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Abstract

Environmental concerns and the increasing adoption of electric vehicles (EVs) are driv-
ing the need for extreme fast-charging (XFC) stations capable of delivering high power
in short time intervals. However, such infrastructures impose significant stress on the
power grid. Traditional low-voltage (LV) charging systems struggle to meet ultra-high-
power requirements due to excessive current demands and limited scalability. To ad-
dress these challenges, medium-voltage (MV) multiport architectures based on cascaded
H-bridge (CHB) converters have emerged as a promising solution. Although such archi-
tectures offer high power capability and improved power quality, maintaining power
balance among multiple charging ports while ensuring stable operation remains a crit-
ical challenge.

A cascaded H-bridge (CHB)-based multiport architecture integrated with distributed
battery energy storage (BES) modules is considered a promising solution for extreme-
fast charging stations for electric vehicles. It not only enables high-power EV charging
but also mitigates power imbalance among charging ports. However, the BES modules
in this architecture undergo frequent high-power charge-discharge cycles to compen-
sate for dynamic load variations, thereby accelerating battery degradation and reducing
system lifetime.

To address this issue, an optimized control framework is proposed for the integrated
BES modules to reduce battery stress while ensuring fast convergence of state of charge
(SoC) across all distributed units. The proposed optimization-based BES power man-
agement strategy is based on the intrinsic power-imbalance limits of the CHB rectifier
submodules. These limits are analytically derived as a function of the total duty cycle
and subsequently incorporated as constraints in a quadratic optimization problem. The
objective is to minimize BES power utilization by using the BES module’s battery power
only when necessary, while maintaining the SoC of all modules close to their reference
values.

The effectiveness of the proposed control strategy is validated through detailed MAT-
LAB/Simulink simulations under highly dynamic EV charging scenarios, including ran-

dom arrival and departure of vehicles with varying power demands. Furthermore, the



proposed approach is experimentally verified on a laboratory-scale prototype, demon-
strating agreement with simulation results. Both simulation and experimental findings
confirm that the proposed method successfully maintains CHB operation within the fea-
sible region, ensures stable DC-link voltage balancing, and significantly reduces unnec-

essary BES power cycling while achieving reliable SoC regulation.
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Chapter 1:

Introduction

1.1 Background and Motivation

Increasing environmental awareness has strengthened the decarbonization and im-
plementation of sustainable technologies. The negative effects of fossil fuel CO, emis-
sions have triggered a shift in the world toward adopting renewable energy and exten-
sive electrification of the industries. This change is an indicator of mounting pressure
to reduce greenhouse gas levels and curb climatic change [1, 2, 3].

In 2025, it is estimated that the CO, emissions by fossil fuels will reach a record of 38.1
billion tonnes, and the long-term trend of increasing CO, emissions continues. Despite
this expansion, the use of clean energy, particularly solar power, has already reduced
major fossil fuel creation; even the solar energy prevented the emission of about 1.66
billion tonnes CO- in 2024 by itself [4, 5].

Figure 1.1b shows the sector-level contribution of CO5 emissions. Notably, the trans-
portation sector accounted for around 27% of total global energy-related CO, emissions,
consequently making a substantial contribution to global greenhouse gas output and
ranked as one of the most carbon-intensive end-use sectors [6]. As a result, decarboniz-
ing transport has emerged as a key objective in national and supranational climate
policies.

Consequently, internal-combustion engine cars (ICEVs) are gradually being phased
out due to their inability to meet higher and higher standards of emissions. The emer-
gence of electric vehicles (EVs) powered by renewable electricity has made them a vi-
able alternative to conventional ICEVs. They have significant potential to reduce fossil-
fuel reliance and greenhouse-gas emissions by exploiting various low-carbon energy
sources. The rapid adoption of EVs is driven by several kRey benefits, including the ab-

sence of tailpipe emissions, reduced maintenance and ownership costs, the ability to
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charge with locally produced renewable energy, and significantly lower noise levels.
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Figure 1.1: Global CO, emissions trends and sectoral breakdown

Over 20 million EVs were sold globally by 2025, accounting for over 25% of all new
passenger cars sold. This indicates that despite a shifting market, electric transporta-
tion is being adopted strongly and consistently. This significant achievement comes
after 2024, when electric vehicles accounted for almost 22% of all new car sales, demon-
strating the rapid growth of battery-electric vehicles (BEVs) and plug-in hybrid electric
vehicles (PHEVs) in recent years [7, 8]. Notwithstanding the influence of economic and
policy factors on demand, these figures demonstrate a high level of market penetra-
tion and a rapidly increasing contribution of electrification to reducing emissions in the
transportation sector.

In spite of the impressive progress, there are a number of enduring obstacles hinder-
ing the adoption of EV. The initial purchase prices, compared to ICEVs, sustained range

anxiety (typically 250-500 Rilometers), extended recharge times (typically more than 30
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Figure 1.2: Extreme Fast Charging Station

minutes to fully charge), and a relatively sparse public charging network all discourage
potential customers [9]. The reduction of these obstacles requires continued advances
in battery technology, such as lower prices, improved energy densities, faster charging
speeds, and longer cycle times, as well as the massive and coordinated development
of fast-charging networks to keep up with demand cite 10, 11. In response to these
challenges, medium voltage (MV) grid connected fast and extreme fast-charging infras-
tructures have emerged as a key enabler for large-scale EV adoption.

The emergence of DC fast-charging infrastructure has greatly enhanced the feasibil-
ity of electric cars by substantially decreasing charging duration. Recent DC fast charg-
ers generally operate at 50-350 RW, enabling rapid recharging of electric vehicle batter-
ies and enhancing the practicality of long-distance driving. A 350 RW ultra-fast charger
can replenish a 60 RWh battery to over 90% state of charge in around 10 minutes, ap-
proaching the refueling experience of traditional gasoline cars. This capacity signifies
significant technical progress in alleviating range anxiety and enhancing the overall
user experience of electric vehicles [10].

High-power DC charging stations not only reduce charging time but also enable the
deployment of extreme fast charging stations (XFCs), which aggregate multiple charging
modules to accommodate several cars simultaneously. These stations are often con-
structed with modular power electronic designs that provide expandable power ratings
and adaptable system operation. Integrating many chargers into a single station en-

ables the infrastructure to accommodate high-power charging requirements while en-
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hancing energy management and power distribution. Thus, DC fast-charging networks
are essential to facilitating the extensive electrification of transportation by providing
the rapid, convenient charging necessary for broad electric vehicle adoption.

However, even though MV grid-connected DC fast chargers substantially reduce car
charging time, they inevitably impose heavy electrical and operational loads on the grid
and local storage resources. In this context, this dissertation explores the control issues

posed by the multi-port modular MV-DC extreme fast-charging station presented in [11].

1.2 Overview of Extreme Fast Charging Station

Figure 1.3 illustrates the architecture of the medium voltage extreme fast charging
(XFC) station investigated in this thesis. The suggested architecture is split into three
distinct stages: the first stage comprises an AC-DC conversion stage featuring a multi-
level cascaded H-bridge (CHB) converter that functions as an active front-end rectifier
(AFE). The multilevel converter facilitates operation at medium voltage while employing
traditional low-voltage semiconductor devices at the module level. This modular con-
struction improves fault tolerance, reduces filter requirements, and enhances the quality
of grid-supplied power.

The 29 stage is the distributed energy buffering stage, realized through split bat-
tery energy storage (BES) modules integrated directly within each converter module.
Each BES module can absorb or deliver power individually. This distributed arrange-
ment provides dynamic buffering capability, which reduces instantaneous demand on
the MV grid—a key advantage in extreme fast-charging scenarios where multi-vehicle
loads fluctuate rapidly.

The 3@ and final stage, also called the isolation stage, which consists of a dual ac-
tive bridge (DAB), provides galvanic isolation, voltage conversion, and current control for
EV charging ports while meeting safety and compatibility requirements across diverse
battery pack voltages. The modular stacking of CHB cells, combined with the DC isola-
tion and control flexibility of the DAB, enables scalability from single-port to multi-port
charging, allowing charging station operators to adapt to different deployment scales

and power ratings cite 13.
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Figure 1.3: CHB With Integrated BES Extreme Fast Charging Station

While the presented architecture delivers transformerless MV interfacing, per-cell
flexibility, and embedded energy buffering that mitigate grid stress, it also introduces
new operational challenges: distributed BES modules can be subject to excessive cy-
cling, which accelerates aging, and control operations can lead to DC-link voltage im-
balance. To maximize the efficiency and adoptability of the presented architecture, it is
essential to design a sophisticated control strategy that prevents the rapid degradation

of BES module batteries without destabilizing the DC-link voltages.

1.3 Problem Statement

Although the XFC station architecture presented in Figure 1.3 minimizes instanta-
neous power consumption at the grid, it has an inherent operational limitation. The-
oretically, individual cells in a CHB rectifier can handle various power levels within the
converter’s internal power bounds. However, the control strategy outlined in [11] en-
forces uniform active power allocation across all CHB modules. This forces every BES
unit that serves as a power buffer to either supply or absorb a significant amount of ac-
tive power. This homogeneous loading of the CHB converter cell consequently subjects
all BES modules to excessive and unnecessary cycling, which accelerates degradation
and shortens their lifespan.

Moreover, regulating only the average power of the CHB converter effectively restricts

Muhammad Azhar Ghauri 5
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all series-connected cells to function at a uniform operating point. The implicit equal-
power limitation considerably restricts the intrinsic flexibility of the multilevel converter
architecture. Therefore, an advanced control strategy is needed to alleviate this equal-
power constraint and to utilize the BES module only when required. The control strategy
should avoid unnecessary battery cycling while ensuring optimal converter functionality

and uninterrupted power exchange.

1.4 Research Questions

This thesis examines the subsequent research questions arising from the challenges
identified in the cascaded H-bridge (CHB) extreme fast-charging (XFC) station integrated

with a distributed battery energy storage (BES) module:

What are the intrinsic operational limitations of the CHB converter that ensure
steady DC-link voltages and feasible power transfer to the grid, especially during

dynamic EV charging scenarios?

« How can we reduce BES module utilization while maintaining the DC_link voltage
at its reference value and ensuring that CHB converter operation remains within

its admissible operating region?

« How can the convergence of the BES module’s state of Charge (SoC) to a fixed pre-

determined reference be accomplished?

« To what extent can the developed control method be scaled to accommodate more

CHB cells in modular XFC stations?

1.5 Research Contributions

This thesis provides the following principal contributions to meet the research ob-

jectives outlined in the previous investigations:

- Derivation of CHB operational limits: The inherent power limits of the CHB con-
verter, which ensure DC-link voltage stability and feasible converter operation, are

derived analytically.
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« Formulation of power constraints: Power constraints are formulated by convert-
ing the obtained DC-link voltage balancing limits into power constraints for XFC

stations.

- BES power optimization strategy: To minimize BES module stress and prevent
rapid degradation, an optimal control strategy is designed to ensure that only
the minimum necessary power references are generated for BES modules when

required.

- Simulation-based validation under practical XFC scenarios: The proposed control
strategy is validated through extensive MATLAB/Simulink simulations that illus-
trate a hypothetical XFC station profile, demonstrating stable operation of the CHB

converter and reduced utilization of BES modules.

1.6 Dissertation Outline

The dissertation consists of six chapters, followed by a concluding chapter, which are
summarized as follows:

Chapter 2 examines the available literature on extreme fast charging (XFC) for EVs,
focusing specifically on charging topologies and power conversion solutions. It an-
alyzes the constraints of existing fast-charging methods and evaluates both AC- and
DC-bus-based XFC station designs. An overview of various multilevel AC-DC converter
architectures is presented, along with a critical examination of DC-link voltage balanc-
ing and modulation schemes for cascaded H-bridge converters. This chapter identifies
the research gaps that drive the control and optimization strategies formulated in the
following chapters.

Chapter 3 delineates the architecture of a multilevel cascaded H-bridge converter
and provides the mathematical models employed for analysis and control. The model
includes the CHB rectifier, transformation of the reference frame, and a control-oriented
representation of AC-side dynamics and DC-link voltage characteristics. The battery en-
ergy storage (BES) module is modeled to reflect its interaction with the converter system,
establishing the basis for future control design.

Chapter 4 emphasizes the optimal management of the CHB converter integrated with
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a battery energy storage system (BES) module. It outlines the steady-state operating
conditions and nonlinear properties of the averaged model, and then addresses lin-
earization and operating-point analysis. The control design for the CHB-AFE system is
developed, incorporating voltage-oriented control that includes inner current regula-
tion, as well as average DC-link voltage regulation. Furthermore, constraints for bal-
ancing the DC-link voltage are established, and an effective optimal control strategy for
the BES module is formulated to guarantee stable operation while minimizing battery
usage.

Chapter 5 presents the simulation and experimental findings employed to assess
the effectiveness of the proposed control strategy. Hypothetical extreme fast-charging
scenarios are implemented to evaluate DC-link voltage management, state-of-charge
balancing behavior, and battery energy storage utilization compared with traditional
methods.

Chapter 6 concludes the thesis by summarizing the most important results, outlining

practical implications, and addressing future research directions.
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Chapter 2:

Literature Review

2.1 Introduction

The state of the art relevant to this research is reviewed in this chapter. After provid-
ing an overview of electric car chargers and associated standards, it goes on to discuss
power conversion topologies suitable for fast and extreme-fast charging.

The review begins with two-level voltage source converters and the challenges they
encounter when connecting to a medium-voltage grid. After that, it moves to multilevel
converter architectures, such as cascaded H-bridge (CHB), neutral-point-clamped, and
flying-capacitor converters, emphasizing the benefits of the CHB structure and its appli-
cability for transformer-less medium-voltage operation. Moreover, this chapter exam-
ines DC-link voltage-balancing methods and control strategies for CHB converters. The
strengths and weaknesses of existing approaches are evaluated critically to assess how
well they perform in real-world operational scenarios with fluctuating power demands.

The currently available MV-XFC station architectures are also thoroughly examined in
this chapter, with an emphasis on both their advantages and disadvantages. Asummary
of the results and a clear identification of research gaps are included in the chapter’s

conclusion.

2.2 Electrical Vehicle Fast Charging

An electric vehicle (EV) charging station is a grid-connected piece of equipment lo-
cated in home garages, commercial buildings, roadside locations, and public parRing
spaces. EV charging systems can be classified into AC and DC types, which are further
subclassified into three levels based on charging power: Level 1 (L1), Level 2 (L2), and

Level 3 (L3) [1]. Level 1 (L1) chargers are the slowest charging option, commonly used
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in residential areas for overnight charging; they operate at 120V AC and have a maxi-
mum output of 1.9 RW. Level 2 (L2) chargers are frequently installed in businesses and
public parking areas, operate at 208-240V AC, and deliver charging capacities of up to
approximately 20 RW [2]. Although L1 and L2 chargers work well with long dwell times,
they have low power ratings which extend the charging duration to a few hours, limiting
their applicability in long-distance travel and high-load situations [3, 4].

In spite of, AC Level 3 chargers (=480 V, 250 RW) have been proposed to address the
issues presented by L1and L2 chargers, their implementation is still restricted in compar-
ison to DC fast charging because of efficiency issues and the additional infrastructure,
needed for high-power AC delivery [5, 6].

L3 DC fast chargers mitigate these constraints by bypassing the on-board charger
and delivering high power directly to the car battery, typically providing 50-300 RW at DC
output voltages between approximately 300V and 600V. Due to their substantial power
levels, L3 chargers are designed as off-board, stationary devices that can provide consid-
erable state-of-charge improvements within 20 to 30 minutes [6, 7]. Table 2.1 delineates

the comprehensive charging standards and classifications by power level.

Table 2.1: Charging types and levels

Charging Level Charger location Time to recharge Specifications

type On-board Off-board 60 kWh (h) Voltage (V) Current(A) Power (kw)

SAE AC charging standards

Level 1 v - 7-17 120 12-16 <1.92
AC Level 2 v - 0.4-1.2 240 80 1.92-19.2
Level 3 - v 0.5-1 480 >100 >50

SAE DC charging standards

DC Level 1 - v 0.4-1.2 200-450 80 36
Level 2 - v 0.2-0.4 200-600 200 920
Level 3 - v 0.2 200-600 400 240

Despite Level 3 AC fast charging substantially reducing charging time compared with
Level 1 and Level 2 solutions, the overall time required to charge an EV remains a consid-
erable obstacle to EV proliferation. Even with the state-of-the-art DC fast chargers with
a power range of 50 RW to 150 RW, it usually takes 20-40 minutes to get a significant
increase in the state-of-charge of the EV battery, which is significantly longer than the

amount of time needed to refuel a conventional ICEV [7, 8]. Consequently, additional
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reductions in charge duration—aiming for approximately 10 minutes—are widely rec-
ognized as crucial for mitigating user inconvenience and alleviating ongoing concerns
about charging time and range anxiety.

Simultaneously, a driving range of 350km was once considered adequate, but nowa-
days most EV models come with larger battery packs capable of traveling 500 km or
more with ease, and 600km or more in certain cases under standardized test condi-
tions. Although a longer range reduces range anxiety in everyday applications, it also
increases the necessity of other charging infrastructure that is able to quickly recharge
large battery packs on extended trips and on extreme-use applications [9, 10]. The com-
bination of expanding battery capacities, consumer demand for rapid recharging, and
the constraints of traditional DC fast charging has directly driven the development and
deployment of extreme fast charging (XFC) stations.

XFC systems generally operate with DC output voltages between 800 and 1000 V and
provide charging power of 400 RW or greater, aiming to recharge an EV battery from
approximately 10% to 80% state of charge in a time similar to traditional refueling. At-
taining this capability is essential for long-distance travel, business fleets, and high-
capacity charging stations, since it enables the use of smaller, more economical battery
packs while preserving user confidence and alleviating range anxiety [11, 12, 13].

To demonstrate the impact of charger power on charging duration, imagine a vehi-
cle equipped with a 60 RWh battery and an average energy use of 15 RWh per 100 km.
Using a typical 11 RW onboard charger, restoring sufficient energy for 300 km of travel
takes over four hours; with a 50 RW DC fast charger, the equivalent energy transfer takes
approximately one hour, while a 135 RW charger reduces the duration to around twenty
minutes. This comparison can be measured through a fundamental energy-power rela-
tionship.

Let C,., denote the vehicle energy consumption in kWh/100 km, R the desired driving
range in km, and P, the charging power in kW. The electrical energy required to cover

distance R is
Cveh

JOR— )
100

(21)

Assuming (for first-order comparison) a constant charging power, the corresponding
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charging time is

Ereq Cveh R
teng = - . 2.2
"7 Pag 100 Pay, 22)

For Cyen = 15 kWh/100km and R = 300 km, Ey.q ~ 45 kW, yielding t.,, ~ 4.1 h at
11RW, 0.9 h at 50 kW, and 0.33 h at 135 kW [13]. (Note: real charging profiles correspond
to CC-CV behavior and battery/thermal limitations; the constant-power approximation
is employed here for preliminary infrastructure comparison).

{ AC CHARGING A\, |
AC Level 1

{ DC FAST AND EXTREME FAST CHARGING 4 |-

|
Level 2 AC l | Power: [50 kW] [120 kw] [135 kw] [150 kW] [350 kw]
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Figure 2.1: Charging required by AC and DC chargers for a 60 kWh battery
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Figure 2.2: DC fast charger based on LFT and SST [10]

The multi-hundred-kilowatt power levels linked to XFC fundamentally transform the
interface between charging stations and the electrical grid. When an off-board charger
connects directly to the medium-voltage (MV) distribution network (approximately 13-
15 RV AC), the station’s power-conversion system must incorporate MV switchgear and
a step-down/isolating transformer or substation to step down the MV supply for the
subsequent AC-DC rectifier. The MV interface enforces particular technical and regula-
tory stipulations: the front-end must comply with grid-code specifications (harmonic

emission thresholds, flicker, voltage-ride-through), restrict injected current harmonics
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(standard THD targets <5%), ensure near-unity power factor via active PFC, and synchro-
nize protection and inrush control to prevent detrimental effects on the MV network.
MV-connected stations thus integrate harmonic filtering, reactive power compensation,
or active power stabilization (e.g., ESS/STATCOM), along with protection mechanisms de-
signed for MV fault currents.

The high power levels (hundreds of kW) required by the XFC introduce significant
limitations on both the converter architecture and the overall system design. A ma-
jor architectural decision relates to the location and installation of galvanic isolation.
In certain configurations, as illustrated in Fig. (2.2b) and (2.2c), respectively, galvanic
isolation at the grid interface is achieved via a low-frequency transformer (LFT), which
ensures substantial protection and a relatively simplified system architecture; however,
this results in greater size, weight, and a reduction in power density. Alternatively, iso-
lation can be achieved by a high-frequency transformer (HFT) illustrated by fig. (2.2b)
and (2.2d), respectively, integrated into an isolated DC-DC conversion stage, facilitating
increased power density and a substantial decrease in the volume of magnetic compo-
nents [10, 14]. However, increased converter complexity and control challenges.

Modern XFC installations typically utilize a modular power-conversion architecture,
wherein identical converter modules are interconnected in parallel or configured in stacked
arrangements, to attain station-level power ratings in the hundreds of kilowatts while
preserving system maintainability and serviceability. This modular methodology im-
proves system redundancy and facilitates incremental power scaling; however, it re-
quires precise coordination, current distribution, and control measures to avoid circu-
lating currents and reduce the chance of single-point failures.

A summary of several advanced DC fast chargers and extreme fast-charging systems
now available in the market is provided in Table 2.2. These entries demonstrate the
industry’s shift towards elevated DC output voltages and increased per-station power
ratings to meet the rigorous performance, safety, and grid compliance standards of fast

EV charging.
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Table 2.2: Commercially available DC Fast and XFC stations

Rated Power Input Voltage Output Voltage

Charger Model (W) (Vac) (Voc) Ref.
ABB Terra 360 360 (peak) 400 150-920 [15]
Tritium Veefil PK350 350 480 ~950 [16]
Tesla Supercharger V3 ~ 250\vehicle ~430 50-500 [17]
Siemens VersiCharge Ultra 175 ~175-178 480 ~950 [18]
Gilbarco / Blink RT175-S 175 480 ~200-920 [19]
Delta UFC 200 200 400 ~1000 [20]

2.3 Limitations

Despite considerable progress in charger and modular designs, the implementation
of extreme fast-charging (XFC) infrastructure continues to face several rigorous techno-
logical limitations. Primarily, charging systems must function with high conversion ef-
ficiency to guarantee that electrical energy is delivered to the EV battery with minimized
thermal losse [11]. High power density is equally important, as it allows for delivering
high power with a small physical footprint.

Moreover, safety remains a paramount concern in XFC design. To ensure user safety
and compliance with electrical safety standards, galvanic isolation is essential between
the utility grid and the electric vehicle battery. Moreover, chargers must handle a broad
range of output voltages to accommodate the diverse range of EV models currently on
the market.

The ability to fulfill these demands, including high efficiency, high power density,
galvanic isolation, and wide voltage flexibility on a single platform, is a significant en-
gineering challenge and requires the implementation of new power electronic topolo-
gies and control mechanisms. In addition to the charger, system-level factors are also
crucial. XFC stations must connect to the power grid while ensuring stability and power
quality, necessitating the injection of low-distortion, low-harmonic currents from the
grid side. In the absence of adequate management and filtering, high-power charg-
ing systems may impose significant stress on grid components, potentially overloading
transformers, increasing system losses, and degrading overall power quality [13, 21].

Therefore, XFC infrastructure needs to be designed to provide grid-side currents with
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minimal harmonic distortion. Without sufficient harmonic mitigation, grid components
may experience excessive stress, leading to transformer overloading, increased system
losses, and degraded power quality. The integration of charger-level and grid-level
requirements necessitates the advancement of power electronic architectures and in-
tricate control strategies that can simultaneously achieve high efficiency, lightweight
design, electrical isolation, broad-range voltage adaptability, and grid compliance in

extreme fast-charging applications.

2.4 Extreme Fast Charging Station Architectures

An advanced XFC station often requires a three-phase medium-voltage (MV) grid
connection to meet the substantial power requirements of extreme fast charging. The
incoming medium voltage supply is reduced to the operational voltage of the charg-
ing infrastructure using either a traditional medium-voltage/low-voltage (MV/LV) low-
frequency transformer (LFT) or a solid-state transformer (SST). The selection of trans-
former technology directly influences system efficiency, power density, controllability,
and integration flexibility with sophisticated power electronic interfaces.

Subsequently, after voltage conversion, the station bus bar, which connects various
extreme fast chargers, localized renewable energy sources (RESs), and energy storage
systems (ESSs), may be configured as either an AC or a DC distribution bus. Each de-
sign offers unique advantages and technological obstacles (conversion phases, control
complexity, protection, and standards compliance); the following sections give further

insights into both models.

