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Abstract

The series-parallel connection of power converters has been widely used in various
fields of power electronics based on several advantages over a single high-power centralized
converter, such as lower component stress, higher reliability, easier maintenance, improved
thermal management, and so on. Due to these advantages, the series-parallel connection is
being adopted in the fields of high power converters, photovoltaic systems, hybrid power
systems, distributed power generation, and more. The series-parallel design of power
converters is clearly an essential technique for high-power converters and combined use of
distributed power sources.

Passivity-based control is a class of nonlinear control schemes that aims to achieve
asymptotic stability of passive systems by adding some damping to the system’s storage
function. A system composed of passive subsystems is a passive system. A dc-dc converter
is also a passive system in the sense that the switches do not provide any additional energy
to the system. Therefore, the series-parallel converters form a passive system from the
fact that each dc-dc converter is a passive subsystem. Then, from an energy point of
view, the series-parallel converters are expected to be asymptotically stable by applying
passivity-based control to each converter.

This dissertation studies the application of passivity-based control to the series-parallel
connection of de-dc converters. The asymptotic stability of series-parallel connected dc-
dc converters regulated by passivity-based control is theoretically demonstrated. Then,
this theoretical result is confirmed in numerical simulation and experiment. The agree-
ment between the simulated and experimental waveforms is also verified. In addition,
the steady-state and transient characteristics of passivity-based control are numerically
analyzed. These transient features are utilized for cooperative power management in
series-paralleled converter systems. The contents of this dissertation are explained below.

Firstly, the basic concepts of this study, such as passivity, port-controlled Hamiltonian

systems, and Lyapunov stability, are explained. Then, the passivity-based control law is
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derived for three types of de-dc converters, boost, buck, and buck-boost. Adaptive and
decoupling passivity-based control are also derived for advanced transient feature. The

characteristics of these control methods are analyzed numerically.

Secondly, passivity-based control of output series-parallel connected dc-dc converters is
discussed from a theoretical viewpoint. It is shown that output series-parallel connected
dc-dc converters are asymptotically stable when independent passivity-based control is
applied to each converter. An external input is added to the port-controlled Hamiltonian
system which represents the interconnection of the converters. By assigning circuit con-
straints to these external inputs, they are able to represent the series-parallel connection.
It follows that the arbitrary series-parallel connection of power converters is represented
as a port-controlled Hamiltonian system, and asymptotic stabilization can be achieved
by applying passivity-based control to each converter. Finally, the theory is numerically

confirmed by the simulation of series-paralleled boost, buck, and buck-boost converters.

Thirdly, passivity-based control of boost and buck converters connected in parallel
is numerically and experimentally examined. The parallel connected boost and buck
converters are modeled as a port-controlled Hamiltonian system, and the asymptotic
stability is obtained by individual passivity-based control. Numerical simulations are
performed reflecting the circuit and control setup used in the experiments. Steady-state
characteristics such as error and ripple and transient characteristics such as settling time
are analyzed to determine the feedback gains. The waveforms obtained from experiments
and numerical simulations are compared to confirm the correspondence of asymptotic

stability and transient characteristics.

Fourthly, we discuss a power management method using passivity-based control for a
system with multiple power converters connected in series-parallel. Power management
refers to the control of the power supply ratio among series-paralleled converters in re-
sponse to changes in load and target conditions. The control methods, adaptive and
decoupling passivity-based control, are used for the system to respond to load fluctua-
tions and changes in desired states. The construction of the experimental setup is also

explained.

Finally, the studies mentioned above are summarized, and the future directions of
this study are mentioned. The most important result of this dissertation is that the
passivity-based control of series-parallel connected dc-de converters was shown theoreti-

cally to asymptotically stabilize the system. This results was confirmed numerically and
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experimentally. The study must be extended in several ways, such as additional exper-
imental considerations, increasing the diversity of the system, and integration of power

converters.
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Notations and Symbols

Notations

Notation Usage

Meaning

R

ACB

x, AT

Set of real numbers

Set of natural numbers

Napier’s constant

Derivative of y with respect to x

Partial derivative of y with respect to x

Time derivative of @

Norm of ©

a is an element of A

A is a subset of B

Transpose of a vector @ or matrix A

x1
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Symbols

Symbol Unit Meaning

k - Feedback gain

? A Current

J Current due to interaction
t S Time

v \% Voltage

w \Y Voltage due to interaction
E \% Input source voltage

R Q Resistance

L H Inductance

C F Capacitance



Acronyms

AC

APBC

DC

DPBC

FPGA

GalN

HPS

PBC

PCHS

PV

PWM

MOSFET

Si

SiC

Alternating Current

Adaptive Passivity-Based Control
Direct Current

Decoupled Passivity-Based Control
Field Programmable Gate Array
Gallium Nitride

Hybrid Power System
Passivity-Based Control
Port-Controlled Hamiltonian System
Photovoltaic

Pulse Width Modulation
Metal-Oxide-Semiconductor Field-Effect Transistor
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Silicon Carbide
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Chapter 1

Introduction

1.1 Series-parallel connection of power converters

Series-parallel connection of multiple power converters is utilized in diverse fields of
electrical engineering for improved power conversion [1-36]. It provides advantages over
single, high-power, centralized power converters such as higher efficiency, increased relia-
bility, ease of maintenance, lower component stresses, improved thermal management, and
more [1-10]. Previous researches have reported the load-sharing design of high-power con-
verters [1-9], the achievement of higher efficiency in photovoltaic (PV) systems [10-16], the
construction of hybrid power systems (HPS) [17-30], and distributed generation [31-36]
by the adoption of series-parallel connection of power converters. The series-paralleling
technique of power converters is crucial for high-power conversion and the combined use

of power sources.

The series-parallel connection refers to a different circuit structure depending on the
research field. In the most common case, it represents multiple power converters con-
nected in series or parallel at both of their inputs and outputs as shown in Fig. 1.1 [1-9].
In this case, the power converters have identical circuit configurations and parameters.
Moreover, they are explicitly controlled to obtain equal load-sharing. References |1, 2]
have classified the load-sharing methods for the input-output paralleled converters. Simi-
larly, input-output series-paralleled converters were investigated and generalized in [5-8].
Though these considerations have strongly contributed to the load-sharing of high-power
converters, it must be noted that the diversity of converter types and operations is not

adequately examined. The lack of scalability of the method has been also pointed out.

The series-parallel connection of power converters is also considered in the research
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Figure 1.1: DC-DC converters connected in series-parallel at input and output.

fields of PV systems [10-16], HPS [17-30], and distributed generation [31-36]. In these
considerations, the series-parallel connection of power converters appears at their output
as shown in Fig. 1.2, because the power sources are distributed rather than concentrated.
This circuit design aims to achieve the cooperative use of distributed power sources by
controlling the power converters. Moreover, the system typically has diverse operating
modes depending on the power flow of each converter. In these cases, the control strategies
for the converters must be designed to cover a wide range of efficient operations. For

example, the bifurcations and instabilities of a PV-battery HPS are analyzed in [19].

In summary, the circuit configurations shown in Fig. 1.1 and Fig. 1.2 have completely
different applications and requirements for control. Thus, their research domain has not
been discussed in the same context. Rather, they have often been addressed as a method to
satisfy the demand in specific applications. The general discussions on the series-parallel
connection of power converters have been lacking, apart from the fact that they have
diversity and scalability issues in common. It is necessary to construct a control scheme
that widely covers the circuit topologies and the operating range of power converters for

the diverse and scalable series-parallel connection.
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Figure 1.2: DC-DC converters connected in series-parallel at output.

1.2 Passivity-based control of series-parallel connected
power converters

The control methods of power converters can be categorized into either linear or non-
linear control. Previous research on series-parallel connected converters, including the
above-mentioned references, has mainly been based on linear control, though the switched
power converters are inherently nonlinear systems [37-40]. Moreover, the series-paralleled
converters have mutual interactions in contrast to single dc-dc converters. Therefore, lin-
ear controllers are unlikely to give robust solutions and optimum performance for the
series-parallel connected converters [41]. Eigenvalue and time-delay analyses [42] can re-
veal the local linearized properties, but due to the nonlinearity and the connection of
the converters, the performance for the overall operating region of the series-paralleled
converters may not be illustrated. This is the biggest reason for the lack of scalability in
series-parallel connected converters. The characteristics and features of linear control are
not guaranteed to be maintained as the number of series-paralleled converters increases.

In this study, we adopt passivity-based control (PBC) [43,44,46-48] for the regulation
of series-parallel connected converters. This control method is a class of nonlinear control

schemes, which aims to achieve the asymptotic stability of passive systems by adding some
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Figure 1.3: Series-parallel connection of de-dc converters regulated by PBC.

damping to the system’s storage function. Since PBC is based on the physical properties
of the system, it gives simple and robust control laws [43,44,46]. The schematics of this
system configuration are shown in Fig. 1.3.

The control system design based on passivity was initiated in [49], whose objective was
to render the closed loop passive for the adaptive control of robot manipulators. Later,
similar works have been proposed in [50,51], which studied the PBC of mechanical systems
as a new adaptive control. Furthermore, it was proposed that this control system design
can be applied not only to mechanical systems but also to dc-dc converters [43]. The
performance of PBC for de-dc converters was tested experimentally in [52]. Then, PBC
was generalized for Euler-Lagrange systems in [44]. Recently, the application of PBC to
power converters is considered in [53-59], where the excellent performance of PBC has
been shown in terms of stability, robustness, and transient features.

The interconnection of passive subsystems compose a passive system [60]. A dec-dc
converter can be modeled as a passive system, in the sense that the internal switches do
not supply any energy to the system [43,44]. Rather, they serve to intermittently switch

the connection structure of the passive components [61,62]. Thus, the series-parallel
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connected converters constitute a passive system, since the dc-dc converters are passive
subsystems. It is expected from the perspective of energy that the series-parallel connected
converters are asymptotically stable by the application of PBC to each converter. Previous
research has considered the PBC of series-paralleled converters based on this viewpoint.
The regulation of Cuk converters connected in parallel by PBC is discussed in [63]. The
PBC of ring-coupled boost converters is considered in [64,65]. The application of PBC to
HPS is considered numerically and experimentally in [26-30]. Yet, these considerations are
limited to specific circuit configurations and control. General discussions on the properties
for the series-parallel converters regulated PBC have not yet been presented.

From the above background, this dissertation discusses the application of PBC to
the series-paralleled dc-dc converters from theoretical, numerical, and experimental view-
points. PBC is able to develop general discussions for the series-paralleled converters,
guaranteeing the diversity and scalability of the system. The basic concepts related to
this study are first explained. Then, the asymptotic stability of output series-paralleled
dc-dc converters regulated by PBC is shown in rigor mathematical manner. The system
is analyzed in terms of transient characteristics by numerical simulations. Experimental

consideration will also be provided to verify the theoretical and numerical results.

1.3 Overview of dissertation

The main contribution of this dissertation is that we have proved the asymptotic
stability of the output series-paralleled converters regulated by PBC. The asymptotic
stability is rigorously shown from the perspectives of stored energy and Lyapunov stability
theory. We focus on the general converter model of the port-controlled Hamiltonian
system (PCHS) and its connection structures, in contrast to the studies which consider
specific circuit configurations. Hence, the results provided in this dissertation are general
and are able to support the numerical and experimental results of the previous studies.
In addition, our theoretical aspects justify the further extension of the series-paralleled
converters due to generality and scalability. In order to verify these features, the numerical
simulations of the series-paralleled converters are also provided.

