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1 Introduction 

1.1 Background 
The increasing temperature of the planet and climate change are concerning issues 
caused by greenhouse gases. Referring to the European Environment Agency report, 
energy production in form of heat and electricity are the main sources of greenhouse 
gases. The main alternative to traditional power generation is renewable energy sources. 
However, the electrical output (voltage, current, and frequency) of renewable sources 
varies in a wide range and needs stabilization before it can be used by a load or injected 
into the grid. The stabilization will be done by power electronic converters, which means 
that the number of converters will grow together with renewable sources. The main 
goals of the modern power electronics are: 

• Increasing efficiency while maintaining economic feasibility. 

• Increasing reliability of the systems. 

The first goal can be met by utilizing new semiconductor components e.g. GaN, SiC 
MOSFETS, which allow higher switching frequencies, operation temperatures, increased 
efficiency, and lower costs. The second goal is mainly related to control system 
development and its effectiveness. Recently, Texas Instruments has brought dual core 
microcontrollers for power electronics on the market, which have opened new 
opportunities to implement complicated nonlinear control algorithms for fast and more 
precise control [1].  

Together with the growing number of distributed renewable sources the structure of 
the power grid will be changing as well. Centrally controlled grid is regrouping into 
smaller independent segments called microgrids. Microgrids have local sources and 
storage units available, which means they can also work independently from the main 
grid. All sources, storages, and loads are interfaced with power electronics converters. 
The power electronics converter that connects the microgrid with the main grid is called 
an energy router (ER). ER is the key component for successful energy management in 
microgrids. 

Such ER-coupled microgrids have many advantages compared to traditional 
transformers interfaced grids. They have volume and weight reduction, better power 
density, and higher efficiency over the full operation range, i.e. from no-load to full 
power. Moreover, power electronics allows implementing various active functions that 
are not possible with conventional line-frequency transformers: 

• Active and reactive power control. 

• Voltage control (compensation of voltage sags and peaks, harmonic control). 

• Current control (harmonic cancelation, short-circuit protection). 

• Integration of distributed generation (MPP tracking, energy storage management). 

• Protection functions (island detection, frequency, voltage, and current monitoring, 
short circuit protection).  

In general, the size of the microgrid is not clearly defined. The microgrid could be a 
city, a village, or even a house. The current doctoral thesis focuses on the ER 
implementation in residential buildings, which can be seen as small-scale microgrids with 
a power level of less than 50 kW.  
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1.2 Motivation of the Thesis 
The ER concept and role in microgrids is well-known and described in many scientific 
publications. On the other hand, its application in residential applications is still relatively 
little studied, which was the main motivator for the current doctoral thesis. Residential 
application mainly refers to buildings. Today the building sector is considered as one  
of the biggest energy consumers. In Europe, the annual consumption is over 40 % of  
the total energy [2]. To meet EU targets for energy saving and decarbonization,  
new requirements have been imposed for buildings. By 2021 all new buildings  
must satisfy nearly zero energy building (NZEB) requirements i.e. energy-efficient 
buildings with energy storage and generation capability [3]-[4]. However, without  
proper energy management, such building can never utilize their full potential. An energy 
router is a suitable technology to provide the needed flexibility and control for  
residential buildings.  

A further motivation of the thesis is to achieve a broader paradigm shift in the 
buildings sector. By introducing ER concept, the residential buildings could be transferred 
into a small-scale microgrid (i.e., a nanogrid). Only then the full potential of NZEB could 
be achieved. From the scientific point of view, there are many challenges to solve from 
both the hardware and software sides. However, this thesis focuses mainly on control 
system-related issues. The versatility of different operation modes requires a complex 
and multilevel control system, which is especially inspiring for the author. 

1.3 Aims, Hypotheses and Research Tasks 
Partly the concept of the energy router has been implemented by the industry in form  
of hybrid solar inverters. These are inverters with integrated energy storage that  
allows them to work as well in on-grid as in off-grid modes. However, the energy  
router includes much more functionalities than it can be found in conventional hybrid 
inverters e.g. ancillary services, reactive power control, harmonics injection, smart 
energy management, etc. Also the ER structure provides more modes of operations 
compared to its industrial counterparts. This Ph.D. work aims to introduce ER topology 
with enhanced functionality and optimize its performance with the proposed control 
system.  