2.41 XFC Station with AC BUS

Fig. 2.3a illustrates the XFC station designed on an AC bus architecture. The sys-
tem involves stepping down the three-phase medium-voltage (MV) supply to the station
distribution level using a single central transformer, which may be either a traditional
line-frequency transformer (LFT) or a power electronics-based solid-state transformer
(SST). The transformer output establishes a shared low-voltage AC bus that powers all

on-site appliances. Each XFC interfaces with the AC bus via an individual AC/DC rectifier,
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Figure 2.3: Extreme Fast Charging Station based on AC and DC bus

subsequently followed by a DC/DC stage that generates the regulated DC link necessary
for the car charger. Local renewable energy sources, such as photovoltaic systems and
battery energy storage systems, are interconnected to the same AC bus, which is used by
converters for each source, such as DC/AC inverters for photovoltaic systems and bidi-
rectional converters for batteries [22].

Although the AC-bus design advantages come from a robust AC distribution system,
including established protection devices, switching equipment, metering equipment,
and clearly defined installation procedures that facilitate the utilization of readily avail-
able charger modules for straightforward procurement and maintenance, the necessity
for dedicated AC/DC and DC/DC converters for each XFC charger and each energy storage
or renewable unit marRedly escalates the number of power-conversion stages [23]. An
increase results in higher capital costs, larger cumulative conversion losses, higher har-
monic emissions, and greater complexity in control and thermal management. The use
of solid-state transformers (SSTs) or station-level active filtering methods might mitigate
these constraints by improving voltage control and power quality, yet these solutions

also entail increased system costs and design complexity.

2.4.2 XFC Station with DC BUS

A DC-bus charging design, shown in Fig. 2.3b, employs a centralized power-conversion

stage located after the line-frequency transformer (LFT) to create a unified DC distribu-
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tion bus. Multiple extreme fast chargers may be linked to the bus using specialized
DC/DC converters. Furthermore, renewable energy sources (RES) and energy storage
systems (ESS) may be interconnected with the DC bus using specialized DC/DC convert-
ers to facilitate grid support [24, 25]. Unlike AC-bus configurations, the DC-bus method
obviates the need for separate AC/DC conversion stages at every charger and interfaced
source, thereby reducing the total number of power-conversion stages. This reduction
enhances system efficiency, lowers the component count, and reduces capital and main-
tenance expenses.

The DC-bus voltage is often chosen to be below 1 RV to minimize insulation needs,
alleviate safety concerns, and assure compatibility with recently developed battery volt-
age ranges. At this voltage level, a DC-bus-based XFC station may comply with the same
safety and regulatory criteria as typical AC-bus-based XFCS [26, 27]. An further benefit of
the DC-bus arrangement is the existence of one single point of common coupling (PCC)
with the medium-voltage grid, which optimizes the execution of both grid-connected
and islanded operating modes and improves station-level power-flow regulation.

The DC-bus design has advantages from a system-control standpoint, such as elim-
inating reactive power transfers with the upstream AC network and enabling more di-
rect and decoupled management of active power flows [28]. Furthermore, the DC-bus
configuration facilitates the implementation of partial-power converter (PPC) topolo-
gies, in which only a portion of the total electric-vehicle charging power is managed by
the power-electronic interface [29]. PPC-based solutions mitigate semiconductor stress
by restricting processing power, enhancing conversion efficiency, and minimizing con-
verter dimensions, thereby facilitating the development of small, modular, and scalable

extreme-fast charging station architecture.

2.4.3 Medium/HFT based DC Bus Architecture

In conventional MV-connected charging infrastructures, galvanic isolation between
the medium-voltage grid and the low-voltage DC bus is typically achieved using a line-
frequency transformer (LFT), as illustrated in Fig 2.3. However, such transformers are
generally bulky, expensive, and occupy significant physical space. Moreover, their inte-

gration introduces additional design constraints related to installation, thermal man-
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agement, and the interfacing of the medium-voltage grid with the power electronic con-
version stages. To mitigate these restrictions, an isolated DC/DC conversion stage using
a medium- or high-frequency transformer (Medium/HFT), positioned next to the front-
end AC/DC converter, can supersede the traditional LFT while maintaining the necessary

galvanic isolation in compliance with IEEE 1547.
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Figure 2.4: An Medium/High frequency transformer-based common DC bus configra-
tions. [21]

A number of MV/HFT-based DC-bus configurations have been presented in the liter-
ature and are shown in Fig. 2.4. The three-stage unidirectional arrangement shown in
fig. 2.4a comprises a front-end AC/DC rectifier, followed by a non-isolated DC/DC con-
verter with power factor correction (PFC), and finally an isolated DC/DC stage to ensure
galvanic isolation. A different structure, shown in Fig. 2.4b combines the PFC and iso-
lation functions into a single conversion stage, thereby minimizing the total number of
power-conversion stages and enhancing overall system efficiency [30].

Figure 2.4c illustrates a bidirectional design that incorporates an active front-end

(AFE) for AC/DC conversion with power-factor adjustment, using pulse-width-modulated
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(PWM) control of the active switches, preceded by an isolated DC/DC converter. This
design facilitates bidirectional power flow and offers a significant advantage over uni-
directional options: the second-stage isolated DC/DC converter can be rated at lower
power, reducing converter size, improving efficiency, and lowering system cost [31, 32].
The comparison of DC and AC bus architectures with their advantages and disadvan-
tages is summarized in the table. 2.3.

The architectures examined to far generally use a standard two-level active front-
end (AFE) for the front-end AC/DC stage. In medium-voltage extreme fast-charging (XFC)
stations, this stage can potentially be replaced with a multilevel converter without mod-
ifying the rest of the system architecture. The multi-level converter facilitates direct in-
tegration with the medium-voltage grid, and power factor reqgulation is achieved within
the converter control [33]. As a result, multilevel converter-oriented front ends have re-
ceived increased attention for extreme fast charging applications.

The aforementioned architectural alternatives demonstrate that, although the fun-
damental structure of the XFC station may remain consistent, the choice of the front-end
converter is crucial for enabling medium-voltage operation, scalability, and compliance
with power quality standards [34]. The increasing acceptance of multilevel converters
as front-end stages in XFC structures necessitates a comprehensive examination of mul-

tilevel converter topologies and their operational principles for XFC applications.

Table 2.3: Comparison between DC and AC connected EV charging architecture.

Criteria DC Bus Architecture AC Bus Architecture
Integration of Energy Sources Easier Complex
Number of Conversion stages Lower Higher
Efficiency Higher Lower
Impacts from utility side Less High

Rating of AC-DC rectifier High Medium
Protection devices Sophisticated Unsophisticated
Control Simple Complex

Cost Less expensive More expensive
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2.5 Multilevel Converter Topologies

Multilevel converters (MLCs) are extensively used in both research and industry to
generate alternating voltages from many lower-level DC sources [85]. For fast and extreme-
fast EV charging applications, MLCs are frequently used as the AC-DC active front-end
owing to their capability for high power transfer, thereby enhancing efficiency and power
density [35]. Charging systems may be classified into three categories based on the ex-
isting literature: (1) cascaded H-bridge (CHB), (2) flying-capacitor (FC), and (3) neutral-
point-clamped (NPC) converters.

The operational principle of a Multi-Level Converter (MLC) is to generate a staircase
voltage waveform at the output by dynamically switching combinations of capacitors,
voltage sources, and power electronic devices. This methodology provides numerous
practical benefits for high-voltage, high-power converters: diminished total harmonic
distortion (THD) via multilevel pulse-width modulation, diminished dv/dt across the
load, minimized electromagnetic interference (EMI), decreased voltage stress for indi-
vidual semiconductor devices, and the potential for utilizing smaller magnetic compo-
nents [36, 37]. These attributes enable MLCs particularly suitable for medium- and high-
voltage charging structures, where operating stress on power devices, power quality

metrics, and thermal management are essential design factors.

2.51 Neutral Point Clamped Multilevel AC-DC Converter

The neutral-point-clamped (NPC) 3-level converter is a commonly used multilevel AC-
DC configuration that enables medium-voltage operation while generating low-distortion
output waveforms and input currents, minimizing total harmonic distortion (THD). Fig-
ure 2.5 depicts a three-phase, three-level neutral-point clamped (NPC) converter. In this
architecture, each semiconductor device is required to withstand approximately half of
the total DC-link voltage; hence, lower-voltage devices (for instance, 500 V instead of
1000 V) can be used, which generally provide enhanced switching characteristics and
lower switching losses.

In reference [37], the authors presented an electric vehicle charging station using

a centrally positioned NPC AC-DC converter connected to the medium-voltage grid on
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Figure 2.5: Neutral Point clamped multilevel AC-DC [38]

the AC and to a bipolar DC bus on the DC side. The integration of NPC topology with a
bipolar DC bus presents multiple practical benefits: (1) it diminishes the step-down re-
quirement for subsequent DC-DC fast chargers, (2) it enhances operational reliability by
allowing one DC-DC unit to supply the load throughout the breakdown or maintenance
of a separate unit, and (3) it significantly improves station power requirements due to
the increased equivalent DC-link capacitance [38].

Notwithstanding these advantages, bipolar DC-bus configurations exacerbate DC-
link voltage imbalances, which are less evident in unipolar systems. In contrast to the
unipolar scenario, these imbalances cannot be entirely alleviated by modulation strate-
gies alone; the stochastic characteristics of charging stations, such as unpredictable
car arrivals and diverse battery chemistries, exacerbate the imbalance. A prevalent mit-
igation strategy involves incorporating an active voltage-balancing circuit, configured
as an auxiliary leg in addition to the three conventional NPC legs, thereby restoring the
symmetry of the bipolar DC linkages (Fig.2.5) [38, 39].

The research presented [40] indicates that a three-level stacked neutral-point-clamped
(NPC) design surpasses the traditional three-level NPC in AC-DC applications, primarily
due to its capacity for higher switching frequencies and enhanced loss distribution. The
conventional NPC architecture has a notable practical constraint due to the unequal dis-
tribution of conduction and switching losses across semiconductor devices, complicat-

ing thermal design and potentially restricting both the attainable switching frequency
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and maximum phase current [41]. The active NPC (ANPC) topology enhances the NPC by
including supplementary active switches in antiparallel with the NPC diodes. The addi-
tional degrees of freedom provided by ANPC, along with appropriately designed mod-
ulation schemes that utilize redundant zero-voltage switching states and alternative
commutation sequences, enable a more uniform distribution of conduction and switch-
ing losses among devices, consequently mitigating thermal areas and enhancing overall
loss balancing [42, 43]. These advantages include elevated hardware and control com-
plexity, as each additional switch needs a specific gate-drive interface, and the control

system must oversee a much expanded switching state space.

2.5.2 Flying Capacitor Multilevel AC-DC Converter

Figure 2.6 illustrates the flying-capacitor multilevel converter (FC-MLC), a topology
extensively studied for medium- and high-power applications. The intrinsic voltage
modulation of multilevel converters generates fundamental-frequency ripple among the
converter phases; alleviating this ripple requires additional submodule capacitor en-
ergy, consequently placing constraints on size, cost, and thermal management [44]. The
flying-capacitor multilevel converter (FC-MLC) can diminish the necessary capacitor en-
ergy while functioning at elevated switching frequencies, since elevated switching activ-
ity alleviates low-frequency voltage fluctuations. Three-phase MLCs are typically favored
for EV charging due to their enhanced power-delivery capacity; however, three-phase
rectifiers cannot attain the minimal conduction losses achievable with single-phase rec-
tifiers utilizing unfolding techniques, as current introduced into one phase gets returned
through the other phases.

Seven-level flying-capacitor multilevel converters (FC-MLCs) demonstrate efficiency
and performance on par with other multilevel converter configurations. FC-MLCs may
serve as rectifier stages, perhaps when combined with an unfolding stage, and exper-
imental implementations of seven-level FC-MLC rectifiers are documented in [46, 47].
Moreover, interleaved six-level FC-MLC topologies have been suggested to achieve en-
hanced efficiency and elevated power density. A further benefit of the FC-MLC topology
is the diminished demand on the PWM modulator: due to the elevated switching-node

frequency characteristic of FC-MLCs, substantial modulation resolution can be attained
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Figure 2.6: Flying Capacitor Multilevel Converter for EV charging. [45]

without significantly raising the PWM frequency, thus facilitating modulation and con-
trol execution [48].

Additionally, to alleviate the double line-frequency power pulsing characteristic of
AC-DC conversion, active buffer stages are often used for power decoupling in FC-MLC-
based rectifiers. Due to the high-frequency functioning of FC-MLCs, the necessary filter
components may be significantly reduced; nevertheless, the use of smaller inductive
elements may result in leading current behavior, complicating power-factor-correction
(PFC) regulation. The research detailed in [49] tackles this problem by using feedforward
control techniques. Furthermore, [49] suggests a specialized control methodology to
mitigate voltage spikes and regulate carrier-signal deterioration while functioning at
zero current ripple. A hybrid control technique that integrates valley current detection
with constant effective duty-cycle management has been implemented for a four-level
FC-MLC, therefore improving capacitor voltage regulation and ensuring stable capacitor

balancing throughout a broad load range[50].

2.5.3 Cascaded H-Bridge Multilevel AC-DC Converter

One of the most flexible multilevel converter topologies is the three-phase cascaded
H-bridge (CHB) converter, as shown in Figure 3.3. Its modular structure allows fault iso-
lation at the submodule level and simplifies maintenance without shuting down the

entire system. The CHB inverter can be installed in a delta or star connection for three-
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phase installations [51]. Moreover, The total number of cascaded cells per phase may
be freely changed while operating in a star configuration, enabling scalable operation
from single-phase to multi-phase systems. In order to guarantee the correct voltage
reference in single-phase operation, the neutral point of the converter has to be linked

to the grid ground.
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Figure 2.7: Cascaded HBridge AC-DC converter

The intrinsic modularity of the CHB topology enables the cascading of many low-
voltage power cells for direct interfacing with medium-voltage grids. This attribute is
especially beneficial for high-power electric vehicle fast charging stations, where scal-
able voltage levels, the possibility of modular expansion of the system, and independent
control over converter modules are required.

References [51, 52] delineate three-phase electric vehicle charging station structures
by employing modular cascaded H-bridge multilevel AC-DC converters. The series-parallel
configuration of unit cells produces several redundant switching states, which can po-
tentially be used to balance capacitor voltage and fault isolation without disrupting nor-
mal operation [51]. The research presented in [53, 54] investigates the single-phase and
three-phase CHB converters being used as AC-DC rectifiers . In real applications, device-
level nonlinearities—such as activation and deactivation delays and semiconductor sat-
uration voltages—can induce distortion in individual cells, resulting in deviations in the
generated output voltage. To mitigate these impacts, compensating approaches based

on predictive current management have been developed to enhance the grid-current
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harmonic performance over one fundamental PWM fundamental cycle [55].

Another modular multilevel electric vehicle charging station is explained in [56],
whereby each submodule, as shown in Fig. 5(a), enhances the total voltage and power
capacity of the system. The design may be easily modified to fulfill the high-voltage and
high-power demands of fast and extreme fast EV charging by cascading the numerous
submodules in series.

Advanced CHB-based XFC designs have also been documented in the literature. A
extreme fast charging station using a solid-state transformer (SST) connected with a
cascaded H-bridge (CHB) converter as the medium-voltage AC-DC active front end is dis-
cussed in [57]. In this structure each CHB cell followed by an isolated quad active bridge
(QAB) stage, facilitating the establishment of several separate fast-charging ports and
obviating the need for a low-frequency transformer. Nonetheless, the separate loading
of these ports results in inter-cluster power imbalance, observable via unequal DC-link
capacitor voltages and elevated zero-sequence currents, which exacerbate current stress
in the CHB switches. To alleviate this impact, the authors include a balancing winding
in the QAB transformers to partly redistribute power across clusters. Although the pre-
sented strategy is effective to some extent, it elevates transformer complexity, circulat-
ing currents, and magnetic losses. Moreover, its performance is largely dependent upon
transformer specifications, consequently limiting its efficacy under extreme or abruptly
fluctuating load circumstances.

A novel multi-port bidirectional three-phase AC-DC converter for electric vehicle charg-
ing microgrids is shown in [58], which integrates the utility grid, solar power generation,
battery energy storage, and several charging ports inside a singular conversion stage.
This architecture attains a high power factor, minimal current distortion, and simpli-
fied transformation for low-voltage charging applications; however, the absence of gal-
vanic isolation and the centralized single-stage configuration limit its implementation
as a fast charging stations. Furthermore, the difficulties of scalability, redundancy, and
DC-link voltage balancing associated with multilevel active front-end converters are not
adequately addressed.

Another CHB-based XFC station is reported in [59], whereby each CHB cell module

followed by a DC/DC stage and serve as an autonomous charging port. Since, a single
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multilevel CHB-AFE serve several vehicle at the same time, may introduce a considerable
stress on the MV grid. To mitigate this impact, battery energy storage (BES) modules
are connected to every converter cell in a distributed manner, which facilitate partial
buffering against high-power fluctuations.

Despite the appealing attributes of CHB-based XFC designs with distributed battery
energy storage module, their physical implementation presents significant obstacles.
In particular, the existence of many independent DC links which serves to unequal port
loads,results in DC-link voltage imbalance and elevated stress on both converter switch-
ing devices and BES module. As a result, even though this architecture is a highly mo-
tivated and promising solution for applications requiring extremely fast charging, its
successful implementation greatly depends on sophisticated control strategies that can
guarantee reliable DC-link voltage balancing while also reducing the stress on BES mod-
ule under highly fluctuating operating environments.

A comprehensive comparison of the CHB converter architecture with other multilevel

AC-DC converter configurations is highlighted in Table 2.4.

Table 2.4: Comparison of Multilevel AC-DC Converter Structures

Power OutputVoltage THD

Structure (kW) (V) (%)
Cascaded H-bridge (two cell) 2 540 <5
Three-phase Hybrid Cascaded H-bridge 0.55 - <5
Four-leg three-phase NPC with voltage balance circuit 3.6 ~450 5.39
Three-level NPC 30 858 2
Three-level NPC 1.2 ~210 2.95
Three-phase three-level stacked NPC 2 110 2.03
Single-phase seven-level active NPC 50 1000 -
Seven-level FCMLC 1.5 400 <3.5
Interleaved six-level FCMLC 7 400 <3

The cascaded H-bridge (CHB) architecture provides flexible scalability, medium-voltage
capabilities, and intrinsic redundancy, maRing it ideal for electric vehicle fast-charging
infrastructure. The existence of many separate DC_links presents significant issues in
power regulation and voltage control, especially under the dynamic operating circum-
stances of extremely fast charging stations. Consequently, ensuring balanced DC-link

voltages among cascaded cells emerges as a primary control need, prompting a com-
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prehensive examination of DC-link voltage balancing methodologies in the subsequent

section.

2.6 DC-Link Voltage Balancing Strategies

Cascaded H-bridge (CHB) converters inherently employ multiple independent DC-link
capacitors, one per power cell, enabling modularity and medium-voltage operation us-
ing low-voltage semiconductor devices. While this structural characteristic offers sig-
nificant advantages, it also introduces a fundamental control challenge: maintaining
balanced DC-link voltages across the cascaded cells [60]. In practical CHB-based sys-
tems, unequal power sharing, asymmetric operating conditions, and grid disturbances
can lead to DC-link voltage imbalance. Such imbalance increases semiconductor current
stress, distorts the synthesized output voltage, degrades input current quality, and may
adversely affect system stability and reliability.

The primary control which is responsible to generate the per phase output voltage is
realized by implementing voltage-oriented control (VOC), which alone is insufficient to
assure DC-link voltage regulation in CHB converters; thus, an extra control layer devoted
to DC-link voltage balancing is necessary to maintain the DC_Llink voltage at predefined
reference value and for stable operation of multilevel converter [61]. Consequently, ef-
fective DC-link voltage balancing is crucial not only for the safe and efficient operation
of CHB converters, but also for attaining high power quality, minimal current harmonic
distortion, and unity power factor at the grid interface.

This section examines DC-link voltage balancing strategies especially designed for
CHB converters, focusing on modulation-based and redundant switching- state-based
methods documented in the literature. The primary categories of multilevel modula-
tion techniques utilized in CHB converters are depicted in fig. 2.8, classified by switch-
ing frequency and modulation principle, which includes selective harmonic elimination,
multicarrier PWM, and space-vector modulation. This section discusses the operational

principles, benefits, and limits of various approaches.
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Figure 2.8: Multilevel Modulation stratigies

2.61 Phase-Shifted Pulse-Width Modulation for Multilevel Converters

High-frequency modulation techniques for multilevel converters are typically imple-
mented through multicarrier pulse-width modulation (PWM), utilizing several carrier sig-
nals alongside a shared modulating reference to produce the switching signals for power
semiconductor devices available in a single cell of a modular converter. Phase-shifted
pulse-width modulation (PS-PWM) has been thoroughly examined and utilized for mul-
tilevel converters comprising series-connected power modules, especially for cascaded
H-bridge (CHB) converters, owing to their modular architecture, advantageous harmonic
characteristics, and straightforward implementation [60].

In PS-PWM, a single sinusoidal reference waveform is equally transmitted to all power
modules; however, the carrier signals for each module are phase-shifted relative to each
other. Each H-bridge cell is regulated autonomously; nevertheless, the synchronized
phase displacement of the carriers guarantees that the switching behaviors of the cells
are uniformly distributed across the carrier period. Consequently, the combined output
voltage waveform demonstrates a greater effective switching frequency than any single
cell, despite the fact that each semiconductor device switches at a very low switching
frequency.

In CHB converters, PS-PWM is often realized as unipolar PWM, applied individually to

each H-bridge cell [61]. In this arrangement, each cell utilizes complementary switching
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functions based on the comparison of a shared sinusoidal reference and a triangular
waveform used as a carrier. The carriers related to neighboring cells are phase-shifted

by a fixed angle specified by
T

Ap = 7 (2.3)

The systematic carrier phase displacement results in the interleaving of individual cell
switching instants repeatedly over the carrier period, consequently multiplying the switch-
ing frequency at both the phase and line voltage levels .

The key feature of PS-PWM lies in its harmonic properties. Even though all H-bridge
cell switches are synchronized to the base carrier frequency, the interleaved switching
mechanism generates a composite output voltage waveform with predominant har-
monic components displaced toward higher frequencies. As a result, low-order harmon-
ics are considerably reduced, and the perceived switching frequency of the generated
phase voltage approaches M f., with f. being the carrier frequency [62, 63]. This feature
is especially advantageous in high-power CHB systems, where elevating the switching
frequency of individual devices is unfavorable owing to significant switching losses.

Besides its advantageous harmonic performance, PS-PWM provides significant adapt-
ability and scalability. As all H-bridge cells use the same reference waveform and vary
solely in the phase of their carrier signals, the modulation scheme can be easily adapted
to converters with several cascaded cells without necessitating major structural modifi-
cations. This modular feature also enables fault-tolerant operation, allowing individual
cells to be bypassed or reinserted with little effect on the entire modulation system.

In spite of these benefits, PS-PWM demonstrates intrinsic restrictions when used in
cascaded H-bridge rectifiers operating with floating DC-link capacitors. The modulation
mechanism does not directly control the individual DC-link voltages, and during recti-
fier operation, imbalanced charging and discharging of the capacitors may arise from
parameter deviations, non-ideal switching patterns, or dynamic operating conditions.
Over time, these imbalances become evident, leading to distorted voltage waveforms,
diminished voltage utilization, and elevated voltage stress on certain H-bridge cells.

To address this problem, PS-PWM is often augmented by supplementary control mech-
anisms, such as power-sorting algorithms, which reallocate active power across the H-

bridge cells [64]. The use of these balancing solutions increases control complexity and
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may negatively impact dynamic performance, especially under transient conditions or
across extensive operating ranges.

Moreover, the fixed phase relation among carrier signals in PS-PWM constrains the
attainable degrees of freedom for sophisticated control purposes. In contrast to space-
vector modulation or selective harmonic elimination PWM, PS-PWM provides limited
adaptability for selective harmonic shaping or direct use of switching-state redundan-
cies for DC-link voltage stabilization [65, 66]. Additional difficulties for real-time digital
implementation arise from the growing need for carrier synchronization and timing pre-
cision as the number of cascaded cells increases.

