoTe<t<T
U [ (= DinTs (A-Dy) | TETIES

Finally, the average value of the magnetizing current, /1y, and the equation for the sizing of

the magnetizing inductance are for this mode are presented next by equations (3.51) and (3.52),

respectively.
P,
Iy =— (3.51)
VeaDyr
VeaDayr
=— (3.52)
M Aipyfs

3.4 Voltage Conversion Characteristic
As stated before, one of the main advantages of TI topologies is the fact that the voltage
conversion characteristic (G) for such topologies can be changed according to the system needs
based on the n of the TI. To better illustrate that, Figures 3.8 and 3.9 are presented next, where one
can see how the G of the converter for the Forward modes discussed in the last section change for
the same D as n varies its value. Figure 3.8 shows the plotting of equation (3.8) whereas figure 3.9

presents the plotting of equation (3.21).
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For the Dual-State Buck operation of the proposed converter, it is clearly presented in Figure
3.8 that, as the value of » increases, the 5-switch converter increases its capability of stepping-
down a given voltage level. From this Figure, one sees that, for the traditional Buck operation,
black curve in Figure 3.8, the converter presents the already known linear relation between the G
and D, which is G = D. However, as n increases, one sees that that the converter can decrease the
voltage even more. For example, for the traditional Buck operation, one needs D = 0.5 to obtain
an output voltage with magnitude of half the input voltage. However, if one is employing the novel
5-switch converter with n = 3, green curve in Figure 3.8, one can have the same voltage gain for a
D = 0.8 approximately.

Now, for the Forward Dual-State Buck-Boost, presented in Figure 3.9, one sees that, as n
changes, the point where the converter changes its operation from being a step-down converter to
a step-up also changes. For the traditional Buck-Boost operation, which happens for the proposed
5-switch converter if n = 1, this operating point is established when D = 0.5. However, for n=3,

this point is moved forward for D = 0.75 approximately.

3.5 Power Loss Analysis for Turns Ratio and Modes of Operation Selection

As presented in the last sections, the value of n of the TI of the proposed converter plays a
significant role on its operation. From the voltage conversion characteristic to all the switches
currents, n will impact every aspect of the converter. However, there is still a lack of literature on
how to properly select the value of n of the TI in such topologies. Usually, this is defined as a
designer’s choice, and aspects such how this choice was made and how it would impact significant
aspects of the power topology, such as the overall efficiency of the system, are not well presented
and discussed. Taking this into account, this thesis proposes a clear and well-oriented design
approach to determine the value of n of a TI for the novel 5-switch bidirectional DC-DC based on
the power losses analysis of the semiconductors, where an ideal value of # is defined in order for
the converter to work with the highest possible efficiency for a given operating point. Also, since
the discussed converter presents a variety of possible operating modes, this Thesis will address
next how to select the modes of operation to be used for a given operation based on the choice of
n and semiconductor losses.

For the power losses analysis of the converter, the two main sources of losses on the power

semiconductors are taken into account: Conduction and switching losses.
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For the conduction losses, recall that switches S| to S4 must be unidirectional, and as mentioned
previously, this can be done in two ways: either with IGBTs with reverse blocking capability or
IGBTs/MOSFETs in series with a diode. For the power losses analysis, this Thesis will consider
the later, with MOSFETS in series with diodes to realize the semiconductor switches (Si to S4)
that are unidirectional in current, while St concerns a MOSFET only. In terms of losses, this means
that the conduction losses in such devices (S1 to S4) will be defined as the sum of the conduction
losses in each semiconductor, while St follows the conventional losses calculation for a standard

MOSFET. From the power semiconductor theory, one knows that:
Pcondyosrer = isRMSZRDs (3.53)

Pcondp;pge 2Ry + ip . Vro (3.54)

= lpus
Where Rps and Rr are, respectively, the conduction resistance of the MOSFET and diode and
Vro is the forward voltage of the diode. Subscripts S and D correspond to MOSFET and diode
quantities, and RMS and A VG to root-mean-square and average values.
Since the MOSFET and diode are in series, for S1 to Sa, they have the same values of average

and RMS current. Thus, the total conduction losses for S to S4 (subscripts SD) can be defined as:

Pcondgp = iSDRMSZ(RDS + Rr) + isp . Vro) (3.55)

For the switching losses, the following equations, (3.56) and (3.57), are used for the
calculations. One important detail for the switching losses estimation is that, if the voltage across
the series connection of the MOSFET and the diode is positive, the losses will be all concentrated
in the MOSFET, thus for this case Pswiodey=0. Likewise, if the voltage across the series connection
of the MOFEST and the diode is negative, the losses will be all concentrated in the diode, thus for

this case PswmosreT)=0.

(tfisrise + trisfall)
2

Pswyosrer = fsVbps + fsVpskoss (3.56)

PsWpioge = fsVpQrr (3.57)
Where f; is the switching frequency; #r and ¢ are, respectively, the rise and fall times of the

MOSFET; koss 1s the coefficient related to the losses due to the output capacitance Cos of the

MOSFET; Orr is the coefficient related to the losses due to the reverse recovery time of the diode.
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From the above equations, one sees that it is necessary to obtain the RMS and average currents
of the switches/diodes and maximum voltage of the switches (¥ps) and the diodes (¥p). This can
be done from the information presented in the first sections of this Chapter and the analysis of the
operating states presented in Figures 3.2 and 3.3.

With the analysis of the circuit presented in Figure 3.1, it is possible to see that, when one of
the switches Si or Sy is ON, and since they will never be turned ON at the same time for the
proposed operating modes discussed in section 3.3, they will always be connected in series with
the voltage source V1. The same happens for switches S; and S4 regarding the voltage source V5.
This way, the average currents circulating through this devices can be determined directly from

the rated power of the converter and are presented by equations (3.58) and (3.59).

. . P
lSDlAVG = lSDZAVG = VI (358)
. . P
lSD3AVG = lSD4AVG = V_Z (359)

Next, details regarding the losses estimation for each operating mode discussed in Section 3.3
are presented, where the RMS currents and the maximum voltage of each power semiconductor

necessary for the calculations will be presented.

3.5.1 Forward Dual-State Buck

For the Forward Dual-state Buck mode, the expression that defines the total losses of this mode
is presented in (3.60). For this operating mode, the three switches used on the Forward operation
will present conduction losses. However, since Sz in ON within all the switching period, just

switches Sz and St will present switching losses.

Ppp = Pcondsp; spa,st + PSWspa st (3.60)

Then, as mentioned previously, for the calculation of the losses, it is necessary to know the
RMS currents and the maximum voltage across the switches and diodes. This is presented from
(3.61) and (3.65), where one can see that all these expressions are defined by known parameters
(P, V1 and V) and are functions of the n of the T1. Note that the duty cycle D»3 is also n dependent

and, for the Forward Dual-State Buck mode, can be obtained from equation (3.8).
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lSDZRMS = V1

P, \/(AiLM(%)Z +12) G

12D,5
_ P |(Bigy (%) + 12)(1 + (2 + 20) (1 = Dy3)) (3.62)
lSDgRMS B Vl 12(D23)2
i _ (n+ 1P [(Aipy(%)? +12)(1 — Dy3) (3.63)
SThus 2 12(D,3)?
VSDZmax = V1 + TlVZ (364)
_ Vi, +nV,

- 3.65
Vstnar = 41 (3:63)

3.5.2 Forward Dual-State Buck-Boost

For the Forward Dual-State Buck-Boost mode, the expression that defines the total losses of
this mode is presented in (3.66). Similar to the Forward Dual-state Buck mode, all the switches
present conduction losses. On the other hand, for this mode, the switches that present switching

losses are S> and S3, and not St as in the previous mode.

