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Abstract

This dissertation aims to design robust and reliable control schemes for three-level neutral-point-
clamped power converter systems in microgrids. A quasi-sliding mode control is proposed
for the system, enhancing power/voltage regulation performance. To customize designs and
optimizations of converter control systems, an adaptive sliding mode control is proposed; more-
over, it improves the capacitor voltage balancing. Furthermore, a super-twisting algorithm
current-voltage control is designed to address the poor sinusoidal current tracking. To allevi-
ate model-based control issues, a data-driven model-free adaptive current-voltage control is
presented.
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Kurzfassung

Die vorliegende Dissertation verfolgt das Ziel, robuste und zuverldssige Regelungsverfahren
fiir Dreipunkt-Wechselrichtersysteme in Microgrids zu entwerfen. Zu diesem Zweck wird ein
Quasi-Sliding-Mode-Regler vorgeschlagen, der das Leistungsvermdgen der Spannungs- und
Leistungsregelung erhoht. Zur Optimierung des Systems, wird zudem eine adaptive Sliding-
Mode-Regelungsstruktur untersucht, die zugleich den Ausgleich der Spannungen an den Zwis-
chenkreiskondensatoren verbessert. Des Weiteren wird unter Verwendung des Super-Twisting-
Algorithmus eine Strom-Spannungs-Regelung entwickelt, die ein besseres Folgeverhalten bei
sinusformigen Referenzstromen gewihrleisten soll. Zur Losung modellbasierter Regelungsprob-
leme wird ein datenbasiertes, modellunabhédngiges adaptives Strom-Spannungs-Regelverfahren
vorgestellt.
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CHAPTER 1

Introduction

This thesis focuses on robust and reliable control for three-level neutral-point-clamped (3L-NPC)
power converters in microgrids. This chapter outlines the background of the research, identifying
the research motivations and the control objectives. Then, it discusses the state-of-the-art control
techniques for 3L-NPC in microgrids. The chapter concludes with an overview of the thesis
organization.

1.1 Background

Microgrids represent the future of power grids as they integrate distributed energy resources like
solar panels, wind turbines, and energy storage devices, defining a new power system charac-
terized by intelligent flexibility, high efficiency, and environmental protection [1]. Microgrids
are local grids comprising distributed generation, distribution lines, and consumer loads that
operate independently or link to the main utility grid. They are small, smart electric grids with
features that make them particularly effective at managing energy and ensuring reliable delivery.
Microgrids have benefits: 1) Emission reduction: by utilizing renewable energy sources, carbon
emissions are diminished; 2) Efficiency: it directly employs energy, thereby enhancing efficiency;
3) Grid compatibility: it augments the capacity to integrate with emerging energy sources; 4)
Reliability: it operates autonomously during emergencies, guaranteeing a stable power supply;
5) Specialized solutions: it delivers power to remote or hard-to-access areas. The microgrid
market is estimated to be USD 15.92 billion in 2024. It is projected to grow to USD 38.12 billion
by 2029, with a compound annual growth rate (CAGR) of 19.08% during the forecast period
(2024-2029), as shown in Figure 1.1. The European microgrid market is anticipated to record a
revenue of 11026.01 million by 2030, with an estimated CAGR of 10.65% during the forecast
period from 2022 to 2030. Germany is among the key consumers of microgrids in Europe.
Microgrid control optimizes energy configuration and ensures power supply stability and
efficiency within microgrids. The microgrid control market is estimated to reach USD 4.27
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billion in 2024. It is expected to grow to USD 7.79 billion by 2029, with a CAGR of 12.77%
during the forecast period (2024-2029) ! as depicted in Figure 1.1. Therefore, microgrid control
will exhibit an essential impact on future power grids [1-3].

| Microgrid Market | Market Size in USD Billion | CAGR 19.08% |
Study Period_._ ., 2019-2029
-l - g,
. ”~-
! VPaYket Size (024) ,__2ZBySD) 15,93 Billion
. . o)1 e08
f Market Size (2029) USD 38.12 Billion

b -

Fast Growing Market Asia Pacific

2024 ‘\/‘ 2029 X “' !m ;Ei;

%

[ Microgrid Control Syste

e

USD 4278 ] Market Size (2029) USD 7.79 Billionl
----------------------------- CAGR (2024-2029) 12.77%
2024 2029 Fast Growing Market Asia Pacific
Largest Market North America

Source: Mordor Intelligence

Figure 1.1: The market size of microgrids and microgrid control systems.

Microgrid control technologies offer innovative tools and frameworks for modeling the
dynamic behavior of microgrids, regardless of their types and structures [4-6]. Various control
technologies are implemented to enhance microgrids’ efficiency, reliability, and sustainability.
Microgrid control systems, such as hierarchical structures, operate autonomously to control
energy dispatch and enhance power system reliability [7,8]. Fig. 1.2 illustrates the hierarchical
structure of an ac microgrid control system, which operates across three control levels: primary,
secondary, and tertiary [9]. The primary control level regulates voltage, current, frequency,
power, and virtual impedance, manages energy storage, and ensures power quality within
seconds [10, 11]. Secondary control corrects voltage and frequency deviations, optimal power
flow, and black start management with minutes [12, 13]. Tertiary control is tasked with market
integration, inter-microgrid coordination, and optimal power dispatch [14, 15], ranging from
minutes to hours. Among these, the primary control is a crucial control level, requiring rapid
responses to changes in grid status to maintain the microgrid’s stability and reliability.

Energy conversion equipment serves as the microgrid’s core for connecting diverse distributed
power sources with varying characteristics in a user-friendly and flexible manner as the physical
embodiment of primary control for microgrids.

!The report details the growth of the microgrid control systems market, categorizing it by type (grid-connected,
off-grid, and hybrid), application (utilities, cities and municipalities, defense, industrial, and others), and geography
(North America, Europe, Asia-Pacific, Latin America, Middle East, and Africa). Market sizes and forecasts are
provided in USD for all segments.
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EPCC io’i’eir V i; Converter hot-ooltaic
: v PWME

Grids

‘ N\
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Figure 1.2: A typical hierarchical control structure of an ac microgrid.

1.2 Research Motivations

Power converters ensure efficiency and reliability as a necessary interface for the operation of
microgrids [16—18]. Figure 1.3 illustrates an overview of the power converters in microgrids.

Microgrids Distributed ... | Distributed Microgrid
Generator 1 Generator M Central
[4) :® e Controller

®|E=,4 Local —— Local PCC
—f~< Controller| ¢ Controller | I,
s e e s e S St e oo ,L
Controller| ! T : —_— —
 ahsr |§sa s T i s3 s2 | st
e T 54 it PCC
VUt )= ! ItEE
o5 it ;
Ll Local :
Controller C ler 2 Local
. lﬁnﬁ. ontro’icx Controller 5?
; T — Controllable Elklél’H ?
e ¥ Load 2
+¢_ K} ; [=Don0|
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Figure 1.3: An overview of the power converters in microgrids.
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1.2.1 3L-NPC Power Converter Topology Benefits

The 3L-NPC power converter is an attractive topology, enabling the integration of renewable
energy sources and the management of power quality as shown in Figure 1.4, due to its structure:
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|

|

|

|

DC/DC  Ele. Veh.

-

[9‘} )

\

DC/DC Battery

(DA
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Figure 1.4: A 3L-NPC power converter topology.

1. Power devices withstand a lower shutdown voltage under the same output compared
to two-level converters. Moreover, since power devices do not operate simultaneously,
the voltage stress and dv/dt values are lower, reducing the harmonic amplitude near the
switching frequency.

2. Despite operating at the same switching frequency, the harmonics of the ac-side current are
significantly better for 3L-NPC converters than for two-level converters. Due to switching
losses and device performance, high-power converters often operate at lower switching
frequencies, causing severe harmonics in the output. Therefore, a three-level structure is
more suitable than a two-level structure for high-power applications.

3. The 3L-NPC power converters are used widely in high-power fields compared to other
multi-level technology converters due to their simpler circuit topologies and control logic.

1.2.2 Key Issues of 3L-NPC Power Converter Control

The 3L-NPC power converters or power generation facilities impose unprecedented control
challenges to efficient energy conversion and stable operation, especially existing in multi-
disturbances, including internal factors (parameter mismatch, measurement noise, unmodeled
dynamics, and bias caused by current path changes and switch mode noise) and external factors
(unknown loads, sinusoidal waveform disturbances and frequency variations). Therefore, the
primary motivation for further study is to clarify these issues as follows.

1. Current/Power quality
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(a) Switching frequency and harmonics: The switching actions of the power electronic
devices in the 3L-NPC converter can introduce high-frequency harmonics into the
output current. Poor design or inadequate filtering can exacerbate this, leading to
significant harmonic distortion.

(b) Weak grid conditions: In weak grid scenarios, where the grid impedance is high, the
converter’s control system might struggle to maintain stable and high-quality power
output, leading to voltage sags, swells, or harmonic distortion.

2. Capacitor voltage imbalance

(a) Midpoint voltage imbalance: The midpoint voltage, ideally half of the total dc-link
voltage, can deviate due to various factors such as unequal current drawn from the
capacitors and imperfect control strategies.

(b) Low-frequency ac voltage oscillations: These oscillations can impact the dc-link and
cause voltage imbalances. Such oscillations are often tied to the dynamics of the
power converter, the loads it serves, and interactions with the grid.

3. DC-voltage regulation

(a) Nonlinear loads: When the converter supplies power to nonlinear loads (such as
rectifiers, variable speed drives, or other power electronic devices), these loads can
draw current in a non-sinusoidal manner, leading to harmonic distortion.

(b) Sudden load changes: Rapid changes in load can cause transient responses in the
converter, resulting in temporary distortions in the current and voltage waveforms.

Focusing on these key issues listed in Figure 1.5, a robust and reliable control scheme for 3L-NPC
power converters is urgently needed, thus enhancing the efficiency, reliability, and performance
of the converter control system in microgrids.

1.3 State-of-the-Art for 3L-NPC Power Converter Control

An effective 3L-NPC power converter control scheme is critical to operational stability and
achieving high power conversion efficiency. The underlying control objectives of the 3L-NPC
power converter are (at least): dc-link capacitor voltage regulation, power/current tracking, and
capacitor voltage balancing [6], [7].

1.3.1 3L-NPC Power Converter Control Objectives

Three control objectives need to be satisfied for the 3L-NPC power converter system [19-22]:
power tracking, voltage regulation, and capacitor voltage balancing as shown in Figure 1.6.

1. In the voltage regulation loop, the dc-link voltage v, is regulated to follow its reference
v.. The active power reference p*, serving as the output of the loop, is considered as the
input for the power tracking loop;
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Figure 1.5: The key issues of 3L-NPC power converter control.

2. In the power (or current) tracking loop, the active and reactive powers, denoted as p and
q (or 144/143), are forced to track their references p* and ¢* (or 244 — ij}q/iag — ifxﬁ ).
Here, p* is derived from the voltage regulation loop, while ¢* is given to adjust the system
power factor;

3. In the voltage balancing loop, the goal is to keep the capacitor voltage difference vj. — 0.
The outputs from both this loop and the power tracking loop determine the final average
duty cycle, controlling the power converter.

1.3.2 Typical Control Structure of 3L-NPC Power Converter

The power converter control schemes can be categorized into direct power control (DPC) and
direct current control (DCC) to meet specific application requirements and achieve the desired
performance.

* DPC directly controls active and reactive power, eliminating the need for an intermediate
current control loop. This leads to faster dynamic response.

* DCC focuses on directly regulating the output currents of converters, ensuring balanced
current sharing among the phases.

Applications requiring fast dynamic response and efficient power conversion benefit most from
DPC, while DCC is better suited for applications where precise current regulation and low
harmonic distortion are critical.
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Figure 1.6: Control structure of a 3L-NPC Power Converter

The diverse controller solutions are developed in these control structures to address the key
challenges (1.2.2) and achieve control objectives (1.3.1). These control schemes can be broadly
categorized into linear and nonlinear methods [23].

1.3.3 Linear Controller

The linear proportional-integral-derivative (PID) control strategy originated in the early 20th
century. The first theoretical analysis of PID control can be traced back to the work in the
1920s, which applied it to automatic ship steering systems. With the advent of analog and digital
electronics, PID controllers became practical for power electronics during the 1950s-1980s.
Today, PID controllers are widely available for use in power electronics.

The PID controller is the most classic and widely used control scheme in industrial applica-
tions, known for its simplicity, established theory, and intuitive physical interpretation [24,25].
Depending on control requirements, various configurations are available, such as proportional
control, proportional-integral (PI) control, proportional-derivative (PD) control, and proportional-
integral-derivative (PID) control [26,27]. It is important to note that these control algorithms are
applied in the dg-axis. When controlling within the a/3-axis, alternative controllers such as the
proportional resonance (PR) controller are often utilized [28].
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1.3.3.1 Proportional Integral Controller

The three-phase ac variables (voltage/current) are transformed into two-phase dc (constant
variables) in the dg-axis. The PI controller is commonly employed in dg-control because it can
accurately follow a constant signal. Figure 1.7 illustrates the algorithmic structure of the PI
controller, where the error signal is e,4,, and the control signal is u4,. The transfer function of PI
control can be reformulated as

k.
d %
GPqI:k:p—Fg (1.1)
where £, and k; are control gains.

LE

| s N

€dq + Udg
> k), —

Figure 1.7: PI control structure.

1.3.3.2 Proportional Resonance Controller

In the a-axis, three-phase ac variables are transformed into two-phase ac variables. Thus, a PR
controller is applied to track the ac signal. Figure 1.8 depicts the algorithmic structure of the PR
controller, in which the error signal is e, s, and the control signal is . The transfer function of
PR control is obtained as,

k'iS
52 + w2

G =k + (1.2)

where the £, and k; are PR control gains, w is the grid voltage angular frequency.

kz-s
s24w?

N A

Figure 1.8: PR control structure.

Y

1.3.3.3 Linear Control in Power Converter Application

PID control technology, a well-established method, is crucial in converter control areas [29,30]. A
digital multi-loop PID controller, based on loop-shaping of frequency-domain transfer functions,
is proposed for dc-dc converters of variable frequency operation, in [31], yielding a variable
frequency operation by the on-time and the off-time modulated by the controller. A power
controller utilizing feedback from a PID system is commonly presented to withstand a persistent
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power supply for ac-dc converters in [32] to compute error in undue power segments between
two cycles and regulate the voltage at the load device feedback signal during the remaining
periods. Combining a PID controller with modern control technology in renewable energy
applications significantly enhances control performance and improves overall system efficiency.
In situations requiring specific frequency harmonics processing, the proportional resonance (PR)
controller adjusts its resonant frequency based on the fundamental frequency detected by the
grid synchronization system [33,34]. This adjustment enables the PR controller to respond more
effectively and compensate for grid harmonics, thus playing a crucial role in maintaining power
quality.

As illustrated in the figures1.9 and 1.10, the PI and PR controllers are employed in the 3L-NPC
converter to control the current in microgrids. It is crucial to acknowledge that the efficacy of a
linear PID controller depends on an accurate linear model. Nevertheless, its performance may
markedly diminish in the presence of parameter mismatches, system nonlinearities, and load
disturbances 2.

PCC —
A —H#- LYY Yy
) . L
Grid Vabe Labe
= Y P
PLL 9: abcdq
l* + idq u d
dg - q
— PI >

Figure 1.9: PI controller applied in 3L-NPC power converter to control the current in microgrids.

1.3.4 Nonlinear Control

To address the limitations of linear controllers, nonlinear control strategies have been im-
plemented for power converters, encompassing sliding mode control [35-37], adaptive con-
trol [38, 39], fuzzy logic control [40, 41], model predictive control [42,43], event-triggered
optimal control [44,45] and neural network control [46,47], etc.

Among these nonlinear control strategies, sliding mode control is particularly effective for
managing complex nonlinearities and system uncertainties, attributed to its robustness against
external disturbances and rapid convergence. Adaptive control automatically adjusts parame-
ters, enhancing its adaptability to system uncertainties and demonstrating strong engineering
applicability. Consequently, SMC and AC are critical focuses in power converters.

’These undesirable factors are inherent to power converters, including: 1) The internal parameters of the
converter fluctuate within bounds, encompassing filter inductance, phase parasitic resistance, power device switching
frequencies, and dc link capacitance. 2) The internal circuit configuration evolves continuously throughout each
switching cycle, accompanied by inductor saturation and voltage clamping, which endow the power converter with
inherent nonlinearity. 3) The converter consistently encounters unpredictable load fluctuations on both ac and dc
sides, potentially causing system disturbances.
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Figure 1.10: PR controller applied in 3L-NPC power converter to control the current in micro-
grids.

1.3.4.1 Sliding Mode Control

The concept of sliding mode control (SMC) was initially developed by Soviet scientists, with
significant contributions from Emelyanov and V. I. Utkin, who played pivotal roles in the
theoretical advancement of SMC in the 1950s. SMC is a nonlinear control method that alters the
dynamics of a nonlinear system by applying a discontinuous control signal (or more rigorously,
a set-valued control signal) that forces the system to ‘slide’ along a cross-section of the system’s
normal behavior in [48].

A dynamical system in sliding mode is defined by:

:t:f(x)={ ff(@’s(x)ig x €RY, (1.3)

to move on the sliding surface S = {z/s(z) = 0}, satisfing: if the initial state z, is on S, the
motion remains on S, i.e., xg € S. S is referred to as the sliding mode surface.
Two steps to design an SMC:

1. Design the sliding mode surface .S, such that the system state converges to and remains on
the sliding manifold.

2. Design the sliding mode controller to ensure that the system state reaches and stays on the
sliding manifold S.

Figure 1.11 depicts the sliding surface and two phases of SMC.

(1) An SMC Design: The SMC signal is:

—k,s(x) >0

k,s(x) <0 (19

u = —ksign(s(z)) = {

Thus, under control signal u, the system state can reach the sliding mode surface s(z) = 0.
When s(x) is designed to be independent of system perturbations and external disturbances,
so the sliding mode of the system exhibits robustness to perturbations and external disturbances,
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Figure 1.11: SMC depicting sliding surface and two phases.

s(x) <0

Step:2
Sliding phase

with chattering

the SMC suffers from a phenomenon known as chattering—the chattering results in a time delay
in the switching signal. The control signal cannot be switched immediately at s(x) = 0; it only
switches once s(z) > |A| after a period of time delay. Then, the SMC signal is described as
follows:

—k,s(z) > A

k,s(z) < A 15

u = —ksign(s(z)) = {

The system trajectory does not fully converge to the sliding mode surface s(x) = 0 due to
the delay 3, instead of forming a limit cycle between the two hypersurfaces s(z) = A and
s(x) = —A. In the time domain, the limit cycle is characterized by high-frequency oscillations
around the origin, as depicted in Figure 1.12.

T1 A

Chattering

Limit Cycle | s(z) = A

Figure 1.12: Chattering of system trajectory under delayed SMC.

To reduce or eliminate the chattering, various methods are proposed, including integral sliding
mode control (ISMC) [49], quasi-sliding mode control (QSMC) [50], filtering-/ observer-based
sliding mode control [51,52], and high-order sliding mode control (HOSMC) methods [53] *.
At least for now, HOSMC is an effective way to mitigate chattering by integrating and turning

3The main reason causing lag: (1) inertial delay from component response times; (2) sampling delay due to
discrete system sampling; (3) dynamic lag from unmodeled system dynamics. Consequently, the delay is inevitable,
leading to unavoidable chattering.

*HOSMC requires that the switching function s(x) = 0, as well as all its derivatives to be zero.
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discontinuous control inputs into continuous ones. Admittedly, higher order SMC (generally
equal or greater than three orders) is inevitably affected by using higher order time derivatives of
sliding variables. Thus, a better alternative is the second-order sliding mode method.

(2) A Second-order SMC Design A second-order sliding mode control (SOSMC) method is
considered [54] by the system:

= f(tzu) (1.6)
u=U(t,x) (1.7)
i = d(t, ) (1.8)

where U 1is a continuous function, and ® is a bounded and discontinuous function.
For the sliding function s(¢, =), the second-order derivative of s(¢, z) can be obtained:

5(t,x) = 9s §f(t,x,u) + @i)(t,x) (1.9

Ot Oz Oz
Let h(t,z) = % + %f(t,x,u),g(t,x) = &y, = d(t,x).

TR

An SOSMC algorithm based on (1.8) can be designed as follows:

5(t.2) —kmsign(s(t, r)),s$ <0, (1.10)
r) = '
’ —kyrsign(s(t, x)), s5 > 0,

where k,,, and k), are controller parameters determined by the system parameters and initial
conditions, with k,,, > 0 > kj; > 0. Under the SOSMC method, the system trajectory converges
to the super-twisting surface s = s = 0, as shown in Figure 1.13.

Figure 1.13: System trajectory under SOSMC.

(3) A Super-twisting Algorithm Control Design: A Super-twisting Algorithm (STA) control
is one of the SOSMC methods introduced to suppress the chattering effects [55], and the structure
of the algorithm is shown in Figure 1.14. The STA-based control is expressed as:

u = —)\|s|%sign(s) - /apsign(s). (1.11)
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It can be observed that the STA design requires merely the switching function information
without its derivative information.

Assuming 0 < Gy, < g(t,z) < Gy, —H < h(t,x) < H, the parameters of the STA should
satisfy:

H

> — 1.12
v a- (1.12)

4H Gy + H
N> o 1.13

based (1.8), then it can be obtained that
A1

O(t,z) = —§\s|§$‘ — psign(s), (1.14)

where ®(¢, ) is a discontinuous function, which ensures that the system trajectory reaches the
hyperplane of s = 5 = 0.

Y

N

 sign() f4—| A |— X

_»SO

Y

J

Figure 1.14: STA control structure.

1.3.4.2 Sliding Mode Control in Power Converter Application

SMC methods have many applications [56,57]. SMC is more effective in achieving the desired
dynamic response and robustness for power converters due to its fast dynamic response, dis-
turbance rejection, and simple implementation [5S8—60]. The power converters controlled by
SMC methods include dc-dc converters [61], dc—ac inverters [62], ac—dc rectifiers [63], ac—ac
converters [64]. In [65], an SMC method is introduced for designing a current compensator for a
parallel-connected converter system. However, the SMC method suffers from chattering in the
control reference input, which is not preferred in practice.

To improve the chattering problem, an SMC with a boundary layer technique is utilized
to enhance the robustness of the speed control scheme of a permanent magnet synchronous
motor in [66]. The boundary layer approach is also a good solution for suppressing chattering.
However, the boundary layer approach creates a trade-off between control performance and
chattering elimination. [67] proposed a terminal SMC method for the voltage controller of the
buck converter, which improved the output voltage response speed by reducing chattering and
enhancing the output voltage response speed. Nevertheless, when nonlinear terms are introduced
into this control, the singularity of the control input may occur under certain conditions 3. [68]

SFor example, a terminal SMC introduces nonlinear terms such as z9/7, where x is a state variable, p and ¢
are positive odd numbers, and p > ¢. As z — 0, if ¢/p is a proper fraction, then x9/P — oo, which may cause the
control input to become infinite.
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proposes a fuzzy-fractional-order nonsingular terminal sliding-mode controller for the grid
current control of LCL—grid-connected converter systems. Using this method, not only is the
singularity problem of the terminal sliding mode control resolved, but the tracking performance
is also significantly improved through applying the fuzzy controller, which obtains the optimal
fractional-order value.

In [69], a modular parallel-connected single-phase inverter is designed using a fixed-switching-
frequency QSMC based on zero average dynamics. One of the QSMC benefits is a sufficient and
necessary condition for proving discrete-time system stability. Thus, a new quasi-integral sliding
mode control (QISMC) has been developed, which achieves high-precision control by adding the
integral term to the quasi-sliding mode (QSM) surface in [70]. However, significant disturbances
may result in system instability or require higher control gains that lead to the chattering.

At least for now, a HOSMC is an effective way to mitigate the chattering by integrating
and turning discontinuous control inputs into continuous ones. Higher-order sliding-mode
control (generally equal or greater than three orders) is inevitably affected using higher-order
sliding variables’ time derivatives. Thus, a better alternative is the second-order sliding mode
method. Like, [71] developed a SOSMC to regulate the output voltage of a dc-dc buck converter,
estimating the system uncertainties and external disturbances.

An STA is one of the SOSMC methods introduced to suppress the chattering effects, handle
systems with uncertainties and disturbances, and offer robustness and high performance. [72]
proposes and implements an STA direct power control strategy for a brushless doubly-fed
induction generator. In [73], an STA control method for regulating the output voltage of a dc-dc
buck converter is proposed, which enables the fastest convergence, the shortest settling time
under loaded conditions, and the lowest steady-state error during load changes of all contrasted
control methods. Unlike the conventional first-order SMC, STA has a finite-time convergence
with continuous control input and strong robustness under high uncertainties. However, a large
disturbance may result in system instability or require higher STA controller gains, leading
to system chattering. Hence, it is necessary to design an observer to estimate disturbance as
feedforward compensation in control input to alleviate the system chattering.

1.3.4.3 Adaptive Control

Adaptive control (AC) studies a class of nonlinear control methods that deal with systems with
uncertainty (Dubowsky and Deforges 1979; Goodwin and Sib 1984; Craig 1987) [38,74]. AC
system can be broadly described as any control system that can adjust control design parameters,
such as control gains online based on inputs received by the plant to accommodate system
uncertainty, as illustrated in Figure 1.15.

AC aims to achieve or maintain optimal performance for systems with unknown or time-
varying model parameters and external disturbances by adjusting the control parameters in
real-time. AC systems are mainly divided into two categories: (1) Direct AC (typical structure:
model reference adaptive control (MRAC)); and (2) Indirect AC (typical structure: self-tuning
control systems). AC structures that combine both types are frequently used and are referred to
as composite, combined, or hybrid direct—indirect adaptive control [75,76].

A typical direct AC may be expressed as



1.3. STATE-OF-THE-ART FOR 3L-NPC POWER CONVERTER CONTROL 15

\ Distuibances
> i + U Y
Reference! Adjustable ‘>®7'—> Plant >
i > Controller h
i < A
Desired Adjustable System
Performance
v
Comparsion | | Adaptation | | L Performance
Decision Mechanism Measurement
A I

Figure 1.15: AC structure.

u=k;(t)x + k.(t)r, (1.15)

where k,(t) and k,.(t) are adjustable control gains, x is the system state, 7 is the reference input,
and v is control signal.

Direct AC adjusts a feedback control directly to cancel out unwanted system uncertainties,
allowing the control system to maintain performance despite significant uncertainties. In contrast,
an indirect AC achieves the same objective by adjusting the control gains indirectly, which can
be expressed as

w = ku(p(t))z + k, (p()r (1.16)

where p(t) are system parameters estimated online to update the control gains.

(1) MRAC Systems A typical MRAC system block diagram is shown in Figure 1.16. This sys-
tem employs a reference model as an auxiliary system, designed to achieve desired performance
indicators through its output or state. The input signal is simultaneously fed into the reference
model and the adaptive control system. The difference between the outputs of the two systems
generates the error signal e. The error signal e is fed into the adaptive control system through
an adaptive mechanism to adjust the controller parameters or generate an auxiliary input signal,
minimizing the integral performance index of the error. In this way, the output of the AC system
can asymptotically approach the ideal model output, achieving the control objective.

(2) Self-Tuning Control Systems Figure 1.17 illustrates a typical Self-Tuning Control system
structure. This system performs online estimation of uncertain parameters of the controlled
object, including unknown or time-varying model characteristics and external disturbances. The
estimated values of the uncertain parameters 6 are then input into the controller. The controller
adjusts the control parameters based on these estimates and predefined performance indicators,
with the resulting control signal acting on the controlled object. The system achieves the desired
performance indicators through multiple iterations of parameter estimation and control parameter
adjustment.

In addition, according to how closely are related to a physical model, the AC theory can be
categorized into:
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1. Model-based adaptive control (MBAC) utilizes physics-based models of the controlled
system.

2. Model-free adaptive control (MFAC) relies merely on the interaction of controller with the
system.

3. Learning-based adaptive control integrates model-based and model-free approaches to
create adaptive controllers.

A physical model is used to categorize adaptive control in Figure 1.18, where an MBAC
block ensures stability and an MFAC block optimizes performance through real-time parameter
adjustment. MFAC is increasingly in demand. It offers the features: (i) precise control of
system dynamics and stability performance without requiring knowledge of the plant model; (i)
ensuring consistent operation even in the face of model variations.

1.3.4.4 Adaptive Control in Power Converter Application

AC is widely used in power converters due to its robustness and flexibility [39, 77-79]. A
proposed model-based adaptive direct power control for 3L-NPC converters ensures voltage
regulation and balance across the dc-link capacitors while enabling active and reactive power
tracking for both rectifier and inverter modes in [19]. Even though this study overcomes problems
associated with system parameter uncertainties, the system could still display instability in the
presence of disturbances. [80] introduces an adaptive PI control strategy for a wind energy
conversion system that utilizes a permanent magnet synchronous generator and a pulse-width
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Figure 1.18: The categorization of AC based on physical model.

modulated current source converter, enhancing efficiency and reliability. It is a self-tuning
control based on a linear approximation of the power system and a desired closed-loop response.
However, the nature is still the PI control and PI control can cause system instability when
dealing with large uncertainties. [81] adopts adaptive PR control, automatically adjusting the
resonant frequency control parameters based on the current error. A potential limitation of
this control strategy is that it may over-rely on the current error signal to adjust the resonant
frequency control parameters automatically. According to literature [82], sliding mode adaptive
backstepping control is applied to PWM ac-dc converters with three-phase voltage sources
to cope with uncertain parameters in the system, but the complex control structure does not
lend itself to engineering applications. Adaptive neural network control is used to enhance
photovoltaic conversion efficiency by utilizing a dc-dc buck converter in [83]. However, since
the method relies heavily on data, it is necessary to carefully tune the learning rate of the neural
network in order to minimize the possibility of overfitting.

It should be noted that MBAC usually relies on assumptions and conditions, which may
not produce satisfactory results when the model accuracy is insufficient, especially in complex
nonlinear systems. Therefore, MBAC has been proposed and applied in power converters. An
MFAC only requires input/output data, and its pseudo partial derivative property ensures that
it is not affected by system variations, thus proving its robustness. [84] combines data-driven
with dual droop control for ac/dc interlink converter to achieve effective power sharing. Despite
reducing reliance on accurate models, this control method may need fixing due to input coupling
and operational constraints in complex systems. The robust predictive control employs data-
driven neural predictors to improve the issue, as presented in [85]. This method leverages
real-time and historical data to estimate unknown system dynamics, thereby boosting control
robustness and flexibility. It may still be necessary to carefully tune the architecture and learning
parameters of the neural network.
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1.3.4.5 Other Nonlinear Control in Power Converter Application

Nonlinear control shows great potential and advantages in power converter applications. [86] pro-
poses a finite-set model-predictive control (FCS-MPC) strategy for 3L-NPC inverters, producing
fixed switching frequency without pulse width modulation (PWM) as well as maintaining the
benefits of predictive control such as fast dynamic response, nonlinearities and restrictions, and
multivariable control. To reduce calculation efforts of FCS-MPC without affecting control perfor-
mance, [87] proposes a simplifying FCS-MPC, utilizing matrix converter-fed permanent magnet
synchronous motors. However, both of these methods are highly dependent on parameters.

[88] proposes an adaptive fuzzy droop control for multi-microgrid systems with constant and
resistive power loads to increase the accuracy of power allocation and the system stability margin.
To enhance the efficiency of hybrid energy storage systems in solar electric vehicle charging
stations, [89] introduces an interval type-2 fuzzy logic controller-based power-sharing strategy.

With the rise of artificial intelligence algorithms, a novel neural network-based control strategy
is presented in [90] that enhances three-phase grid-tied converter performance and stability
and provides superior rapid response and robust disturbance rejection to conventional vector
control techniques in renewable energy and power systems. [91] uses an adaptive dynamic
programming-trained recurrent neural network to approximate optimal control for single-phase
inverters with LCL filters, demonstrating superior performance over conventional methods by
allowing lower sampling and switching rates without compromising control effectiveness. There
are, however, some challenges associated with these two types of control, such as the large
requirement for computing resources and the long durations.

It 1s still a challenge to thoroughly validate the robustness of these methods to large dis-
turbances and uncertainties. Figure 1.19 illustrates a nonlinear power controller applied in a
3L-NPC power converter in microgrids.
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Figure 1.19: A nonlinear power controller applied in a 3L-NPC power converter in microgrids.

1.3.5 Observer-based Control

Feedback control (FBC) systems may not rapidly respond to severe disturbances. Consequently,
feedforward compensation control (FFC) is proposed to directly reject disturbances measure-
ments or estimations. Nonetheless, the application of FFC is constrained by the issues of
unmeasurable or difficult-measurable disturbances. To utilize the benefits of FFC while address-
ing the limitations of FBC, observer-based control (OBC) has garnered considerable interest
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and application. This motivation forms the theoretical basis of the research conducted in this
study. A block diagram of OBC is shown in Figure 1.20. Observers can be categorized into
state observer (SO) and disturbance observer (DO), as shown in Figure 1.21. Among them,
SO includes extended state observer (ESO), Luenberger observer (LO), reduced-order observer
(ROO), sliding mode observer (SMO), adaptive observer (AO), super-twisting observer (STO),
etc. The comparison of SO technologies for power converters is listed in Table 1.1. In addition
to perturbation observer (PO), unknown input observers (UIOs), improved equivalent input
disturbance (I-EID) based-estimator and extended sliding mode disturbance observer (ESMDO).
The comparison of DO technologies for power converters is listed in Table 1.2.

Reference
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Figure 1.20: A block diagram of OBC structure.
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Figure 1.21: Typical classification of observers.