In conclusion, phase-shifted PWM is a recognized and advantageous modulation
technique for cascaded H-bridge converters, providing an effective balance between
harmonic performance, reduction of switching losses, and ease of implementation. Through
the use of carrier phase displacement, PS-PWM effectively enhances the perceived switch-
ing frequency of the generated output voltage while preserving low switching stress on
individual semiconductor components. Due to its modular architecture and scalabil-
ity, PS-PWM has been extensively used in multilevel converter applications, including
series-connected power cells. Nonetheless, the attributes of PS-PWM also encourage
the investigation of alternative multicarrier modulation schemes that provide varying
compromises among harmonic performance, control flexibility, and voltage utilization.
Fig. 2.9a shows the PS-PWM worRing principle applied to a CHB converter with four H-

bridge cells per phase under unipolar modulation.

2.6.2 Level-Shifted Pulse-Width Modulation for Multilevel Converters

Level-shifted pulse-width modulation (LS-PWM) is a widely utilized high switching
frequency modulation technique for multilevel power converters. Like other multicar-
rier PWM methods, LS-PWM generates multilevel voltage waveforms by comparing a sin-
gle modulating reference with multiple triangular carrier signals. In contrast to phase-
shifted PWM, LS-PWM utilizes carrier signals that are shifted vertically in amplitude while
maintaining phase. The carriers are organized into adjacent bands that together cover
the entire modulation range, with each carrier band corresponding to a particular volt-

age level of the converter.
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Figure 2.9: Carier based modulation stratgies for multilevel CHB converter

The core operating concept of LS-PWM relies on the direct amplitude comparison
between the reference signal and a series of carrier waveforms. As the sinusoidal ref-
erence moves through the carrier bands, switching transitions occur at the intersection
points between the reference and the carriers, resulting in stepped output voltage wave-
forms. This modulation technique allows LS-PWM to generate multilevel voltages in a
clear and methodical way, making it especially appropriate for converters with distinct
voltage levels and centralized DC-link topologies.

According to the relative phase relationships of the carrier signals above and below
the zero reference, LS-PWM may be categorized into three prominent schemes: phase
disposition (PD-PWM), phase opposition disposition (POD-PWM), and alternative phase
opposition disposition (APOD-PWM). In PD-PWM, all carrier signals are phase-aligned
over the full modulation spectrum, leading to a symmetrical carrier configuration . In

POD-PWM, the carriers positioned above the zero reference are phase-shifted by 180°
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in relation to the ones below it, whereas in APOD-PWM, each vertical adjacent carrier
is phase-shifted by 180° with respect to its adjoining carrier [67, 68]. The carrier distri-
bution techniques affect the harmonic spectrum of the generated output voltage, es-
pecially for common-mode voltage components and low-order harmonics. Figure 2.9b
depicts the fundamental notion of level-shifted PWM, while fig. 2.9¢c, fig. 2.9d provide
POD-PWM, and APOD-PWM stragies, respectively.

The selection of carrier placement directly influences the harmonic performance of
LS-PWM. PD-PWM is often preferred for line-to-line voltage quality because of its sym-
metrical configuration, although POD-PWM and APOD-PWM are frequently used to miti-
gate certain harmonic components or common-mode voltage impacts. With an increase
in voltage levels, the harmonic spectrum becomes more concentrated around multiples
of the carrier frequency, enhancing waveform quality but complicating carrier manage-
ment.

LS-PWM provides a straightforward and intuitive modulation framework for cas-
caded H-bridge (CHB) converters, which can potentially be implemented using conven-
tional PWM hardware and digital control system [69]. The direct correlation between
carrier bands and voltage levels enables clear mapping of modulation signals to switch-
ing states. At reasonable switching frequencies and a limited number of cascaded cells,
LS-PWM may attain acceptable harmonic performance without imposing a significant
computational load.

In contrast to phase-shifted PWM, LS-PWM does not intrinsically allocate switch-
ing actions uniformly across the cascaded H-bridge cells. As all carriers are phase-
synchronized, switching events often occur simultaneously across several cells, con-
sequently diminishing the beneficial interleaving of switching activities. The observed
switching frequency of the generated output voltage does not increase proportionately
with the number of series-connected cells, and the harmonic advantages gained by nat-
ural interleaving are restricted.

Moreover, LS-PWM lacks inherent DC-link voltage balancing functionality in CHB con-
verters equipped with floating DC-link capacitors. During rectifier operation, non-uniform
power processing across the cells can result in persistent voltage imbalance, adversely

impacting voltage level uniformity and diminishing output waveform quality [70]. As
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a result, LS-PWM-based CHB systems typically necessitate auxiliary voltage balancing
mechanisms to ensure stable operation.

Numerous balancing techniques have been documented in the literature to mitigate
this issue. These includes reference signal alteration methodologies, wherein the mod-
ulation reference is individually modified to control distinct DC-link voltages. Despite
their effectiveness, these additional control layers complicate the system and may gen-
erate increased dynamic interactions.

Moreover, LS-PWM encounters difficulties with carrier generation, synchronization,
and computational cost as the number of voltage levels increases [71]. The exact align-
ment of multiple carrier signals and the precise identification of reference crossings
become more challenging, especially in high-power applications where strict timing is
required. These factors may restrict the scalability of LS-PWM in converters including
several cascaded H-bridge cells.

In conclusion, level-shifted PWM is a straightforward and proven multicarrier mod-
ulation technique for multilevel converters, providing simplicity of implementation and
satisfactory harmonic performance under moderate operating conditions. However, its
limited inherent DC-link voltage control and natural switching interleaving capabilities
encourage the need for additional balancing methods when used in cascaded H-bridge
rectifiers. These factors establish LS-PWM as a realistic modulation choice for certain
CHB applications, while also emphasizing the trade-offs that differentiate it from other
high-frequency and fundamental frequency modulation techniques discussed in the lit-
erature.

LS-PWM provides simple implementation and adequate harmonic performance for
cascaded H-bridge (CHB) converters, especially at modest switching frequencies. In con-
trast to phase-shifted PWM, LS-PWM does not automatically allocate switching actions
uniformly across cascaded cells, thereby limiting its intrinsic capacity to balance DC-link
capacitor voltages. Consequently, LS-PWM is often integrated with supplementary bal-
ancing mechanisms—such as reference signal adjustment, redundant switching state
selection, or outer-loop voltage balancing controllers—to ensure uniform DC-link volt-

ages across CHB cells.
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2.6.3 Space Vector Modulation

Space-vector modulation (SVM) is a discrete-time modulation technique extensively
used in three-phase power electronic converters. Instead of separately controlling each
phase leg, SVM identifies the optimum switching state of the entire three-phase con-
verter by representing the reference voltage vector and the converter’s switching states
within a unified vector space. The final choice of switching states is determined by a
mathematical transformation that correlates the required reference voltage with the
line-to-line voltage vectors produced by the converter. Thus, in contrast to carrier-based
modulation approaches that directly generate phase voltages, space-vector modulation
(SVM) primarily emphasizes line voltages, with the associated phase voltage waveforms
emerging implicitly from the chosen switching sequence.

The primary concept of space-vector modulation is the graphical representation of
three-phase converter switching states in the stationary a—f reference plane. The switch-
ing state of a three-phase converter is characterized by a set of normalized switching
functions (s,, sy, sc), which represent the output states of the different phase legs in re-
lation to the DC-link capacitor voltages [72]. For a two-level, three-phase inverter, the
entire set of possible switching states can be represented on the a—_3 plane, where the
contributions from phases a, b, and c provide vector components oriented along axes
that are 120° apart.

The switching state (s, sy, sc) = (1,1,0) generates a voltage vector including a com-
ponent aligned with the a-axis and another component oriented at 120° from it along
the b-axis. The combination of these components yields a space vector of unit magni-
tude positioned at an electrical angle of 60°. Thus, the eight potential switching states
of a three-phase, two-level inverter constitute the vertices of a reqular hexagon in the
space-vector diagram. Within these states, (0,0,0) and (1,1,1) indicate zero-voltage
vectors, both located at the origin. States that are responsible for the same position in
the space-vector plane are generally termed redundant switching states.

Figure 2.10 depicts the three-phase reference voltage vector, V*, which traverses a
circular path in the space-vector plane. The aim of space-vector modulation is to provide
discrete-time approximations of the continuously rotating reference vector by properly

choosing and ordering the limited set of switching vectors attainable by the converter.
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Figure 2.10: Space vector modulation for converters. [73]

The switching states of multilevel converters can be shown within the same space-
vector framework, as illustrated for two-level and three-level topologies in Fig. 2.10a
and Fig. 2.10b, respectively. In each arrangement, the possible switching states occupy a
hexagonal area formed by distinct voltage vectors positioned at the vertices of linked tri-
angular sectors. Raising the number of voltage levels broadens the permissible switch-
ing states and the density of accessible switching vectors, consequently improving the
accuracy of the voltage synthesis process.

In addition, the degree of switching-state redundancy grows in direct proportion to
the number of voltage levels. Numerous unique switching states may produce equiva-
lent voltage vectors within a certain region of the space-vector diagram. The modula-
tion process gains extra degrees of freedom due to this redundancy in the space-vector
formulation and the intrinsic redundancy in the phase-leg configurations [74, 75]. The
flexibility of space-vector modulation provides a significant benefit, enabling advanced
control purposes such as DC-link voltage balancing, reduction of switching losses, and
redistribution of thermal stress in high-power multilevel converter systems.

The first phase of space-vector modulation involves sampling the rotating reference
voltage vector, v*, and determining its location within the space-vector diagram in rela-
tion to the available converter switching vectors. According to this position, the space-

vector modulator identifies the set of switching vectors that most accurately replicate
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the reference vector [76]. Suitable redundant switching states are then identified, and
the selected vectors are implemented over designated time intervals within the sampling
period to ensure that their time-averaged impact replicates the intended reference volt-

age vector. This situation can be defined as

S d 5 = @ (2.4)
r=1

Here, §, signifies the rth switching vector utilized during the sampling interval, d,
indicates the proportion of the sampling period during which that vector is in use, and
n specifies the total number of switching vectors utilized in the modulation sequence.

Notwithstanding its extensive use and advantageous characteristics, space-vector
modulation has intrinsic limitations when utilized in high-power multilevel converters.
The growing number of switching states and duplicated vectors at higher voltage lev-
els significantly increases the computational complexity of real-time implementation
and complicates the optimization of switching sequences[73]. Furthermore, the need
for accurate timing computations and sector identification becomes progressively more
burdensome as the number of converter levels increases. These issues prompt the explo-
ration of alternative modulation schemes that provide reduced computational demands

while preserving satisfactory harmonic performance.

2.6.4 Redundant Switching-State-Based DC-Link Voltage Balancing

The redundant switching-state-based method utilizes the intrinsic modularity of cas-
caded H-bridge (CHB) converters to attain DC-link voltage balancing. In multilevel CHB
converters, various switching state configurations can provide identical output voltage
levels owing to the existence of separate H-bridge cells. Although these duplicate states
are equivalent to the synthesized phase voltage, they differ in the instantaneous current
flowing through each DC-link capacitor. The charging and discharging of capacitors can
be controlled by properly choosing one of these redundant switching arrangements, de-
pending on the observed DC-link voltages.

The literature has investigated DC-link voltage balancing using several redundant
switching-state approaches. A notable method attains voltage balancing by splitting

the converter’s operational range into multiple voltage regions. In each region, the suit-
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able switching state is determined by the instantaneous voltage level and the direction
of the grid current, facilitating efficient management of the DC-link voltages.

A different approach presents a redundant switching-state-based balancing tech-
nique that combines a voltage-sorting algorithm with real-time voltage-level calcu-
lations during the modulation process. This method effectively preserves cell voltage
balancing under fluctuating load conditions by dynamically allocating switching states
based on the observed DC-link voltages. Nonetheless, the corresponding control logic
becomes more complicated as the number of cascaded cells increases, potentially lim-
iting its scalability for advanced CHB converters [77, 78].

Alternative research has suggested using redundant switching states based on de-
fined charging and discharging criteria while considering the direction of grid current
flow. Expanding on this idea, a low-switching-frequency redundant-state-based volt-
age balancing method has also been documented. In this method, redundant switching
arrangements are used to maintain DC-link voltage balance while synthesizing the AC
output voltage [79].

Although redundant switching-state-based voltage balancing approaches are effec-
tive, their scalability to converters with several cells is problematic owing to elevated
control complexity and the restricted capacity to optimize multiple objectives simulta-
neously. Furthermore, the majority of current methodologies depend on predetermined
modulation rules and fail to exploit system predictions for the efficient management of
DC-link voltage balance under dynamic operating conditions. In practical applications,
these restrictions are intensified by limited sampling frequency, computational delays,
and the exponential increase in permissible switching states as the number of submod-
ules rises. Due to the consequent increase in real-time computational load, heuristic
simplifications are often required, which may jeopardize dynamic performance and op-

timality.

2.6.5 SHE based Modulation Stratgies for Multilevel Converter

Selective Harmonic Elimination Pulse Width Modulation (SHE-PWM) is categorized as
a low switching frequency modulation strategy, essentially distinct from carrier-based

and space-vector modulation approaches. Instead of generating the reference voltage
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using high-frequency switching and time-averaged accumulation of discrete voltage
vectors, SHE-PWM directly establishes the converter switching intervals to systematically
remove specified low-order harmonics from the output voltage.

This feature makes SHE-PWM especially suitable for high-power cascaded H-bridge
(CHB) converters, where thermal constraints and switching losses severely restrict the
switching frequency of semiconductor devices. SHE-PWM facilitates harmonic reduc-
tion by using optimized switching angles instead of elevated switching frequencies,
thereby ensuring compliance with harmonic standards while preserving minimal switch-
ing losses.

In SHE-PWM the multistep output waveform of a CHB converter is attained by using
quarter and half-wave symmetries. The phase voltage can be represented as a Fourier
series, with harmonic coefficients being nonlinear functions of a limited set of switch-
ing angles «y, shown in equation 2.5. The SHE problem is therefore expressed as a se-
ries of transcendental equations, whereby the fundamental voltage magnitude is con-
trolled while certain low-order harmonics—commonly the 5th, 7th, 11th, and 13th—are
constrained to zero, represented by equation 2.6 [80]. In contrast to space-vector mod-
ulation, which operates in the stationary -3 reference frame and emphasizes instan-
taneous line-voltage synthesis, SHE-PWM is fundamentally a modulation approach that

acts directly in the time domain at the fundamental frequency.

v(wt) = i Wac <i cos(nak)> sin(nwt). (2.5)

n=1 nm k=1
n 3,57..
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SHE-PWM presents a significant issue in cascaded H-bridge rectifiers that is absent in
traditional two-level converters: the control and balancing of individual DC-link capaci-

tor voltages. As each H-bridge cell contributes individually to the output voltage, unbal-
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anced capacitor voltages effectively distort the desired voltage levels and influence har-
monic performance. Furthermore, during rectifier operation, bidirectional power flow
and fluctuating grid conditions can result in a persistent imbalance among the DC links
in the absence of a specific balancing mechanism. Consequently, in the absence of
explicit DC-link voltage balancing, SHE-driven modulation cannot guarantee accurate
voltage synthesis or consistent harmonic performance in CHB-AFE systems.

Initial SHE implementations for CHB converters mostly depended on waveform sym-
metry and inherent charge redistribution to achieve approximate voltage balance. Al-
though self-balancing behavior could potentially be observed under restricted operat-
ing conditions, it has proven inadequate for practical rectifier applications, especially
during dynamic load fluctuations, extensive modulation index variations, or non-unity
power factor operation. These limitations motivated the development of advanced SHE-
PWM techniques that explicitly incorporate DC-link voltage management into the mod-
ulation process [81, 82].

A comprehensive categorization of DC-link voltage balancing schemes compatible
with SHE-PWM has been presented in [83], which rigorously evaluates their suitability
for application to multilevel converters, including cascaded H-bridge configurations .
In the context of CHB rectifiers, these strategies can generally be described as methods
that utilize supplementary degrees of freedom incorporated in SHE formulations or in
the modular architecture of the converter.

A specific group of strategies enhances the SHE formulation by explicitly controlling
the total net charge of each DC-link capacitor across one fundamental period. These
approaches expand the Fourier series equations by including charge-balance require-
ments, consequently ensuring that the average capacitor current remains zero. This can
be mathematically represented as equation 2.7. Despite its mathematical elegance, this
method limits the number of harmonics that can be eliminated, since voltage balanc-
ing requires the sacrifice of certain degrees of freedom [84, 85, 86]. Therefore, charge-
regulation-based SHE is often used in systems with a considerable number of voltage

levels, where sufficient degrees of freedom are preserved.

o1 T
1o, = f/o ic,(t)dt =0, (2.7)
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where T denotes the fundamental period and ic, (t) represents the current of the i-th
DC-link capacitor.

Another group of approaches incorporates regulated zero-sequence harmonics into
the SHE formulations. Injecting certain triplen harmonics can affect the charging and
discharging characteristics of individual H-bridge cells while barely impacting the line-
to-line voltage quality. Although successful in certain circumstances, zero-sequence-
based methods are limited by grid regulations, modulation range, and converter archi-
tecture, resulting in their infrequent use in CHB-AFE rectifiers designed for grid-connected
applications [87, 88].

In terms of practicality, stratgies that take advantage of redundancies in the switching-
angle solutions or the converter switching states are more applicable to cascaded H-
bridge rectifiers. The modular design of CHB converters allows for various switching
configurations to provide identical output voltage levels. SHE-PWM naturally produces
stepped voltage waveforms with repeating voltage levels, facilitating the selection of
redundant switching states that influence the charging or discharging of certain DC-
link capacitors. The redundant-state adjustment method has become one of the most
efficient and commonly used balancing approaches for CHB rectifiers operating under
SHE-PWM.

In redundancy-driven SHE mechanisms, the switching angles dictate the timing of
voltage level variations, while a secondary selection logic allocates participating H-
bridge cells to each voltage level according to their instantaneous DC-link voltages. It
is possible to charge cells with lower voltages more frequently and discharge those with
higher voltages more slowly without changing the resulting waveform of the synthe-
sized signal. This method maintains the harmonic elimination characteristics of SHE
while facilitating active adjustment of the DC-link voltage. Different implementations
of this approach varies in the frequency of updating the redundancy choice; some are
half-cycle-based, others are fundamental-period-based, or switching-angle-triggered.

The effectiveness of redundant-state-driven SHE-PWM for CHB rectifiers has been
confirmed in several specialized investigations. Further advancements are made in this
approach by incorporating redundant switching selection decisions with SHE-PWM for

CHB active rectifiers, showcasing rapid voltage balancing and resilient performance dur-
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ing rectifier operation in [89, 90]. These studies demonstrate that redundancy exploita-
tion is especially advantageous for CHB-AFE systems, since it utilizes the converter’s
intrinsic modularity while preserving minimal switching losses.

Recent investigations have explored hybrid methodologies that integrate SHE-PWM
with predictive control principles, whereby a restricted optimization problem determines
switching states that correspond to a SHE waveform while reducing variations in DC-link
voltage [91]. Although SHE-MPC schemes enhance dynamic performance, their compu-
tational cost escalates significantly with the number of cascaded cells, limiting their
feasibility in real-time applications for high-level CHB rectifiers.

In conclusion, SHE-PWM serves as an efficient modulation foundation for cascaded
H-bridge rectifiers operating in high-power, low-switching-frequency applications. De-
spite its fundamental-frequency operation presenting challenges in DC-link voltage bal-
ancing, the presence of extra degrees of freedom—particularly switching-state redundancy—

facilitates successful voltage control when used appropriately.

2.6.6 Nearest-Level Modulation for Multilevel Converters

Nearest-level modulation (NLM), also known as nearest-level control (NLC), is a fundamental-
frequency modulation technique extensively used in multilevel power converters, espe-
cially in modular multilevel converters (MMC) and cascaded H-bridge (CHB) architec-
tures. In contrast to high-frequency PWM approaches, NLM produces stepped voltage
waveforms by choosing the discrete voltage level that most accurately corresponds to
the instantaneous amplitude of a sinusoidal reference signal. This feature enables the
converter to function at a significant lower switching frequency, leading to decreased
switching losses and enhanced efficiency in medium- and high-power applications [92,
93].

The NLM operates on the basis of a direct comparison between the reference voltage
and the available discrete voltage levels that are created by the cascaded converter cells.
At each sample time, the control algorithm calculates the required number of submod-
ules or H-bridge cells to be integrated into the circuit to ensure that the generated output
voltage approximately aligns with the reference waveform. The quantity of inserted cells

can be calculated by applying a rounding operation to the ratio of the reference volt-
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age to the DC-link voltage of each cell [94]. This technique generates a staircase output
voltage waveform, with the number of levels contingent upon the quantity of cascaded
cells in the converter. A CHB converter with n cells can generally produce 2n + 1 distinct
voltage levels, varying between —nV. to +nVy,.

A primary advantage of NLM is its very low switching frequency. Switching events oc-
curs only after the reference signal intersects the thresholds between neighboring volt-
age levels, resulting in each power device commutating only a limited number of times
in each fundamental cycle. This significantly decreases the switching losses and ther-
mal stress on semiconductor components, making NLM especially appealing for high-
power converters, including medium-voltage drives, and grid-connected renewable en-
ergy converters [95, 96].

A notable attribute of NLM is its ease of implementation. The modulation technique
fundamentally depends on mathematical operations like rounding, sorting, and level
selection, which may be effectively executed in digital control systems. Conversely, mod-
ulation schemes like selective harmonic removal need the resolution of nonlinear tran-
scendental equations, complicating real-time implementation. Due to its simplicity, NLM
has been extensively used for converters with several voltage levels, where conventional
PWM algorithms are computationally expensive [96].

Notwithstanding its simplicity and effectiveness, traditional NLM has several limita-
tions that have spurred much study in the literature. The main concern is the modulation
error caused by the converter’s discrete voltage increments. Due to the output voltage
being restricted to discrete values, a discrepancy always occurs between the intended
reference voltage and the produced staircase waveform. This mistake is exacerbated
when the quantity of accessible voltage levels is limited, resulting in higher harmonic
distortion in the output voltage [97]. The modulation error is more apparent when the
reference waveform nears its peak value, at which point the converter’s voltage resolu-
tion is inadequate for accurately reproducing the sinusoidal waveform.

To resolve this problem, many enhanced NLM approaches have been suggested. In
[98] presented an improved nearest-level modulation (INLM) technique that minimizes
modulation error by modifying the operational duration of the last inserted submod-

ule. The suggested method alters the conduction duration of the ultimate voltage level
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to more accurately resemble the region of the reference sine wave, thereby enhancing
voltage tracking precision and minimizing the system’s power error.

A further area of study focuses on altering the switching architecture of NLM to
enhance harmonic performance. The research study represented in [92] introduced a
variable-structure nearest-level modulation (VSNLM) technique for cascaded H-bridge
multilevel inverters. This method replaces the constant threshold used in traditional
NLM for transitioning between voltage levels with an adjustable parameter that can be
tuned to reduce total harmonic distortion (THD). The suggested technique enhances out-
put voltage quality relative to standard NLM by establishing suitable switching bound-
aries based on the modulation index across various operating situations.

Besides harmonic performance, voltage balancing of the DC-link capacitors or en-
ergy storage modules is a crucial consideration when implementing NLM in cascaded
converter configurations. Imbalances in capacitor voltage may develop over time due
to varying conduction durations across various submodules during each fundamental
cycle. To address this problem, sorting and selection algorithms are often included with
NLM to identify which submodules should be introduced at each switching instant. These
algorithms often prioritize modules with elevated or reduced voltages based on the op-
erational mode, thereby facilitating efficient capacitor voltage balancing and enhancing
converter dependability.

In Applications that utilize integrated energy storage components like supercapac-
itors or batteries, NLM may be modified to manage current distribution and energy al-
location among submodules. Modified nearest-level control techniques have been sug-
gested to equalize current stress among converter cells by altering the sequence of sub-
module activation during each fundamental cycle [99]. These methods mitigate heat
stress on individual cells and enhance the longevity of energy storage components.

In summary, nearest-level modulation offers an exceptionally effective and compu-
tationally straightforward modulation approach for multilevel converters with several
voltage levels. Its reduced switching frequency renders it especially appropriate for
high-power applications where switching losses need to be minimized. The discrete
characteristics of the produced voltage waveform result in intrinsic modulation errors

and harmonic distortion, particularly when the number of levels is limited. As a result,
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many enhanced NLM techniques have been developed to augment voltage tracking pre-
cision, reduce harmonic distortion, and optimize voltage equilibrium across converter
cells.

In conclusion, NLM constitutes a pragmatic and extensively used modulation tech-
nique for cascaded multilevel converters, attributed to its minimal switching losses and
uncomplicated implementation. Nonetheless, its constraints concerning harmonic per-
formance and voltage balance persist in driving the development of sophisticated NLM
variants and hybrid modulation approaches designed to enhance waveform quality and

overall converter efficiency.