Pppp = Pcondsp, sp3 st + PSWsp2,sp3 (3.66)
The RMS currents of each switch and their maximum voltage value are presented from (3.67)

to (3.71). Similar to the previous section, the duty cycle Dot of this mode is a function of n.

i R j(AiLM(%)Z +12) 567
SDZrms 7, 12D '
1 2T
i _ n_PC (Aipy(%)2 +12)(1 = Dyr) (3.68)
SP3rms Ty, 12(D,r)?
STRMS Yy 12(Dyr)?
Vep2mar = V1 + 10V (3.70)

57



Vi + nV2>
n

Vootmar = = ( (3.71)

3.5.3 Reverse Dual-State Boost
The total power losses for the Reverse Dual-state Boost mode are defined by (3.72). For this
operating mode, the three switches used on the Reverse operation (Si, S4 and St) will present
conduction losses. However, since S4 is ON within all the switching period, just switches S; and

St will present switching losses.

Prp = Pcondsp; spa,st + PSWsp1 st (3.72)
The RMS currents of each switch and their maximum voltage value are presented from (3.73)

to (3.77). To obtain the duty cycle D4t of this mode as a function of the turns ratio, equation (3.34)

is used.
i _ n_PC (i (%)? 4+ 12)(1 — Dyr) (3.73)
SDirms ), 12(n + Dyp)?

. P Qi (%)? + 12)(n? + 2Dyrn + Dyr) (3.74)

SD4rus = 7, 12(n + Dar)? '
; _ (n+ DP. (i (%)% + 12)Dyr (3.75)

STrms v, 12(n + Dyr)?
nlV; + V-
VsDimar = — (—1 2) (3.76)
n
nlV; +V,

V. =—— < 3.77
STmax ~ " 1 G.17)

3.5.4 Reverse Dual-State Buck-Boost
Finally, equation (3.78) presents the total power losses for the Reverse Dual-state Buck-Boost
mode. Similar to the Reverse Boost mode, all three switches of the reverse operation present
conduction losses. However, for the Buck-Boost mode, the switches that present switching losses

are S; and Sa.
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Prpp = Pcondspy spa,st + PSWsp1,spa (3.78)
The RMS currents of each switch and their maximum voltage value are presented from (3.79)

to (3.83).

i _nk (i (%)? 4+ 12)(1 — Dyr) (3.79)
SPiRMS =y, 12(Dyr)?
l_ P j(AiLM(%)Z +12) (.50
SD4rMs Y7, 12D '
2 AT
; _ P |Qiy (%)% +12)(n?(1 — Dar) + Dar) (3.81)
STRMS Yy 12(Dyr)?
nV; + V.
VD 1may = — (—1n 2) (3.82)
VSD4max = nV1 + V2 (383)

3.6 Design Procedure for Determination of Turns Ratio/Mode of Operation

With the knowledge provided by the previous sections, the losses of the converter for a given
case study can be plotted. The application scenario for the selection of n and for the operating
modes of the novel 5-switch converter is as an interface between two DC-buses/elements as
depicted in Figure 3.1. It is assumed that the values of R; and R> are known and assumed to be the
same as in Chapter 2, then R;=R>=0.625Q. To match the operating modes discussed previously in
this Chapter, where V; was defined to be the high-voltage side, the rated voltages were taken as Vi
=380 V and V> =96 V and the rated power is 1 kW.

Then, one needs to choose suitable power devices based on the voltage/current/power ratings
of the converter. Also, since the final goal is to actually build/assembly the TI and converter,
factors such as costs of the power semiconductors and accessibility to acquire them should also be
taken into account. Based on all this aspects, the devices that are presented next in Table 3.5 were

chosen.
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Table 3.5 — Power semiconductors chosen for the design procedure

Components Devices Parameters
Sito St 5x [IPW90R120C3 Rps=0.12Q; tr=25ns;
(900V/36A) tr = 20ns; koss = 3.9855e-8 I/V
D;to D4 4x FFSH30120A

(1200V/30A) Rr=0.013Q; Vio=1.45V

For the plotting of the losses, the magnetizing current ripple is defined as 25% of the average

value of the magnetizing current and the results of power losses are shown in Figure 3.10.
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Figure 3.10 — Losses of the novel 5-switch ?onverter as function of the turns ratio

From Figure 3.10, one sees that in the Forward mode, operation in the Buck mode (red curve)
leads to lower power losses than the Buck-Boost mode (green curve). In the Reverse mode,
operation in the Boost mode (blue curve) leads to lower power losses than the Buck-Boost mode
(yellow curve).

For the choice of the actual value of n, one should consider reasonable steady-state values for
D. Assuming that this should be kept in the range of 0.3 and 0.7, one can use equations (3.8),
(3.21), (3.34) and (3.47) to determine the maximum and minimum value of n for each of the
possible operating modes. By doing so, one finds the following: for the Forward Buck mode, one
calculates that 0.268 < n < 5.903; for the Forward Buck-Boost mode, 1.696 < n < 9.236; for the
Reverse Boost mode one gets 0.169 < < 3.733 while for the reverse Buck-Boost mode 0.108 <

<0.589.
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For the final choice of n, there should be an overlap between the n values of a Forward and a
Reverse mode. Since the Forward Buck and Reverse Boost clearly present the lowest losses, and
an overlap for the range of 0.268 < <3.733 is found for the combined modes, they are the selected
modes of operation for the proposed case study. The next step is to find, within this range, the
value of turns ratio where the converter would present the maximum efficiency possible, thus
making this specific point the selected value for the turns ratio for the design of the TI. This is

presented in Figure 3.11.
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Figure 3.11 — Efficiency of the combined Forward Buck and Reverse Boost modes
From Figure 3.11, one sees that for the combination of the Forward Buck and Reverse Boost
modes considering the proposed case study and the assumptions made throughout the last sections,
the converter operates with an estimated maximum efficiency of 94.73% when the value of n of
the TI is set to be 1.05, therefore making this the ideal value for operation of the 5-switch
bidirectional DC-DC converter discussed in this case study. However, it should be noted that to
facilitate the assembly of the TI, » could be adjusted in this case to 1 without compromising

significantly the efficiency of the system.

