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ABSTRACT

High penetration level of inverter-based distributed energy resources (DERs) motivates

this dissertation to investigate the modeling, design, and control of heterogeneous inverter-

based power distribution networks. First, an example of a DER power distribution network,

a PV system, is studied and an optimal design framework for PV systems is proposed

considering two objectives. Second, holistic mathematical harmonic state space (M-HSS)

and data-driven HSS (D-HSS) models of a grid-interactive inverter are derived to calculate

each order of harmonics of grid-connected current. Based on the M- and D-HSS models,

an effective optimal design framework is proposed to determine the closed-loop inverter

system parameters.

Furthermore, a harmonic compensation control (HCC) scheme is proposed to ensure

that the inverter-based distribution network could provide high-quality grid current

injection under distorted grid voltage conditions. Additionally, an energy-stored quasi-

Z source converter (qZSC) based interlink converter is proposed for hybrid AC/DC

microgrids in the distribution networks. The proposed system not only interlinks both

AC and DC sub-microgrids but also incorporates energy storage. The operating principle,

operating states as well as control schemes are presented in detail.

Finally, another DER power distribution network, a medium voltage DC (MVDC)

distribution network, is investigated in the study. First, the dissertation proposes an

effective fault management scheme for MVDC networks, which includes a virtual-

impedance-based fault current limiter (VI-FCL) on the DC side and a positive-negative-

sequence (PNS) control scheme on the AC side. Then, a detailed 2! mathematical model

of the MVDC network under unbalanced AC voltage conditions is derived to investigate

how the 2! ripple propagates across the network and the corresponding control scheme is

investigated to mitigate the 2! ripple.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

1.1.1 State-of-the-art of Modern Electric Power Grids

America's economic competitiveness, national security, and civil wellness depend on

reliable and secure operation of societal-scale infrastructures such as energy and utility

grids, transportation systems, and communication networks. These infrastructures are

large-scale cyber-physical systems, i.e., networked systems of physical assets with

ubiquitous cyber equipment (e.g., communication and data acquisition), embedded

computing devices, and human-machine interfaces for human-in-the-loop control. The

North American electric power grid is probably the most complex infrastructure, which

consists of over 170,000 miles of transmission lines, 6 million miles of distribution lines,

and 15,000 generators serving 125 million residential, 17.6 million commercial, and

775,000 industrial customers. Since the largest single energy sector investment in U.S.

history for a “Smart Grid” in 2009 and its continuous effort of “Grid Modernization”

[1] and recent effort for “Energy Decarbonization”, how to modernize America's aging

electricity grid to operate with cutting-edge digital technologies, high penetration of

renewable energy sources, and high ef�ciency & resilient has been a major task to the

power and energy society.

In general, electric power grids are interconnecting networks to transmit and deliver

electricity from the power generation sites to consumers. Electric power grids vary in size

as they could be large enough to interconnect many states or a whole country, or be a small

one just interconnecting local communities such as a university campus or a business area.

Figure 1.1 shows a typical electric power grid, which consists of generation, transmission,
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Figure 1.1: Hierarchical architecture of electric power grids in North America [2].

distribution as well as end customers. Electric power generation systems are generating

electric power from various types of resources, such as fossil fuels (coal and oil), nuclear,

renewable, etc. Electric power transmission systems are the major venue of long-distance

electricity transmission. Electric distribution systems are the �nal stage of the whole power

grid as they distribute the electric power and supply all customers.

Despite the aforementioned decade-long efforts towards smart grids and many

successful individual cases, both public and private sectors are still suffering from low

ef�ciency, poor reliability, and high cost caused by aging energy infrastructures, especially

under more frequent extreme weather conditions and increasingly high penetration of

renewable energy sources. For instance, in the public sector, the School District of

Philadelphia, which operates 218 schools and related facilities, spends $45 million yearly

on energy bills. In the private sector, low-income (� 80% area mean income) communities

in Philadelphia spend 16.7% of household income on energy bills in the worst case, while

the national median spending on energy bills by higher-income households is only 2.3%.

Local utilities data shows that low-income communities such as North Philadelphia are

bearing poorer energy quality, higher power outage frequencies, and longer restoration

time. How to improve the ef�ciency, affordability, resiliency, reliability, and sustainability

of our power grids, especially power distribution networks, remains a challenge yet to be

2



Figure 1.2: A typical electric power distribution system [4]

fully solved.

One enabling technology to achieve the above goal is microgrids. Microgrids are

relatively small-scale, low-voltage electric power systems in electric power distribution

networks, which manages various DERs, such as renewable generations, microturbine, fuel

cells, controllable loads, combined heat and power (CHP) units, and energy storage systems

(ESS), in a physically close location. Microgrids can achieve 100% self-sustainability (e.g.,

Connecticut Science Center is 100% self-powered by rooftop solar panels and hydrogen

fuel cells for electricity, water, and heat) and reduced costs (e.g., Illinois Institute of

Technology's campus microgrid reduced daily campus energy cost by 11.6% [3]).

1.1.2 Inverter-based Power Distribution Networks

Electric power distribution systems are the essential parts of electric power grids as

they distribute the electric power generated from generation sites to end-users, such as

households, industries, businesses, and etc. Figure 1.2 shows a typical electric power

3



Figure 1.3: A typical PV power generation system.

distribution system. As shown in Figure 1.2, an electric power distribution system could

not only distribute and supply electric power to customers, but also integrate DERs, such

as renewables (i.e., wind and solar), energy storage, and electric vehicles.

As most DERs are integrated into power distribution networks through power

electronics interface inverters, distribution networks feature a high penetration level of

inverter-based resources [5–8]. Moreover, given the diversi�ed control functions and

capacities of inverter-interfaced DERs, power distribution networks embrace various and

complex attributes. Therefore, this dissertation investigates heterogeneous inverter-based

power distribution networks, including mathematical modeling, optimal design, as well as

effective control schemes. Some speci�c inverter-based power distribution networks will

be introduced in the following sections.

1.1.3 PV Power Distribution Networks

Due to the pollution generated from fossil resources, there are tremendous efforts in

promoting PV generation systems [9–11]. PV system is one of the classic types of

DER intensive systems that are interfaced through power electronic inverters. The typical

con�guration of a PV system is shown in Figure 1.3, which consists of PV panels, DC

bus capacitors, inverter, output �lter, and utility grid or local load. Motivated by the

reduced cost of solar energy as well as the �nancial assistance from the government, there

are tremendous efforts of PV systems at residential, commercial, and utility levels. In

order to enhance the performance of PV systems in both technical and �nancial aspects,

4



it is necessary to investigate and develop an optimal design framework for PV systems.

Various objectives are considered to optimize the design of PV systems. For instance, Ref.

[12] identi�es the PV panel, PV inverter, and number and size of PV panels to maximize

the �nancial bene�ts. However, PV inverter optimal design is not considered, and only

commercially available PV inverters are considered.

As the backbone of grid-interactive PV power systems, PV inverters play a critical

role in interfacing PV panels and external grids. The cost and volume of PV inverter also

account for a considerable portion of the entire PV system; therefore, the optimal design

of a PV inverter has a signi�cant impact on the overall performance of the PV system.