The thesis is organized as follows. In Chapter 2, we introduce the basic concepts
related to this research. Passivity and Lyapunov stability theory are first explained, and
then the generalized derivation process of PBC for PCHS is presented. The PBC laws for



three types of dc-dc converters, boost, buck, and buck-boost converters, are derived. In
addition, adaptive passivity-based control (APBC) and decoupling passivity-based control
(DPBC) are introduced as more advanced control methods. A numerical analysis of the
control performance for the above control methods is also presented.

In Chapter 3, the PBC of output series-parallel connected dc-dc converters is dis-
cussed from a theoretical viewpoint. It is shown theoretically that each power converter
is asymptotically stable when regulated by PBC. First, an external input variable is
added to PCHS representing a single de-dc converter. By assigning circuit constraints to
these variables they are able to represent the series-parallel connection. It follows that
the series-parallel connection of arbitrary power converters is represented as PCHS, and
asymptotic stabilization is achieved by applying PBC to each converter. Finally, it is nu-
merically confirmed by the simulation of boost, buck, and buck-boost converter connected
in series-parallel.

In Chapter 4, the PBC of boost and buck converters connected in parallel is numeri-
cally and experimentally investigated. The parallel connected boost and buck converters
are modeled as PCHS, and their asymptotic stability is shown to be obtained by PBC.
Numerical simulations are also performed reflecting the circuit and control setup used in
the experiments. Steady-state characteristics such as error and ripple in the steady-state,
and transient characteristics such as settling time are analyzed to determine the feedback
gains for PBC. Finally, the waveforms obtained from the experiment and the simulation
are compared to confirm the asymptotic stability and control performance.

In Chapter 5, we discuss the power management method for multiple converters con-
nected in series-parallel using PBC. Power management refers to the control of the power
supply ratio among the series-paralleled converters in response to changes in load and tar-
get conditions. APBC and DPBC introduced in Chapter 2 are adopted to respond to the
load fluctuations and changes of the desired states. The construction of the experimental
setup is also explained.

In Chapter 6, the conclusions and future work of this research are presented. In
this dissertation, the PBC of series-parallel connected dc-dc converters is investigated
from the viewpoints of asymptotic stability and control performance. The results of this
dissertation are concluded that it contributes to providing more diversity and scalability
in the series-parallel connection of power converters. As for future directions, the following

three viewpoints are addressed; experiment, expansion, and integration.



Chapter 2

Passivity-based control of dc-dc
converters

PBC is a control method which asymptotically stabilizes the desired equilibrium by
shaping the energy characteristics of the system, and then adding some damping [43,
44,46-48]. Energy shaping implies the design of a new desired storage function with a
minimum at the desired equilibrium, which becomes the candidate of a Lyapunov function.
Then, appropriate damping is added to the system to guarantee asymptotic stability.
For electronic systems consisting of semiconductor devices such as diodes and switches,
the Lagrangian formulation may be difficult or impossible to implement since the Euler-
Lagrange parameters are modified by the state of these elements [44]. On the other hand,
the Hamiltonian model of the switched power converter has the same state variables,
Hamiltonian, and dissipation function for all operating modes of the converter [45]. Given
these constraints, instead of Euler-Lagrange modelling, PCHS is often used to achieve
better results with PBC [46-48].

In this chapter, the basic concepts of this study are introduced. Passivity, PCHS,
and Lyapunov stability theory are first explained in detail. Then, averaged models of
boost, buck, and buck-boost converters are represented as PCHS. Lastly, the derivation
process of PBC law for each of these converters is shown. APBC and DPBC will also be
introduced for the advanced transient features in the series-parallel connection. Moreover,

the characteristics of the control methods are numerically analyzed.
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2.1 Passivity

Passivity is a fundamental property of dynamical systems, closely related to the con-
cept of energy. It was first introduced in [66] in the context of electrical circuits. The rate
at which energy is stored in a passive system is always less than or equal to the energy
supplied to it [44]. This fact implies the dissipative property of a passive system that
it cannot store more energy than it is supplied with. The dissipated energy is given by
the difference between the supplied and the stored energy. In order to mathematically
define the property of passivity, two functions must be introduced; the storage function
and the supply rate. The storage function represents the amount of energy stored inside

the system. The supply rate is implies the energy flow into the system from outside.

Consider a system

(2.1)

{a': = f(z,u), x(0) =z € R",
Y= h(wv'U')a

where £ € R", u € R™, and y € R are state, input, and output, respectively. The dot
() stands for time differentiation. The system (2.1) is dissipative [44,67] if and only if
there exists a non-negative real function H(x) : R" — R, called the storage function,
such that

H(x(T)) — H(x(0)) < / w(u, y)dr, (2.2)

for all w and T" > 0. Here, w(u, y) : R™ x R™ — R is the supply rate. It is clear from
(2.2) that the energy stored inside a dissipative system is always less than the energy

supplied to it.
The system (2.1) is passive [44,66] if it is dissipative with respect to the supply rate

w(u, y) =u'y. (2.3)

Then the variables w and y are conjugated in the sense that their product has the units
of power, assuming that the storage function H () of the system has the unit of energy.
For instance, the variables w and y would imply currents and voltages in an electrical

circuit or forces and velocities in a mechanical system [46].
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Table 2.1: List of Symbols.

Symbol Definition Property

A € R™™  Circuit parameter Positive definite

J € R™™ Internal structure Skew-symmetric

R € R™™™ Dissipation Positive semi-definite
g € R™™ Input structure

zecR" State variables

uc R™ Input

s € [0,1]' Duty ratios

2.2 Port-controlled Hamiltonian system

As a general model for the dc-dc converters, we assume
Az ={TJ(s) — R}x + g(s)u. (2.4)

The symbols in (2.4) are explained in Table 2.1, where n,m,l € N are natural numbers.
This model is a PCHS [68,69] with modifications to represent a switched power converter
[48]. Moreover, (2.4) is an averaged model [70-72] based on the assumption that the
switches have sufficiently fast switching operation compared to the circuit parameters.
Thus, the model is approximated to be a continuous system controlled by the duty ratios
s € [0,1]'. Tt is confirmed in detail that (2.4) describes a variety of dc-dc converters
in [44,48).
The storage function of (2.4) is given by

1
H= 5a:TAa:. (2.5)

Then, the time derivative of the storage function is obtained as
H=aT A = —x"Rae + x"g(s)u. (2.6)

Here, the first term on the right-hand side —z TR is the dissipation of the system, which
is negative at & # 0. The second term xTg(s)u is the power supplied from outside to
the system. It follows that (2.6) satisfies the conditions of passivity represented in (2.2)
and (2.3). Therefore, we have confirmed that any system modeled as PCHS satisfies the
property of passivity.
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2.3 Lyapunov stability theory

The stability of the solutions for differential equations can be analyzed by the Lya-
punov stability theory [73]. This theory has been the basic concept in the research domain
of PBC to confirm its stability aspect. In this section, the Lyapunov stability theory is
explained according to [74]. Detailed definitions of stability and asymptotic stability are
also given based on [74].

Stability, asymptotic stability, and instability are defined as follows. Consider the

system

& = f(a), (2.7)

where f : D — R" is a locally Lipschitz map from a domain D C R" into R"™. Suppose
that the domain D contains = 0 as an equilibrium point of (2.7). The equilibrium point
x = 0 of (2.7) is stable if, for each € > 0, there is § = d(¢) > 0 such that

lz(0)|| < = ||x(t)|]| <e, Vi>0. (2.8)
It is asymptotically stable if it is stable and ¢ can be chosen such that
llz(0)]| < = tli}m x(t) =0. (2.9)

The equilibrium point is unstable if not stable.
Accordingly, the Lyapunov stability theory is given as follows. Let V' : D — R be a

continuously differentiable function, such that

V(0) =0 and V(x) > 0in D — {0}, (2.10)
V(x) <0in D. '
Then, = 0 is stable. Moreover, if
V(x) <0in D — {0}, (2.11)

then = 0 is asymptotically stable. Here, D — {0} implies the domain D excluding the
origin.

Note that the Lyapunov stability theory determines the local stability due to the
domain D. For global stability, the property of radial unboundedness has to be satisfied.

The domain D corresponds to the operating region of the power converter, limited by the
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specifications of its components. This is the reason we are not able to state the global
asymptotic stability of PBC for power converters. The function V() is called a Lyapunov
function and it is analogous to the energy of the system. Therefore, the energy function
of the system is often adopted as the Lyapunov function to test its stability, though the

Lyapunov function does not necessarily have to represent the system’s energy [75].

2.4 Passivity-based control

In this section, general explanation of PBC is provided. The explanation of PBC
is provided in three steps; error dynamics, asymptotic stabilization, and application to
power converters. The discussions below are based on premises such as Lyapunov stability
theory and PCHS, shown in previous sections. For more advanced discussions of PBC,
see [44,46-48|

2.4.1 FError dynamics

First, the error dynamics of PCHS is introduced for the simplicity of the discussion.

The steady-state equation i.e. the null dynamics of (2.4) is obtained as
{J(s) —R}x+g(s)u=0 (2.12)

by setting the differential terms to zero. The desired state x = x4 and the corresponding
duty ratios s = sq are determined as the constants to satisfy (2.12). Hereafter, the
subscript ‘d’ indicates the desired value. The control aims to achieve the asymptotic
stability at = x4 by modifying the duty ratios s at the transient state.

The error & = x — x4 satisfies
Az = {J(s) — R}& + g(s)u (2.13)

from (2.4) and (2.12). The input structure g and input @ are defined as

als) = 7(9) - R g(o) = | %], (214)

u

Then, the system is interpreted as a port network shown in Fig. 2.1. The system descrip-
tion of (2.13) simplifies the control task to achieving the asymptotic stability at & = 0.
Thus, we consider PBC in the following discussions by (2.13).
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Az = {J(s) — R}& + g(s)u

L parameters A
input variables &
input structure structure J output
i g dissipation R load
duty ratios s
L system
° components

Figure 2.1: Diagrammatical interpretation of dc-dc converters as port network. Output
load is considered as internal element. (C) 2021 IEEE

2.4.2 Asymptotic stabilization

The storage function of (2.13) is defined as
]. ~T ~
H=-x Az. (2.15)
(2.15) has its minimum at & = 0. The time derivative of the storage function (2.15) is
H=a"Azx = -2 "Rz + & g(s)u. (2.16)

Here, we assume &4 = 0, since we are considering a dc system with constant voltage
output. This assumption yields simpler discussions and control compared to [43,44,48].
The first term on the right-hand side —&"R& is the dissipation of the system, which is
negative at & # 0. The second term &' g(s)@ corresponds to the power supplied from
the externals.

Therefore, when the externally supplied power satisfies
#'g(s)u <0, & #0, (2.17)
the remaining energy dissipation guarantees
H=—-&"Re+z2"g(s)u <0, & #0. (2.18)

The storage function H plays the role of a Lyapunov function of (2.13) and ensures the
asymptotic stability at € = 0. To summarize, PBC for the dc-dc converters prepares a

control rule for the duty ratios s given to satisfy the condition (2.17).
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Limiter - switching state
se(0,1]’ Analog—to-filgltal variables (Actual) variables
> conversion > DC-DC
(PWM, AY, etc.) converter
s Passivity-based controller | Averaging
(calculated) zTg(s)u <0, T#0 . or filtering
desired
output
voltage Steady-state equations T4
_—
{J(s) =R}z +g(s)u=0

Figure 2.2: Feedback control scheme for the PBC of de-de converters. (©) 2021 IEEE

2.4.3 Application to switched power converters

The schematic diagram of the feedback control scheme for the PBC of de-dc converters
is shown in Fig. 2.2. The actual dc-dc converter is regulated by a discrete switching
variable. Thus, the duty ratio must be processed through analog-to-digital conversion,
such as pulse-width modulation (PWM) or AY modulation [48,76]. A hard limiter is
implemented to ensure the duty ratio is in the closed interval [0,1]. Regardless, the
feedback gain should be determined for the duty ratios to not saturate in the converter’s
operating range. Averaging or filtering of the state variables is also necessary, since the
feedback control is based on the averaged system. The actual state variables have small
high-frequency ripples, due to the switching operation. This process is accomplished by
the low-pass filtering nature of the passive elements and the design of noise reduction
filters for the analog sensors. The The desired state x4 is uniquely determined by (2.12).
The feedback control implemented in the later chapters operates as shown in Fig. 2.2 both

in simulation and experiment.