Observer

A state observer is a system that estimates the internal state of a given real system from measure-
ments of the input and output of the real system.
Consider a continuous-time linear system

& = Ax + Bu,

y=Cr

(1.17)
(1.18)
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Table 1.1: Comparison of SO Technologies for Power Converters

Observer Type Benefits Drawbacks Applicability
[92]: Speed tracking
ESO Easily analyzed 1. U?tlmately boundeq; in PMSM;
. ) 3. Disturbance dynamics | [93]: Voltage
Linear  |and designed . .
assumption. regulation
in AC/DC converters.
LO Simple implement 1. Parameter dependence | [94]: Imbalance of
Linear  |and debug 2. Full-order SO. capacitor voltages.
ROO 1. Low comp.u ting 1. Linear systems; [95]: Imbalance of
Linear 2. More efficient; 2. Parameter dependence.|capacitor voltages
SO 3. Nature of LO. ' P 1P £es-
2. Robust to uncertainty;
3. Estimated online;
SMO 4. Asymptotically 1. Chattering risk Imbalance of
Nonlinear estimate disturbances; with improper setup; capacitor voltages
5. Reduced one order, when|2. Design complex. in this work.
entering the sliding mode;
6. Finite-time convergence
1. Robust to uncertainty; Unknow dc-loads
AO S . . .
. 2. Estimation in real-time; [Need Assumptions. estimated
Nonlinear . C
3. Asymptotic convergence. in this work.
STO 1. Benefits of SMO; g . DC-voltage regulation
. . . Sensitive to noise. and power tracking
Nonlinear [2. Reducing chattering o
in this work.

where z is the system state, u is the system inputs, and y is the system outputs. A, B, and C' are
system matrices. If the system is observable then the output of the plant, y can be used to steer
the state of the state observer.

Assume that the observer is as follows,

B

C#,

<

A%z + Bu+ L(y — 9),

(1.19)
(1.20)

where T represents the estimate for x, and y represents the estimate for y. L stands for the

observer gain.

The estimated goal of the observer is © — z, i.e.,

T—i=(A-

(1.21)

The stability of the state observer can be guaranteed that (A — LC') is the Hurwitz matrix,
i.e., every eigenvalue has a strictly negative real part. Therefore, it can be concluded that, i.e.,
T — x,1.e., T can be estimated as x. The full-order state observer is described as follows, and its
structural block is shown in Figure 1.22



1.3. STATE-OF-THE-ART FOR 3L-NPC POWER CONVERTER CONTROL

21

Table 1.2: Comparison of DO Technologies for Power Converters

DO

Observer Type Benefits Drawbacks Applicability
1. Assume certain [96]: Power
PO .o dynamic properties; decoupling
Linear Multi-disturbances 2. Asymptotically control in DFIG
bounded estimation. wind turbine.
UTOs Applied to 1. Assumpt_lon_s for [97] : Inter
. . system excitations; -connected
Linear  |decoupled estimation

2. Sensitivity to parameters.

power systems

(I-EID) based

1. Computational complexity;
3. Increase response time;

[98]: Position

-estimator |[Improving robustness . tracking in
. P & 4. Not suitable for all . £
Linear . drive motor
scenarios.
1. lumped disturbances; ) . ..
P . . 1. Disturbance dynamics Rejecting
DO 2. Asymptotic estimate . .
. . assumption; disturbances of
Linear or asymptotically . ,
. . 2. Rather than ‘worst-case’  |[power converter
/Nolinear |bounded estimation; . C
. .. design. in this work.
3. Online estimation.
1. Robustness; Rejecting lumped
ESMDO |2. Fast estimation; . ) disturbances for dc-
. . . Chattering risk.
Nolinear |3. Online estimation voltage of converter

4. Lumped disturbances.

in this work.
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Figure 1.22: A full-order state observer.
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1.3.5.2 Disturbance Observer

Consider a linear system with disturbances,

T = Ax + Byu + Byd,
(1.22)

y="Cu
where x is the system state, u is control input, d represents disturbance, and y is system output.

A, By, By, and C are system matrices.
The DO can be designed to estimate the disturbances of (1.22) by [99],

(1.23)

2= —LBy(z+ Lx) — L(Ax + B,u)
d=z+ L

where d is the disturbance estimation, z is the internal variable of the DO, and L is the DO gain.
The estimation error of DO is defined as

~

eq=d—d (1.24)
Taking the derivative of (1.24), one get
éq = —LByeq — d. (1.25)

When the observer gain matrix — L B, is Hurwitz, then disturbance estimation error system (1.25)
is bounded-input bounded-output stable. In addition, if the disturbances tend to be constants,
(1.25) is asymptotically stable with appropriately chosen parameter L such that — L B, is Hurwitz.

d Yy
Ue & = Az + Byu+ Bgd, )
y = Cu,

L

Q”‘Fl

A
:

Z| (2 =—LBqy(z + Lz)—L(Az + Byu),
]
{d—z—i—Lx,

7 Disturbance Observer

Figure 1.23: A disturbance observer.

1.3.5.3 Observer-based Control in Power Converter Application

In power converter applications, many effective techniques for estimating uncertainties and
disturbances exist. As described in [92], an ESO-based SMC is proposed to effectively track
input currents and regulate output voltage while rejecting external disturbances. Similarly, a
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robust controller based on ESO is proposed for a dc-dc interleaved boost converter for fuel
cell application. The uncertainties and external disturbances of the converter are treated as the
total disturbance, which is estimated by ESO and then eliminated in the control law. Similarly,
[93] proposes an ESO-based robust controller for a dc-dc interleaved boost converter of a
fuel cell that addresses uncertainties and external disturbances by integrating them as a total
disturbance, estimated by the ESO and then mitigated within the control law, thereby enhancing
converter performance and stability. Although ESO has a good anti-disturbance ability against
time-invariant disturbance, the disturbance can not be achieved through asymptotic estimating.
The proposed maximum power point tracking technique for a photovoltaic system efficiently
tracks maximum power without a current sensor by employing a LO in [94], reducing costs,
communication burdens, and system complexity. However, the LO is a full-order state observer.
A ROO-H, controller is designed to balance the capacitor voltage in [95]. Since the nature of the
reduced-order observer is still an LO, the high gain can result in a peaking phenomenon where the
initial estimate error is considerably large. A SMO is available, which brings one estimated error
to zero in finite time, even in the presence of measurement noise, and the other states have the
error that behaves similarly to the error in a LO after peaking has subsided [100]. Furthermore,
the SMO boasts rapid convergence, exceptional disturbance rejection, and straightforward
implementation. On the other hand, an AO serves as an estimation mechanism where both the
parameters and state variables of the system are simultaneously estimated.

Disturbance observer-based control (DOBC) has received a great deal of attention. A PO-
based SMC method offers robust control for high voltage direct current systems based on voltage
source converters by estimating and compensating for uncertainties and disturbances in [96]. [97]
paper introduces a fully decentralized load frequency control based on dynamic state estimation,
utilizing a UIO for each power system area to track the dynamic states in a real-time operation to
enhance robustness. However, both methods face challenges in achieving asymptotic tracking
and require more dynamic assumptions. To reduce constraint issues, a new filter is devised
to improve an EID-based estimator in [98]. It is evident that this approach will increase the
complexity of the design. [101] presents a strategy for direct current control of a three-phase, two-
level power converter using the DO to enhance disturbance rejection. In addition, an ESMDO
has the robustness of SMO and has a good disturbance estimation ability but also has an inbuilt
low-pass filter without introducing a phased delay in [102]. Figure 1.24 shows the observer-based
controller used in a 3L-NPC converter in microgrids.
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Figure 1.24: OBC applied in a 3L-NPC power converter in microgrids.
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1.4 Outline

Following this introduction, Ch. 2 provides a detailed analysis of the topology and operating
principles of the 3L-NPC power converter. Based on these, the mathematical model of the
3L-NPC converter is built. Moreover, the typical pulse width modulation techniques for the
3L-NPC power converter are presented.

High penetration of power converters may lead to power ripple, voltage swings, and weak
anti-disturbances in microgrids. Thus, reliable control schemes are critical to ensuring converter
operation in microgrids. Ch. 3 proposes a robust control scheme, discrete-time super-twisting
observer (DSTO)-embedded quasi-integral sliding mode control (QISMC), for a three-level NPC
power converter system, dramatically enhancing power/voltage regulation performance and anti-
disturbance capability. Attractive features: A fast convergence DSTO is deployed to offset multi-
disturbances caused by parameter mismatches, unknown loads, current path changes, switch
mode noise, and self-compensating power/voltage tracking biases in QISMC. To further mitigate
power/voltage steady-state error and boost system robustness, a new quasi-integral sliding mode
surface is built, inherently improving power/voltage tracking performance. Experimental data
confirm the proposed control outperforms the discrete-time extended state observer-QISMC,
DSTO-quasi-sliding mode control, and discrete-time PI control in power/voltage, grid current
harmonics, and robustness.

To customize designs and optimizations of converter control systems outlined in Ch. 3. Ad-
ditionally, Ch. 4 explicitly improves the capacitor voltage balancing issue, further enhancing
system stability and reliability. In detail, Ch. 4 proposes a robust adaptive sliding mode control
for the 3L-NPC power converter. An adaptive observer (AO)-based proportional (P) voltage
controller is proposed to accurately and quickly regulate dc-voltage in real-time identifying un-
known equivalent dc-loads, compensating for the active power reference. To track the reference,
a disturbance observer (DO)-based integral Sliding mode control (ISMC) is adopted to dramati-
cally enhance the power tracking performance in case of parameter mismatches and bias caused
by current path changes and switch mode noise. Additionally, an sliding mode observer (SMO)
coupled with P control is established to balance dc-link (fwo) capacitors, rejecting harmonic in-
jection and power ripple behaviors. Experimental data confirm that the proposed control scheme
outperforms super-twisting observer (STO)-based ISMC, super-twisting algorithm (STA), and
proportional-integral (PI) control schemes in the transient/steady state operations in terms of
dynamic response, grid current harmonic distortions, and robustness.

Designing a suitable high-quality current control scheme featuring superior dynamics, strong
robustness, and simple structure is a promising solution to guarantee the more efficient operation
of the converter. Ch. 5 proposes a robust high-quality current control strategy for the 3L-NPC
power converter in the stationary a3 frame. An STA coupled with a Luenberger observer (LO)
current controller is proposed to deal with the poor sinusoidal current tracking issue due to the
existing inductance/grid frequency deviations and the disturbance of the sinusoidal dynamic
nature. The LO is designed to offset the disturbance, alleviating the system chattering. The reason
is that the STA switching gain is simply selected to be bigger than the bound of the sinusoidal
disturbance estimation error and parameter deviations rather than that of the lumped disturbances.
Additionally, an extended sliding mode disturbance observer (ESMDO)-based P control is built
to dramatically enhance voltage regulation performance, in the case of capacitance deviations
and unknown dc-loads. The ESMDO is designed to introduce the sliding mode reaching law to



1.4. OUTLINE 25

control the voltage convergence rate, reject uncertainties, and identify loads. Experimental data
confirm the effectiveness of the proposed solution outperforms the conventional proportional
resonance (PR) and PI control in terms of accurate tracking current/voltage, anti-disturbance,
and grid current total harmonic distortion.

Although model-based control (MBC) is widely used in converters due to its ease, it poses
challenges when dealing with inaccurate models, critical loads, and multidisturbances. To
deal with these issues, Ch. 6 proposes a data-driven model-free adaptive control (MFAC) for
a 3L-NPC power converter system to realize robust high-quality current and voltage control
without any system parameters. Specifically, an MFAC is a potential approach to estimating
the system dynamics by designing adaptive laws derived intuitively from Lyapunov theory to
regulate current and voltage, guaranteeing self-adaptability to unmodeled dynamics, model
variations, parameter mismatches, and disturbances. Striving for easier access to adaptive law
gains, a particle swarm optimization (PSO) algorithm is embedded in MFAC to automatically
determine them utilizing the fitness function defined by the voltage and current. Experimental
data confirm that the proposal outperforms artificial neural networks-based PI (ANN-PI) and
model-based STA control schemes under multi-scenarios in terms of transient-/ steady-state, grid
current harmonic distortions, and robustness.

Ch. 7 summarizes and outlooks the work of the 3L.-NPC power converter control in microgrid.
Additionally, a block diagram of the entire workflow is shown in Figure 1.25.
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Robust and Reliable Control for Three-level Power Converters in Microgrids
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CHAPTER 2

3L-NPC Power Converter Principle Analysis and
Modeling

This chapter provides a detailed analysis of operating principles for the 3L-NPC power converter
and then establishes the mathematical model in three-phase stationary coordinates. Utilizing
the Park-Clarke transformation, the mathematical model of the converter is further developed in
two-phase stationary synchronous and two-phase rotating reference frames. Furthermore, this
chapter outlines several PWM strategies.

2.1 3L-NPC Power Converter Circuit Analysis

The topology of 3L-NPC power converter is depicted in Figure 2.1. Assumptions for simplified
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Figure 2.1: The topology of 3L-NPC power converter.
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analysis:

* The power devices IGBTSs constituting the midpoint-clamping NPC circuit possess ideal
characteristics: no inertia, no internal losses, instantaneous switching capability, and ideal
diode behavior without considering reverse recovery processes.

* The parallel capacitors C'; and C5 on the dc side have sufficiently large values. The
dc-voltage v, is ripple-free and unaffected by load variations.

* The converter circuit has ideal loads, inductors, and capacitors, all considered ideal
components.

The ac side inductance, denoted as L, filters out high-frequency harmonics. On the dc side,
capacitors C and C'y help maintain the bus voltage and perform filtering functions. v4. represents
the dc bus voltage. Each converter phase consists of four switching tubes. Considering the
arrangement and combination of switching states, each phase theoretically has nine combinations.

2.2 Switching State Analysis

Given the symmetry across the three phases of the 3L-NPC power converter, a-phase is exem-
plified to illustrate the switching states. This analysis applies equally to b-phase and c-phase.
Figure 2.2 shows the topological structure of a-phase in a 3L.-NPC power converter, in which a
detailed analysis of the three switching states of a phase is provided. "1" indicates the on state,
and "0" indicates the off state for switching tubes S{, S5, 5%, and SY.
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b

Figure 2.2: The topological structure of a-phase in 3L-NPC power converter.

In practice, switching tubes SY and 59, as well as S§ and S§, are complementary. Concurrently,
it must not be activated simultaneously to avert a short circuit. For the a-bridge arm, when the
switches are in state P, it indicates that the upper two IGBTs on the bridge arm are conducting.
The voltage v,, at terminal a relative to the midpoint o of the converter is “3¢. Similarly, when
the switches are in state n, it indicates that the lower two IGBTs are conducting, and at this point,
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Table 2.1: Switch State of a-phase

Switch | IGBT Swithc State | Voltage
State | ST | S | S5 | SY Vao
P 1 1 010 e

O 0 1 1 0

N 010 1 1 —

AE=A

o

)

the voltage v, at terminal a relative to point o is —“3¢. Given these constraints, each phase
effectively has three operational switching states, corresponding to distinct dc-voltage outputs:

”SC, 0, — ”;5, as shown in Table 2.1.

2.3 Commutation Process Analysis

Three operational states of the bridge arm are defined by the status of the four switches within the
single-phase bridge arm. The current mode is analyzed below, taking into account the transition
between these operational states. Current modes are divided into positive and negative, with
current flowing from ac to dc being positive, and the reverse being negative. This results in three
stable operational states and two dead zones during forward and reverse current flow, as shown
in Figures 2.3 (a-e).

Conduct a modal analysis of the circuit under positive current 7, > 0 direction:

1. When the a-bridge arm operates in 1100, with the current direction 7, > 0 positive,
current is conducted through the freewheeling diodes D{ and Dg. The current path is as
follows: inductor L — freewheeling diode D§ — freewheeling diode D{ — capacitor C
— midpoint o of the capacitor. The current does not pass through the switching tubes SY
and S9, as depicted in Figure 2.3(a).

2. Before Converting the working state of a-bridge arm from 1100 to 0110, a dead zone
state of 0100 exists. Switching tube S is in the off state. Since no current flows through
switching tube S in the previous state, switching its state does not affect circuit operation.
At this moment, there is no change in the working state within the circuit, and the current
flow direction remains unchanged: inductor L — freewheeling diode D$ — freewheeling
diode D{ — capacitor C'; — midpoint o of the capacitor. Diodes D{ and Dj serve the
purpose of freewheeling, as shown in Figure 2.3(b).

3. The working state of the a-bridge arm transitions from 0100 to 0110, during which a
commutation behavior occurs in the circuit. The current flow direction changes to inductor
L — switching tube S§ — clamping diode V' D§ — midpoint o of capacitor. During this
process, the clamping diode V' D{ is forcefully turned off. Although switching tube S5
remains open, no current flows through it, as depicted in Figure 2.3(c).

4. Before Converting the working state of the a-bridge arm from 0110 to 0011, a dead zone
state of 0010 exists. At this point, switching tube S§ transitions from the on-state to the
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(a) State of p ) s (c) State of o

bqg —>

VDS

(d)s (e) State of n

Figure 2.3: When ¢,>0, the process of a-phase current change.

off-state. Since no current flows through switching tube S§ in the previous state, switching
its state does not affect circuit operation. The current flow direction remains unchanged:
inductor L — switching tube S§ — clamping diode V' D§ — midpoint o of capacitor, as
depicted in Figure 2.3(d).

5. Converting the working state of a-bridge arm from 0010 to 0011, during which a commu-
tation event occurs in the circuit. The current path is as follows: inductor L — switching
tube S§ — switching tube S§ — capacitor C';, — midpoint o of the capacitor. During
this process, the clamp diode V' Dg is forcefully turned off. At this time, neither the
freewheeling diode nor the clamp diode has current flowing through it, as shown in Figure
2.3(e).

Analysis of circuit modes when the current direction is negative (¢, < 0) and results in three
stable operational states and two dead zones, as shown in Figures 2.4 (a-e).

1. When the a-bridge arm exhibits a state of 1100, the current is negative (¢, < 0), flowing
through the switching tubes S and SS9, with the current direction as circuit terminal P —
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(a) State of p ) s (c) State of o

(d)s . (e) State of n

Figure 2.4: When 7,<0, the process of a-phase current change.

switching tube S7 — switching tube S§ — inductor L. Under this working state, neither
the freewheeling diode nor the clamp diode carries any current, as depicted in Figure
2.4(a).

2. Before the transition of the a-bridge arm working state from 1100 to 0110, there exists
a dead zone state of 0100. At this point, switching tube S§ remains in an on-state while
switching tube SY transitions from an on-state to an off-state, resulting in commutation
behavior in the circuit. At this time, the current flows through switching tube S§ and clamp
diode V' D{. The current direction becomes midpoint of the capacitor o — clamp diode
V D{ — switching tube S§ — inductor L, as illustrated in Figure 2.4(b).

3. During the transition of the a-bridge arm working state from 0100 to 0110. In both the
0100 state and the 0110 state, the current does not flow through the switching tube S§. At
this time, the state change of the switching tube S{ does not affect the circuit operation.
The current direction remains unchanged, continuing as midpoint o of the capacitor —
clamp diode V' D{ — switching tube S§ — inductor L, as shown in Figure 2.4(c).
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4. Before the transition of the a-bridge arm working state from 0110 to 0011, there also exists

a dead zone state of 0010. At this point, switching tube S§ transitions from an on-state to
an off-state, while switching tube S§ remains in an on-state, causing commutation behavior
in the circuit. The current direction changes to midpoint of the capacitor o — capacitor Co
— freewheeling diode D§ — freewheeling diode D5 — inductor L. During this process,
clamp diode V' D3 is forcibly turned off, and switching tube S§ does not carry any current,
as depicted in Figure 2.4(d).

. During the transition of the a-bridge arm working state from 0010 to 0011, neither

switching tube S§ nor S§ carries current in the 0010 states nor the 0011 states. The state
change of switching tube S§ at this point does not affect the circuit operation. The current
direction remains unchanged, continuing as midpoint o of the capacitor — capacitor Cs
— freewheeling diode D§ — freewheeling diode D§ — inductor L. At this time, neither
the switching tubes nor the clamp diodes carry any current, as shown in Figure 2.4(e).

2.4 3L-NPC Power Converter Modeling

Establishing the mathematical model of the 3L.-NPC power converter is fundamental for study-
ing its control methods. Before deriving the model of the 3L-NPC converter, the following
assumptions are made to simplify the derivation process [103, 104]:

. In the 3L-NPC power converter, the switches and diodes are ideal devices in all three

bridge arms, neglecting the switching delay and forward conduction resistance of switches
and diodes.

. The ac-side inductance of the 3L-NPC power converter is assumed to be ideal, disregarding

leakage inductance.

. Both capacitance values on the dc-side of the 3L-NPC power converter are assumed to be

identical.

. The switching frequency of the switches in the 3L-NPC power converter is significantly

higher than the fundamental frequency of the grid.

. Equivalent series resistance, circuit impedance, and other losses in the 3L-NPC power con-

verter are represented using equivalent resistances, neglecting stray inductances presented
by components such as connecting wires and switches in the circuit.

2.4.1 Stationary Coordinate Model (abc-axis)

The equivalent circuit featuring ideal switches is presented in Figure 2.5.
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Figure 2.5: A 3L-NPC power converter with ideal switches.

24.1.1 Inductance Current Dynamics

Based on the Kirchhoff’s Voltage Law (KVL) yields
= L% + vy + Von,
= L% 4 v+ vy, (2.1)
= L% + v, + vy,

where

Vans Ubns Ucn

ll ",

grid voltage referred to

Tas T T grid current frame;

Vgs Ups Vg, injected voltages referred to "o";

Uon voltage at "o" referred to "n";

L Filter inductor;

C dc-link capacitor;

R dc-load resistance;

ita, i i i € {a,b,c} current at top, middle and bottom connection points of capacitors;
o1, Lo2 capacitors currents;

Given that the source voltages are balanced and no fourth wire is utilized in this study, then
the assumption can be obtained

Van + Vbn + Ven = 07 (22)
lo + 1p + 1. = 0. 2.3)

Combining equations (2.1) yields

1
Vo, = —g(va + vp + ). 2.4)
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Substituting (2.4) into (2.1), one get

dig

Van L . 2 -1 -1 Vg

v | = | L% | + -1 2 1w (2.5)
dic

Ven, Lz -1 -1 2 Ve

The voltages v; across switches, where i € {a, b, c}, are defined concerning the reference

n_n

point "o" and are determined by the switching positions u; as follows:

Vo2, U; = 17
v; = 0,u; =0, (2.6)
vers up = —1,
According to equation (2.6), there are three permissible states, and the expression v; (for every

i € {a,b,c}) of u; is obtained. A single quadratic function can be formulated to suit all three
states,

Vg2 —Uc1 o Vo2 T Uci

i i) 2.7
v 5 5 U (2.7

where u; € {—1,0,1},u? € {0,1}.
In conclusion the inductors currents dynamics can be modelled as (2.5) where the voltages v;
are computed as in (2.7).

Remark 2.4.1 Under the consideration that vo1 = veo, (2.7) reduces to

Vo2 + Vet

v =, i€ (1,2,3) (2.8)

Thus, the subsystem (2.5) can be approximated as

L% 2 -1 -1 Ug Van

. Vo1 + U
L | == -1 2 —1| | uw |+ v 2.9)
L% -1 -1 2 U Ven

2.4.1.2 Capacitance Voltage Dynamics

Using Kirchhoft’s Current Law (KCL) in the diagram of Figure 2.5, we obtain the following
relationships

a . )
lge = o2 T IR,
-b . .

Lge = 1 — o2,
e ) )
3. = —lc1 — 'R,

__ -a -b e
0= Lde + Yde + Ldes
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. . . . . v, +'U o Y . b o .
where icy = Ccy, iy = Cieoa, ip = 9572, and iy, = iy, + i, + iy, for every i € {a, b, c}.
From these expressions, it can be obtained as,

o9+ 101 = igc — izc + 2R, (2.10)
ic1 —ica = b, (2.11)

Expressions for i%,, %, and i, are approximated as quadratic functions following a similar
procedure as before.

1) Current §,: We first establish the relationship between each output current @'Z’ck in terms of
the three possible switch positions uy, and for every k € {a, b, c}. Thus, for a given k € {a,b, c}
three points are known, and a quadratic function relating ifl’ck’ and uy, can be designed to fit al
three points.

The expression for the £ — th quadratic function is

ak (0

tge = (e +1)—=

Now, since i, = Xiefape}iy. » We obtain the following expression
Ucle

2

Ugly

2

Upl
+ (up + 1) =22 + (e + 1)

5 (2.12)

Z'?lc = (ua + 1)
2) Current 4Y,: In this case the expression for the quadratic function relating current iZ’Ck and
U 1S

bk 2y -
ige = (1 —up)ig
F b =% 0.k btai
TOM 7, = Yiefabe}lq, » WE Obtain

ige =(1 — ug)ia + (1 — )iy + (1 — ug)ic

= — uli, — uip — uli. (2.13)

where we used the fact that ¢, + 2, +¢. =0
3) Current 7§,: The case if 7§, is very similar to 7. In this case the expression of the quadratic
function relating current zzck and wuy is

iy = (ug — 1)—“'“22'“ (2.14)

k

., we obtain

. "

As before, from ig. = > ;1,501 T

Uele
2

Direct substitution of (2.12), (2.13) and (2.15) in (2.10) and (2.11) yields the following expres-
sions

ige = (Ua — 1)“?“ + (up — 1)% + (ue — 1) (2.15)

C(i)(jl + i)CQ) = igc — Z'ZC — 2iR,
2(ver + ve2)

- : (2.16)

- uaia + Ubib + ucic -

. . -b
C(ve1 — Vo2) = i,
= —uli, — uliy — u’i. (2.17)
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Summarizing, the overall model of system is given by

[ L4 2 1 —1]| [, Van
, 1
di _
LTtb =-3 -1 2 -1 v | + | vpn (2.18)
L L% -1 -1 2 Ve Uen
[ Vg u? Ug
Vo1 — V¢ (Y6} —+ Vo
w | = % u? 2 5 Lo, (2.19)
| Ve u? Ue
lq
d 2(vc1 + v
CE(ch + UCQ) = |: Ug Up Ue ] ib — % (220)
le
lq
d
Colvor—ven) == [ w2} w2 || (2.21)
le

2
‘ Vde
Ligge = — | -1 2 —1 u, up + Vape (2.22)
,UO
1 -1 2 Ue U2 e
. 1 T . 2vdc
R abe — = 2.23
Vd C«’u’abcz b C R ( )
o 1 T.
UG = = (Uape) Gave (2.24)

where Vape = {Van, Vbn, Ven } s Tabe = {ias ib; Get s Uabe = {Ua, Up, e} is the three-phase duty
cycle output by the controller.

2.4.2 Stationary Coordinate Model (o 5v-axis)

Vectors originally in abc reference frame are transformed into o3~y reference frame using the
power-invariant transformation defined by the transformation matrix in

1 -1 _1
9 2 2
{'}aﬁy = Tabc—aﬂ{'}abca Tabc—aﬁ'y = \/; 0 \/Tg \/73 (225)
1 1 1
V2 V2 V2

Applying this transformation to (2.22)-(2.24) yields the system dynamics in the a3~y reference
frame
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y Vag 1 Y
« =~ T 7 cua _7 2'26
bap L 2Lvd P ( )

ugﬁiaﬁ 20qc

Vie = C R 2.27)
L
09, = 2 Z+ L wlgiagu (2.28)
dc \/BC \/60 aﬁ aﬁ v .
L (wd —u?) — Lusu
where Y = 2v6 iauﬁ uw;/g k Vi £ = Ui‘“?g; —UaUp | Lag, Vag =

V6
[Va, vg] T grid voltage vector, tag = [ia, ig]" is grid current vector, Uag = [Uq, ug|® and u., are
control signals.

After generating the control signals, they are transformed back to u,, up, u. and executed
through a modulator. It can be observed that, due to the requirement for ~y-axis control in
capacitor voltage balancing, the fixed coordinate transformation here is a three-axis coordinate
transformation.

It is important to note that, when the converter usually operates, vj, will be close to zero,
which can be assumed to be at least an order of magnitude lower than v,.. On the other hand, the
duty cycle uqg takes values in the interval [-1 1], so the third term on the right side of equation
(2.26) will be at least two orders of magnitude lower than the second term.

Based on this consideration, equations (2.26) can be approximated as follows:

. Vap  Vde
g = o8 Ude,, 2.29
top L opYes (2.29)

The following simplifies (2.28) from the perspective of instantaneous power. Based on the
instantaneous active power p and reactive power ¢ as follows,

T S 0 -1
D = Vogtap ¢ = Vogdlag,J = Lo | (2.30)
Based on (2.29), the the dynamics of the (2.3()) is expressed as,
Lp = 05 (Lwq—2P 4 Vap — Latyg) 2.31)
IIvaaH 2

J « C
Yab ety g) (2.32)

. _ T 7T
Li=v,5J (—pr”v P2

Let p = 0, p = 0, the equivalent controller uaﬁ can be obtained,

. 2 JVo
Uop = {(HvaﬁH +wLg) 22 — (wLp) Bg} (2.33)
Ve lvasll® [vagsll

Consider the instantaneous power dynamics are faster than that of v§_, let p = p*, ¢ = ¢*, and
substitute (2.33) into to (2.28), we can get:

05, = —=——u, + (1) (2.34)
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where

2
~VeC
where 1 (t) is regarded as the fundamental wave and the third harmonic.

Therefore, based on (2.27), (2.29), and (2.34) , the simplified dynamic model of the 3L-NPC
converter can be obtained as,

»(t) [(ue?)? — (ug)?, —2uufiap (2.35)

- 1 Vdc
= Vg — 2.
tap Lva,B 2Luaﬂ ( 36)
R 2
Vde = %’U,aﬁlaﬁ - C—}%Lvdc (237)
2p*
W, =~ + (¢ 2.38
d \/gvdc ol ¢( ) ( )

2.4.3 Rotating Coordinate Model (dqg0-axis)

Apply the Park transformation to the simplified a/3-axis 3L-NPC converter dynamic model
(2.36)-(2.38),

coswt sinwt 0

{'}dqo = Toz/o"yqu(){'}abc, Togy—dqo = | —sinwt coswt 0 (2.39)
0 0 1

Modeling the system in the synchronous rotation coordinate system (d, ¢, 0) is possible as
follows:

1 Vde

iq = Wiy + AT AL (2.40)

. 1 .

fy = —wiq + 7o, — giLuq (2.41)

1 1 2

i}dc = Euajl'd -+ Euqiq — EZL (242)
o = 2P+ (t) (2.43)
Vg, = —F/—U .

e \/écvdc °

where v, and v, are the grid voltage, 74 and i, are the grid current, w is the grid voltage angular
frequency, ug4, u, and ug are the control signals, (t) is the signal composed of the fundamental
wave and the third-order harmonic, p* is the active power reference value.

2.5 PWM Technology of 3L-NPC Power Converter

Pulse width modulation (PWM) technology uses the impulse area equivalence principle to convert
ac signals into a sequence of pulse signals over time, allowing for adjustments in frequency and
amplitude and the suppression of specific harmonics [105-107]. Multi-level PWM typically
builds upon the foundation of two-level modulation techniques.
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In 1977, Holtz introduced the three-level converter topology, serving as the prototype for the
T-type three-level converter. By 1980, at the IEEE IAS annual conference, Japanese scholars had
advanced the NPC-type three-level topology. Then several PWM strategies were also proposed,
including carrier-based sinusoidal pulse width modulation (SPWM) [108,109], space vector pulse
width modulation (SVPWM) [110, 111], virtual space vector modulation (VSVPWM) [112,113],
selective harmonic elimination pulse width modulation (SHEPWM) [114, 115], and model
predictive control, which directly generates PWM signals without carrier modulation, are among
the PWM strategies identified [116, 117]. Each method has advantages and disadvantages,
requiring strategic selection for specific applications.

The three-level SPWM method evolves from the conventional two-level SPWM approach.
The three-level SPWM method is an evolution of the traditional two-level SPWM approach.
Each arm of the three-level NPC converter consists of four switching devices, requiring two
sets of triangular carrier waves with identical amplitude and frequency to produce driving
signals for the four switching tubes on the arm. When positioned above and below the time
axis, these two sets of triangular carrier waves yield the driving pulse signals for the switching
tubes when compared with the modulating wave signal. Typically, SPWM is categorized into
two types: (1) In-phase carrier type, employing two sets of triangular carriers with identical
phases for the upper and lower waves; (2) Phase-reversed carrier type, with a 180-degree phase
difference between the upper and lower triangular carriers. The three-level SPWM strategy offers
convenience and simplicity. It suits multi-level converters and structures like the diode-clamped,
flying-capacitor-clamped, and cascaded multi-level types.

As PWM is not the central theme of this research, further details will not be elaborated upon.

2.6 Summary

This chapter provides an in-depth analysis of the operating principle of the 3L-NPC power
converter, a mathematical model within the static three-phase coordinate system is established.
The two-phase static synchronous and rotating reference frame models are obtained by Park-
Clarke transformation. Moreover, a brief overview of the converter PWM technology is provided.
The above foundation knowledge offers significant theoretical support and practical guidance for
the control and application of the 3L-NPC power converter.
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CHAPTER 3

Quasi-sliding Mode Power-Voltage Control for
3L-NPC Power Converters

High penetration of power converters may lead to power ripple, voltage swings, and weak
anti-disturbances for microgrids. Figure 3.1 shows an overview of power converters in micro-
grids. Confronting these issues, this chapter proposes a robust control scheme, DSTO-embedded
QISMC (DSTO-QISMC), for a 3L-NPC power converter system, dramatically enhancing pow-
er/voltage regulation performance and anti-disturbance capability. Attractive features: A fast
convergence DSTO is deployed to offset multi-disturbances caused by parameter mismatches,
unknown loads, current path changes, switch mode noise, self-compensating power/voltage
tracking biases in QISMC. To further mitigate power/voltage steady-state error and boost system
robustness, a new quasi-integral sliding mode surface is built, inherently improving power/-
voltage tracking performance. Experimental data confirm the proposed control outperforms
the discrete-time extended state observer-QISMC (DESO-QISMC), DSTO-quasi-sliding mode
control (DSTO-QSMC), and discrete-time proportional integral (DPI) control in power/voltage,
grid current harmonics, and robustness.