2.7 Summary

This chapter examined the scientific foundations and principal issues related to elec-
tric vehicle (EV) fast and extreme fast charging (XFC) infrastructure, focusing specifically
on medium-voltage (MV) power conversion and cascaded H-bridge (CHB) active front-
end (AFE) converters. The discussion was motivated by the shortcomings of traditional
Level-1 and Level-2 charging systems, which are unable to satisfy the increasing de-
mand for rapid charging intervals associated with high-capacity electric vehicle bat-
teries. Consequently, high-power DC fast charging and XFC stations have become vital
elements of future transportation electrification, necessitating converter topologies that
guarantee high efficiency, scalability, and grid compatibility.

The chapter examined the XFC station topologies, including AC-bus and DC-bus sys-
tems, along with transformer-based and solid-state transformer (SST) architectures. A
comparative evaluation highlighted the trade-offs among efficiency, power density, sys-
tem complexity, and grid impact. Modular and distributed architectures were recog-
nized as advantageous options for high-power charging applications because of their
scalability, redundancy, and suitability for partial-power processing. In this context,
multilevel converters are identified as pivotal technologies for medium-voltage front-
end stages, since they enable direct medium-voltage interfacing, reduce semiconductor
stress, and enhance power quality.

A comprehensive evaluation was conducted on neutral-point-clamped (NPC), flying-
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capacitor (FC), and cascaded H-bridge (CHB) converters within multilevel topologies. Al-
though each topology offers unique benefits, the CHB converter is particularly appeal-
ing for XFC applications because of its intrinsic flexibility, fault tolerance, and ability to
utilize low-voltage semiconductor devices in medium-voltage systems. The existence of
several independent DC connections in CHB converters presents considerable challenges
in power management and DC-link voltage control, especially under the highly dynamic
and uneven loading conditions typical of multi-port XFC stations.

This chapter offers an in-depth investigation of DC-link voltage balancing solutions
for CHB-based AFEs, emphasizing modulation-oriented methods for addressing these
challenges. High-switching-frequency multicarrier approaches, such as phase-shifted
and level-shifted PWM, were examined for their harmonic performance, scalability, and
intrinsic balancing capabilities. Space-vector modulation was analyzed as a versatile
vector-based technique that utilizes switching-state redundancy to facilitate voltage
balancing, albeit with increased computational complexity. Moreover, selective har-
monic elimination PWM and nearest level modulation was introduced as a low-switching-
frequency option suitable for high-power applications, where redundant switching states
can be used to facilitate DC-link voltage management.

The literature demonstrates that while CHB-based XFC architectures with distributed
battery energy storage provide distinct benefits—such as modular scalability, direct medium-
voltage interfacing, and partial buffering of high-power transients—their operational ef-
fectiveness is significantly influenced by the employed control strategy. Architectures in
which each CHB cell operates as an autonomous charging port following a DC-DC stage
inevitably lead to unequal power distribution, resulting in voltage imbalances and in-
creased stress on both power electronic devices and integrated energy storage systems.
Consequently, there is a specific need for specialized control techniques designed for
CHB-based XFC systems that ensure effective DC-link voltage reqgulation while reducing
battery stress during highly dynamic multi-port charging scenarios. This need directly

motivates the scientific contributions presented in the subsequent chapters.
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Chapter 3:

XFC Architecture and Mathematical Model-
ing
3.1 Introduction

Extreme fast-charging (XFC) stations require power conversion systems with high
power density, medium-voltage grid integration capability, rapid dynamic response,
and the ability to accommodate significant transient power demands arising from si-
multaneous multi-vehicle charging. To satisfy these requirements, multilevel converter
topologies have emerged as a promising solution for next-generation fast-charging in-
frastructure.

Among these topologies, cascaded H-bridge (CHB) multilevel AC-DC converters inte-
grated with distributed battery energy storage (BES) modules offer an attractive com-
bination of modular scalability, flexible power routing, and localized energy buffering
capability. In such configurations, each H-bridge cell is connected to an independent
BES module, enabling the converter to operate as a set of synchronized single-phase
rectifiers while partially isolating the medium-voltage grid from rapid power transients
introduced by the charging ports.

This chapter investigates a three-phase star-connected multilevel cascaded H-bridge
(CHB) AC-DC converter with integrated battery energy storage for extreme fast-charging
(XFC) stations. The system under consideration serves as an active front-end (AFE) inter-
face between the medium-voltage grid and the charging infrastructure, while providing
distributed energy buffering through the integrated BES modules.

To this end, a control-oriented mathematical model of the CHB converter is first de-
veloped, followed by the modeling of the integrated battery energy storage modules.

These models establish the foundation for the control design, DC-link voltage balanc-
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ing strategy, optimization-based power management framework, and stability analysis

presented in the subsequent sections.

3.2 Overview of the MV XFC Station Architecture

Figure 3.1 depicts the design of the extreme fast electric vehicle (EV) charging sta-
tion examined in this study. The system is designed to interact directly with a three-
phase medium-voltage (MV) grid while providing numerous high-power DC charging
ports under highly dynamic operational circumstances. The station employs a cascaded
H-bridge (CHB) multilevel AC-DC converter, coupled with distributed battery energy stor-
age (BES), to meet the stringent requirements of extreme rapid charging, including high
power density, flexible scalability, and minimal grid impact.

The CHB converter functions as a transformerless active front-end (AFE), synthesiz-
ing medium-voltage AC waveforms via series-connected low-voltage power cells. Each
H-bridge submodule is connected to a separate battery energy storage unit, enabling
localized energy buffering and partial decoupling between the grid and the charging
ports. This distributed storage strategy mitigates grid-side power fluctuations caused
by rapid and uneven EV charging, while also offering greater flexibility for power-flow
regulation and state-of-charge (SoC) management.

Following the CHB-AFE and BES modules, isolated DC-DC conversion stages provide
galvanic isolation and a regulated DC output suitable for electric vehicle battery charg-
ing. The modular design allows multiple charging ports to operate simultaneously, pos-
sibly at varying power levels, while maintaining grid current symmetry and compliance
with power quality standards. Furthermore, the system’s bidirectional power flow capa-
bilities enable additional functions, including grid support and local energy manage-
ment.

The integration of distributed battery energy storage (BES) modules into the cas-
caded H-bridge (CHB) converter significantly increases the system’s complexity from
both modeling and control perspectives. The presence of multiple independent DC links,
combined with unequal port loading and dynamic power exchange among the converter

cells, necessitates coordinated control strategies to ensure stable DC-link voltage regu-
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lation, balanced power distribution, and proper battery operation.

This chapter presents a comprehensive mathematical model of the XFC station under
examination. Initially, the CHB converter is represented in dq reference frames, subse-
quently leading to the formulation of a control-oriented averaged model appropriate
for further linearization. Thereafter, the electrical and state-of-charge dynamics of the
integrated battery energy storage modules are modeled, establishing the foundation for

the stability analysis and control design discussed in the subsequent chapters.

Phase B

1 Phase A »

T |
e

Figure 3.1: Multiport XFC charging station.

)

3.3 Multilevel Cascaded H-Bridge Rectifier

Figure 3.3 depicts the configuration of a three-phase 7level medium-voltage (MV)
grid-connected cascaded H-bridge (CHB) rectifier, wherein each phase leg comprises 3 H-
bridge cells arranged in series. Each H-bridge cell consists of four ideal power switches
with antiparallel diodes, enabling bidirectional current flow and power exchange based
on the applied switching state. Figure 3.2a, 3.2b, and 3.2c illustrate the switching ar-
rangement of a single H-bridge cell for positive, negative, and zero current directions,
respectively . Each H-bridge cell can produce three different voltage levels across its DC
terminals: +V,., 0, and —Vy., by selecting the appropriate switching states. The zero-
voltage state can be attained through various redundant switching combinations, which

can be used to achieve control objectives such as voltage balancing and loss reduction.
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Figure 3.2: Switching configuration of CHB converter

Each Phase of the multilevel CHB converter can be modeled as a controllable voltage
source that generates an alternating current (AC) waveform from a finite set of discrete
voltage levels. Under balanced working conditions, each CHB cell receives an equal DC-
link voltage, V.. Increasing the number of series-connected submodules improves the
resolution of the generated phase voltage, yielding a waveform that more accurately
resembles an ideal sinusoid.

The CHB topology has several substantial benefits. The voltage stress (dv/dt) for
each semiconductor device is significantly reduced compared with a single high-voltage
converter, resulting in lower switching losses and improved electromagnetic compatibil-
ity (EMC) [1]. The modular architecture enhances system maintainability and scalability,
allowing individual submodules to be serviced or changed with minimum disruption.
The series connection of submodules facilitates direct connecting to medium-voltage

grids, eliminating the need for a heavy low-frequency transformer.
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Furthermore, having the ability of various voltage levels at the converter output
greatly minimizes the total harmonic distortion (THD) of the grid current. In an N-cell
CHB converter, the generated phase voltage comprises 2N + 1 unique voltage levels,

considerably alleviating the filtering requirement while improving overall power quality

[2, 3]
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Figure 3.3: 7level CHB active front-end rectifier

3.4 Mathematical Modeling of the System

This section formulates a mathematical model for the three-phase CHB-AFE pre-
sented in Section 3.1. The developed model encapsulates the primary electrical dynamics
of the AC grid-side filter, the multilevel converter, and their corresponding DC links. The
formulation aims to provide a plant representation that enables the control design and

closed-loop stability analysis discussed in the next chapter.

3.5 Reference Frame Transformation

For controller design, the three-phase (abc) model is transformed into the synchronously
rotating (dq) reference frame using the Park transformation. This transformation con-
verts sinusoidal variables into DC quantities under balanced operating conditions, thereby

simplifying the control design. The computed (dq)-axis voltage references are subse-
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quently transformed back into the three-phase (abc) reference frame using the inverse

Park transformation for PWM signal generation.

3.5.1 ABC to Park Transformation

A direct transformation exists between the three-phase abc reference frame and the
rotating dq0 reference frame. The Park transformation creates a linear correlation be-
tween instantaneous phase values and how they are represented in the rotating frame.

The transition is articulated as follows;

_ cos O cos(@ — %ﬁ) COS(@ N 2%) -
x40 = K, (0) x = ; —sinf — sin( — 27) - Sin(@ + %’T) X, (3.1)
1 1 1
L 2 2 3 |

where x = [z, z3, z.]T denotes the three-phase quantity in the abc reference frame.

The transformation matrix K,, is formulated to retain the magnitude of the space
vector. Moreover, it can be shown that the determinant of K, is consistently non-zero,
hence guaranteeing the invertibility of the transformation. The inverse Park transfor-
mation, which translates the rotating-frame values to the phase domain, is therefore

expressed as;

cos —sin6 1

X:K;I(‘Q)qugz cos( —%’T) —sin( —%’T) 1| x™. (3.2)

cos(@ + %”) —sin(ﬁ + %") 1
In balanced three-phase systems, the zero-sequence component can be ignored, as

in prior transformations. Given this assumption, the Park transformation simplifies to

Ky oyx—2 | cos(6 - %) cos(6+ %) x. (33)
—siné —sin( —%”) —sin(@—i—%’r)

with the corresponding inverse relation given by
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cos —sin6

x =K, '(0)x" = cos(H — %ﬂ) —sin( — %’r) x%. (3.4)

005(9 + 2{) — sin(@ + 2{)
This dissertation will examine the Clarke and Park transformations, excluding the

zero component.

3.6 Mathematical Model of CHB-AFE rectifier

This thesis examines a three-phase seven-level CHB-AFE rectifier, as shown in Fig. 2.
The cascaded H-bridge converter interfaces with the three-phase AC grid via a coupling
inductor and a parasitic resistance, denoted by L, and R,,,, respectively.

To formulate an appropriate mathematical model of the cascaded H-bridge rectifier,
a simplified equivalent circuit is utilized as shown in Fig. 3.4. The AC phase voltages and
currents on the grid side are represented by v, and i,,, respectively, while the DC-side
components are indicated by the DC-link capacitors Cy,,; and the corresponding load
resistances Ry,,;. Based on these assumptions, the dynamic behavior of the CHB-AFE in

the abc reference frame can be defined by the following set of differential equations:

DC Side

Nvdc

|
\ 4

Figure 3.4: Simplified model of cascaded Hbridge
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di , al
Lsm% = Vsm — Remism — Z SmiVde,mi (35)
=1
C_dvdc,mi — s i . Vde,mi (3 6)
T milsm RL,mi .

Where s,,, denotes the continuous duty cycle associated with the H-bridge cells of the
mth phase, while the DC-link voltage of the i-th H-bridge cell in phase m is denoted by
Vdemi» M € {a,b,c} and i € {1,2,..., N}, where N is the number of cascaded H-bridge
cells per phase, which is set to N = 3 in this thesis. In order to facilitate the analysis
of the given system, equations 3.5 and 3.6 will be transformed from the abc reference

frame to the dq reference frame.

3.6.1 abc to dg Transformation of the CHB-AFE Model

The dynamic properties of the three-phase CHB-AFE are defined by (3.5). To apply dq-
reference-frame transformation theory, it is crucial to represent the three-phase values

(including voltages and currents) in vector form.

lsa Usa
abc __ . abc __
s = | s |0 Vs = | vsp |0
lsc VUsc

The synthesized phase voltages of the converter can be represented in vector form

as follows:

N
Zi:l SaiVdc,ai

abc __ N
Veonv = | Y11 ShiVde,bi

N
Zi:l SciVde,ci

Equation (3.5) can then be written compactly as

diabc
Ly—— = vi" = Ri{" — vigi,. (3.7)

Introduce the Park transformation matrix to facilitate the direct transformation from
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the abc to the dqo reference frame. The function K,(0) immediately translates phase

values into the synchronously rotating reference frame.

190 = K, (0)i%, 6= wt, (3.8)

with
cos 0 cos (0 — %ﬂ) CoS (9 + 2{)

K,(0) = 3| —sind —Sin(9 - %ﬂ) —sin(9+ 2%)

1
2

NI
N[

ignoring the zero-sequence component (balanced three-phase operation), the trans-

formation simplifies to

d Isq b
199 = = Kndq(@) i,

Iy

Differentiating (3.8) with respect to time yields,

dIglq digbc " sabc
dt = vadQ(H) dt + Kp:dq(e)lsb .

Since both the current vector and the transformation matrix are time-dependent, the

product rule results in;

0 1

Ky aq(0)K,, 4, (0) [ = w I,
-1 0

Likewise, the transformation is done to v2"; as v2* does not contain any differential,

no additional term will emerge.

V¥ = K, 4,(0) vo¥ (3.9)

S

The synthesized phase voltage in the abc frame must also be transformed into the dq

frame. The converter voltage in the dq reference frame is derived directly as;
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via

conv

_ Kp,dq(e) Vabc

conv*

Assuming that each cell in CHB rectifier producing the identical DC voltaeg (V. =

Vieo = Vaes = Ve, Which is the common average DC-link voltage V..

Vde,mi = Vda

the phase converter voltages become

N

Uconv,m = Ve Z Smi = Ve Um, me {CL, b, C}7
=1

where wu,, denotes the normalized duty cycle of a phase that is bounded between
[-3,3] in this case study.
Applying the Park transformation to the modulation vector

u = [ug up uc)? yields

Uqg
= Kp,dq<9) u,
Uq
and therefore
Vconv,d = Vie ud, Vconv,q = Ve Ug- (310)

Having transformed all three-phase values into the dq reference frame, placing these

transformations into (3.7), the dg-frame current dynamics become

I
=V _RIW v 4 Lw| . (311)

conv

d1da

Ls
dt

—1Lsd

Further simplification and substitution of (3.10) into (3.11) provide the final dg-frame

model:
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Lsleq = Vig — Rslsq — Vgeug + wLsIy, (312)

Lelsy = Vig — Rslsy — Ve tig — whLsIoq. (313)

Now in (312) and (3.13) divding L both sides yields,

. 1 R V,
fg= =Via — 22 Lq — —%uq + wlsq,
Ls Ls Ls
) . v (314)
; d
Isq - fSVsq - ilsq - f:uq - WIsd-

In order to obtain an accurate representation of how the capacitor voltages evolve
and interact with the AC-side state variables, it is necessary to rewrite equation 3.6, even
though the grid-side current dynamics can be easily presented in the synchronously
rotating reference frame.

Averaged representation of the converter is used for control-oriented modeling at
this level. The switching frequency is assumed to be much greater than the dominant electrical
dynamics of the system, allowing for an accurate characterization of the converter’s be-
havior via its basic components. Assuming this, the synthesized converter voltage is
directly proportional to both the modulation index and the DC-link voltage. Thus, the
modulation vector ugy, signifies the averaged control input inside the synchronously ro-
tating reference frame, facilitating the implementation of the instantaneous power equi-

librium between the AC and DC sides of the converter.

Pin = Po (315)

The instantaneous active power in the dq reference frame can be expressed as follows:

3
-Pin = 5 (Vsd-[sd + ‘/sq-[sq) (316)

Simultaneously, the cumulative active power output on the DC side can be expressed

as follows:

P, = NVy. Iy (317)
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Where, N is total number of H-bridges substituting (3.16) and ( 3.17) in (3.15) and solving

for I,. yields,
% (Vtsdlsd + ‘/;qlsq)

3.18
N Ve (318)

Iclc =

In a multilevel converter, the amplitude of the fundamental reference voltage vector
is directly proportional to the modulation index multiplied by the DC link voltage of
the bridge. In a cascaded H-bridge inverter with N bridges per phase, the total phase

fundamental voltage reference is the aggregate of all bridge contributions, resulting in;

‘/;d = Ugqg Vdc N7 ‘/;q = Ugq Vdc N (319)

By inserting (3.19) into (3.18) and simplifying, (3.18) is transformed into

3
Idc = 5 (udlsd + Uquq) (3.20)

Given that the current across the capacitor is exactly proportional to the rate of

change of voltage over time, equation (3.6) can be represented as follows:

dvdc

Cdt

— Iy —if (3.21)

Where; i, denotes the load current, and by inserting (3.20) into (3.21), results in the

final transformation of the DC-link voltage dynamics in the dq reference frame.

. Vdc
Ve 3.22
f R.C (3.22)

3
=50 (ualsq + uglsq) —

Furthermore, given the constant power demand, which is assumed in this situation,
the 3.22 can be expressed as

i

Vdc U'dIsd + qusq) - C (3.23)

=50 (
The complete CHB converter model in the synchronously rotating dq reference frame
is delineated by (3.14) and (3.23).
A simplified averaged dynamic model of the cascaded H-bridge (CHB) converter has

been derived from the following calculations. This model delineates the dynamics of

Muhammad Azhar Ghauri 71



Chapter 3: XFC Architecture and Mathematical Modeling Ph.D. Thesis

AC-side current and the progression of DC-link voltage, while neglecting the influence of

switching harmonics.

3.7 Battery Energy Storage (BES) Module

The battery energy storage (BES) module, seen in fig 3.5, is connected into each cell
of the multilevel cascaded H-bridge (CHB) converter via an auxiliary power electronic
interface. This interface is often implemented as a non-isolated bidirectional DC-DC
buck converter, as seen in Fig. 3.1.

A two-stage cascaded H-bridge (CHB) inverter configuration using bidirectional step-
up DC-DC converters has been examined in the literature, as noted in [4]. This technique
proposes a specialized control mechanism for DC-DC converters to mitigate DC-link volt-
age variations across diverse operating conditions. The system can accommodate the
failure of individual submodules by supporting a variable DC-link voltage, enabling op-
eration with fewer cells at elevated DC-link voltages.

A module-level cascaded H-bridge (CHB) inverter with integrated battery energy stor-
age has been developed for distributed photovoltaic (PV) systems, in which a battery unit
is placed in each power cell to facilitate distributed energy buffering and alleviate PV
mismatch effects [5]. This design enhances power harvesting and mitigates the inher-
ent intermittency of photovoltaic generation, yielding a more consistent output power
profile.

These studies collectively illustrate that incorporating battery energy storage (BES)
at the power-cell level is crucial for improving the operational flexibility, fault tolerance,
and power quality of multilevel cascaded H-bridge (CHB) converter systems. Embedding
energy storage in each converter cell enables the realization of sophisticated control
functions—such as DC-link voltage regulation, power decoupling, and energy buffering—
in a distributed manner via coordinated power electronic interfaces. The effectiveness
of these systems fundamentally relies on precise battery modeling and reliable state-of-
charge (SoC) prediction, since inadequate SoC management may lead to uneven power
distribution, accelerated battery degradation, and reduced system longevity. This part

delineates the battery modeling methodology and proposes a Coulomb-counting-based
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State of Charge (SoC) estimation framework appropriate for real-time applications in

Cascaded H-Bridge (CHB)- integrated Battery Energy Storage (BES) systems.

3.7.1 Battery Modeling and SoC Estimation

This thesis employs a simpler, control-oriented battery model, as seen in (22?). The
battery is modeled as a controlled open-circuit voltage source, referred to as Upc, in
series with an equivalent internal resistance Ry.;. This model accurately represents the
primary electrical characteristics of the battery during charging and discharging, while
ensuring minimal computing complexity, thereby rendering it appropriate for real-time
control and system-level evaluation.

The open-circuit voltage U is often a nonlinear function of the battery state of
charge (SoC), whereas the series resistance Ry,; represents ohmic losses and voltage
reductions due to current flow. This comparable circuit model, despite its simplicity, is
extensively used in power electronic applications because of its effectiveness in repre-
senting the steady-state and low-frequency dynamic properties of battery energy stor-

age systems [6].

P}

_l L
fl= By
T

Figure 3.5: Battery energy storage module.

The state of charge is approximated using the Coulomb counting approach, which
calculates the SoC by integrating the battery current over time, based on this battery rep-
resentation [7]. This method is straightforward and especially appropriate for converter-
interfaced battery systems, because the battery current is immediately observable and
can be precisely regulated. The mathematical formulation for State of Charge (SoC) es-

timate using coulomb counting, assuming a room temperature of 25°C, is as follows:
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_ U t.
S(t) = S(O) + 36006’}33“/0 Z(t) dt (3.24)

where 1 is the Coulomb-counting efficiency, defined as
n= (3.25)

Let ¢ signify time in seconds, i(t) denote the battery current in amperes (A) at time t,
s(0) represent the starting state of charge at t = 0, and s(t) indicate the state of charge
at time t. The parameter Cy,.; Signifies the nominal battery capacity in ampere-hours
(Ah), whereas n. and n, imply the Coulombic efficiencies throughout the charging and

discharging processes, respectively.

3.8 Summary

This chapter presented the design and control-oriented mathematical modeling of
a medium-voltage extreme fast-charging (XFC) station based on a cascaded H-bridge
(CHB) active front-end rectifier with integrated battery energy storage. The system ar-
chitecture was first introduced, emphasizing the role of distributed battery modules in
enabling modular scalability, grid decoupling, and flexible power-flow regulation. A
comprehensive mathematical model of the CHB-AFE was then developed and expressed
in the synchronously rotating (dq) reference frame for control design and dynamic anal-
ysis. The DC-link voltage dynamics were derived using an averaged power-balancing
approach. In addition, a control-oriented battery model and a Coulomb-counting-based
state-of-charge estimation approach were introduced to describe the electrical and en-
ergy dynamics of the integrated BES modules. The developed models provide the an-
alytical foundation for the small-signal stability analysis and the optimization-based

control strategy presented in the following chapter.
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Chapter 4:

Optimal Control of Cascaded Hbridge with
Integrated BES For XFC Station

4.1 Introduction

This chapter presents the control architecture developed for the cascaded H-bridge
(CHB)-based extreme fast-charging (XFC) station with integrated battery energy stor-
age (BES). The proposed control system is based on the control-oriented mathematical
models obtained in Chapter 3; it aims to stabilize grid interfacing, requlate DC-link oper-
ation, and provide coordinated control of the distributed BES modules under extremely
dynamic charging conditions.

Because of the modular design of the CHB converter and the existence of a series
of independent DC links with embedded energy storage, a hierarchical control structure
is used. At the primary control level, a fast inner current control loop and an outer
average DC-link voltage control loop are used to ensure the quality of the grid current,
unity power factor operation, and stable power exchange with the medium-voltage grid.
Small-signal modeling is used to analyze the dynamic interaction between the grid-side
control loops and the DC-link dynamics in order to determine closed-loop stability and
select appropriate control parameters.