2.5 Derivation process of passivity-based control laws
for dc-dc converters

In this section, the actual control law for boost, buck, and buck-boost converters are

derived. The detailed process is first shown for the boost converter. For the buck and
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buck-boost converter, the process is abbreviated since it proceeds the exact same way as
the boost converter. The obtained PBC laws are numerically analyzed for an optimal

feedback gain setting.

2.5.1 Boost converter

Fig. 2.3(a) shows the circuit schematic of a boost converter. According to the Kirch-

hoff’s laws, the dynamics of a boost converter is formulated as

L o] [: - 0 —(1—w)] [ 1
[0 C] M B [(1 —u) —1/R } M + [0] E, (2.19)
where u € {0, 1} is the discrete switching variable. Assuming a sufficiently high frequency

switching operation, the averaged model [70-72| of a boost converter is obtained as

Sl =lo 2 S]] a2

where the switching variable u is replaced with the duty ratio u € [0, 1]. By averaging,
the state variables are also averaged in the sense that they no longer show ripples caused

by the switching operation. Then, the steady-state equations are obtained as

FE
H= 1— R
) U (2.21)

pie
‘TR

The desired state [i v]T = [iqvq]T and the desired duty ratio pq € [0, 1] are determined as
constants to satisfy (2.21).

Putting & = [i —iqv — vq]T gives the storage function of

oo L[i—ig] " [L 0] [i—iq
mAm_ﬁL}—vd] 0 C| |v—ug

L(i— i) + %O(v . (2.22)

H:

N = DN

In order to form (2.22) as a Lyapunov function,

S ] AR

= (1 — pa) (ivg — iqv) < 0, & # 0 (2.23)
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Figure 2.3: Example circuit schematics of dc-de converters. (a) Boost converter. (b) Buck
converter. (c¢) Buck-boost converter.

has to be satisfied according to (2.17). The condition (2.23) is fulfilled by controlling the
duty ratio u as

p= piq — k(ivg —iqv), k>0, (2.24)

where k is a positive feedback gain. Therefore, PBC for the boost converter is obtained
as (2.24).

The transient characteristics of the PBC law for boost converter are shown in Fig. 2.4.
The transient feature is evaluated in regards to overshoot and settling time. The initial
state and circuit parameters are determined based on the settings in Chapter 4. The
parameters are set as L = 470uH, C = 10puF, E =9V, R =658, vg = 18V, iq =
0.548 A. As the feedback gain k is set higher, the overshoot converges to zero. However,
settling time has a peak. Fig. 2.5 shows the actual waveforms obtained for specific feedback

gain settings. These characteristics greatly depend on the circuit parameters and initial
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Figure 2.4: Transient characteristics of passivity-based control for boost converter.
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Figure 2.5: Waveforms of passivity-based control for boost converter with specific feedback
gain settings.
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states. Therefore, the feedback gain must be analyzed widely throughout the region of

operation.

2.5.2 Buck converter

PBC for the buck converter follows the same derivation process as the boost converter.

The averaged model of the buck converter shown in Fig. 2.3(b) is

SOR-E R e

which is clearly in the form of PCHS. The steady-state equations for the buck converter

are obtained as

(2.26)

by setting the left hand side of (2.25) to zero. Similarly to the boost converter, the desired
state [i v]T = [iqvq]T and the desired duty ratio ug € [0, 1] are determined to satisfy (2.26).
Then, the condition for the asymptotic stability is

. . 1T id
T ~ _ 1= 1q 0 —1 pu
z g(pu= L}_UJ [1 _1/R O] zg

from (2.17). This condition is satisfied by
W= g — ]{(Z — id), k> 0. (228)

Thus, (2.28) is obtained as the PBC law for the buck converter.

The transient characteristics of the PBC law for buck converter are shown in Fig. 2.6.
The parameters are L = 630uH, C = 4.7uF, E =36V, R = 162€), vqg = 18V, 14 =
0.108 A. Note that the current overshoot does not converge to zero in this setting, unlike
the boost converter. This is due to the eigenvalues of this equilibrium point. Fig. 2.7
shows the actual waveforms obtained for specific feedback gain settings. Here, we are
able to confirm that the current overshoot remains in all feedback gain settings. The

overshoot and the settling time are a trade-off in this case.
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Figure 2.7: Waveforms of passivity-based control for buck converter with specific feedback

gain settings.
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2.5.3 Buck-boost converter

PBC for the buck-boost converter also follows the same derivation process. The buck-

boost converter shown in Fig. 2.3(c) is modeled as

ool =laln S )+l (2.29)

The steady-state equations for the buck-boost converter are obtained as

W
M_U+E’

. v(v+ E)
P =——",

RE

(2.30)

by setting the left hand side of (2.29) to zero. The condition for the asymptotic stability

1S

a4 o0 0 1

= (1 — pa){i(va + E) —da(v + E)} <0, T # 0. (2.31)
This condition is satisfied by
p=pta — k{i(va + E) —ia(v+ E)}, k> 0. (2.32)

Thus, (2.32) is the PBC for the buck-boost converter.

The transient characteristics of the PBC law for buck converter are shown in Fig.
2.8. The parameters are set as L = 470uH, C' = 10uF, E = 18V, R = 362, vq =
18V, iq = 1A. Similarly to the boost converter’s case, it is possible to reduce both
overshoot and settling time by increasing the feedback gain. Fig. 2.9 shows the actual
waveforms obtained for specific feedback gain settings. It is confirmed that increasing the
feedback gain improves the transient characteristics. However, the duty ratio must be

ensured that it does not saturate due to large feedback gain.

2.6 Adaptive passivity-based control

In this section, APBC is explained for buck and boost converters. APBC is a control
method that enables asymptotic stabilization without the knowledge of the output load.



20

Figure 2.8: Transient characteristics of passivity-based control for buck-boost converter.

Figure 2.9: Waveforms of passivity-based control for buck-boost converter with specific
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This feature is obtained by introducing an adaptive variable with dynamics that does not
violate the passivity of the system. The advantage of APBC is that it can automatically
maintain the output voltage among the series-paralleled converters [77,78]. Previous
research on APBC of power converters can be found in [79-81]. The detail of the control

method is explained below.

2.6.1 Buck converter

According to the second equation of (2.26), the desired current and voltage for the

PBC of buck converters must satisfy

X (Y
iq = Ed‘ (2.33)

This equation implies the balance between the current and the voltage at the steady-state.
Hence, the PBC for a buck converter (2.28) assumes the knowledge of the output load R.

Suppose that we have the desired output voltage vq for the buck converter. Also,
suppose that we have no knowledge of the output load R and cannot determine the
desired current iq from the steady-state equation (2.26). Here, we can introduce an

adaptive desired current iAd to replace the actual desired current 74 in the control law of
(2.28). Thus, we have

M:U—g—k( i), k>0, (2.34)

as the APBC for the buck converter. The dynamics of the adaptive variable iq are defined

as
Laia = kE(i —14), Ly >0, (2.35)

where L, is an additional control parameter. Note that (2.34) and (2.35) do not require
any knowledge of output load R or desired current iq for control.
Substituting (2.34) and (2.35) to the buck converter model (2.25) yields the extended

system of

Li=—v+uvg — kE(i — 1q),

v
Cv=1——, 2.36
V=1 7 ( )

aZd = k’E( )
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Equation (2.36) represents the buck converter regulated by APBC. The storage function
of (2.36) is

1 1 1. ~
H= 5L(z‘ —iq)? + 50@ —vg)* + 5La(z‘d —iq)?. (2.37)
The time derivative of the storage function along the trajectory of (2.36) is obtained as

i = Li(i — iq) + Co(v — va) + Leia(ig — ia)

— 2 N
— _(U R/Ud) o kE(Z _ Z'd)Q S 07 (238)

which indicates the asymptotic stability of (2.36) in the sense of Lyapunov. The APBC
given in (2.34) and (2.35) is shown to asymptotically stabilize the buck converter at the
output voltage of v = vq without the knowledge of the load R. It implies the robustness
of APBC against load fluctuations and uncertainties.

APBC has two control parameters k and L, as seen from (2.34) and (2.35). Figs.
2.10(a) and (b) show the transient properties of buck converter regulated by APBC de-
pending on the control parameters. Here, the circuit parameters are chosen based on the
components of the fabricated converter introduced in Section 5.3 listed in Table 5.1. The
transient characteristics are analyzed from the step response of (2.36) with the initial
state at the origin. The desired output voltage and the output load is chosen as vqg = 24 V
and R = 9.6€2. The control parameters are limited in the region where the duty ratio u
satisfies 0 < p < 1 throughout the transient. The numerical simulation was executed by
MATLAB/Simulink 2020b.

The dependence of current overshoot on the control parameters is shown in Fig.
2.10(a). It indicates that setting a larger value for both control parameters decreases
the current overshoot. However, if either one of the parameter is set insufficiently small,
then it will drastically reduce the effectiveness of the control. According to Fig. 2.10(a),
the control parameters should be set £ > 0.19, L, > 0.8 x 1072 in order to have zero
current overshoot in the transient.

The dependence of settling time on the control parameters is shown in Fig. 2.10(b).
Here, the settling time is defined as the time it takes for the buck converter current
to remain within 0.5% error from the steady-state current. Fig. 2.10(b) shows a waved
surface due to the damped oscillations in the current waveform. The surface has a region
around k = 0.2, L, = 0.92 x 1073, where the settling time becomes relatively smaller than

the other regions inside the figure.
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Figure 2.10: Transient properties of buck converter regulated by APBC depending on the
control parameters. (a) Current overshoot. (b) Settling time.
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Figure 2.11: Waveform of buck converter current at k = 0.2 and L, = 0.92 x 1073
compared with open loop system.

Figure. 2.11 is the simulated current waveform of the buck converter with APBC at
k=02,L, =0.92 x 107, Here, iopen is the current waveform of the open loop system,
where the buck converter is operating without control. The controlled buck converter
current shows significantly better transient in terms of overshoot and settling time. The
dynamics of the adaptive variable z'/c\l can also be observed. Note that the feedback control
is purely based on the error between ¢ and {:1, and no information of the load R or the

desired current ¢4 is necessary.
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2.6.2 Boost converter

The APBC for the boost converter is given by

E ~
uw=1———k(ivg —iqu), k > 0, (2.39)
Vq

where dynamics of the adaptive variable iq is defined as
Laiq = kv(ivg — iAdv), L, > 0. (2.40)
This control law is able to be derived in the same way as the buck converter.
Substituting (2.39) and (2.40) to the boost converter model (2.20) yields the extended
system of
. E ~
Li = ——v — kvqiv — kv?ig + E,
Uq
FE ~
Co = —i + kvgi® — kivig — —, (2.41)
V4 R

~

La{(\j = k‘U(i’Ud — idv).
Equation (2.41) represents the boost converter with APBC. The storage function of (2.41)
1s

1 1 1~
H = 5L(z’ —ig)® + §C(u —vg)* + §La(z’d —ig)”. (2.42)

The time derivative of the storage function along the trajectory of (2.41) is obtained as

H = Li(i — i) + Co(v — va) + Leta(ia — ia)

— 2 —~
- —% — k(ivg — iqv)? < 0, (2.43)

which indicates the asymptotic stability of (2.41) in the sense of Lyapunov. Similarly
to the buck converter, the APBC given in (2.39) and (2.40) is shown to asymptotically
stabilize the boost converter at the output voltage of v = vq without the knowledge of
the load R.