3.1 Introduction

SMC is an efficient solution for complex power converter systems due to its fast dynamic
response, insensitivity to model parameters, disturbance rejection, and design simplicity [56].
The SMC method uses sliding surface function based only on the input current error for single-
ended primary-inductor converters in [118]. Nevertheless, the method suffers from chattering in
the control input, which is not desirable control in practice. To circumvent it, [119] adopts an
SMC approach by a boundary layer used for optimizing the sliding surface trajectory. As a result,
the boundary layer-based SMC approach results in a trade-off between control performance and
the elimination of chattering. A high-order sliding mode differentiator utilizes the high-order
derivative of the system state as the control quantity, compensating for the harmonic currents
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Figure 3.1: An overview of the power converters in microgrids.

in [120]. However, a high-order derivative of sliding variables inevitably affects the control
method, which amplifies high-frequency components, resulting in undesirable current chattering.
Besides, the control above schemes are designed to operate in a continuous-time domain.

Practically, digital signal processing achieves maximum reproducibility at the lowest possible
cost for power conversion. Digital control relies on discrete-time systems. The discrete-time
SMC systems are divided into discrete-time SMC (DSMC) [121] and discretized continuous-time
SMC (CSMC) [122]. The discretized CSMC systems exhibit some intrinsic dynamic properties,
such as periodic orbits and delta modulation effects, which may cause degradation of control
performance and even system instability. Moreover, the stability criterion of CSMC is only a
necessary condition for discrete-time stability, which explains why it cannot be converted from
CSMC by simple equivalence [123]. A quasi-sliding mode (QSM) can be used for discrete-time
sliding mode control systems, as it allows the system to confine the zigzag mode within a small
band once it reaches the sliding mode [50]. QSMC is a sufficient and necessary condition for
proving discrete-time system stability. Consequently, developing a QSMC-based stabilization is
attractive due to its inherent robustness and guaranteed discretization stability.

An improved DSMC law is proposed to compensate the speed and current of the permanent
magnet synchronous motor (PMSM) system for mismatch disturbances by exploiting a new QSM
in [124]. As discussed in [125], a finite-set QSM predictive control is proposed to improve the
out-voltage quality by introducing a quasi-sliding-mode function into the cost function. Inspired
by the above methods, a new quasi-integral sliding mode control (QISMC) has been developed,
which achieves high-precision control by adding the integral term to the QSM surface. However,
large disturbances may result in system instability or require higher control gains that lead to the
chattering. For this reason, it is necessary to design an observer to estimate part of disturbances
as a feedforward compensation in control input, to enhance the voltage/power performance
further.

Theoretically, numerous observer-based compensation disturbance methods have been pro-
posed, such as resonant extended state observers [126], second-order fault-tolerant extended
Kalman filter estimation [127], and sliding-mode observers [128]. A model-free predictive
current control based on ESO for PMSM drives is proposed to reduce the computational time and
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improve control performance in [129]. The ESO is considered as a estimator used to estimate
external disturbances and uncertainties of PMSM systems. To improve the robustness of state
observation, a discrete-time sliding mode observer (DSMO)-based compensation method is more
attractive because its main features are similar to SMC. A DSMO is proposed for equivalent
capacitor voltage control in modular multilevel converters, aiming to reduce the communica-
tion complexity in applications with several series-connected submodules in [130]. However,
it is based on the frequency domain stability analysis of the DSMO, which relies on precise
mathematical models and is susceptible to external disturbances and parameter uncertainties.
In [20], an ESMDO not merely provides accurate multi-disturbance estimation, but is also equiv-
alent to a built-in low-pass filter without introducing phase delay, thus significantly improving
capacitance-voltage regulation. A discrete-time super-twisting observer (DSTO) is built into the
control scheme to reduce the chattering further and enhance the robustness of power converter.

Concisely, motivated by observations, this chapter proposes a new robust control, DSTO-
embedded-QISMC, for the 3L-NPC power converter, aiming at dramatically enhancing power
and voltage regulation performance and anti-disturbance capability. Contributions include:

1) A fast convergence DSTO is constructed to offset multi-disturbances caused by param-
eter mismatches, unknown loads, current path changes, and switch mode noise, while self-
compensating power and voltage tracking bias in QISMC, thereby attaining chattering suppres-
sion. The reason for chattering suppression is that the switching gain is only required to be
designed greater than the bound of the multi-disturbances estimation error rather than that of the
multi-disturbances.

2) To further mitigate the power/voltage steady-state error and improve the power converter
system robustness, a new quasi-integral sliding mode surface is constructed, which essentially
improves the power/voltage tracking performance.

3) Rigorous stability analysis of the discrete-time dynamics of power and voltage closed-loop
systems provides a theoretical basis for the power converter system, achieving rapid convergence,
high accuracy, and strong robustness.

3.2 System Description and Modeling

A 3L-NPC power converter topology is shown in Figure 3.2A, which connects the ac-link
power source with three filter inductors and the dc-link with two capacitors. Notice that the
instantaneous power of ac-link filter is not considered, the ac-lick terminal power p’ is equal to
the grid side power p. Generally, the source bus connects photovoltaics, wind turbines, electric
vehicles, etc. For simplification, the dc-link is connected to unknown equivalent loads. The list
of nomenclatures of the power converter is presented in Table 3.1.

The 3L-NPC power converter is based on the Euler discretization model built from [19],

. T T T .
taBk+1 = staﬁ,k - ﬁvdc,kuaﬁ,k + fM + 2ag,k; 3.1
2T, T, .
Vdek+1 = _R—Z,Udc,k + gUZB,kiaﬁ,k + Vde,k (3.2)
L

Ts 1 . 275
Viehi1 = ——=—Uap.rbaB Uy + —=—=IN + V5. 1, (3.3)
de,k+1 \/60 B,kaB,kYy k \/60 de,k
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Table 3.1: Nomenclatures

Symbol | Description

Vabe [Va, Uy, ve] T, grid voltage vector in abc frame.
Tabe [ia,p,1c] T, grid current vector in abc frame.
Vag,k [Vak, v5.1) T grid voltage vector in a-axis.
taB,k liakyipk]T, grid current vector in o3-axis.

UaByk | [Uaks Up g, Uy )T, average duty cycles in aS-axis.

VT} n={a,b,c}, 1 ={1,2,3,4},

insulated-gate bipolar transistors.

VD} n ={a,b,c}, | = {1,2}, clamping diodes.

Vde,k qu kT vflc’ ;-» the sum of dc-link capacitor voltages.

Ve k vgq P vilc’ ;.» the difference of dc-link capacitor voltages.

Ryr.ip, dc-load resistance, dc-link load current.

L, C, w | filter inductor, dc-link capacitor, grid voltage frequency.

_ L

——(u uz 1) Uy o Ury Jo
2\/€< ,8,]{3 (07 k‘ \/3 «, s 0 2 2 .
where M = Mo Uk Vgepr N = [(u2 — ud 1) — Uaktp] tapk,
V6 V3

7, 1s sampling period, and uq i, Ug i, U~ are control signals.

Remark 3.2.1 Notice that source voltages are assumed to be symmetrical and balanced of the
system (3.1)-(3.3), U i, Ui € [—1, 1] so mentioned M of (3.1) is lower than the second term
of (3.1). vy, of equation (3.3) is lower by more than vy one order of magnitude, due to vg, .
being close to zero. Therefore, considering the aforementioned, (3.1) can be approximated as,

) T, T, )
taB k1 = f'vaﬁ,k - ivdc,kuaﬂ,k + 2ag,k- (3.4)

Based on the instantaneous power theory [131], the active power p; and reactive power ¢, are
defined as

Pr = igﬂ’kvaﬂ,kv qr = igg,kt]vaﬁ,ka (3.5)

where J = [0, —1; 1, 0]. Submitting (3.4) into (3.5), ones obtain

. Ts T Ts 2
Pt = = 57 Vap ptapklick + T [|[Vapkl
+ Wi Ts + P, (3.6)
TsUde,k
Qo1 = — —o 7 Vogpd  Uapk — WOKTs + Gk,

2L

where [[vagk||* = l|va k] + [lvs.xll*.
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The equilibrium point of (3.6) from [132] is obtained with py.1 = pr = 0 and gx11 = qx =0

simultaneously:
. 2 wlL wlL
Uk = 14 ) = T vag, 3.7)
Udek [vagkl| vkl

where uffﬂ, . represents the equilibrium point of the system in a steady state, i.e., instantaneous
active and reactive power demanded by the power converter remain constant. Using the estab-
lished equilibrium point in (3.7), the control architecture guarantees the instantaneous active and
reactive power convergence to [132].

Uapk = Uggp, — H(€pk)Vapk — [1(eqk) I Vap,k; (3-8)

where yi(e, ;) and (e, ;) express the active power and reactive power controller, respectively.

3.3 Control Strategy Design

A description of the design procedure of the proposed DSTO-based QISMC controller for the
3L-NPC power converter is presented in this section, as shown in Figure 3.2B.

3.3.1 Control Objectives

Three objectives need to be satisfied for the 3L-NPC power converter system: power tracking,
voltage regulation, and capacitor voltage balancing. To achieve these objectives, a robust
DSTO-QISMC control structure is employed:

* In the voltage regulation loop, regulate capacitor voltages v, to desired vy, ;. The output
of this loop is an active power reference p* that goes into the power tracking loop.

* In the power tracking loop, force the active and reactive power py, g to track their
references p;. and ¢;, in which pj, is obtained from the voltage regulation loop, and ¢j, is
given to change the power factor of the system.

* In the voltage balancing loop, maintain the balance of capacitor voltages vg. , — 0. The
outputs of both this loop and power tracking loop are combined to receive the final average
duty cycle, controlling the power converter.

3.3.2 Power Tracking Loop

This subsection proposes a DSTO-based-QISMC controller to accurately control instantaneous
power (pr — pi. qr — q;), offsetting multi-disturbances (inductance mismatch, bias caused of
current path changes and switch mode noise), and suppressing chattering feeding into the system.
The power tracking errors are considered as

epk = D — Pks€qk = T — Gk (3.9)

where p;, ¢, are reference of active power pj, and reactive power gy, respectively. The sampling
period 7, is very small, i.e., p; = Py 1> G5 = Qpr-



3.3. CONTROL STRATEGY DESIGN 47

Combining (3.6) and (3.9), Ones express as

T 2
Vag,kVdekTs |Vap,kll” T
Epk+1 = —WQqKTs + aﬁTuaﬁ,k — %
+ Epk; (3.10)
T T
v k:J Vde,kTs
Cqhs1 = wpiTs + —2 o7 Uk + €q- (3.11)

Considering the multi-disturbances of the 3L-NPC power converter system in the practical
plant, (3.10)-(3.11) become as,

T 2
Vo, Vde T [vagkll” T
Epk+1 = —WQqKTs + %ua,@,k — %
+ pk T Epks (3.12)
T T
v k:'] Vde,kTs
€q k1 = WPETs + B, 5T UaB,k T Ggk + €q k- (3.13)

where g, and g, . refer to disturbances including inductance mismatch, bias cause by current
path changes and switch mode noise. The sampling period 7, is covered by the g, ;, and g, .
Substituting (3.8) into (3.12) and (3.13), respectively, ones get,

€1 = — Ojnpler) + gk + €jk, (3.14)
y J— v c,,”'va 5 ”27—5
where j € {p,q}, O = 52—
The estimation system (3.14) can be expressed as,

€ikr1 = — Ojrplejr) + Gik + €k, (3.15)

where g; 1, is the estimate of the g; j.
To deal with the disturbances g;  of (3.15), a DSTO is developed that allows fast and robust
power estimation.

3.3.2.1 Discrete-time State Observer(DSTO) Design
The defined DSTO erroris €, = € — €, and one gets,
Cikt1 = —Jjk T Gjk + ik, (3.16)

obviously, if €; ;11 = €, = 0 is satisfied, such that g; , can estimate completely g; . Then the
DSTO can be designed as

{f/j,k =\ |€]? sign(é;x) + ;4 (3.17)

Dj k1 = X58igN (€5 k) Ts + D,

where gains \; and x; are positive value. ®; ; aims at eliminating the DSTO steady-state error.
Further, to obtain indirect g;, — g, it is equivalent to proving the following equation,

- ~ 1 - -
{emﬂ = \j €12 sign(é; )75 + P xTs + € ks (3.18)

k1 = X;8ign(Ej k) Ts + P
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Theorem 3.3.1 Considering the power estimation system (3.18), supposed that \; > 0 and
X; > 0O, if there exists a positive-definite matrix P; = PJT for given Q; = Q;-F > 0 and
Hj; = HJ >0, satisfying

A} (Pj+ PH;'Pj)A; — (1 - ()P +Q; <0, (3.19)

then the system (3.18) converges asymptotically to a ball B; = {e] K |€; k|| < 7“]} and with a
radius

h;

r; = , (3.20)
where 0 < (; < 1, hj = 0jo + } leQ 2, Gj1 = 041+ 0Qw;, Gja = Oj3 + 0%, |, 0j1 =
)\27' 2'311, Tjo = XA TE %12, Oj3 = )\ T22j20, w; € RY, Z; = [Hj+ P} = [zj11, 2j12; 221, Zj22),
P H; Qjand Z; € szz
Proof (Theorem 3.3.1), the (3.18) can be represented as

®j,k:+1 = AjG)j,k + Bj,kSigIl(éjJC), (321)
where @j,k: = [éﬂw q)j’k]T’ Aj = [1, Ts, O, 1], Bj,k = [)\] |éj7k|§ Ts, XjTS]T.
Considering (3.21), a Lyapunov function is selected as,
Vik = 0, PiOj = [|©;l7,. (3.22)
where P; = P}" € R*** is positive definite matrix.
The difference equation of (3.22) can be expressed,
AVik =Viks1 = Vik
—GJTk(ATP A; — Pj)O,, + B 1P Bj
+20] AT P;B; isign(é; ). (3.23)
Using the inequality,
20, A;P;Bjsign () <O, A P;H; ' P;A;0;
+ B, H;B;, (3.24)
where H; = H; € R** > 0.
The equation (3.23) can be represented as,
AV <Ojy, [Aj (P + P'H-_lp')A' —(1-G)P;] O
+ B (H + P;)Bj, — (;© kPjG)j’k, (3.25)

where ¢; € (0,1).
Setting Zj = Hj + PJ = [Zjn, 24125 %21, Zj22],

1
BTkZ B =031 |éj,k| + 20']‘2 |éj,k|2 + 043, (326)
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where 01 = Ni722j11, 0jo = XA T 212, 043 = X372 %j02.
If there exists a positive definite matrix Q; = Q] € R**?, that satisfies the LMI given by
AZ(P; + PjHj_le)Aj — (1 —¢;)P; = —Q)j, then AV}, is transformed into

- - 1
AVig == ©5xl15, + oiléjnl + 20521852
+ 053 = GlOjnllp,- (3.27)
For any w; € R", (3.27) can be written as
2 _ ~
AVir < = 1Ojkllg, + 51 €5kl

+052 = G185kl - (3.28)

—— 2 ~ 2
where 0j1 = 0j1 + szwj, Oj2 = 043 + szwj.
Further, (3.28) can be presented as,

_ _ 2
AViy < = [185llg, +7:1(1Q5Q; Ok}
+052 = G Okl 3,
_ _ T
=— (1Q;9;kll — 30,1 [|@5']])
1_ _
X (HQj@j,k | = 500 HleH)
0.kl + 5+ 252 Q7 3.29
= G185kl + 752+ 705 1@ (3.29)
and then (3.29) can be obtained as,
AVik < =G 11©;llp, + By, (3.30)
with h; = a5 + 152 || Q7Y||”.
Based on (3.30), it can be obtained as,
k
Viksr < —(1= ) Viky + > (1= ¢) ™ Dy, (3.31)

m=1

One has mk_mVM < 1&—2, and the radius of the region of convergence of the DSTO is defined

asr; < 7.

It can beC ‘concluded that (3.18) exhibits asymptotic stability within the region of convergence
B; = {é : 164> < 7;} as k — oo, that is ©; = 0. Thus, é;;, = 0, i.e., €41 = 0 with the
sampling period 7 is very small. |

Based on Theorem 3.3.1, it can be concluded that g; — g;. As a result, DSTO has strong
robustness and a fast convergence rate against disturbances. Then the power estimation system

(3.14) can be reexpressed as
ejkr1 = — Ojppi(ejn) + Gjk + €k (3.32)

To further enhance robustness of power tracking, a QISM surface is constructed as follows.
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3.3.2.2 Quasi-integral Sliding Mode (QISM) Surface Design

A QISM surface is designed based on instantaneous power tracking errors of the (3.9),
Sjk = Pj€jk + 050k,
Ojk = Ojk—1+ €k, (3.33)
Ojky = — g €iks

where j € {p, ¢}, and s, is quasi-integral sliding function; p; and g; are positive values; J;
aims at eliminating the power steady-state error; 0y, is the initial value of (3.33).

Remark 3.3.1 The initial value of the integral term, denoted as d; ., plays a crucial role in

determining the initial trajectory of (3.33). In order to eliminate the initial approaching phase

and enhance system robustness against uncertainties and disturbances, 0; , = —%ejﬁk leads to
J

sik = 0, As a result, 6;y, is located on the QISM surface.

3.3.2.3 Quasi-integral Sliding Mode Control (QISMC) Law Design
Combined (3.14) and (3.33), one gets

Sike1 = —9i(Ojkp(ejr) — ik — €ik) + 050k, (3.34)

where ¢; = p; + 0;. Then one can obtain that

Sikt1 — Sik = —0;(Ojkp(€irn) — gik) + i€k, (3.35)

A discrete-time equivalent control law is utilized to derive the QISMC, i.e., 5,11 — sj = 0,
then the equivalent control law of QISMC is obtained by,

e 0j 1
€)= ———¢€jr+—=—0ik 3.36

where g, — g;, by DSTO, and the switch control law of QISMC is designed as follows,

1 .
plejn)™ = O_%stw&gn(sj’k)’ (3.37)
-7’

where kg, 1s a positive switching gain.
Combined (3.36) and (3.37), the DSTO-QISMC is designed as,

L o . .
plejr) = O_-k(j-ej’k + Gk + KjswSign(s;r))- (3.38)
J» J

Putting (3.38) into (3.35), one can easily arrive at

Sike1 — Sik = ©i(Gjk — Gjk — KjswSign(Sjx))- (3.39)
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3.3.24 QISMC Stability Analysis

Theorem 3.3.2 Consider the system (3.39), let p; and ks, are given positive constant. If there
exist Kjsy > Ay such that |s; 41| < |sj x|, then the system (3.39) is global uniformly exponential
stable with the upper bound of the lumped disturbance estimation error |g;x — G x| < A,

Proof  (Theorem 3.3.2), For Yk > 0, satisfying K., > A, , if 5;; > 0, (3.39) becomes,
Sjkt1 = Sik + Pi(Ag = Kjsw) < Sk, (3.40)

where A, is the upper bound of lumped disturbance estimation error, i.e., Ay, > |g;x — ;|-
For Vk > 0 and k5, > Ay, if 55, < 0, (3.39) obtains as,

Sjk+1 = Sjk + (,Oj(—Ag + ’fjsw) > Sj ks (341)
Therefore, combined (3.40) and (3.41), we have
S k1] < |85kl (3.42)

It can be concluded that (3.42) satisfies the necessary and sufficient condition of the existence
of QISM. |

Therefore, the state of system (3.35) using the proposed method can finally enter the QISM,
indicating that the system is stable. i.e., power tracking errors ¢;;, — 0, that is, active power
p — p* and reactive power ¢ — ¢*.

3.3.3 Voltage Regulation Loop

A DSTO-based QISMC method can ensure accurate and rapid DC-link voltage control while
canceling multiple disturbances (including unknown loads, capacitance mismatches, bias caused
by current path changes, and switch mode noise) and suppressing chattering. Assume the
equivalent dc-load as an external disturbance, and rewrite (3.2) follows,

S = 2~ i+ 2, (3.43)
where z;, = %vﬁc’k, D = %ijf@,kuag,kvqu, and d;, is considered as the multi-disturbances,
including capacitance mismatch, unknown dc-load Ry, bias caused by current path changes and
switch mode noise.

(3.43) can be represented,

Zk+1 — QEPZ — Edk + 2k (344)
where ' = Z. Define voltage regulation error.
er = 2k — 2, (3.45)

where z;; is the desired value for z;. Since the sampling period 7, is very small, then z;; = 2} ;.
Submitting (3.44) into (3.45),

€11 = QEPZ — Edk + €. (346)
Based on the (3.46), the voltage estimation system is obtained,
ers1 = 2Ep; — Edy + . (3.47)

where Jk is the estimated value of d;,. To estimate the multi-disturbances cZk of (3.47),a DSTO
is designed as follows.
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3.3.3.1 DSTO Design

Defined the DSTO error is regarded as €, = e, — €, it can be obtained
eri1 = E(dy, — dy,) + éx, (3.48)

obviously, if €;.1 = €, = 0, such that Jk = dj. Then the DSTO can be designed as based on
(3.21)-(3.31),

dy, = —¢ |&,|7 sign(éy) + T
. |€x|? sign(éx) + I (3.49)
[y = —esign(éx)7s + T,
where € and ¢ are positive value. [';, aims at eliminating the steady-state error.
3.3.3.2 QISM Surface Design
To improve the robustness of dc-link voltage, a QISM surface is built,
Sk = ey, + U fr,
fe = fr-1+ex, (3.50)

fko = _ieka

where ¢ and v are positive value; s is a quasi-integral sliding mode function; f, aims at
eliminating the steady-state error; f, is the initial value.

3.3.3.3 QISMC Law Design
Similar to (3.34) to (3.37), DSTO-QISMC of dc-link voltage is designed as,

d
pp = _—222) er + Ek — ksign(sg), (3.51)
where v = ¢ + v, K 1s a positive switching gain.
The proof procedure can be obtained with similar arguments to those described in Theorem
3.3.1 and 3.3.2, respectively. As a result, it can be concluded that the system (3.51) is stable by
utilizing the proposed control approach DSTO-based QISMC, i.e., z;, — 2z}, that is v, can track

V3,
3.3.4 Voltage Balancing Loop

To balance the dc-link capacitor voltage, a simple discrete-time proportional integral (DPI)
method is implemented to maintain the capacitor voltage difference vj, close to zero. Then (3.3)
can be rewritten as,

2p5Ts 1

0 = DT84 3.52
de,k+1 C\/édek v,k C ( )

where w., , 1s control input, and = is unknown disturbances.
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3.3.4.1 Discrete-time Proportional-Integral (DPI) Design

A DPI is implemented as,

n

Uy ke = kpl g+ Koi > 05 (3.53)
k=0

where £y, > 0 and ky; > 0 are control gains; 0, ;, = v, — Vg, in which vg?  is reference of

0]
Ve ke

3.4 Discrete-time Super-Twisting Observer-based Quasi-Integral
Sliding Mode Control (DSTO-QISMC) Tuning for the
Power Tracking Loop

3.4.1 DSTO Parameters Tuning Process

The following Lemma 3.4.1 is given for subsequent developments.

Lemma 3.4.1 ( see [133]): Consider the nonlinear system (3.17). Given positive scalars \j, X,
if there exists \j > 0, such that \; > X}, then the nonlinear system (3.17) exhibits asymptotic

25, I‘O , where

stability within finite-time intervals, and the convergence time cannot be less than

D, 1, s the initial value of @ ;. In fact, one can select \; > max{+/x;/2m, 2(x;* m/n )4,
where m is the mathematical constant, and n is a positive constant satisfying 0 < n < 1, if
D1, = 0. If \j — 00, the convergence time tends to 0.

Therefore, based on Lemma 3.4.1, the following procedures can be employed for tuning the
DSTO parameters: (1) Noticing that ®; ;. does not affect the stability of the system, it is possible
to set ®;, = 0 for simplicity; (2) Taking into account the parameter x; > 0; (3) Gradually
increasing the value of \; can be employed to reduce the settling time; (4) Raising the value of
X; can further reduce the settling time, but it is important to be cautious not to make it too large
to avoid excessive steady-state error in the system.

Certainly, increasing the values of A; and ; can potentially result in overshoot. Nevertheless,
it is essential to emphasize that achieving the optimal parameters for DSTO remains an open
problem. While one approach has been provided for fine-tuning the control parameters in the
proposed scheme, a trial-and-error process is still essential to attain the highest performance
from the power converter.

3.4.2 QISM Surface Parameters Tuning Process

The closed dynamics of the power tracking errors are derived by substituting (3.38) into (3.14)
as

€jhi1 = —%e}k + e + QISMy, (3.54)

J
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Figure 3.3: Relationship between parameters p;, o; and closed-loop pole z.

where ¢; . influenced by (3.38), can be denoted as e; «» Tepresenting the reference value of e; 1,
which should be close to zero. QISMy = g, — §jx — KjswSigN(s;k) is @ very small external
disturbance associated with the QISM band, and can be ignored in the steady state. Subsequently,
the z-domain power transfer function of the (3.54) is expressed as

¢;(2) pj
- = , (3.55)
ej(z) (1—2)p;
with closed-loop pole as
1 1
z=1—-—=1- € (0,1), (3.56)
©Yj pj + 05

where ¢; = p; + ;. The relationship between parameters p; and o;, and the pole z are shown
in Figure 3.3. One can infer from (3.56) that achieving the desired control bandwidth can be
obtained by using a pole placement strategy [134]. A trade-off should be made in the selection
of parameters. For simplicity, p; can be set to 1, making p; the sole design parameter. A faster
dynamic response can be achieved when the pole is placed closer to the origin with a larger g;,
while positioning the pole nearer to the unit circle enhances robustness.

3.4.3 QISMC Parameter Tuning Process

Based on the stability condition of Theorem 3.3.2 is as
Kjsw > Ag, (3.57)

where A, > |g;x — §;%| is the upper bound of multi-disturbance estimation error. It can
be inferred that the switching gain r;5, influenced by the multi-disturbances. Therefore, by
selecting an appropriate x s, that satisfies (3.57), the stability of the power QISMC can still be
guaranteed with control saturation. Under k4, the system states would gradually be driven
to the sliding surface. The proposed power controller would undergo a de-saturation process,
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and the system described by (3.14) will remain stable. Certainly, a trade-off should be made in
selecting parameters k;s,,. The smaller the value of kg, the less chattering there is, while a
larger kg, value results in more chattering. Consequently, the choice of the &, value must be
coordinated with the observer compensation gain. Continuous tuning is required until satisfactory
control performance.

3.5 DSTO-QISMC Tuning for the Voltage Regulation Loop

The voltage regulation DSTO-QISMC parameters are adjusted the same way as power tracking
loop controller parameters. Due to space constraints, this process will not be described in detail
here.

3.6 Robustness and Chattering Suppression for the Power
Tracking Loop

If only a QIMSC is designed based on the dynamic model (3.14), neglecting the multi-disturbance
compensation by setting g; , = 0 in (3.38), then the proposed DSTO-QISMC method degrades
into a QISMC method. Following is an explanation of how the proposed DSTO-QISMC method
is able to suppress chattering and improve robustness in power tracking loop.

Assumed that multi-disturbance in (3.14) is bounded with

9jk] < Ay (3.58)

Note that the sampling period 7, is covered by g;, and A, is the upper bound of the multi-
disturbances.
Based on (3.39), the QISMC dynamics of power are obtained,

Sikrl = ©5(Gik — Jjk — FjswSigN(s5k)) + Sj k- (3.59)
Setting g;» = 01in (3.59), then the stability condition of the QISMC is obtained by (3.58).

Lemma 3.6.1 (see [133] ) Suppose that the function ®; . is uniformly bounded and condition
(3.17) holds. Then, the observation algorithm (3.17) with parameters ensures the convergence of
the estimation errors to the domain |§; | < 72, |®;k| < loTs, where G = Gjx — gjk and ly
and ly are some positive constants, depending on the observer parameters.

According to Lemma 3.6.1,
|Gk — gikl S LTl = A, (3.60)

where /; > 0, and A, is the upper bound of the multi-disturbance estimation error of DSTO.
Comparing (3.58) and (3.60), it becomes evident that due to the small value of 7, A, is smaller
than A,. This indicates that the proposed DSTO-QISMC method effectively suppresses large
disturbances into small estimation errors. Consequently, a smaller 4, can be chosen to against
the same multi-disturbances, essentially mitigating the chattering and enhancing steady-state
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accuracy. Using the same £ 5, the QISMC without DSTO would achieve poor robustness or
may even lead to system instability.

The voltage regulation DSTO-QISMC parameters are adjusted the same way as power tracking
loop controller parameters. Due to space constraints, this process will not be described in detail
here. The robustness and chattering suppression of DSTO-QISMC for the voltage regulation loop
are similar to the above. This analysis process will not be detailed here due to space limitations.

3.7 Experimental Results

This section validates the effectiveness of the proposed control scheme on a laboratory-built
3L-NPC power converter prototype, as shown in Figure 3.4. The proposed control scheme is
implemented using the IMPERIX control platform. Parameters of the experimental platform
are listed in Table 3.2, DSTO-QISMC, discrete-time extended state observer-based-QISMC
(DESO-QISMC), DSTO-based quasi sliding mode control (DSTO-QSMC), and discrete-time
PI (DPI) control parameters are shown in Table 3.3. A comprehensive set of guiding principles
is applied to comparative experimental analysis in order to ensure maximum objectivity and
accuracy (DSTO-QISMC, DESO-QISMC, DSTO-QSMC, DPI) in the comparative analysis of
control methods .

Table 3.2: Parameters Used for Experiment

Description Parameter | Value Unites
Sampling frequency fs 10 kHz
Switching frequency fsw 10 kHz
Grid frequency f 50 Hz
Grid phase voltage Vabe 110 \%
Phase inductor L 5 mH
Dc-link capacitor C 1551 uF
Load resistance Ry, 80 <+ 120 | Q
Reference output voltage | v}, 370 <+ 450 | V
Reactive power q* 0+ 2000 | Var

3.7.1 An Overall Evaluation Comparison

To better validate the superiority of the proposed control scheme in overall control performance,
the proposed DSTO-QISMC control scheme is compared to the DESO-QISMC, DSTO-QSMC,

'These principles encompass: (1) Rigorous testing under identical conditions, including consistent hardware
configurations and systems, as well as identical initial conditions to eliminate external variables. (2) Utilizing
a fixed-variable analysis to accurately assess the impact of specific variables on the 3L-NPC power converter
system. (3) Evaluation under the same input conditions (i.e., the same control goals). (4) The adoption of common
performance metrics (stability, response speed, control error) to ensure consistency throughout the analysis. (5)
Conducting diverse experiments to reveal the performance of these control methods across various real-world
scenarios. The experimental comparisons are carried out with due attention to objectivity, both quantitatively and
qualitatively, to be sure the assessments are accurate, reliable, and practical.
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Figure 3.4: The lab-constructed 3L-NPC power converter prototype of Chap. 3.

Table 3.3: Controllers Parameters

Power Voltage Voltage Balancing
Control
Tracking Regulation Loop
Scheme
Loop Loop DPI Control
Ap=A=le-4 L=-5
DSTO pe
DSTO- =v,=10 =-6.4e-4
Xp=Xq c © ky, = 0.5
ISMC =p,=0.22 =800
Q | P ‘ kyi = be — 3
(Proposed) | QISMC 0p=04=100 v=100
kpsw=kqsw=9e-4 k=0.3
8e—1 4.8e3
DESO- DESO | ¢p=¢4= n=
8e—4 —5el the same
QISMC 1
QISMC the same the same
DSTO the same the same
DSTO-
Tp=Tq =1e-3 k,1=2e-2 the same
QSMC QSMC
Spsw =§psw=9e‘4 k.o=3e-1
DP kpp=Fkpo=4e-6 kyp=0.13
DPI oy P the same!
DI kiip=kiq=16—3 k?m;=5

¢ indicates thatthe DSTO parameters remain consistent.
* indicates that the DISMC parameters are the same.
t indicates that the DPI control parameters are consistent.
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Figure 3.5: An overall evaluation comparison under v}, is from 400V — 450V — 400V, ¢* is
from 0 — 1500 Var with Ry, = 120€).



3.7. EXPERIMENTAL RESULTS 59

and DPI schemes. From Figure 3.5, it can be observed that the proposed control scheme outper-
forms the DESO-QISMC, DSTO-QSMC, and DPI methods in terms of transient/steady-state
responses, including dc-link voltage, active power, reactive power, grid current quality (THDs)
and chattering suppression. Specifically, the proposed control method had less overshoot/under-
shoot, faster transient response speed, smaller chattering, and lower THDs when regulating the
dc-link voltage and tracking power. More detailed comparisons refer to Table 3.4. The underlying
reason is that DSTO combines the robustness of sliding mode control with a high-order sliding
mode control law to effectively address issues such as chattering, multi-disturbances (including
load uncertainties, parameter variations, and bias caused by current path changes and switch
mode noise) for power converter system, achieving rapid and accurate state estimation. Addi-
tionally, it self-compensates power/voltage bias in QISMC, leading to significant improvements
in voltage/power control performance. In QISMC, the integral component serves the purpose of
alleviating steady-state errors and enhancing system robustness compared with QSMC. Overall,
DSTO-QISMC exhibits a good robustness and control performance.