In addition to the primary control, the distributed characteristics of the BES provide
additional degrees of freedom for power flow and energy management. A secondary
control layer is therefore designed to provide optimal battery power to each BES mod-
ule integrated with the CHB while considering CHB operational limits. This is formulated
as a constrained optimization problem, and its solution is determined through quadratic
programming (QP), which allows systematic minimization of battery stress and SoC im-

balance without compromising overall system feasibility.
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The chapter proceeds by first establishing a hierarchical control structure that coor-
dinates the operation of the grid-side converter and the distributed battery energy stor-
age modules. Based on this, the structure of the main control loops that regulate grid
current and are responsible for stabilizing the average DC-link voltage is formulated,
and the closed-loop dynamics are studied using small-signal stability analysis. Lastly,
an optimum energy management scheme for the BES modules is developed, where bat-
tery power references are calculated within operational constraints through a quadratic

programming-based optimization model.

4.2 Equilibrium Points and Steady-State Conditions

To examine the steady-state behavior and stability characteristics of the CHB-based
active front-end (CHB-AFE) for an extreme fast-charging (XFC) station, it is essential to
describe the system’s equilibrium points. The equilibrium points represent stable op-
erating conditions when the converter delivers the necessary active power to the load
while sustaining the DC-link voltage at its designated reference level.

The averaged modeling framework established in Chapter 3 captures the dynamics of
the CHB-AFE in the synchronous (d, q) reference frame, effectively representing the low-
frequency behavior of the converter for steady-state and small-signal analysis. Figure

4.1 illustrates the corresponding averaged model of the CHB-AFE.
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Figure 4.1: Average model of CHB-AFE in dq reference frame
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; Rs Vdc Vjsd

fg=—"21 I, — ey, 4 Lsd

sd L. sd T Wlgqg L, Uuq + L. 5

. R \ % |7
Isq:—fjfsq—w_[sd—f:”dq‘i‘f, (41)
. 3 1
Ve = 720 (udlsd + qusq> — EL

Since the average model of the CHB converter has been established to represent the
cascaded H-bridge at its reference values, it is essential to determine the steady-state
values. An equilibrium point is characterized as a stable operating condition of the
system in which the time derivatives of all state variables are equal to zero. Identifying
these operating points is crucial for defining the nominal behavior of the system and
serves as the foundation for further small-signal modeling, linearization, and stability
analysis.

The steady-state operating values of I,4, u4, and u, can be obtained by substituting
the reference values of V4, Vsq, Isq, and Vg into (4.1) and by imposing the equilibrium

condition, specifically by equating all state derivatives to zero.

1 R, Vi
0= —V* — 287, — Zde
[ T
1 R 1%
0 = Lf‘/::;] — st:q — #uq — szd' (4'2)
S S S
3 T
0= 3 (valsa+uqlly) = &

Given that the XFC station is mostly intended to operate at a unity power factor, the
q-axis voltage and current components are zero, namely, Vs, = 0 and I,, = 0. When

these conditions are substituted into (4.2), the equilibrium equations can be simplified

to this form:

1 R, 1%

0=—V}— 20— —de
Ls sd LS sd LS ud?

0:—%%fw@w (4.3)

Ls

3 1

oziwgw-é

The steady-state values I, ug, and u, can be determined by directly resolving the system

of equations (4.3).
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1 . a2 8 .
Ud755 = 72Vd*c <‘/:Sd + \/(‘/j‘;d) — SRSVdCZL> (4.4)
st % «\2 8 w -
Ug,ss = — m (VSd - \/(Vsd) - 3RsVchL) (4.5)

sd,ss —

ity (Vi)® — SRV
2R,

Determining the steady-state equilibrium equations produces a quadratic expres-
sion in I,4, as shown in (4.6), which yields two analytical solutions. The steady-state
modulation variables u, ss and u, ss are specified in (4.4) and (4.5), respectively. Never-
theless, not all mathematical solutions correspond to physically permissible operating
points of the converter.

While the steady-state equations provide two algebraic solutions for I, 55, only one
is physically acceptable. In particular, the modulation variables uq and u, are inherently
bounded by the converter structure; that is, |us] < 1 and |u,| < 1. Substituting the
solution corresponding to the positive root of Iy, s, into the steady-state modulation
equation results in a modulation requirement that violates these structural limitations
by exceeding the permissible range. This situation corresponds to over-modulation and
is therefore not physically achievable. Consequently, the equilibrium associated with the
positive root cannot be achieved in practice and is excluded from further analysis, while
the remaining solution is retained as the physically meaningful steady-state operating
point.

by substituting the steady-state values stated by equations (4.4), (4.5), and (4.6) into
the system equations from (4.1), the average model of the CHB-AFE in steady states can

be expressed as follows:

. R |7 Vsd

Isd = _f:Isd,ss + WISQ - fjud,ss i’

. R Vi V.

Isq = _f:Isq - WISd,SS - L: Ug,ss + I::q’ (47)
: 3 iL
Vie = 20 (ud,sslsd7ss + uq,ssjsq) o

6.
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4.3 Nonlinearity of the Averaged Model

The averaged equivalent circuit model of the CHB converter shown in ?2, although
simplified relative to the switching model, retains its intrinsic nonlinearity. This nonlin-
earity arises from the inclusion of multiplicative terms that include state variables and
control inputs in both the ac and dc subsystems, as seen in equations 4.7.

On the ac side, the modulation process generates the converter output voltages in
the synchronous reference frame as follows: vy gy = u4gq,ss Vae, Where Vg, is the dc-link
voltage and ug 55, uq s are the modulation variables. The modulation variables multiply
a state variable, resulting in bilinear dynamics that violate the superposition principle,
which is essential for linear systems. At the same time, on the DC side, the dynamics
of the DC-link capacitor are determined by the power balance between the AC and DC
subsystems. The current flowing into the dc-link capacitor can be articulated as i4. =
% (ud,sslsd,ss + Uq,sslsq,ss), Which incorporates further multiplicative factors between the
modulation variables and the ac-side currents. The dynamics of the dc-link voltage
exhibit nonlinear coupling between state and input variables.

Due to the presence of these bilinear terms, the averaged model cannot be repre-
sented as a linear time-invariant system. Therefore, to facilitate the implementation of
classical and optimization-based control methods, the nonlinear system must be lin-

earized around a steady-state operating point.

431 Linearzation Theory

Consider the general nonlinear system model shown below:

:'Ul = fl(.Il,.’IZ‘Q,...,ﬂfm,Ul,UQ,... 7un)d17d27' "7dp)7
j;Q = fQ(fEl,wQ, e 7$m7u17u27 tt 7un7d17d27 e 7dp)7 (4-8)
T = fm (@1, T2, ..o, Ty UL, U2, . .., Uy, dr,dy, ... dp).

The system of equations presented in (4.8) consists of m state equations, n reference
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inputs, and d disturbance inputs. It may be expressed in a more concise manner as;

= f(z,u,d). (4.9)

When the system delineated in (4.9) achieves equilibrium, the state derivatives be-
come zero, and the system is said to be in a state of equilibrium. This situation can be

articulated as

0= f(Z,1u,d), (4.10)

where the overline signifies steady-state values.
If the variables x, u, and d are sufficiently close to their steady-state values z, u, and

d, they can be expressed as
r=x+Ax, u=1u+ Au, d=d+ Ad. (411)
Substituting (4.11) into (4.9) yields

d _
@(:Z'—i—Ax) = f(T + Az, u + Au,d + Ad). (4.12)

Recalling the steady-state condition in (4.10) and applying a first-order Taylor expan-
sion of the nonlinear function f(-) around the equilibrium point (z,u,d), (412) can be
represented as

At = AAx + BAu+ G Ad. (423)

The matrices A, B, and G are the Jacobian matrices of the system determined at the

steady-state operating point, defined as follows
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[0 Oh ]
8561 &rm
A= , (4.14)
U Ofm
L O OTm 1 1(z,0,d)
[0 0N ]
8U1 aun
B= : : , (4.15)
U Ofm
L Juy Oun I 1(z4,d)
o Oh ]
Odq od,
G = (4.6)
L 8d1 adp i (f,'l_L,CZ)

The system is linearized around the steady-state operating point, and its local stabil-
ity is determined by examining the eigenvalues of the matrix A[1]. The derived linearized
model is valid only within the vicinity of the chosen equilibrium point. Consequently, the

Jacobian matrix A must be recalculated if the steady-state operating point changes.

4.3.2 Operating Point of the CHB Converter

As explained previously, the CHB-AFE converter model is nonlinear; therefore, clas-
sical control techniques can only be used after linearizing the model around a selected
steady-state operating point. Consequently, small-signal perturbations are applied to
the state, input, and disturbance variables of the CHB-AFE converter. The state vector
of the CHB-AFE converter is defined as

T
(4a7)

T = {Isd Isq Vdc

Small-signal perturbations around the steady-state operating point are introduced
as

=7+ Az, (4.18)
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where

T
ZM—[AQiAQZAwJ : (49)

and z denotes the steady-state value of the state vector. Similarly, the control input and

disturbance vectors are defined as

T T
U= {ud uq} ; d=:{\gd xgq] : (4.20)
with the corresponding small-signal perturbations
u=u+Au, d=d+ Ad, (4.21)

where
T

T

Au = [ Auy Auq} , Ad= |:Avsd Avsq] . (4.22)
Inserting the aforementioned expressions into the averaged nonlinear model and dis-
carding higher-order terms results in the linearized small-signal representation of the

CHB-AFE converter, which can be expressed as.

Al = —L—S Algy —i—wAISq - fs AVy. — L78 Aug + fs Avgy,
I Rs U, ‘_/dc 1

Alsq = —w AIscl - fs AIsq - fz AVdc - fs Auq + fs Avsq, (4.23)
. 3 _ B P

AVye = Yol (ﬁd Alsqg + ug Alsg + Isg Aug + Isq Auq) - 07‘_; AVe.

dc

In a standard state-space form, the linearized small-signal model of the CHB-AFE

converter can be expressed as

Ai = AAzx+ BAu+ G Ad, (4.24)
where i i
Aly
Auyg Avy
Az = Al | Ay = , Ad= . (4.25)
Auyg Awv,
AVvdc
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The state matrix is given by

Rs Uqg

s w _ Ud

L, L,

A=| —w Bl (4.26)

L, L,

3 3 _ Pr,
— U] U — =5

20?2077 o2 |

Considering V., and f;q are reference value, the input matrix can be expressed as

i,
L
B=| o _Va (4.27)
L
3 - 3 -
T —=IF
L 20" 20 7o
The disturbance matrix is i i
1
— 0
Ls
G= ! (
= 0 = 4.28)
L
0 O

4.4 Control Design of Linearized CHB-AFE System

A small-signal linear time-invariant (LTI) model that offers an appropriate framework
for systematic controller synthesis was produced by linearizing the nonlinear dynamics
of the CHB-AFE around a steady-state operating point in the earlier section. Classical lin-
ear control methods can be utilized to control the grid currents and the DC-link voltage,
assuring closed-loop stability around the chosen operating point, as shown in (4.25).

The current dynamics and the DC-link voltage dynamics have different dynamic time
scales, therefore a traditional Voltage-Oriented Control (VOC) approach is employed.
This method utilizes a cascaded control architecture including an outer DC-link voltage
control loop and an inner current control loop. The inner loop facilitates fast control

of grid currents, while the outer loop sustains the average DC-link voltage at its prede-
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fined reference value by producing the corresponding current reference. The design and

analysis of each control loop are detailed in the subsequent subsections.

4,41 PI Controller

In CHB converter applications, whether functioning as a grid-connected Battery En-
ergy Storage (BES) system or as an active front-end (AFE) rectifier, precise regulation of
both the grid current and the DC-link voltage is essential for stable and reliable opera-
tion. The existing control ensures appropriate power transfer with the grid, while DC-link
voltage regulation maintains the necessary energy balance inside the converter.

The control goals are accomplished by proportional-integral (PI) controllers, owing
to their simplicity, robustness, and efficacy in controlling linearized converter dynamics.
Consequently, before their implementation, the structure and dynamic attributes of the
PI controllers are briefly examined to provide the groundwork for the ensuing control
design.

A Proportional-Integral (P1) controller is a feedback control technique often used in
power electronic converters because of its simplicity and efficacy in controlling linear
time-invariant systems. The controller functions by processing the error signal, which is

defined as a difference between a reference value and the measured output.

e(t) =r(t) —y(t), (4.29)

where r(t) denotes the reference signal and y(t) represents the measured variable.
The control action produced by the Pl controller has two elements: a proportional
term and an integral term. The time-domain model of the Proportional-Integral con-

troller is expressed as

u(t) = Kpe(t) + K /0 ‘e(r)dr, (4.30)

where K, and K, represent the proportional and integral gains, respectively.
The proportional term, K,e(t), delivers an instantaneous response that is directly
proportionate to the current error value, therefore improving transient response and

strengthening system responsiveness. The integral term, K, [ e(t)dt, aggregates the er-
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ror across time and functions to completely eliminate steady-state offset by driving the
average error towards zero.
Figure 4.2 illustrates the PI controller in the Laplace domain, while mathematically it

can be represented as

(4.31)

r(t) e(t) — Z u(t) | G(s) | Y®
e PLANT
x;(t)

Y| =

Figure 4.2: Block Diagram of the Pl Controller

The transfer function indicates that the PI controller adds a pole at the origin and

K;
KP

a zero at s = —++. The pole at the origin guarantees zero steady-state error for step
references in stable closed-loop systems, while the zero can be strategically positioned
to enhance dynamic performance and phase [2].

In the CHB-AFE rectifier, the DC-link voltage and current are attained by producing
the control inputs u, and u,, which are used in the modulation stage. By appropriately
regulating these control variables, the converter generates the necessary voltage com-
ponents to attain the specified current references in a steady state.

Given that the converter functions with sinusoidal three-phase values, direct Pl con-
trol in the stationary reference frame would provide inadequate performance. Conse-
quently, the synchronous dq transformation is used, keeping the basic current compo-

nents invariant under steady-state circumstances. This enables the Pl controllers to

manage the currents efficiently.
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4.4.2 Inner Current Control Loop

The dg-axis currents i, and i, of the CHB-AFE converter are controlled to specified
reference values using Pl controllers. In the synchronous dq transformation, the d-axis
is oriented with the grid voltage vector. The d-axis current i, directly regulates the ac-
tive power exchanged with the grid, whereas the g-axis current i, is responsible for the
reactive power component.

In grid-connected CHB-AFE systems, operation at unity power factor is often required.
Consequently, the reference value for the q-axis current is established at zero, i.e., i}, = 0.
However, this reference may be modified if reactive power assistance is necessary.

The inner current control loop regulates the dq-axis currents to their predefined ref-
erence values. The dynamic behavior of the currents is regulated by the small-signal
state equations previously established in (4.23). To provide clarity, these equations are
reformulated in the Laplace domain.

Under the assumption of small perturbations and the use of the Laplace transform,

the dynamics of the d- and qg-axis currents can be articulated as

sLsAIy(s) = —RsAlg(s) + WALy (s) — ugAVy. — VieAUqy(s) + Avgg (4.32)

sLsAlsy(s) = —wAlgy(s) — RsAlgy(s) — g AVye — Vae AU, () + Avg, (4.33)

For the current controller design, the DC-link voltage is assumed to be a constant
value, so that AV, ~ 0. Furthermore, the grid voltage disturbances Avsq and Avg, are
considered external disturbances and are, therefore, excluded in the formulation of the
control-oriented plant model.

Additionally, typical decoupling compensation is used to eliminate the cross-coupling
terms wAI,, and wAIy. This is accomplished by including the relevant feedforward
terms into the control law. Given these assumptions, the dynamics of the d- and q-axis
currents become decoupled and can be analyzed separately as first-order systems for
the purpose of controller design.

Under these assumptions, the d-axis current dynamics reduce to
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(8 + ?j::) AISd(S) = —’l_)chUd(S), (4.34)

The plant demonstrates a negative static gain as seen in (4.34,) because of the chosen
sign convention in the converter voltage equation. The negative sign does not impact
the system dynamics or pole placement; instead, it affects the feedback polarity inside
the control loop.

For convenience in controller design, the control input is redefined as

Ve = —Vae ug, (4.35)

such that the small-signal model can be expressed with positive gain. According to
this formulation, the open-loop transfer function relating the control input AUy(s) to

the output current Al4(s) is derived as

Algy(s) _ 1
Gigls) = =20 — Vy—or. 4.36
V770 B (436
Similarly, the g-axis open-loop transfer function is given by
Alg(s) - 1
io(8) = = Vye 437
GQ(S) AUq(s) Vd s+ %: ( 3 )

These formulae indicate that, after decoupling, the current dynamics can be modeled
as first-order systems with a pole situated at —%. This simplified depiction serves as
the foundation for the construction of the PI current controllers. The transfer function
of the g-axis current G,4(s) is identical to that of the d-axis current G,4(s), therfore, the
open-loop and closed-loop configurations are consistent for both axes.

The d-axis current is controlled to its specified reference value using a proportional-
integral (PI) controller, as described by the transfer function in (4.31). The output of the
PI controller directly specifies the duty cycle implemented in the converter, which can be

represented as

K .
AU (s) = Kp (134 — Isa) + o (Lsq — Isa) (4.38)
* * Ki *
AU (s) = K, (Isq - Isq) += (Isq - Isq> (4.39)
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By inserting (4.38) and (4.39) into the open-loop current dynamics described in (4.36)
and (4.37), the resultant closed-loop current dynamics are derived. The resultant closed-
loop control configuration for I, is shown in figure 4.3. The transfer function for I, has
the same form, resulting in a block diagram with a similar structure. The corresponding

closed-loop transfer function can therefore be defined as

I I
—_— t+ —) Pl > 1 d >
A‘ sL; +R

Figure 4.3: I, current control loop

Lsa(s) = Ga(s) I(s) (4.40)
Lsa(s) = Ga(s) I5,(s) (4.41)
where;
SKp + Kz
Ga(s) = I fj% 1 (4.42)
52 4+ AL N —
Ly L

4.4.3 PI Controller Parameter Tuning

Accurate tracking of the current reference values necessitates the precise adjustment
of the proportional and integral gains, K, and K;. Inappropriate selection of these gains
can result in diminished tracking performance or potential instability of the closed-loop
system. To enable a systematic tuning methodology, the closed-loop transfer function
derived in (4.42) is identical to a standard second-order system.

2

wc
= 4.43
§2 + 28wes + w? (4.43)

G(s)

where w. and ¢ are the control bandwidth and damping ratio, respectively. The
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damping factor ¢ quantifies the degree of damping in a dynamic system and substan-
tially affects its transient response. In the absence of a damping factor, the system
exhibits persistent oscillations when subjected to a disturbance. A damping factor of
one indicates a severely damped system, which attains fastest settling time without os-
cillations. For values of ¢ between zero and one, the system is underdamped, leading to
oscillations that progressively diminish with time.

In contrast, when the damping factor exceed unity, the system is considered over-
damped, resulting in a diminished dynamic responsiveness. Alongside the damping
properties, the control bandwidth w. signifies the frequency range in which the control
system can effectively follow reference signals and mitigate disturbances.

At this point, the controller gains can be evaluated by coefficient comparison using
the resulting second-order dynamic model shown in (4.42). This method enables the
explicit expression of the integral and proportional gains as functions of the control
bandwidth, damping factor, and system [3]. The control bandwidth is specified using

the standard second-order form identified in as follows (4.43);

wp = —. (4.44)

It is worth noting that the numerator of the closed-loop transfer function includes
the expression (sK, + K;)/Ls, which introduces a zero into the system due to the Pl
controller structure. Although the constant factor 1/ L, does not affect the root position,

the zero can be determined from the polynomial.

sK,+K; =0 (4.45)

This yields a zero when s = — K,/ K,,. Since both controller gains K, and K; are pos-
itive, the zero resides in the left half-plane and hence does not influence the stability
of the system, which is determined by the closed-loop poles. However, this zero signifi-
cantly influences the transient response by generating a phase-lead effect that elevates
the dynamic performance of the current control loop and improves reference tracking
accuracy.

The integral gain K; can be simply derived from this relationship.
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K; = WL, (4.46)

C

Additionally, by comparing the coefficients of the s term in the denominators of the
closed-loop transfer function and the standard second-order model, the proportional

gain K, can be determined as

K, =2¢w.Ls — Rs. (4.47)

The Pl controller gains are calculated to ensure that the closed-loop transfer function
demonstrates the specified damping factor ¢ and control bandwidth w.. An examination
of the closed-loop poles, as shown in Fig. 2.14, verifies that the positions of the complex-

conjugate poles are directly determined by the selected values of £ and w..

A Im
X L ]
+jwc\/1 _§
° » Re
~Ew,
_jwc 1 _§
X 4

Figure 4.4: closed-loop poles of transfer function

Depending on the chosen damping factor, control bandwidth, and system character-
istics, the gain calculation may result in a negative value of the proportional gain K,,.

This scenario occurs when

2%weLs — Rs < 0 (4.48)

By defining the damping factor as ¢ = 1, the aforementioned condition is simplified

to
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R
. < —. 4.49
we < 51 (4.49)

Consequently, if the chosen control bandwidth w. is less than 2}%3' the proportionate

gain derived from the tuning formula becomes negative. Given that a negative propor-
tional gain is undesirable for current control loop, it is advisable to set the proportional
gain K, to zero and calculate the controller parameters by a different tuning method.
Under this condition, the closed-loop dynamics depend only on the integral gain K;
and the system parameters. By examining the denominator of (4.43), it can be observed
that when K, = 0, the pole locations of the closed-loop system are determined solely

by K. Consequently, the characteristic equation becomes

=

82+%S+J:0 (450)

h

The explicit assignment of the damping factor is no longer feasible; yet, the con-
trol bandwidth may still be established by the appropriate selection of the integral
gain.According to the characteristic equation (4.50), the closed-loop pole positions can

be determined as

(4.51)

81,2 =

The dominating pole of the closed-loop system can be explicitly determined as a
function of the integral gain K;, based on the characteristic equation established in the
previous section. In a transfer function, the dominant pole is characterized as the pole
nearest to the imaginary axis, since it mostly dictates the system dynamics. To get the
intended dynamic response, the dominating pole is thus chosen to be real, negative, and
equivalent to the specified control bandwidth. The remaining pole is real and negative,
positioned further from the imaginary axis, consequently exhibiting a minor impact on
the system dynamics.

To establish the preferred position of the dominating pole, the further criterion is

specified:
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L L L
—we = —— > > (4.52)
2
Determining the integral gain from the aforementioned equation results in
K; = weRs — W2Ls. (4.53)

The resulting closed-loop pole locations obtained through this procedure are illus-

trated in figure 4.5.

A Im

K ——— K »Re

Figure 4.5: closed loop pool

In conclusion, with a damping factor of ¢ = 1, the tuning methodology for the PI

controller gains can be explained as follows:

: R Kp=0,
If we < fs, P
° Kz - chs - WEL& (4 54)
. R, Kp = 2w.Ls — Ry,
If we > —,
Ly 9
Ki = WCL5~

Finally, the schematic illustration of the output current control algorithm is shown
in figure 4.6. The measured output currents are first converted into the synchronous

reference frame and then transmitted to the controller. The Pl controllers analyze the
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difference between the reference and measured current components, producing the as-
sociated voltage control signals AU (s) and AU, (s). The reference voltages v}, and v,
are derived by the incorporation of the decoupling terms. The resultant dq-axis voltage
reference vector is then converted back into the three-phase reference frame, and the

associated signals are ultimately applied to the modulation stage.

stlql
la, | > Pl . of 1 la |
" - ) f " sL;+R g
stldl
I* - - 1 I
q = - a_
>+ > PI — o= >

Figure 4.6: I,; and I, closed-loop current control

4.5 Average DC-Link Voltage Control

The average DC-link voltage is controlled by an external loop that maintains power
balance between the AC and DC sides of the converter. Given that the dynamics of the
DC-link voltage are intrinsically slower than those of the current, the voltage controller
is structured as an outside loop that produces the reference for the inner d-axis current
controller. For control design, the dynamic properties of the DC-link capacitor, as repre-
sented by (4.1), are used, with the DC-side load considered an external disturbance and
consequently omitted from the nominal plant model.

In a grid-connected converter operating under voltage-oriented control, the d-axis
is aligned with the grid voltage vector. As a result, the g-axis voltage component fulfills
Au, = 0, and the g-axis current reference is established at zero to attain unity power
factor operation. Under these circumstances, the dynamics of the DC-link voltage are

only influenced by the d-axis current component, thus encapsulating the primary en-
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ergy storage characteristics of the DC-link capacitor while ensuring resilience to load
variations.
Consequently, Dc-link voltage dynamics can be simplified to the following expres-

sion:

. 3
AV, = 50 Ud Al (4.55)

To get the open-loop transfer function, it is advantageous to apply the Laplace trans-

form on (4.55), resulting in the following expression.

s AVye(s) = % g Algq(s) (4.56)

In the cascaded control structure, the DC-link voltage controller serves as an exter-
nal loop and produces the reference for the inner d-axis current controller. The inner
current loop is designed to operate at significantly higher speed than the voltage loop,
allowing it to reliably follow the current reference. Assuming this, the variation in the
d-axis current, Al,4, can be considered the effective control input for the dynamics of
the DC-link voltage, while the variation in the DC-link voltage, AV,., signifies the sys-
tem output. According to this formulation, the open-loop transfer function relating the

control input Aig,(s) to the output Avg.(s) is derived as

AVy(s) R T

Guls) Alq(s) —  20s

(4.57)

A proportional-integral (PI) controller is used in the outer voltage control loop to
maintain the DC-link voltage at a specified reference value. The Pl controller evalu-
ates the DC-link voltage error and produces the reference for the inner d-axis current
controller. The closed-loop DC-link voltage dynamics can be expressed based on this

control structure as follows.