The dependence of the current overshoot on the control parameters for the APBC of
the boost converter is shown in Fig. 2.12(a). Similarly to the buck converter’s case, setting
a larger value for both control parameters decreases the current overshoot. Also, if either

one of the parameters is set insufficiently small, it drastically reduces the effectiveness
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Figure 2.12: Transient properties of boost converter regulated by APBC depending on
the control parameters. (a) Current overshoot. (b) Settling time.

of the control. According to Fig. 2.12(a), the control parameters should be set k >
0.01, L, > 0.7 x 1072 in order to have zero current overshoot in the transient.

The dependence of settling time on the control parameters is shown in Fig. 2.12(b). It
should be noted that he surface has a thin region around & = 0.0035, L, = 0.23 x 1073,
where the settling time becomes relatively smaller than the other regions. The feedback
parameters then should be set in this region with higher values in order to optimize the
transient performance.

To summarize this section, we explained the APBC of the boost and buck convert-
ers and examined its transient performance numerically. The results in this section are
based on the fabricated dc-dc converter introduced in Section 5.3. The optimal control
parameter settings obtained in this section will be utilized in the power management of
series-paralleled converters, examined in Chapter 5. The application of APBC to the
series-paralleled converters is verified in [77,78]. Note that the transient performance
depend on the circuit parameters, and therefore the optimal control parameters may vary

between the converter designs.

2.7 Decoupled passivity-based control

This section is devoted to the explanation of DPBC for a boost converter. DPBC

is a control method that decouples the input current characteristics from the output
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voltage fluctuations. This feature is obtained by the modification of feedback gain by
state feedback. The detail is explained below.
Applying the PBC law (2.24) to the boost converter model (2.20) gives
Li= — {E + k(vgt — vid)} v+ B,

U4

(2.44)
Co= 3 E 4 h(oai—vi) bi— L
(1 d d R
By expanding the equations, we have
Liay v judia (v 0P
Eig Uq E  \iquqg  vg?
. 5. _ 5 (2.45)
CR. i v Va2iq ( v i )
— U0 =——-——k — = —.
Vg g g E  \lquqg g
Here, if we give k as
E
k=——mr, (2.46)
V1qVq
we obtain
Lid . 7
B Ty
247
CR . v 2 vg ( )
—_— ) = —— '_2_7
Vd V4 14" VU

We can clearly see that the first equation of (2.47) becomes independent of the output
voltage v, which implies that the dynamics of the input current ¢ has been decoupled from
the output voltage v. By substituting (2.46) to (2.24), we obtain the actual DPBC law
for the boost converter as

w=1-— s (2.48)
DPBC law for the boost converter (2.48) allows keeping the dynamics of the input current
independent while ensuring the stability in the sense of Lyapunov.

Figure 2.13 shows the transient waveform of boost converter regulated by DPBC. An
initial error from the desired state is given to the output voltage. Here, the current of
the boost converter stays constant at the desired state with no fluctuations with DPBC,
compared to PBC with constant feedback gains. Therefore, the decoupled feature of the
control method is confirmed numerically. This feature is confirmed to be applicable to

series-parallel connection of the converters in [78].
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Figure 2.13: Waveform of boost converter regulated by DPBC.

2.8 Summary

In this chapter, the basic concepts of this study were introduced in detail. Passivity,
Lyapunov stability, and PCHS were first explained. Then, averaged models of boost,
buck, and buck-boost converters were described as PCHS. APBC and DPBC were also
introduced for advanced transient features. The characteristics and performance of the
control methods were numerically analyzed to determine the feedback gain settings. The
contents of this chapter provide theoretical support for the numerical and experimental

results in the subsequent chapters.
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Chapter 3

Output series-parallel connection of
dc-dc converters regulated by
passivity-based control

In this chapter, the asymptotic stability of the output series-paralleled dc-dc converters
regulated by PBC is theoretically discussed. The asymptotic stability of the system is
rigorously shown in terms of stored energy and Lyapunov stability theory. First, the
dc-dc converter model is introduced with an additional external variable representing the
mutual interaction between the converters. Then, circuit restrictions are given to the
variables for the model to describe a series or parallel connection. Through the process,
the output series-paralleled converters are shown to be reclassified into the PCHS of (2.13).
Thus, the asymptotic stability of the series-paralleled converters is able to be discussed
in the same manner as a single dc-dc converter. It follows that the application of PBC
to each converter asymptotically stabilizes the series-paralleled converters. The results of
the numerical simulations are shown to confirm the theoretical discussions. Here, several
scenarios for external disturbance will be considered to verify the stability and robustness

of the output series-paralleled converters regulated by PBC.

3.1 DC-DC converter model with output interaction

The dc-de converter with output interaction is modeled as
Az = {J(s) — R}z + g(s)u + b, (3.1)

where b € R™ implies the interaction at the output. This de-dc converter model is shown

diagrammatically in Fig. 3.1. As shown in the figure, the interaction b is treated as an
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Figure 3.1: DC-DC converter model with interaction at output. (C) 2021 IEEE
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Figure 3.2: Possible circuit structures for series or parallel output interaction. (a) Series
interaction. (b) Parallel interaction. (C) 2021 IEEE

external variable. The storage function of (3.1) is kept as

1
= 5:;?,45: (3.2)
However, its time derivative is altered to be
H=z"Ax
= xRz +x'g(s)u+x'b, (3.3)

where the term &b implies the power supplied from the output interaction.

Two possible circuit structures are assumed for the output interaction; series or par-
allel connection as shown in Figs.3.2(a) and (b), respectively. The variables ¢ and i
represent the output voltage and the output current of the converter. In Fig. 3.2(a), the
interaction appears as the voltage w in series to the load. From the assumption that the

only dissipative element of the converter is the output load R, we have

(3.4)
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for the series interaction. Clearly, adding the two equations in (3.4) gives the power con-
sumption at the load. Here, we can see that the output interaction affects the dissipation

of the model. Similarly, we have
—&"R& = —Ri®, &7b = Rij, (3.5)

for the parallel case shown in Fig. 3.2(b).

3.2 Output series or parallel connection of two dc-dc
converters

Fig. 3.3(a) shows a pair of dc-dc converters with output interaction. Each converter
has output load R, output voltage @, output current i, and output interaction b. The

subscripts ‘1’ and ‘2" correspond to converters #1 and #2, respectively.
3.2.1 Model and energy property
The pair of de-de converters shown in Fig. 3.3(a) are modeled as

{ANLIH ={J1(s81) = Ri}@1 + g1 (s1)us + by, (3.6)

.AQLwQ = {j2(82) — RQ}@Q + g2<82)’l~1,2 -+ bg.

Note that these equations are independent due to the fact that no conditions are fixed to

the variables yet. Equation (3.6) is rewritten as

Ay = {J12(812) — Rip}&12 + §10(812) W12 + by, (3.7)
by using
) _ )
- 531 ’&,1 Al 0
m - ) u - ~ b A - )
12 ~2] 12 [u2 12 [ 0 AZ]
(7 0 Ry 0
= R, = , 3.8
T2 0 -72] 12 0 RJ (3.8)
- g, 0 b
12 — 1 |, b2 = ! ; S12 = 51
L 0 g9 b, S2

Then, the storage function of (3.7) is

1. .
Hiz = 51'1T2A123312- (3.9)
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Figure 3.3: Pair of de-dc converters with output interaction. (a) Drawn individually. (b)
Series connection at output. (¢) Parallel connection at output. (C) 2021 IEEE

The time derivative of the storage function is obtained as

. T .
Hiz = w12A12w12

= —5’1T2R/125312 + 571T2§12(312>ﬁ12 + 5;31T2b12a (3.10)
where
TR E1y = BLRIET) + X3 Rois, (3.11)
Zl,bio = 21 by + &, by,
from (3.8).

3.2.2 Series connection

Fig. 3.3(b) is the schematic of the outputs connected in series. In this configuration,
both loads have the identical current flow. The converters interact through the voltage

w’, which represents the voltage imbalance among the outputs. Therefore, we have
%1 == %Q, W, = —wWay, (312)

where w; and w, indicates the voltage interaction for converters #1 and #2, respectively.

Also from the voltage law,

w1 = ’l~)1 - ngl, Wy = 172 — RQ%Q, (313)



3.2. Output series or parallel connection of two dc-dc converters 33
is obtained. Then, the load current is
i =1y =

(3.14)

from (3.12) and (3.13).

Since Fig. 3.3(b) corresponds to the series interaction shown in Fig. 3.2(a), we have

012 g2
T A T A~
T lel = R’ Ty RQ:BQ F?
V1w ' VoW ? (3.15)
~ 1W1 ~ 2W2
b= ——, Tyby = ——,
Ry Ry

from (3.4). Moreover, from (3.13) and (3.14), we have

0?00+ D)

=T
T, by = — ,
~ 2 ~ ~ ~ .
#lb, = 2 D0 ¥ 1)
2 Ry  Ri+R,
Substituting (3.16) to (3.11) results in
Lp, 00 (0 Dy)?
ZTypb=—+—5 ——F5—F—
Ry Ry R+ Ry
= &, R0 — T ReZ1a, (3.17)
by introducing a positive semi-definite matrix Ry that satisfies
Ty - (01 + 02)°
FLR G = 2 3.18
LRz = (3.18)
Hence, we obtain
bis = RyT10 — R1o (3.19)

for the series connection in Fig. 3.3(b). From above discussions, we can confirm that the
connection at the output replaces the dissipation of the model. Moreover, the introduced

dissipation matrix R represents the series connection of the loads.

3.2.3 Parallel connection

Similar discussions can be made for the parallel connection. Fig. 3.3(c) is the schematic

of the outputs connected in parallel. In this configuration, both loads have identical load
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voltage. The current j' implies the interaction between the converters. Therefore, we

have
771 - 7727 jl == _j27 (320)

where j; and js indicates the current interaction for converters #1 and #2, respectively.

Also from the current law,

~ U1 ~ V2

o = o — —— 3.21
Ji=1nu Ry’ J2 =12 Ry’ ( )
is obtained. Then, the load voltage is
_ RiRy ~ -
=0y = — 3.22
U1 = U2 Rt Ry (i1 + i2), (3.22)

from (3.20) and (3.21).

Since Fig. 3.3(c) corresponds to the series interaction shown in Fig. 3.2(b), we have

T R1Z1 = Ryir?, &4 RoZy = Ryis?, (3.23)
Z1b1 = Riiiji, &;bs = Ryizjo,
from (3.5). Moreover, from (3.21) and (3.22), we have
_ RRo - -~ -
JNZ}‘bl = R1i12 — #7’1(@1 + i2)7
F+ F (3.24)
~ ~ RlRQ Yo ~ '
$r§b2 = R222 — ZQ(Zl + 22)
R+ Ry
Substituting (3.24) to (3.11) results in
~ ~ ~ RIRZ ~ ~
T lobiy = Ryi> + Ryig® — —————(iy + i3)?
12012 1 202 R1+R2(1 2)
= Z{,Ryl1s — B1yRp1a, (3.25)
by introducing a positive semi-definite matrix R, that satisfies
RiRy -~ -
~T ~ 142 : )
R = — . 3.26
le ple R]_ ‘I’ R2 (7’1 + 22) ( )
Hence, we obtain
b12 - 72]12@12 - Rpjm? (327)

for the parallel connection in Fig. 3.3(c).
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3.2.4 Replacement of dissipation

From (3.19) and (3.27), the external input b2 replaces the original dissipation matrix.