Table 3.4: Comparison Of Steady/Transient States Based On Figure3.5

Figure3.5 (Indexes) Control Schemes
Steady/
) DSTO-QISMC | DESO-QISMC | DSTO-QSMC| DPI
Transient States
Over-shooting(V) 0 4.5 33 6.2
Over-settling 0.055 0.073 0.109 | 0.084
Times(s)
Voltage | Enhancement(%) * - 24.6 49.5 34.5
(V) | Under-shooting(V) 0 5.2 3.8 6.8
_settli
Under-settling 0.045 0.082 0.095 | 0.102
Times(s)
Enhancement(%) ¥ - 45.1 52.6 55.9
_settli
Over-settling 0.0047 0.175 0.055 | 0.089
Times(s)
Power | Enhancement(%) * - 73.1 14.5 47.2
(W) | Under-settling 0.036 0.088 0.065 | 0.103
Times(s)
Enhancement(%)* - 59 44.6 65
Power Chattering 50 77 100 180
(Var) | ¢*=1500 (t=0.7s) - 35.1 50 72.2
Grid THDs(%) 3.0575 3.4062 3.4198 3.5382
(A) Enhancement(%)* - 10.2 10.6 13.6

¥ indicates that the percentage improvement of DSTO-QISMC relative to DESO-QISMC,
DSTO-QSMC, and DPI, respectively.
3.7.2 Comparative Voltage Regulation Performance

The effectiveness and superiority of DSTO-QISMC voltage regulation are verified by comparing
three kinds of voltage regulators (DESO-QISMC, DSTO-QSMC, DPI), and a comparative
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Table 3.5: Comparison Of Steady/Transient States Based Of Figure3.6

Figure3.6 (Indexes) Control Schemes
Steady/ DSTO-QISMC | DESO-QISMC | DSTO-QSMC | DPI
Transient States
Under-shooting(V) 0 5.2 0 8.2
Over-shooting(V) 0 4.8 0 6.5
Under-settling 0.03 0.07 0.1 0.09
Times(s)
Enhancement(%)" - 57.1 70 66.7
Over-settling 0.04 0.07 0.06 0.09
Times(s)
Enhancement(%)QQ - 429 333 55.6
Ripple(V) 0.19 0.2 1.48 0.21
Mean Error(V)$ 0.0144 0.0322 0.2409 0.0461
Mean Square Error(V)] 0.1346 0.1416 0.2999 0.1668
Variance Error(V)3 0.0184 0.0190 0.0319 0.0257

“ indicates that the improvement of DSTO-QISMC relative to DESO-QISMC, DSTO-

QSMC, and DPI, respectively.
§ indicates that times is 0.2s-0.25s.

Table 3.6: Comparison Of Steady/Transient States Based Of Figure3.7

Figure3.7 (Indexes) Control Schemes
Steady/ DSTO-QISMC | DESO-QISMC | DSTO-QSMC | DPI
Transient States
Over-shooting(Var) 0 200 0 132
Over-settling 0.008 0.024 0.016 | 0.027
Times(s)
Enhancement(%)" - 66.7 50 70.4
Under-shooting(Var) 0 200 0 288
Under-settling 0.009 0.021 0013 | 0.029
Times(s)
Enhancement(%)* - 57.1 30.8 69
Chattering(Var) 86 130 130 144
Enhancement(%)" - 33.8 33.8 40.3
THDs(%) 2.1422 2.3403 2.3124 2.3335
Enhancement(%)" - 8.5 7.4 8.2
Mean Error(Var)? 0.016 0.3362 0.0333 0.0218
Mean Square Error(Var)h 0.1526 0.7143 0.1602 0.6134
Variance Error(Var)? 0.0231 0.3980 0.0246 0.3765

# indicates that the improvement of DSTO-QISMC relative to DESO-QISMC, DSTO-
QSMC, and DPI, respectively.
% indicates that times is 0.3s-0.4s.
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Figure 3.6: Comparative capacitor voltage regulation performance under voltage reference v,
from 420V — 370V — 420V, R;=120f2, and ¢* = 0.

analysis is performed in Figure 3.6. The DPI method is employed for the power tracking
loop and balancing voltage loop during these tests. It proves that the proposed control method
achieves better transient and steady-state performances. Accordingly, the proposed method
exhibits minor voltage amplitude variations, smaller over- and undershooting, better chattering
suppression, and faster convergence properties than DESO-QISMC, DSTO-QSMC, and DPI
methods. Meanwhile, Table 3.5 provides a more detailed dynamic and static comparison of
voltage regulation performance, enabling an evaluation of effectiveness and feasibility of the
proposal. The main reason is that DSTO is capable of effectively estimating multi-disturbances
as the voltage reference changes, so as to further offset QISMC power/voltage bias, thereby
improving voltage regulation performance. DSTO is combined with QISMC to further suppress
chattering and increase the robustness of voltage regulation.

3.7.3 Comparative Power Tracking Performance

To evaluate the effectiveness of the proposed DSTO-QISMC method in power tracking, com-
parisons are made with DESO-QISMC, DSTO-QSMC, and DPI, respectively, as depicted in
Figure 3.7. The DPI method is employed for the voltage regulation loop and balancing voltage
loop during these tests. As depicted in Figure 3.7, the proposed method exhibits superior perfor-
mance in reactive power dynamics, reduced power chattering, and improved grid-current quality
compared to DESO-QISMC, DSTO-QSMC, and DPI methods. It is attributed to the robustness
achieved by DSTO against uncertainties and external disturbances as opposed to DESO and DPI
methods, and QISMC shows superior chattering suppression compared to QSMC. Additionally,
the proposed solution achieves lower harmonics, meaning fewer noises in the power tracking
loop. The more detailed performance evaluation indicators of reactive power are shown in Table
3.6. It can be seen that the proposed method exhibits better performance than DESO-QISMC,
DSTO-QSMC, and DPI methods. DSTO is robust against multiple disturbances compared to
DESO and DPI. Moreover, QISMC exhibits better chattering suppression compared to QSMC.

3.7.4 Evaluating Control Performance via Trajectory Motion

The voltage/power control performance of the proposed DSTO-QISMC and DESO-QISMC
methods are evaluated in the presence of unknown interference, parameter mismatch, and
measurement noise through voltage/power smooth trajectory and travel distance on the QISM
surface. Figure 3.8 shows trajectories of voltage regulation, and the working mode is to adopt
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Figure 3.7: Comparative power tracking performance with ¢* from 0 to 2000Var back to 0,
v5.=400V, and R;=1201).

DPI control in both power tracking and voltage balancing loops. Figure 3.9 illustrates trajectories
of power tracking, where DPI control is employed in both the voltage regulation and voltage
balancing loops.
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3.7.4.1 Voltage/Power Smooth Trajectory on the QISM Surface

The proposed DSTO-QISMC method exhibits the stability of the voltage regulation and power
tracking, as illustrated in Figs. 3.8 and 3.9, compared to the DESO-QISMC method. Notably,
the smoother the trajectory of the proposed DSTO-QISMC method on the QISM surface, the
better the stability performance of the control system. Notably, the smoother the trajectory of
the proposed DSTO-QISMC method on the quasi-integral sliding mode surface, the better the
stability performance of the control system due to DSTO strong robustness for QISMC bias
compensate. Essentially, chattering is suppressed by the reduced variation of the sliding variable
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that the system maintains while in sliding mode.

3.7.4.2 Voltage/Power Travel Distance on the QISM Surface

Figs. 3.8 and 3.9 show the distance traveled from the initial to final states on the QISM surface,
illustrating that the DSTO-QISMC provides more precise voltage/power control than the DESO-
QISMC. Essentially, when the sliding mode has reached zero, the smaller final distance associated
with the sliding mode variable, the better control accuracy and the more robust system. It can
be concluded that the DSTO-QISMC control exhibits superior stability, accuracy, and rapidity
in regulating voltage and tracking power. Essentially, when the sliding mode reaches zero, the
smaller the final point distance associated with the sliding mode variable indicates the better
the control accuracy and the more robust the system. This is primarily due to DSTO exhibiting
asymptotic convergence, whereas DESO demonstrates bounded convergence.
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Figure 3.10: Comparative voltage regulation performance under dc-load R;, from 12052 to 8052
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3.7.5 Robustness Evaluation with External Disturbance

A test bench is carried out to validate the robustness against external disturbance variations of
the proposed method compared to DESO-QISMC, DSTO-QSMC, and DPI methods, as shown
in Figure 3.10. The DPI method is employed for the voltage power tracking and balancing
voltage loops during these tests. It can be concluded that the proposed voltage regulation
method is superior to DESO-QISMC, DSTO-QSMC, and DPI methods in terms of voltage
amplitude variations, chattering suppression, and convergence properties. As a result, the
proposed method performs exceptionally well, indicating its excellence robust as a voltage
regulation method. The critical factor behind this success lies in its ability to effectively estimate
multiple disturbances arising from changes in the reference voltage. This capability compensates
QISMC power/voltage variations, resulting in a significant enhancement in voltage regulation.
Consequently, DSTO-QISMC demonstrates exceptional voltage regulation capabilities, even in
scenarios characterized by load uncertainties.

3.7.6 Performance Evaluation under Parameter Mismatch

A performance evaluation under parameter mismatch is conducted by utilizing the DSTO-QISMC,
DESO-QISMC, and DPI control methods. The evaluation involves varying the capacitance
parameter (C') at 100%C, 50%C, and 150%C of the nominal capacitance and the inductance
parameter (L) at 100%L, 50%L, and 150%L of the nominal inductance. The working condition
requires the implementation of consistent control schemes in the voltage regulation loop, power
tracking loop, and voltage balancing loop, specifically, DSTO-QISMC, DESO-QISMC, and DPI
control, respectively.

3.7.6.1 Transient-state Performance with Parameter Mismatch

Figure 3.11 (a) and (b) illustrate the performance of the proposed DSTO-QISMC, DSTO-QISMC,
DESO-QISMC, and DPI control methods under capacitance/inductance parameter mismatch
for voltage and power tracking, respectively. The results show that the proposed DSTO-QISMC
method exhibits greater robustness to capacitance/inductance mismatch compared to the DESO-
QISMC and DPI methods, across varying voltage regulation and power tracking conditions.
Because DSTO is especially effective at mitigating ISMC voltage and power bias, even in the
presence of capacitance and inductance mismatches, leading to notable improvements in voltage
and power tracking capabilities.

3.7.6.2 Steady-state Performance with Parameter Mismatch

Figs. 3.12 (a)-(f) describe comparative analyses of the steady-state voltage/power performance
among the proposed DSTO-QISMC, DESO-QISMC, and DPI control methods under capaci-
tance/inductance mismatch. The proposed method exhibits root mean square (RMS) voltage
values within the range of 0.1204 — 0.1249, which shows more minor deviations between the
voltage reference and actual voltage than the DESO-QISMC (RMS value: 0.1224 — 0.1275)
and DPI (RMS value: 0.2045 — 0.2198) methods, resulting in better parameter robustness
against capacitance parameter mismatches as shown in Figs. 3.12 (a), (b), and (c). Additionally,
the deviation of the power tracking process is experimentally studied based on DSTO-QISMC,
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DESO-QISMC, and DPI control methods, as shown in Figs. 3.12 (d), (e), and (f). It can be
concluded that the proposed DSTO-QISMC control method is more robust with a smaller power
RMS value (range: 9.5170 — 16.2422) against inductance parameter mismatches, in which
the range power RMS value of DESO-QISMC and DPI are (range: 9.5196 — 16.8868) and
(range: 11.4133 — 18.8286), respectively. As a result, the proposed DSTO-QISMC control
scheme can dramatically have anti-disturbance capability against capacitance/inductance pa-
rameter mismatch. Two factors account for these: DSTO is more robust to multi-disturbances
for compensating voltage/power QISMC. QISMC can adapt and correct for cumulative error,
ensuring better tracking accuracy and improved disturbance rejection.

3.8 Summary

This chapter proposed a new DSTO-based QISMC scheme for the 3L-NPC power converter
in microgrids to address power ripple, voltage swings, and weak anti-disturbance, raising pow-
er/voltage regulation performance and anti-disturbance capability. A DSTO is used to offset
multi-disturbances caused by parameter mismatches, unknown loads, current path changes,
switch mode noise, and self-compensating power/voltage tracking biases in QISMC. To further
mitigate power/voltage steady-state error and boost system robustness, a new quasi-integral
sliding mode surface is built, inherently improving power/voltage tracking performance. Rigor-
ous stability analysis of the discrete-time dynamics of the corresponding power/voltage system
provides a theoretical basis for the 3L-NPC power converter system. The experimental tests
show that the proposed control outperforms the DESO-QISMC, DSTO-QSMC, and DPI control
under different scenarios.
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CHAPTER 4

Adaptive Sliding Mode Power-Voltage Control for
3L-NPC Power Converters

This chapter proposes a robust adaptive sliding mode control for the 3L-NPC power converter
with multi-disturbances of microgrids. Figure 4.1 illustrates a simplified schematic of power
converters in microgrids. Specifically, an AO-P voltage controller is proposed to accurately and
quickly regulate dc-voltage in real-time identifying unknown equivalent dc-loads, compensating
for the active power reference. To track the reference, a DO-ISMC is adopted to dramatically
enhance the power tracking performance in case of parameter mismatches and bias caused by
current path changes and switch mode noise. Additionally, an SMO-P control is established
to balance dc-link (two) capacitors, rejecting harmonic injection and power ripple behaviors.
Experimental data confirm that the proposed control scheme outperforms STO-ISMC, STA, and
PI control schemes in the transient/steady state operations in terms of dynamic response, grid
current harmonic distortions, and robustness.

4.1 Introduction

Some advanced control methods with strong anti-disturbance performance are proposed to
achieve better dynamic response and steady-state performance in power converter systems,
including AC [135], event-triggered optimal control [136] and artificial neural network control
[137].

A novel robust model predictive control framework with the merits of fuzzy logic is proposed
for power converter to enhance anti-disturbance capacities under different scenarios in [138].
To decrease harmonic components in the 3L-NPC inverter, an SMC approach is used in [139].
However, since disturbances are rejected by FBC rather than FFC compensation control, these
control systems can not react immediately and quickly enough in the case of severe disturbances.
To circumvent the limits of FBC approaches, FFC is proposed to directly and actively attenuate
disturbances [140]. However, its applications are limited due to unmeasurable/difficult-to-detect
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Figure 4.1: Diagram of power converters in microgrids.

disturbances or prohibitively expensive sensors. To make use of the benefits of FFC in disturbance
rejection while also overcoming its drawbacks as stated above, OBC has received lots of interest
in power converters, thanks to its flexible integrated control [20, 141].

To achieve accurate speed tracking performance of permanent magnet synchronous motor,
an ESO-based SMC method is designed to improve disturbance rejection ability, especially, in
face of internal parameter variations and external load changes in [142]. An ESO-based dc-link
voltage controller is proposed in [143] to improve the output voltage performance. Although
ESO has a good anti-disturbance ability against time-invariant disturbance, the disturbance can
not be achieved through asymptotic estimating. A LO based PI controller is constructed to
address the imbalance of the capacitor voltages and the presence of an ac-voltage low-frequency
oscillation in the dc-link of the NPC power converter [144]. Note that the LO is a full-order
state observer. A ROO-H, controller is designed to balance the capacitor voltage in [95].
Since the nature of the ROO is still a LO, the high gain can result in a peaking phenomenon
where the initial estimate error is considerably large. Therefore, an SMO is available which
brings one estimated error to zero in finite time, even in the presence of measurement noise
and the other states have the error that behaves similarly to the error in a LO after peaking
has subsided [100]. Furthermore, the SMO boasts rapid convergence, exceptional disturbance
rejection, and straightforward implementation. On the other hand, an AO fundamentally serves
as an estimation mechanism where both the parameters and state variables of the system are
simultaneously estimated. This process enhances the accuracy and robustness of state estimation,
particularly with system changes and uncertainties. The selection between these two techniques
hinges on system requirements, characteristics, and estimation objectives.

Furthermore, the power tracking control plays a critical role in the stable operation of power
converter. Thus, SMC, as a robust control with a strong ability to counteract disturbances and
uncertainties, has been extensively applied in power tracking to improve power performance [56].
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Traditional SMC is merely insensitive to matched disturbances, as a consequence the application
range is limited [145]. To attenuate mismatched disturbances, many researchers are concentrating
on designing the specific sliding surface for uncertain systems. The integral sliding surface
is one of the most popular methods, which can drive the state to the desired equilibrium with
disturbances [146]. Although the ISMC method can handle the mismatched disturbances in a
robust way, the chattering problem remains a serious problem to be addressed. It is feasible to
utilize the STA one of the SOSMC methods to suppress the chattering effects [72]. However,
a very large disturbance may result in require higher STA controller gains that lead to system
chattering or system instability. By incorporating disturbance observers into the framework
of ISMC, one can suppress chattering and deal with disturbances, resulting in a more robust
controller. Employing a PO to estimate fast disturbance states, this approach is applied to a
doubly-fed induction generator-based wind turbine, as presented by [147]. However, the PO must
assume certain dynamic properties for all physical variables. In [97], UIOs are employed for
each power system region to track the dynamic states in real-time operation, but this necessitates
specific conditions; otherwise, accomplishing asymptotic tracking of disturbances remains
challenging. To reduce constraint issues, a new filter is devised for an improved an EID-based
estimator in [98]. It is evident that this approach will increase the design complexity. As
part of this study, a DO is employed to estimate uncertainties and disturbances of the power
tracking, improving its stability and performance. In this way, the DO can utilize estimated
disturbances to feed-forward compensate the ISMC while reducing chattering in the ISMC. The
DO-ISMC ultimately enhances the robustness and performance of the power tracking, which is
an outstanding strategy for power tracking control.

Driven by the aforementioned considerations, this work presents an robust adaptive sliding
mode control scheme in a multi-loop framework for the 3L-NPC power converter in microgrids.
Contributions are summarized as follows.

1) An AO-P voltage controller is proposed to accurately and quickly regulate dc-link voltage
with unknown equivalent dc-loads. With AO, the unknown disturbance is estimated in real-time,
enabling compensated voltage inputs to be improved significantly. Besides, the whole proof
process of stability analysis is strictly performed.

2) Power tracking controllers based on DO-ISMC are designed to dramatically enhance the
power tracking performance. It is robust against parameter mismatches and bias caused by
current path changes and switch model noise. The DO is applied to offset the disturbances,
further alleviating the chattering caused by ISMC.

3) An SMO-P voltage balancing controller is constructed for balancing (rwo) capacitors. The
SMO is utilized to estimate sinusoidal disturbances, preventing harmonic injections and power
ripples caused by ac voltage low-frequency oscillations. Compared to the LO, the SMO dynamic
can be reduced by one in sliding mode. This adjustment significantly minimizes delays, thus
enhancing the observer’s ability to estimate and compensate for disturbances.

4.2 System Description

The topology of the 3L-NPC power converter is shown in Figure 4.2A, in which a three-phase ac
power source with inductors is connected to the ac side. The dc-link is connected to application
scenarios, including photovoltaics, wind turbines, and electric vehicles, etc. Note that the dc-link
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load change, as a disturbance, can result in abrupt voltage (active power) fluctuation. To illustrate
this situation, the dc-link is connected to an unknown equivalent resistive load for simplification
in the following modeling and analysis. The list of parameters of the power converter is presented
in the Table 4.1.

Table 4.1: List of Nomenclatures

Symbol | Description

€abe ea, €, €T, grid voltage vector in abc frame
Tabe [ia, b, 1) T, grid current vector in abc frame
Vag [va, v5] T, grid voltage vector in a/3-axis.
tap [ia,i5]", grid current vector in a3-axis.

Uasy | [Ua,us,u,|T, average duty cycles in a3-axis.
VT n={abc},m=1{1,2,34},
insulated-gate bipolar transistors

VD |n=/{a,b,c}, | ={1,2}, clamping diodes

Vde v+ !, the sum of de-link capacitor voltages.
V9, vt — vl , the difference of dc-link capacitor voltages.

L C linear inductor, dc-link capacitor
R;, 15 |total dc load resistance, dc-link load current

w angular frequency of grid voltage

Based on the 3L-NPC power converter topology [19], it can be obtained in stationary o3
coordinates,

Vaps 1 Z

'Eaﬁ =7 ﬁvdcuaﬁ + T 4.1)
. ’U/z iaﬁ 27) c

Ve = g e ]‘gL, 4.2)

05, = 2 N4 Uggtaply, (4.3)
V6O V6C

_ 1 (.2 2 1 Uatt upuy 1T — 1,2 2 :
where Z = [(m(uﬁ — Ug) = Flally), ~5 — f/g”] Ve N = [ug, — ug, —uqpliag, and
Uag, U, are control signals.

Notice that the following assumptions are essential for the 3L-NPC power converter system

(4.1)-(4.3) to operate correctly.
Assumption 4.2.1 The source voltages are symmetrical and balanced.

Assumption 4.2.2 The averaged duty cycles ., and ug are defined as values in [-1,1] range so
mentioned Z of (4.1) is two order of magnitude lower than the second term of (4.1).
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Assumption 4.2.3 v;. of equation (4.3) is lower by more than v,. one order of magnitude,
because v§, must be near 0.

With the consideration of (4.1), the inductance current dynamics can be approximated,

% Vapg Vde
af = — — = Uag, 4.4
bap = T T g s (4.4)

Based on the instantaneous power theory, the instantaneous active and reactive powers p, q are
defined as,

p= 'I:levaﬁ, q= iZBJ'vag. 4.5)

where J = [0, —1;1,0].
The derivative of (4.5) is obtained,

. 1 T 1 2
P = —57VagUaBVdc + —lvagll” +wg,
2L L
1 (4.6)
q' — ——QLUEﬁJTuaﬁde — wp,

where [[vag|” = [lval” + [lvs]”
The equilibrium point is obtained by [132] to address the (4.6) with p = 0 and ¢ = 0, i.e.,

2 L L
uffﬁ:{<1+ ~ q2>vaﬁ—< ~ p2>Jva5}. 4.7
Ude [vagsl| [vasll

where uZIB represents the equilibrium point of the system in steady state, i.e., instantaneous
active and reactive power demanded by the power converter remain constant.

4.3 Control Strategy Design

In this section, a cascade control scheme is based on the approximated model derived from the
analysis of the 3L-NPC power converter dynamics. Figure 4.2B presents the cascade control
structure diagram of the 3L-NPC power converter.

4.3.1 Control Objectives

Three control goals need to be satisfied for the 3L-NPC power converter system: power tracking,
voltage regulation, and capacitor voltage balancing. To achieve these goals, a robust adaptive
sliding mode control is employed:

* In the voltage regulation loop, the dc-link voltage v, is regulated to follow its reference
v}.. The active power reference p*, serving as the output of this loop, is the input of power
tracking loop (see Figure 4.2. B.1);

* In the power tracking loop, the active and reactive powers, denoted as p and ¢, are forced
to track their references p* and ¢*. Here, p* is derived from the voltage regulation loop,
while ¢* is given to adjust the system power factor (see Figure 4.2. B.2);
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* In the voltage balancing loop, the goal is to keep the capacitor voltage difference vj. — 0.
The outputs from both this loop and the power tracking loop determine the final average
duty cycle, controlling the power converter (see Figure 4.2. B.3).

4.3.2 Voltage Regulation Loop

In this subsection, an AO-P controller is devoted to regulating the sum of capacitor voltage v, to
achieve its desired value in presence of the external disturbance.

Assumption 4.3.1 The instantaneous power dynamics are much faster than the dc-link voltage
dynamics, i.e., p = p*.

Assumption 4.3.2 The equivalent load Ry, which is considered as external disturbance with
slowing time varying.

On the basis of the Assumptions 4.3.1 and 4.3.2, the dynamic of (4.2) can be rewritten as,

2

L = — Zp* 4.8
z 77Z+Cp, (4.8)

1.2 3 : * __ Ude #*T : :
where z = v, the desired active power p* = 4217, suqg, C' is known capacitance parameter,

and n = % is regarded as an unknown parameter, with R, representing the unknown dc-load.

4.3.2.1 Adaptive observer (AO) Design

To estimate 7), based on (4.8), an AO is designed,

: 2 A
Z=—NZ+ Ep* +u(z — 2), 4.9)

where Z and 7) are the estimate values of z, 1, respectively. ¢ is the AO gain. Initially, when #,
éto - O

Next, through Lyapunov stability theory, it is proved that z and 7 can be asymptotically
estimated by the AO, as follows.

Define the estimation errors e, = z — 2, and 77 = 1 — 7). Their time-derivation can be expressed
as,

{ez = (0= e — %, (4.10)

Definition 4.3.1 is given for follow-up developments.

Definition 4.3.1 ( [148]) For the system (4.10), a set s is said to be invariant if every trajectory
that starts form a point in 3 will remain in s for all future time, i.e.,

{ez,i/e. =0,7 =0} € 2= {e., 7} € 3,V > to. (4.11)

Next, the stability condition for system (10) is presented in the following theorem, using adaptive
technology.
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Theorem 4.3.1 Consider the system (4.10), given v > 0 and 1 > 0, if there exists a Lyapunov
function V. 5 of (4.12) is a positive-definite function with a continuous first partial derivate
V(ez,ﬁ) < 0 of (4.13), merely designing the adaptive law of (4.14), in finite region Br C R. Let
F={e.,n/e. =0} C Bg be set of all points where \./(627,7) = 0. Let »x ={e,,n/e. = 0,7 =0}
be the largest invariant set in . Then, the every solution of e, and 1, starting in Br, approaches
» as t — oo, such that, all trajectories of e, and 1) will asymptotically converge to 0 as t — o<.

Proof The Lyapunov function is constructed as,

1 1
Ve = 5€2 + gﬁ? (4.12)

where 7 is a positive constant. The time-derivation of the Lyapunov function (4.12) becomes,

~

. . 1 .
Vie.7) =€:6. + ;(n —n)(n—1n)

=e.[(—n —)e. — nz] + %(77 — ) (=)

1 .
=(—n —1)ez —ijzes — . (4.13)
Y
According to (4.13), the adaptive law is designed as follows
n=—2%e,. (4.14)
Then (4.13) becomes
V(ez,ﬁ) = (—n—1)e? <0, (4.15)

as 7 > 0and ¢ > 0. Since 1'/(62777) is negative semi-definite, then the origin is only stable in the
Lyapunov sense, but not asymptotically stable as one would expect for the voltage regulation
system. Let F be a set of all point where V(._ 5y = 0. Then

F={{e.,i} €ER: V5 =0=e, =0} (4.16)

is a collection of all points that lie on the 7-axis. It follows that any point on this axis must satisfy
1

e.e,+—n=0. (4.17)
8

Based on (4.17), one way to find an invariant set is to evaluate the derivative of the function
Vle. . that describes F and set it equal to zero. Hence,

e, =0, (4.18)

which is satisfied if and only if 7) = 0. Thus, the invariant set s € [ is a set that contains only
the (e, = 0,77 = 0), i.e., 2 = {e, = 0,77 = 0}. However, > happens to be an origin. Then
according to Defination 4.3.1, all trajectories of e, and 7 will converge to the 0, as ¢ — oo, i.e.,
the system (4.10) is asymptotically stable. ]

Therefore, based on the proof, yields Z — z and /) — 7). The stability and convergence of AO
are presented globally. The unknown dc-load is estimated completely in real-time.
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Remark 4.3.1 The AO is intended to estimate the state variable 1. To estimate 1), utilizing the
output signal z is essential, where z can be measured. Estimating Z can deduce the state variable
7. While it is possible to directly estimate the state variable n using a DO, bounded convergence
may pose challenges. Conversely, the AO can estimate 1) asymptotically. Additionally, although Z
can be estimated, the actual utilization in the subsequent voltage controller involves the measured
value z. Compared to the estimated value z, the measured value z is more genuine and reliable.

Based on the AO, a composite AO-P controller is designed to regulate v,.. Define the voltage
error Z = z — 2*, where 2* = %vgf. Then, it can be obtained that

2 k
cl
Proposition 4.3.1 Consider the system (4.19) and AO estimation system (4.9) with well defined
disturbance-to-output relative degree, then the closed-loop system under the composite controller

(that is, AO-P) designed by (4.20) is asymptotically stable in the sense that for K, > 0, such that
Z are converge to 0 as t — oo.

Z=—nz+ (4.19)

Proof

4.3.2.2 AOQO-based Proportional (AO-P) Voltage Controller Design

Based on (4.19), the AO-P voltage controller can be designed,

C
Pt =5 (— K2+ i), (4.20)
where the positive constant /i, is the gain of p* to be selected. Putting controller (4.20) into
(4.19),

Z=—K,2—(n—1)z, (4.21)

is obtained, due to 7 — 7 and if K, > 0, then the voltage regulation error z converges 0, as
t — oo. |

Therefore, the composite controller AO-P can regulate the capacitor voltages v4. — v} and
real-time unknown dc-loads.

4.3.3 Power Tracking Loop

A DO-ISMC power controller is applied to force the active power p — p* and reactive power
q — q*, where the DO is designed to estimate parameter mismatches, unmodeled dynamics,
measurement errors, and unknown disturbances caused by current path changes and switch mode
noise, simultaneously, suppressing chattering of the ISMC control.

The power tracking errors e, and e, are defined as,

ep=p"—Dp, eq=q —q, (4.22)

where p* is the reference of the active power from the voltage regulation output and ¢* is the
reference of the reactive power which can determine desired power factor.
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Using (4.6), the time-derivative (4.22) can be expressed as,

’U;I; Vde v 2
ép = —wq+—2ﬁL uag——” aLBH + p,
- (4.23)
. (J’Uaﬁ) Udc -k
eq:wp—l——2L Uag T+ q -

Note that the above system is an ideal model. Nevertheless, in practical applications, converters
are affected by some factors such as parameter mismatches, measurement errors, unmodeled
dynamics, and bias caused by current path changes and switch mode noise, etc. Hence, it is
necessary to establish a more accurate model that closely reflects the real system behavior. The
system (4.23) can be rewritten,

) 1
é, = —(w+Ay)g+ (E + AL)vzﬁdeuaﬁ
1 2
(A oasl 4 5+

. 1
€q = (UJ + Aw)p + (ﬁ + AL)(JUOL,B)TUdcuaB

(4.24)

+q* +dy,

where A, and A}, are the parameter deviations, p* and ¢* are power dynamic references (regarded
as unmodeled dynamics), and d,, and d, denote measurement noise and bias arising from the
current path changes and switch mode noise.

Then (4.24) can be rewritten as,

T 2
v Vde v
ép, = —wq + —agL d UagB — —H IZBH + op,
- (4.25)
. (Jvaﬂ) Vde
€q = wp + Tuag + 0y,
where
Op = _Awq + Angﬁvdcuaﬂ - ALH'Uoc[i'H2 + p* + dp) (4 26)

0g=Aup+ AL(Jvag)T + ¢ +d,.

Using the established equilibrium point in (4.7), the average duty cycle control signal ug 18
designed as,

Uag = ufxqﬂ - M(Sp>’vaﬁ - M(Sq)']'vaﬁa (427)
where £4(.S,,) and 1(S,) express the active and reactive power controllers, i.e., achieving p — p*
and ¢ — ¢*, respectively.
Substituting (4.27) into (4.25), one can obtain,
é; = —0u(S;) + oy, (4.28)

where j € {p, ¢}, 11(S;) is controller and ¢; is the lumped disturbances, and O = %Hvagﬂz.
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4.3.3.1 Disturbance Observer (DO) Design

Based on the system (4.28), a DO is designed to estimate o,

{&j:Tj—ljej, (429)
7y =1 (— Ou(S)) + ),

where 0 is the estimation of lumped disturbances o, 7; is the auxiliary variable, and [; is the
DO gain.

Assumption 4.3.3 Both the lumped disturbance o; and its derivative ¢; are bounded, i.e.,
lojll < " and ;]| < ®.

Theorem 4.3.2 Suppose that Assumption 4.3.3 is satisfied for system (4.28). The estimate 0 ;
yielded by DO (4.29) can ultimately bounded estimate the lumped disturbances o; and converge
in a region Q) = {5; : ||5,|| < —%}, where estimated error 6; = o; — 0, if the DO gain l; < 0
in (4.29) is chosen.

Proof  The disturbance estimation error of (4.29) is defined as 0; = 6; — 0;. The dynamic of
0 can be obtained from (4.28)-(4.29),

o; = 1;6; — 7. (4.30)
Construct a Lyapunov function,
— 1 ~2
Vs, = 575" (4.31)

Differentiating V5. and using (4.30), it can be obtained that

Vs =167

j J

—0,0;. (4.32)
According to (4.30)-(4.32), one gets

Vs, < Lill5017 + 11611 &
< &5l (5 l6;5]| + &5). (4.33)

Therefore, after a sufficiently long time,

z

H6JH < B (l] < 0)7 (434)

J

o~

then the estimation error is ultimately bounded. Thus, it can be verified that the DO error system
(4.30) is ultimately bounded stable convergence in a region Q2 = {7, : ||5;|| < —% (l; <0)}as
t — o0, 1.e., 0; can estimate o;. [ |
As a result, the DO can ultimately bounded estimate the lumped disturbances 0.
The following Corollary 4.3.1 can be drawn if the lumped disturbances o; of Assumption 4.3.3
have constant values in steady-state, i.e., tlggo g;(t) =0.
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Corollary 4.3.1 Considering system (4.28), the estimate ¢; yielded by DO (4.29) can asymptot-
ically track the lumped disturbances o ; if the observer gain l; < 0 in (4.29) is chosen.