3.7 Validation of Design Procedure
The verification of the equations derived in Section 3.5 for the choice of # of the TI and mode
of operation of the converter are conducted in this section. The calculation of the converter losses
is carried out using the Thermal Module available in the power electronics software PSIM. The

parameters of the semiconductors depicted in Table 3.5 were used for the simulations of the
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converter operating in the Buck and Boost modes, with Forward and Reverse power flows for TIs
with n of 1 and 3, respectively, for an output power of 1 kW. The “supply side” voltage was set at
either 96 V or 380 V and the appropriate duty cycles to obtain the desired “load side” voltages
were computed with the voltage gain equations presented in Section 3.3: 380 V or 96 V. Table 3.6
presents the theoretical and measured power losses as well the estimated efficiency for the

converter operating in the Forward (Buck) and Reverse (boost) modes, for a TI with n =1 and 3.

Table 3.6 — Power losses for different modes of operation and » of the TI

n Mode Pros(Th)  Pros(Sim)  Err. (%) Effc. (Th) Effc. (Sim)

1 F. Buck 52.71W 52.94W 10.43%  94.73%  94.87%
R. Boost 52.71W 49.64W -5.82%

3 F. Buck 61.81W 59.24W 416%  9437%  94.58%
R. Boost 50.82W 49.24W 3.11%

From Table 3.6, one can see, as in Figure 3.10, that while the power losses in the Buck mode
increase with n, it decreases slightly with z in the Boost mode. Overall, the efficiency considering
the average of both modes is higher for a TI with n =1, 94.73% theoretical and 94.87% simulated,
than with n = 3, 94.37% theoretical and 94.58% simulated, as anticipated by Figure 3.11. It should
be noted that the equations presented through this Chapter were developed for an ideal loss-less
converter and, for the simulation procedure, current/voltage ripples and the intrinsic elements of
each element/device are also taken into account, causing a slight error between theoretical and
simulated values. However, one sees from Table 3.6 that the results are on an acceptable error
range, where the worst case, the Reverse Boost for n=1, presented an error of just -5.82% from the
simulated value to the theoretical one, this way validating the design approach presented in this

Chapter.

3.8 Chapter Conclusion
In this Chapter, a novel 5-switch Bidirectional DC-DC converter based on a TI was proposed,
where details regarding its conceptualization alongside with its operation principle (operating
states and modes) were presented. Among the main features of this novel topology, high voltage
conversion characteristic can be achieved by adjusting the n of its TI, allowing the converter to
operate with wide input/output voltage ranges. Also, the direction of the power flow can be

reversed without changing the direction of the intermediate inductor (magnetizing inductance)
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current (iza), which favors a faster dynamic response in case of power flow reversal. This
characteristics have shown to be well suitable for applications where SCs are required.

In order to select the value of n for the TI and the modes of operation for a given case study,
an approach based on minimizing the power losses on the semiconductors of the novel 5-switch
Bidirectional DC-DC converter was also discussed. To achieve this goal, the proposed converter
and a group of its operating modes were presented in detail. All the necessary steps to find the
design equations for the power losses estimation of each operating mode discussed previously
were carried out.

The calculations and approach presented in this Chapter indicate that the selection of the
operating mode and the determination of the turns ratio of the TI play a role on the losses across
the power switches of the novel 5-switch bidirectional DC-DC converter. By choosing two specific
operating modes (Forward Buck and Reverse Boost) and a specific turns ratio value (n=1.05), the
maximum efficiency of the converter was found to be 94.73% for the proposed case study. As
verified by the simulation procedure, the choice of n and mode of operation of the converter
according to the proposed method leads to lower power losses across the switches and higher

efficiency for the converter.
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4. Exact Feedback Linearization of a Multi-Variable Controller for the Novel
5-Switch Bidirectional DC-DC Converter

4.1 Chapter Introduction

In this Chapter, exact state feedback linearization is applied to the new bidirectional DC-DC
converter with TI proposed in the last Chapter, where a systematic approach for deriving control
laws for the TI current and output voltage is presented. It is a Dual-Input Dual-Output (DIDO)
system, which is the simplest form of a Multi-Input Multi-Output (MIMO) system, where the
magnitude of the inductor current presents a certain degree of independence with regards to the
output voltage. In principle, it can be adjusted as a trade-off between converter losses and speed
of response of the output voltage. For this, a multi-state modulation scheme, with multiple
modulation signals to eliminate the RHP zero typically found in converters with intermediate
inductors and an auxiliary variable to determine the power flow direction, is proposed for the
modelling of the novel 5-switch DC-DC converter.

This Chapter is organized as follows: In Section 4.2, PWM modulator scheme proposed is
discussed. Section 4.3 presents the modelling of the system for both power flow directions, and
how they are combined into a single model. Section 4.4 presents the derivation of the control law
of the converter based on exact state feedback linearization while Section 4.5 presents the system
parameters, with considerations for controller design. The performance of the 5-switch converter
operating in the tri-state Buck-Boost mode with state feedback by means of simulation is verified
in Section 4.6. It also presents a comparison with the conventional dual-state Buck-Boost with
cascaded inner current outer voltage loops with linear PI controllers. Finally, Section 4.7 provides

the final conclusion of this Chapter.

4.2 The Modulation Scheme

The way to control novel 5-switch converter is through the control of D and the switching logic
of its 5 switches. For this, the PWM modulator presented in Figure 4.1 is proposed, where one can
see that 3 controllable modulating signals (m,, m2 and m3) are used, where they are compared to a
carrier signal ¥, in order to generate the gating signals for the switches. Once the gating signals
are generated, it is of paramount importance to correctly send them to the right switches to set the

desired power flow direction. For this, a new binary variable based on the direction of the current
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i2, defined as “g”, is implemented: if i, is positive, the power flows from the V; side to the V>, g =
1 and the converter will operate in the Forward mode; if i> is negative, the power flows from the
V> side to the Vi, ¢ = 0 and the converter will operate in the Reverse mode. From Figure 4.1, one
can see that this operation is done by means of 4 MUXs blocks, each associated with a particular
unidirectional switch. The only switch that is not “g-dependent” is St, where its D is controlled
exclusively through the controllable modulating signal m;, being the only switch that is used for

both power flow directions regardless the mode the converter works.
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Figure 4.1 — PWM modulator for the novel 5-switch converter mode of operation.

4.3 Modelling of the System

Similar to what was done for the 4-switch converter in Chapter 2, in order to be able to design
a suitable control law, a model based on the state variables of the system describing its dynamics
must be found. However, since the novel 5-switch converter presents different operating states
based on the power flow direction, a model for each case can be determined. This is presented

next.

4.3.1 Forward Mode

The switching scheme for the Forward mode is presented next in Figure 4.2. There, one can
see from Figure 4.2(b) that, when the converter operates in the Forward Mode with ¢ = 1, the

control variable m; controls switches St and S3, where St is controlled by the main PWM signal
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while S; receives its complementary signal. Also, for this mode, control variables m> and m3 will
control, respectively, switches S» and S4. With this gating signal generation, the sequence of states

that arises is presented in Figure 4.2(c), where the subscript represents the current path.
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>
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(©
Figure 4.2 — Switching-scheme for the Forward Mode: (a) PWM modulator (b) Gating signals (c) Sequence of states

With the analysis of the operating states presented in Chapter 3, one obtains averaged equations
that reflect the impact of the two DC-voltage units (V; and V>), resistors R; and R, and the input
and output filters C; and C> on the state variables of the converter for the Forward mode. They are

presented next from (4.1) to (4.3).