Thus, it is possible to rewrite the model of (3.7) as

R (series),

3.28
R, (parallel), (3.28)

A1y = {TJ12(s12) — Riz}iz + §15(812) 12, Riz = {
by substituting (3.19) or (3.27) to (3.7). Here, R4z is equal to R or R, depending on the
series or parallel connection at the output. The model (3.28) has the same structure as
(2.13), which is the general PCHS of the dc-dc converter. Therefore, we have shown that
a pair of de-dc converters connected in either series or parallel at the output is described
in the general form of PCHS.

3.3 Output series-parallel connection of n numbers
of dc-dc converters

Let us first clarify that the system consisting of n € N numbers of converters connected
repeatedly in either series or parallel at their outputs to share a single load is defined as
output series-paralleled n converters. Fig. 3.4 shows the diagram of the output series-
paralleled n converters. The output interaction for this system is also given in series or
parallel to the output load, similarly to Fig. 3.2. The single dc-dc converter is included
in the definition for the case of n = 1.

Suppose, for all m € N s.t. m < n, any output series-paralleled m converters are
described by PCHS in (2.13). Consider the natural numbers o, § € Ns.t. a+ 5 =n+1.

Then, a specific output series-paralleled n + 1 converters can be described by the model

{Aaia = {Ja(8a) = Ra}a + §o(8a)tta + ba, (3.29)

Aszs = {Ts(s5) — R}Ts + gs(ss)us + bg.

The first and the second equations in (3.29) describe the output series-paralleled con-
verters with interactions consisting of o and S numbers of converters, respectively. The
equations are PCHS and the matrices and variables have the same properties as listed
in Table 2.1. Note that (3.29) corresponds to (3.6). In both of these models, the circuit
restrictions shown in Fig. 3.3 have to be applied so that the models describe series or

parallel connections. Thus, the same discussions as Section 3.2 can be made. Since the
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Figure 3.4: Output series-paralleled n converters. (C) 2021 IEEE

natural numbers o and [ can be chosen arbitrarily, it concludes that any structure of
output series-paralleled n + 1 converters is described by the general PCHS in (2.13).

In the previous sections, we have already shown for n = 1, 2 that the output series-
paralleled n converters are described by PCHS in (2.13). This statement can be proved for
all n by the mathematical induction based on the above discussions for (3.29). Therefore,
we have proved that the output series-paralleled n converters are described by PCHS in
(2.13), for n € N.

3.4 Passivity-based control and asymptotic stability

Suppose that the whole output series-paralleled n converters are modeled in PCHS as
Ay, = {T0(80) — Ru}n + §,,(80) . (3.30)

Also suppose that they consist of n numbers of single dc-dc converters. Each of these

converters can be modeled as PCHS

Al @i = {T1m(81.m) — Rim}&1m + 91 (S1.m) Wlims (3.31)

where m € N s.t. m < n. The symbols used in (3.30) and (3.31) follow the definitions for
PCHS listed in Table 2.1. The subscript ‘1.m’ indicates each single converter consisting

the output series-paralleled n converters.
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Since (3.30) is written in the general PCHS of (2.13), the condition for the asymptotic
stability is given from (2.17) as

Ty G, (8,)0, <0, &, # 0. (3.32)

Note from the previous discussions that the series-parallel connection only alters the
dissipative properties of the model. According to (3.8), &1, and w;,, are combined
vertically throughout the series-parallel connection. On the other hand, g, ,, is combined

diagonally. Thus, we have

& @
- Ti2| U2
Ty = y Un = )
"il.n Ial.n
- (3.33)
g, 0 -~ 0
5, = O 912 ’
: 0
\ 0 - 0 gy,
and accordingly,
&G, (8n) Uy = Z Z1 91 (81.m) W1 (3.34)
m=1
Controlling each converter by PBC gives
Z1 191 (81m)81m < 0, Zim # 0, (3.35)

for all m < n. The condition (3.32) is satisfied by (3.34) and (3.35). Therefore, it is
proved that the output series-paralleled n converters are asymptotically stable by the
PBC of each converter.

In conclusion of this section, we have proved that output series-paralleled dc-dec con-
verters regulated by PBC maintain their asymptotic stability. Also, throughout the sec-
tion, we have shown that any structure of output series-paralleled converters is described
by PCHS in (2.13). The diversity and scalability of the structure lies in the generality of
the discussion. Note that the restrictions made in the discussion were only for the circuit
constraints due to the output connection. It implies the robust, diverse, and scalable
feature of PBC that the asymptotic stability is not restricted by the circuit topologies,
parameters, and steady-states of the series-paralleled converters. The theoretical results

are confirmed in the next section by numerical simulation.
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Figure 3.5: Boost, buck, and buck-boost converters connected in series-parallel at the
output. (C) 2021 IEEE

3.5 Numerical simulation

In this section, the PBC of the output series-paralleled converters is examined based
on numerical simulation using MATLAB/Simulink 2020b.

3.5.1 Setups for simulation

The simulated circuit is shown in Fig. 3.5. It is composed of boost, buck, and buck-
boost converters. The subscripts ‘17, 2’, and ‘3", correspond to the boost, buck, and
buck-boost converter, respectively. This circuit configuration was chosen to demonstrate
the minimum series-parallel connection of various converters. The circuit parameters for
the simulated circuit are shown in Table 3.1. Here, the parameters are chosen to be
diverse. The parameter k is the feedback control gain set for the PBC of each converter.
The load resistance is R = 122. The switches and the diodes are considered ideal.

As for control, the PBC explained in Section 2.4 are applied to each converter. The
duty ratios for the switches of boost, buck, and buck-boost converters are governed by
(2.24), (2.28), and (2.32), respectively. The calculated duty ratios are converted to the
switching signal by PWM at 1 MHz. The sampling frequency of the state variables is also
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Table 3.1: Parameters of de-dc converters. (€) 2021 IEEE

#1 Boost #2 Buck #3 Buck-boost
Parameter Values |Parameter Values | Parameter Values
Ly 470 uH Lo 500 uH Ls 330 uH

Ey 18V Ey 40V Ej 24V
kq 0.02 ko 0.3 ks 0.02

Table 3.2: Initial state of de-de converters. (©) 2021 IEEE

#1 Boost #2 Buck #3 Buck-boost
Variable State | Variable State | Variable State
11 14A 19 1.3A 13 2.8A
U1 10V Vg 16V Vs 12V

Table 3.3: Desired state of de-de converters. @ 2021 IEEE

#1 Boost #2 Buck #3 Buck-boost
Variable State Variable State Variable State
114 1.950 A 1924 2.025 A 134 3.375 A
V14 36V Vag 20V U3q 16V
H1d 0.5 H24d 0.5 M3d 0.4

set at 1 MHz, and the calculation of the duty ratios is executed instantly. The feedback
control scheme follows the schematic diagram shown in Fig. 2.2.

The initial state and the desired state of the simulated circuit are given in Table 3.2 and
Table 3.3, respectively. The desired state is determined for the converters to have various
voltage, current, and power levels at the steady-state. In the simulation, we first consider
the case that there is no disturbance in the system, to confirm the asymptotic stability
numerically. Then, we also consider the cases that there are perturbations or fluctuations
at the input voltage source or the output load, in order to examine the robustness of the

proposed control method. These simulation scenarios are based on the previous works
in [43,44].
3.5.2 Simulation without disturbance

The simulated waveforms of the output series-paralleled converters in the ideal case

are shown in Fig. 3.6. It can be seen from Fig. 3.6 that the waveforms converge to the
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Figure 3.6: Numerical waveforms of output series-paralleled converters for the ideal case
with no disturbances. (©) 2021 IEEE

desired state shown in Table 3.3. Therefore, PBC was numerically confirmed to achieve
the asymptotic stability of the series-paralleled boost, buck, and buck-boost converters.
It was also confirmed that the diversity in each converter did not violate the asymptotic
stability. This implies the feature of PBC that it allows the diverse voltage, current, and

power levels among various circuit parameters in the series-parallel connection.

3.5.3 Perturbation at input voltage source

For this simulation, a stochastic perturbation that follows a normal distribution was
added to the input voltage sources F;, Es, and F3. The maximum peak-to-peak mag-

nitude of the perturbation was chosen to be approximately 10V. This is 55.6 %, 41.7 %,
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Figure 3.7: Numerical waveforms of output series-paralleled converters with random per-
turbation input. (€) 2021 IEEE

and 25.0 % of the values of Fy, Fy, and FEj3, respectively.

Fig. 3.7 shows the simulated waveforms of the output series-paralleled converters with
the perturbation inputs. The bottom graph shows the perturbed input voltage. As can
be seen, the proposed PBC achieves the stability of the system around the desired state

of Table 3.3. The instantaneous errors of the input currents and the output voltages from
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their desired states are less than 4.1 % and 1.9 %, respectively. The variations of computed
duty ratios are within 5.0 % of the total range of the closed interval [0,1]. Hence, the error
in the system is found to be significantly reduced compared to the input perturbation.
PBC exhibited high robustness with regard to the perturbed inputs. It is worth noting
that the low-pass nature of the converter itself also contributes to the reduction of the

error as well as the control.

3.5.4 Temporary fluctuation of output load

Unknown load resistance variations generally affect the behavior of the closed-loop
performance of the controlled converter [44]. In this simulation, temporary fluctuation of
the output load resistance R was given. The obtained waveforms are shown in Fig. 3.8.
As seen in the bottom graph, the output load resistance temporarily decreases to 70 %
of its nominal value. It is confirmed that the PBC restores its asymptotic stability after
the change, converging towards the desired state of Table 3.3. The temporary change of
the load did not violate the stability nor the proper steady-state operation of the output
series-paralleled converters regulated by PBC.

In this section, we numerically confirmed the stability and the robustness of the output
series-paralleled converters regulated by PBC. The simulated results showed correspon-
dence to the theoretical discussions in that PBC achieved the stabilization of output
series-paralleled converters with various circuit topologies, parameters, and steady-states.
The robustness of the proposed control was also examined through the perturbations.
Although the obtained waveforms highly depend on the settings of the circuit parame-
ters, desired states, and disturbances, the overall features of stability and robustness are
likely to remain widely, since our consideration does not require any specific settings of
the system. These features correspond to the experimental result in [82], where PBC was
shown to asymptotically stabilize the paralleled boost and buck converters with various

parameters and steady-states.

3.6 Summary

In this chapter, we examined the asymptotic stability of the output series-paralleled
dc-de converters regulated by PBC. We introduced the dc-dc converter model with the

additional variable representing the output interaction to describe the series-parallel con-
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Figure 3.8: Numerical waveforms of output series-paralleled converters with temporary
load fluctuation. (€) 2021 IEEE

nection of the converters. Then, the output series-paralleled converters were shown to be
reclassified into the general de-dc converter model. This feature enabled us to discuss the
asymptotic stability of the series-paralleled converters based on the condition obtained
from the general converter model. Consequently, the converters regulated by PBC were

proven to maintain their stability at the output series-parallel connection. The theoretical
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result was verified in the numerical simulation of series-paralleled boost, buck, and buck-
boost converters. The stable and robust features of the proposed control were confirmed
in the simulation. PBC allowed diverse circuit topologies, parameters, and steady-states
of the output series-paralleled dc-dc converters. This contribution is able to theoretically
support the previous numerical and experimental studies [63,82] for the series-paralleled

converters regulated by PBC, justifying the further extension of the system.
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Chapter 4

Passivity-based control of parallel
connected boost and buck converters

This chapter discusses the parallelization of boost and buck converters regulated by
PBC. The PBC law derived in Section 2.4 is applied to each converter individually to
achieve the asymptotic stability of the system. The steady-state ripple and error charac-
teristics as well as time constants of the paralleled converters are discussed considering
their dependency on the feedback gains. The feedback gain settings in the experiment
are determined based on these numerical results. Moreover, the numerical results are
confirmed to coincide with the results of the experiment.