Proof  According to (4.30)-(4.32) of the proof process in Theorem 4.3.2, the derivative of V;,j
can be obtained when tlim d;(t) = 0, namely,
— 00

Vs, = 1,67, (4.35)

merely satisfying [; < 0, it can be obtained that ng < 0, such that, 6; — 0 as ¢ — oo. Thus, it
can be verified that the error system (4.30) is asymptotically stable convergence to 0. |

It can be concluded that ¢; asymptotically converges to 0 as ¢ — o0, i.e., 0; can estimate o0,
thereby countering the effects of lumped disturbances.

Remark 4.3.2 According to Corollary 4.3.1, it appears that achieving asymptotic tracking of
the DO is only feasible under the assumption that tlim d,(t) = 0. Nevertheless, the DO also
—00

effectively tracks fast time-varying disturbances, provided that the dynamics of the observer are
significantly faster than those of the disturbances [149]. Additionally, Theorem 4.3.2 can be
regarded as an extension of Corollary 4.3.1 when the dynamics of lumped disturbances cannot
be ignored, i.e., tlg?o 0j (t) # 0. In other words, Theorem 4.3.2 imposes fewer constraints than

Corollary 4.3.1, allowing it to remain valid in addressing more complex disturbance scenarios.
Hence, it is advisable to consider disturbance estimation using Theorem 4.3.2 for subsequent
control design.

Consequently, a robust ISMC power controller design will be predicated upon Theorem 4.3.2.
Define the integral sliding function as follows,

S; = e;+ K [ ej(r)dr, (4.36)

where K is the positive coefficient. The time-derivative of (4.36) becomes,

Sj = —O/L(Sj) + Kjej -+ O'j. (437)

Theorem 4.3.3 Suppose the Theorem 4.3.2 is satisfied for the system (4.28). Considering system
(4.28) under proposed DO-ISMC controller (4.38), the closed-loop system is asymptotically
stable if the control gains K; > 0, M; > —lﬁ, and DO gain l; < 0 in (4.38) is designed.

Proof

4.3.3.2 DO-based Integral Sliding Mode Control (DO-ISMC) Power Controller Design

A composite DO-ISMC controller is designed as,

1 . :
n(S5) = & (Kse; + Mysign(S;) +6;). (4.38)

Putting the controllers (4.38) into (4.37) gives,

S; = —M;sign(S;) — ;. (4.39)
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Construct the following Lyapunov function,
1 2
V= §Sj. (4.40)

The time-derivative of Lyapunov function (4.40) is,

V; = 555,
= —M;S;sign(S;) — 5,5,
< |S;lI(=M; + 55)

N
< ISyl (=M + =), @41)
J

Taking into account the given condition M; > —lﬁ_, it can be derived from (4.41) that system
states will reach the defined integral sliding surface .S; = 0 in finite time.
Then, substituting (4.38) into (4.28) yields

éj = —Kjej — Mjsign(Sj) — 6'j. (442)

Obviously, if K; > 0, then e; — 0 as t — oo, such that the system (4.28) will converge to the
desired equilibrium point asymptotically with the proposed DO-ISMC method. ]
Based on the Theorem 4.3.3, it is obtained that the DO-ISMC method can drive power to track
its reference.

Remark 4.3.3 The reason why the proposed composite controller DO-ISMC can suppress the
lumped disturbance and chattering is explained below. Generally, if the DO is not employed
(0; = 0 in (4.38)), the proposed controller degrades into a nominal ISMC controller. To
guarantee power tracking stability, the switching gain of the nominal ISMC and DO-ISMC have
to be designed such that M; > 0 and M; > —%, (I; < 0), respectively. For the DO-ISMC,

since the disturbance has been estimated by DO, the magnitude of estimation error |G;|, which
is expected to converge to 0, can be kept much smaller than the magnitude of disturbance
0. Thus the switching gain of the proposed DO-ISMC method can be designed much smaller
than the ISMC method, alleviating the chattering problem. In other words, using the same
K, nominal ISMC without DO would achieve worse robustness than the proposed DO-ISMC
controller. Hence, enhanced disturbance rejection ability is obtained using the proposed DO-
ISMC controller.

4.3.4 Voltage Balancing Loop

An SMO-P controller is designed to balance the dc-link capacitor voltage, avoiding low-frequency
voltage ripple of the system presented in the neutral point of the dc-link.

Assumption 4.3.4 The instantaneous power dynamics are much faster than the dc-link capacitor
voltage difference dynamics v03,, i.e., p ~ p*, and q ~ q*.
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Based on Assumptions 4.2.3 and 4.3.4, the dynamic of the dc-link capacitor voltage difference
vg,. can be expressed as,

o 2p"

1
- — 4.43
Ve C\/é?)dcuw + va ( )

where ., is the control signal, 1) is the sinusoidal disturbance [144], as expressed,
¥ = xsin(3wt + ), (4.44)

where amplitude x and phase ¢ are the unknown parameters, w is angular frequency of grid
voltage, and ¢ is sampling time.

Introducing two new state variables, disturbances ¢ and its time-derivative vy, based on
equations (4.43) and (4.44), the augmented system can be formulated as follows:

i)gc = %U’Y + %w’
b = vy, (4.45)
f]w = —9&)22/),

where h = %. Here, it is worth noting that v is viewed as a state of the augmented system.

In other words, it is possible to utilize an SMO for estimation purposes.
According to (4.45), the state space can be rebuilt as follows,

= A( + Bu.,
{C ¢ ’ (4.46)
y = EC,
where ¢ = [v9,,v,vy]" and y represent system states and measurable output, respectively.
o 1o T
~—1 C
An S——
Az
A, B, E are constant matrices, which are shown as: A = 0 0 1 |, B =
0 —9w? 0
L A2p Az2 J
[£,0,0]T, and E = [1,0,0].
Then the system (4.46) can be reexpressed as,
Uge | — | A Azz v, By
|: ¢ :| |: A21 A2z :| |: ¢2 1 + |: B 1 o 4.47)

— o
y - Udc?

where C2 = [¢7U¢]T’ All - 0’ A12 — [%70], A21 = [070]T, A22 = [0,1;-9&]2’0], Bl = %,
B, =10,0]T.
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4.3.4.1 Sliding Mode Observer (SMO) Design
In order to estimate the state vector v for the system (4.47), an SMO can be constructed as,
¢ = AC + Bu, + €Dsign(e;), (4.48)

where  is the estimated state of ¢, e; = vg. — 09, 1s set as the sliding mode variable, D is a
positive constant and £ € R3*! is the SMO gain.
Define observed error e = ¢ — ¢. The dynamic of e is,

e=(-¢, (4.49)

where é, ¢, andé’ e R3*1L,
Substituting (4.46) and (4.48) into (4.49), one can get,

All A12
A21 A22

] e — &Dsign(ey). (4.50)

Based on (4.50), set e = [e}, €3], ex € R, & = [1, &), €&, € R**L. Then, the equation
(4.50) can be rewritten,

€1 Al A1z e 1 '
[ é: ] N [ Az An } { o } - Lz } Dsign(ey), (4.51)

whereezz[cz—éz]: [ °o@

Vp — Vg

Theorem 4.3.4 Considering the SMO error system (4.51), suppose that D > Max {|Aj1e1 + A1z€2
it means the state trajectories can reach the predefined sliding mode surface in the finite time
driven by equivalent control law v., = Dsign(e;), as well as if there exists an SMO reaching
gain [1,&;], where €5 = P7'W (P = P > 0,P € R¥*2 W e R*!), satisfying the
following LMI of (4.59), where ® = P Ayy — W Aqo (® € R?*2), it ensures that the estimate
error eg asymptotically converges to zero as t — oc.

2

Proof From (4.51), the dynamic of e; can be written as,
él = A11€1 + A1262 — Dsign(el). (452)

When e1é; = e1(A1e1 + Aqzez) — Dleq], one can select D > Max {|Aj1e; + Ajzes|} to
ensure that e;é; < 0. This means the state trajectories can reach the predefined sliding mode
surface in the finite time. Hence, it can be obtained that ¢e; = ¢; = 0 and discontinuous control
Dsign(e;) can be replaced with the equivalent continuous control ve,.

(4.52) can be rewritten,

él = A11€1 + A12€2 — Veq (453)
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since e; = ¢; = 0, then yields v, = Aqz2€2.
Based on e; = (2 — (>, the time-derivative e, can be obtained,

és =2 — G2 = Anier + Apes — € Dsign(ey). (4.54)
Since v, = Dsign(e;) = Ajzes, then the (4.54) becomes,

€z = (A22 - €2A12)€2- (4.55)

It can be observed that (4.55) can be stabilized in exactly the same way as a typical linear state
observer when Ajs is viewed as the output matrix. Thus, from this point of view, it can be
concluded that the order of the observer dynamics are reduced by one when the system enters
the sliding mode. The Lyapunov function is chosen for system (4.55) as follows,

Ve, = e; Pes, (4.56)
where P = PT € R?*2 > (). The time-derivative of (4.56) is,
V., =é1 Pey + el Pé,y

=e, ((PAzz)T — (P&A13)"
+ PA22 — P€2A12) €s. (457)

Define W = P&, (W € R?*1), then the switching gain £, = P~'W (&, € R**1). Then (4.57)
can be rewritten as,

V., = es(AL,P — ATL,WT 4 PAy, — WA))e,,
=ey(®" + ®)e,. (4.58)

If T + ® < 0, such that the LMI of (4.58) is,

P 0

<0 (4.59)
0 T+ &

where ® = P Ay, — W Ay, (® € R2*2). It can be concluded that if (4.59) is held, then V,, < 0,

that means ez — 0 as ¢ — oo, that is the system (4.55) is asymptotically stable. Conclusively,

e, can converge to 0 as ¢t — oo, i.e. Cz — (2, the proposed SMO can drive 77/} to estimate ¢). W
As a result, the sinusoidal disturbance is estimated.

4.3.4.2 SMO-based Proportional (SMO-P) Voltage Balancing Controller Design

Proposition 4.3.2 Consider the system (4.43) and SMO estimation system (4.48) with well
defined disturbance-to-output relative degree, then the closed-loop system under the composite
controller (that is, SMO-P) designed by (4.60), is semiglobally exponentially stable in the sense
that for Ky, > 0, such that v5, of the system (4.43) converges to 0 as t — oo.
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Proof Based on the @E estimated by SMO, a composite controller SMO-P can be designed as

C 1 -
Uy = —E(Kbvgc + 51/}) (460)

Putting the controller (4.60) into (4.45) gets,

~

1
g, = — Ky, + 5(w — ). (4.61)

It can be observed that when ) — 1, the de-link capacitor voltage difference vy, — 0ast — oo,
if K, > 0. [

The SMO-P control method can drive v§, close to zero, demonstrating its ability to balance
capacitor voltage.

4.4 AO-P Control Tuning for Voltage Regulation

Based on the Theorem 4.3.1 and Proposition 4.3.1, the AO-P voltage control parameters depend
on:

1. The adaptive law parameter v > 0 of (4.14) is selected to accommodate the rate of changes
in unknown disturbance. A larger v accelerates the convergence speed of the voltage
regulation system; however, excessively large may introduce instability to the system;

2. AO gain ¢ > 0 of (4.9) is defined to adjust the sensitivity of AO for estimation of unknown
system states. Larger ¢ values result in AO achieving faster convergence rates but may
introduce more noise;

3. The parameter 7 is typically chosen based on the sampling period for initial adjustment,
while ¢ is tuned according to the magnitude of disturbances. The debugging process
involves a trade-off considering the functions of both ¢ and ;

4. The AO-P control gain K, > 0 of (4.20) is chosen to balance the speed and stability of the
voltage response. Initially, a smaller initial value K, is selected, gradually increasing it.
Combined with the selected AO gain ¢ and , this process requires continuous tuning until
satisfactory voltage regulation performance is achieved.

4.5 DO-ISMC Control Tuning for Voltage Regulation

The power tracking parameters of DO-ISMC are predicated upon:

1. DO gain I; of (4.29) governs its convergence speed. When the condition ||5;| < 2-(1; <
J

0) is met, Theorem 4.3.2 indicates that ultimately bounded estimation becomes attainable;

In essence, a larger [; enhances the anti-disturbance capability of power tracking. Crucially,

it is essential to consider the magnitude of the disturbances;
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2. According to Theorem 4.3.3, ensuring that DO-ISMC gains of (4.38) K; and )M satisfy
the conditions in (4.41) and (4.42), specifically M; > —% and K; > 0, enables rapid and
accurate power tracking. Increasing K; enhances power tracking speed, but excessively
large K; may introduce noise. A larger M; can enhance chattering, whereas a smaller
M; can reduce chattering but may slow down convergence. It is typically recommended
to choose M based on how strong the nonlinear terms are in the power tracking loop.

Generally, M; is less than Kj;

3. Due to the precise estimation of DO, the estimation error ¢; is significantly smaller than
the actual magnitude of disturbances o;. Consequently, the gain M, in the DO-ISMC
method can be relatively smaller yet effectively compensate for disturbances, successfully
alleviating the chattering. As a result, the DO plays a crucial role in control systems,
especially when it comes to addressing disturbances and enhancing system stability;

4. A trial and error for parameters [;, M;, and K; are essential to achieve accurate power
tracking performance.

4.6 SMO-P Control Tuning for Balancing Voltage

For the selection of D, &, K}, of SMO-P, the design parameter can be summarized as:

1. As aresult of this theorem 4.3.4, for the SMO gain parameter D, it is sufficient to ensure
that D > Max {|Aj1e1 + Ajaes]} to ensure that the estimated state e; converges to the
actual state within a finite time; Increasing D can expedite reaching the sliding surface but
may lead to the chattering if it is too large. An appropriate DD should be determined based
on the magnitude of the disturbance to be suppressed;

2. The SMO gain & (& = [1, &3], &2 convergency law of the dynamic é,) is obtained by (4.59).
When designing & for SMO gain using pole placement, better resistance to sinusoidal
perturbations can be obtained by placing the eigenvalues in the left half-plane and away
from the imaginary axis while reducing the voltage difference in the balanced loop. The
choice of &5 too far from the imaginary axis may result in system instability.

3. As per Proposition 4.3.2, the SMO-P control gain K} enhances the convergence rate of
voltage balancing. Hence, a trial and error for parameters K3, £, and D are essential to
balance (two) capacitance voltages.

4.7 Experimental Results

This section verifies the effectiveness of the proposed control scheme on the lab-constructed
3L-NPC power converter prototype as well as comparing with the STO-ISMC derived from [150],
STA, and PI control schemes, as shown in Figure 4.3. For the sake of providing a fair comparison,
all control schemes are tuned to the best performance. The system parameters of the experimental
platform are presented in Table 4.2. The proposed, STO-ISMC, STA, and PI control parameters
are displayed in Table 4.3.
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Table 4.2: Parameters Used for Experiment

Description Parameter | Value Unites
Sampling frequency fs 10 kHz
Switching frequency fsw 10 kHz
Grid frequency f 50 Hz
Grid phase voltage Cabe 50 A%
Phase inductor L 5 mH
Dc-link capacitor C 1551 uF
Load resistance R;, 30 < 40 Q
Reference output voltage | v, 140 < 160 | V

Table 4.3: Controller Parameters

Voltage Power Voltage
Control . . .
Scheme Regulation | Tracking Balancing
Loop Loop Loop
AO: DO: SMO:
v=>5e—4 |l,=1,=-50 D = 5e2
Proposed | = 4e2 € =11,0.031,—1.376e3]T
Scheme ISMC:
P: M,=M,=5 P:
K,=03 |K,=K,=60 K, =02
STO: STO:
t=—1e6 | mp, = my, = —5e3
STO-ISMC |\ = —3e8 | n, =n, = —3ed PI:
Scheme kp1 = 5e—1
see [150] ISMC: ISMC: ki1 = 50
0= —5e4 | p, = pg=4.5ed
k, = 2e2 ky, =k, = 1€®
STA A, =2 Ap =g =1le—4 |\ =1le-2
Scheme Y, =1led |, =Y, =1e=2 | ¢, =0.9
PI kv = 0.1 | kpp = kpg = 2e—=5 | kpp = He—3
Scheme kyp = 5e—=3| Ky = kgi = 5e—2 | ky; = Se—2
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Figure 4.3: The constructed 3L-NPC power converter prototype of Chap. 4.

4.7.1 An Overall Evaluation Comparison

In this case, a comparative analysis among the STO-ISMC, STA, and PI control schemes reveals
that the proposed control scheme (AO-P, DO-ISMC, SMO-P) exhibits superior robustness for
the 3L-NPC converter system. The overall assessment and comparison results are illustrated in
Figure 4.4. When the dc-link load is 30¢2, the reference dc-link voltage reference v)j, varies from
160V to 140V at 0.02s, from 140V back to 160V at 0.08s. Simultaneously, the reactive power
reference transitions from 0 to 100Var at 0.13s. From all the above, the transient response of the
proposed scheme is much better than the STO-ISMC, STA, and PI methods. In detail, compared
with the STO-ISMC, STA, and PI methods, the proposed method presents less over/undershoot,
faster response, and stronger robustness in terms of regulating the dc-link capacitor voltage, the
tracking power, and the balancing capacitor voltage.

4.7.2 Comparison of Voltage Regulation Performance

Based on a comparison of STO-ISMC, STA, and PI voltage control methods with varying
dc-load IRy, it is demonstrated that the proposed AO-P control method exhibits superior voltage
regulation performance. It is necessary to include both DO-ISMC power control and SMO-P
voltage balance control within all methods in order to ensure a fair assessment. The proposed
AO-P method obtains smaller voltage amplitude variations and faster convergence properties
compared with STO-ISMC, STA and PI methods as shown in Figure 4.5. Meanwhile, the
proposed control method can achieve better static and dynamic performance as shown in Table
4.4. Furthermore, the influence of adaptive gain v on the performance behavior of voltage
regulation is verified. The larger -y can result in faster dynamic responses tested in two cases:
(1): the load start-up is shown in Figure 4.6 (a), and (2): the voltage start-up is shown in Figure
4.6 (b). It is worth noting that a too-large v may induce voltage overshoot and even lead to an
unstable operation. Consequently, a trade-off between v and the voltage performance should be
made.
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Figure 4.4: An overall evaluation comparison when the capacitor voltage reference v}, (160V —
140V — 160V), and the ¢* (0 — 100 Var) with R, = 30¢2.

4.7.3 Comparison of Power Tracking Performance

The effectiveness of the DO-ISMC method is demonstrated through a comparison with the
STO-ISMC, STA, and PI power control methods, as illustrated in Figure 4.7. The results indicate
superior performance of the DO-ISMC method in power tracking, especially when facing various
disturbances such as parameter mismatches, unmodeled dynamics, measurement noise, and bias
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Figure 4.5: Voltage regulation comparisons are conducted under varying dc-load R, (302 —
40€2) with v, = 160V and ¢* = OVar.
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Figure 4.6: Dynamic response voltage vg. with different AO gain v: (a) when R, is 40€2 — 3052
with v}, =150V, ¢* = OVar; and (b) when v}, is 140V — 160V with R; = 302 and ¢* = OVar.

caused by current path changes and switch mode noise. All the control methods above employ
P-AO in the voltage regulation loop and SMO-P in the voltage balance loop. As shown in Figure
4.7, the reactive power tracking presents a faster dynamic response using the proposed DO-ISMC.
From the perspective of current quality, the THD of ¢, obtained by the proposed DO-ISMC
is 2.6693%, which is smaller than that of the STO-ISMC (2.8398%), STA (3.0451%), and PI
(3.2545%) methods. The performance indexes of reactive power are shown in Table 4.5. It can
be seen that the proposed DO-ISMC method exhibits better performance than the STO-ISMC,
STA, and PI methods.

4.7.4 Comparison of Voltage Balancing Performance

To examine voltage balanced performance, the comparison experiment results among the pro-
posed SMO-P, STA, and PI methods are shown in Figure 4.8. The DO-ISMC and AO-P control
approaches are applied to the power tracking loop and voltage regulation loop, respectively. The
SMO-P method presents smaller voltage difference amplitudes than the STA and PI methods. The
proposed control SMO-P can yield better static and dynamic performance than the STA and PI
methods as shown in Table 4.6. To further analyze the influence of the observer gain on the closed-
loop system, the pole assignment method is adopted to choose SMO gain £ = [1,&5]". Three

sets &, for SMO gains are obtained, i.e., &, = [0.248, —1.368¢3]T, &, = [—0.002, —1.378¢3]",

and 5'2"T = [~0.155, —1.374¢3]". It should be noted that the &, is obtained by the minimum

eigenvalue that is furthest away from the imaginary axis, 5'2' is the second and 5’2" is the closest.
Observably, from Figure 4.9, the difference between the capacitor voltages is the smallest by
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Figure 4.7: Comparisons are made for power tracking, varying ¢* from OVar to 200Var, with
fixed values of v, = 160V and R} = 3012.

using SMO gain &, &, is the second, and &, is the largest. When designing the observer gain
&5 using pole placement method, if the eigenvalues are located in the left half-plane and are
farther away from the imaginary axis, the resulting gain used in the balancing loop of the system
can ensure a smaller magnitude of the voltage difference. As the over-lager SMO gain may be
sensitive to measurement noise and may lead to unstable operation, a better voltage balancing
performance requires trial-and-error.
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Table 4.4: Comparisons of AO-P, STO-ISMC, STA and PI Methods

Voltage Regulation Indix | AO-P |STO-ISMC| STA PI

(Figure 4.5: 0.1s-0.11s)  |Method| Method |Method | Method

Os! 35 7.5 6.8 8.2

. OST? 0.08 0.15 0.16 0.26

Static -
. ME3 0.0224 | 0.0232 | 0.0428 | 0.0737
Indix vg. (V)

MSE* 0.3049 | 0.3101 0.3218 | 0.3408
VE® 0.0808 | 0.0916 | 0.0828 | 0.0884

Static Indix [AO-P vs STA | AO-P vs STO-ISMC|  AO-P vs PI

V4:(V) Enhancement (%)
Os! 53.3% 48.5% 57.3%
OST? 46.7% 50% 69.2%
ME? 3.45% 47.7% 69.6%
MSE* 1.68% 5.25% 10.5%
VE® 11.8% 2.42% 8.60%

1: Over-shooting (V); 2: Over-settling Time (S); 3: Mean Error; 4: Mean
Square Error; 5: Variance Error.

Table 4.5: Comparisons of DO-ISMC, STO-ISMC and PI Methods

Powing Tracking Indix |DO-ISMC|STO-ISMC| STA PI
(Figure 4.7: 0.06s-0.08s) | Method | Method | Method | Method
OST? 0.0493 0.0495 0.0499 | 0.051
Static ME34 0.0662 0.3709 0.4202 | 0.2717
Indix ¢ (Var) MSE 10.9050 | 11.6411 |15.3726 | 13.5668
VE® 120.1044 | 128.9034 |146.9148|185.8247
THD 2.6693% | 2.8398% |3.0451%|3.2545%
Static Indix DO-ISMC vs DO-ISMC vs DO-ISMC vs
STO-ISMC STA PI
g (Var) Enhancement (%)
OST? 0.4% 1.2% 3.3%
ME? 82.2% 84.2% 75.6%
MSE* 6.32% 29.1% 19.6%
VE® 6.83% 18.2% 35.4%
THD 6.0% 12.3% 18%

2: Over-settling Time (S); 3: Mean Error; 4: Mean Square Error; 5: Variance

Error.
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Figure 4.9: Dynamic response of v, with different £, for SMO gains &.

4.7.5 Robustness Evaluation

To assess the robustness of proposed control scheme (AO-P, DO-ISMC, SMO-P) for the 3L-NPC
converter, experimental tests are divided into two groups: 1) evaluating external disturbance
capacity, applied to the voltage regulation loop (with power and voltage balance loops employing
DO-ISMC and SMO-P control methods, respectively), and 2) working conditions with inductance
mismatches, applied to the power loop (with voltage regulation and voltage balance loops utilizing
AO-P and SMO-P control methods, respectively).

4.7.5.1 External Disturbance DC-load Variations

A test bench is carried out to validate the robustness against external disturbance variations of the
proposed control scheme compared with the STO-ISMC, STA and PI methods as displayed in
Figure 4.10. It is observed that the output voltage, active power, and grid-side current have less
voltage over/undershoot, faster dynamic response than the STO-ISMC, STA, and PI methods,
respectively. This means the proposed control scheme is more robust than the STO-ISMC, STA,
and PI methods against dc-link load variations.
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Figure 4.10: Comparisons of steady-state voltage regulation performance: I, varies from 40 )
to 30 €2, and again to 40 €2 with v;,.=160 V and ¢* = 0 Var.

4.7.5.2 Performance Comparison of Inductance Mismatches

To further validate the impact of the proposed, STO-ISMC, STA, and PI control schemes, on
the robustness of 3L-NPC power converter in mismatched inductor parameters, the inductance
L is varied as is varied as 100%L, 50% L, and 150% L of its nominal value. The comparison is
illustrated in Figure 4.11. The control strategies are performed on a real-time hardware-in-the-
loop due to mechanical limitations of the real plant. When the grid-side filter inductance is set to
its nominal value, all the control schemes perform well and operate normally, as depicted in Figs.
4.11 (b), (e), (h), and (1). When the inductance value L is set to 150%L of the nominal inductance,
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Figure 4.11: The filter inductance parameter mismatches: (a) work properly, (b) work properly,
(c) work properly, (d) work improperly, (e) work properly, (f) work properly, (g) work grudgingly,
(h) work properly, (j) work properly, (k) work improperly, (1) work properly, and (m) work
improperly.

the proposed, STO-ISMC, STA control schemes still function properly, as shown in Figs. 4.11
(¢), (f), and (j). When the inductance value L is set to 50%L of the nominal inductance, the
proposed methods work properly, as illustrated in Figs. 4.11 (a), the STO-ISMC work improperly,
STA methods work grudgingly, as illustrated in Figs. 4.11 (d), and (g). Contrastingly, the PI
control scheme operates ineffectively at both 150% L and 50% L, as depicted in Figs. 4.11 (m)
and (k). In summary, the proposed control scheme demonstrates superior robustness compared to
the STO-ISMC, STA and PI control schemes in the presence of inductance parameter mismatch.

4.8 Summary

In this chapter, a new effective robust adaptive sliding mode control scheme, including three
composite controllers, was developed to improve the control performance of the 3L-NPC power
converter in microgrids against multi-disturbances. The AO-P controller was applied to regulate
the dc-link voltage in the presence of the unknown dc-link equivalent loads. The DO-ISMC was
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Table 4.6: Comparisons of the SMO-P, STA and PI Methods

Voltage Balancing Indix | SMO-P | STA PI
(Figure 4.8: 0.04s-0.06s) | Method | Method | Method
Cvil| 2 3.1 3.4
Static ME? | 0.0787 | 0.1368 | 0.2338
Indix vg, (V) MSE?| 0.9991 | 1.3883 | 1.9109
VE* | 1.0020 | 1.9321 | 3.6237
SMO-P vs STA| SMO-P vs PI
Enhancement (%)

Static Indix vg, (V)

cvl 35.5% 41.2%
MEZ 42.4% 66.3%
MES3 28.0% 47.7%
VE4 48.1% 72.3%

1: Capacitor Voltage Imbalance; 2: Mean Square Error; 3:
Variance Error; 4: Variance Error.

implemented to track the power references in the face of lumped disturbances caused by system
parameter mismatches, unmodeled dynamics, measurement noise, and bias caused by current
path changes and switch mode noise. The SMO-P was designed to balance (two) capacitors,
avoiding ac-voltage low-frequency oscillation. Experimental results confirmed the proposed
control scheme outperformed the STO-ISMC, STA and PI control schemes in terms of dynamic
response, THDs, and anti-multi-disturbances.
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CHAPTER 3

Super-Twisting Current-Voltage Control for
3L-NPC Power Converters

3L-NPC power converters are necessary interfaces to form microgrids. Naturally, designing a
suitable control scheme featuring superior dynamics, strong robustness, and simple structure is a
promising solution to guarantee more efficient operation of the converter. The schematic diagram
of the power converter in microgrids is depicted in Figure 5.1. This chapter proposes a robust
high-quality current control strategy for the 3L-NPC power converter in the stationary a3 frame.
A LO coupled with an STA current controller is proposed to deal with the poor sinusoidal current
tracking issue due to the existing inductance/grid frequency deviations and the disturbance of the
sinusoidal dynamic nature. Additionally, an ESMDO-based P control is built to dramatically
enhance voltage regulation performance in the case of capacitance deviations and unknown
dc-loads. Experimental data confirm the effectiveness of the proposed solution outperforms the
conventional PR and PI control in terms of accurate tracking current/voltage, anti-disturbance,
and grid current total harmonic distortion.

5.1 Introduction

Broadly speaking, control objectives of the underlying 3L-NPC power converter in microgrids
include (at least): (i) simple control structures; (ii) high-quality current tracking performance;
(iii) fast and accurate voltage regulation performance; (iv) strong robustness against parameter
deviations and disturbances. Grid current of power converter are usually controlled in the
dq synchronously rotating reference frame based the phase locked loop (PLL). However, the
performance of PLL presents problems facing of distorted and imbalanced grid voltages [151-
153]. Aiming at issues, current control in the a3 synchronous stationary coordinate system for
the 3L-NPC power converter can avoid using PLL to simple control structure as well as eliminate
coupling-current items. Additionally, when applying the cascade PR controller [154, 155] to
cope with the currents in the a3 synchronous stationary, a low current control performance is
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Power converter systems  ---- Microgrids |
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& @ (= |
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Wind Turbin Baterry  Photovoltaic Fuel Cell Electric Vehicle

Figure 5.1: The schematic diagram of the power converter in MESs.

inevitably seen with disturbances/uncertainties, such as power interruption, voltage sag/swell
and harmonic distortion, parameter deviations.

SMC is more effective in achieving the desired dynamic response and robustness for power
converters, due to its fast dynamic response, disturbance rejection, and simple implementation
[58-60]. A DSMC law is implemented to track the converter side current for grid-connected
voltage source inverters with LCL output filters in [156]. In [157], a full-order terminal SMC is
proposed to track errors of the currents to converge their equilibrium point within finite time.
However, the above methods suffer from the chattering in the control input referred which is not
preferred in practice. To improve the chattering problem, a novel active-disturbance-rejection-
based sliding-mode current control scheme for PMSM drives is proposed in [158]. Moreover,
the boundary layer approach is also a good solution to suppress the chattering. An adaptive
fuzzy SMC based on the boundary layer approach is proposed for motor drive in [159]. However,
the boundary layer approach results in a trade-off between control performance and chattering
elimination. Hence, at least for now, HOSMC is effective way to mitigate the chattering by
integrating to turn discontinuous control inputs into continuous ones. Like [120], a new nonlinear
current control strategy is proposed based on back-stepping control and high-order sliding mode
differentiator to actively compensate harmonics/inter-harmonics of local loads for distributed
generation unit interfacing converters. Admittedly, HOSMC (generally equal or greater than
three orders) is inevitably affected by the use of higher-order time derivatives of sliding variables,
thus a better alternative is the second-order sliding mode method.

STA is one of the SOSMC methods introduced to suppress the chattering effects [73,150]. Dit-
ferent from the conventional first-order sliding mode control, STA has a finite-time convergence
with continuous control input as well as strong robustness under high uncertainties. In addition,
STA can directly deal with a time-varying set-point well, even in the presence of disturbances. A
very large disturbance may result in system instability or require higher STA controller gains that
lead to system chattering. Hence, it is necessary to design a observer to estimate disturbance, as
feedforward compensation in control input, to alleviate the system chattering.

On the other hand, it is crucial to ensure a constant dc-link voltage for the 3L-NPC power
converter control system in industrial applications. In the ideal setting, the constant dc-link
voltage can be directly controlled by PI controller. However, the dynamic performance is not
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satisfactory in the presence of the unknown external disturbances, measurement noises, and
non-constant power generated by the microgrids. To address these issues, numerous observer-
based compensation approaches have been reported [160—163]. In [93], a robust controller
based on ESO is proposed for a dc-dc interleaved boost converter, in which ESO is utilized to
estimate the converter uncertainties and external disturbances. A finite-time disturbance observer,
providing accurate estimations of the lumped disturbances, is introduced into the controller
design to achieve better voltage tracking performance in [164]. An ESMDO is designed to
estimate the total disturbances of the system to enhance the speed control performance of the
permanent magnet synchronous motor in [165]. Different from the above observers, the ESMDO
not merely has a good disturbance estimation ability but also has an inbuilt low-pass filter without
introducing a phased delay in [102].

Motivated by the above observation, this work proposes a novel robust high-quality current
control with fast convergence for the 3L-NPC power converter of microgrids in o3y frame.
Contributions of this work include:

1) The proposed current control scheme does not require any PLL, and can omit current
decoupling processes. As a result, it has low computational complexity and is easy to implement.

2) A LO coupled with an STA current controller is proposed to enhance sinusoidal current
tracking performance, resulting in robust properties against grid frequency/inductance deviations.
Additionally, the LO is designed to offset the disturbance of the sinusoidal dynamic nature,
alleviating the system chattering. The reason is that the STA switching gain is simply selected to
be bigger than the bound of the sinusoidal disturbance estimation error and parameter deviations
rather than that of the lumped of the disturbance and deviations.

3) The ESMDO based P control is used in the voltage regulator to enhance dramatically its
convergence speed and anti-disturbance capability, achieving fast and accurate voltage tracking.
The ESMDO is designed by introducing the sliding mode reaching law to estimate the system
uncertainties and unknown dc-link load, in which the observer estimation is considered as a
feed-forward compensation term into the voltage regulator.

5.2 System Description

In this section, the underlying 3L-NPC power converter system will be described and fully
modelled.