Kiv *
AIZ(s) = Kpo (Vg — Vae) + 5 (Ve — Vae) (4.58)

By substituting the output of the voltage controller as specified in (4.58) into equation

(4.57), the closed-loop transfer function of the DC-link voltage control system is derived
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and expressed as follows:

Avdc(s) _ ? (vas + [3{21)) (4 59)
AVj(s) o SUd SUd o '
s + 2Cvas+ 20Kw

Figure 4.7a illustrates the closed-loop configuration of the average DC-link voltage con-
trol loop using a Pl controller. The denominator of the closed-loop transfer function
in (4.59) is a second-order polynomial in the Laplace variable s, signifying that the DC-
link voltage dynamics during closed-loop operation are dictated by a second-order sys-
tem. The closed-loop behavior may be articulated in the usual second-order form pre-
sented in (4.43).

By equating the coefficients of the denominator of (4.59) with those of the normal
second-order system, the proportional and integral gains of the voltage PI controller
can be correlated with the required natural frequency w. and damping ratio &

» _ 3Ua 30

Wn =56 K;, 2Cwy, = K (4.60)

20T

Here, U, represents the steady-state d-axis voltage component, which is determined
by the modulation process and can be expressed as a duty-cycle between -N to N. Since
the methodology for tuning the PI controller gains has already been discussed in detail
in the previous section, it is not repeated here.

The resulting closed-loop pole locations corresponding to the selected controller
gains are illustrated in figure 4.7b. It can be observed that all poles are located in the
left-half of the complex plane, thereby confirming the stability of the average DC-link

voltage control loop.

4.6 Complete Voltage-Oriented Control

A complete block diagram of the entire control system is shown in figure 4.8. The
control strategy utilizes voltage-oriented control (VOC) and includes inner current con-
trol loops alongside an outer DC-link voltage control loop. The observed three-phase
voltages and currents are first converted into the synchronous (d, q) reference frame by

Park and Clarke transformations, enabling separate regulation of active and reactive
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(a) Block diagram of average DC-link voltage
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Figure 4.7: DC-Link voltage controller along with close-loop pole position

power components.

To further examine the stability of the proposed control architecture, the eigenval-
ues of an entire closed-loop system matrix are analyzed under both light and heavy-load
operating environments and is presented in 4.9 and in 4.10, respectively. The calculated
eigenvalues are situated in the left half of the complex plane for both scenarios, af-
firming that the whole system is asymptotically stable within the specified operating
range. Furthermore, figure. 4.9(b) and 4.10(b) demonstrate that the dominant poles ex-
hibit slight movement in location between light-load and heavy-load circumstances. In
particular, the dominant poles migrate somewhat along the real axis under heavy-load

conditions, indicating a change in system dynamics. This shift indicates a change in the
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system’s time constants and effective damping as a result of load variation. However,
the system ensures sufficient damping and dynamic performance without any concern
of instability since the dominant poles stay fixed within the left half-plane and do not

approach the imaginary axis.

vsd/l\
A,
Ve Iy Lol

—_— > Pl ! ‘/1

_ P . - .\
VZ’Z‘"T T — b 2 ':C
ot .
—— dq /) ———
Vb +
—)
ABC Ve __,
I, +, — -,
q—»? > Pl —>( )
- —_— +
Iq
Liwlge 3

Figure 4.8: Voltage-oriented control of 7-level CHB-AFE coverter
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Figure 4.9: Close-loop pole position of CHB-AFE under light load

The effectiveness of the resulting average and switching models under voltage-oriented
control is further analyzed by simulation experiments performed for both heavy and
light load operating circumstances, as seen in figures 4.11a and 4.11b, respectively. The
parameters used to validate both the average and switching models are summarized in
table 4.1. The findings indicate that the cascaded H-bridge active front-end (CHB-AFE)
functions reliably, attains precise reference tracking, and maintains the stability over

wide range of load operation.
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Figure 4.10: Close-loop pole position of 7-level CHB-AFE under heavy load

Table 4.1: Simulation Setup Parameters

Parameters Values
Virms 3.3kV
f 50 Hz
fsw 10kHz
Lg 0.2mH
R 0.1 m$2
C 3700 puF
Vi 1050 V
Prq 450 kW
Pro 900 kW

4.7 DC-Link Voltage Balancing

Despite voltage-oriented control (VOC) facilitates precise reference tracking and bal-
anced grid currents under optimal circumstances, it does not intrinsically provide equal
power distribution across the various cells and phases of a cascaded H-bridge (CHB)
converter. In real time operation, unbalanced loads, parameter deviations, and mod-
ulation limitations produce a deviation from optimal power distribution, resulting in
internal power imbalances inside the converter. These imbalances immediately impact
the control of DC-link voltages and, if improperly managed, can compromise grid cur-
rent quality and overall system reliability.. Consequently, specialized DC-link voltage
balancing solutions are essential to guarantee reliable and grid-compliant functioning

of CHB-based systems.
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Figure 4.11: Validation of VOC in average and switching model

The power imbalance in CHB converters can be systematically categorized into two
types depending on its origin and effect: per-cell imbalance and per-phase imbalance.
Per-cell imbalance denotes the uneven distribution of power among the H-bridge cells
within a single phase, resulting in disparate power processing by individual cells (e.g.,
P,1 # P,5 # P,3 for a three-cell CHB). Per-phase imbalance arises when the total power

handled by each phase of the converter is uneven (i.e., P, # P, # P.).
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The two types of power imbalance affect the converter control system in fundamen-
tally distinct manners. The per-cell imbalance mostly impacts the DC-link voltage con-
trol loop, resulting in the voltages of individual DC-link capacitors deviating from their
reference values. Voltage variations can cause waveform distortion and, in extreme in-
stances, affect the reliable operation of the converter. Conversely, per-phase imbalance
primarily affects the current control loop, leading to imbalanced grid currents through-
out the phases.

The VOC method produces a singular balanced voltage reference for all phases, con-
sequently lacking the capability to independently address unequal power distribution
among Hbridge cells of each phase. Consequently, any persistent power imbalance typ-
ically manifests as asymmetrical phase currents. However, this existing imbalance vi-
olates grid code requirements and is therefore undesirable in grid-connected systems.
The inherent constraint of VOC necessitates the creation of a supplementary DC-link volt-
age balancing algorithm that can regulate individual cell voltages while maintaining

balanced grid currents.

471 Model Predictive Based Voltage Balancing Algorithm

Chapter 2 outlines that current DC-link voltage balancing solutions for CHB-AFE con-
verters, especially those utilizing redundant switching states and low-switching-frequency
modulation, encounter scalability and control complexity issues when applied to sys-
tems with several cells. This section introduces a model predictive control (MPC)-based
algorithm for DC-link voltage balancing, designed to leverage system predictions for
fast and resilient voltage equilibrium while ensuring a low switching frequency. The
comprehensive control architecture of the proposed 7-level CHB-AFE converter, which
includes the MPC-based DC-link voltage balancing algorithm, is illustrated in figure 4.12.

In a CHB-AFE, the instantaneous reference voltage U GS established by the VOC
scheme, must be generated utilizing the discrete voltage levels obtainable in each phase,
commonly represented as integer multiples of the DC-link voltage, i.e., k - V4. The dis-
tinct voltage levels are produced by the precise switching of separate H-bridge cells,

each powered by an independently regulated DC-link capacitor. To precisely replicate

the reference voltage, two contiguous discrete voltage levels (e.g., k- Vyc and (k—1) - Vy)
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Figure 4.12: VOC with DC-link voltage balancing of 7-level CHB-AFE

are identified within a single sampling period (T,), and their corresponding time dura-
tions are computed so that the time integral of the reference voltage is equivalent to
the aggregate of the time integrals of the selected discrete voltages. Consequently, the

subsequent relation can be expressed as

/T U:efdt = k- Vdc,z‘ ~Ton +(k—1)- Vdc,z‘ (Ts — Ton),

Here, k- Vy. and (k —1) - Vg signify the two discrete voltage levels adjacent the reference
voltage vy, while T,, denotes the time interval during which the voltage level k - Vy is
enforced. The generation of a continuous reference voltage utilizing neighboring dis-
crete voltage levels within a single sampling period is depicted in Fig. 4.13.

The electrical model corresponding to a single H-bridge cell is depicted in Fig. 4.14.
According to this model, the voltage dynamics of the DC-link capacitor in the i-th cell

can be articulated as

dvge

Cdt

=is-S; —ip, i€{1,2,...,N}, (4.61)

where C denotes the DC-link capacitance, is signifies the grid-side AC current, S; €
{-1,0,1} indicates the switching state of the i-th H-bridge cell, and iy, represents the

load-side current. Due to the necessity for DC-link voltage equalization across all cells,
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Figure 4.14: Equvalent Model of one Phase of CHB-AFE

it is assumed that the capacitances are similar, specifically, C; = Cy = --- = Cy = C.
Moreover, the load currents iy, are considered as disturbances and discarded to simplify
the predictive model.

Utilizing the forward Euler discretization approach on (4.61), the discrete-time pre-
dictive model for the DC-link voltage is derived as

1
e, (k4 1) = vge, (k) + C (1T + i Ty) i (4.62)

Here, vy.(k) and vgc(k + 1) represent the current and predicted DC-link voltages, re-
spectively, while T; signifies the time interval allocated to the i-th discrete voltage level

within a single sampling period. The permissible switching states analyzed in the predic-
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Table 4.2: Switching States for 7-Level CHB-AFE

Vdc Level Switching States
+3Vdc 111
+2Vdc 17170 101 011
+Vdc 111 111 111 100 010 001
ovdc 1710 101 01-1 0-11
110 101 00O
—Vdec 1117 111 1-1-1 010 00-1 -100
—2Vdc 110 -10-1 0-1-
—3Vdc -1-1-1

tive optimization, along with their associated output voltage levels for the 7-level CHB-
AFE, are included in Table 4.2. A multilevel converter can produce equal output voltage
levels through various combinations of H-bridge switching states, offering redundancy
that can be utilized for balancing the DC-link voltage.

The proposed MPC-based voltage balancing algorithm initially maps the continuous
reference voltage Uref produced by the VOC scheme to its two neighboring discrete volt-
age levels during each PWM sampling period via level-shifted PWM. Consequently, the
time intervals Ty, T», and T3 corresponding to these voltage levels are determined based
on the relative placement Of vjes inside the discrete voltage range. The DC-link voltages
of all CHB-AFE cells are anticipated for each permissible switching state based on (4.62)
using these durations.

DC-link voltage balancing is accomplished by evaluating a cost function for all po-
tential switching states during each PWM cycle. The switching state that minimizes the
cost function is designated as the ideal state and implemented for the relevant switching

time. The cost function is delineated as

N
e = 3 (Vdc_ref — Vi, j)Q : (4.63)
j=1

where vq. e represents the reference DC-link voltage, and vffc’zm i signifies the predicted
DC-link voltage of the j-th cell for phase m in the z-th switching state. In this context,

m € {a,b,c} indicates the phase index, while = indicates the switching-state index.
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4.7.2 Reduction of Switching Frequency

The proposed MPC-based voltage balancing algorithm ensures DC-link voltage equal-
ization among the CHB-AFE cells; however, it may result in elevated switching frequency
if not well controlled. To calculate the necessary discrete voltage within a single sample
period, a standard carrier-based level-shift pulse-width modulation (LSPWM) utilizing
triangle carrier waveforms is commonly utilized. When such carriers are used, the be-
ginning of a new switching period generally starts at the same discrete voltage level as
that applied at the end of the previous switching period, as depicted in figure4.13.

The unwanted rise in switching events can be efficiently reduced by altering the con-
figuration of the carrier signals employed in the modulation process. Figure 4.15 depicts
the scenario in which sawtooth carriers are utilized in place of traditional triangle carri-
ers. In compared to triangular carriers, which exhibit symmetry and restore to the same
voltage level at beginning of each switching period, sawtooth carriers present a contin-

uous monotonic increase throughout the whole sampling interval.

Amplitude A
1T Vmax
Reference vyef ----- A ot i o o e i
0
A e s ; e
Level k 5 ‘ 5‘ 5
Voltage Levels l€.
Level k- 1 \‘ : ,
: i ——— L Tj
0 ti £ N e
g Rkt Transition between
i< > two voltage levels
T,

Figure 4.15: Transition between voltage level using Saw-tooth carier

As illustrated in figure 4.15, the switching period consistently starts at a specified
boundary of the sawtooth carrier waveform. Therefore, the output voltage at the begin-
ning of a new switching period cannot maintain the same discrete voltage level as that
of the previous one unless specifically dictated by the reference voltage trajectory. Con-

sequently, transitions inside redundant switching states at identical voltage levels are
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naturally prevented. Instead, transitions occur exclusively between neighboring discrete
voltage levels (i.e., from level (k — 1) to level k, or vice versa).

This attribute is particularly beneficial inside the proposed MPC-based voltage bal-
ancing system. The cost function is assessed during the previous sampling interval and
implemented in next switching period; therefore, utilization of sawtooth carriers guar-
antees that the chosen switching state inherently facilitates level-to-level transitions .

Alongside the lowering of the carrier-based switching frequency, a switching cost
parameter is also incorporated into the cost function presented in equation 4.63 to fur-
ther mitigate unwanted commutations. This supplementary term penalizes state transi-
tions that lead to an increased number of device changes between consecutive sample
intervals, consequently explicitly penalizing excessive switching activity. By including
the switching effort directly into the optimization problem, the controller can effectively
balance the trade-off between DC-link voltage regulation performance and the mini-
mization of switching frequency. The resultant altered cost function is delineated as
follows:

N 9 N
Tz = Z‘{ (085 — Vderef)  + Asu Zl
Jj= Jj=

S3(k) = Sj(k —1)| (4.64)

The second term represents the switching penalty, where S (k) is the candidate switch-
ing state of the j-th cell at the current sampling instant k, and S;(k — 1) is the switching
state applied in the previous sampling instant. The weighting factor \s; determines the
trade-off between DC-link voltage balancing performance and switching frequency re-
duction.

By restricting switching transitions to occur only between consecutive voltage levels,
the total number of commutations per sampling period is significantly reduced. This di-
rectly lowers switching losses and thermal stress in the power devices, improves overall
converter efficiency, and enhances the reliability and lifetime of the CHB-AFE system,

particularly under high-power operating conditions.
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4.8 DC Link Voltage Balancing Limits

The DC-link voltage balancing algorithm can efficiently regulate the DC-link voltages
to their reference values; however, its balancing capability is fundamentally constrained
by the permissible power imbalance among the H-bridges within the same phase leg.
When this limits over stepped, the balancing algorithm is unable to maintain a DC-
link voltage balancing, potentially resulting in improper converter performance. Conse-
quently, it is imperative to determine these operational limits and ensure that they are
respected during converter operation. To facilitate the analysis, each H-bridge is as-
sumed to be connected to a distinct resistive load. Given that the limits are independent
for each CHB leg, only phase—a will be examined in the subsequent study.

The simplified average model of a single-phase leg of the CHB converter, comprising
N cascaded H-bridge cells, as depicted in figure 4.14, is used to evaluate the DC-link
voltage balancing limitations of the CHB converter. In the equivalent model, the total
average duty cycle has been divided into distinct duty cycles S, each linked to a specific
H-bridge cell.

Moreover, owing to the intrinsic power conversion attributes of the CHB converter,
current is provided to the DC-link side while voltage is transmitted to the AC grid side via
regulated current and voltage sources, respectively. Under steady-state operating con-
ditions, the balancing of DC-link voltage necessitates that the average power handled by
each H-bridge cell be equivalent. This condition enables the derivation of DC-link volt-
age balancing limits directly from the power equations of an individual H-bridge cell,
utilizing the average model representation. This modeling approach offers a definitive
mathematical framework for establishing the feasible operating range of individual cell
powers while ensuring DC-link voltage balance.

The average AC-grid power in an individual system is denoted as

Vil cos()

5 (4.65)

Py

The power handled by a single H-bridge cell in a cascaded H-bridge converter can

be articulated as a function of its respective duty cycle and is represented by
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. SnIngcn

P, 5

(4.66)

Let P, signifies the average power processed by the n'" H-bridge cell (n € {1,2,...,N}),
S,, represent the corresponding average duty cycle of the n'" cell, I, denote the grid-side
current, and V., denote the DC-link voltage of the n* H-bridge cell.

The total average power in a grid can be determined by summing the individual
power of the CHB; consequently, the equation 4.66, assuming a unity power factor, can

be formulated as follows:

Py = PiS1 + P,So + P3S3 + ....P,S, (4.67)

Balancing algorithms govern the allocation of power among the individual H-bridge
cells, whilst the overall duty cycle S; of the phase leg is determined by external power
requirements. The overall duty cycle can be represented as the sum of the individual cell
duty cycle indices.

V,

Sy =851 +85+853+....5, = 7 (4.68)
Vdc

Where, S, represents the duty cycle of the n'" H-bridge cell, V, signifies the amplitude
of the grid-side voltage, and V. specifies the nominal DC-link voltage. Under steady-
state conditions for DC-link voltage balancing, the DC-link voltages of all H-bridge cells

are equal, i.e.,

Vdcl = Vdc? == Vdcn (469)

Using the average power model represented in equation 4.66, the DC-link voltage of

the nt" H-bridge cell can be expressed as

2P,

=2 1,2,...,N}. 4.7
Vdcn SnIg’ n 6{ ) Ay ) } ( 0)

By equating the DC-link voltage expressions of the 1°* and 2"¢ H-bridge cells, the

subsequent relation is obtained:
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2P 2P,

S~ Sl (4.71)
Simplifying (4.71) yields

Sy = SlH. (4.72)

Likewise, comparing the DC-link voltage equations of the first and third H-bridge

cells yields

2P, 2P

S A 4.7
Si1, ~ Ssl, (.73)

which leads to

Py
S3 = SlFl. (4.74)

Generally, under conditions of DC-link voltage balance, the duty cycle of the n-th

H-bridge cell can be described in relation to the first cell as

P,
Su=S15, nef{23,... N} (4.75)
1

The total duty cycle of a phase leg in a 7-level CHB converter, comprising three cas-
caded H-bridge cells, is determined by the sum of the individual cell duty cycles as ex-
pressed in (4.68). Under conditions of DC-link voltage balance, the duty cycles of the
second and third cells can be defined in relation to the duty cycle of the first cell, utiliz-
ing the power-based equations established in (4.72) and (4.74).

By inserting these equations into the total duty cycle ((4.68)), the subsequent relation

is derived:

Py Py
Sy =S — —. 4.76
t 1+ 51 2 + 51 Pr ( )
Factorizing the S,
P, P
= 1+ —+—=. 4.77
Sy 51(+P1+P1> ( )
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Now, multiplying both sides by P,

PS5 =5 (Pl + P+ Pg). (4.78)

After solving for the 1%t cell duty cycle

Py

-1 g, 4.79
P+P+P " (4.79)

S1

Equation (4.79) indicates that, under conditions of DC-link voltage balance, the duty
cycle of each H-bridge cell is directly proportional to its processed power in relation to
the total power of the phase leg. This outcome ensures uniform average DC-link voltages
while satisfying to the comprehensive duty cycle constraint required by the grid voltage
requirements.

In a cascaded H-bridge converter, the greatest attainable duty cycle of a single cell is
achieved when the cell operates in a square-wave mode, generating an output voltage
that oscillates straight between +V,. and —V,. without intermediary zero states. Un-
der this operational condition, the fundamental component of the square-wave voltage
reaches its maximum amplitude in relation to the DC-link voltage. Thus, the modulation
index of the n-th H-bridge cell is intrinsically constrained by the fundamental compo-
nent of a square wave, thereby imposing an upper limit on the attainable modulation
depth. Consequently, the duty cycle of each individual cell must respect to the following
constraint:

Sp<—, ne{l,2,....N}. (4.80)

SRS

By implementing the modulation index restriction specified in (4.80) to the duty-cycle

expression in (4.79), the ensuing inequality is derived:

R(EO§H+&+% (4.81)

By rearranging this expression, the inequality can be reformulated as (4.82), which
directly correlates the power processed by the initial H-bridge cell to the combined power

of the remaining cells.
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P, (Zst - 1) < Py + P (4.82)

This constraint can be imposed to each H-bridge cell to delineate the permissible
operating region of the converter. The resultant power restrictions for the 7-level CHB

converter are depicted in figure 4.16 and can be represented as follows:

Piip + Pii > k P,
Pi + P > k P, (4.83)
Piip + Piig > k P,

where k = (55, — 1), and P, denotes the average power corresponding to the i-th

H-bridge cell.

Figure 4.16: DC-link voltage balancing limits for 7-level CHB-AFE

49 Optimal Management of Battery Energy Storage System

In extreme fast charging (XFC) stations, the charging demand from electric vehicles
is highly dynamic and intrinsically uncertain, as vehicles may connect to or disconnect
from various charging ports with differing power requirements. This behavior leads to
rapid and unpredictable load variations at the converter DC-link. Under such conditions,

a DC-link voltage balancing method alone is insufficient to ensure stable voltage reg-
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ulation. In particular, when the operating point moves outside the permissible region
established in the previous section, the DC-link voltages deviate from their reference
values, resulting in degraded performance or even instability of the CHB-AFE converter.

To address this limitation, a battery energy storage system (BES) module is integrated
with each CHB cell through a non-isolated buck converter. The BES modules provide
local energy buffering, enabling each cell to compensate for transient power imbalances
caused by sudden load variations. This distributed architecture reduces the burden on
the DC-link voltage balancing mechanism and ensures reliable converter operation by
either supplying or absorbing power as required. Furthermore, it guarantees that the
CHB converter operates within the feasible region defined in the preceding section, as
illustrated in Fig. 4.16.

Although the inclusion of BES modules enables operation which can handle all Rind
of power imbalance on the XFC station ports, frequent charging and discharging cycles
can accelerate battery degradation. Therefore, the BES should be utilized only when
necessary, while simultaneously regulating the state-of-charge (SoC) of each module
toward a predefined reference.

To achieve these objectives, the following cost function is formulated:

J = f: ( giEsf + A (S0 — Socm)2 (4.84)
i=1

Here, SoC* denotes the state of charge of the i BES module, while SoC* represents
the desired reference value. The first term penalizes excessive BES power usage, thereby
reducing unnecessary battery cycling, whereas the second term enforces SoC regulation.
The weighting factor \ balances these two objectives. Moreover, the )\ also determines
the allowable deviation of the state-of-charge (SoC) from its reference value.

To examine the interaction between the CHB converter and the integrated battery
energy storage system, the power balance of each H-bridge cell is evaluated. Without
loss of generality the analysis is carried out for phase a . Ignoring converter losses,
the power needed by the electric vehicle connected to the i-th H-bridge cell port, as

illustrated in figure 1.21, can be represent as

P, = Py — Piks, i€{1,2,3} (4.85)
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Figure 4.17: Power conversion chain in XFC station

Rearranging, the H-bridge power becomes

P = P 4+ Py e {1,2,3} (4.86)

Substituting (4.86) into the CHB power inequality constraints yields

P& + B + Py + P > k(PR + B
PEy+ Pt + P + PR > k(PR + PE2) (4.87)
PRy + B+ PR+ B2 > k(PR + P

Rearranging the inequalities to isolate the BES powers gives

—kPSt + P + PP < —kP&, + PRy + Piv,
—kP®2 + P + P® < —kP# + PR, + P, (4.88)
—kPS + Py 4+ P < —k PR, + Py + PaY-
In real-time operation, different BES modules may require opposite power directions
to regulate their SoC. Under such conditions, the above constraints may become infea-

sible due to the implicit assumption of unidirectional power flow.

To ensure feasibility, an additional constraint is introduced:

—P' — P — P® < Py + P + Piiy. (4.89)

Combining these constraints, the system can be expressed in matrix form:
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k-1 -1 - —kP&, + P& + P%
pot
-1 k -1 P, — kP& + P&,
pa2 | < (4.90)
-1 -1 &k P&, + P& — kPE
pe3
-1 -1 -1 " - P& + Pg + P&
For compact representation, the above inequalities can be written as
Ax <B (4.91)

where x denotes the BES power vector, while A and B define the constraint matrix
and limits, respectively.