Hypothesis: 

1. The flexibility of conventional energy router topologies can be extended, and new 
operation modes can be introduced by the means of adding an auxiliary bypass 
switch to the converter. 

2. The dc-link voltage regulation of conventional linear control techniques could be 
improved by artificial-intelligence-based control. 

3. An inevitable part of the energy router is a battery energy storage. In addition to 
covering load-side energy shortages, the battery with proper control could be 
used also for the dc-link voltage ripple mitigation. 

4. A model predictive control can provide better performance compared to 
traditional linear controllers in the grid-forming operation. 
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Research Tasks: 

1. Review of power electronics aspects and control techniques of conventional 
hybrid micro-/nanogrid converters. 

2. Development and implementation of needed control functions in the ER at the 
point of common coupling (PCC), such as current control, PV, and battery control. 

3. Improvement of the ER performance in the grid-forming operation mode. 

4. Design an artificial-intelligence-based control for the dc-link voltage control. 

5. Evaluate the possibility of battery utilization as a decoupling tool for dc-link 
voltage control. 

6. Experimental verification of the proposed control and operation modes of the ER. 

1.4 Contribution and Dissemination 
This research contributes to the single-phase AC/DC/AC ER interface for residential 
applications. It also investigates different scenarios of the ER operation modes and the 
deficits of the linear control system, has proven the better performance of the nonlinear 
control system, and verified the proposed control method compared with the linear 
control system.  

Scientific novelties: 

 Developing Fuzzy Logic Controller (FLC) for dc-link voltage control of the ER.  

 Implementing Model Predictive Control (MPC) for the ac grid-forming 
operation of the ER.  

 Utilization of battery as a decoupling tool for dc-link voltage control. 

 The required control technique selection and suitable ER configuration in 
different scenarios. 

Practical novelties: 

 Developing the ER topology by adding a static transfer switch. 

 Reducing Total Harmonic Distortion (THD) of the voltage in grid-forming 
operation with nonlinear loads. 

The main findings of this work have been published in four IEEE international conference 
papers and three international journal articles, which are provided in the author’s 
publication list. 

1.5 Experimental Setup 
This work is verified via an experimental prototype shown in Figure 1.1, containing two 
boards. The top PCB is the measuring and control board, whereas the bottom is the 
power PCB. The measuring and control board contains voltage and current sensors and 
a microcontroller. The required inputs’ currents are measured by Hall effect current 
transducers ACS720. The inputs’ voltage is sensed by optically isolated precision voltage 
sensors ACPL-C87A. TMS320F2837 microcontroller unit is implemented on the control 
board. 1200 V MOSFETs IMZ120R030M1H are utilized for switches.  
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In the experimental verification process, a range of different lab equipment has been 
used. Dc supply Electro-Automatik EA-PSI 9080-60, autotransformer, and different load 
resistors are utilized. The digital oscilloscope Tektronix MSO4034B with current probes 
Tektronix TCP0150A, TCP0030A, and voltage probe Tektronix P5205A are used to 
demonstrate the required voltage and currents signals.  

1.6 Outline 
This thesis encompasses five chapters. The first chapter provides a general introduction 
to the work. The second gives the ER concept description, topologies, and control 
techniques in detail. In the third section, operation modes of the ER are investigated. 
Accordingly, the control system tuning and its implementation are performed in the 
fourth chapter. Finally, the conclusions are discussed in the fifth chapter.  

Figure 1.1 The 5-kW experimental prototype. 
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2 Energy Router Concept  

2.1 Energy Router Role in the Energy Internet  
Increasing wide-scale DG application requires double-side energy-sharing and energy-
information directions, promoting the idea of an ‘energy internet’. This energy internet 
enhances the smart grid to a web-based one. The smart grid is mostly dominated by 
centralized power generation and some large-scale DGs. As a result, the required 
communication system is a single-direction network and it is mainly controlled regionally. 
However, emerging wide-scale DGs need two-direction energy flow, two-direction 
communication networks such as the internet, smart metering, and real-time 
monitoring. Furthermore, the energy internet provides open access to large-scale DGs, 
the energy market, and trading platforms for both end-users and operators, leading to 
more openness, increased efficiency, and opportunities to increase wide-scale or  
small-scale-power DGs [5][6].  