Tremendous research efforts have been made to improve the ef�ciency, power quality,

reliability, as well as to reduce the weight, volume, and cost of PV inverters over the

past few years [13–18]. Different inverter topologies and semiconductor (SC) devices are

investigated to improve the power density (PD) of the PV inverter in [13–15]. While in [16,

17], PV inverter reliability is included in the objectives of the optimal design of the whole

system. In [18], two PV inverter topologies, H5 and Conergy-NPC, are investigated and the

switching frequency and AC output �lter are optimized to achieve a reduced levelized cost

of energy (LCOE) [19, 20]. However, some other important PV inverter components, such

as SCs, DC-link capacitors, and cooling systems, are not selected as decision variables. A

novel virtual prototyping routine for PV inverter design is investigated and a multi-objective

optimization design considering inverter ef�ciency, PD, and the cost is formulated in [15].

However, this paper does not speci�cally consider the impacts of solar pro�les at different

locations and associated long-term cost-revenue bene�ts, as re�ected in the LCOE. Due to

different solar power availability and some cost-driven constraints, the location of the solar

power generation site may lead to different optimal designs. Therefore, this dissertation

proposes an optimal design framework for PV systems considering two objectives, LCOE

of the whole PV system and the PD of the PV inverter.

5



Figure 1.4: A generalized three-phase grid-interactive inverter.

1.1.4 Grid-interactive Inverters and the Applications in Distribution Networks

Grid-interactive inverters are not only used in PV power generation systems, but also

employed in other inverter-based electric power distribution networks to serve as the

interfaces between DC and AC sections [21–23]. A generalized three-phase grid-interactive

inverter is shown in Figure 1.4. For instance, in a renewable power distribution network,

multiple grid-interactive inverters are used to connect different DERs, such as solar panels,

wind turbines, and fuel cells to power grids. While, in MVDC distribution networks, grid-

interactive inverters/converters are used to convert AC power to DC power and supply

different types of DC loads, such as data centers and electri�ed transportation.

However, grid-interactive inverters always introduce numerous harmonics due to

the use of sinusoidal pulse width modulation (SPWM) in closed-loop-controlled (CLC)

systems and fast-changing external grid operating conditions. Grid-interactive inverters

with numerous harmonics not only prevent DERs from connecting to a power grid but

induce higher power loss to the power distribution networks or even stability issues.

Therefore, to improve the overall performance of the inverter-based distribution networks,

the harmonic characteristics of a generic grid-interactive inverter should be investigated.
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HSSModelingof Grid-interactiveInverters

Establishing an accurate mathematical model is the fundamental step to evaluate the

harmonic performance as well as to design proper system parameters to limit harmonics

[24, 25]. An accurate mathematical CLC system model should take the control diagram

and main power circuits along the entire harmonic spectrum into account. In addition, some

time-varying terms (e.g., switching behaviors, dq/abc and abc/dq transformation, etc.) also

need to be incorporated into the derived inverter models.

Harmonic state space (HSS) modeling, which is implemented based on linear time

periodic (LTP) theory, is an effective method to handle time-varying terms and harmonics

in power electronic systems [26–29]. Using HSS modeling, the switching behavior, which

is usually simpli�ed as a constant gain in traditional modeling approaches, can be described

with different orders of harmonics in practical cases [26–29]. Therefore, building a

comprehensive mathematical HSS (M-HSS) model can not only help derive each order

of harmonics but also facilitate the CLC system design.

As is mentioned that the mathematical HSS (M-HSS) model could help evaluate

the harmonic performance of grid-interactive inverters and facilitate the system design;

however, the complexity of the M-HSS model induces heavy computation burden during

the optimal design process; moreover, the repetitive usage of M-HSS model in the

optimization further reduces the computational ef�ciency. Therefore, further work needs

to be done to improve the HSS modeling of the CLC grid-tied inverter system.

Data-driven techniques can handle large data volume, enhance computational ef�ciency

and facilitate optimization design in many applications [30–33]. In the power area, it

has been widely utilized in condition monitoring and fault diagnosis of electric motor,

drives [34], and power electronic converters [35]. As summarized in a recent review [36],

data-driven learning can help to improve all three life-cycle phases of power electronic

systems (i.e., design, control, and maintenance). Therefore, incorporating the data-
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driven techniques into the aforementioned M-HSS modeling, a data-driven HSS (D-HSS)

modeling will improve the HSS modeling approach and the optimal design of CLC grid-

tied inverter system. However, to the best of our knowledge, the D-HSS modeling of the

CLC grid-tied inverter has not been presented in the existing literature.

HSS-basedOptimalDesignof Grid-interactiveInverter

Designing a CLC grid-interactive inverter includes designing both circuit (LCL-�lter)

and controller parameters. In [24, 37, 38], current ripple limitation and high frequency

attenuation rate are two main factors considered in the LCL-�lter design. Besides, there

are also optimal design approaches proposed to design LCL-�lters with various objectives.

In [39], LCL-�lters were designed to minimize the total power loss. Furthermore, in [25],

the total cost is selected as the objective, and the LCL-�lter is thereby designed to obtain

the most cost-effective solution.

However, in the existing work, only the impact of circuit parameters is taken into

consideration for system parameter design. In fact, not only circuit parameters but

controller parameters have an impact on harmonics and other system performance such

as system stability and dynamic response. Thus, it is necessary to consider both circuit

and control parameters in a uni�ed inverter design framework and guarantee the desired

performance of CLC grid-tied inverters. Zhang and Dutta [40] proposed an optimal

design approach for grid-tied inverters, in which both circuit and controller parameters

are addressed. However, in the paper, circuit and control parameters are designed in

two separated design procedures, which neglects the interactions between the main power

circuit and control parameters.

Based on the M- and D-HSS modeling, an optimal design framework of CLC grid-

interactive inverters is proposed and implemented in this dissertation. In this study, circuit

and control parameters are designed in a uni�ed procedure, which considers the interactions

between the main power circuit and control parameters simultaneously. Moreover, in the
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optimal design framework, system performance (e.g., stability margin, dynamic response,

harmonics, etc.) is all considered either in the constraints or in the objective function.

Arti�cial Intelligence-assistedControl of Grid-interactiveInverters

Data-driven or arti�cial intelligence (AI) techniques could not only help on the design

of grid-interactive inveters, but also assist in the achievement of advanced control of the

grid-interactive inveters. Due to the increasing deployment of power electronic devices

and nonlinear loads, power grids typically present certain degrees of low and/or high

order harmonics. Therefore, a distorted background grid voltage would compromise the

performance grid-connected current and even jeopardize the stable operation of grid-

interactive inverters [41, 42]. Therefore, it is necessary that grid-interactive inverters could

have good disturbance rejection capability to the background grid harmonics.

Consequently, developing effective harmonic compensation control (HCC) schemes

for grid-tied inverters has attracted increasing research interests. For instance, different

proportional resonant (PR) regulators and harmonic compensators either with a low control

bandwidth [43] or a high control bandwidth [44–46] are investigated to suppress harmonics

in the grid-connected current induced by background grid voltage harmonics. Moreover, it

has also been proposed to feedforward the distorted grid voltage to mitigate its impact on

the grid-connected current, such as grid voltage feed-forward control in [47] and speci�c

order harmonics of grid voltage feed-forward control in [48]. However, a major drawback

of these two HCC methods is their likelihood to increase the control complexity and

compromise the whole system dynamic response.

HSS modeling is a helpful method to evaluate the harmonic performance of grid-

interactive inverters. However, it remains a technology gap on how to integrate the HCC

based on HSS modeling as well as data-driven techniques to facilitate the inverter system

operating under distorted grid conditions.
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Figure 1.5: A hybrid AC/DC microgrid.