Vim() = Ve [ml + (L) (m; — ml)] —Vc2 [(nL_H) (my —mq) +n(msz — mz)] 4.1)

n+1
Ieypy =0 — M [ml + (nL-l-l) (my — m1)] (4.2)
n
Ieary = =l H iy [(n n 1) (my, —my) + n(ms — mz)] (4.3)
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Then, by considering the input and output currents (i; and i>) as a function of their respective

voltages and feeder resistances, one finds the final model for the Forward mode to be:

—diLM(f) _a [ml + (HL_H) (m, — m1)] e ( . ) (m; —my) +n(ms — mz)] (4.4)

dt LM LM n+1
del(f) Vl Ucl iLM n
“RC RC C ——) (m; — 45
dt Rl R G [ o (n + 1) (m, ml)] (4.5)
dez(f) VZ UCZ iLM n
TRG <, W) (me — - 46
dt R,C, R,C, + C, [(n + 1) (my; —my) + n(ms mz)] (4.6)

4.3.2 Reverse Mode
Now, for the Reverse mode, it is assumed that the power flows from V> to V; and, in this case,
i; and i> are negative. The PWM modulator for this mode is presented in Figure 4.3, being the same
as the one used for the Forward Mode. However, the gating signal generation, Figure 4.3(b) is

different, generating a new sequence of operating states that is presented in Figure 4.3(c).
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Figure 4.3 — Switching-scheme for the Reverse Mode: (a) PWM modulator (b) Gating signals (c) Sequence of states
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Similar to the Forward mode, with the analysis of the operating states for the Reverse mode
presented in Chapter 3, one can find the following set of averaged equations for the converter

operating in the Reverse mode.

Vim@) = —Ver [(L) (my —my) + n(m3 — mz)] + Vc2 [m1 + (nL-l-l) (my — m1)] 4.7

n+1
Ieyy =1 +ipm [(nL-i-l) (m, —my) + n(m; — mz)] (4.8)
Ieory = =l = im [m1 + (nL-I-l) (my — m1)] (4.9)

Then, by considering the input and output currents as a function of their respective voltages

and feeder resistances, one finds the final model for the Reverse mode to be:

dime) _ —verp/_n (my — my) +n(ms — my)| + 22 [my + (——) (m, — mp)] (4.10)
Ly

dt Ly \n+1 —)
del(r) Vl ‘UCl iLM n
B - C - — 4.11
dt Rlcl R1C1 + Cl [(n + 1) (mZ ml) + Tl(m3 mZ)] ( )
dveary Vo o V2 im n
- - T, — - 4.12
dt Rz RiCy G [m1 * (n + 1) (m, ml)] (4.12)

4.3.3 Model-Mixing Approach

In order to be able to control the converter, it is important to have a unified model that defines
the converter for both the Forward and the Reverse modes regardless of the power flow direction.
Since the power converter will never operate in both modes at the same time, one can assume that
the final model that describes the entire system regardless of the operating mode will be the actual
model of each mode, for as long as the converter stays operating in that specific mode. This is
better illustrated by (4.13) — (4.15), where the two models found in the previous sections are mixed
into a single and final one that is also a function of the variable ¢g. This is done by multiplying the
Forward mode model by q and the Reverse model by g and adding them. Note that, if the converter
operates in the Forward mode, g = 1 and g = 0, thus the final unified model of the converter will
be the model developed for the Forward Mode. On the other hand, if the converter operates in the
Reverse mode, ¢ = 0 and g = 1, and the final unified model of the converter will be the model
developed for the Reverse Mode. It should be noted that this approach is important in order to have

a single controller that works for both power flow directions. Otherwise, if the models were to be
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treaty individually, one would have to design specific controllers for each power flow direction,

which would bring even more complexity to the system.

dipm dlLM(f) (q) + dlLM(r) ——— () (4.13)
dt
del del(f) ( ) del(T) (q) (414)
dt
dvc, dvcz(f) Avea )

= 4.15
dt i Dt — @ 19

Then, replacing (4.4) - (4.6) and (4.10) - (12) into (4.13) - (4.15), one finds the final model to
be:

dipy Vc1 VUea
=7 == —— 4.16
dt lim Ly (uz) L (uq) ( )
dve, Vi Uc1 LM
— 1 = e LM 4.17
dt Vet R.C, RC, €, (uz) ( )
dve, v Ve2 LLM
=V, = — —_— 4.1
dt Vc2 R,C, R2C2 c, (uy) (4.18)

Where the new nonlinear control variables u; and u> are:

U = [(n j_ 1) (my —my) + n(mz — mz)] q-— [m1 + (nL-I—l) (my — m1)] qg (419

Uy = [m1 + (nL-I-l) (m, — m1)] q-— [(n :1_ 1) (my —my) + n(mz — mz)] q (4.20)

4.4 Exact State Feedback Linearization

The non-linear characteristics of this system can be observed in the model developed in the
previous section. It includes cross products between the state variables and the new control
variables u; and u>. Using the conventional linearization approach based on small signal variations
around an operating point to design conventional PI-controllers, information would be lost and the
system would not be fully described by the resulting model.

The main goal of an ESS is usually to control the output current, i>, what can be done indirectly
through the output voltage, vco. Frequently, this is done by employing a cascaded inner inductor
current and outer output voltage control loop. However, since the developed model presents two

control variables, u; and u2, and in order to give more flexibility to the considered non-linear
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controller, a parallel control structure similar is implemented. In this case, the inductor current
reference can be chosen according to the system needs, with high values favoring a faster dynamic
response and lower ones for improved efficiency.

The first step of the controller design is to rewrite the DIDO system, presented in Figure 4.4,
in an affine linear form to apply the theory of exact state feedback linearization. This is done by

means of (4.21) and (4.22).

Xj\ Xy

ul% A\ XZ X2

Ur—> g /g—? = f X3 !
o

h — )1
—>)2

\/\/\L

£
1/

Figure 4.4 — Block diagram representation of the DIDO system

NN

x=f(x)+gxu (4.21)
y =h(x) (4.22)
Where x € R” is the state vector; u € R™ relates to the control inputs; ¥ € R’y defines the

controlled outputs; f, g, and 4 are differentiable vector fields. Considering the model developed in

the last section:

X = [iLM'Uchcz]t = [xl,xz,x3]t (4.23)
u= [u1;u2]t (4.24)
V. X V. x: 1
f(x) = I:Oﬂ L - z ) 2 - 3 ] (4.25)
R,C; R.C; R,C, R,C,
X3 X2 7
Ly Ly
X1 x3 %] x; x|
o Al _ ——,o,—] , - —,——,o] 4.26
g(x) c, |91 L, 0c) = (4.26)
ooy
L C,
h,(x) = x; = [1,0,0]; h,(x) = x5 =[0,0,1] 4.27)
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There are several ways for obtaining the feedback linearization of the DIDO system [61] —
[66]. First, the model is rewritten in a different set of coordinates, using the output y and its

successive derivatives. This procedure is performed based on equation (4.22), obtaining:

m
j=1

Where L/ and Lgh are, respectively, Lie derivatives of the smooth scalar vector A(x) as a
function of f{x) and g(x). If Lg; hi(x) = 0 for all j, then the inputs do not appear, and as highlighted
by [63] and [64], one needs to differentiate repetitively as:

m
v, ) — Lf(ri)hi + Z(ngLf(h’—l) hi)uj (4.29)
j=1

Until L, ij(r"_l)hi # 0 for at least one j. The values of 7; are the sub-relative degrees of the
DIDO system and LgL/™! h; is the Lie derivative of the i-th output as a function of f{x) and g(x)
[62] [63]. In such a case, (4.29) can be rewritten as:

"
V1 Uy
=A(x) + E(x) [] (4.30)
Vi ! Uz
Where:
Lihy
Ax) =| - (4.31)
L¢"ihy
And:
LglLf(rl_l)hl LgmLf(rl_l)hl
E(x) = (4.32)
Lot LT h o Lyl U VR

Matrix E(x) is called the decoupling matrix of the DIDO system. If it is nonsingular, the
following input transformation can be defined:
u=—-E"1A(x) + E"1(x)z (4.33)
Where z concerns new input variables.
Substituting (4.33) in (4.30) results in a linear and decoupled differential relation between the

output y and the new input z [35].
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It is important to remark that (4.30), or its closed loop (4.34), creates a new model for the
converter. If this new state vector, represented by the original outputs and their derivatives, does
not match the same number of states (ns;) of the original system, it means that this new
mathematical model is not describing the dynamics of all states in the converter. As a consequence,
any analysis based on this new model would disregard the remaining states. Those are called the
zero-dynamics of this new representation. For a complete analysis of the converter, one must
consider these new variables as well as these zero-dynamics.

Taking into account the 5-switch converter and its model with two nonlinear control variables
(u1 and u2) and two state variables to be controlled (iz, and vc2), one can find the sub-relative
degrees by considering m = 2 (two inputs) and i = 1 and 2 (two outputs).

By solving the Lie derivatives one can find the sub-relatives degrees of the system as:

o Foryi=hi=x1=imm=1[1,0,0], then:
( x x1¢ X
| Ly =[100][—-=,0,=| = -2
{ Lu"" G, Lu (4.35)
| L,h 100[ o ]tzﬁ |
| P T Ly’ G Ly
o Fory=h=x3=ve2=1[0,0, 1], then:
( X x 1t x
[t =won]-F0z] -3
Moo (4.36)
Lnghz— [001] [ ,0] =0
Ly’

Thus, the sub-relative degrees of the system are r; = 1 and 2 = 1. Knowing these two values,

it is possible now to fully define matrix E(x) as:

B = LglL}Cl—lhl ngL;l‘lhl _ngleZhl nglehll 437
Lol "y LgaLP k| (Lgalphy  LgpLihy '

Therefore, by replacing (4.35), and (4.36) into (4.37), matrix E(x) is finally given by:
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Ly L
E)=| " ™ (4.38)
Z 0

Lh L:h
ke f 1]
A(x) = = 4.39
o =[] -[o o
Where:
( X V. x: 1°
I Lh—[lOO[O 2,2—3]=0
4 f ! Rlcl Rlcl RZCZ RZCZ (440)
Leh,=[0 0 1[0 Y Vo X ]t— Va X
L“‘ RiC; RiCi'R,C, R,Cl — R,C, R,G,
Thus:
t
X3
Alx) = |0, —=— 4.41
() = [ ch2 RZCZ] (4.41)

With matrices £(x) and A(x) defined, one obtains the control law of the converter from (4.33)

as:
[V ] 1, &
Ryxq X1

z 4.42

x3(x3 — V3) L_M x3C2‘ (442)
Ryx1x, Xy X1Xp

It should be noted that, since for this particular converter izy = x1 does not need to be reversed
for power flow reversal and vcr = x2 = V1 > 0 and vez = x3 = V2 > 0, there are no singularities in the
linearized system. Particularizing (4.34) for this converter, one observes that the equivalent system
is linear and decoupled as shown in (4.43). It can be represented by a block diagram as shown in
Figure 4.5.

yli] _ [i‘Lm] _ [zl] (4.43)
Y2 Ve2 %2

For tracking reference values for izy and vea, given by iza rer and vez ef, respectively, one can

use simple proportional controllers to obtain inputs z; and z2 required in (4.43). This implies in

taking:
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Z1 = —/11(iLM - iLM_ref) (4.44)
Z; = =1, (vcz - Ucz_ref) .

LM re Z1=iy ILm
o e

[

ety ) —

[

Figure 4.5 — Linear decoupled model of the 5-Switch converter

A\ 4

z2=ver (| 1 V2
e 7/ 7/
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The overall system, with the original system, exact state feedback linearization network and
simple proportional controllers is shown in Figure 4.6. In general, the objective of the “control
system” is to provide the modulation signals that will result in the tracking of some reference
quantities. In this case, the modulation signals are m;, m>, and m3, and the quantities to be tracked
are izy = x; and vez = x3. The modulation signals can be obtained from (4.19) and (4.20), provided
that u; and u> (signals in the input of block “system” in Figure 4.6) are known, and given operating
mode from Tables 3.2 and 3.4 are determined. According to (4.42), and as depicted in Figure 4.6,
u; and u; are functions of the state variables izy = x;, ver = x2 and vez = x3 as well as z; and z2. The
latter, are the outputs of the proportional controllers of the inductor current and output voltage

loops, shown in Figure 4.5 and (4.44).

| ——— ===
| x |
Xref Z : \ ~ -1 | u | : yix
— —)| 1 g E(x) H@ﬁ system :I >
|
X | Figre 44 | x|
| N |
| -1 I
-E(x) " A(x
|neegrators of Figure 45 L= A0 |

Figure 4.6 — Model of the DIDO system with the state-feedback linearization network and simple P-type controllers.
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4.4.1 Zero-Dynamics Analysis
Now it is necessary to study the remaining dynamics of the system, the so-called zero-
dynamics. In the present case they are trivial and are represented by the remaining state vc;. For
this analysis, one considers that dynamics when the controlled ones reach their equilibrium point.

Then, the control boils down to (remark that z = 0 for this analysis):

[ Uc2—V2 ]
_ Ralim
u=|___ - " 4.45
Vez(Vez — Vo) ( )
Rylimx
And the zero-dynamics become:
v Vez(Vez = V. %
Yy = — 1 c2(Vcz — V) 1 (4.46)
R, Gy C1Ryvcq R
This system has two equilibrium points given by:
[ZON |/ —— 4.47
Ve =5t | V(e —V2) (4.47)
2 4
Where only the larger solution is feasible. This one, has as Jacobian:
2
1 Uaa-V)(h, W
— = 2 . 4 (4.48)
R.C, + C.R, 2 + 4 Vez (V2 2)

That is negative inside a large operation region. Hence, the zero-dynamics are asymptotic

stable in this region, and consequently, the full system is asymptotic stable.