This energy internet is multiple sets of smart communities such as buildings [4].  
The smart community has different names, such as energy subnet [7], and nanogrid [8]. 
An NZEB is also considered to be another example of smart communities. An NZEB 
requires three key technologies: plug-and-play interface (power delivery infrastructure), 
a double-direction communication network or a web, and an ER as shown in Figure 2.1 [9].  

The plug-and-play structure connects the main grid, ESs, DGs, and loads. The increasing 
penetration of sources and loads with dc-nature confirms the future of the plug-and-play 
structure. However, the existing main grid is ac, which promotes the hybrid structure. 
The main reason is that the hybrid structure is more compatible with the existing grid. 
Synchronization issues, reactive power circulating, more power loss, and more power 
transfer stages are the downsides of the ac structure. However, the existing grid system 
needs high modifications to upgrade to the dc structure. The non-zero crossing feature 
of dc is the main challenge in the dc circuit breakers of dc structures. 

The communication feature is distributed among DGs, ESs, and loads. This feature is 
embedded in the ER. This communication network allows the ER to control the system 
and to communicate and coordinate with other ERs and higher-level controllers [9][4]. 
An ER which is called, based on the energy internet concept, a Bidirectional Interlinking 
Converter (BIC) device, acts as an intelligent manager in the system. 

 

Figure 2.1. NZEB features. 
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It has different names such as MER (multiport energy router) [7], ECC (energy control 
center) [10], BEMS (building energy management system) [11][12], IEM (intelligent 
energy management) [6]. The main features of ERs for NZEBs applications are: 

• Programmable master supply among grid, battery, and PV.  

• Programmable multiple operation modes based on the loads, PV, battery, 
and grid presence. 

• Programmable charging current and voltage based on different battery types. 

• Enables working off-grid as Uninterruptable Power Supply.  

• Upgrades to having multiple communication types. 

• Smart metering. 

• Real-time monitoring and control of sources and loads. 

2.2 ER Structures 
As small-scale grids (less than 20kW) like NZEBs are considered nanogrids, their ER 
structures and their control techniques are similar to interlinking converters in 
microgrids [8]. The BIC’s topologies in hybrid microgrids are proposed depending on the 
galvanic isolation requirement, grid-input voltages, load-side voltages, and the dc-link 
voltages. A review in [I] summarized the majority of suggested studies and worked on 
the hybrid configuration, as shown in Figure 2.2. This structure contains two main bars, 
ac and dc; whereas ac loads and sources connect to the ac bar, dc loads and sources 
connect to the dc bar. To enhance dc bar voltage stability, a third DS bar is suggested in 
some works as an energy buffer, energy balancer, and fault ride-through tool. This bar is 
a slack type that is linked with DSs such as batteries and supercapacitors.  

 

Figure 2.2. Conventional hybrid microgrid configuration [I]. 
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Figure 2.3. Common topologies in microgrid structures [I]. 

As the stable voltages for the aforementioned bars have to be provided in both  
grid-tied and isolated mode, the back-to-back or one full-bridge Voltage Source 
Converters (VSCs) are the most popular topologies, as demonstrated in Figure 2.3.  
On the other hand, CSCs’ configurations are less popular for dc-side ripple current and 
the resulting ac-side harmonics reasons. Nevertheless, the current-limiting nature and 
the resulting increased reliability in the CSCs configurations have motivated researchers 
to study them in different applications such as PV, wind, and fuel cell interfaces with the 
main grid.  

2.3 The Industrial Hybrid Inverters’ Configurations 
The purpose of this section is to provide a comparative analysis of hybrid solar inverters 
on the market. Several of the most popular commercial hybrid solar inverters on the 
market have been chosen for comparison. The selected power range is from 3 kW to 
5 kW, which is the typical PV power range for residential applications. All characteristics 
of commercial hybrid inverters obtained from the open sources are shown in Table 2.1 
[13]–[22]. These inverters illustrate a variety of solutions that are available on the 
market. The most popular manufacturers were selected for analysis. 