Energy-storedqZSCbasedInterlink Convertersfor Hybrid AC/DCMicrogrids

Microgrids are small-scale electric power systems in electric power distribution networks,

which manage various DERs in a physically close location. A microgrid typically can

operate in either grid-connected mode or islanded mode. Based on the type of bus voltage,

microgrids can be categorized into DC microgrid [49–51], AC microgrid [52–55], and

hybrid AC/DC microgrid [56–61]. Hybrid microgrids are more attractive and effective in

application because they have both DC and AC bus, which can integrate DC and AC DERs

and supply DC and AC loads [56–61]. Figure 1.5 shows an example of hybrid microgrids,

which consists of different types of DERs. The microgrid shown in Figure 1.5 has two

sub-microgrids, i.e., DC sub-microgrid and AC sub-microgrid. Interlink converters (IC)

are introduced into the system to connecte the AC and DC sub-microgrids. Several ICs

with energy storage can be added according to different circumstances in an application;

however, only one of the ICs works in normal operating cases, while the others are backup

ICs [59] for auxiliary service under faulty conditions.

IC is a signi�cant part of hybrid microgrids. Mostly, a one-stage DC/AC converter

or two-stage DC/AC converter which consists of a DC/DC converter and also a DC/AC

inverter is employed to work as an IC for hybrid microgrids [56–61]. Comparing with
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the two IC topologies, Z source converter and quasi-Z source converter (qZSC) working

as ICs is more attractive because they have many advantages which have been reported

and validated in many reference [61–69]. qZSC has been employed as an IC in a hybrid

AC/DC microgrid in [61], with corresponding control strategy presented. Moreover, an

energy storage system (ESS) is always included in hybrid microgrids to support both

sub-microgrids [58–60]. There are two existing topologies to introduce ESS into hybrid

microgrids. In [58, 59], a battery-based ESS is paralleled in the DC link voltage of a

two-stage DC/AC converter. Authors of [60] proposed a three-port AC/DC/DS hybrid

system, in which there is a common bus between DC bus and AC bus used as an interface

for distributed ESSs. However, this topology of hybrid microgrids needs more DC/DC

converters to introduce the ESS.

Energy-stored qZSC has been widely used for PV power generation, wind power

generation, and EV charging [65–69]. In this converter, ESS is directly paralleled on

one of the capacitors of qZSC, so no additional interface DC/DC converters are needed.

However, to the best of our knowledge, the energy-stored qZSC has not been presented

and applied to hybrid AC/DC microgrids. When energy-stored qZSC based IC is applied

to a hybrid microgrid, its operating modes depend on AC DERs, AC load, DC DERs, DC

load, and state of charge (SOC) of ESS. Therefore the-energy-stored qZSC will operate

in different states, such as both the DC and AC sub-microgrids inject power into ESS or

extract power from the ESS, which have not been studied in existing literature. Therefore,

this dissertation proposes an energy-stored qZSC based IC to connect the AC sub-microgrid

and DC sub-microgrid and presents its operating principles and control schemes.

1.1.5 MVDC Distribution Networks

MVDC Distribution Networks are another type of inverter intensive power distribution

system. Due to the fast-growing development and proliferation of power electronic devices,

demand-side DC loads (e.g., data centers and electri�ed transportation), and distributed

11



Figure 1.6: A typical multi-terminal VSC-based MVDC network.

renewable resources (e.g., PVs and fuel cells), medium voltage DC (MVDC) distribution

networks have been widely deployed and shown promising advantages in their ef�ciency

and �exibility [70–72]. Voltage source converter (VSC) based MVDC is the most popular

topology in MVDC distribution systems due to its remarkable features, such as larger

capacity, less complexity, and higher ef�ciency [73–75]. Figure 1.6 illustrates a typical

VSC-based multi-terminal MVDC distribution network with multiple DC feeders, each of

which could integrate a number of VSC-based AC sources and local loads.

Fault Managementin MVDCDistributionNetworks

Fault protection of MVDC distribution networks is challenging due to high fault currents

caused by intrinsically low MVDC network impedances. Therefore, to mitigate the

impact on MVDC networks caused by high-magnitude fault currents, different fault current

limiters (FCLs) have been investigated and developed. An effective FCL is expected to

provide large impedance during faults and constrain fault currents. Therefore, MVDC

systems with FCLs could either ride through the fault or reduce the required threshold

of triggering DC circuit breakers (CBs). Different types of superconducting FCLs,

such as �ux-coupling-type [76], high temperature (HTS) [77], transformer-type [78], and

resistive-type [79] superconducting FCLs, have been presented to suppress fault currents,
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respectively. Moreover, in [80, 81], power electronic devices based solid state FCLs are

applied to protect MVDC distribution networks. One disadvantage of the above-discussed

two types of FCLs is that they require additional devices and therefore result in higher

upfront costs and power losses.

Virtual impedance (VI) is a cost-effective and �exible approach to increase the

impedance of a system for many purposes, such as implementing droop control in DC

and AC microgrids [82–85], stabilizing a controlled system by matching the input or

output impedance [86], improving power quality by introducing harmonic VI [87, 88],

and damping the resonance peaks in LCL-�ltered inverters [89].

VI-based FCL (VI-FCL), �rst proposed to protect islanded AC microgrids in [90],

has shown signi�cant advantages in cost-saving and dynamic performances compared to

conventional FCLs, which motivates this work to design a VI-FCL for MVDC networks

protection. Since distribution networks are more complicated than islanded AC microgrids,

a major technical challenge is to avoid further interaction between terminals or double line-

frequency (2! ) ripple propagation within the network.

2! RippleMitigation of MVDCDistributionNetworks

Unbalanced voltage conditions are common in AC distribution systems due to AC faults or

asymmetric loading conditions. The unbalanced grid voltage conditions could induce 2!

ripples on both DC voltage and current, which may trigger over-voltage or over-current

protections, or even challenge the designed protection scheme in the DC sub-sections.

Therefore, it is necessary to consider the 2! ripples suppression method when designing

DC fault protection schemes.

Under unbalanced voltage conditions, a VSC-based distribution network will

encompass 2! oscillations on its instantaneous power if controlled by the traditional

positive sequence (TPS) scheme. Similar issues also exist in wind turbine [91, 92] and

photovoltaic [93, 94] based power generation systems. A popular technique to alleviate
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2! ripples is to employing positive-negative-sequences (PNS) to control AC-side currents

and compensate the corresponding 2! power oscillations [95–98]. However, unbalanced

voltage conditions in a distribution network could cause more severe consequences than

that of a single-source system. For example, as shown in Figure 1.6, unbalanced voltages

in one valve of Terminal# 1 could cause 2! voltage ripples on its DC bus, which may

jeopardize the stable operation of other valves on the common DC bus. Also, the 2! ripple

could induce 2! oscillations on buses at Terminals# 2 and# 3, which would eventually

lead to the 2! propagation within the entire MVDC distribution network.

Thus, this dissertation derives a comprehensive mathematical model, conducts analysis

on the 2! ripples propagation, and presents 2! ripples mitigation control schemes.

1.2 Research Objectives and Scope

The dissertation investigates the modeling, design, and control of heterogeneous inverter-

based power distribution networks. Firstly, an example of a DER power distribution

network, a PV system, is studied and an optimal design framework for PV systems is

proposed considering two objectives. Then, holistic M-HSS and D-HSS models of a grid-

interactive inverter are derived to address the harmonic features of the grid-interactive

inverter. Based on the M- and D-HSS models, an effective optimal design framework is

proposed to determine the CLC inverter system parameters. Moreover, an HCC scheme

is proposed to ensure that the inverter-based distribution network could provide high-

quality grid current injection under distorted grid voltage conditions. Additionally, an

energy-stored qZSC based interlink converter is proposed for hybrid AC/DC microgrids

in the distribution networks. Finally, another DER power distribution network, an MVDC

distribution network, is investigated in the study. The dissertation proposes an effective

fault management scheme as well as 2! ripple propagation analysis for MVDC networks.
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1.3 Main Contributions

The main contributions of the dissertation are listed as follows:

• An optimal design framework considering LCOE and PD is proposed to design PV

systems installed at different locations.