The chapter is organized as follows. We will first analytically show that the individual
PBC assures the whole parallel connected system to be asymptotically stable. Then,
numerical simulation is provided to analyze the dependence of circuit characteristics on

the feedback gain settings of PBC. Lastly, we have experimental confirmation.

4.1 Parallel connected boost and buck converters

Figure 4.1 is a schematic circuit of parallel connected boost and buck converters. The
converters are sharing a load at the output. Each converter consists of voltage source F,
inductance L, capacitance C', switch u, and diode D. Here, i denotes the inductor current
and v the capacitor voltage. The subscripts ‘1’ and ‘2’ correspond to converter #1 (boost
converter) and converter #2 (buck converter), respectively. Note that all circuit elements

mentioned in this section are ideal.

The Kirchhoff’s laws give the differential equations of the parallelized circuit shown
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49!

Figure 4.1: Schematic circuit of parallel connected boost and buck converters. (©) 2020

[EICE

in Fig. 4.1 as
Llil = —(1 — Ul)U + El,
Lgig = —v+ UQEQ, (41)

. W
Cio0 = (1 —uy )iy + iy — I

where C1o = C1+C5. The dot (7) on the variable is a notation for time differentiation. The
system is discontinuous with the switching variables uy,us € {0, 1}, switching the system
structure. Regulation of power converters implies switching operation, which corresponds
to the switching variables u; and wus.

Assuming a sufficiently high-frequency switching operation, the state-averaging model

of DC-DC converters is obtained [43,45]. By averaging (4.1), we obtain
L151 = —(1 = p)v+ Ey,

LQ’;Q = —v+ ,UQEQ, (42)
(%

012'1'1 = (1 — /,61)7,-1 + ’ig — E

The switching variables wuq, us are replaced with duty ratios pq, us € [0,1]. Here, we are
able to see that (4.2) has the form of PCHS in (2.4).

The control objective would be to obtain the asymptotical stability at the desired
state [i1, 42, v] = [i14, G124, va] by modifying the duty ratios p; and us. Null curve of (4.2)
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is obtained as

47

( FE
H1 = 1— _17
v
Y 43
25 E27 ( . )
. v?
\Elll + ,MQEQZQ = E
The desired state [i1 i3 v] = [i1qi2q vq] must be chosen to satisfy (4.3). The steady-state

implies that all input energy is consumed at the load, and a specific duty ratio will be

chosen for a specific output voltage. Thus the desired duty ratios become

Eq
pa=1-—,

Udq
H2dq = By’

which correspond to the desired output voltage vq.

According to Section 4.2, PBC law for each individual converter is given by

p1 = piia — k1(vais — vig) (k1 > 0),

Ho = fioq — ka2 (i2 — i2q) (ko > 0).

The storage functions for each converter are

) 1 ) ) 1

Hl(ll, U) = 5[11(21 — Zld)Q -+ 501(’0 — Ud)z,
) 1 ) ) 1

Ha(ia, v) = §L2(22 — Z2d)2 + 502(?1 - Ud)2-

Then, the storage function H;5 for the whole system is their summation

Hia(in, d2, v) = Hi(ir, v) + Ha(ia, v)

1 . . 1 . . 1
= §L1(21 — Z1d)2 + §L2(Z2 — Z2d)2 + 5012(?1 — Ud)Q-

Differentiating the storage function gives

dH 1o _8H12%+8H12%+8’H12@
dt  0ip dt iy dt ov dt

= (p1—p1a) (vais — virg)+(pe — proa) E(ia— i2g) —

(v— vd)2‘

R

(4.6)
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By applying the control law (4.5), we obtain

dHio
dt

(v —vgq)?
R )

= —k‘l(vdil — Uild)2— ]CQE(ZQ - igd)Q— (49)

which implies that H,, decreases monotonically. Therefore, the storage function His is a
candidate for the Lyapunov function of the paralleled system. It ensures the asymptotic
stability around [iq i v] = [i1q t2q Va]-

The above discussion has analytically shown that individual application of PBC to
each converter stabilizes the paralleled system. This is due to the fact that passivity
is kept throughout the parallel connection. Also, this result clearly coincides with the
theoretical result in Chapter 3. Note that the discussions made in this section are based
on ideal circuit elements. Hence, we must take the nonideality into account when we

apply these control laws to the practical converters.

4.2 Numerical simulation

In this section, we will numerically examine the characteristics of the paralleled con-
verters regulated PBC. The result focuses on the dependence of the circuit characteristics
on control gains k; and ke, which govern both the steady-state and the transient of the

system.

4.2.1 Setups of simulation

In the simulation, the circuit is modeled using MATLAB/SIMULINK 2020b. Here,
we introduce the parameters of circuit elements listed in Table4.1. Those resistances are
all parasitic resistances except for the load R and are considered to be connected in series
to each element. They correspond to the products used in the experimental circuit.

The duty ratios puy and po for each converter are estimated by (4.5) as continuous
variables. The switches, however, have discrete on and off states. Therefore we must
have an A/D conversion method maintaining the calculated on and off ratio. PWM
is widely used due to its simplicity and easy implementation. However, according to
the increase in switching frequency, it must require a significantly fast clock speed of the
controller to maintain its resolution of the pulse width. Therefore, we adopt a pulse density
modulation, from the expectation of increased switching speed. One of the modulations

is AY modulation [83,84]. Substituting AX modulation, the averaged characteristics
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Table 4.1: Circuit elements and parameters. (C) 2020 IEICE

Element Product Values
Inductance L, Murata 1447440C 470 pH, 125 mQ2
Inductance Lo Wurth Elektronik 744137 630 pH, 175 m{2
Capacitance C CL21-DC250V106 10 uF
Capacitance Cf Panasonic ECQE2475KF 4.7 uF

Voltage source E; Matsusada P4K18-2 9V

Voltage source F, Matsusada P4K36-1 36V

Load R 0-1614782-1 100RK x 2 502

Switches ROHM SCT2450KE 450 mS2

Diodes ROHM SCS206AMC 100 m$2

Table 4.2: Initial desired state. (C) 2020 IEICE

Uq 11d l2d f1d Had
18V 0.235A 0.252A 0.535 0.518

Table 4.3: Modified desired state. (©) 2020 IEICE

vq i1d l2q Hid H2d
18V 0.548 A 0.108A 0.535 0.518

of de-dc converters are kept at sufficiently large frequency [76,85,86]. In the following

simulation, the pulse width is fixed at 1 pus for both converters.

With the aforementioned circuit and controller settings, we consider the supplied power
adjustment. While the desired output voltage stays unchanged, the desired input current
of each converter is modified. The target is set initially as shown in Table4.2. At the
instance ¢t = 0, we will give a step-like change to the target to be shown in Table4.3,

which is chosen not to alter the power consumption of the whole system.

The elements we have used in the simulation are nonideal, which makes it difficult for
us to obtain the exact values of the steady-state. Here, we have considered exclusively

the diode’s voltage drop v,, (= 1.35V) and its power consumption. Hence, the target
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depends on the relationship
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However, they do not exactly describe the steady-state, since the inner resistances are out
of consideration. Therefore, the steady-state errors remain. In particular, the desired state
with an extremely high boost ratio leads to significant errors due to the inner resistances
with large power consumption. In this case, the error cannot be compensated by the
feedback control. The decision of the desired state is restricted to have sufficiently low

inner power consumption.

4.2.2 Simulation results

The steady-state characteristics are shown in Figs. 4.3 and 4.4. Here, the steady-state
ripple and the errors of input currents and output voltage are evaluated. Subscripts ‘r’
and ‘e’ stand for ripple and steady-state error, respectively. The ripple is the amplitude
of fluctuating ac component in the rectified dc output. The steady-state error is the
difference between the desired value and the actual value of a system when the response
has reached the steady-state.

In Figs.4.2(a) and (b), there appear large ripples when feedback gains are set higher
than a certain threshold. It is caused by high gain settings which makes the ripple be
fed unnecessarily to the feedback controller. Also, in Fig. 4.2(a), the contours are almost
parallel to ks axis. It means that the ripple of 7; is independent of k5. A similar feature can
be seen in Fig. 4.2(b). The ripple of iy is independent of k;. Fach gain setting should be
set less than its threshold in order to avoid large ripples. The thresholds can be obtained
individually because the ripple characteristics were independent.

Figures 4.2(c) and (d) show the steady-state error depending on the feedback gains.
It is shown that the errors become significantly large at a small gain region in which
the effect of feedback control is exceedingly reduced. If one of the feedback gains is set
sufficiently high, then both steady-state errors can be restricted significantly. This is due
to the load-sharing between the converters. The gains, set larger than the thresholds,

cannot keep the error lower due to the saturation of duty ratios and large ripples. The
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Figure 4.2: steady-state current characteristics with regards to k; and ks. (a) Ripple
characteristics of boost converter input current i;. (b) Ripple characteristics of buck
converter input current is. (c¢) Steady-state error of input current boost converter ;. (d)
Steady-state error of buck converter input current i,. (€) 2020 IEICE

above discussions insist that the gains are limited in a range for appropriate steady-state

operation.

In Fig. 4.3, steady-state characteristics of the output voltage are shown. Fig. 4.3(a)
is similar to Fig. 4.2(a). The threshold seen in both figures has almost no difference. It
is because the boost converter is more sensitive to output noise than the buck converter.
Fig. 4.3(b) shows a flat surface in the center. This portion corresponds to the appropriate
gain settings seen in Fig. 4.2. It is confirmed that the ripple and error characteristics of

output voltage and input currents are related.

Figure 4.4 shows the time constant 7 of the system. Here, 7 is defined as the estimated
duration of His to be 1/e of the initial value. The constant e is the Napier’s constant.
In the figure, the larger gains are set, the smaller 7 appears. However, it saturates due
to the limit of duty ratio from 0 to 1. In addition, the contours are almost parallel to

one of the axes. It implies that the time constant of converters is independent of each
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Figure 4.3: Steady-state voltage characteristics with regards to k; and ko. (a) Ripple
characteristics of output voltage v. (b) Steady-state error of output voltage v. (C) 2020
[EICE

4 05 04

Figure 4.4: Surface of time constant 7 with regards to k1 and k». (©) 2020 IEICE

other. The time constant of the whole system is governed by the slower of the two. These
characteristics assure the extension of parallelization into multiple converters.

Figure 4.5 shows the transient waveforms of i; and 5 for some couples of k; and k.
In Fig. 4.5(a), it is shown that the time for the convergence of i; is almost independent of
ko. It corresponds to the results in Fig. 4.2. The same feature can be seen in Fig. 4.5(b).
In addition, it is confirmed that large gain settings lead to significantly large ripples.

In summary, we have discussed the characteristics of the parallelized system governed
by the gains k; and ky. The simulation concludes that both the steady-state and transient
characteristics of paralleled converters keep independent. The feedback gains of each
converter is able to be determined independently by setting it at the highest possible
value that is less than the ripple threshold. This knowledge is applied to the design of
paralleled converter systems. In the next section, the parameter in the region will be
examined in experiments.

Note that these results are obtained for a fixed circuit parameter and the desired
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Figure 4.5: Transient waveform of input currents. (a) Boost converter. (b) Buck converter.