4.5 System Parameters

The application scenario for the performance verification of the 5-switch converter with the
proposed control scheme is as an interface between two DC-buses/elements. It is assumed that the
values of 7> and R: are known. The rated voltages were taken as ;=96 V and V> =380 V and
the rated power 1.9 kW. Other converter parameters are: Turns ratio n = 2, Ly = 38.8 uH, C; =
76.8 uF, C>=76.8 uF, and f;,, = 250 kHz. The feeder resistances are R; = 0.0625 Q and R>=0.0625
Q. These parameters are similar to those used in in Chapters 2 and 3. The gains (4; and 42) of the
non-linear controller with exact state feedback linearization for the converter operating in tri-state

Buck-Boost mode were computed, based on pole placement from linear control theory, as 250 k
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and 350 k, respectively. These gains are computed taking into account the behavior of a first-order
system, where they relate to the time constant (75,s) of such systems. In this case, Ty 1/=16 ps and
Tyys 22=11.4 ps.

In order to demonstrate the feasibility and benefits of the proposed mode of operation, tri-state
Buck-Boost, and state feedback linearization, its performance is compared in the next Section with
a conventional technique. Usually, a converter like this operates in dual-state Buck-Boost mode

with a cascaded inner current (izy7) and outer voltage (vc2) control loop, as presented in Figure 4.7.

LM ref mi 2 LM c

VCZ_ref; @% ch(S) H@% Gci(s) _— GiLM(S) > GVCZ(S) _2%

ch/l\ iLMT

Figure 4.7 — Block diagram of the cascaded control

The small-signal model is obtained by means of the standard linearization of (4.16) - (4.18).
For operation in Dual-state Buck-Boost mode, considering the modulation schemes discussed in
last Chapter and the proposed PWM-modulator presented in Figure 4.1, one has to set mzto 1 V,
to eliminate the free-wheeling states (S34 for the forward mode and Si» for the reverse mode), and
then use the same control signal for m; and m> in order to eliminate states Sz3 and Si4, thus
controlling the converter with a single control input, determined by m; > in Figure 4.7. The value
of g is set at 1, since the Forward power flow, which presents Boost characteristics, is the worst
case concerning the design of the PI-controller. With m; > as the control variable, m> =1 and ¢ =
1, one substitutes (4.19) and (4.20) in (4.16)-(4.18) to obtain new state equations as a function of
a single control variable: m; . Then, one employs the conventional linearization technique, based
on small-signal variations around a base operating point to obtain transfer functions (izs(s)/m(s)

and vca(s)/iLm(s)). The first can be found to be.

irm(s) _ [R2C,(Ver + nVep)]s + [anz(l - ml,Z)ILM + Ve + nch]
my2(s) (RyCaLa)s% + (Lyy)s +n2Ry(1 — m1,2)2

Gim(s) = (4.49)

It is used for designing the PI-type controller of the inner current loop for zero error in steady-
state to step changes. For the design of the outer voltage control loop, considering that its
bandwidth is 10-20% of the one for the inner current loop, the latter can be assumed to be a unity
gain. Next, one can derive an expression for vea(s)/iLm(s), applying the current division principle

that relates the current in the output capacitor (ic2(s)) to irm(s). This results in:
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ic2(s) = niLM(S)(l - ml,Z) —i(s) = niLM(s)(l - m1,2) - W (4.50)
2

Finally, by assuming that /> remains constant, one can compute the transfer function of the
output capacitor voltage over the inductor current as:
V2 (S) _ nRz(l - m1,2)
im(s)  (RC)s+1

In this particular case, standard type-2 PI-controllers can be designed to provide the chosen

(4.51)

Gyc2 (s) =

bandwidths and phase margins for the inner and outer control loops. The parameters of the linear
PI controllers were computed as follows: For the inner current loop, the bandwidth is selected as
50 kHz with a phase margin of 60°, resulting in K,; = 0.0427, 7; = 11.88 ps and f,; = 186.7 kHz. For
the outer voltage loop, the bandwidth is chosen as 10 kHz with a phase margin of 60°, leading to
Ky =75.43, 1,=12.62 ps and f,, = 7.93 kHz.

4.6 Performance Verification

Two types of tests were conducted, by means of simulations with PSIM, to demonstrate the
feasibility and the advantages of the proposed 5-switch converter with a nonlinear control scheme
based on exact state feedback linearization. First, it is assumed that the input voltage (v;) is kept
constant at 96 V, while the voltage at Bus 2 (v2) is rated at 380 V and presents a triangular ripple
between 370 V and 390 V, with a frequency of 40 Hz. The output current reference signal (7> )
is a square waveform of +/- 5 A and 5 Hz. This can be seen as the case where the 5-switch converter
(and control law) acts as an interlink converter between a strongly regulated DC-bus (meaning that
its voltage remain constant regardless of the power injected to, or withdrawn from, the DC-bus)
and a DC-Microgrid employing multiple variable loads. This can be considered as the base case.
Here, the main goal is to verify whether one can control the output current (i>) that is injected into
the DC-Microgrid.

Next, a SC is used in Bus 1 (v;). Typically, the voltage on a SC is allowed to vary between
half-rated and rated values. This might present a challenge for the performance of the conventional
PI-controllers, designed for a fixed operating point. Conversely, the non-linear control scheme
with state feedback linearization should be able to compensate for this condition, presenting

similar behavior in a wide range of operating points.
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Another aspect to be considered is the operating mode of the converter to be used. Since the
control is designed in terms of the nonlinear variables u; and u>, a suitable conversion to m; 3
must be employed. For this, a Tri-state Buck-Boost mode with free-wheeling state is considered
in this Thesis. This way, considering the PWM modulator presented in Figure 4.1, if one wants to
employ the mentioned operating mode, one has to set m; = m> in order to eliminate states S>3 and
S14 for the forward and reverse modes, respectively, and then control the converter in terms of m; >

and ms3.

4.6.1 Tests with a Fixed V7 and V> with a Triangular Ripple

Figure 4.8 shows some key waveforms concerning the operation of the proposed nonlinear
controller with a fixed voltage at Bus 1. The 370 V to 390 V triangular ripple at the voltage of Bus
2 (v2), as depicted in Figure 4.8(a), is considered a disturbance in the system. In Figure 4.8(b) one
sees that the output current (i2) follows the reference signal (i2 ). This is achieved indirectly by
controlling the output voltage of the converter (vc2) as shown in Figure 4.8(c). The reference
(iLm re) and inductor current (izy) are shown in Figure 4.8(d). There one sees that izas tracks iz ref
very well and that power flow reversal, with i2 changing from -5 A to 5 A, can be done without
reversing izy. What is more, the control of the two state variables, vc2 and iry, is done in a
decoupled way as discussed in Section 4. It is worth pointing out that the izy s is kept at 25 A
until t=0.25 s, when it is changed to 35 A, and then changed back to 25 A att=0.35 s. This action
has two goals. First is to show the good tracking capability of the inductor current control loop, to
step changes. A change in iz s has a minor effect on izy. Second, is to show the impact of the
magnitude of izy on the values of the modulation signals, as discussed below. The waveforms of
control variables (u; and u2) which includes the flag “q” with the direction of the power flow are
shown in Figure 4.8(e). Those concerning the modulation signals (m;, m> and m3) used in the PWM
modulator can be seen in Figure 4.8(f). They remain within the range of the sawtooth carrier, 0 to
1 V, as expected. There one can see that as iz rr increases, the magnitude of the modulation

signals decrease.
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Figure 4.8 — Waveforms for the tri-state Buck-Boost control with exact state feedback linearization:
(a) Voltage at Bus 2 (in V), (b) reference and output current (in A), (c) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), () non-linear control variables, (f) PWM modulation signals.
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Next, Figure 4.9 presents the results for essentially the same test, but for the converter operating

in Dual-state mode with the cascaded linear controller.
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Figure 4.9 — Waveforms for the dual-state Buck-Boost control with conventional cascaded control loops:
(a) Voltage at Bus 2 (in V), (b) reference and output current (in A), (c) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), (¢) PWM modulation signals.