• Comprehensive M- and D-HSS modeling of the CLC grid-tied inverter is derived in

the dissertation. Based on the M- and D-HSS modeling, an optimal design framework

of CLC grid-tied inverters is proposed and implemented.

• An HCC scheme based on HSS modeling to improve the harmonic performance of

grid-inverters with background grid distortions is presented.

• An energy-stored quasi-Z source converter (qZSC) based interlink converter is

proposed for hybrid AC/DC microgrids in the distribution networks.

• An effective fault management scheme for MVDC networks and 2! ripple mitigation

control scheme are proposed and presented.

1.4 Dissertation Organization

The remainder of the dissertation is organized as follows.

Chapter 2 presents an optimal design framework for PV systems With the objectives of

minimizing LCOE and maximizing PD of PV inverters; Chapter 3 presents comprehensive

M- and D-HSS modeling of the CLC grid-interactive inverter, as well as the optimal design

framework to design system parameters; Chapter 4 presents an HCC scheme based on HSS

modeling to improve the harmonic performance of grid-inverters with background grid

distortions. Chapter 5 proposes an energy-stored qZSC based IC to connect the AC sub-

microgrid and DC sub-microgrid. Chapter 6 presents a comprehensive fault management

scheme to protect MVDC distribution networks, and conducts a comprehensive 2! ripple
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propagation analysis under unbalanced AC voltage conditions for MVDC networks.

Finally, Chapter 7 summarizes the dissertation and discusses the future work.
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CHAPTER 2

PV SYSTEM OPTIMAL DESIGN

This chapter introduces an optimal design framework for PV power generation systems.

With the objectives of minimizing LCOE and maximizing PD of PV inverters, all design

components of PV inverters including inverter topologies, SC devices, DC bus capacitors,

switching frequency, AC output �lter, and cooling system are designed in a holistic

framework. Particularly, the design framework is formulated as a constrained optimization

problem to determine the optimal combination of key components of PV inverters.

2.1 PV System Component Modeling

A typical PV system is shown in Figure 2.1, which mainly consists of PV panels, DC bus

capacitors, PV inverter, output �lter, and utility grid or local load. The mathematical model

of these components, including the physical and cost models, are presented in this section.

2.1.1 PV Panels

PV panels provide electric energy to a utility grid or local users. Energy harvested by PV

panels highly depends on the weather condition (i.e., solar irradiation and temperature) at

the installation site. Additionally, the energy produced by PV panels decreases every year

during their lifetime as the PV panels degrade. The energy yield of PV panels throughout

its lifetime can be obtained as [20]

en =

8
>><

>>:

0 n = 0

max[Y(1 � Rd)n� 1; 0] n > 0
(2.1)

whereY is the �rst year energy yield andRd is the PV system's annual degradation rate.
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Figure 2.1: Con�guration of PV power generation system.

The cost of PV panels can be obtained from PV manufacturers or vendors.

2.1.2 DC Bus Capacitors

Due to the limited availability of the voltage and capacity rating of commercial capacitors,

multiple capacitors are generally connected in series and/or parallel to satisfy the required

voltage and current rating. DC bus capacitors are used to limit DC voltage ripples and

support DC bus voltage when there are voltage or power variations on the DC side.

The power loss of DC bus capacitors is neglected due to its little impact on the

total power loss. The cost and volume of the DC bus capacitors can be obtained from

corresponding distributors.

2.1.3 PV Inverters

PV inverters are categorized into two-level and multi-level inverters based on the output

voltage levels. There are a large number of multilevel PV inverter topologies, such as CHB,

NPC, active NPC, H4, H5, Conergy-NPC, and etc [18]. However, as an example, only two

topologies, traditional two-level and three-level NPC inverters shown in Figure 2.2, are

considered to be the PV inverter candidates in the work.

Semiconductors are the main components of a PV inverter. An accurate power loss

model of semiconductors is signi�cant to the whole system optimization design because

the power loss determines the ef�ciency, volume, and cost of the whole PV system. Power

loss models of the two types of PV inverter topology are presented as follows, respectively.
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PowerLossCalculationof Two-levelInverters

The semiconductor power loss of a two-level inverter includes conduction and switching

loss of IGBTs and their free-wheeling diodes, which can be expressed as

PSC2L = PcondS2L + Psw S2L + PcondD2L + Psw D2L (2.2)

wherePcondS2L andPsw S2L represent the conduction and switching loss of all IGBTs in a

two-level inverter;PcondD2L andPsw D2L are the conduction and switching loss of all free-

wheeling diodes, respectively.

IGBTs conduction loss can be calculated as:

PcondS2L = NS(uce0I S,avg+ rSI 2
S,rms)

I S,avg= (
1

2�
+

M cos'
8

)I

I 2
S,rms = (

1
8

+
M cos'

3�
)I 2

(2.3)

whereuce0, rS, I S,avg and I S,rms are the IGBT on-state voltage drop, on-state resistance,

average conduction current, and rms conduction current, respectively;NS is the number of

IGBT to calculate power loss;M is the modulation index that depends on the control and

modulation scheme;I is the magnitude of the inverter output current;' is the phase lagged

by the inverter output current compared with the fundamental voltage of the inverter output

voltage.

Diodes conduction loss is calculated as:

PcondD2L = ND(uD0I D,avg + rDI 2
D,rms)

I D,avg = (
1

2�
�

M cos'
8

)I

I 2
D,rms = (

1
8

�
M cos'

3�
)I 2

(2.4)

whereND is the number of diodes to calculate power loss;uD0, rD, I D,avgandI D,rmsare diode
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(a) Two-level inverter.

(b) Three-level inverter.

Figure 2.2: Two-level and three-level PV inverter topology.

on-state voltage drop, on-state resistance, average conduction current, and rms conduction

current, respectively.

IGBTs switching loss is:

Psw S2L = NS
VDDI S,equ

VtI t
(Eon S + Eoff S)f s

I S,equ=
I
�

(2.5)

whereEon S andEoff S are the turn on and off energy of IGBT under a certain test condition,

respectively;Vt andI t are the test voltage and current given in the data sheet of the device;

VDD is the voltage stress on the IGBT at the switching instant;I S,equ is the equivalent
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current of IGBT during a switching instant to calculate the switching loss;f s is switching

frequency.

Diodes switching loss is:

Psw D2L = ND
VDDI D,equ

VtI t
Erec Df s;

I D,equ =
I
�

(2.6)

whereErec D is the reverse recovery energy of diode under a certain test condition;I D,equ

is the equivalent current of the diode during a switching instant to calculate the switching

loss.

PowerLossCalculationof Three-levelInverters

The power loss model of a three-level inverter not only includes the power loss of IGBTs

and their free-wheeling diodes but also the power loss induced by additional clamped

diodes. It can be expressed as

PSC3L = PcondS3L + Psw S3L + PcondD3L + Psw D3L + PcondCD + Psw CD (2.7)

wherePcondS3L andPsw S3L represent the conduction and switching loss of IGBTs in a three-

level inverter;PcondD3L and Psw D3L are the conduction and switching loss of their free-

wheeling diodes, respectively.PcondCD andPsw CD represent the conduction and switching

loss of clamped diodes, respectively.