Most of the inverters are single-phase with an average maximum efficiency of around 
97%.  It should be noted that maximum efficiency is the efficiency that can be observed 
only in one operation point. European Weighted Efficiency or California Energy 
Commission (CEC) efficiency is another, more important, parameter. 

From Table 2.1 The most common commercial hybrid inverters. it is clear that there 
are two types of inverters – first with low battery voltage range such as Sungrow SH5K-30, 
Redback SH5000, and Imeon 3.6. The low voltage range (42 V - 58.8 V) leads to a high 
charging/discharging current. It is supposed that they use isolated battery interface 
converters. In the case of Redback SH5000, it is 85 A and 100 A respectively. The second 
type is inverters with high battery voltage, for example, Solis RHI-1P5K-HVES-5G. Its 
battery voltage varies from 120 V to 500 V. In this case charging and discharging currents 
are only 20 A. Compatible batteries for inverters are mostly Li-ion. However, 3 phase 
Fronius SYMO Hybrid requires a LiFePO4 type of battery. All of the selected inverters use 
the same standard communications – RS485 connection or a CAN Bus. 

AC/DC VSC 
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DC/DC VSC BIC 
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Table 2.1 The most common commercial hybrid inverters. 

N
O

 

De
vi

ce
 

N
om

in
al

 
ac

 
po

w
er

, W
 

M
ax

. 
ef

fic
ie

nc
y,

 
%

 

N
um

be
r 

of
 

ph
as

es
 

Ba
tt

er
y 

ty
pe

 

Ba
tt

er
y 

Vo
lta

ge
 

Ra
ng

e,
 V

 

M
ax

. 
ba

tt
er

y 
po

w
er

, W
 

Ba
tt

er
y 

co
m

m
un

ic
at

io
n 

Co
m

m
en

ts
 

1 Huawei 
SUN2000 
-5KTL-L1 

5000 97.8 1 Li-ion 350 
– 
450  

5000 RS485 The 
battery is 
connected 
to dc-link.  

2 Fronius 
SYMO 
Hybrid 
5.0-3-S 

5000 96 3 LiFePO4 240 
– 
345  

4800 RS485 Different 
battery 
packs can 
be used. 

3 Sungrow 
SH5K-30 

5000 97.1 1 Li-ion 32 – 
70  

4500 CAN/RS485  

4 Redback 
SH5000 

5000 97 1 Li-ion 42 – 
58.8  

4600 CAN  

5 ABB 
REACT2-
UNO-
5.0-TL 

5000 96.6 1 Li-ion 170 
– 
575  

5000 RS485  

6 Solis 
RHI-
1P5K-
HVES-5G 

5000 97.5 1 Li-ion 120 
– 
500 

7000 CAN/RS485 Continuous 
maximum 
battery 
power is 6 
kW. 

7 Imeon 
3.6 

3000 94.5 1 Li-ion 42 – 
62  

3840 RS485  

8 SolaX X3 
Hybrid 
5.0T 

5000 97 3 Li-ion 200 
– 
500  

5000 CAN/RS485  

9 Sunny 
Boy 
Storage 
5.0 

5000 97.5 1 Li-ion 100 
- 
550 

5000 CAN/RS485  

The possible structure of the hybrid solar inverters is illustrated in Figure 2.4. It shows 
the solar terminals, grid-connected Voltage Source Inverter (VSI), and a buck-boost cell 
which realizes Maximum Power Point Tracking (MPPT) function and common dc-link.  
In addition, most commercially available inverters have terminals for a backup operation. 

In the case of string solar hybrid inverters, the battery can be connected with an 
additional interface converter that is integrated with the Energy Storage, as shown in 
Figure 2.4a [23] and Figure 2.4b [24], [25]. The example of a structure without an 
additional interface converter is realized in Huawei SUN2000-5KTL-L1. Simplicity and cost 
are the main advantages, while limited battery type and voltage is the main drawback. 
An example of the external ESS with an additional interface converter, as in Figure 2.4a, 
is Fronius SYMO Hybrid 5.0-3-S. In this case, the company provides the ESS system as an 
additional feature, while the inverter has dc-link terminals for connection. Other hybrid 
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solar inverters, such as Sungrow SH5K-30, have isolated integrated battery interface 
converters. This corresponds to the structure illustrated in Figure 2.4b. Due to this, the 
high step-up of the battery voltage can be realized. 