© 2020 IEICE

state. The region of the feedback gains for a valid converter operation definitely depends

on the circuit parameters and the desired states. Though they are not examined here, it is

expected that they have a region for achieving similar results. From the numerical results

and discussions in this section, it is anticipated that the region of the circuit parameters

and the desired states have a relationship, particularly to internal power consumption and

output capacitance.
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Figure 4.6: Photo of the experimental system. (C) 2020 IEICE

4.3 Experimental verification

In this section, the experimental results of the parallel connected system are shown.
Supplied power is adjusted corresponding to the simulation. The target states are adopted
as shown in Tables 4.2 and 4.3.

4.3.1 Settings of experiment

Figure 4.7 shows the photo of the experimental system. The parallel connected boost
and buck converters are implemented with elements shown in Table4.1. Here, current
sensors are adopted to measure the inductor currents of converters. They are Analog
Devices LTC6102 for the boost converter and LEM LTS6-NP for the buck converter. The
measured currents are applied for feedback control. Furthermore, the main switches of
the converters are driven by the gate driver Silicon Labs SIS23BB.

In the experiment, myRIO FPGA is used as the controller to calculate the duty ratio
and generate the switching signal. The duty ratio is calculated according to (4.5). The
feedback gains are set at k; = 0.03 and ky = 1 based on the results in Section 4.2. The
switching signal is generated based on the duty ratio by AY modulation, which is applied
to the gate driver.
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Figure 4.7: Experimental and numerical result of parallel connected converters. (€) 2020
IEICE

4.3.2 Experimental results

Both the experimental and numerical results are shown in Fig. 4.7 for comparison.
The waveforms of i1, i3, and v are obtained both experimentally and numerically for
the setting explained above. The subscription ‘sim’ and ‘exp’ stand for simulation and
experiment, respectively.

First of all, it is confirmed that the experimental system becomes asymptotically
stable at the steady-state. The steady-state well coincides with the simulation after the
adjustment of input power. Current ¢; shows a larger error at steady-state. It is found to
be caused by parasitic resistances and low gain settings.

At the transient, the experimentally obtained i; shows overshoots in waveforms, which
are not observed in the corresponding simulation. This is likely to be due to the sensor
characteristics. The quick response time or the low-pass characteristics of the sensor may
possibly cause overshoots or even instability with large gain settings. The low gain setting
was appropriate. In order to avoid this conflict, a sufficiently quick response is requested

for the sensors.

On the other hand, buck converter current i, showed a good coincidence of simulation
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and experimental results. This clearly shows the independent characteristics, in that the
overshoot of 7; did not affect the transient of 75. The experimental result also showed that
their transient waveforms are governed by their individual time constant.

The simulation and experimental results of output voltage v also well coincide. Dur-
ing the transient, v almost shows no fluctuation from the steady-state, due to sufficient
output capacitance. Therefore, the interaction among the converters is reduced since the
interconnection between the converters is limited. The independency of the converters

are achieved from the circuit parameters as well as the control technique.

4.4 Summary

The parallel connection of boost and buck converters and their PBC were examined
numerically and experimentally. Individual application of PBC to the boost and buck
converters achieved asymptotic stabilization of the paralleled system. Through numerical
simulation, the dependence on the feedback gains was investigated in terms of ripple
characteristics, error characteristics, and time constant. It was concluded that the gain
settings were found for steady-state operation. It was also confirmed that each converter
had independent characteristics. Therefore, the feedback gain settings were able to be
determined individually. Stability and independent characteristics were also confirmed
through the experiment. These results enable the design for more diverse parallelization

of converters by PBC.
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Chapter 5

Power management of series-parallel
connected dc-dc converter system by
passivity-based control

In this chapter, a power management method of series-parallel connected converters
using PBC is examined. Power management refers to the regulation of power supply ratio
among series-paralleled converters in response to changes in load and target conditions.
PBC, APBC, and DPBC introduced in Chapter 2 are applied to the converters in order
for them to respond autonomously to the fluctuations.

The fabricated dc-dc converter for series-parallel connection is first introduced. Then,
the series-paralleled converter circuit considered in this chapter is presented. The numer-
ical results are provided to confirm the asymptotic stability, transient feature, and power
management of the converters. Lastly, the construction of the experimental setup is also

explained.

5.1 Fabricated nonisolated dc-dc converter for series-
parallel connection

Fig. 5.1 shows the photography of the fabricated dc-dc converter for the experiment
of series-parallel connection. It is a nonisolated and bidirectional synchronous de-de con-
verter as shown in the circuit schematic of Fig. 5.2. The power stage has high and low
voltage sides that can be used as either the input or the output. Thus, the converter can
be used as either buck or boost converter depending on the situation. Also, the fabri-

cated converter is designed for easy series or parallel connection at the input/output. As
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Figure 5.1: Fabricated nonisolated bidirectional synchronous rectification dc-dc converter
for series-parallel connection (SPBI-DCDC02-CNV). (a) High voltage input/output. (b)
Low voltage input/output. (c) Series connection. (d) Parallel connection.
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Figure 5.2: Simplified circuit schematic of fabricated dc-dc converter.
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r

Figure 5.3: MyRIO FPGA controller.

shown in Fig. 5.1(c) and (d), the converters can easily be connected in series-parallel by
stacking or lining them up. The considerations provided in this chapter are based on this

fabricated dec-dc converter.

The fabricated converter has an isolated communication terminal as seen in Fig. 5.2.
The actual communication terminal of the circuit is shown in the photograph of Fig. 5.1(a).
The terminal has analog signal outputs for the voltage and the current feedback. The
digital inputs for the switching signals are also provided. Hence, the voltage and current
feedback control of the converter is able to be implemented by an external controller.
The programmable myRIO FPGA by National Instruments shown in Fig. 5.3 is adopted
for the external controller in our experimental setup. MyRIO FPGA is capable of 20 ns
minimum pulse width digital output with a 500 kHz aggregated sample rate of analog
signals. Therefore, it is able to reliably provide up to 2MHz switching signal by AX

modulation with feedback control.

The detailed list of the circuit components is shown in Table 5.1. The parameters
of the inductor and capacitor are chosen for the 2MHz switching operation with no
significant steady-state ripples in the current and voltage waveforms. They are also chosen
to reliably endure 3 A and 50V, respectively. A photocoupler and digital isolator are
provided for the isolation of the analog and digital signals, respectively. In addition, the
signals are transformed into differential signals during transfer between the controller and
the converter for noise reduction. The gate of the switches is driven by the MOSFET
US6M1 manufactured by ROHM. From the above components, the specifications of the
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Table 5.1: Component Listing

Device Model Manufacturer Symbol Value
Inductor 74435574700 Wurth L 47 uH
Capacitor PCV2A100MCL1 nichicon Cu, Cy, 10uF
Switch IRL540NPBF Infineon Su, St
Photocoupler ~ ACPL-C87A Broadcom

Digital isolator SIS610BC-B-IS Skyworks

Gate driver US6M1 ROHM

Current sensor  AD8210 Analog Devices

Table 5.2: Converter Specifications
High voltage input/output 10-50V
Low voltage input/output 5-25V

Maximum inductance current 3 A

Maximum switching frequency 2MHz

fabricated dc-dc converters are given in Table 5.2.

The switch adopted in the fabricated converter is a Si device IRL540NPBF by Infineon.
The test operation of a single fabricated converter used as a buck converter is shown in
Fig. 5.4. The converter successfully steps down the voltage input of 50 V and 100 W down
to 25V. Here, the efficiency of the device was more than 90%. The substrate temperature
during the steady-state operation was 82.3°C as shown in Fig. 5.5. This is sufficiently
lower than the maximum operating temperature of the device which is 175°C. Thus, we

have confirmed the successful operation of the fabricated converter.

5.2 Series-paralleled boost and buck converters

The series-parallel connection of buck and boost converters shown in Fig. 5.6 is consid-
ered in this chapter. The circuit parameters of each converter are based on the fabricated
dc-de converter explained in the previous section. This circuit configuration imitates
HPS and cascaded PV systems considered in the previous studies. HPS is often mod-
eled as power sources, including PV panels, and converters connected in parallel at the
load [17-30]. On the other hand, cascaded PV systems consider the dc-dc converters

connected in series at the output [10-16]. Therefore, in order to precisely describe an
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Figure 5.4: Waveform of fabricated converter operating as buck converter at 50V 100W
input. Light blue indicates high-voltage side, yellow indicates low-voltage side, pink indi-
cates inductor current, orange indicates high-side gate voltage, and blue indicates low-side
gate voltage.

Figure 5.5: The substrate temperature at 100 W opereation of fabricated converter.

HPS with cascaded PV panels, we have combined the series and parallel connection at

the output of the dc-dc converters.

APBC explained in Section 2.6 is applied to buck converter # 1 for adaptively main-
taining the constant voltage output of the series-paralleled converters. The control pa-

rameters are set as k; = 0.1, L1, = 0.2 x 10~7. DPBC derived in Section 2.7 is applied
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Figure 5.6: Series-paralleled boost and buck converters.
Table 5.3: Initial state of de-de converters
#1 Buck #2 Buck #3 Boost #4 Boost
Variable State | Variable State | Variable State | Variable State
i 0.8A 19 0.5A 13 2.0A n 2.0A
U1 24V Vg 24V V3 12V Uy 12V
E, 48V E, 36V Es 6V Ey 6V

to the series connected boost converters # 3 and # 4 for the decoupled operation of the
power sources. PBC with constant desired state explained in Section 2.5 is applied to the
buck converter #2. Here, the negative desired state is tested for bidirectional current flow.
The feedback gain for the PBC of buck converter #2 is set as ky = 0.1. These control
rules are obtained in the form of duty ratios, thus we adopt the AY modulation in order
to transform these continuous variables into the switching signals, similarly to Chapter 4.
The switching frequency will be set at 2 MHz, which is the maximum switching frequency

of the fabricated converter. The output load is 8 {2 without any fluctuations.

5.3 Numerical simulation

The series-paralleled buck and boost converters shown in Fig. 5.6 are numerically
simulated by MATLAB/Simulink 2020b. In the simulation, the converters are initially

operating at steady-state shown in Table 5.3. The simulation is focused on the transient
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Figure 5.7: Simulated waveform for ouput load fluctuation.

response of the system against load fluctuations and modification of the desired state.
These disturbances will be shown with the simulated waveforms. We also focus on whether
the transient performance is kept throughout the series-parallel connection. The feedback

of the variables is assumed to have no time delay during the simulation.

The simulated waveforms for the load fluctuation are shown in Fig. 5.7. It is confirmed
that the buck converter current i; adaptively changes its steady-state to maintain the
output voltage at 24 V. Therefore, the asymptotic stability of the system remained in the
load fluctuation. On the other hand, the boost converter voltage and current remained
constant at their initial state values by DPBC. Thus, we have numerically confirmed that
APBC and DPBC are able to be applied to the series-paralleled converters combined
with PBC. In addition, APBC and DPBC maintain their transient features during the
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Figure 5.8: Simulated waveform for modification of desired state for boost converters.

connection. These features can contribute to cooperative power management between the

power sources.

The transient response to the modification of desired states for boost converters #3
and #4 are shown in Fig. 5.8. In this case, the desired currents for the boost converters
are modified during the simulation. The current waveforms of boost converters #3 and
#4 are clearly decoupled from the output voltage, operating at their own time constant.
Meanwhile, the buck converter current #1 adapts its steady-state to assure the asymptotic
stability and the output voltage of 24 V. It is confirmed that DPBC allowed the inputs of
the boost converters to operate independently of the disturbances. This feature enables

efficient and protective use of power sources.

Lastly, the transient response to the modification of desired state for the buck converter
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Figure 5.9: Simulated waveform for modification of desired state for buck converter.