The power loss calculation of a three-level inverter is similar to that of a two-level

inverter, thus the power loss calculation equations will not be repeated here. Instead,

only the average, rms, and equivalent current of the semiconductor devices are presented.

Additionally, as the symmetric operation of the devices in a three-level inverter, only the

currents of four devices, S1, S2, D1, Du, are listed and other devices' currents can be
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obtained accordingly.

I S1 ;avg =
M (sin ' + � cos' � ' cos' )

4�
I

I 2
S1 ;rms =

M (cos' + 1) 2

6�
I 2

I S1 ;equ =
cos' + 1

2�
I

(2.8)

I S2 ;avg = (
1
�

�
M sin'

4�
+

M' cos'
4�

)I

I 2
S2 ;rms = (

1
4

�
M (cos' � 1)2

6�
)I 2

I S2 ;equ =
1 � cos'

2�
I

(2.9)

I D1 ;avg = (
M sin'

4�
�

M' cos'
4�

)I

I 2
D1 ;rms =

M (cos' � 1)2

6�
I 2

I D1 ;equ =
1 � cos'

2�
I

(2.10)

I Du;avg = (
1
�

�
M (sin ' � ' cos' )

2�
�

M� cos'
4�

)I

I 2
Du;rms = (

1
4

�
M (cos2 ' + 1)

3�
)I 2

I Du;equ =
I
�

(2.11)

The cost and volume of semiconductors can be obtained from the corresponding

manufacturers or distributors.

2.1.4 Output Filters

To meet the power quality requirement of utility girds or end-users, AC �lters are always

installed at the output side of PV inverters to eliminate the harmonics. Here an LCL-�lter
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is employed for the designed PV system.

An LCL-�lter is compromised of an inverter-side inductor, a �lter capacitor, and a

grid-side inductor. Neglecting the power loss of the �lter capacitor, the power loss of an

LCL-�lter can be calculated by

PLCL = Pli + Plg (2.12)

where Pli and Plg are the power loss of the inverter-side and grid-side inductors,

respectively. The cost and volume of an LCL-�lter can be obtained by summing up

the cost and volume of the inverter-side inductor, �lter capacitor, and gird-side inductor,

respectively. Detailed price information and speci�cation of the LCL-�lter can be obtained

from the corresponding manufacturers or distributors.

2.1.5 Cooling Systems

The cooling system helps dissipate the heat generated by all the components, especially

the heat generated by semiconductor devices. Typically, a cooling system consists of two

parts, i.e., heat sink and fan. A desirable cooling system should feature a lower thermal

resistance, which is determined by the type and size of the heat sink as well as the �ow

velocity of the fan. Taking an Aavid product (Extrusion 64360) as an example, its thermal

performance with different sizes of the heat sink and different velocities of the fan is shown

in Figure 2.3 [99]. The thermal resistance is decreasing with the increase of the heat sink's

length and the fan's �ow velocity.

The cost and volume of the whole cooling system can be obtained by summing up the

cost and volume of the fan and heat sink, respectively. The detailed price and speci�cation

of the cooling system can be obtained from corresponding manufactures or their vendors.
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Figure 2.3: Characteristic of cooling system.

2.2 PV System Optimal Design Formulation

The formulation of this design problem is shown in this section, which includes decision

variables, objectives, and all constraints. The �ow chart of the whole optimization process

is shown in Figure 2.4. Initially, solar power data, system speci�cations, decision variables,

and all constraints are de�ned according to the designer's demand. Then a set of the feasible

combinations of decision variables is generated. With the component models derived in

section 2.1, the value of the weighted objective function is obtained. Finally, GA is used to

solve the problem, and the optimizer and the optimal decision variables are obtained.

2.2.1 Decision Variables

Decision variables are selected per the actual operational requirements to achieve an

optimal design of the PV system. Here, the decision variables are

X = [ � TP � SC � CS f s L i Cf Lg Cdc] (2.13)
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where� TP; � SC; � CS; f s; L i; Cf; Lg; andCdc represent inverter topology, SC device, cooling

system, switching frequency, inverter-side inductor, �lter capacitor, grid-side inductor, and

DC bus capacitor, respectively.

In our design only two inverter topologies, i.e., two-level VSI and three-level NPC are

considered, so� TP will be one of the two candidates. And it can be expressed as

� TP =

8
><

>:

1; if two-level topology is selected

0; if three-level topology is selected
(2.14)

Based on the capacity of the PV inverter, a number of commercially available

semiconductor devices are pre-selected to be candidates for the optimization design.� SC

will be a semiconductor device selected from the list. In this design, thermal resistance

is used to characterize the performance of a cooling system. With the obtained thermal

resistance, a cooling system with a speci�c heat sink and fan can be selected.

2.2.2 Objective Function

Design objectives are to minimize theLCOE of the PV system and to maximize thePD

of the PV inverter. These two objectives can be weighted and expressed as

F (X) = �LCOE (X) + �PD (X) (2.15)

whereLCOE is the levelized cost of energy of the PV system;PD is the power density

of the PV inverter; � and� are weighted coef�cients, which are determined according to

designers' preference.

LCOE

LCOE (X) = Ctotal(X)=Etotal(X) (2.16)
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Figure 2.4: Flow chart of the proposed optimization design method.

whereCtotal is the total cost of the PV system including initial investment and the operation

and maintenance (O&M) cost.E total is the total energy injected into utility grid or users end

during the PV system service lifetime.

Ctotal can be calculated by

Ctotal(X) = CPV + Cinv(X) + CBOS(X) + N lfCO&M (X) (2.17)

whereCPV andCinv are the cost of PV panels and PV inverter, respectively.CBOS is the cost

26



of the balance of system (BOS), which includes the the power-scaling (without inverter

cost) and area-scaling BOS cost;N lf is the PV system service lifetime; andCO&M is the

annual O&M cost of the PV system.

Inverter cost is expressed as

Cinv(X) = CSC(X) + CCS(X) + CLCL(X) + CCdc(X) + CAUX (2.18)

whereCSC, CCS, CLCL, CCdc, CAUX are the cost of semiconductors, cooling system, LCL-

�lter, DC bus capacitor, and auxiliary components, respectively. Note that the auxiliary

components cost can be expressed as a �xed cost, which includes the cost of gate drivers,

control unit, voltage and current transducers, all PCBs, and all accessory components such

as wires, breakers, etc..E total can be obtained by

E total(X) =
N lfX

n=1

en (2.19)

PowerDensity

The power injected into electric grid can be obtained by

Pg(X) = Pin(X) � Ploss(X) (2.20)

wherePin is the input power of PV inverter andPloss is the total power loss of PV inverter.

Power density of the PV inverter is obtained as

PD(X) = Pr(X)=Vvol(X) (2.21)

wherePr is the power rating of PV inverter, andVvol is the total volume of components of

the PV inverter.

Vvol can be calculated by

27



Vvol(X) = VSC(X) + VCS(X) + VLCL(X) + VCdc(X) (2.22)

whereVSC, VCS, VLCL, VCdc are the volume of the semiconductors, cooling system, LCL-

�lter, and DC bus capacitors, respectively. Here, the volume of auxiliary components has

been neglected due to their little impact on the total volume.