Figure 2.4. Typical structure of the hybrid solar inverter. a) without battery interface, b) integrated 
with battery interface connected to dc-link, c) integrated with battery interface connected to PV,  
d) isolated hybrid solar interface. 

In addition, Figure 2.4c. shows the internal structure of the hybrid inverter where the
internal interface battery converter can be connected to the solar panel terminals. 

There are several types of microinverters. The concept of microinverters is the same 
as solar inverters. The difference consists of the power and voltage levels. Usually, 
they are intended for single solar panel connection in a range from 10 V to 60 V and 
low- voltage battery. Due to the significant voltage difference between the input side 
and the grid, the step-up transformer is utilized. This concept is illustrated in Figure 2.4d. 
Despite an interesting idea that seems to be suitable for residential application, some 
difficulties are reported in [26], [27]. The main constraints are connected with battery 
overheating in case of tied coupling with solar panels. 

2.4 The Proposed ER Topology 
As the small-scale power in NZEB, the DS bar can be combined with the dc bar. 
The proposed ER topology is an isolated topology, consisting of a single-phase two 
back-to-back full-bridge Voltage Source Converters (VSCs), connecting via a 400 V dc-link. 
By back-to-back connection of inverters, electrical isolation between the main grid and 
ac-load is provided. However, a lack of blocking leakage-current techniques or equalizing 
two sides of ground voltage can cause the high-frequency common-mode voltage noise. 
The former methods can be solved by a different configuration of leakage-current 
blocking switches during the freewheeling period or by galvanic isolation [I] whereas the 
latter is performed by the virtual common ground on the ac and dc sides [28], [29] 
This high-frequency voltage produces high-frequency leakage current damaging 
equipment, more power loss, Electromagnetic Interference (EMI) issues, lower quality of 
the ac-side current, and jeopardizes human safety [30]. Line frequency transformer and 
high-frequency transformer are two ways of providing galvanic isolation. However, 
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the line-frequency transformers are bulky and high-frequency transformer topologies 
need complicated switching. The cost and power loss are other negative issues of 
galvanic transformer utilization.  

 
Figure 2.5. The energy router topology. 

Dc-link capacitors are used to stabilize the dc-link voltages by decoupling the high to 
intermediate frequency dynamics between the dc and ac sides. 

The ER topology is demonstrated in Figure 2.5 showing inv1 is connected to the main 
grid through an LCL filter, whereas inv2 is connected to the ac-load via its LCL filter. Inv1 
is connected to the main grid by 𝐾𝐾1 the grid relay. 𝐾𝐾2 bypasses the back-to-back inverters. 
A two-switch noninverting buck-boost converter is utilized for the PV converter.  
An interleaved bidirectional buck-boost converter is used as the battery converter. SS CB 
is a solid-state circuit breaker to turn on and off dc-loads. 

2.5 ER Control Structure 
ER controls different active functions that can be divided into energy management and 
protection. These control objectives are: 

Energy management functions: 

• Active and reactive power control at PCC 

• Voltage control 

• Current control 

• Grid-synchronization  

• Integration of DGs and MPPT tracking 

• Integration of ESSs and SOC control 

• Seamless transition between different operation modes 

• Economic energy dispatch 

• Power quality control 
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• Harmonic mitigations 

• Increased the reliability (off-grid operation, redundant supply, modular 
structure) 

Protection functions: 

• Islanding detection [31] 

• Fault detection (over-voltage, current, and frequency protection) 

• Black start management 

The control structure in the hybrid microgrid depends on the communication network 
which can be implemented as decentralized, centralized, and distributed [32], as shown 
in Figure 2.2. All the aforementioned functions are divided into three time-scale layer 
tasks discussed in [I]. The first layer (local control) is responsible for providing stability 
through decentralized, master-slave, centralized, or distributed control structures.  
The second layer recovers the voltage and frequency deviation of the local controller, 
whereas the third layer communicates with Supervisory Control and Data Acquisition 
(SCADA) to optimize the total energy price and minimize the power loss [33]. To increase 
the reliability of the system, a free-communication or decentralized structure is 
suggested for the local controller while the performance of the second and third layers 
depends on the communication network.  