To formulate the optimization problem, the cost function in (4.84) is expressed in
quadratic form as

1
J= 5xTHx +fT'x+ec (4.92)
where

T
X = Pgl P‘t()ﬁ sz)z3

and the Hessian matrix is given by

H =1I5.5. (4.93)

The vector f is derived from the SoC regulation term, while c is a constant indepen-
dent of x and can be neglected.

The resulting quadratic programming (QP) problem is formulated as

X

min }XTHX + £fTx
2 (4.94)
subjectto Ax<B

However, under certain operating conditions, the constraint set in equation (4.91)

may become infeasible. To address this, an alternative formulation is introduced with
the following formulation:
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-Ax < -B (4.95)
Now, after introducing equation (4.95) the optimization problem represented by equa-
tion (4.94) no longer hold a single QP problem and can be represented as,

1
min —x Hx +f'x
x 2

subjectto Ax < B, (4.96)
—-Ax < -B

Since two optimization problems, namely Q P, and Q P, are formulated and can eas-
ily solved in MATLAB/Simulink by using quadprog function. However, the selection of the
active optimization problem is determined based on the comparison of their respective
cost function values. At each sampling instant, both optimization problems are eval-
uated, and the one provides the lower cost is selected as the optimal solution. The
corresponding BES power references are then applied for that sampling interval.

However, this selection mechanism may introduce undesired switching between QP;
and QP,, particularly when their cost values are comparable. For instance, the opti-
mal solution may alternate between QP, and QP; in consecutive sampling instants,
resulting in oscillatory behavior in the BES power references, commonly referred to as
chattering.

To mitigate this issue, a dwell-time constraint can be introduced, ensuring that once
a particular optimization problem is selected, it remains active for a predefined duration
before allowing a transition to the alternative formulation. This approach effectively
reduces high-frequency switching between optimization solutions and improves overall
system stability. A detailed discussion of the dwell-time implementation is provided in
the subsequent chapter.

The proposed optimization-based BES management strategy enables the CHB-AFE
converter to operate reliably under highly dynamic charging conditions. By incorpo-
rating converter limits and SoC regulation, the method ensures stable operation while
minimizing battery stress, making it suitable for real-time implementation in XFC sys-

tems.
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410 Summary

This chapter introduced a comprehensive control architecture for a cascaded H-bridge
active front-end (CHB-AFE) converter with integrated battery energy storage (BES), specif-
ically designed for extreme fast charging (XFC) station applications. The main goal was
to guarantee stable grid integration, effective DC-link voltage regulation, and synchro-
nized energy management in highly dynamic and uncertain charging environments.

The chapter commenced with formulating a control-oriented averaged model of the
CHB-AFE system within the synchronous dq reference frame. The steady-state operating
points of the converter were analytically determined from this model, and their physical
admissibility was assessed. It was demonstrated that only a subset of the mathemat-
ical equilibrium solutions satisfies with the duty cycle limits imposed by the converter
architecture. These equilibrium points served as the foundation for further small-signal
modeling and control design.

A systematic linearization approach was implemented around the chosen steady-
state operating point due to the intrinsic bilinear characteristics of the averaged CHB-
AFE dynamics. The resultant small-signal model facilitated local stability analysis and
offered an appropriate framework for controller synthesis. Consequently, a hierarchical
voltage-oriented control (VOC) architecture was implemented, comprising fast inner cur-
rent control loops and a slower outer DC-link voltage control loop. Proportional-integral
(P1) controllers were formulated for both loops, and a definitive tuning methodology
based in second-order system characteristics was defined. The impact of controller pa-
rameters on closed-loop pole positions and dynamic performance was analytically ex-
amined, guaranteeing stable and well-damped operation.

Although VOC provides precise current monitoring and average DC-link voltage man-
agement, it does not intrinsically provide equitable power distribution across the indi-
vidual H-bridge cells. To mitigate this constraint, the chapter examined the mechanisms
of DC-link voltage imbalance and differentiated between per-cell and per-phase power
imbalances. A approach for balancing DC-link voltage based on model predictive control
(MPC) was subsequently introduced. The proposed MPC strategy attained fast and robust

voltage balancing by utilizing predictive models and redundant switching states, while
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maintaining balanced grid currents. Additionally, strategies for minimizing switching
frequency were implemented via carrier waveform selection and the integration of a
switching penalty term in the MPC cost function, significantly decreasing unnecessary
commutations and related losses.

The inherent power balancing constraints of the CHB converter were then established
utilizing an average power model. These constraints define the permissible operational
region wherein DC-link voltage balance is attainable. Analytical expressions were de-
rived that connect individual cell powers to overall phase power and duty cycle limits,
offering significant understanding of the inherent limitations of CHB systems under un-
even loading conditions.

From these findings, the chapter presented an optimization-based energy manage-
ment strategy for the integrated BES modules. A quadratic cost function was devel-
oped to minimize BES power exchange, which decreases battery deterioration, while
simultaneously managing the state of charge (SoC) of each module towards a speci-
fied reference. The permissible power limitations of the CHB converter, along with the
EV charging requirements, were integrated as linear inequality constraints. This resulted
in a quadratic programming (QP) problem, the solution of which provides optimal BES
power references in real time. The suggested formulation guarantees that the CHB-AFE
functions within its feasible region, even during extreme and rapidly varying charging
circumstances.

This chapter provides an unified control and optimization system that integrates
classical voltage-oriented control, predictive DC-link voltage balancing, and optimal
battery energy storage management. The proposed methodology facilitates reliable,
effective, and scalable operation of the CHB-based XFC stations, while specifically ad-
dressing converter limitations, battery longevity factors, and real-time operation re-

quirements.
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Chapter 5:

Simulation and Experimental Results

5.1 Introduction

This chapter presents a comprehensive validation of the proposed control strategy
for the cascaded H-bridge (CHB) rectifier integrated with battery energy storage (BES)
for XFC station. The performance of the system is evaluated through detailed MAT-
LAB/Simulink simulations and supported by experimental observations.

The analysis is structured to progressively assess the effectiveness of the developed
control framework under both steady-state and dynamic operating conditions. First,
the DC-link voltage balancing capability is examined, with particular emphasis on the
imposed balancing limits and the performance of the proposed voltage balancing algo-
rithm. This evaluation verifies the controller’s ability to maintain voltage stability across
all CHB cells under varying load conditions.

Subsequently, a comparative analysis of switching frequency is conducted to high-
light the advantages of the proposed modulation and control approach in terms of
switching stress and efficiency. The results demonstrate how the control strategy achieves
an improved trade-off between performance and switching losses.

Finaly, the "The optimal control strategy developed for the BES module, as described
in the previous chapter, is validated through MATLAB/Simulink simulations for a 7-level
CHB-AFE system...”battery energy storage (BES) management strategy for XFC station ap-
plication is analyzed under realistic operating scenarios, including electric vehicle (EV)
arrival and departure events. A step-by-step analysis of system response is provided,
detailing the evolution of BES power, CHB cell power distribution, and SoC dynamics.
Furthermore, it is demonstrated that the proposed control strategy successfully main-
tains system operation within the defined admissible region, ensuring stable and reli-

able performance during transient conditions.
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Overall, this chapter validates the robustness, efficiency, and practical applicability

of the proposed control architecture for Extreme fast electrical vehicle charging station.

5.2 Simulation Results

This section presents the simulation-based validation of the proposed control archi-
tecture for the cascaded H-bridge (CHB) rectifier integrated with battery energy storage
(BES). The results are organized to evaluate the effectiveness of the developed methods
in terms of DC-link voltage balancing, switching comutation reduction, and optimal BES
management.

The overall simulation model of the system under investigation is illustrated in figure
5.1. The model incorporates the CHB rectifier topology, the associated BES modules, and
the complete control architecture including voltage regulation, current control, and the
proposed balancing strategy.

The key simulation parameters used in this study are summarized in Table 5.1.

3-Phase
AC Grid
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Figure 5.1: Block diagrame for simulation setup of 7-level CHB-AFE with integrated BES
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Table 5.1: Multilevel CHB-AFE and BES Module Simulation Setup Parameters

CHB-AFE Parameters | BES Parameters
Vitems — 3.3KV Ly 2mH
f 50 Hz Ry 0.1 mQ2
Fow 10kHz | SoC*  50%
Ly 2mH Ch 1.2 Ah
Ry 0.1 mQ2 Vi 400V
C 3700 puF A 104
Vi 1050 V
n 3
St 2.56
Asw 0.01

Table 5.2: Simulation Control Parameters

Voltage Pl | Current PI | BES (DC-DC) PI

K, K |K, K |K K

5 150 | 30 300 | 40 500

5.2.1 Validation of DC-link Voltage Algorithm and Balancing Limits

The effectiveness of the proposed control strategy and the associated analytical
framework is validated through detailed simulations and depicted in figure 5.1. To clearly
illustrate the behavior of the "The optimal control strategy developed for the BES mod-
ule, as described in the previous chapter, is validated through MATLAB/Simulink sim-
ulations for a 7-level CHB-AFE system..."control algorithm, a 7-level cascaded H-bridge
(CHB) rectifier is considered. It is important to note that the proposed control strategy
is inherently scalable and can be extended to systems with a higher number of H-bridge
cells. Moreover, without loss of generality, the analysis is carried out considering only
phase-a, as all three phases exhibit identical behavior under balanced conditions.

In order to evaluate the performance of the DC-link voltage regulation and the pro-
posed voltage balancing limits, four distinct operating points are selected and repre-
sented in figure 5.2. Initially, at t = 0.1 s, the CHB-AFE operates under balanced loading
conditions, where each H-bridge cell processes an equal power of 50 kW. This operating

pointis indicated by the blue marker in figure 5.2, representing a nominal and symmetric
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operating condition within the admissible region.

Figure 5.2: Voltage balancing limits of 7level CHB-AFE rectifier

Subsequently, the operating point of the CHB-AFE is intentionally perturbed to evalu-
ate the dynamic response of the control system. Specifically, at t = 0.25 s, the operating
condition transitions from the initial balanced point to a new operating point (black
marker), where the individual H-bridge cells process unequal power levels of 50 kW,
100 kW, and 75 kW, respectively. This transition represents a non-uniform loading sce-
nario, which challenges the voltage balancing mechanism and tests the robustness of
the proposed control strategy.

It can be observed in figure 5.3 that, despite the abrupt change in power distribu-
tion among the cells, the DC-link voltages exhibit a well-damped transient response
and rapidly converge to their respective reference values. This clearly demonstrates the
effectiveness of the proposed voltage balancing algorithm in maintaining stable oper-
ation within the defined balancing limits.

Furthermore, the CHB-AFE maintains unity power factor operation at these operating
points, as evidenced in figure 5.3(d), where the grid voltage and current remain in phase.
This confirms that the proposed control strategy preserves input power quality while

simultaneously achieving voltage balancing and power redistribution.
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Figure 5.3: CHB-AFE behaviour under full load. a) DC-link voltage. b) Load Power. c)
Phase to neutral voltage. d) Grid current

The resulting multistep output voltage waveform is illustrated in figure 5.3(C). The
waveform exhibits the characteristic stepped structure of a multilevel converter, corre-
sponding to the discrete voltage levels generated by the cascaded H-bridge cells. Each
voltage level is synthesized through the appropriate combination of individual cell volt-
ages, as dictated by the modulation and control strategy.

Notably, even under unbalanced power conditions, the multistep waveform retains
its symmetry and quality, indicating that the proposed balancing algorithm does not
distort the output voltage profile. The uniform distribution of voltage steps and the
absence of irregular transitions confirm that the switching states are properly coordi-
nated. This ensures low harmonic distortion and validates that the converter operates
within its intended modulation range despite variations in cell power. Additionally, the
preservation of the multilevel structure under dynamic conditions further highlights the
robustness of the proposed control approach

Moreover, to further investigate the DC-link voltage balancing limits, two additional

operating points located near and beyond the feasibility boundary are analyzed and in-
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dicated by + marker in figure 5.2. Att = 0.35 s, the operating point is shifted towards
the boundary of the feasible region (black + marker). It is observed that the proposed
control algorithm is still capable of maintaining voltage balance under these bound-
ary conditions, although with increased control effort and slightly degraded transient
performance.

However, when the operating point is further pushed outside the feasible region at
t = 0.45s, the control algorithm is no longer able to regulate the DC-link voltages at their
reference values. As a result, the voltages begin to diverge, clearly indicating the exis-
tence of physical and control-imposed limits of the system. This validates the analytical
balancing limits derived earlier and highlights the importance of operating within the
admissible region.

Finally, the switching commutation behavior of the proposed control strategy is eval-
uated for all operating scenarios. As shown in figure 5.4 by the red line, when a conven-
tional triangular carrier-based implementation is used without incorporating a switch-
ing penalization term in the cost function, the resulting switching comutations are sig-
nificantly high, where the average switching comutations are computed considering only

switches 1 and 3 of each H-bridge in phase A.
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Figure 5.4: Average switching commutations of CHB-AFE
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In contrast, by employing a sawtooth carrier along with the modified cost function
presented in equation (4.64), a substantial reduction in switching transitions is achieved.
The switching commutations are reduced by approximately 8.54%, while still preserving
the voltage balancing performance and dynamic response. This demonstrates that the
proposed modification effectively improves the overall efficiency of the system by re-
ducing switching losses without compromising control objectives. The CHB-AFE rectifier

behaviour under sawtooth carrier is illustrated in 5.5.
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Figure 5.5: CHB-AFE behaviour under full load with sawtooth carrier

5.2.2 Validation of Optimal Management of BES Module

EV charging demand at stations is unpredictable and highly dynamic. This variabil-
ity is primarily influenced by user behavior, dissimilarities in battery capacities, and the
conditions in which the EV is connected to the charging station. For instance, domestic
charging—usually conducted overnight—generally involves extended connection times
at comparatively consistent, moderate power levels. Conversely, extreme fast charging
during long-distance travel is characterized by short connection times yet considerably

higher power requirements, often approaching the rated capacities of the charging in-
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frastructure. In addition, variations in battery size, initial state of charge (SoC), and the
irregular arrival of cars further increase the unpredictability of the total load profile.

Consequently, the power demanded from the grid-side converter could vary signifi-
cantly over short intervals. The theoretical analysis and simulation findings in the pre-
ceding sections demonstrate that the CHB-AFE alone cannot reliably manage these vari-
ances. Instability arises when the system operates outside the feasible region defined
by the DC-link voltage-balancing requirements.

As discussed earlier, to ensure that the operating point of the CHB-AFE remains within
the feasible region—highlighted by the green-shaded area in Figure 4.16—a battery en-
ergy storage (BES) module is integrated into each H-bridge cell. This integration en-
ables additional flexibility in power management and supports stable operation under
extreme fast charging (XFC) conditions.

The optimal control strategy developed for the BES module, as described in the pre-
vious chapter, is validated through MATLAB/Simulink simulations for a 7-level CHB-AFE
system. The overall simulation setup and control architecture are illustrated in Figure
5.1.

The optimal control strategy developed for the BES module, as described in the pre-
vious chapter, is validated through MATLAB/Simulink simulations for a 7-level CHB-AFE
system. The overall simulation setup and control architecture are illustrated in Figure 5.1.

To evaluate the effectiveness of the proposed optimal BES power management method,
identical operating scenarios with similar operational parameters are adopted. Conse-
quently, any deviations observed in the BES power distribution, SoC progression, and
operating point trajectory can be directly attributed to the proposed optimization tech-
nique rather than to variations in the simulation configuration. This section compares
the simulation results with the control methodology presented in [1] to illustrate the ben-
efits of the proposed method. However, the implementation details of the gain schedul-
ing for the proportional gain of the SoC controller are not fully disclosed in [1]. Therefore,
a fixed value of K, is considered for this comparison throughout this thesis.

A low-capacity battery (1.2 Ah) is used for each battery energy storage (BES) module
to provide faster observation of state-of-charge (SoC) dynamics within a shortened sim-

ulation duration. This selection is made exclusively for simulation purposes and does
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not influence the core functionality of the proposed control method. The battery capac-
ity predominantly affects the rate of State of Charge (SoC) variation, whereas the power
reference for each Battery Energy Storage (BES) module is independently established by
the quadratic programming (QP)-based control algorithm. Consequently, reducing the
battery capacity facilitates a more rapid evolution of the SoC dynamics, thereby simpli-
fving the assessment of the control strategy within a shorter simulation time.

A time-scaling approach is employed in the simulations to enhance computational
efficiency and illustrate the system dynamics. For consistency and to ensure a fair com-
parison, the same time-scaling approach is adopted for both the proposed method and
the reference control strategy presented in [1]. A scaling factor of 1:10 is employed, indi-
cating that 1s of simulation time corresponds to 10 min of actual operating time. This
approach enables realistic EV charging scenarios, which typically span several minutes,
to be represented within a practical simulation duration without compromising the fun-
damental control performance or system dynamics.

To conduct a fair comparison, it is assumed that multiple electric vehicles (EVs), char-
acterized by different battery capacities and charging requirements, arrive at and depart
from the charging station at identical time instants for both control strategies. Specifi-
cally, EVs arrive at charging ports 1,2, and 3 at t = 1.0 min, ¢t = 6.0 min, and ¢t = 8.0 min,
respectively, and depart at t = 11.0 min, ¢ = 13.0 min, and ¢t = 14.0 min in the same
sequence.

The first EV remains connected for approximately 10 minutes, representing a high-
energy-demand scenario in which the vehicle requires substantial charging. This results
in a relatively high and sustained power demand from the charging station. The second
EV arrives later and is assumed to require less energy, leading to a reduced charging
power demand. The third EV arrives while the other vehicles are still being charged,
creating a peak loading condition. However, it is characterized by a lower power re-
quirement, which can correspond to a partial-charge scenario or a higher initial state
of charge (SoC).

The combination of sequential arrivals, overlapping charging periods, and fluctuat-
ing power requirements generates an identical and highly dynamic loading profile for

proposed control strategies, as depicted in Fig. 5.6(a).
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Figure 5.6: Simulation results of a hypothetical profile of a charging station. a) Power
demand on the charging ports. b) Optimal power required to the BES. ¢) BES module
SoCs.

As illustrated in figure 5.6 upon the connection of the initial EV with a power demand
of 100 kW to the charging port, the associated BES module instantaneously shifts to
discharging mode to provide the necessary power. The BES functions as a local power
buffer, mitigating abrupt surges in load demand and ensuring that the CHB-AFE remains
within its operational limits. Simultaneously, the remaining BES modules function in
charging mode, absorbing surplus power and contributing to system level power bal-
ancing.

A similar behavior is observed with the introduction of the second and third electric
vehicles, which have power requirements of 75 kW and 50 kW, respectively. The BES
modules proficiently help to keep power within the feasible limits, alleviating stress on
the CHB-AFE and ensuring stable operation.

Conversely, once the electric vehicles depart, the corresponding load demand is elim-
inated, prompting the associated battery energy storage modules to shift from discharg-

ing to charging mode. In this phase, the BES draws power from the grid to replenish its
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state of charge (SoC). After all electric vehicles have left and the charging ports are va-
cant, the optimal control strategy allocate the BES module power references to equalize
the state of charge of all modules, directing them towards their reference values un-
til t = 71 min, while maintaining the CHB-AFE operating point within the permissible
region.

To facilitate a more detailed analysis, Fig. 5.7 illustrates the investigated scenario

during EV arrivals and departures, focusing on the first 20 minutes of operation.
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Figure 5.7: Zoom results of a hypothetical profile of a charging station. a) Power demand
on the charging ports. b) Optimal power required to the BES. ¢) BES module SoCs.

This behavior highlights the effectiveness of the proposed control strategy for the
BES modules, enabling the decoupling of highly fluctuating EV demand from the grid-
side converter and using the BES module only when needed.

Figure 5.6b shows that chattering-like behavior appears in the BES power profiles
starting at approximately t = 19 min. This behaviour is primarily associated with the
intrinsic operational constraints of the CHB-AFE, as discussed earlier. In this operating
region, the optimal BES power reference is determined using two quadratic program-

ming formulations, denoted as Q P, and QP,, corresponding to charging and discharg-
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Figure 5.8: BES module response during the EV charging scenario: a)BES module power
allocation.b)SoC evaluation

ing modes, respectively.

Under CHB-AFE constraints, the power flow within a given interval must remain uni-
directional; that is, all cells must either absorb or deliver power simultaneously. As a
result, mixed operation—where some cells charge while others discharge—is not per-
missible. Around t ~ 19 min, the SoC balancing term in the cost function drives the BES
modules toward their reference values. However, this objective creates a conflicting re-
quirement: for instance, one CHB cell may require positive power (charging), while others
require negative power (discharging). Due to the unidirectional power flow constraint,
such a condition cannot be satisfied simultaneously.

Consequently, the optimal solution alternates between QP, and QP,, leading to
rapid switching in the BES power reference. To suppress this undesired behaviour, a
dwell-time constraint is introduced. Once a QP formulation is selected, it is enforced
for a minimum duration of 5 minutes before switching is permitted. For example, at
t ~ 19 min, the solution transitions from QP to Q Py, after which Q P, remains active for
the specified interval.

Moreover, Figure 5.9 shows the activation of the proposed quadratic programming
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Figure 5.9: Simulation results of Active optimization and SoC behavior in worst-case
scenario: a) EV Power, b) BES module Power, c) BES module SOCs, d) ACTIVE QP

(QP) optimization under the worst-case scenario in which only one EV is connected to
the XFC station for an extended period. The optimization objective is updated adap-
tively based on the BES modules’ operational conditions. The SoC profiles show that the
BES module associated with the corresponding charging port first provides the required
power smoothly, causing its SoC to decrease continuously. When the SoC deviates suffi-
ciently from the reference value, the optimization applies switching behavior to keep the
battery SoCs as close as possible to the reference, thereby stabilizing them at the near-
est optimal value. This optimal value is determined by A, which defines the maximum
allowable deviation of the stabilized SoC from the reference value.

This dwell-time mechanism effectively reduces high-frequency switching between
optimization modes, thereby mitigating chattering and improving overall system sta-
bility. The dwell duration is a changeable parameter and can be adjusted based on
system requirements and desired dynamic response.

For comparison, the BES power allocation and SoC evolution obtained using the con-
trol strategy presented in [1] are illustrated in Fig. 5.8. Since both control strategies are

evaluated under identical loading conditions, the charging and discharging sequences
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of the BES modules remain essentially the same. However, a noticeable difference is
evident in the distribution of battery power among the BES modules. In the reference
strategy, the BES module associated with the higher-power charging port is required to
supply a larger portion of the charging demand, resulting in a significantly higher dis-
charge than the other BES modules. Consequently, under prolonged operation or worst-
case charging scenarios, where a single charging port remains active for an extended
duration, the corresponding BES module may reach its minimum allowable SoC limit be-
fore the other modules. Such an imbalance reduces the affected BES module’s available
energy reserve and may limit the charging station’s continuous operation. Moreover, as
illustrated in Fig. 5.8, once all EVs have departed from the charging station, all BES mod-
ules are first charged using a predefined charging power and subsequently discharged
to restore their nominal SoC reference. This additional charging and discharging pro-
cess introduces unnecessary cycling of the BES modules, which may accelerate battery
degradation and reduce their service life.

In contrast, the proposed QP-based power management strategy distributes the charg-
ing demand more effectively among the available BES modules by explicitly accounting
for both the SoC-balancing objective and the CHB-AFE operating constraints. As a result,
excessive depletion of an individual BES module is avoided, leading to a more balanced
SoC evolution and improved utilization of the distributed energy storage system.

To further elucidate the behavior of the proposed control method, Figure 5.10 illus-

trates the evolution of the H-bridge power ratios during the analyzed scenario. This

. . . paz . . pa3 . .
depiction plots the ratio £l on the horizontal axis and £ on the vertical axis, of-
HB HB

fering a normalized perspective of power distribution among the converter cells. It is
worth noting that a total of 13 operating points are considered in the power-balancing
analysis to avoid excessive overlap and improve visualization clarity. Furthermore, the
BES power references are extracted under steady-state conditions rather than during
transient intervals, ensuring a fair and consistent comparison of the system operating
points. BES power profile showing the selected steady-state operating points (circled),
from which power values are extracted to construct the points on operating limits in the
CHB-AFE feasible region figure, is illustrated in Figure 5.11.

The shaded area delineates the feasible operational domain of the CHB-AFE, where
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steady state operation and DC-link voltage equilibrium are guaranteed. The coloured
markers denote the trajectory of the system’s operating point over time in the hypothet-
ical extreme fast charging (XFC) scenario.