5.2.1 Converter Description and Modeling

The topology structure of the 3L-NPC power converter is shown in Figure 5.2a, as one of the
commonly used converters in power electronics. Certainly, the dc-link can easily be extended to
other application scenarios, like photovoltaics, wind turbines and electric vehicles, etc. In this
work, to simplify the following modeling and analysis, the dc-link is connected to a resistance
load. The nomenclature list of the 3L-NPC power converter is presented in Table 5.1.

Based on the 3L-NPC power converter topology [19], it can be obtained in stationary a3~y
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Table 5.1: Nomenclatures

Symbol | Description
€abe [ea; €p, €c| T, grid voltage vector in abc frame.
Tabe [ia, ip,ic| T, grid current vector in abc frame.

Vag Vas UB]T, grid voltage vector in o3-axis.
tag Ty ig]T, grid current vector in «3-axis.
Uag [ua, ug]T, average duty cycles in a-axis.

VT} n={a,b,c}, 1 ={1,2,3,4},

insulated-gate bipolar transistors.

VD} n = {a,b,c}, | ={1,2}, clamping diodes.

Vde vé‘c + véc, the sum of dc-link capacitor voltages.

Ve vfi‘C — vflc, the difference of dc-link capacitor voltages.
Ry.ig, dc-load resistance, dc-link load current.

L, C,w | linear inductor, dc-link capacitor, grid voltage frequency.

coordinates,
. v 1 Y
tap = 77 — 57 litias + 7 (5.1)
. ul Lag 204,
bae = —5 JgL, (5.2)
0 2 Z + Lo (5.3)
D U, 3t0aUy, )
de \/60 \/60 aplaftly
Lo(u? —u2) — Luzu
where Y = e /if‘/lfﬁ _> "f/@/g T, Z = [ U — Uf, —Uallp ] Lap, and Uag, Uy
6 3

are control signals.

In this research, three assumptions have been imposed on the 3L-NPC power converter system
(5.1)-(5.3) to operate correctly:

al: the source voltages are assumed to be symmetrical and balanced.

a2: the averaged duty cycles ug are defined as values in [-1,1] range so mentioned Y of (5.1)
is two order of magnitude lower than the second term of (5.1).

a3: vy, of equation (5.3) is lower by more than v, one order of magnitude, due to vjj,. must be
near 0.

5.3 Control Strategy Design

In this section, a cascaded control scheme of the 3L-NPC power converter is shown in Figure
5.2b.
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5.3.1 Control Objectives

The control objectives for the 3L-NPC power converter system are to achieve current tracking,
voltage regulation, and capacitor voltage balancing.

1. In the voltage regulation loop, the dc-link voltage is regulated to track its reference value
(i.e., vge — v},.), forced by the active power reference p*, which serves as the input for the
current tracking loop (see Fig. 5.2-b.(D).

2. In the current tracking loop, currents 2,3 are utilized to track their references (i.e., to3 —
t,3)> Where ¢/, 5 1s derived from the voltage regulation loop. The signals uqg is this loop
outputs, while ¢* is given to adjust the power factor (see Fig. 5.2-b.(2)).

3. In the voltage balancing loop, the objective is to minimize the voltage difference across
(two) capacitors (i.e., vg. — 0). The outputs from this loop and the current tracking loop
make the final average duty cycle, governing the power converter (Fig. 5.2-b.(3)).

5.3.2 Current Tracking Loop

In this section, a STA combined with a LO current control is proposed to drive to5 — %34,
enhancing dramatically the dynamic performance and anti-disturbance capability of current
tracking in the case of parameter deviations and uncertainties.

With the consideration of (5.1), the inductance current dynamics can be approximated as
follows,

iap = ”%ﬁ - %uaﬁ, (5.4)
Define the current tracking error,
tap = tap — thg. (5.5)
Take the derivative in (5.5) as follows,
bop = fap — . (5.6)

Substituting (5.4) into (5.6), it can be obtained,

< V4, v

o7 tdap — i (5.7)

where Jaﬁ represents parameter deviations and measurement noises of the system (5.7), and ij; 3
1s a sinusoidal waveform treated as an external disturbance. Hence, a LO is design to offset it.
Considering the current nature ¢, 3> One can get,

ing = Magsin(wt +0),
izﬁ = WM cos(wt + 6), (5.8)

z*aﬂ = —wmggsin(wt + 0),
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where mag = [m,, mg|” is current amplitude of ¥, - w is the grid angular frequency, and 6 is
initial phase angles of the current.
The dynamic of (5.8) can be obtained as

.a =A af;
{E s = Abap (5.9)
Yap = cgtxﬂu
o ok T 0 1 .
where §ap = [ing; thg] » A = _W? 0 , C = [1,0] and yag is control output.
5.3.2.1 Luenberger Observer (LO) Design
According to (5.9), the expressions of the LO dynamic can be gotten as,
;a =A Aa +L afB — Aa )
{{ 5 = Aag + L(Yap ~ Yas) 5.10)
Yap = C&aﬁa
where £,5 = [A';;B, ;'j;ﬁ] and yag is control output of the LO.
Define the LO error is &,g =&aB — 5043, then error dynamic of the LO is as follows:
s = Eap — Eap = (A — LC)Eup, (5.11)

where L is the LO observer gain. The stability of the LO can be guaranteed that (A — LC)
is Hurwitz matrix, i.e., every eigenvalue has strictly negative real part. Therefore, it can be
concluded that £,5 — €4, i.c., t,,5 can be estimated as dog.

5.3.2.2 LO-based Super-Twisting Algorithm (LO-STA) Control Design

Based on (5.7), the LO-STA control is designed as:

2L 1 .
Uap = —(0as + 7 Vap — dag), (5.12)

with
0ap = Aapllag|2sign(tag) + cpa,@/ sign(ag)ds, (5.13)
to

where o5 = [0a,d5]" is considered as control signal of the LO-STA, Apg = [Aa, Ag]T > 0,

Pap = [pa, ps]" > 0.
Substituting (5.12) in (5.7), it can be obtained that

iap = —0ap + dap + dag — P4 (5.14)

~

Define observer error ﬁa@ =das — i*aﬁ, and (5.14) can be rewritten,

iag = —0ap + dap + Dag. (5.15)
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Define daﬁ = Jag + Dag, then (5.15) can be reexpressed as

’;:ag = —5a@ + Cialg. (5.16)

Using (5.13), the error dynamic (5.16) can be rewritten as:

z ~ 1, =
o8 = ~Dapliaal sign(ias) + fas. 517

d)aﬁ = —goagsign('zaﬁ) + Elalg.

Theorem 5.3.1 Considering the current systems (5.17), supposed that c~la,3 is uniformly bounded
dos| < Dag, if there exists

perturbations, i.e.,

Aaﬁ > 2,
A% +D?2 ;(4hap—8) (5.18)
> o af B
Pap Aap(@rap—8)

then (5.17) achieves stability in finite time with

1

2>\r§nax(Pa,8) 1 ~
> T = 20\ Tab) s G 0), as(0)), (5.19)
AInin(QOcB) B P p
where
P [ 2pap+3A0p —3Aap
a3 - _%Aaﬁ 1 )
[ Aap | A = Aa Aa
Qus — Aag(Pap — =32 +=5%) — Dz ~52(1—=57)
oh Aap (] Aas) Aag _ ’
| 2 2 2

Vg is the Lyapunov function for the system (5.17), Aoz (+) and Ain(+) denote the maximum
and minimum eigenvalue, respectively, and i,3(0) and ¢o3(0) are initial value.

Proof Considering the current dynamic system (5.17), a Lyapunov function is selected as,

Vs = SePapSas, (5.20)
3 T 200 + 12X, —2I)
~ . < of af
Where Calg — [gaﬁ17§a/52]T = |:‘za18 2 Slgn(za,@)7 ¢aﬁ:| , and Pa,@ — 1A 2%aB 21
2B
is a given positive definite symmetric matrix. '
The time-derivative of ¢, 5 can be written by |[1ag| = tassign(iag),
) 1
Sap = 1 (AapSap + BapTap)
| aﬁl|
1
= —(AapSap + BapTas), (5.21)

=

tas
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_Aap 1 K
where Ayp = —cp23 (2) , Bag = [0,1]T, and 705 = [Sap1|das-
The derivative of (5.20),
Vs =280 PapSap
1
ap
SW(QCEBAngaﬁCaﬁ +2Tap B PapSap
aB|?
+ Diﬁﬁaﬂ - 7'343)
1 _
ap
+ PogBogB.sPop)sas (5.22)
10
where I' g = 00l
The equation (5.22) can be rewritten ,
Vap < ———623QapSap: (5.23)
2

s

where Qa,@ = —(AaﬁTPag + Pa,@AaB + D?x,@rag + PaﬁBangﬁPag).
Put Ang, Pag, Bag, and I' s in Qo 3, then

Ao A2 = Ao Ao
O, — | AeolPan = 2%+ 550) — Dl 221 24)
ap T Aa Aa A
2B<1_ 23) 2,6_1

Based on the Schur complement Lemma for satisfying Qo3 > 0 to guarantee Vag < 0, one
can select,

)\aﬁ > 2,

(5.24)
aB > )
Fob Aap(4Xap — 8)
Based on (5.20), it can be obtained,
Amin(Pag) [saslls < SapPapsas < Amax(Pag) sagll; (5.25)
where [[Sagll3 = |iag| + ¢%s.
According to (5.25),
V.
22— < [lsagll, (5.26)
>‘r2naX<PaB)
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Further step, it can be obtained that,

NI

) %
< [Saplly < —22—. (5.27)

r2n'1n(P065)

‘gaﬂ1| - ’T

Combine (5.23) and (5.27),

Vap < ——Amin(Qap) [ISasll;
‘ga,B1|
[Sasl]
- “Anin(Qap) llSasll,
|Sap1]
< —Anin(Qap) [[Sasll, - (5.28)
According to (5.26) and (5.28), one can get that,
y )\min « 1
Vag < —ﬁvtjﬂ (5.29)
/\IQHaX(PaB)
and (5.29) is given by
V2, ) < V23 (50p(0), Pap(0)) — 2(Qes) (5.30)
lap; Pap a8(tas(0), pap(0)) — =5 : :

2)\r?1ax(PaB)

1
This means at least for t > T = Q%Vjﬁ('zaﬁ( ); @ap(0)), it can be obtained the

Vaﬁ < 0, then (5.17) is asymptotic stability in finite-time 7', that is, ¢og = 0, then %ag =0. 1
Based on the Theorem I, it can be concluded that 2,3 — 2, 8

5.3.3 Voltage Regulation Loop

In this subsection, an ESMDO-based P control is applied to the voltage regulator to dramatically
enhance the dc-link voltage tracking performance against the lumped disturbances, including
parameter uncertainties, measurement noises, and external unknown disturbances.

The voltage dynamic introduced in (5.2) can be rewritten as,

2p*—4—zi+(ACp —4zAC)

¢ COR 531

2 2 ( . )
:EP —69,

where 2z = vdc, pt = Yde uaﬁzaﬁ, g is considered as the lumped disturbances, including capaci-
tance parameter dev1at10n AC and unknown load R;,, and measurement noises.
Based on (5.31), the extended system is designed as,

S — 2k 2
{Z ;(]Z) ¢ (5.32)
g =19(t),

where §(t) is the rate of lumped disturbances g.
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5.3.3.1 Extended Sliding Mode Disturbance Observer (ESMDOQO) Design
According to (5.32), the ESMDO is designed,

(5.33)

g = YUsmf,
where g is the estimate value of g, gy, is the ESMDO function to be designed, and v < 0 is the
ESMDO gain.

Combined (5.32) with (5.33), the error system is obtained as follows,

ZL =—25— Usmf,
{; cd ! (5.34)
g= 5(t) — YUsmf,
where Z2 =z—Z2and g =g — g.
The time-derivative of Z can be designed as,
Z = —esign(2) — (2, (5.35)
where ¢ and ( are positive values.
Substituted (5.34) into (5.35), one can be got
L 2
U = esign(2) + (Z — 597 (5.36)
where % g is regarded as disturbance of g, f.
The sliding mode variable is designed as
5= Z. (5.37)
Then to construct the following Lyapunov function for (5.37),
L,
V ==s5". (5.38)
2
The derivative-time of (5.38) is presented,
V=3
2
= 5(—59 — Usmnf)
(5.39)

I
AN

(~ 24— esign(2) - ¢2)
<l (23— <)

,theV <0,t — oo, 1.e.,

It can be concluded that if ¢ > 2||g

5=73=0. (5.40)
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Using (5.34), it can be obtained that

. 2
g+v59-0(t)=0. (5.41)
The solution of g can be got as,
9269%/5@6é“ﬁ+G% (5.42)

where G is a constant. Hence, g can be asymptotically estimated by ¢ and the convergence speed
is related to .
Define voltage regulation error e, = z — z*, in which z* is desired value of z.
Based on (5.31), the error dynamic can be expressed as,
2 2

= St S 5.43

5.3.3.2 ESMDO-based Proportional (ESMDO-P) Control Design
A P controller coupled with the ESMDO for (5.43) is proposed as

C 2
Y= —(—ke, + =9), 5.44
pr =5 (=ke: + =9) (5.44)
where k£ > 0 is controller gain.
Moreover, put the composite controller (5.44), one can obtain the following closed system,
’ k 2 (5.45)
é, = —ke, — =g. .
09
It can concluded that e, converges to zero when ¢ — oo, then z* can be tracked by z, i.e., the
proposed method ESMDO-P can drive dc-link voltage v, to track its reference voltage v},.

5.3.4 Voltage Balancing Loop
In this section, dynamics of the dc-link capacitor voltage difference v, should be maintained
zero to balance the capacitor voltages. Then (5.3) can reexpressed as,

*

09, = —2p U
dc C\/évdc Y

where ., is control input, and ¢ is unknown disturbances.

1
+ Ew, (5.46)

5.3.4.1 Proportional-integral (PI) Control Design

A PI is implemented to balance effectively two capacitors voltage as follows,
Uy = _kpb(@gc) + kip f(f)gc)dta (5.47)

: : 141 SO 0,0 0%
where £, and k;, are control gains with positive values, 05, = v, — vg;.
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Hardware-in-the-Loop Platform

Figure 5.3: The lab-constructed 3L-NPC power converter prototype of Chap. 5.

5.4 Experimental Results

The experiments have been carried out on a lab-constructed 3L-NPC power converter prototype
as shown in Figure 5.3. For the sake of providing a fair comparison, all control schemes are
tuned to the best performance. The parameters of the experimental test bench are summed up in
Table 5.2 and the parameters of the proposed controller gains and the conventional controller
gains are found in Table 5.3.

Table 5.2: Parameters Used For Experiments

Description Parameter Value Unites
Sampling frequency fs 10 kHz
Switching frequency fsw 10 kHz
Grid frequency f 50 +» 45+ 55 Hz
Grid phase voltage Vgbe 110 v
Phase inductor L 5 mH
dc-link capacitor c 1551 uF
Reference output voltage v, 400 < 450 v
Load resistance Ry, 120 < 80 Q

5.4.1 An Overall Evaluation Comparison

To assess the effectiveness and feasibility of the proposed control schemes (LO-STA, ESMDO-P),
the overall comparative behavior between the proposed and the conventional control schemes
(PR, PI) is collected in Figures 5.4 (a) and 5.4(b). For both, the dc-link load maintains 1202,
v}, 1s forced to step from 400V to 450V at 0.1s back to 400V at 0.6s, and the reactive power
reference ¢* steps from OVar to 1000Var at 1.1s then to OVar again at 1.6s during the whole
process. In addition, the balancing voltage loop of both is adopted the same PI control. As it
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Table 5.3: Controllers Parameters of Experiment

Control Current Voltage Voltage
strategy tracking regulation balancing
loop loop loop
Proposed Aa = Ag = 0.3, k=28e—2, | kp=9e—3,
strategy Ya =g =180, | v=—-3e—2, | ki = 6e —4,
4e2
(LO-STA, = € = bed,
—58696
ESMDO-P) ¢ = be3,
Conventional | kpo = kpg = 0.2, kp =0.01, | kp, = 9e — 3,
strategy kro = krg = 200, k; = 0.8, ki, = 6e — 4,
(PR,PI) we = 0.3,

can be seen here, the overall performance of the proposed control scheme is improved, enabling
accurate tracking of current/voltage in steady- and transient states with strong robustness.

5.4.2 Performance Comparisons of Voltage Regulation

To verify the effectiveness and superiority of the proposed ESMDO-P control method over the PI
control method, two cases are discussed: /) the capacitor voltage v}, changes; 2) the dc-load R,
changes. The same test conditions are set up in the current tracking loop and voltage balancing
loop, utilizing the PR controller and the PI controller, respectively. From Figures 5.5 and 5.6,
the proposed ESMDO-P control method not only has the smaller startup overshoot/undershoot
voltage and the shorter settling time, but also has the better static performance in comparison with
PI control method. Contrast details are shown in Table 5.4. As a result, the voltage regulation
performance by the proposed ESMDO-P control method has a great improvement.

5.4.3 Performance Comparison of Current Tracking

To verify the superior performance of the proposed LO-STA control method in terms of current
tracking and grid current total harmonic distortion (THD) over the PR control method, this test
is carried out. Figure 5.7 shows the reactive power reference ¢* steps from OVar to 2000 Var
with v, = 400V, R = 1202, meanwhile, voltage regulation loop and voltage balance loop
are consistently controlled by PI controller. It is obvious that the proposed LO-STA control
method has some promotions compared with the PR control method. Check Table 5.5 for more
comparison details.
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Figure 5.4: An overall evaluation comparison.
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Figure 5.5: Performance comparison of voltage regulation when the capacitor voltage reference
v}, steps from 400V to 450V again back to 400V.
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Table 5.4: Performance Comparison of the Proposed ESMDO-P VS PI

Figure 5.5: ESMDO VS PI

Figure 5.6: ESMDO VS PI

Dynamic Indix (V)
Enhancement
Overshoot voltage no overshoot 67.7%
Undershoot voltage no undershoot 69.7%
Over- settling time 36.4% 68.4%
Under- settling time 44.7% 41.7%

Figure 5.5 (0.5s-0.6s)

Figure 5.6 (0.9s-1s)

Static Indix (V)
ESMDO PI ESMDO PI
Mean error 0.0046 0.0301 0.0065 0.0671
Mean square error | 0.1502 0.1549 0.1361 0.1522
Variance error 0.0362 0.0273 0.0185 0.0187

Table 5.5: Performance Comparisons of the Proposed LO-STA VS PR

Dynamic Indix (A) LO-STA PR Enhancement

Current To 2 3.2 37.5%
undershoot 18 - - -
Settling la le-3 Se-3 80%

time i8 0 2e-5 no settling time

Static Indix (A) LO-STA PR Enhancement
Mean square la 0.0954 0.1945 51.0%
error 8 0.0928 0.1949 52.4%
Variance o 0.0091 0.0379 76.0%
error 8 0.0086 0.038 77.4%
Max current error | 75" 0.32 0.48 33.3%
Max current error | 5" 0.3 0.48 37.5%
THD 1 | 2.8582% | 3.5384% 19.2%
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Figure 5.6: Performance comparison of voltage regulation when the dc-link load steps from
12052 to 8052 again back to 120f).
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Figure 5.7: Performance comparison of current tracking ¢, and ¢g when reactive power reference
steps from ¢*=0Var to ¢*=2000Var.
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Figure 5.8: Capacitance parametric robustness comparison when the capacitor voltage reference
v}, steps from 400V to 450V.

5.4.4 Performance Evaluation with Parametric Robustness

5.4.4.1 Capacitance Parametric Robustness Comparison

To assess the dc-link capacitance C' parametric robustness both the proposed ESMDO-P method
and the PI method, the C'is set as 100%C, 50%C and 150%C under v, steps from 400V to
450V with R, = 120€2. All the above are implemented in current tracking loop using the PR
controller and the voltage balancing loop using PI controller. From the experimental results
shown in Figure 5.8, it is evident that the proposed ESMDO-P method has better robustness
against capacitance parametric variation than PI method.

0.5 ! ! 8
® (osm) | ©

0 0.02 0.04 0.06 0.08 0.1 0.12

Figure 5.9: Current errors performance comparison when exist inductance deviation: 1) LO-STA
(max current error): (a) /" /iF" =0.28A , (b) 75" /i§"=0.35A, and (c) 75" /i§"=0.49A; 2) PR

(max current error): (d) i&"/ ig" =0.41A, (e) ig" / i5"=0.48A, and (f) work improperly.

5.4.4.2 Performance Comparison of Inductance Deviation

To further investigate robustness of the grid-side filter inductance with parametric uncertainty,
the proposed LO-STA and PR methods are verified by setting 50%L, 100%L, and 150%L. The
both control strategies are performed on a real-time Hardware-in-the-Loop due to mechanical
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limitations of the real plant. When the inductance is 50%L, 100%L, 150%L, the details of the
current errors ¢ and 3" are shown in Figure 5.9. Specifically, compared with the PR method,
the proposed method LO-STA mitigates the current tracking error (in the case of 7.’" ) by 39.0%,
23.4% corresponding to 50%L, 100%L., respectively. Furthermore, the current tracking error
of proposed method stays within a reasonable less than 0.5A when the inductance is 150%
L, but the PR method does not work properly as shown in Figure 5.9(f). In summary, it can
be concluded that the proposed LO-STA current control is more robust for current tracking in
dealing with inductance parameter uncertainty.

5.4.5 Performance Comparison of Grid Frequency Variation

To demonstrate the proposed LO-STA current control is superior to the PR control method in
terms of grid frequency variation, this case is verified with grid frequencies 45Hz, 49.5Hz, 50Hz,
and 55Hz, considering the combined active and reactive power injection. The grid frequency
45Hz and 55Hz are selected to make the comparison of test results more obvious. Taking into
account the same test condition, both the voltage regulation loop and the voltage balancing loop
are controlled by the PI controller. From Figure5.10, it can be observed that the current tracking
errors of ¢&" and ig" (max current error) are almost identical (less than 0.35A) by utilizing the
proposed LO-STA control method. However, for the PR control method, when grid-frequency
becomes from 50Hz to 49.5Hz, then to 45Hz and finally to 55Hz, while obvious changes of
the current tacking error increase in the above situation displayed from 0.47A to 0.58A, then to
1.8A and finally to 0.9A, respectively. Hence, it can be concluded that the proposed LO-STA
control is more robust against the grid frequency variation than the PR control. Additionally, the
static performance comparisons between the proposed LO-STA control and the PR control are
shown in Table 5.6, in which proposed LO-STA current control exhibits better static performance.
Based on the above, it can be concluded that the proposed LO-STA current control outperforms
the PR in terms of dealing with the robustness of grid frequency variation.

5.5 Summary

3L-NPC Power converters play an important role in microgrids, as a necessary interface to
microgrids. A reasonable control scheme is a key to achieve high efficiency operation of the
converter. However, some drawbacks associated with dynamic-/steady-state performance and
anti-disturbance capability are present in the type of existing control strategy. This chapter
proposes the robust high-quality current control scheme to address the above problems. Specif-
ically, the STA coupled with the LO current controller is adopted to deal with the sinusoidal
current tracking with inductance/grid frequency deviations and sinusoidal disturbance, ensuring
the current tracking performance. Additionally, the P controller coupled with the ESMDO is
proposed to regulate voltage, achieving fast and accurate tracking voltage. From all experimental
results, it can be concluded that the proposed control scheme can attain exceptional voltage
regulation and current tracking performances such as more stable output voltage, less current
tracking error and lower THD than the conventional control method under various parameter
deviations/disturbances.
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CHAPTER 6

Data-driven Model-Free Adaptive Control for
3L-NPC Power Converters

Model-based control is widely used in converters due to its ease, but it poses challenges when
dealing with inaccurate models, critical loads, and multidisturbances. To fix them, this work
proposes a data-driven MFAC for a 3L-NPC power converter system to realize robust, high-
quality current and voltage control without any system parameters. Specifically, an MFAC
is a potential method for estimating the system dynamics by designing adaptive laws derived
intuitively from Lyapunov theory to regulate current and voltage, guaranteeing self-adaptability
to unmodeled dynamics, model variations, parameter mismatches, and disturbances. Striving for
easier access to adaptive law gains, a particle swarm optimization (PSO) algorithm is embedded
in MFAC to automatically determine them utilizing the fitness function defined by the voltage and
current. Experimental data confirm that the proposal outperforms artificial neural networks-based
PI and super-twisting algorithm-based model control schemes under multi-scenarios in terms of
transient-/ steady-state, grid current harmonic distortions, and robustness.

6.1 Introduction

Power converter control has always aimed at achieving high-quality grid current, accurate voltage,
and (or) current tracking and strong robustness, particularly in critical loads, distorted models,
and parameter mismatches, remaining cost-effective and easy-to-design. Traditionally, PI control
has dominated in various converter domains [166], primarily recognized for its low cost and
simplicity. However, PI control is limited in its adaptation to complex systems, trade-offs between
stability and performance, and concerns regarding robustness. To deal with these issues, [167]
introduces a cascaded proportional control with algebraic estimation for ac/dc converters, aiming
to regulate the average dc-bus energy and instantaneous input power while addressing system
nonlinearity, load power variations, and uncertainties. Certainly, nonlinear control methods
(e.g., multi-agent control [168], sliding mode control [155], neural network control [141], and
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event-triggered control [169] etc.) are also widely developed, enabling providing stability support
during power/current and voltage fluctuations facing disturbances and uncertainties.

An AC method is proposed in [170] for regulating the dc-voltage output of a three-phase
power converter, focusing on estimating the external dc-load disturbances. To successfully
use AC methods, it is usually essential to identify time-varying model parameters or design
adaptive laws; this method cannot be applied when these key parameters are difficult to identify
or estimate online. To circumvent this drawback, an STA control is proposed in [171] to improve
the voltage regulation, addressing the external dc-load disturbances. However, this method needs
to improve on the drawbacks of chattering and poor tracking performance. Then an H, control
strategy is devised to achieve optimal, robust, and multi-variable control, encompassing grid
synchronization, active power, and voltage regulation, specifically tailored for power converters
in [172]. Despite this, this control design approach tends to be overly conservative, prioritizing
robustness at the expense of transient performance, as it conservatively handles worst-case
model uncertainties. The above methods effectively tackle disturbance rejection via FBC [173].
However, FBC adjustment may exhibit a relatively slow response when attenuating strong
disturbances. In contrast, FFC [174] represents a direct and actively prevents disturbances
technique. With the recognition of the benefits of FFC as well as the desire to overcome the
limitations of FBC, disturbance observer-based controls have been highly sought after, such
as [175,176].

A robust control that integrated a DSTO with QISMC is presented in [21], tailored for a 3L-
NPC power converter system, markedly improving power-voltage regulation performance and
anti-disturbance capability. In addition, an observer-based optimal voltage control is proposed
for three-phase uninterruptible power supply systems of [177], utilizing an optimal control term
to minimize system errors and a compensating observer to address uncertainties. These two
ways effectively address multi-disturbance and uncertainty issues, but the models still restrict
them. These methods are often associated with additional assumptions and consider factors
such as model uncertainty, making it difficult to quantify their limitations through physical or
recognition modeling. As a result of these issues, the computation complexity can be increased,
and in some cases, even the performance of the control can be impaired.

MFC, renowned for its simplicity and robustness, is increasingly in demand. It offers the
features: (i) precise control of system dynamics and stability performance without requiring
knowledge of the plant model; (if) ensuring consistent operation even in the face of model
variations. Inspired by this, the idea in [129] is improved current control performance, introducing
a model-free predictive current control (MFPCC) based on an ultra-local model (ULM) with an
ESO for PMSM drives that do not need motor details. Moreover, the bandwidth limitation in
the ESO will reduce the control performance. As a result, [178] proposes the MFPCC based on
ULM using an adaptive sliding mode observer to improve system parameter robustness without
bandwidth limitations relative to [129]. These two methods effectively enhance robustness;
however, ULMs, while inherently addressing local control issues, present complex control
challenges when faced with systems that exhibit significant variability or high non-linearity.
Accordingly, some studies of MFC based on data-driven methods have been conducted for the
power converter system. [84] combines data-driven with dual droop control for ac/dc interlink
converter to achieve effective power sharing. Despite reducing reliance on accurate models, this
control method may face problems due to input coupling and operational constraints in complex
systems. The robust predictive control employs data-driven neural predictors to improve the
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issue, as presented in [179]. This method leverages real-time and historical data to estimate
unknown system dynamics, thereby boosting control robustness and flexibility. It may still be
necessary to carefully tune the architecture and learning parameters of the neural network.

Inspired by the issues above, this work proposes a novel data-driven model-free adaptive
control (MFAC) approach for a 3L-NPC power converter system in MDs, in which the data-driven
MFAC dynamically adjusts real-time input data based on updated system outputs, following
pre-defined adaptive current/voltage laws, while optimizing all MFAC coefficients using the
particle swarm optimization (PSO) algorithm.

Contributions of this work can be summarized as:

1. A data-driven MFAC for the 3L-NPC converter system solely relies on the input and
output data of the system without any of its parameters, achieving accurate current/voltage
tracking while effectively mitigating tracking errors, dynamic over-/under-shoot, and grid
current harmonics, thereby enhancing the system stability, robustness, and flexibility.

2. Towards alleviating the challenge of selecting adaptive coefficients for the data-driven
MFAC, a PSO algorithm is employed to autonomously determine them based on a fit-
ness function defined by the dc-voltage and dqg-current, streamlining manual effort and
enhancing efficiency.

3. A rigorous stability analysis of the data-driven MFAC dynamics of closed-loop systems
provides a theoretical basis for the power converter system, guaranteeing self-adaptability
to unmodeled dynamics, model variations, parameter mismatches, and disturbances.

6.2 Converter Description and Modeling

The topology of the 3L-NPC power converter is depicted in Figure 6.1B, accompanied by the
parameter list provided in Table 6.1. The ac side connects to the three-phase ac power supply
with inductors, while the dc side interfaces with various applications such as photovoltaics, wind
turbines, electric vehicles, etc. Note that dc-link load change can cause abrupt variations in
voltage (active power). The dc-link is connected to an unknown equivalent resistive load to
simplify the following modeling and analysis.

This work adopts the mathematical model of the converter in dg-synchronous reference frame,
as follows [180]:

- . 1 Vdc
g = Wig + Zvd — ﬁud, (61)
g . 1 Vde
lg = —Wiq + qu — ﬁuq, (6.2)
. : r 2.
Vde = Eudzd + Euqzq — G’ZL, (63)
. 2p* 1
Uy, = ug + =1, 6.4

where grid voltages egpe, currents 24p¢, and dc-voltages vgc, Uilc are measured. Based on the

Clarke-Park transformation, the voltage vq4q and currents %4, can be represented. p* is conducted



TN T UM 10JI0AU0D Jamod DIN-TE PoIdUU0d-pLin) 119 IS

CONVERTERS

QO

~

+ =
%’
p
3]

o

[72]

Q-
B
&
=

&l@

\Aw\i.wax bPa— %SH
( bPa+ dPa)=

I

1

1

I

I

I

Y < @

moorwqiomb JuaIINY xY Py "
I

I

1

1

I

I

]

*"d*@

*

dooy Surouereq o3eioA E bpp, VAN | n byl

CHAPTER 6. DATA-DRIVEN MODEL-FREE ADAPTIVE CONTROL FOR 3L-NPC POWER

s R
| ? i rll.ll ,
e 0 A X
(40 wa. |||||||||||||||||||||||||||||| dooy Supyoex Juoumyy “, "
||||||||||||||||||||| _|_|NM\||||||||||||||| ,,‘_ PARE . 0a/0d
T N
“ ] &) &
|y SomoAoIoRd DDA
o BTy
| FrRiitiy
e s @
X o
|
|||||||||||||||||||||||||||||||| N N
|||||||||||||||||||||||||||||||||||||||| |
l 00THTd 0SIMPO0I MEd PPWRIEY Ayl NG L e o e e e e e e e e e e e AN e e M e e e e
1 Ax % cdoleoo & e Wi@i/:\/i :m 0]l | ! 1 Ansnpuy Dv/0d/0V, Iovearg juerd jeoy ﬁuﬁ?tbOU = O<\UQ \
HuoLINO-Py o2 uonoa[as Jywered reo |\ |70 [ q“
l RIER T ,_o.wo:.Jv OFR80E v Ry @ Q m ﬁmﬁ @ :
! 0 00THPd 0SIUPd00I Y cl o ] |
| s & = suoweil 05 OPOEOLOT 0. o L 1 AN DV/Dd/DV| DV/DA SdreyoA0joyd uonE)g JoMog JV/0d A310ud 18O[S!
\ TSR0'8 ¥SR0'8 1001°8 M 4, 1 m _; | 1
JUOLINO-P1 608 3 20ua819AU00 BIRQ Veo oponaed Sunerouan _,“ , @- @l@l Eﬂ%m @D~ ._ ﬂh @ Y |
z (o0 vreqd ] g ! i |
| oo i ] et et m i SAd VDY S puy !
ageypA YuI-o( |, S, uonen[eAd ST ; Foo : dArao OV,
| | Al AR e
0D r09l2 aoeds snonunuo)) Om& UE ! m__<

122



6.3. CONTROL SCHEME DESIGN

123

Table 6.1: List of Nomenclatures

Symbol

Description

€abc
Labe
Vdq
dgq
Udqo
VI
vV Dy

Vde

Ry,

iy

€a; €p, €c| T, grid voltage vector in abc frame

[
[ia,p,1c] 7, grid current vector in abc frame
[va, vg]T, grid voltage vector in dg — axis

[id,i4]7, grid current vector in dg — axis

[ua, ug, uo] T, average duty cycles in dq — awis

n = {a,b,c}, m = {1,2, 3,4}, insulated-gate bipolar transistors
n = {a,b,c}, | = {1,2}, clamping diodes

vgc + vfjc, the sum of dc-link capacitor voltages

dc-link capacitor

filter inductor

total dc load resistance

dc-link load current

Angular frequency of grid voltage

by voltage regulation. v is regarded as the sinusoidal disturbance. 14, u,, and u, make the final
average duty cycle, governing the power converter.