The proposed control structure for NZEB is a centralized type in which all elements are 
managed by the ER. Based on this control structure, the ER can receive the hierarchical 
command from upper-level controllers to contribute to peak shaving, reactive or active 
power control, and economical control strategy based on weather conditions, energy 
price, and load profile. Different control strategies are utilized among different 
converters within the ER for different operation modes. In this work, the focus is on the 
local control of the ER considering the upper-level set points.  

2.6 ER Control Techniques 
The main control objective in an ER is power-sharing, through which the voltage and 
frequency stability can be satisfied. Power-sharing is achieved by three concepts: current 
or voltage control loop, droop, and virtual synchronous generator. The control 
techniques are divided into linear and nonlinear methods. Studies have shown the 
greater performance of nonlinear controllers in terms of dynamic response in power 
electronics converters. The traditional Proportional Integrator Derivative and Resonant 
(PID+R) is the linear technique nevertheless, MPC, FLC, and RL are the nonlinear 
techniques.  

When the ER works in grid-tied mode, it follows the voltage grid so the exchange 
current is controlled. In isolated mode, providing a stable voltage is the control 
parameter so the ER works in grid-forming or voltage-controlled mode.  

The droop concept is used for ac, dc, and hybrid nano-/microgrids as ac, dc, and hybrid 
droop. Depending on the availability of the communication system it can be an active 
droop which is more accurate in terms of transient response, voltage deviations, and 
power-sharing, at the expense of lower reliability [34][35]. As a result, the output voltage 
and frequency of the active droop method are closer to the reference values without 
secondary layer control [36]. On the other hand, free communication droop performance 
is dependent on the line parameters, resulting in inaccurate voltage regulation. 
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The widespread PID+R regulator is also called a dual loop. To track the reference 
current or voltage, an outer voltage loop and an inner current loop in different frames 
provide the required switching functions.  

An MPC technique provides the optimized switching states based on minimized cost 
function in every sampling time. The common cost function contains the amplitude or 
root mean square of the difference between the reference and predicted parameters 
with their coefficients and limitations [37]. The predicted parameters are calculated in 
each sampling time based on the state equations of the system. The main challenge is to 
determine the coefficients. Higher prediction horizon steps result in enhanced 
performance and stability at the expense of higher processing time. MPC can include or 
exclude the modulator in the finite control set MPC or continuous control set MPC 
consequently [38]. As a result, the switching frequency is variable; however, in the other 
type of MPC the switching frequency is constant. Comparison between the finite control 
set and the continuous control set MPC shows higher harmonics and THD in the 
controlled parameter infinite control set. On the other hand, the variable switching 
frequency provides degree of freedom that can be integrated into the cost function to 
mitigate the power loss and consider thermal balance among switches[39]. 

FLC is another nonlinear technique that uses linguistic variables instead of numbers, 
replicating human intuition.  

RL is a new topic, consisting of environment, agent, action, reward, penalties, and 
states. It concentrates on maximizing the rewards for agents based on their actions in 
predefined environment states [I]. This topic is a trend in the control of dc-dc converters 
and dc grids [40]-[41]. 

Different control techniques and comparisons are summarized in Table 2.2. 

2.7 Summary 
In this chapter, the concept of the energy router and the energy internet is discussed. 
The most common counterparts of ER in scientific research and industry are investigated. 
Following this, the ER structure and its functions is reviewed. Finally, the state-of-the-art 
control techniques of power electronics interfaces are classified and summarized. 
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Table 2.2 Comparison of different control techniques [I]. 