#2 is shown in Fig. 5.9. Here, the desired current of the buck converter is allowed to be
set as either a positive or negative value, in order to realize bidirectional current flow.
Note that the current waveform of the buck converter #2 smoothly changes its direction
depending on the desired value. It was made clear that PBC allows the negative current at
the steady-state by setting a negative desired state. This feature enables the charging and
discharging of the power source. It was shown that the PBC allows bidirectional current
flow without any mode changes. APBC and DPBC are also confirmed to maintain their

transient performances.

In summary of this section, we numerically considered the power management of series-
paralleled dc-de converters shown in Fig. 5.6 by PBC. APBC and DPBC were adopted for

advanced transient features. It was shown in the simulation that APBC and DPBC are
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Figure 5.10: Photo of experimental setup.

Table 5.4: Experimental Equipment Listing

Equipment Product Manufacturer Symbol
DC power supply PDS60-6A TEXIO Ey

DC power supply PS60-18 TEXIO Ey

DC power supply P4K-80 Matsusada Es, E,
Electronic load LN300C Keisoku Giken R
Controller myRIO-1900 FPGA  National Instruments

DC-DC converter SPBI-DCDCO02-CNV  Jupiter Precision

capable of maitaining the output voltage and decoupling the power sources, respectively.
Though several types of disturbances were added to the system, the asymptotic stability
and the transient characteristics were kept. The power management by PBC was shown

to be feasible for the series-paralleled converters.

5.4 Experimental setup

This section is devoted to the explanation of the experimental setup. The experiment

aims to implement the simulation results achieved in Section 5.3. The photo of the
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Figure 5.11: Output connection structure of fabricated dc-dc converters. Input side has
no connection due to separate voltage sources.

experimental setup is shown in Fig. 5.10. Here, the equipment listed in Table 5.4 are
assembled to compose the simulated circuit shown in Fig. 5.6.

The dc power supplies listed in Table 5.4 are adopted based on their output voltage and
power. They are able to reliably supply the voltage and power used in the simulation.
They also have isolation in the power stage which allows series connection. For the
bidirectional operation of buck converter #2, a constant load must be connected parallel
to the output of the power supply PS60-18 to allow negative current flow. LN300C is
a programmable electric load manufactured by Keisoku Giken. It is able to reproduce
the simulated load fluctuations. The change of desired states is given by myRIO FPGA
controller. The details of the dc-dc converter and controller are explained previously in
Section 5.1.

In Fig. 5.11, the connection structure of the converters is shown in a photograph.
Here, the series-parallel connection of dc-dc converters shown in Fig. 5.6 is achieved.
The terminals of the dc-dc converter are connected by metallic plates, except for the
nonadjacent terminal which is using a red cable for connection. The converters shown in
Fig. 5.10 are connected as shown in Fig. 5.11. The input side has no connection since the
converters have individual power sources.

To summarize, we have shown that the experimental system for the circuit configura-
tion in Fig. 5.6 is able to be constructed. The fabricated dc-dc converter and controller

explained and tested in Section 5.1 were adopted. Equipment capable of reproducing the
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external inputs and fluctuations was selected and assembled for the experimental setup.
The experiments for this chapter showed saturation in the input current sensing feed-
back signal for the fabricated converter as seen in Fig. 5.12. Here, the fabricated converter
is operating as a buck converter with alternate output resistances. In Fig. 5.12, the out-
put signal of the current sensor is saturated and distorted regardless of the input current
value. This leads to measurement errors in the feedback control. On the other hand, the
correspondence between the input current value and the feedback signal is confirmed when
there is no switching operation as shown in Fig. 5.13. Here, the current sensor output
signal corresponds to the input current values. Therefore, the saturation of this signal is
expected to be caused by the high-frequency switching noise in the current waveform. To
avoid the saturation of the signal, appropriate noise filtering is necessary at the input of
the current sensor. By the reduction of the high-frequency switching noise, it is possible
to obtain an accurate feedback signal and implement PBC. In conclusion of this section,

we explained the setups, equipment, and requirements for the experimental verification.

5.5 Summary

In this chapter, we discussed the power management methods of series-parallel con-
nected de-de converters by PBC. APBC and DPBC were adopted for the advanced tran-
sient features of the converters. They were shown to be applicable for the series-paralleled
converters, maintaining the asymptotical stability, the output voltage, and the decoupled
characteristics of the system. These features can contribute to the stable and cooperative
use of converters and power sources.

The considerations in this dissertation were based on the fabricated dc-dc converter
for series-parallel connection shown in Fig. 5.1. Therefore, the numerical results should
provide information and insights for the experiment of the series-paralleled converters.
Then, the setups for the experiment were shown. The individual equipment has been

verified. Their combined use must be prioritized for future work.
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Figure 5.12: Waveforms of fabricated nonisolated bidirectional synchronous rectification
dc-dc converter (SPBI-DCDC02-CNV) with switching operation. (a) 12 € output re-
sistance. (b) 25 Q output resistance. Yellow, green, blue, and pink waveforms imply
converter input voltage, current sensing IC output signal, converter input current, and
photocoupler input signal, respectively. Current sensing is not obtained due to saturation
and distortion of the signals regardless of different input current values.
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Figure 5.13: Waveforms of fabricated nonisolated bidirectional synchronous rectification
dc-dc converter (SPBI-DCDCO02-CNV) with no switching operation. (a) 18 € output
resistance. (b) 27 Q output resistance. Yellow, green, blue, and pink waveforms imply
converter input voltage, current sensing IC output signal, converter input current, and
photocoupler input signal, respectively. Current sensing is confirmed to be available due
to the signals corresponing to different input current values.
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Chapter 6

Conclusion and future directions

In this dissertation, we considered the PBC of series-parallel connected dc-dc con-
verters from the viewpoints of asymptotic stability and control performance. It was
theoretically shown that series-parallel connected dec-dc converters regulated by PBC are
asymptotically stable. Then, this result was confirmed numerically and experimentally.
In addition, APBC and DPBC were introduced for the power management of series-
paralleled converters. The transient characteristics of these control methods were ana-
lyzed numerically. It was also confirmed that the transient performance of these control
methods remains throughout the series-parallel connection. The results of this disserta-
tion contribute to providing more diversity and scalability in the series-parallel connection
of power converters. A summary for the contributions of each chapter is provided in the

following section. Then, the future directions of this research are discussed.

6.1 Summary of contribution

In Chapter 2, the basic concepts of this research were explained. Passivity, Lyapunov
stability theory, and PCHS were first introduced from past references. Then, based on
these concepts, PBC was described in a general manner. The derivation process of PBC
laws for boost, buck, and buck-boost converters was shown. APBC and DPBC were
also introduced for advanced control performance. Their transient characteristics were
analyzed numerically. The numerical results gave insights into determining the control
parameters for optimal transient performance. The control parameters adopted in the

series-parallel connection were based on the results in this chapter.

In Chapter 3, we theoretically investigated the output series-paralleled dc-dc con-
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verters regulated by PBC. An additional variable was introduced to the dc-dc converter
model to represent the output interaction which describes the series-parallel connection.
It was demonstrated that the output series-paralleled converters are reclassified into the
general dc-dc converter model, represented in PCHS. It enabled us to discuss the asymp-
totic stability of the series-paralleled converters based on PCHS, similar to a single dc-dc
converter. As a result, the converters regulated by PBC were proven to maintain their
stability at the output series-parallel connection. Theoretical results were validated by
the numerical simulation of series-paralleled boost, buck, and buck-boost converters. The
simulation verified the stable and robust features of PBC. PBC enabled a wide range
of circuit topologies, parameters, and steady-states of the output series-paralleled dc-dc
converters. This contribution can theoretically complement the previous numerical and
experimental research for the series-paralleled converters regulated by PBC, allowing the

further extension of the system.

In Chapter 4, the parallel connection of boost and buck converters regulated by PBC
was examined numerically and experimentally. The individual application of PBC to each
converter led to asymptotic stabilization of the paralleled system. This result corresponds
to the results in Chapter 3. The dependence of ripple characteristics, error characteristics,
and time constant on the feedback gains was investigated numerically. Here, the feedback
gain settings for the experiment were identified. It was also confirmed in the simulation
that the characteristics of each converter were independent. Therefore, the feedback
gain settings were shown to be modified individually. The experiment also demonstrated
asymptotic stability and independent properties of the converters. The results in this
chapter have shown the capability of PBC for designing a more diverse parallelization of

converters.

In Chapter 5, we addressed the power management methods of series-parallel con-
nected de-de converters using PBC. APBC and DPBC were adopted for the advanced
transient features of the converters. They were numerically demonstrated to be appli-
cable for the series-paralleled converters while preserving asymptotical stability, output
voltage, and decoupled properties of the system. These features can contribute to the
stable and cooperative operation of the power converters and power sources. The numer-
ical results should provide insights into the experiment of the series-paralleled converters.
The non-isolated bidirectional synchronous rectification de-dec converter for series-parallel

connection was fabricated for the experiment. The setups for the experiment were also
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shown. The test operation of the fabricated converter was demonstrated, and the indi-
vidual equipment for the experiment was verified.

In conclusion, this dissertation developed a general discussion on the series-parallel
connection of dc-dc converters regulated by PBC. Then, it was confirmed through nu-
merical simulation and experiments. The generality and scalability of the results of this
dissertation will greatly contribute to the development of the research field for the series-
parallel connection of power converters. The restrictions given in the considerations were
extremely few, compared to previous research. Hence, the results provided in this disser-

tation should be applicable to various domains of electrical engineering.

6.2 Future directions

As for future directions, the following three viewpoints should be addressed. The
first viewpoint is the experimental considerations for the power management of series-
paralleled dc-dc converters using PBC. The second viewpoint is the expansion of this
research. The third viewpoint is the series-parallel integration of power converters. A
detailed explanation of each viewpoint is given below.

Firstly, the most important and immediate issue is to obtain experimental data from
the setups introduced in Chapter 5. Although the operation of individual experimental
equipment has been verified, the operation of the equipment used in combination has
not been confirmed. Unexpected interactions between the equipment may lead to the
discrepancy with the simulation or even instability. In this case, a specific startup method
or device synchronization is necessary. In addition, parasitic elements and feedback delays
may be required to be included in the simulation to reproduce experimental results. The
identification of these nonideal factors is also vital as well as the confirmation of asymptotic
stability and transient features. It is critical to obtain the experimental data to validate
the power management method of series-paralleled converters using PBC.

Secondly, the results provided in this dissertation should be expanded toward multiple
fields of study. For instance, dc-ac, ac-dc, and ac-ac converters could be included in
the series-parallel connection. This issue may be solved theoretically by obtaining the
PCHS of these power converters, and deriving the PBC law. However, it is ideal for the
experimental consideration to be provided as well. The isolated power converters should

also be included. Series-parallel connection at the input side should be prioritized to be
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examined theoretically, numerically, and experimentally. The considerations in regard to
the output series-parallel connection of the converters cannot be directly applied to the
connection at the input side. Above mentioned expansions of this research would lead
to more diverse series-parallel connections and cooperative use of power converters and
energy sources.

Finally, we address the series-parallel integration of power converters. In this dis-
sertation, Si devices were adopted for the fabrication of experimental de-dc converters.
This is due to Si devices being the most widely used switching devices. This research
has focused on achieving the series-parallel connection of the converters, rather than the
improvement of a signle converter. However, with the recent trend toward adopting next-
generation power devices such as SiC and GaN, series-paralleled power converters should
also incorporate them to achieve even higher performance in the future. It is necessary
not only to integrate each converter by using these devices but also to establish a method
to integrate multiple converters in series-parallel. A completely new method of design-
ing a power converter can be developed, in which the number of power converters and
their connection structures are examined, rather than the selection of switching devices
and passive elements. It will bring us a new paradigm in this research field as a more

straightforward and simple power converter design method.
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