6.3 Control Scheme Design

In this subsection, the approximate model for the 3L-NPC converter system, derived from
dynamic analysis, is presented in Figure 6.1-C. The cascade control system incorporates current
tracking, voltage regulation, and voltage balancing.

6.3.1 Control Objectives

The control structure for the 3L-NPC power converter system is shown in Fig. 6.1-C. The
proposed data-driven MFAC control is employed to achieve three goals: current tracking, voltage
regulation, and capacitor voltage balancing.

1. In the voltage regulation loop, the dc-link voltage is regulated to track its reference value
(i.e., vge — v},.), forced by the active power reference p*, which serves as the input for the
current tracking loop (see Fig. 6.1-C.1).

2. In the current tracking loop, active and reactive currents are utilized to track their references
using control signals v, and u, (i.e., ig — iy and iy — 47), where i3 and i; are derived
from the voltage regulation loop. The signals u,4 and u,, are this loop outputs, while ¢* is
given to adjust the power factor (see Fig. 6.1-C.2).
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3. In the voltage balancing loop, the goal is to minimize the voltage difference across (two)
capacitors (i.e., v5, — 0). The outputs from this loop and the current tracking loop make
the final average duty cycle, governing the power converter (see Fig. 6.1-C.3).

6.3.2 Current Tracking Loop

An MFAC is proposed to drive the dg-current iq — iy, and ¢, — iy in the current tracking
loop, effectively dealing with issues caused by unmodeled dynamics, inductance parameter
mismatches, and disturbances (see Figure 6.1-C.2).

Building upon (6.1) and (6.2), the dg-axis current errors ¢;, and ¢, are defined as follows,

€iy =ty — i, (6.5)
ei, = b — i, (6.6)

where ¢; and 7, are current reference of i4 and 7,, respectively.
By integrating integral terms into (6.5) and (6.6), 8, and 0, can be reexpressed as follows:

t

04 =€, + /\d/ e;,dr, (6.7)
Ot

0, = ei, + )xq/ €;,dT, (6.8)
0

where \; > 0 and )\, > 0 are set.

Remark 6.3.1 7o further eliminate the steady-state errors of (6.5) and (6.6), the integral items
fg e;,dt and fg e;,d7 are introduced in (6.7) and (6.8), which is similar to the design of cop-
ing with input saturation, thereby enhancing the system robustness against uncertainties and
disturbances.

Considering dynamics of (6.7) and (6.8) with (6.1)-(6.2), ones get,

A . 1 Vde

0g = —wig — Zvd + Eud + A€y, (6.9)
A . 1 Vdc

Qq = Wig — E’Uq + iuq + )\qeiq. (610)

Assumption 6.3.1 In the current tracking loop, the dc-voltage vq., dq-current references i and
i, are very slowly during a short sampling period and bounded, i.e., V4. = 0, iy = 0, i;, = 0.

6.3.2.1 Model-free Adaptive Control (MFAC) Design

Theorem 6.3.1 Consider the current tracking error closed-loop systems (6.9) and (6.10) with
the Assumption 6.3.1. Given parameters kg > 0, kg, > 0, \y > 0, A\, > 0, 75 > 0, and
©; > 0 (i € {1,2,3}), if there exist Lyapunov functions Vy(0q, iq, va, €i,) and Vg (04,14, v, €;,)
that are positive definite, and only the adaptive laws (6.16) and (6.19) are designed such that
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the derivatives Vd(Qd, igsVa, €i,) < 0and Vq(Qq, id, Vg, €i,) < 0, then designed MFAC controllers
(6.13) and (6.14) guarantee that the (6.9) and (6.10) stability and assure 0, and 0, converge to
zero as t — o0 in the presence of uncertainties and interactions.

Proof  Construct the dg-current Lyapunov functions,

. Vde
WW@%W@@J: d}: (6.11)

3
Udc 1

Val0g iasvgsie,) = 5 S+ 2L - mﬁx (6.12)

where 7; > 0 and m > 0 are adaptive law gains with i € {1,2,3}. 0;(t) and @;(t) are:

~

5 = sz 51, 5y = 52, and 5 = ”‘dL 53, where 51, 52, and 53 are the d-current adaptive

)\qL
laws; <p1 — @1, 902 — {2, and <P3
adaptive laws

where ¢1, 9, and (3 are the g-current

The model-free adaptive controllers are designed as,

Ug = _kded + Sliq + ngd - 8361}17 (613)
= —k,0, — 114 + P2vq — P36, (6.14)

where k,; and k, is positive constants, 51, 32, 53, p1 P9, and 3 are adaptive law to be design as
follows.

Based on (6.13), the time-derivative along the system (6.11),

3
. . 1~z
%(9d7 iq, Ud,s ezd ed(gd + Ui E 7—5 5
T

zéd(—wz’q —Uq + —ud + )\deld)

L 2L
(% 3 2
dc N

— NG,
2L~ i

Vde XL

:%Hd( k;d9d + 512(] + 62Ud 6561d)

Vde 2Lw . 2 2>\dL
ﬁ( Vde te ;dcvd N Vde eld)
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= 2L (k:de + 612q0d + (52vd9d
- ) 3 1-~=x
_53€id0d> — ﬁ Z _5z51 (615)

To attain Vd(ﬁd, i, Va, €iy) < 00f (6.15), then the adaptive law of the d-current can be designed
as,

~

01 = —ig0a, 0o = —Y2va04, 03 = Y3€;,04, (6.16)

where 13 > 0, 75 > 0 and 3 > 0 are chosen as the gains of adaptive laws.
Substituting (6.16) into (6.15), the (6.15) can be rewritten,

: . Vdc
Vd(Qd, 1q,Ud, eid) = 22 kd(g (617)

when k; > 0 is selected, then the Vd(iq, Vd, €;,) < 0.
Similar to previously discussed (6.15)-(6.17), the time-derivative of (6.12) can be gotten as,

. . . UVdc ~ . ~ -
Vq(efp 14, Vg, Zeq) = ﬁ(kq@? - 901Zd9q + 902%911 - 803€iq9q)

(Y 2 1
dc
_ = @z(oz 6.18

The adaptive laws of g-current can be designed as
951 = Miiqby, 852 = —1)2Vgly, 953 = 773€iq9q- (6.19)
Putting (6.19) into (6.18), the (6.18) can be represented,

V(g i, gy ie,) = ;de 62, (6.20)

when k, > 0 is selected, then the V(6,, 44, v, i) < O.
Integrating both sides of (6.17), one gets,

/ Va(Ba,ig, va, €i,)dT = —%kd/ 0%dr <0, (6.21)
0 2L
that is,
v, / 02dr < Vil0) — Va(oo). (6.22)
0
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Since V,4(t) > 0 and Vd(t) < 0, it can be obtained that,
v, / B2 < Va(0) — Va(oo) < Va(0), (6.23)
due to % kg > 0, one can obtain the following inequality,
/ N 05dr < oo, (6.24)
0
meanwhile, similarly (6.21)-(6.24), it can be also obtained that
/ N f2dr < oo, (6.25)
0
That implies that 0; € £, and 0, € L, i.e., 0, and §, are bounded. On the basis of (6.16) and

(6.19), the adaptive laws 51, 52, 53, 1, P2, and @3 are also bounded.
One can demonstrate the uniform continuity of V; (64, 7., v4, €;,) by analyzing its derivative to

determine if it is bounded. Then Vd(ed, ig; Vd, € ,) is computed,

.. . v .
Va(04,iq,va, €iy) = — %kdaded
1
= — %k’dgd( wiq — Z’Ud
v
+ 2(2ud + )\dezd)
1
=— Udckdﬁd< — Wig — 7 Vd

+i{ kd0d+6llq

+(52'Ud — Sgeid:| + )\deid) . (6.26)

Since 04, iq, V4, €, 51, 65 and 9 are bounded by the virtue that V(@d, i, Vd, €i,) < 0, therefore,

Vd(ﬁd, iq, Vd, €i,) is bounded. Thus, Vd(ed, iq, Vd, €i,) 1s uniformly continuous. It follows form

the Barbalat’s lemma that Vd(Gd, iq,Va, €i,) — 0, as aresult, 65 — 0 as t — oo. Likewise, one

can also get V;(0,, 44, vy, €;,) — 0, hence, 6, — 0 as t — oc. |
Based on Theorem 6.3.1, 0,4 and 6, can asymptotically converge to zero, that is, 74 — 4; and
q — iy. As aresult, MFAC is robust and has a fast convergence rate against disturbances.

Remark 6.3.2 In contrast to model-based control frameworks, the proposed MFAC operates
independently of system models (6.1)-(6.2), thereby eliminating issues caused by model distortion,
unmodeled dynamics, model variations, and parameter mismatches. In this way, the MFAC
control is considered safer and more reliable for converter applications.

6.3.3 Voltage Regulation Loop

An MFAC method is tasked with accurate regulating the dc-voltage vy, to track its reference
value in presence of model distortion, unmodeled dynamic, parameter mismatches, and unknown
external disturbance (see Figure 6.1-C.1).
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Assumption 6.3.2 The dg-current tracking dynamics of (6.1)-(6.2) are much faster than the
dc-link voltage dynamic of (6.3).

According the Assumption 6.3.2, the dynamic of dc-link voltage of (6.3) can be rewritten by
multiplying v,.. This yields,

. Vde . . .
VaeUde = %(udzd + ugty — 204.01,). (6.27)

2
Vde

Considering that (-2

) = V4c0qe, ONE can write (6.27) as,

. Vd . .
VdeVde = Fc(uququ — 2UdclL)- (628)
Taking into account that the voltage generated in the converter terminals is defined as vy s; =
%vdcudq, and that definition of the power consumed in the dc-link is p;, = vg.i1, then, (6.28) can
be rewritten as,

. 2 .
VdcVde = 5@55{%@ —pr). (6.29)

Considering the Instantaneous Power Theory, one can define the instantaneous active power
going into the power converter as py g 1:'0;1; s7tdg> then, (6.29) can be rewritten as,

) 2
Vaclae = = (pvsr —pL), (6.30)

Note that in the dc-link both capacitors are in series, so one can define the equivalent capacitance
of the dc-link as:

C
Ceg = = (6.31)
2
where (., is considered as an unknown parameter. With yields the final expression for the energy
balance as:
1

Ceq

VacVde = (pvsr —pr) - (6.32)

One can define the new variable z = U%, that allows one to write the power consumed in the
load as p;, = é—i. Ry is considered as an unknown external disturbance.

Next, considering that the instantaneous active power going into the power converter comes
from the grid, the instantaneous active power reference must be equal to py g7 to keep the system
balanced. So the dynamic of the dc-link capacitor is represented by:

i p* 2z
= — 6.33
z Coi " RiChy (6.33)
p* is viewed as the desired active power. Then according to (6.33), one can get
2 4
= —p" — —— 6.34
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where C' is the capacitance, considered an unknown parameter. The dc-link voltage regulation
error is defined as,

e, =2 — 2, (6.35)
To reduce the dc-voltage steady-state error, the integral item of (6.35) is introduced as,
t
0,=e,+ )\/ e.dr, (6.36)
to
where A > 0 is set. The time-derivative of (6.36) is
. 2
0,=—=p" e 6.37
ol + R, ok + e (6.37)

Similar to Theorem 6.3.1, the voltage model-free adaptive control of Theorem 6.3.2 can be
obtained as follows.

6.3.3.1 MFAC Design

Theorem 6.3.2 Consider the voltage error closed-loop system (6.37) with Assumption ??. Given
parameters k > 0, A > 0, 1; > 0 (5 € {1,2}), if there exist a Lyapunov function

1 1 &
Va0 2 02) = 5(02+ 55D —CF), (6.38)

Jj=1

that are positive deﬁl_aite, and only the adaptive laws é’l = 120, 62 = pse. 0, are designed such
that the derivatives V,(0,, z,e.) < 0, then the designed MFAC controllers

P = k0. + {1z + G, (6.39)

guarantee that the (6.37) stability and assure the voltage regulation 6, converge to zero as
t — oo in the presence of uncertainties and disturbances.

The stability proof of Theorem 6.3.2 is similar to the Theorem 6.3.1. Omitted here for space.
Consequently, it can be inferred that the dc-voltage regulation error e, — 0 as ¢ — oo, i.e.,
z — z*. Hence, the proposed MFAC method can effectively regulate the dc-voltage v, to follow
its reference v},.

6.3.4 Voltage Balancing Loop

Due to the emphasis placed on the current-voltage control, a PI controller is adopted for balancing
(two) capacitor voltages, maintaining the voltage difference vj, at zero.

6.3.4.1 PI Design
A PI control method is adopted on the basis of (6.4), that is,
Uy = kbp(ﬁgc) + kbi /(f}gc)dt (640)

3 3 HOo o O%*
Here, u, represents the control signal. ky, > 0 and k;; > 0 are control gains. 05, = vg, — v,
where the reference value vj; is set to zero.
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6.3.5 Brief Review on Particle swarm optimization (PSO)-based-MFAC
Optimization Process

Optimizing coefficients (gains) for the MFAC method poses a challenge due to the inherent
complexity of tuning process !. Here, the PSO algorithm [181] is employed as an effective
solution to search and optimize the current MFAC gains: kg4, kg, Aa, Ay, 0, ¥ (0 € {1,2,3}),
and voltage MFAC gains: k., A, (; (j € {1,2}), thereby enhancing current/volatge control
performance and robustness (see Figure 6.1-C.0).

PSO is a swarm-based stochastic method based on the way schooling fish and birds search for
targets or food. Each swarm member is called a particle with the solution to the problem. At the
outset, the algorithm initializes particles with random speed and position. The fitness of each
member is assessed for voltage and current tracking using the fitness function,

t t
Wonin = 0 / to3dr + 0, / t02dT + 07 + 0ot + 03M,, (6.41)
to to (. ~ 4
N -~ voltage

current

where ¢ and o, are weighting factors of current errors 64 and 0, , respectively. ¢, is the rise time
of de-link voltage and o is the weighting factor of ¢,, and M, is the overshoot of the voltage and
02 1s the weighting factor of M,,.

Remark 6.3.3 In the optimization process, the parameters t, and M,, denoting the rise time
and overshoot of the voltage outer loop’s step response, respectively, are nonlinearly mapped
to the adaptive rate parameters. This process formulates their relationship as a black-box
optimization problem, enabling parameter adjustment based solely on system response data
independent of any internal system model. By analyzing the system’s responses to variations
in control parameters, we define a cost function (6.41) to iteratively optimize the adaptive rate
ratios, thereby deriving a set of adaptive rules that meet predefined performance criteria.

Based on the minimum fitness value W, the global best particle (gbest) is chosen. The
movement of particle is influenced by three factors: Experience of gbest; Experience of pbest;
Inertia. The particles in the PSO algorithm updated their velocity and position in the following
formulas:

k+1 _ .k k k k_ gk
Q)m—tg :w’l]m,g —+ c171 (pbestm,g — wm’g) + CaT'g (gbeStg - wm,g)
k+1 k k+1
mmfg =Tm,g T va,rg 642)

wherem =1,2---M,g=1,2---G. To evaluate the PSO method in selecting and optimizing
the MFAC parameters, the PSO parameters are presented in Table 6.2.

'Based on Theorems 6.3.1 and 6.3.2, in the current and voltage MFAC systems, selecting control gains presents
a significant challenge, where manual adjustment becomes laborious or ineffective, resulting in poor performance
and limited adaptability. PSO possesses profits in optimized parameters, likewise: 1) exploring high-dimensional
spaces; 2) good search capabilities; and 3) reducing labor costs. Thus, PSO is a highly effective tool in this study for
optimizing control gains in these systems, ensuring robust performance and adaptability across various operating
scenarios.
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Table 6.2: PSO-MFAC Parameters

Parameters | Indexes Values
M Population of Particles 200
G Dimensional space 9

K Maximum of iterations, where {1---k--- K} | 50

w Inertia weight factor 0.7
c1,C2 Acceleration constant 1
1,72 Random number [0, 1]
Umaz Maximum particle velocity 2
Umin Minimum particle velocity -2

U Particle Position Maximum 10

L Particle Position Minimum le-10
'vfn,g Velocity of particle m at iteration k, -
azfn,g Current position of particle m at iteration k -
pbestﬁ%g pbest of particle m -
gbest’gc gbest of the group -

Algorithm 1: PSO-MFAC Optimization Procedure
Input :Bounds of feasible operating regions
Output : Optimized Wiy,
Begin
Set PSO parameters (particle, run, iteration numbers, etc.)
for each particle m do

Initialize velocity v, and position x,, for particle m;
L Evaluate particle m and set pbest,, = Tm,;

AW N

5 gbest = min{pbest,, }
6 while £ < K do

7 for m=1to M do
8

9

Update the velocity and position of each particle m;
Recalculate fitness function

10 if fitness (vy,) < fitness (pbest,,) then

11 L pbest,, = xpm;

12 if fitness (pbest,,) < fitness (gbest) then

13 L gbest = pbest,,;

14 Print gbest;

A pseudo-code searching procedure of the PSO-MFAC is provided as Algorithm 1. Here, the
proposed PSO-optimized MFAC control with the aim of the W, is evaluated. According to the
principle of PSO algorithm, Fig. 6.2 illustrates the variation of gbest concerning the maximum
number of iterations 50, with varying population. It can be seen that the gbest will be stabilized
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Figure 6.2: The fitness function W,,,;,, with the different number of particles (part.) under iteration

number=50, when Voltage reference v;,.=160V, dc-load R; = 30(2 and reactive power reference
q* = 0.

during the increase in the particles 2. Notably, increasing the number of particles improves the
performance of the algorithm while increasing computation time, so it needs to make trade-offs;
200 particles are selected here. From Fig. 6.3, the PSO-MFAC can yield superior voltage and
dg-current tracking for the 3L-NPC converter. when particles are 200 and iterations are 50.

~ [Median] [525%-75% | =81 [ "Median] [£25%75%) |< O-1[  [-Median] [025%75%)
=160.4| = ;

e z E

2 3 15 0.06]
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g 94 1600169 1600165 o | 8.1001  8.0854 8.0852 | 3002
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Figure 6.3: The range of dc-voltage and dg-current by particle (part.) of population = 100, 150,
and 200 when iteration = 50 with v} =160V, R, = 30(2, and ¢* = 0.

6.4 Experimental Results

In this section, the effectiveness of the proposed PSO-MFAC control scheme is evaluated on a
laboratory-built prototype of a 3L.-NPC power converter, comparing it with the ANN-PI and STA
control schemes, as depicted in Figure 6.4. The experiments are conducted fairly and objectively,
quantitatively and qualitatively, to ensure the assessments are accurate, reliable, and practical.
Parameters of the experimental platform are listed in Table 6.3, and the proposed PSO-MFAC,
ANN-PI, and STA control parameters are shown in Table 6.4.

The impact of particle population on PSO is discussed as: As particle swarms are multiplied, the search time
for finding the global optimum is prolonged, while increasing the number of particle swarms is beneficial in locating
the global optimum. Consequently, this study evaluates the performance and computational time of the particle
swarm in the optimal parameter configuration for the MFAC, selecting 200 as the swarm population and capping the
number of iterations to 50.
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Figure 6.4: The lab-constructed 3L-NPC power converter prototype of Chap. 4.

Table 6.3: Parameters Used For Experiment

Description Parameter | Value Unites
Sampling frequency fs 10 kHz
Switching frequency fsw 10 kHz
Grid frequency f 50 Hz
Grid phase voltage Vabe 50 \"
Phase inductor L 5 mH
Dc-link capacitor C 1551 uF
Load resistance Ry, 30 < 40 Q
Reference output voltage | v}, 140 < 160 \Y%
Reactive power q* —300 < 300 | Var

6.4.1 An Overall Evaluation Comparison

The overall assessment of the 3L-NPC power converter system is very important for validating
the effectiveness of the proposed PSO-MFAC scheme. This test compares three control schemes,
PSO-MFAC, ANN-PI, and STA, to determine their performance in regulating voltage and
tracking current. The control performances for all the above methods are shown in Figure 6.5.
It is evident that the proposed PSO-MFAC scheme outperforms the ANN-PI and STA control
schemes regarding faster transient response speeds, better steady responses, less over-/under-
shoot of the dc-link voltage when varying, and lower grid current THDs when changing reactive
power.

6.4.2 Comparative Voltage Regulation Performance

The effectiveness and superiority of the proposed PSO-MFAC method are verified by comparing
STA and ANN-PI control schemes through the dc-link voltage changes, as shown in Figure
6.6. Utilizing PI control for the current and the balancing loops ensures fairness in the voltage
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Table 6.4: Controller Parameters

Control Voltage Power Voltage
ontro
Sch Regulation | Tracking Balancing
cheme
Loop Loop Loop
kq =k, =0.89
k. =0.14 @7 N
Ad=Ag =122
Proposed A="T.1le—4 =032 Ky, = 1.5
PSO-MFAC |G = 2.2¢—8 | 1~ "~ 012 ki = 0.15
Co=3leg |2~ 7"
3 =13 = 0.34
Lo — del /{de = k‘qp = —5.5e—3
ANN-PI P kgi = kgi = —be — 5
k’m‘ = 8e3 kbp =1
based g3 = g4 = He—4
ay1 = 5e—10 kbi =0.1
[179] g5 = Qge = 4e—2
09 = 4e—9
Qg7 = Qg8 = le—5
STA
based L, = 1.3e3 lg =g = 7e3 Ky, = 1.2
(72] p.=2.9e6 |pg= pg=Ted kp; = 0.2

Table 6.5: Comparisons of PSO-MFAC, ANN-PI, and STA Methods

Voltage Regulation Indix | PSO-MFAC | ANN-PI STA
(Figure 6.6: 0.25s-0.3s) Method Method | Method
UST! 0.05 0.058 0.06
OST? 0.047 0.058 0.06
Indix vg.(V) ME? 0.0155 0.0172 | 0.0192
MSE?* 0.2417 0.2742 | 0.2974
VE® 0.0583 0.0660 | 0.0750
Indix vy.(V) PSO-MFAC vs ANN-PI | PSO-MFAC vs STA
Enhancement%
UST! 13.79% 16.67%
OST? 18.97% 21.67%
ME3 9.88% 19.27%
MSE* 11.85% 18.73%
VE® 11.67% 22.27%

1: Under-settling Time (s) 2: Over-settling Time (s); 3: Mean Error; 4: Mean Square
Error; 5: Variance Error.
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Figure 6.5: An overall evaluation comparison under v}, is from 160V — 140V — 160V, ¢* is
from O — 150Var — 0 with R; = 30f).

165 ' ‘ - ] ' afpH] 0.25-0.35)7 0.35-04s |
" vsp =4V | s 17739 4 %
—, s 1-5625;/ 18168 o
S ||—vicpsomrac 5 s L5
< —Uge ANN-PI ta, = 0.06s EQ 1.17 113899 S e
Z150F | —vg, STA — =Tl 112
S ts, = 0.058s sS I | 1109 ==
\ S °z
y ||ty = 0.05s t3r = 0.06s| & S
V3|, = 4V
135 1 1 1 0 0
0 0.1 0.3 0.4 PSO-MFAC ANN-PI  STA

Time [s]

Figure 6.6: The voltage performance comparison: (a) (Transient-state) v, from 160V to 140V
back to 160V set at 30€2 with ¢* = 0; (b) (Steady-state) grid current THD under 160V and 140V,

respectively.

regulation comparisons, as shown in Figures 6.6, it has been demonstrated that the proposed
control PSO-MFAC method can produce better transient and steady-state voltage regulation
performance. A detailed analysis of the performance of the proposed method shows that it
exhibits smaller grid current THD, over-/under-shoot voltage, and faster convergence properties
than STA and ANN-PI methods. Once again, the above point of view is borne out by the

comparison presented in Table 6.5.
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Figure 6.8: Comparative voltage regulation performance under external dc-load variation: Ry,
from 3012 to 402 back to 30€2, v}, = 160V, and ¢* = 0.

6.4.3 Comparative Current Tracking Performance

A comparison is made with ANN-PI and STA control methods to evaluate the performance
of the PSO-MFAC method in current tracking and grid current quality. The reactive power
reference is obtained by adjusting the g-current reference i;. The operating condition is as
follows: the PI control method is utilized for both the voltage regulation and balancing voltage
loops. The control above methods are utilized to track the 7;, as depicted in Figure 6.7. From
Figure 6.7, the proposed PSO-MFAC method achieves superior reactive current (7,) control over
STA and ANN-PI methods. In particular, PSO-MFAC exhibits a faster convergence speed for ¢,
without overshooting or undershooting under a 200Var reactive power load while maintaining
high-quality sinusoidal waves in grid-side currents. From the perspective of grid-side current
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Table 6.6: Comparisons of PSO-MFAC, ANN-PI, and STA Methods

Current Tracking Indix | PSO-MFAC | ANN-PI STA
(Figure 6.7: 0.25s-0.3s) Method Method | Method
UST! le-4 Te-4 2e-4
OST? le-4 8e-4 3e-4
Indix 1, (A) THD 1.0517% | 1.6590% | 2.0393%
ME? 0.0006 0.0019 | 0.0019
MSE* 0.0808 0.0950 | 0.0907
VE® 0.0065 0.0090 | 0.0083
o PSO-MFAC vs ANN-PI | PSO-MFAC vs STA
Indix i4(A)
Enhancement%
UsT! 85.71% 50%
OST? 87.5% 66.67%
THD 36.61% 48.43%
ME? 68.42% 68.42%
MSE* 14.95% 10.92%
VE® 27.78% 21.69%

1: Under-settling Time (s) 2: Over-settling Time (s); 3: Mean
Error; 4: Mean Square Error; 5: Variance Error.

quality, the THD of 7, obtained by the proposed PSO-MFAC (1.0517%) is lower than that of
the ANN-PI (1.659%) and STA (2.0393%) methods. Performance indices for reactive power
and grid-side current are presented in Table 6.6. The proposed PSO-MFAC method outperforms
others regarding grid-side current quality and current tracking performance.

6.4.4 Robustness Evaluation with External Disturbance

As depicted in Figure 6.8, comparisons are conducted among the proposed PSO-MFAC, ANN-
PI, and STA methods in order to validate the robustness of the above methods to external
disturbances. The current tracking and voltage balancing loops utilized the PI method under the
operational conditions. From Figure 6.8, it is evident that the proposed method outperforms the
ANN-PI and STA methods in terms of voltage regulation, particularly when external disturbances
fluctuate (30£2—40¢2, then 40£2—30(2), resulting in smaller voltage amplitude variations and
faster convergence rates.

6.4.5 Robustness Evaluation under Parameter Mismatches

The robustness of the proposed PSO-MFAC is evaluated parameter mismatches by comparing
it to the STA and ANN-PI methods, considering deviations from the nominal inductance (L)
and capacitance (C). This evaluation considers three scenarios for L and C: 50% L/C', 100%
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L/C, and 150% L/C'. For inductance mismatches, the current tracking loop is controlled using
PSO-MFAC, STA, and ANN-PI methods, respectively, and the voltage regulation and balancing
loops are controlled using ANN-PI and PI methods. Under capacitance mismatches, the voltage
tracking loop employs PSO-MFAC, ANN-PI, and STA control methods for tuning, respectively,
while current regulation and voltage balancing loops are handled by ANN-PI and PI control
methods.

Table 6.7: Comparisons of PSO-MFAC, STA and ANN-PI Methods

Voltage Regulation Indix | PSO-MFAC | ANN-PI STA
(Fig. 6.8: 0.5s-0.6s) Method Method Method
UST! 0.005 0.009 0.018
UVv? 2.14 4.52 6.91
OST? 0.006 0.01 0.018
Indix vg.(V) ov? 2.14 7.86 10.5
ME® 2.036e-4 | 3.8083e-4 | 4.5009¢-4
MSES 0.0838 0.0889 0.0944
VE’ 0.0070 0.0079 0.0089
Indix (V) PSO-MFAC vs ANN-PI | PSO-MFAC vs STA
¢ Enhancement(%)
UST! 44.44% 72.22%
UVv?2 52.65% 69.03%
OST? 40% 66.67%
ov? 72.77% 79.62%
ME® 46.54% 54.76%
MSES 5.74% 11.23%
VE’ 11.39% 21.35%

1 Under-settling Time(s); 2 Under-voltage(V); 3 Over-settling Time(s); 4 Over-voltage(V); 5
Mean Error; 6 Mean Square Error; 7 Variance Error.

The experimental results of robustness evaluation under capacitance and inductance mis-
matches are shown in Figures 6.9 and 6.10. The proposed PSO-MFAC method achieves lower
grid-side current THD value (between 1.1746% and 1.7555%), outperforming both the ANN-PI
(1.2186% — 2.4829%) and STA (1.4993% — 2.9324%) methods. These outcomes indicate
that the PSO-MFAC method provides good robustness under conditions of inductance and
capacitance parameter mismatches, as depicted in Figure 6.9. The voltage root mean square
(RMS) value of the proposed PSO-MFAC method is within the range 0.1186 — 0.2672, which
indicates that the reference voltage is more closely aligned with actual voltage than those of the
ANN-PI (RMS value: 0.2634 — 0.2921) and STA (RMS value: 0.2315 — 0.3939) methods,
thus providing better parameter robustness against parameter mismatches (inductances and
capacitance) as illustrated in Figure 6.10 (a), (b), and (c). To assess the reactive current tracking
process against the inductance mismatch capacity, the proposed PSO-MFAC, ANN-PI, and
STA control methods are evaluated experimentally, as shown in Figures 6.10 (d), (e), and (f).
Accordingly, the proposed PSO-MFAC is strong robust against parameter mismatches due to a
smaller current RMS value (range: 0.0245 — 0.1173), while the range power RMS values for
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Figure 6.9: THD of grid-side current under inductance and capacitance mismatches under v}, is
160V, Ry is 3012, and ¢* = 100 Var.

ANN-PI and STA are (0.0515 — 0.1652) and (0.0311 — 0.1705), respectively. Consequently, the

proposed PSO-MFAC provides an anti-disturbance capability against capacitance and inductance
parameter mismatches.

6.4.6 Versatile Multi-scenario Performance Assessment

To assess the versatility and adaptability of the proposed PSO-MFAC method in multi-scenario,
this test introduces a new experimental configuration. In this setup, the dc-loads are replaced with
a simulated dc-source, while a 3L-NPC converter performs the role of an interlinking converter,
enabling ac-dc and dc-ac bidirectional power conversion.

In the multi-scenario performance evaluation of the converter, the proposed PSO-MFAC
method is validated using current tracking and grid-side current THD as metrics, and its perfor-
mance is compared with that of ANN-PI and STA methods. The test setup involves: 1) ac-dc
conversion mode: the reactive power injection ¢* is from 0 to 300 Var and the active power
injection p* from 450 W to 580 W, as presented in Figure 6.11.a-c, and 2) ac-dc conversion
mode: ¢* is from 0 to 300 Var, and p* is from -450 W to -580 W, as illustrated in Figure 6.11.d-f.
Compared to ANN-PI and STA control methods, the PSO-MFAC approach exhibits faster current
tracking during active and reactive power injection in both ac-dc and dc-ac modes, reducing the
ripple in power current. The PSO-MFAC presents a lower grid current THD during reactive
power injection. Consequently, the proposed PSO-MFAC achieved these excellent performance
results despite various factors, such as parameter mismatch, noise disturbance, and modeling
errors in the multi-scenario evaluation.
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Figure 6.10: Parameter mismatches comparison (steady-state) under v, is 160V and Ry, is 302
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Figure 6.11: Comparative power tracking performance with ¢* from 0 to 300Var back to 0,

vz,=160V, and R;=30.
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6.5 Summary

This chapter presented a data-driven MFAC for the 3L-NPC power converter system in micro-
grids, effectively improving voltage and current quality without any system parameters while
guaranteeing system stability, robustness, and flexibility. A data-driven MFAC was implemented
to track voltage and current accurately by designing adaptive laws based on Lyapunov theory,
which ensured self-adaptability to variations in dynamics, parameters, and disturbances, multi-
scenarios. To facilitate access to adaptive law gains, the data-driven MFAC used a PSO algorithm,
a metaheuristic optimization algorithm, to automatically determine gains, reducing manual effort.
Finally, experimental results confirmed that the proposal outperformed both ANN-PI and STA
control schemes in terms of dynamic response, THDs, and robustness. Specifically, overall
experiment results show that the proposed control scheme:

1) eliminates over-/under-shoot voltage while improving over-/under-settling time by 11.43% ~
14.29%, 22.25% ~ 25% respectively;

2) enhances ultimately current convergence speed (no over-/under-shoot in dg-current), and
improves grid current THD by 20.66%, 44.59%, respectively;

compared to ANN-PI and STA control schemes.
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CHAPTER 7

Conclusions and Outlooks

This dissertation is carried out mainly to address the key issues under multi-disturbances, such
as power/current quality, capacitor voltage imbalance, and dc-voltage regulation of the 3L-
NPC power converter in microgrids, achieving high power conversion efficiency. Confronting
these issues, this dissertation proposes control schemes for the converter, featuring efficiency,
reliability, stability, and robustness, which can meet the requirements and applications for high
power penetration in microgrids. Outlook is lastly shared.

7.1 Conclusions

Ch.1 outlined the background of a 3L-NPC power converter in microgrids, identifying the
research motivations and control objectives. Then, the state-of-the-art control techniques were
discussed. Moreover, an overview of the thesis organization was summarized.