Technique Pros Cons Application 

PID+R Less computational time 

Fixed switching frequency 

Easy to implement 

Dependency on the mathematical 
analysis 

Dependency on the dynamics of 
the system 

The complicated control system 
in terms of the cascaded control 
structure, feedback loops, and 
PWM structure 

Time-consuming parameter 
tuning of PID+R 

Slow in the dynamic response 

Most mature 
technique in 
both ac and dc 
practice 

MPC Multi-objective optimization 
control technique 

Fast transient response 

Simplifies the control 
structure by combining the 
modulator block 

More computational burden 

Needs a high sampling frequency 

FCS produces extra harmonics 

Difficulty and uncertainty in the 
determination of weighting 
factors in the cost function 

Dependent on the accuracy 
model of the system 

Both ac and dc 
application 

RL Able to learn without pre-
required knowledge 

Able to combine with other 
techniques 

Convergence dependency on the 
initialization 

New 
technique in 
dc grids 

FLC Does not need an accurate 
mathematical model of the 
system 

Does not need an accurate 
model of training 

An easy technique for 
control of complicated 
systems 

Simple rule-based 
membership functions 

Less sensitivity to 
disturbances 

Able to combine with PID+R 
controllers 

Time-consuming in setting the 
membership functions 

Not optimized in terms of 
identifying membership functions 

Complicated in increasing 
numbers of inputs and outputs 

Dc application 
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3 Operation Modes of ER 

3.1 General Transition Modes 
ER operation modes can be classified into 4 main modes, as shown in Figure 3.1 when 
the ER is stopped, it is in standby mode. In other words, standby mode is the start point 
of ER operation after ER is paused by the user or tripped by a fault. Standby mode goes 
to the grid-tied mode if the grid connection is safe by pressing the start command and it 
goes to the islanded mode if the grid connection is not safe. The ER internal conditions 
are checked at each sampling time. In the case of major errors, the ER goes to fault mode 
and it is blocked. Moreover, it islands the error elements in minor fault conditions and 
after erasing the minor faults, then these islanded elements reconnect to the system.  
In the case of major faults, after clearing the fault, the ER can go into standby mode by 
the reset button. In the case of islanding detection or island command, the ER moves to 
fault mode. Moreover, when the grid is stabilized then the black-start command 
(Automatically or by user) connects the ER to the main grid.  

Based on the availability of the battery, PV, and the main grid different configuration 
schemes are available as shown in Figure 3.2 and Figure 3.3. Figure 3.2 shows the grid-
tied operation modes, in which K1 is closed. Figure 3.3 demonstrates the islanded 
operation mode where K1 is open. These figures show different configurations based on 
different scenarios in Table 3.1 and Table 3.2 which will be described in further detail. 
Furthermore, the K2 relay bypassing two back-to-back VSCs provides the following 
operation modes: 

1-parallel operation of inverters. As a result, the required nominal power of the switches 
can be decreased. In the case of grid-tied operation, both inverters work in Current 
Controlled Mode (CCM). In the case of islanded mode, one inverter can work in VCM and 
the other in CCM. 

2-redundant mode of inverters, which makes it possible to use the other inverter when 
it is required.  

 

Figure 3.1 ER main operation modes. 
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Figure 3.2 Grid-tied operation modes of ER. 
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Figure 3.3 Isolated operation modes of ER. 

3.2 Different ER Configurations and Operation Modes 
The peak load for a residential application is assumed to be 5 kW based on a consumption 
profile of a four-member family in Estonia [42]. The nominal power of converters is  
3.6 kW. The PV and the battery MPPT are 3.6 kW. The target is to balance generation-load 
via different modes. Based on the ac load (𝑝𝑝𝑎𝑎𝑎𝑎  ), dc load (𝑝𝑝𝑑𝑑𝑎𝑎  ), MPPT PV (𝑝𝑝𝑝𝑝𝑝𝑝 ) and SOC 
of battery, the master device is selected. The master device is responsible for stabilizing 
the dc-link voltage via working in Current Controlled Mode (CCM). Inv2 is also responsible 
for providing ac-link voltage working as Voltage Controlled Mode (VCM) in the case it is 
not bypassed by K2. Based on this, different configurations of ER are suggested in Table 
3.1 and Table 3.2. Comparison of typical dc-load versus ac-load in residential appliances 
in [43] shows the majority of residential appliances are ac, and the typical dc-load power 
range is low. As a result, the peak of typical dc-powered appliances is assumed to be less 
than 3.6 kW. 