In this case, the output voltage (vc?) is adjusted by varying the inductor current (iza). In general,
no major difference can be seen between the two control schemes regarding the control of the

output current (i2) in Figure 4.8(b) and Figure 4.9(b). Both control schemes present fast and
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accurate tracking of the output current reference (i2 r). However, this is achieved with different
values for the izy, Figures 4.8(d) and 4.9(d). For the conventional cascaded control scheme, the
inductor current reference izas ror varies with the output voltage reference (vcz rer). When the power
flow is reversed, at t = 0.3s and t = 0.4s, izu also changes, but it remains always positive. This is a
feature of the 5-switch bidirectional DC-DC converter. Thus, izy and ve2 are coupled variables.
Finally, Figure 4.9(e) shows that just only one modulation signal, m;,», is used for both power flow
directions for the conventional cascaded controller, while the other one, ms3, is kept at 1V at all

times.

4.6.2 Tests with a SC at Bus 1

In this test, the fixed voltage, or “strong bus” previously used in Bus 1, is replaced by a SC, a
storage element, another common application for bidirectional DC-DC converters. This concerns
a more demanding operating condition where the input voltage of the converter (v;) can vary quite
a bit, driving the operating point of the converter further away from the base operating point. There
are several papers concerning the sizing of SCs for given applications [67] — [70]. In this test, the
size of the SC was chosen in a way to show that the proposed control scheme is effective for
operating with input voltages varying from rated to half-rated. This is a typical requirement for SC
interfaces. In this particular test, a small supercapacitor (95 mF) was considered for the test so that
one can observe the impact of its voltage variation on the response of the inductor current (izu)
and output voltage (vc2) control loops, in a single time frame.

Figure 4.10 shows some relevant waveforms for this test. The voltage waveform at Bus 2 ()
is the same as in the previous test, thus, it is omitted in the Figure. In Figure 4.10(a), one sees that
the output current (i2) tracks very well the reference signal (i ), a square wave of +/- 5 A and 5
Hz. The waveform of v; is shown in Figure 4.10(b). It starts at 96 V and decreases due to a positive
value for i>. Att=0.3 s, it reaches about 72 V and starts to increase as the value of i> changes to —
5 A. Thus, the variation of v; had no negative impact on the performance of the proposed control
scheme. Then, vc; in Figure 4.10(c) and the izy in Figure 4.10(d) track their reference signals
accurately. Note that in this case, the inductor current reference (izy o) Was kept constant at 35 A.
The good tracking performance was achieved with the waveforms of control variables (u; and u?)

shown in Figure 4.10(e) and modulation signals (m; and m>) shown in Figure 4.10(f).

81



i2 i2 Ref

-10

(@)

95
90
85
80
75
70

(b)

vC2 vC2 Ref

390

385

380

(©)

iLM iILM Ref
50 .
|
30
20

10

0

(d)
ul u2
1
05 e —— e et e
0
-0.5
M v__ﬂ——_'_'
-1
(e)
ml m2 m3
1
0.8
0.6
0.4
0.2
0
0.2 0.3 0.4 0.5 0.6
Time (s)

Figure 4.10 — Waveforms for the tri-state Buck-Boost control with state feedback linearization for test 2:
(a) reference and output current (in A), (b) voltage at Bus 1 (in V), (c¢) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), (¢) nonlinear control variables, (f) PWM modulation signals.
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The 5-switch converter operating with Dual-state Buck-Boost and conventional linear

cascaded control loops is subjected to the same test. The results are shown in Figure 4.11.
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Figure 4.11 — Waveforms for the conventional cascaded control scheme for test 2:
(a) reference and output current (in A), (b) voltage at Bus 1 (in V), (c) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), (¢) PWM modulation signals.

In Figure 4.11(a), one sees that it tracks the positive output current reference (7> -r) well until

the moment the decreasing input voltage, (v;) in Figure 4.11(b), reaches about 78.5 V. That is
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when the modulation signal (m;2) and several waveforms start to oscillate. The control scheme
starts to mal function. At t=0.3s, when the power flow reverses and i> ,.s=-5 A, the output current
(i2) fails to track it, becoming more negative (lower) than iz .z The inductor current (iza) and
inductor current reference (izm rof) Wwaveforms, shown in Figure 4.11(d), are limited at the
maximum value, 50 A. One sees in Figure 4.11(e) that the modulation signal (m;>) decreases
following the change of iz s to -5 A, but starts to increase, unlike in the previous test, when its
average value remained relatively constant. Overall, as a result of i> becoming more negative than
i2 rerat t = 0.3 s, v; increases more than expected, reaching 140 V at t = 0.4s. That is when i er
becomes positive again but, still, i> fails to track it. Nonetheless, v; decreases. At t = 0.5s, when
i2 rerbecomes -5 A and with v; with a value of about 92V, which is close to its rated value (96 V),
the conventional control scheme starts to work again, with 7, tracking i> s well, until the end of

the test.

4.6.3 Results for SC Voltage Falling to Half-Rated Value

This test is conducted only for the proposed control and modulation scheme, since the
conventional one was unable to track the output current reference signals, for the voltage in Bus 1
(v1) varying between about 96 V and 72 V. To have the SC voltage decreasing from rated (96 V)
to half-rated (48 V) using the same square output current reference (i2 rf) of +/- 5 A and 5 Hz, a
smaller supercapacitor of 55 mF was used in this test.