Ch. 2 introduced the working principle, mathematical modeling, and pulse width modulation
techniques of the 3L-NPC converter. Based on the above, Ch. 3 proposed a new disturbance
super-twisting observer-based quasi-integral sliding mode control (DSTO-QISMC) scheme for
the 3L-NPC power converter in microgrids to address power ripple, voltage swings, and weak
anti-disturbance, raising power/voltage regulation performance and anti-disturbance capability.
A DSTO was used to offset multi-disturbances caused by parameter mismatches, unknown loads,
current path changes, switch mode noise, and self-compensating power/voltage tracking biases
in QISMC. To further mitigate power/voltage steady-state error and boost system robustness, a
new quasi-integral sliding mode surface was built, inherently improving power/voltage tracking
performance. Rigorous stability analysis of the discrete-time dynamics of the corresponding
power/voltage system provided a theoretical basis for the 3L-NPC power converter system. The
experimental tests showed that the proposed control outperforms the discrete-time extended state
observer-based quasi-integral sliding mode control (DESO-QISMC), discrete-time super-twisting
observer-based quasi-sliding mode control (DSTO-QSMC), and discrete-time proportional-
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integral (DPI) control under different scenarios.

To customize the designs and optimizations for each control structure outlined in Ch. 3,
Ch. 4 was proposed. Additionally, Ch. 4 improved the capacitor voltage balancing issues. In
detail, Ch. 4 proposed an effective robust adaptive sliding mode control scheme, including
three composite controllers, was developed to improve the control performance of the 3L-NPC
power converter in microgrids against multi-disturbances in Ch. 4. The adaptive observer-based
proportional (AO-P) controller was applied to regulate the dc-link voltage in the presence of
the unknown dc-link equivalent loads. The disturbance observer-based integral Sliding mode
control (DO-ISMC) was implemented to track the power references in the face of lumped
disturbances caused by system parameter mismatches, unmodeled dynamics, measurement noise,
and bias caused by current path changes and switch mode noise. The sliding mode observer-
based proportional (SMO-P) was designed to balance (two) capacitors, avoiding ac-voltage
low-frequency oscillation. Experimental results confirmed that the proposed control scheme
outperformed the super-twisting observer-based integral sliding mode control (STO-ISMC),
super-twisting algorithm (STA), and proportional-integral (PI) control schemes in terms of
dynamic response, THDs, and anti-multi disturbances.

On the other hand, designing a suitable high-quality current control scheme featuring superior
dynamics, strong robustness, and simple structure is a promising solution to guarantee the more
efficient operation of the converter. Ch. 5 proposed the robust high-quality current control
(STA-based extended sliding mode disturbance observer (ESMDQ)) scheme to address the
above problems. Specifically, the STA coupled with the Luenberger observer (LO) current
controller was adopted to deal with the sinusoidal current tracking with inductance/grid frequency
deviations and sinusoidal disturbance, ensuring the current tracking performance. Additionally,
the proportional (P) controller coupled with the ESMDO was proposed to regulate voltage,
achieving fast and accurate tracking voltage. From all experimental results, the proposed control
scheme attained exceptional voltage regulation and current tracking performances, such as more
stable output voltage, less current tracking error, and lower THD than the proportional resonance
(PR)/PI control method under various parameter deviations/disturbances.

However, the control schemes above for the converter are model-based, and specific challenges
are present when confronted with inaccurate models, critical loads, and multiple disturbances.
Therefore, Ch. 6 presented a data-driven model-free adaptive control (MFAC) for the 3L-NPC
power converter system in microgrid systems effectively improving voltage and current quality
without any system parameters while guaranteeing the system stability, robustness, and flexibility.
An MFAC was employed to achieve accurate voltage and current tracking through the design
of adaptive laws based on Lyapunov theory, which ensured self-adaptability in the face of
unmodeled dynamics, model variations, parameter mismatches, and disturbances. To facilitate
access to adaptive law gains, MFAC used a particle swarm optimization (PSO) algorithm to
automatically determine gains, reducing manual effort. Finally, experimental results confirmed
that the proposal outperformed the artificial neural networks-based PI (ANN-PI) and super-
twisting algorithm (STA) control schemes regarding dynamic response, THDs, and robustness.
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7.2 Outlooks

Considering the high penetration rate of power converters in microgrids, a scalable and flexible
control scheme is urgently needed.

Distributed control strategy: As microgrid systems become more complex, the limitations
of centralized control for multiple power converters become apparent. A distributed
control strategy facilitates decentralization by allowing local information exchange, thereby
improving the flexibility, and scalability of the converter system.

Intelligent perception performance: Integrating artificial intelligence technologies, such as
neural networks, expert systems, fuzzy logic, and machine learning, into converter systems
control for microgrid applications can enhance system adaptability and decision-making
efficiency, facilitating autonomous reactive power compensation, voltage and frequency
regulation, and promoting black start recovery.

In summary, developing distributed control strategies, and intelligent perception and control
techniques are crucial for the future of microgrid converter control. These advancements will
enhance the reliability, efficiency, and scalability of microgrid systems, making them more
capable of satisfying the demands of modern power networks.
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APPENDIX B. NOMENCLATURE

APPENDIX B

Nomenclature

B.1 Abbreviarions

3L-NPC
DPC
DCC
PID

P

PI

PD

DPI

PR
SMC
HOSMC
SOSMC
ISMC
CSMC
DSMC
QSMC
QISMC
ASMC
STA
AC
MRAC
STC

Three-level power converters
Direct power control

Direct current control
Proportional-integral-derivative
Proportional

Proportional-integral
Proportional-derivative
Discrete-time proportional-integral
Proportional resonance

Sliding mode control

High-order sliding mode control
Second-order sliding mode control
Integral Sliding mode control
Continuous-time SMC
Discrete-time SMC

Quasi-sliding mode control
Quasi-integral sliding mode control
Adaptive sliding mode control
Super-twisting Algorithm
Adaptive control

Model reference adaptive control

Super-twisting control
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MBAC
MFAC
MFPCC
MFC
FFC
FBC
ANN
SO
DO
LO
ROO
SMO
AO
STO
DSTO
PO
UIOs

I-EID based-estimator

ESMDO
ESO

AO-P
DO-ISMC
SMO-P
STO-ISMC
ESMDO-P
LO-STA
PSO

ULM
PSO-MFAC
ANN-PI
DSTO-QISMC

DSTO-QSMC

DESO-QISMC

DESO-QSMC

THD

Model-based adaptive control

Model-free adaptive control

Model-free predictive current control

Model-free control

Feedforward control

Feed-back control

Artificial neural network

State observer

Disturbance observer

Luenberger observer

Reduced-order observer

Sliding mode observer

Adaptive observer

Super-twisting observer

Disturbance super-twisting observer

Perturbation obserevr

Unknown input observers

Improved equivalent input disturbance based-estimator
Extended sliding mode disturbance observer

Extended state obserber

Adaptive observer-based proportional

Disturbance observer-based integral Sliding mode control
Sliding mode observer-based proportional

Super-twisting observer-based integral sliding mode control
Extended sliding mode disturbance observer-based proportional
Luenberger observer-based super-twisting algorithm
Particle swarm optimization

Ultra-local model

Particle swarm optimization-based model-free adaptive control
Artificial neural network-based proportional-integral
Discrete-time super-twisting observer-based
quasi-integral sliding mode control

Discrete-time super-twisting observer-based

quasi-sliding mode control

Discrete-time extended state observer-based
quasi-integral sliding mode control

Discrete-time extended state observer-based

quasi-sliding mode control

Total Harmonic Distortion
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APPENDIX C

Testbench

This work verifies the effectiveness of the proposed control scheme on the lab-constructed
3L-NPC power converter prototype, as shown in Figure C.1. It is essential to consider the
required infrastructure for implementing the proposed research. Here are the key points for the
infrastructure needed to implement the proposed method.

C.1 Flow Diagram of the Experiment Infrastructure

The core components of the experimental infrastructure for implementing the suggested method
include the Chroma 61830 Grid Simulator, & 50A current sensors, == 800V voltage sensors,
imperix passive filters box, 3L-NPC power converter PEN8018, B-Box RCP?* control platform,
and RT BOX Hardware-in-the-Loop platform, as shown in Figure C.1. These devices and
platforms offer a wide range of features and technical specifications, making them ideal for
conducting power electronics experiments and validating the proposed control schemes. The
following will provide a detailed description.

C.2 Grid Simulator (Chroma 61830)

The Chroma 61830 offers testing solutions required when connecting to the grid. It features
full four-quadrant operation, energy regeneration, and voltage waveform editing capabilities
(e.g., simulating voltage dips and voltage harmonic distortion) to meet the regulations above and
testing standards. Most importantly, the Chroma series provides an energy-efficient solution as
the energy generated during testing can be fed back into the grid using this instrument rather
than dissipating as heat. In addition to distributed energy source testing applications, the Chroma
61830 regenerative grid simulator can also be used for testing other green energy-related products,
such as vehicle-to-grid (V2G) applications and energy storage systems (ESS).
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Figure C.1: The constructed 3L-NPC power converter prototype.

C.2.1 Feature

(1) Voltage: 0 ~ 300 V;

(2) Frequency: DC, 30 Hz 100 Hz;

(3) Energy regenerative function: 100% rated current recycling capability;

(4) Conform with the test applications of PV inverter, Smart Grid, and EV associate products;
(5) Selectable 1-phase/3-phase AC output;

(6) Controllable voltage and frequency for change rate;

(7) Output limit setting for voltage and current;

(8) Voltage waveform setting for 0 ~ 360 switching degree;

C.2.2 Specification

Table ?? lists the specifications of chroma 61830 grid simulator.
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Table C.1: Key Features and Specifications of Current Sensors

No. | Key features and specifications
1 |£50A measuring range
2 10.2-6mm? conductor cross-section (AWG 10-24)
3 | Minimum 200kHz measurement bandwidth
4 | Balanced full-differential signal output
5 |Typical sensitivity of 99.0 mV/A
6 | 1.0 kVpgk galvanic isolation (permanent)
7 |%0.45% typical precision
8 | Compatible with standard + 15V power supplies
9 | Mountable on 35mm DIN rails

C.3 Current Sensors (£ 50A Din Rail-mountable Current
Sensors)

The ModuLink £ 50A isolated current sensors are easy-to-use devices, tailored for power
electronics applications. When employed with Imperix’s BoomBox control platform, the sensors
provide plug&play connectivity and can be directly powered by the control platform. The devices
produce a balanced full-differential output signal, proportional to the current voltage. For best
EMC performance, the output signal is typically carried by a shielded twisted pair embedded in
RJ45-type cables. Modulink sensors can be easily clipped on 35mm DIN rails and are compatible

with up to 6mm?2 wires. They guarantee the galvanic isolation of the sensing circuit up to 1

C.3.1 Key Features and Specifications of Current Sensors

Table. C.1 lists the key features and specifications of current sensors.

C.4 Voltage Sensors (+ 800V Din Rail-mountable Voltage
Sensors)

The ModuLink +800V isolated voltage sensors are easy-to-use devices, tailored for power
electronics applications. When employed with Imperix’s BoomBox control platform, the sensors
provide plug&play connectivity and can be directly powered by the control platform. The devices
produce a balanced full-differential output signal proportional to the sensed voltage. For best
EMC performance, the output signal is typically carried by a shielded twisted pair embedded in
RJ45-type cables. Modulink sensors can be easily clipped on 35mm DIN rails and are compatible
with up to 6mm 2 wires. They guarantee the galvanic isolation of the sensing circuit up to 1
kVgrums. The voltage sensors are intended to enhance accuracy, with a minimum requirement for
offset compensation.
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Table C.2: Key Features and Specifications of Voltage Sensors

Z
o

.| Key features and specifications

4800V measuring range

Minimum 60 kHz measurement bandwidth
Balanced full-differential signal output

Typical sensitivity of 2.46 mV/V

1.2 kVpk galvanic isolation (permanent)

+ 0.15% typical precision

Compatible with standard + 15V power supplies
Mountable on 35mm DIN rails

O 9N N B~ W=

Table C.3: Components of Filters Box

No.|Designation ‘Manufacturer ‘ Picture

Auxiliary power supply |Delta electronics
Fuse Bel fuse inc.

Fan speed controller CZB

Cooling fan (3x) Orion Fans

Inductor (6x, 2.2mH,32A)Hahn

EMC filter (2x) Schaffner EMC inc.
Film capacitor (3x, 10uF) |Arcotronics/KEMET,
Damping resistor(3x, 1€2) [Ohmite

0N Nk W

C.4.1 Key Features and Specifications of Voltage Sensors

The following Table C.2 lists the key features and specifications of voltage sensors.

C.5 Imperix Passive Filters Box

The passive filter box contains essential components for interfacing power converters with differ-
ent loads. Individual sockets for 4mm laboratory plugs enable simple connection/disconnection
from/to external components. For instance, Imperix type C enclosures offer similar connectivity
for all types of power modules.

C.5.1 Internal Components

The system can be used for up to two inverters (three phase), or within back-to-back configura-
tions. The passive filters box essentially implements:
(1) 6x power inductors rated 2.2mH/32A.

(2) 2x EMC filters with star-connected capacitors. The filters box embeds the components in
Table C.3.
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C.5.2 Main Electrical Schematic

The main power circuits are flexible and can be used in reconfigurable power converter systems.
They consist of independent elements, including inductors, EMC filters, and associated capacitors
and resistors.

C.5.3 Main Electrical Specifications

These specifications include operating AC voltage, current, inductance, output filter capacitance,
and resistance.

C.6 3L-NPC Power Converter PENS018

The 3L-NPC Power converter PEN8018 modules are designed for low-voltage power converters.
The mechanical design is tailored for 19" rack integration with simple interconnections and
direct connection to a BoomBox or any other control platform. Each module contains an NPC
cell, corresponding to four power switches and two diodes. Direct access to the gating signals is
offered using optical fiber inputs, while embedded measurement circuits provide direct analog
outputs related to one of the half DC link voltages and the AC output current using galvanically-
isolated sensors. Over-voltage, over-current and over-temperature protections are also integrated
on the board for safer use in R&D applications. Besides, these protections are user programmable
through a simple onboard micro-controller and a CPLD. Finally, the possibility to use alternative
or customized mezzanine boards enables the compatibility with future developments and onboard
data processing.

C.6.1 Typical Applications

The modules are ideally suited to build ambitious prototypes of low-voltage NPC power con-
verters, ranging from conventional three-phase three-level inverters to more complex multilevel
topologies. Typical power ratings are around 10 kW, depending on the nominal DC link voltage
and the switching frequency.

C.6.2 Key Features and Specifications & Main Components

Table C.5 lists the key features, specifications, and main components of 3L-NPC Power Converter
PENS8O018.

C.7 Control Platform B-Box RCP>"

: The B-Box RCP (DSP+FPGA controller for rapid control prototyping applications) is a highly
flexible power converter control system, tailored for rapid control prototyping applications in
power electronics. Thanks to its high performance and flexibility, it facilitates the experimental
validation of power converters control techniques in laboratory environments.
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C.7.1 Hardware Components

(1) Embedded Computing Unit: B-Box RCP3? is equipped with an embedded computing unit,
typically utilizing a high-performance multi-core processor for executing control algorithms,
data processing, and real-time operations.

(2) Communication Interfaces: B-Box RCP? supports a variety of communication interfaces,
including Ethernet, CAN bus, UART, USB, and others, for connecting to external devices,
sensors, and actuators to facilitate data transmission and control.

(3) Expansion Slots: The platform typically includes expansion slots, allowing users to add
additional hardware modules as needed, such as extra input/output modules or specific interface
modules.

C.7.2 Software Platform

(1) Embedded Operating System: B-Box RCP3? runs on an embedded operating system to
ensure real-time operation and stability for the execution of control algorithms and applications.
(2) Control Algorithm Development Tools: Developers typically use specialized software tools
such as PLECS/MATLAB to design, test, and deploy control algorithms.

(3) Communication Protocols: It supports various communication protocols to exchange data
with other devices and systems, such as TCP/IP, Modbus, and others.

C.7.3 Data Storage and Management

(1) Data Storage Device: B-Box RCP3? includes built-in storage or supports external storage
media for storing data, logs, and configuration files.

(2) Data Management Software: It often includes data management software for recording,
retrieving, and analyzing the system’s operational data, supporting remote monitoring and fault
diagnosis.

C.7.4 Power Supply
Power Module: B-Box RCP?? is equipped with a power module to provide a stable power supply,
ensuring the system’s proper functioning.

C.7.5 Mechanical Structure and Casing

(1) Mechanical Structure: B-Box RCP3? has specific physical dimensions and mechanical
structure to accommodate various applications and installation requirements.

(2) Casing: The platform typically includes a casing to protect internal components from
environmental conditions.

C.7.6 Specification

Table C.5 lists the specification of B-Box RCP3?,
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Table C.5: Key Specifications of B-Box RCP3*

Indexes Channels
System on chip Zynq XC7Z030-3 1
ARM cortex A9 1GHz
Processor 2
1GB DDR3
Kintex 7 125K (main) 1
FPGAs - —
Artix 7 35T (auxiliary) 1
Anglog inputs 16bits @ 500ksps 16
Incremental decoder 3-pins (A,B,Z) 4
input (shared with GPI inputs)
Optical 16
PWM outputs -
Electrical (3.3V) 32
User I/0Os Electrical (3.3V) 36
high-speed (bi-directional)
IN, electrical (3.3V/5.0V 16
Gereral-purpose 1/0s eee rlc.a ( )

OUT, electrical (3.3V/5.0V) 16
Electrical (3.3V) 16

Fault inputs Electrical interlock 1
Optical interlock 1

Optical interlock 1

Communication Ethernet 1 Gbps 1
SFP+5Gbps (Real Sync) 3

C.8 Hardware-in-the-Loop Platform-RT BOX

The RT Box is a hardware-in-the-loop (HIL) simulator designed for engineers. It is most suitable
for simulating power electronic circuits of moderate complexity and single-tasking control
prototyping. Here are some key features and technical specifications.

C.8.1 Processor

The RT Box is equipped with a Xilinx Zynq Z-7030 system-on-chip that contains two CPU cores
on an FPGA. One core is dedicated to real-time simulation, while the other runs an embedded
Linux for communication and ancillary services. The FPGA fabric is used to control analog-to-
digital converters (ADCs) and digital-to-analog converters (DACs) for analog channels, as well
as for pulse-width modulation (PWM) generation and capture on digital channels.
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C.8.2 Simulation Time Steps

The simulator can achieve simulation time steps as low as 1 us for small power electronic circuits
like DC-DC converters.

C.8.3 Scalability

For larger systems such as multi-level inverters, multiple units of RT Box can be interconnected
using high-speed serial communication links. The RT Box, in particular, has four high-speed
bi-directional links, each supporting a data rate of 6.25 Gbit/s. Connected RT Boxes can operate
synchronously or asynchronously.

C.8.4 Technical Specifications

The key technical specifications of the RT Box are listed as shown in Table C.6.

C.9 Insummary

These devices and platforms together form a comprehensive set of experimental infrastruc-
ture, providing powerful tools for research and development in the field of power electronics.
Researchers can choose the appropriate equipment based on their specific experimental require-
ments, ensuring high-precision data and control for their experiments and projects. The features
and specifications of these devices will contribute to advancing the technology and applications
of power electronics.
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Engineering Guidelines

D.1 Engineering Issues in 3L-NPC Converter Systems

The 3L-NPC power converter system presents a highly complex and nonlinear dynamic behavior.
It is subject to multiple challenges, including multi-source disturbances, weak grid conditions,
harmonic distortions, voltage imbalances, and oscillatory transients as shown in Figure.D.1.

D.2 Multi-loop Control Architecture

The 3L-NPC converter system implements a multi-loop control architecture:

DC-voltage regulation loop : stabilizes the dc-link voltage.

Power/Current tracking loop : ensures accurate tracking of power commands or current refer-
ences.

Capacitor voltage balancing loop : maintains the voltage balance between the DC-link capac-
itors, critical for stable 3L-NPC operation.

Each control loop addresses a specific dynamic aspect of the converter, contributing to compre-
hensive system regulation.

D.3 Control Method Classification

The 3L-NPC converter control methodologies are generally categorized as:

Direct power control (DPC) : controls instantaneous active (p) and reactive (q) power. It
requires equilibrium points for stable operation and prioritizes fast dynamic response.
DPC is well-suited for grid-connected systems and microgrids.
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Engineering Issues
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Figure D.1: Engineering issues in 3L-NPC converter systems

Direct current control (DCC) : regulates converter-side current components (z, or 74,). DCC
emphasizes steady-state tracking accuracy and does not rely on equilibrium points. It is
commonly applied in power converters and motor drive systems.

The dissertation investigates both control approaches to comprehensively address the control
needs of the 3L-NPC converter under various operational scenarios as shown in Table. D.1.

D.4 Experimental Validation Objectives

The proposed control strategies are validated on a laboratory-built 3L-NPC converter prototype.
The experimental verification targets the following three primary objectives: dc-link voltage



D.5. POWER-VOLTAGE CONTROL — ADDRESSING KEY ENGINEERING ISSUES 165

Table D.1: Control Classification of Power Converter

Control Method DPC DCC

Control Variables D, q L8> tdg

Equilibrium Point | Yes No

Requirement (for power stability) | (direct current control)
Performance Fast Accurate

Evaluation Dynamic response Current tracking
Application Grid-connected, Power converters,
Scenarios microgrids Motor drive

regulation; power or current tracking; capacitor voltage balancing.
These objectives are fundamental to ensuring the reliable and stable operation of 3L-NPC
power converters in practical grid-connected applications.

D.S Power-Voltage Control — Addressing Key Engineering
Issues

Key challenges in power-voltage control include power ripple, voltage fluctuations, multi-
disturbances, suboptimal dynamic response, harmonic injection, and capacitor voltage imbalance
as shown in Figure.D.2.

D.5.1 Solutions

Quasi-Sliding Mode Control (QSMC) in Ch. 3: Effectively addresses power ripples, voltage
swings, dynamic disturbances, and optimization issues. QSMC is suited for high-power convert-
ers operating in digital discrete-time environments.

Adaptive Sliding Mode Control (ASMC) in Ch. 4: Extends the capabilities of QSMC to also
mitigate harmonic injection and capacitor imbalance, making it applicable for continuous-time
systems in renewable energy storage.

D.5.2 Core Solution Idea of Quasi-sliding Mode Control

The key to solving the core problem of Quasi-sliding mode control (QSMC) in Ch. 3 is illustrated
in the Figure.D.3.

Discrete-time super-twisting observer (DSTOQO) : enables power/voltage bias compensation,
chattering suppression, and multi-disturbance rejection (handling parameter mismatches,
load uncertainty, topology changes, and sensor noise).

Quasi-integral sliding mode (QISM) : reduces steady-state power/voltage tracking errors.
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Ch.3 and Ch.4 Engineering Challenges
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Figure D.2: Engineering issues of power and voltage control.

Quasi-integral sliding mode control (QISMC) : ensures accurate power/voltage regulation,
forming the theoretical foundation of the DSTO-QISMC controller.

D.5.3 Core Solution Idea of Adaptive Sliding Mode Control (ASMC)

Despite effectiveness of QSMC, it cannot fully eliminate harmonic injection and capacitor
voltage imbalance. To solve these:

Adaptive observer-based P (AO-P) control : estimates real-time disturbances (e.g., unknown
loads, topology changes, sensor noise) to ensure fast voltage regulation.

Disturbance observer-based integral sliding mode control (DO-ISMC) : reconstructs multi-
disturbances (e.g., inductance mismatch, current path changes, measurement noise),
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Ch.3 Core solution Idea
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v" Reduces power/voltage steady -state error
\_ P g y

Figure D.3: Core solution idea of DSMC.

suppresses chattering, and improves power tracking.

Sliding mode observer-based P (SMO-P) control : focuses on suppressing AC voltage har-
monics and balancing capacitor voltages.

Collectively, these methods constitute the ASMC Power/Voltage Controller, enhancing robust-
ness and tracking accuracy under complex grid conditions. The Figure.D.4 shows the key to
solving the core problem in Ch. 4.

D.6 Current and Voltage Control-Addressing Key Engineer-
ing Issues

Further challenges in grid-connected systems include redundant control layers, unstable grid
frequencies, sinusoidal disturbances, multiple disturbances, model inaccuracies, and complex
parameter tuning, as shown in Figure. D.5.

D.6.1 Core Solution Idea of Super-twisting Control

The key to solving the core problem in Ch. 5 is illustrated in Figure.D.6. Control Schemes:

Super-twisting control (STC) : solves dynamic instability, grid frequency deviation, and sinu-
soidal disturbance rejection without requiring a phase-locked loop (PLL), simplifying the
decoupling process.
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Ch.4 Core solution Idea
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Figure D.4: Core solution idea of ASMC

Ch.5 and Ch.6 Engineering Challenges

1.Redundant control structures; Solving
2.Unstable grid frequency; i Ch.5 Ch.6 4
3.Sinusoidal dynamic nature Super Model-free
disturbance; Twisting Current Adaptive
4 Multi-disturbances; ) Control & Control 5
5.Inaccurate models; (STC, Voltage (MFAC,
.. Model-based \ Control | Model-free
6.Critical loads;
‘ Control) Control)
7.Complex coefficient tuning 6
4 7

Figure D.5: Engineering issues of current and voltage control
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Ch.5 Core solution Idea
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v Low computational complexity
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Figure D.6: Core solution idea of STC

Luenberger observer-based super-twisting algorithm (LO-STA) : improves current track-
ing under inductance variations and sinusoidal disturbances.

Extended sliding mode disturbance observer-based P (ESMDO-P) control : enhances dy-
namic response and disturbance rejection, achieving fast and accurate voltage regulation.

D.6.2 Core Solution Idea of Data-driven MFAC

While model-based control is popular due to its structured design, it struggles with system
uncertainties and complex parameter tuning. To overcome this, a model-free adaptive control
(MFAC) scheme is developed in Ch. 6. MFAC relies solely on input-output data, without requir-
ing system parameters, ensuring robust and accurate current/voltage tracking under unknown
system conditions.

To automate gain tuning, a particle swarm optimization (PSO) algorithm is integrated into the
MFAC framework, enabling adaptive gain optimization and improving tracking efficiency and
robustness. The core solution idea is shown in Figure. D.7.
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Figure D.7: Core solution idea of data-driven MFAC

D.7 Problems Addressed and Application Scenarios of Con-
trol Schemes

This disseration aims to design robust and reliable control schemes for the 3L-NPC power con-
verter systems in microgrids, as shown in Figure. D.8, covering: QSMC solves anti-disturbance
(using discrete control for high-power grid integration). ASMC solves dc-capacitor imbal-
ance (using constant control for renewable energy storage). STC realizes PLL-free and fast
sinusoidal current control (for precise current control scenarios). Data-driven MFAC achieves
without system parameters and self-selects/optimizes control gains (applicable in multi-scenario
bidirectional power conversion).

D.8 Experimental Devices and Circuit Assembly

The experimental validation platform comprises a grid-connected 3L-NPC converter prototype.
The platform includes:

¢ Grid simulator;
* Current and voltage sensors;
¢ Passive filter box;

* 3L-NPC power converter;
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Figure D.8: Problems addressed and application scenarios of the control scheme

DC voltage sensors and DC loads;

Control hardware;

* Power supply;

Hardware-in-the-Loop (HIL) platform oscilloscope;

Detailed device configurations and wiring schemes are elaborated in APPENDIX C.

D.9 Experimental Procedure
The experimental procedure of the 3L-NPC power converter involves the following steps:
* Control system design and implementation;
* Control parameter tuning and optimization;
* Execution under varied operating conditions;
* Comprehensive system performance evaluation;
* Power/current tracking performance evaluation;
* DC-link voltage regulation performance evaluation;
 Capacitor voltage balancing performance evaluation;

¢ Robustness assessment.
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D.10 Real-Time Monitoring and Adjustment

Continuously observe system behavior during experiments.

* Monitor key performance indicators such as tracking error, voltage deviation, and oscilla-
tion.

* Conduct preliminary data analysis in real-time to detect trends and anomalies.

* Adjust parameters or experimental conditions as necessary based on observations.

D.11 Data Collection and Analysis

* Ensure rigorous data recording using digital databases for traceability. After experiments,
perform detailed data analysis to assess control effectiveness under various operating
scenarios.

* Evaluate the impact of tuned parameters on system performance.

D.12 Experiment Conclusion

» Terminate experiments according to planned schedules or once sufficient data is obtained.

 Shut down all equipment following safe power-down protocols.

D.13 Safety Measures

* Implement necessary safety protocols to protect personnel and equipment.

* Prepare contingency plans to immediately halt the experiment in case of unforeseen risks.

D.14 Summary

By rigorously documenting the experimental process, this work ensures repeatability, trans-
parency, and a comprehensive understanding of the converter system’s dynamic response under
real-world disturbances. This section provides both theoretical insights and practical engineering
guidance for deploying robust converter control systems in microgrids and other grid-interfaced
applications.
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APPENDIX E

Discrete-time Extended State Observer-based
Quasi-sliding Mode Control Design

E.1 Discrete-time Extended State Observer-based Quasi-

sliding Mode Control (DESO-QSMC) Design for Power
Tracking

E.1.1 Discrete-Time Extended State Observer (DESO) Design

Based on (3.14), the following augmented state of power converter error system construct space

model are obtained as,

Y

Einr1=L;& 5t T + UjAg;
Yik = Lj&jk

11
where j = {p,q}, i = [ej,k,gj,k]T, Agir = Gjk+1 — Gig Ij = [ ], J;

o 0
U; =
0 1

Design DESO for the extended system (E.1) as follows,

,and L; = [1,0], y; is the control input of system (E.1).

{ Einr1=L; &5+ T 1150+ 05 (Ui — Di)

Uik = L&k

(E.2)
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where &1 = €, Gjx]", and ¢; € R**! are observer gains to be designed.
Define estimation error as:

ik =&k — & (E.3)
Subtracting (E.2) from (E.1) yields,
Eier1 = (Ij — &5 L) &5k + UjAgj, (E4)
if there exist the positive symmetric matrices P; € R?*2, such that
(Ij — ¢;L;)" Pi(I; — ¢;L;) — P; <0, (E.5)

i.e., the eigenvalues matrix (I; — ¢»; L;) are inside the unit circle of the z-plane. Since (E.5) is
not the linear matrix, defining Y; = Pj¢;, Y; € R2x1 by Schur complement lemma, it can be
obtained

—P; Y;L;
- - - < 0, (E.6)

then the system &1 = (I ;i — ¢;L;) is global stability. Suppose Ag(k) is bounded, it can be
concluded that estimate error &, is ultimately bounded, i.e., the DESO can estimate disturbance
g, with ultimate boundness as g; .

E.1.2 Quasi-integral Sliding Mode Control (QSMC) Design

The quasi-sliding mode surfaces of power tracking is defined as,
Sik = €k, (E.7)
Based on the aforementioned, a DESO-QSMC is designed as,

1 . .
Hein) = 5—(Teik + susign(Sx) + gix), (E.8)
]7
where 7; > 0, ;5 > 0 are sliding mode control gains to be designed. The proof follows
Theorem 3.3.2.

Remark E.1.1 The tuning procedures of the DESO is shown as follows. According to (E.S),
the stability of proposed DESO can be guaranteed by setting the eigenvalues (i.e., ploes) of
(I; — ¢;L;) inside the unit circle of the z-plane. It is worth mentioning that a tradeoff should
also be made between the dynamic performance and robustness against the model uncertainties
when selecting the pole locations in this work. E.g., the two poles of the DESO can be placed to
obtain a several-times-faster dynamics compared with the open-loop system. As a result, since
the two poles of (I; — ¢; L) are inside the unit circle, the designed DESO is stable.
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Remark E.1.2 The parameter 7; and <;s,, of DESO-QSMC is shown as follows. 1) The parame-
ter T; is often referred to as the reaching gain. It affects the convergence rate of the system to
the sliding surface S;;, = 0. A larger 7; will make the system converge faster, but it can also
introduce chattering if set too high. 2) The parameter <5, is known as the boundary layer gain
and is used to reduce chattering near the sliding surface. It should be set to a positive value,
but it is often smaller than 7;. Smaller values of <;s,, reduce chattering but may slow down
convergence. Thus, a trial-and-error process is still essential to attain better power tracking
performance.

E.2 DESO-QSMC Design for Voltage Regulation

E.2.1 DESO Design

Augmented state space model of voltage regulation for the system (3.46) can be obtained as,

0k+1 = ng -+ sz + WAd]w

(E.9)
7e = TO,
1 —-F 2F
where Ady, = dy1 — dy, O = (21, di]T, 74 is control input, X = Y = ,
0 1 0
0
W = ,and T' = [1,0]. According to (E.9), a DESO is designed as follows,
1
Opir = X0+ Ypi +n(yr — ir),
k41 k [ (Y — Uk) (E.10)

Ty = TO,

where 0y, = [2;, dx]T, n € R2*L is the observer gain, Sy, is QSM surface, and g, is the estimated
value of yy. _
Define estimation error 6y, as:

0y = 0, — 0. (E.11)

Similarly, from (E.4) to (E.6), the system 6,1 = (X — nT)ék is global stability. Suppose
Ad(k) is bounded, it can be concluded that estimate error 6y, is ultimately bounded, i.e., the
DESO can estimate d; with ultimate boundness as d.

E.2.2 QSMC Design
According to (3.46), a DESO based-QSMC is designed as,

1 1
(—k‘zlek — k?ZQSigIl<Sk)) + §dk, (E12)

pk:ﬁ
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where k,; > 0 and k., > 0 are sliding mode control gains to be designed. Sy, is quasi-sliding
mode surface of voltage regulation. The proof follows Theorem 3.3.2. The tuning parameters
process for the DESO-QSMC in voltage regulation loop can be guided by Remark E. 1.1 and
Remark E. 1.2, not providing further details to save space.
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