2.2.3 Constraints

The junction temperature of each chip in an SC device cannot be higher than its maximum

temperature speci�ed in its datasheet. Thus, thermal limits of all SC chips are [100]

Tj;i (X) = Rj-c;i (X)PSC;i (X) +
N chX

i =1

Rc-h;i (X)PSC;i (X) + RCS(X)
N chX

i =1

PSC;i (X) + Tamb

� Tjmax;i (X) (2.23)

whereTj;i , Rj-c;i , PSC;i , andTjmax;i are the junction temperature, the junction to case thermal

resistance, the power loss, and the maximum junction temperature of thei th SC chip in

a SC device, respectively.Tamb is the ambient temperature,Nch is the number of chip

consisted in a SC device, andRCS is the thermal resistance of the cooling system.

To avoid excessive voltage drop on the output �lter inductors, the sum ofL i andLg is

limited to be [18]

L i + Lg � 0:1Lb (2.24)

whereLb is the inductance base, which can be calculated based on the speci�cation of PV

inverter.

The most important feature of a LCL-�lter is the resonance frequency, which

determines the performance of the �lter. It can be calculated by

f res(X) =

s
L i + Lg

L iLgCf
(2.25)
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To avoid instability issues, the resonance frequency of the LCL-�lter should be set as

[18]:

10f � f res(X) � f sm=2 (2.26)

wheref is the fundamental frequency, andf sm is the sampling frequency.

To limit the reactive power �ow in the �lter capacitor, the �lter capacitance should meet

Cf � 5%Cb (2.27)

whereCb is the capacitance base and it can be calculated based on the speci�cation of the

PV inverter.

DC bus capacitance should meet the following inequality to mitigate voltage ripples at

the DC side

Cdc �
Tr� P

2� VdcVdc
(2.28)

whereTr is the time delay introduced by control unit,� P is the power variation,Vdc is the

DC bus voltage, and� Vdc is the voltage variation ofVdc.

The ef�ciency of the PV inverter can be calculated by

� (X) =
Pg(X)
Pin(X)

(2.29)

PV inverter ef�ciency should be no less than an expected value, which is

� (X) � � min (2.30)

where� min is the minimum ef�ciency requirement of the PV inverter.

Finally, the size of heat sinks should �t SC devices.
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2.2.4 Solution Algorithm

In the dissertation, the genetic algorithm (GA) is used to solve the formulated optimization

problem. GA is a heuristic search method for solving optimization problems that are based

on Charles Darwin's theory of natural evolution. This algorithm re�ects the process of

natural selection and selects the �ttest individuals to produce its offspring of the next

generation.

Matlab has a well-developed GA toolbox [101], which can be used to solve various

optimization problems, such as constrained and unconstrained problems, problems with

the discontinuous, nondifferentiable, stochastic, or highly nonlinear objective function,

problems of mixed-integer programming, etc. The GA generates a random population of

individuals initially, and then repeatedly modi�es a population of individuals and evaluates

the �tness of every individual. At each iteration, the GA selects individuals from the current

population to be parents and uses them to produce the children for the next generation. Over

successive generations, the population ”evolves” toward an optimal solution.

The GA uses three main types of rules at each iteration to create the next generation

from the current population:

• selection rules to select parents for generating next generation

• crossover rules to combine two parents to form children for the next generation

• mutation rules to apply random changes to individual parents to form children

2.3 Case Study

To demonstrate the optimal design framework, three PV systems in Texas (TX),

Pennsylvania (PA), and Minnesota (MN) are designed and tested. Solar power data at

each location is downloaded from National Renewable Energy Lab (NREL) website [102]

to calculate the energy production of PV panels. Figure 2.5 shows a year of solar power
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pro�les of TX, PA, and MN, respectively. From the �gure, we can observe that the PV

panels installed in TX can harvest more energy than the other two locations.

Other speci�cations and parameters of the PV systems are listed as follows: power

rating of the PV inverters is 100 kW; utility grid is 480 V/60 Hz; DC bus voltage is 1200

V; the minimum PV inverter ef�ciency is 98%; the service lifetime of the designed PV

(a) Solar pro�le of a year in TX

(b) Solar pro�le of a year in PA

31



(c) Solar pro�le of a year in MN

Figure 2.5: Solar pro�le in different locations.

systems is 30 years, and the energy harvesting degradation rate is 0.36%; there are two

candidate inverter topologies, two-level and three-level NPC; two SC devices are provided

for each inverter topology, i.e., FF200R17KE4 and FF225R17ME4 for two-level inverters,

and FF200R12KE4 and FF225R12ME4 for three-level inverters; CD61 is used for the

clamped diodes of three-level inverter; cooling system is comprised of a fan with a given

�ow velocity of 200 ft/min and a heat sink of Aavid product with part no. of 64360 [99];

note that the types of semiconductor device and heat sink are limited in the example case,

actually more options can be added according to the demand in the practical design cases;

weighted coef�cients are set to� = � = 0:5.

GA is used for three cases and the optimization procedures of three cases are shown

in Figure 2.6. As shown in Figure 2.6, the objective function reaches the minimum value

of 1.82, 2.32, and 3.39, respectively. Table 2.1 shows the �nal design of the PV inverter

at each location, where the values of all decision variables in the three cases are detailed.

As shown in Table 2.1, three-level inverter topology and the second type of the SC device

are selected to achieve the optimal results in all three cases. Meanwhile, other decision
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variables, i.e. thermal resistance of the cooling system, switching frequency, LCL �lter

parameters, DC bus capacitance are also shown in Table 2.1. From Table 2.1, it is observed

that with different switching frequencies, three PV systems have different inductance and

(a) The optimization result of the PV system in TX.

(b) The optimization result of the PV system in PA.
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(c) The optimization result of the PV system in MN.

Figure 2.6: GA optimization results of the PV systems.

Table 2.1: Optimization results of three PV systems in different installation sites

Site � TP � SC � CS(oC=W) f s L i Cf Lg Cdc LCOE PD F �
Rigbt RCD (Hz) (�H ) (�F ) (�H ) (�F ) ($=kW) (kW=dm3) (%)

TX 0 2nd 0.57 0.67 6200 88.0 57.6 95.4 278 0.07 3.49 1.82 98.3
PA 0 2nd 0.57 0.67 6200 91.6 57.6 91.6 278 0.08 3.49 2.32 98.3
MN 0 2nd 0.57 066 6300 90.1 57.6 87.4 278 0.1 3.50 3.39 98.3

capacitance in the LCL-�lters and different thermal resistance in the cooling systems.

The detailed design objectives of the three PV systems are also shown in Table 2.1.

LCOE of the cases in TX, PA, and MN are $0.07, $0.08, and $0.1, respectively. With the

best weather condition, PV systems installed in TX can capture more solar energy than the

other two sites. Therefore, the PV system installed in TX can achieve the lowest LCOE

even with the same initial investment and O&M cost as those of the other two sites. Another

objective, PD of PV inverter, is also used to evaluate the performance of the PV systems. As

shown in Table 2.1, all three PV systems show very good performance with the proposed

design method. The PD and ef�ciency of all the three PV inverters are around 3.5kW=dm3
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and 98.3%.