Figure 4.12 shows some relevant waveforms for this test. The voltage waveform at Bus 2 (v2)
is the same as in the previous tests, thus, it is again omitted in the Figure. In Figure 4.12(a), one
sees that the output current waveform (i2) tracks very well i> ... The voltage at the SC (v;) is shown
in Figure 4.12(b). It starts at 96 V and decreases due to the positive value for i>. Att = 0.3s, it
reaches 48 V and starts to increase as the value of i> changes to — 5 A. Thus, the large variation of
vy had no negative impact on the performance of the proposed control scheme. The output capacitor
voltage (vc2) in Figure 4.12(c) and the inductor current (izy) in Figure 4.12(d) track their reference
signals accurately. Note that in this case, the inductor current reference (iruy rof) was increased to
45A in order to avoid the saturation of the control variables that tend to increase as v; decreases.
The good tracking performance was achieved with the waveforms of control variables (u; and u>)

shown in Figure 4.12(e) and modulation signals (m;, m> and m3) shown in Figure 4.12(f).
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Figure 4.12 — Waveforms for the tri-state Buck-Boost control with state feedback linearization for test 3:
(a) reference and output current (in A), (b) voltage at Bus 1 (in V), (c) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), (e) nonlinear control variables, (f) PWM modulation signals.
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4.7 Chapter Conclusion

The performance of Energy Storage Systems (ESSs), in terms of dynamic response and
tracking of the reference output current, depends on the features of the power converter and control
scheme. This Chapter presented the modelling of the novel 5-switch DC-DC power converter,
which presents a high voltage gain (V2/V;) and does not require the reversal of the intermediate
inductor current to achieve power flow reversal. In terms of control scheme, by operating this
converter in a tri-state Buck-Boost mode, one eliminates the RHP zero from the output-to-control
transfer function what facilitates the design of the control loop. Besides, by employing the exact
state feedback linearization technique, the converter should be able to operate in a wider range
than that with a PI-controller designed considering the conventional small-signal model of the
converter. A systematic approach for modelling the converter and obtaining a control law with
exact feedback linearization was presented. Note that since the inductor current, a state variable,
does not need to reverse during power flow reversal in this particular converter, there will be not
potential issues of “divide by zero” in the control law.

The performance of the 5-switch DC-DC power converter with the proposed modulation (Tri-
state Buck-Boost) and control scheme (exact state feedback linearization) was verified by means
of simulations. The selected application was as the interface of a SC-based ESS to an output DC-
bus, such as a DC-Microgrid. It was compared to the converter operating in the conventional Dual-
state Buck-Buck mode with linear cascaded current control loops. As expected, both control
schemes present similar good behavior at the operating point where the conventional scheme was
designed for. When the input voltage (V) varies even moderately, what is common in SC-based
ESSs, the conventional scheme fails to track the output current reference. Conversely, the proposed
modulation and control scheme tracks accurately, with good dynamic response and zero stead-
state error, the output current reference even with the SC voltage varying in a wide range, from
rated to half-rated. This is an important feature of interfaces of SC-based ESSs that is difficult to

obtain with conventional power converters and control schemes.
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5. Final Conclusions and Future Work

This research work was focused on modeling and control techniques applied to power
electronics converters. First, the Introduction provided an overview of the applications targeted by
this research work and how the work proposed in this PhD degree can address the problems and
limitations of such technologies.

Chapter 2 presented a “unified controller for multi-state operation” for the conventional 4-
swtich Bidirectional Buck-Boost DC-DC converter. Its novelty/contribution was on the
configuration of the control scheme with: 1) PWM with three modulation signals for multi-state
operation and 2) multi-variable (iz and vc2) control with feedback linearization. This required the
development of a mathematical model for the converter that allows the design of the PI-controllers
as well as the control laws and for both nonlinear control variables (w; and w>). In the proposed
control scheme, a multi-variable control scheme was employed, where control variable w; was
used to control vcz and w» to control iz. The decoupling of the two control loops was achieved by
means of feedback linearization. Besides, one can have the converter operating in various multi-
state modes with the same controllers with the same dynamic response, which is beneficial for the
applications targeted in this thesis, where the operating points/conditions constantly change.
Simulation results for a SC-based ESS showed that the proposed control scheme provided fast and
accurate regulation for step changes in the reference quantities under bi-directional power flow.

Then, to deal with some of the limitations presented by the converter and control law discussed
in Chapter 2, which are the limited voltage gain provided by such topology and the zero crossing
of the inductor current for bidirectional power flow, Chapter 3 proposed a novel bidirectional
power electronics topology based on a Tapped-Inductor (TT). For this new topology, high voltage
gain that can be achieved by adjusting the turns ratio (#) of the TI, allowing this new converter to
work with wide input/output voltage ratios. Also, the arrangement of the power switches allows
the direction of the power flow to be reversed without changing the direction of the intermediate
inductor (magnetizing inductance in this case) current, which is well suited for nonlinear control
approaches where the inductor current is frequently a denominator term in the control law. The
working principle of the novel power electronics converter, including possible operating
states/modes, was presented and discussed in detail. The theoretical analysis for a group of
operating modes leading to design equations was carried out. Such equations were used for a well-

oriented approach to determine the value of n and modes of operation in a given case study.
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Finally, Chapter 4 presented the development of a nonlinear controller based on exact state
feedback linearization employing Lie derivatives for the novel 5-switch bidirectional DC-DC
converter. An explicit formal mathematical control design and stability analysis, based on a zero-
dynamics formalism, was presented for such controller. This required the development of a unified
mathematical model for the converter that allows the design of the control laws for control
variables u; and u> of the nonlinear controllers. The proposed nonlinear control law was then
compared to a conventional linear method usually used for the same application. The claim of
performance improvement is on the control and dynamic response of the converter. It is intended
to have the same performance regardless the conditions the converter is operating under, in this
case being wide variations of input and output voltage, which is a common scenario for the
application targeted in this Thesis. The results show that both control schemes work similarly well
at the operating point where the conventional control scheme was designed for. However, only the
proposed nonlinear control scheme allows the SC-based ESS to control the current injected into
the DC-Microgrid with the voltage of the SC varying between the expected ranges of rated to half-

rated.

5.1 Future Work

The work presented throughout this thesis validates the proposed modeling and control
techniques and novel bidirectional power electronics topology by means of simulation using
switched models. As such, current and voltage harmonics, potential of controller saturation and
transport delays due to Pulse-Width Modulation are present in the system and simulation. These
are phenomena that can impact the performance and validation of “modeling and control
techniques” for power electronics converters. Conversely, the switched simulation approach does
not, typically, takes into account switching and conduction losses, parasitic inductances and
resistances in the passive components and so on. These have minimum, if any, impact on the
validation of modeling and control techniques for power electronics converters, like the ones
reported in this thesis. In this sense, simulations allow much more flexibility and easy to test
different configurations and variations of parameters and operation points to better identify the
effects of the controller, allowing the results to pinpoint control behavior aspects. Such results are
often drowned among several other implementation aspects, and do not allow to highlight the

control ones.
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However, it is well-established for the academia that a working experimental prototype subject
to multiple tests is the ultimate evidence of validation for a given technique, circuit or system.
Therefore the natural next steps and future work of this research work would be the experimental
validation of the proposed switching schemes and control techniques as well the novel 5-switch
converter. This is currently being developed, where a prototype of the novel 5-switch Tapped-
Inductor Multi-State Bidirectional DC-DC converter has been assembled in the power electronics
laboratory for further testing.

Another possible path for future work is the investigation of different nonlinear control
approaches for the power electronics converters and the switching-schemes/models proposed in
this research work. In this thesis, the nonlinear control laws were developed based on feedback
linearization approaches, where auxiliary nonlinear feedback and feedforward terms were
introduced to the model so the system could be treated as linear for an extended operating region.
However, there are still a number of different approaches that could be evaluated for such systems.
Among these approaches, one could employ Lyupanov-based methods such as Backstepping and

Sliding modes.
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