For comparison, the corresponding operating-point trajectory obtained with the con-
trol strategy presented in [1] is shown in Fig. 5.12. Under identical charging conditions,
the operating points remain concentrated near (1,1) throughout the charging process
because each BES module is managing average Phase power. Moreover, it can be seen
that the points are not exactly at (1,1) but near (1, 1), This behavior is primarily due to
the use of a fixed proportional gain in the SoC controller, which results in a less adap-
tive redistribution of the BES power among the H-bridge cells. Consequently, only small
variations in the H-bridge power ratios are observed.

To further elucidate the behaviour of the proposed control method, Fig. 5.10 illus-

trates the evolution of the H-bridge power ratios during the analysed scenario. The

. pa2 pa3 . . . .
ratios 5 and par are plotted on the horizontal and vertical axes, respectively, provid-
HB HB

ing a normalized representation of the power distribution among the converter cells. A
total of 13 operating points are selected for the power-balancing analysis to avoid ex-
cessive overlap and improve visualization clarity. Furthermore, the BES power references
are extracted under steady-state operating conditions rather than during transient in-
tervals, ensuring a fair and consistent comparison of the system operating points. The
corresponding BES power profile from which these steady-state operating points are
extracted is illustrated in Fig. 5.11.

The shaded region represents the feasible operating domain of the CHB-AFE, within
which steady-state operation and DC-link voltage balancing are guaranteed. The coloured
markers indicate the trajectory of the operating point throughout the hypothetical ex-
treme fast charging (XFC) scenario.

For comparison, the corresponding operating-point trajectory obtained using the
control strategy presented in [1] is shown in Fig. 5.12. Under identical charging condi-
tions, the operating points remain concentrated in the vicinity of (1,1) throughout the
charging process. This behaviour results from the use of a fixed proportional gain in the
SoC controller, which provides limited adaptability in the redistribution of BES power

among the H-bridge cells. Consequently, only small variations in the H-bridge power
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ratios are observed, and the operating points remain clustered around the nominal op-
erating point.

In contrast, the QP-based optimization redistributes BES power more effectively among
the H-bridge cells by utilizing the entire available power imbalance range of CHB-AFE.
Consequently, the operating points utilize a wider portion of the feasible operating re-
gion while remaining entirely within its admissible boundaries. This demonstrates the
improved flexibility of the proposed control strategy in allocating power according to the
system operating requirements without violating the analytical operating constraints of
the CHB-AFE.

Despite the highly dynamic and stochastic nature of EV charging demand, all op-
erating points remain within the feasible operating region throughout the charging
process. These results confirm that the proposed optimization strategy efficiently dis-
tributes power among the H-bridge cells while preserving DC-link voltage balance and

respecting the inherent operating limits of the CHB-AFE rectifier.

P21

Figure 5.10: Operating points evolution of CHB-AFE rectifier under hypothetical scenario
of EV XFC station

Figure 5.13 illustrates the steady-state performance of phase a of the CHB-AFE under
full-load conditions with the proposed optimal control strategy. This operating position
presents a challenging situation in which the converter must deliver maximum power

while maintaining DC-link voltage balance and ensuring superior power quality at the
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Figure 511: BES module-selected steady-state points used for feasible region analysis.

P21

Figure 512: Evolution of CHB-AFE operating points obtained with the control strategy
presented in [1]

grid interface.
It can be noticed from 5.13(a) that the DC-link voltages of all H-bridge cells are con-

sistently maintained near their reference value. Notwithstanding the presence of intrin-
sic second-order ripple components, the voltages exhibit negligible variation and re-
main in equilibrium across all cells. This validates the efficacy of the proposed voltage-

balancing technique in ensuring consistent energy distribution across the DC_link, even
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under full-load conditions.

The output phase voltage of the CHB-AFE, depicted in Figure 5.13(b), displays a dis-
tinct multilevel stepped waveform, typical of cascaded H-bridge converters. This multi-
level architecture significantly enhances the quality of the voltage waveform by dimin-
ishing harmonic content.

Figure 5.13(c) illustrates the associated grid-side phase current. The current is sinu-
soidal and precisely aligned with the grid voltage, exhibiting nearly negligible phase
displacement. This indicates that the converter operates at unity power factor, ensuring
efficient power transfer. Moreover, the smooth current waveform with minimal distor-
tion indicates that the phase currrents have minimal harmonics and maintains power
quality during full-load operation.

These results demonstrate that the CHB-AFE with integrated BES module, attains pre-
cise DC-link voltage management, equitable power distribution among cells, and supe-

rior grid current injection, even under various load conditions.
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Figure 5.13: CHB-AFE behaviour under full load. a) DC-link voltage. b) Phase to neutral
voltage. c) Grid current
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5.3 Experimental Results

To further validate the effectiveness of the proposed control strategy under practical
operating conditions, experimental tests are conducted on a laboratory-scale prototype
of the cascaded H-bridge active front-end (CHB-AFE) converter. While the simulation
results provide initial verification of the control performance, experimental validation
is essential to account for non-idealities such as switching delays, measurement noise,
and parameter uncertainties.

The experimental setup consists of a multilevel CHB-AFE system with integrated bat-
tery energy storage (BES) modules, controlled using a dSpace controller. The proposed
voltage-balancing and optimal BES management strategies are implemented and tested
under various operating conditions, including balanced and unbalanced loading sce-
narios and dynamic load variations representative of extreme fast charging (XFC) appli-
cations.

The objective of this section is to demonstrate the capability of the proposed con-
trol approach to maintain DC-link voltage balance, ensure stable operation within the
feasible region, and achieve high power quality at the grid interface under realistic con-
ditions. The key experimental results, including DC-link voltage behavior, grid voltage
and current waveforms, and power distribution among H-bridge cells, are presented and

discussed in the following subsections.

5.3.1 Experimental Setup

The proposed control strategy is experimentally proven through real-time implemen-
tation on a laboratory-scale single-phase 7-level cascaded H-bridge (CHB) prototype.
Chapter 4 elucidates that the CHB-AFE system experiences two forms of power imbal-
ance: per-cell power imbalance and per-phase power imbalance. The per-cell imbalance
is rectified by the suggested DC-link voltage balancing method, while the per-phase im-
balance can be alleviated through parallel connection of isolated converter modules
across different phases.

The main objective of this research is to validate the effectiveness of the suggested

per-cell control methodology and the optimal management of battery energy storage
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(BES) modules, with the experimental investigation carried out on a single-phase system.
This approach simplifies implementation while maintaining the critical dynamics of DC-
link voltage balancing and power redistribution among H-bridge cells. Furthermore,
under balanced operating conditions, the characteristics of a three-phase system can
be determined from single-phase analysis.

The control algorithms are implemented in real time using the dSPACE MicroLabBox
platform. The control strategies "The optimal control strategy developed for the BES
module, as described in the previous chapter, is validated through MATLAB/Simulink
simulations for a 7-level CHB-AFE system...”in this work are executed on the main pro-
cessor via the dSPACE real-time interface (RTI), while time-critical tasks such as pulse-
width modulation (PWM) signal generation, fast input/output handling, and protection
mechanisms are supported through FPGA resources. This hierarchical distribution of
tasks ensures deterministic real-time performance and reliable operation of the con-
verter. The MicroLabBox provides multiple analog and digital input/output interfaces,
enabling direct acquisition of voltage and current measurements, as well as the gener-
ation of gating signals for the power semiconductor devices. The dSPACE MicroLabBox

and associated hardware components are shown in Figure 5.14.

Figure 5.14: MicroLabBox dSpace

The 7-level CHB-AFE is realized by connecting three H-bridge modules in series, as
depicted in figure 5.15. The converter is interfaced with a controllable AC grid through a
coupling inductor, while a resistive load is connected on the DC side of each H-bridge

cell.
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Figure 5.15: Experimental Setup of CHB-AFE converter with Integrated BES Module

In order to validate the proposed DC-link voltage balancing strategy and the an-

alytically derived balancing limits, experimental tests are conducted under low-power

conditions. However, the dynamic behavior of the system, including load variations and

transient responses, is maintained consistent with the simulation scenarios to ensure a

meaningful comparison. The overall schematic of the experimental setup is illustrated

in figure 5.16, and the corresponding system parameters are summarized in Table 5.3 and

table 5.4

Table 5.3: Multilevel CHB-AFE and BES Module Experimental Setup Parameters

BES Parameters

Parameters
Vgrms 105V
f 50Hz
fsw 10kHz
L 2mH
R, 0.1Q2
C 1mF
Vi (A%
n 3
Sy 2.12
Asw 0.01

L;  0.864mH
Ry 010
foo  50KHz
Cy 2Ah
Vi 50V
A 100
SoC* 50 %
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Figure 5.16: Block diagrame of experimental setup of 7-level CHB-AFE with Integrated
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Table 5.4: Experimental Control Parameters

Voltage PI | Current PI | BES (DC-DC) PI

K, K |K, K |K, K

2 60 |20 400 |30 700

5.3.2 Grid Synchronization Using Single-Phase PLL

Accurate synchronization with the grid voltage is important for the successful oper-
ation of the grid-connected CHB-AFE rectifier system. This is accomplished by a phase-
locked loop (PLL), which offers real-time estimation of the grid voltage phase angle, as
depicted in figure 5.18. The estimated phase angle is employed in the control system to
synchronize the reference current with the grid voltage, thus guaranteeing unity power
factor operation and reliable power exchange with the grid.

In three-phase systems, synchronization can be immediately attained by Clarke and
Park transformations. In a single-phase system, only one voltage signal exists, neces-
sitating the artificial generation of an orthogonal component to facilitate transfer into
the rotating dq reference frame. This study derives the orthogonal signal by employ-

ing two low-pass filters (LPFs) calibrated to the fundamental grid frequency, specifically
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w = 27 - 50 rad/s. This method facilitates the creation of a virtual two-phase system,
permitting the implementation of Park transition [2].
The Park transformation applied to the resulting orthogonal signals v, and vz allows

the voltage components in the rotating dq frame to be articulated as:

Va B cos(f)  sin(0) Va (51)

Vy —sin(f) cos(f) Vg

where 0 represents the estimated phase angle of the grid voltage. By expressing the

input voltages as V,, = V;, cos(#) and Vg = V,,, sin(#), the transformed voltages can be

written as:
Va Vi cos(6 — 0)
= (5.2)
Vy Vyn sin(6 — 0)
For small phase error (6 — é), the g-axis component can be approximated as:
V, = V(0 — 6) (5.3)

Thus, V, is proportional to the phase error between the actual and estimated grid
angles. By regulating V, to zero using a proportional-integral (PI) controller, the phase
error is minimized, ensuring that the estimated angle 0 accurately tracks the grid phase

6. Figure 5.17 illutrates the small signal model of PLL.

A
0* AO w 1 0
_ 4 —— V, —— P ——

|
v

A

Figure 517: Small Signal closed loop model of PLL

The closed-loop dynamics of the PLL can be represented by a second-order system.
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Figure 5.18: Block diagrame of PLL for single-phase system

The small-signal transfer function of the PLL is given by:

é(s) Vinkps + Vi ki 2¢wns + w?

= = 5.4
0(s)  s2+Vpkps+ Viki 24 2Cwps + w2 (5.4)

where w, is the natural frequency and ¢ is the damping ratio of the closed-loop sys-

tem. These parameters are defined as:

on = Vs, ¢ =2, [Tm (55)

p
2\ K

The damping ratio is typically selected as { = 0.707 to achieve a good trade-off
between fast dynamic response and sufficient damping. The natural frequency w, de-
termines the speed of the PLL response, where higher values result in faster tracking but
reduced filtering capability.

In this work, the PLL parameters are selected based on the grid frequency of 50 Hz,
resulting in w, = 2w - 50 = 314 rad/s. The corresponding Pl controller gains are chosen
to ensure stable and fast convergence of the phase angle under dynamic conditions.

The performance of the implemented PLL is validated experimentally, and the syn-
chronization results are presented in figure 5.19. It can be observed that the estimated
phase accurately tracks the grid voltage with negligible steady-state error, confirming

the effectiveness of the proposed synchronization scheme.
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Figure 5.19: Experimental grid synchronization: (a) grid voltage v, (b) estimated grid
angle

5.3.3 Experimental Validation of DC-link Voltage Balancing Algorithm

Figure 5.20 illustrates the experimental validation of the proposed DC-link voltage
balancing algorithm together with the analytically derived voltage balancing limits un-
der different operating conditions. It should be noted that different time scales are used
in figure 5.20(b) and figure 5.20(c). This is intentionally done to clearly illustrate the
multilevel structure of the output voltage waveform and the corresponding grid current
behavior. The zoomed-in time scale in 5.20(b) enables visualization of the stepped volt-
age waveform, while figure 5.20(c)highlights the sinusoidal nature of the grid current
and its phase alignment with the voltage.

Initially, the CHB-AFE operates under balanced loading conditions, where identical
loads are connected to all H-bridge modules. However, at t = 2.5 s, the CHB-AFE opera-
tion shifts to unbalanced loading, as highlighted by the black marker in figure 5.22 . It
can be observed that the DC-link voltages remain balanced at their predefined reference
values under both conditions. Furthermore, the grid voltage and current are in phase,
indicating unity power factor operation and proper synchronization with the grid.

To further validate the performance of the DC-link voltage balancing algorithm and

the analytically derived feasibility limits under out-of-bound operating conditions, an
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Figure 5.20: CHB-AFE behaviour in feasibl region. a) DC-link voltage. b) Phase to neutral
voltage. c) Grid current

additional test is conducted, as illustrated in Fig. 5.21. In this test, the CHB-AFE initially
operates under balanced loading conditions, similar to the previous case. However, at
t = 1.9s, the operating point is intentionally shifted to an unbalanced loading condition,
as indicated by the blue marker in Fig. 5.22.

It can be clearly observed that once the operating point moves outside the feasible
voltage balancing region, the DC-link voltages can no longer be regulated at their refer-
ence values and begin to deviate. This behavior provides strong experimental validation
of the analytically derived voltage balancing limits, confirming that stable voltage reg-
ulation is ensured only when the system operates within the feasible region.

Additionally, unity power factor operation is preserved within the feasible operating
region, where the grid voltage and current remain synchronized. The corresponding mul-
tilevel output voltage waveform, presented in both figures 5.20 and figure 5.21, exhibits
the expected stepped structure, confirming correct switching operation of the cascaded
H-bridge converter.

Overall, these experimental results validate both the effectiveness of the proposed
voltage balancing algorithm and the accuracy of the analytically derived feasibility

boundaries.
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Figure 5.21: CHB-AFE behaviour in outside feasible region. a) DC-link voltage. b) Phase
to neutral voltage. c) Grid current
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Figure 5.22: DC_Link voltage balancing limits for experimental validation

5.3.4 Experimental Validation Of Optimal Control of BES Module

In the experimental implementation of the proposed control strategy, one important
modification is introduced in the experimental implementation of the average DC-link
voltage control loop. In practice, the DC-link voltage exhibits relatively slow dynamics

compared to the inner current control loop. However, the optimal power references gen-
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erated by the QP-based controller are expected to be tracked with fast response. Due
to this mismatch in dynamic bandwidth, the DC-link voltage controller alone is not able
to immediately reflect rapid changes in the power reference within a single sampling
interval.

To address this limitation, a feedforward term is incorporated into the outer DC-link
voltage control loop. The purpose of this term is to provide an anticipatory current
reference based on the instantaneous power demand, thereby improving the dynamic

response of the system. The feedforward current is computed as

SN (Pev,i + Pprsi)

Vdc,avg

(5.6)

g =2-

where Pgy,; and Pggs; represent the power contributions of the EV loads and BES
modules, respectively, and vg. avg iS the average DC-link voltage.

By incorporating this feedforward component, the outer voltage loop is effectively
assisted in compensating for rapid power variations, while the feedback controller main-
tains steady-state regulation. This results in improved transient performance and en-
sures that the current control loop can promptly track the power references provided by
the optimization layer.

To experimentally validate the proposed optimal management strategy for the BES
modules, the operating principle outlined in section 5.2.1 is implemented on the hard-
ware prototype under low-power conditions. The objective of this test is to assess the
effectiveness of the proposed control strategy in real-time operation, taking into ac-
count practical limitations such as measurement noise, switching non-idealities, and
hardware constraints.

To evaluate the system under dynamic EV charging conditions, a scenario similar
to the simulation study is considered. EV arrivals and departures are assumed to be
stochastic, with different charging requirements. Specifically, EVs arrive at charging
ports 1,2, and 3 at t = 1.0 min, ¢t = 6.11 min, and ¢t = 9.10 min, respectively, while their
departures occur at t = 12.0 min, ¢t = 18.50 min, and ¢t = 15.0 min. It is worth noting
that, in the experimental setup, charging port 3 becomes available earlier than port 2,
reflecting the variability in charging duration.

Figure 5.23 presents the experimental results of the proposed control strategy under
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dynamic EV charging conditions. When the first EV is connected with a power demand of
approximately 0.5 kW, the corresponding BES module transitions to discharging mode to
supply the required power, while the remaining BES modules operate in charging mode.
This behavior is consistent with the simulation results and confirms that the proposed
control strategy effectively ensures stable operation of the CHB-AFE rectifier.

As the system evolves, the influence of the state-of-charge (SoC) balancing term in
the cost function becomes evident. In particular, when the SoC of individual BES mod-
ules approaches certain threshold values (e.g., around 43% and 52% in this experiment),
further deviation from the reference is penalized. As a result, the control strategy limits
additional charging or discharging actions in order to maintain the SoC close to its refer-
ence value. This leads to frequent switching between charging and discharging modes,
resulting in chattering in the BES power profiles.

At t = 6.11 min, the second EV is connected with a power demand of approximately
0.3 kW. This reduces the overall imbalance in the system compared to the initial con-
dition. Consequently, the power stress on the first BES module decreases, allowing its
SoC to recover and gradually settle around 45%. In this operating region, the chattering
observed in the BES power profiles is significantly reduced due to the improved balance
between load demand and available power.

Subsequently, when the third EV is connected with a charging demand of approx-
imately 210 W, the system approaches a near-symmetrical loading condition. Under
this scenario, the grid supplies the majority of the load demand, while the BES mod-
ules transition predominantly to charging mode in order to restore and equalize their
SoC levels. As a result, the BES modules operate with reduced dynamic stress, and the
overall system behavior becomes smoother.

When the first EV departs at t = 12.0 min, the corresponding BES module transitions
from discharging to charging mode, while the remaining modules continue to operate
according to the load demand. This condition persists until the third EV departs at ap-
proximately t = 15.10 min. At this stage, the system once again experiences a relatively
unbalanced loading condition, although with a lower overall power demand. Conse-
quently, the SoC of the BES modules stabilizes around 45%, reflecting the reduced energy

exchange required under this operating condition.
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Finally, when the last EV departs at t = 18.50 min, the load demand is effectively
removed, and the BES modules operate to restore their SoC levels toward the reference
value. As a result, all modules gradually converge to the desired SoC, demonstrating
the ability of the proposed control strategy to achieve SoC equalization under no-load
conditions.

It is important to note that even under highly unbalanced loading conditions, the
DC-link voltages of all H-bridge modules remain well regulated around their reference
values, demonstrating the robustness of the proposed voltage balancing algorithm in
the presence of significant power asymmetry. Furthermore, a dwell-time of 5 s is imple-
mented for switching between Q P, and QP in the experimental setup, which is shorter
than the 5 min used in simulation. Despite this difference, the control strategy main-

tains stable operation and effectively manages the trade-off between SoC balancing

and power regulation.
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Figure 5.23: Experimental results under dynamic EV charging conditions: (a) DC-link
voltages, (b) EV power demand, (c) BES module power, (d) BES state-of-charge (SoC).

To provide a clearer and more detailed insight into the dynamic behavior of the sys-
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tem, the experimental results are divided into two time intervals: 1-10 min and 14-25 min
and illustrated in 5.24 and 5.25. The intermediate interval between 10 and 14 min is rela-
tively smooth and does not exhibit significant dynamic variations; therefore, it is omitted
for clarity. This segmentation allows for a more focused analysis of the transient and
highly dynamic regions of operation, where the interaction between BES modules, EV
power demand, and SoC regulation is more pronounced. By zooming into these specific
intervals, the key dynamic features—such as power oscillations, mode transitions, and
SoC convergence can be observed more clearly without being affected by steady-state

behavior.
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Figure 5.24: Experimental results in the interval 1-10 min: (b) BES module power Pgrg
and (c) BES state-of-charge (SoC).

To provide further insight into the operating behaviour of the CHB-AFE under differ-
ent loading conditions, the feasible region plots are divided into two cases. The first
plot represents the most critical scenario, where the EV charging station operates under
highly unbalanced loading conditions. In this case, it can be observed that the sys-
tem operating points remain within the feasible region at all times. This confirms that
the proposed optimization-based control strategy successfully maintains the CHB-AFE

within its admissible operating limits, even under severe imbalance. However, due to
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Figure 5.25: Experimental results in the interval 14-25 min: (b) BES module power Pgrg
and (c) BES state-of-charge (SoC).

the strong interaction between the SoC balancing objective and the system constraints,
frequent switching between the QP formulations is observed in this region.

The second plot illustrates the system behaviour during EV arrival and departure
events, where the loading condition gradually transitions toward a more balanced state
and the BES state-of-charge converges toward its reference value. Compared to the first
case, the operating points are more dispersed within the feasible region rather than con-
centrated near its boundary. This is primarily because the BES power values at the se-
lected sampling instants are influenced by transient variations and measurement noise,
resulting in slightly higher or lower extracted power values.

It is also worth noting that two separate feasible region plots are presented due
to the wider range of power values observed during different operating intervals. This
separation improves visualization clarity and allows a more accurate interpretation of

system behaviour across both highly dynamic and relatively stable operating conditions.
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Figure 5.26: CHB-AFE operating limits in experimental test.

5.4 Summary

This chapter validates the proposed control strategy for BES modules integrated with
CHB-AFE for XFC station application through MATLAB/Simulink simulations and exper-
imental investigations. In simulation, the results confirm effective DC-link voltage bal-
ancing, adherence to the derived operating limits, and proper power distribution under
dynamic EV charging scenarios. The optimal BES management strategy successfully
maintains system operation within the feasible region while regulating SoC and reduc-
ing grid stress.

The experimental results further verify these findings under practical conditions, in-
cluding measurement noise and hardware non-nonlinearities. The CHB-AFE maintains
stable DC-link voltages, unity power factor operation, and reliable performance during
both balanced and unbalanced loading conditions. Overall, strong agreement between
simulation and experimental results demonstrates the robustness and practical feasi-

bility of the proposed control approach.
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Conclusion And Future Work

Conclusion

This dissertation investigates the modelling, control, and optimal power manage-
ment of battery energy storage (BES) integrated with cascaded H-bridge (CHB)-based
medium-voltage (MV) extreme fast-charging (XFC) stations, with the primary objective of
improving battery utilization while reducing stress on both the grid and the distributed
energy storage system. Although the CHB-based architecture offers inherent modularity,
scalability, and direct medium-voltage interfacing, conventional control strategies gen-
erally employ predetermined or equal-power allocation among converter cells, which
can lead to unbalanced battery utilization, unnecessary charge-discharge cycles, and
accelerated battery degradation.

To overcome these limitations, an optimization-based BES power management strat-
egy was developed by explicitly incorporating the CHB converter’s intrinsic operating
limits into the control framework. Analytical DC-link voltage-balancing constraints were
derived and reformulated into practical power constraints in a quadratic programming
(QP)-based optimization problem.

The proposed control strategy was validated through both simulation and experi-
mental investigations under dynamic EV charging conditions and benchmarked against
an existing control methodology. The results demonstrate that the proposed strategy
maintains all operating points within the feasible operating region, preserves DC-link
voltage balance, achieves effective SoC equalization, and provides more balanced uti-
lization of the BES modules. Compared with the benchmark control strategy, the pro-
posed method reduces unnecessary battery cycling, mitigates excessive discharge of
individual BES modules, and improves overall battery utilization without compromising

the dynamic performance or operational stability of the CHB-AFE rectifier.
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Future Development

A natural extension of this research is the application of the proposed framework
to larger CHB systems with an increased number of cells, the incorporation of battery-
degradation-aware models, and real-time implementation on embedded platforms. Fur-
ther work may also investigate integrating renewable energy sources in place of or
alongside the energy storage system. In addition, the development of cost-effective
strategies for state-of-charge (SoC) balancing of BES modules represents an important
direction for improving system efficiency and scalability. These developments would
facilitate the transition from laboratory-scale validation to a scalable, practically de-

ployable XFC station controller.
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