2.4 Conclusion

This chapter proposed an effective optimal design framework for PV power generation

systems. A suitable set of decision variables is considered compared to the existing work,

and the optimization problem can be solved ef�ciently with the GA-based solver. Field

solar pro�les and component costs from distributors or vendors are used to design the three

PV systems installed in TX, PA, and MN. Optimization results validate that the proposed

optimal design framework can be used to design PV systems at different installation sites

and the designed PV system can guarantee an expected performance.
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CHAPTER 3

HARMONIC STATE SPACE MODELING AND OPTIMAL DESIGN OF

GRID-INTERACTIVE INVERTERS

This chapter proposes mathematical and data-driven HSS modeling of CLC grid-interactive

inverters, as well as the optimal design framework to design system parameters. First,

a comprehensive M-HSS model of the entire closed-loop system which includes HSS

modeling of each component is derived. To reduce the complexity of the M-HSS model

as well as the computational burden during the optimization process, a D-HSS model is

proposed to improve the HSS modeling of the CLC system.

Based on the M- and D-HSS modelings of the CLC system, a holistic optimal design

framework is presented to optimize system parameters including both circuit and controller

parameters. Two optimal design methods, one is based on the M-HSS modeling and the

other is based on D-HSS modeling, are used to design the system parameters, respectively.

The parameters obtained by both methods can not only minimize the THD in inverter grid-

connected current, but also guarantee that the harmonic spectrum meets the requirements

of IEEE standards.

Moreover, the system has a better performance with parameters obtained by D-HSS

based optimal design method, and the time consumed during the optimization process is

far less than that of the M-HSS one. The M- and D-HSS modeling as well as the optimal

design framework are implemented in Matlab, and the results verify the derived models as

well as the proposed optimal design.
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Figure 3.1: A generalized three-phase grid-tied inverter system.

3.1 HSS Modeling of Closed-loop Grid-tied Inverters

Figure 3.1 shows a generalized three-phase grid-tied inverter, which includes DC voltage

source, three-phase bridge, LCL-�lter, and AC utility grid. A closed-loop control scheme

in a synchronous frame is employed to control the grid-connected current, either on the

inverter side or the grid side. Without loss of generality, the grid-side current is selected

as the control variable in the inverter HSS modeling and the optimal design framework.

A closed-loop-controlled inverter in the synchronous frame is shown in Figure 3.2, which

consists of a mathematical model of LCL-�lter, abc/dq and dq/abc transformation, SPWM

module, and PI controllers. The HSS modeling of each part of the closed-loop system will

be presented in detail as follows.

The main power circuit of a three-phase inverter includes a three-phase bridge and an

LCL-�lter. In this subsection, only the HSS model of an LCL-�lter is presented, and the

three-phase bridge will be presented in the later subsection.

3.1.1 HSS Model of Main Power Circuit

The traditional state space model of a LCL-�lter in a synchronous frame can be expressed

as
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Figure 3.2: Closed-loop controlled system in synchronous frame.
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_x(t) = Ax(t) + Bu(t)
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where! is the angular frequency,L1; L2; Cf; Rd are inverter-side inductor, �lter capacitor,

grid-side inductor, and damping resistor, respectively.x = [ i 1d i 1q i 2d i 2q ufd ufq]T is the
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state variable vector,u = [ u�
d u�

q ed eq]T is the input variable vector,y = [ i 2d i 2q]T is the

output variable vector.i 1d andi 1q are inverter side d-axis and q-axis currents;i 2d andi 2q

represent grid side d-axis and q-axis currents;ufd andufq are d-axis and q-axis capacitor

voltages of the LCL-�lter;u�
d andu�

q are the inverter voltage references output by the PWM

module;ed andeq are the d-axis and q-axis grid voltages.

In the HSS modeling, exponentially modulated periodic (EMP) signals are used to

represent the system dynamic in both time and frequency domain. Assuming up to hth

order harmonics are considered in the derived model, the state variable in EMP form can

be expressed by [26]

x(t) = 			 X; (3.2)

where			 is the time-dependent orthogonal basis de�ned by

			 = [ e� j h!t ::: e� j 2!t e� j!t 1 ej!t ej 2!t ::: ej h!t ]; (3.3)

where,! is the angular frequency.

Thus, the state variable vector in the HSS model can be expressed as

X = [ X � h ::: X � 2 X � 1 X 0 X 1 X 2 ::: X h]T ; (3.4)

whereX k (k = � h; :::; � 1; 0; 1; :::; h) are the complex Fourier coef�cients ofx(t).

Meanwhile, the input variable vector is

U = [ U� h ::: U� 2 U� 1 U0 U1 U2 ::: Uh]T (3.5)

whereUk (k = � h; :::; � 1; 0; 1; :::; h) are the complex Fourier coef�cients ofu(t).

Similarly, the output variable vector is

Y = [ Y� h ::: Y� 2 Y� 1 Y0 Y1 Y2 ::: Yh]T (3.6)
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whereYk (k = � h; :::; � 1; 0; 1; :::; h) are the complex Fourier coef�cients ofy(t).

Then, the HHS model an LCL-�lter in a synchronous frame is obtained as

8
>><

>>:

sX = ( A � N)X + BU

Y = CX
(3.7)
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N = diag[� j h!; :::; � j!; 0; j!; :::; j h! ]

whereI is an identity matrix, andZ is a zero matrix.
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3.1.2 HSS Model of Coordinate Transformation Unit

Clark and Park transformations are used to convert abc components to d-q ones, and the

corresponding HSS models are derived as:

GclarkGclarkGclark =

2

6
4

2
3III � 1

3III � 1
3III

ZZZ 1p
3
III � 1p

3
III

3

7
5 (3.8)

GparkGparkGpark =

2

6
4

��� 1 � ��� 2

��� 2 ��� 1

3

7
5 (3.9)

where��� 1 and��� 2 are Toeplitz matrices with the complex Fourier coef�cient ofcos!t and

sin!t , respectively. Likewise, the dq/abc transformation can be obtained accordingly.

��� 1 and��� 2 can be written in the following form [26, 27]
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(3.10)
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(3.11)
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3.1.3 HSS Model of SPWM Module

SPWM module can be expressed by a matrixGPWM, which converts the modulation signal

m�
abc to inverter output voltageu�

abc. In the traditional modeling approaches,GPWM is

usually simpli�ed as a constant gain with neglecting all harmonics. In this study, to describe

different orders of harmonics in practical cases, elements ofGPWM are calculated from

Fast Fourier Transformation (FFT). Then, the HSS model of SPWM moduleGGGPWMPWMPWM can be

obtained accordingly.

Figure 3.3: Flow chart of D-HSS modeling of CLC grid-tied inverter.
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3.1.4 HSS Model of PI Controllers

PI controllers are employed to control d-axis and q-axis grid currents, respectively. A PI

controller can be expressed as

Gc = K p +
K i

s
(3.12)

whereK p andK i represent proportional coef�cient and integral coef�cient, respectively.

Rewriting it in the HSS model, there is

GcGcGc =

2

6
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7
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(3.13)

With the HSS model of the closed-loop system presented, each order of the harmonics

of the grid current can be obtained and will be used in the following sections to design

system parameters.

3.2 Data-driven HSS modeling of Closed-loop Grid-tied Inverters

A D-HSS model of a CLC grid-tied inverter is expected to have the same function as the

M-HSS model to calculate the grid-connected current spectrum accurately while having

less complexity to improve its performance during the optimization process. Therefore,

an arti�cial neural network (ANN), a data-driven technique, is incorporated into the HSS

modeling to achieve the above features. With a large number of pre-generated data, a

D-HSS model could be trained of�ine and then be used in the system parameter optimal

design process. The �ow chart of D-HSS modeling is shown in Figure 3.3.

43



3.2.1 Data Generation and Data Set Assembly

The M-HSS model of the CLC grid-tied inverter system proposed in the previous section

is used to generate the data for M-HSS modeling. First, the system speci�cations, such as

grid voltage, DC bus voltage, switching frequency, etc., are determined. Then, the values

of the system parameters (K p; K i; L1; L2; Cf, andRd) are swept within a range and

the M-HSS model is run correspondingly to calculate the grid-connected current harmonic

spectrum with each system parameter combination. To train an ANN, a large data set

should be assembled in advance. The input data is system parameters, while the output

is the grid-connected current harmonics spectrum (I 1; I 2; :::; I h-1; I h). The output data is a

high-dimensional vector depending on the order h of harmonics to be considered.

3.2.2 ANN Training

The data set is randomly sampled and split into three parts, i.e. training, validation (e.g.,

hyper-parameters validation), and testing data for ANN training. Moreover, a scaled

conjugate gradient (SCG) learning algorithm is adopted to train the ANN due to its unique

features. SCG does not depend on user-de�ned parameters and possesses super-linear

convergence characteristics [103]. Compared with other nonlinear curve-�tting algorithms

such as the damped least-squares (DLS) method or backpropagation, SCG is known to be at

least an order of magnitude faster in convergence. When a stop criteria (such as maximum

epochs, maximum time, performance goal achieved, etc.) is met, ANN training is �nished

and the D-HSS model of the CLC grid-tied inverter is obtained. As shown in Figure 3.3,

the D-HSS model has the system parameters as its input and the grid-connected current

harmonic spectrum as its output, therefore the D-HSS model embraces the same function

as that of the M-HSS model.
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3.3 Formulation of the Optimal Design Method

The formulation of this design problem includes decision variables, objective function, and

all constraints. The �ow chart of the whole optimization process is shown in Figure 3.4.

Initially, system speci�cations, decision variables, and all constraints are de�ned per the

designer's request. Then initial population, a set of feasible combinations of decision

variables is generated. With the M- or D-HSS model derived in the previous sections, the

grid-connected current harmonics spectrum is calculated, which will be used to evaluate

the objective function and constraints. Finally, a genetic algorithm is used to solve the

problem, and the optimizer and the optimal decision variables are obtained.

Figure 3.4: Flow chart of the M- and D-HSS based optimization design method.
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Table 3.1: Maximum harmonics limits of grid current with SCR� 20

Harmonic order h h < 11 11 � h < 17 17 � h < 23 23 � h < 35 35 � h THD
Percentage� i max (%) 4.0 2.0 1.5 0.6 0.3 5

3.3.1 Decision Variables and Objective Function

In a closed-loop grid-tied inverter, both main power circuit and control parameters are

needed to be determined; thus the parameters,K p; K i; L1; L2; Cf, andRd, are formulated

as decision variables.

X = [ K p K i Rd L1 Cf L2] (3.14)

Additionally, the THD of grid-connected current, which is the most frequently used

criteria for evaluating system performance, is selected to be the objective function in the

optimization problem. Based on each order of harmonics obtained from the HHS model in

section 3.1, the THD of grid-connected current can be expressed as

THD(X) =

q P h
i =2 I i (X)2

I 1(X)
(3.15)

whereI 1 is the amplitude of the fundamental grid current, andI i is the amplitude of thei th

harmonic of the grid current.

3.3.2 Model Simpli�cation

Since the impact of harmonics produced by the SPWM module is already considered in the

objective function, in the stability analysis of the following subsection we simpli�ed the

mathematical model of the SPWM module. It can be simpli�ed as a constant gain with a

time delay, which is [104]

GPWM(X) =
e� 1:5�s VDC

2
(3.16)

where� is the sampling period andVDC is the DC voltage.
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(a) Comparison of d-axis current.

(b) Comparison of q-axis current.

(c) Comparison of grid current.

Figure 3.5: Comparisons between HSS model and simulation.
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Neglecting the disturbance terms of the synchronous d-q model shown in Figure 3.2,

the transfer function of the LCL-�lter can be expressed as

Gp(X) =
sCfRd + 1

s3L1L2Cf + s2(L1 + L2)CfRd + s(L1 + L2)
(3.17)

The transfer functions of the open-loop and closed-loop system are derived as

Gop(X) = Gc(X)GPWM(X)Gp(X) (3.18)

Gcl(X) =
Gop(X)

1 + Gop(X)
(3.19)

Therefore, the closed-loop-controlled grid-tied inverter is simpli�ed to be a linear time-

invariant (LTI) system. Classic control theory with the analysis on gain and phase margin

is employed to evaluate system stability.

3.3.3 Optimization Constraints

To ensure the stable system operation, gain and phase margin should satisfy the criteria

[105]:

Aop(X; ! p) > A � s:t: � op(X; ! p) = � � (3.20)

' op(X; ! g) > ' � s:t: Aop(X; ! g) = 0 (3.21)

whereAop and' op are the gain and phase margins ofGop, A � and' � are pre-set thresholds

of gain and phase margins,! p is the frequency when the phase� op of Gop is -� , ! g is the

frequency when the gain ofGop is 0 dB. To guarantee the desired system response, the

closed-loop bandwidth is set to be higher than the pre-set threshold. We have

! b(X) > ! �
b s:t: Acl(X; ! b) = � 3 (3.22)
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(a) MSE of the ANN training.

(b) Error histogram of the ANN training.
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(c) R value of the ANN training.

Figure 3.6: Performance of ANN training.

whereAcl is the gain ofGcl, and! b is the bandwidth ofGcl.

Harmonics criteria in IEEE Std 519-2014 should be satis�ed [106]

8
><

>:

� i (X) < � i max (i = 2; 3; :::; h)

THD(X) < 5%
(3.23)

where� i is thei th order of harmonic percentage over the fundamental component of the

grid current, and� i max is the criteria de�ned in the standard shown in Table 3.1.

In summary, the optimal design of the grid-tied inverter can be formulated as

min
K p;K i ;Rd;L 1 ;Cf ;L 2

THD(X)

s:t: (Equation 3:20) � (Equation 3:23)

(3.24)
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(a) Sample one.

(b) Sample two.

Figure 3.7: Comparison between the training and practical results.

Table 3.2: Optimization results of the grid-tied inverter system

L1 (�H ) Cf (�F ) L2 (�H ) Rd (
) K p K i ! b (rad=s) A (dB) ' (deg) THD (%)
M-HSS based method 797.0 916.0 974.3 1.03 0.0019 0.498 1802.4 9.61 45.0 2.07
D-HSS based method 795.2 999.9 889.6 1.17 0.0023 0.45 5000 17.6 50.0 1.54

3.4 HSS Model Veri�cation and Optimal Design Results

3.4.1 Veri�cation of the M-HSS Modeling

An example CLC grid-tied inverter is designed and studied in the section. The

speci�cations of the grid-tied inverter are listed as follows: power rating is 100 kW; utility
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grid is 480 V/60 Hz; DC voltage is 1200 V; switching frequency isf s= 2000 Hz; current

references ofi �
d andi �

q are 160 A and 5 A, respectively.

Up to 29th order harmonics are considered in the HSS modeling of the CLC grid-tied

inverter. Figure 3.5 (a) and Figure 3.5 (b) show d-axis and q-axis currents comparisons

between the M-HSS model and time-domain simulation model, respectively. While,

Figure 3.5 (c) is the comparison between the phase current derived from the M-HSS model

and the time-domain simulation model. They are very close to each other with acceptable

differences, and the only difference is induced by high-frequency harmonics, which can be

further eliminated by considering higher-order harmonics.

(a) d-axis current.

(b) Comparison of grid current.
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