Another issue is the policy of battery utilization to maximize profits and prolong its 
lifetime. The battery degradation consists of calendric aging and cyclic aging. Calendric 
aging depends on various stress factors such as SOC, stored time, and temperature 
[44][42]. As a result, to enhance the li-ion battery lifetime, the SOC should be kept in a 
limited range. Consequently, the SOC limit is considered to be between 20% and 90% 
[45]. 
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Table 3.1 Grid-tied operation-mode configurations of the ER (K1 closed). 

Pe
ak

 h
ou

rs
 

Modes 

No. 

𝑝𝑝𝑎𝑎𝑎𝑎 

(kW) 

𝑝𝑝𝑝𝑝𝑝𝑝
+ 𝑝𝑝𝑒𝑒𝑒𝑒 

(kW) 

SOC 
(%) 

Es mode PV 
mode 

K2 
relay 

inv1 Inv2 

1 ≥ 3.6 ≤ 𝑝𝑝𝑎𝑎𝑎𝑎
+ 𝑝𝑝𝑑𝑑𝑎𝑎 

≥ 20 CCM MPPT Closed Master 

CCM 

CCM 

2 CCM No PV Closed - Master 

CCM 

3 < 20 - MPPT Closed - Master 

CCM 

4 - No PV Closed Master 

CCM 

- 

5 ≥ 𝑝𝑝𝑎𝑎𝑎𝑎
+ 𝑝𝑝𝑑𝑑𝑎𝑎 

≥ 20 Master 

CCM 

MPPT Closed CCM CCM 

6 ≤ 3.6 ≤ 𝑝𝑝𝑎𝑎𝑎𝑎
+ 𝑝𝑝𝑑𝑑𝑎𝑎 

≥ 20 CCM MPPT Closed - Master 

CCM 

7 CCM No PV Closed - Master 

CCM 

8 < 20 - MPPT closed - Master 

CCM 

9 - No PV Closed Master 

CCM 

- 

10 ≥ 𝑝𝑝𝑎𝑎𝑎𝑎
+ 𝑝𝑝𝑑𝑑𝑎𝑎 

≥ 20 Master 

CCM 

MPPT Open 
or 
closed 

- VCM or  

CCM 

11 Master 

CCM 

No PV Open 
or 
closed 

- VCM or  

CCM 

12 ≥ 90 - MPPT Open 
or 
closed 

- VCM or  

CCM 

13 < 20 Master 

CCM 

MPPT Open 
or 
closed 

- VCM or  

CCM 
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O
ff-

pe
ak

 h
ou

rs
 

Modes 

No. 

- 𝑝𝑝𝑑𝑑𝑎𝑎
+ 𝑝𝑝𝑒𝑒𝑒𝑒
− 𝑝𝑝𝑝𝑝𝑝𝑝 

(kW) 

SOC 
(%) 

Es mode PV 
mode 

K2 
relay 

inv1 Inv2 

14 - ≥ 3.6 < 90 charging MPPT Closed Master 

CCM 

CCM 

15 - < 3.6 < 90 charging If 
availab
le 
MPPT 

Closed Master 

CCM 

- 

16 - ≥ 90 - If 
availab
le 
MPPT 

Closed Master 

CCM 

- 

The battery is utilized to decrease the house electricity cost by considering the  
time-of-use tariff and maximizing PV exploitation. As the understudy system is in Estonia 
and the Baltic region, the time-of-use tariff includes two-level as high and low prices.  
As a result, the battery is discharged during the peak tariff time range as well as when 
the PV is absent or it cannot satisfy the load demand [44]. On the other hand, it is charged 
when there is a surplus of PV generation as well as during the off-peak tariff scheme, 
which is 00-07 in the specified region [42]. It should be noted that modes 4 and 7 in 
islanded operation mode are load shedding modes in which the generated power is less 
than consumption. In this mode, the emergency loads can be energized. 

3.3 Summary 
The general operation policy of the ER is studied in this chapter. Different configurations 
and optimized control techniques are considered according to the grid-tied or islanded 
mode, peak hours, total generation and consumption in the house. 
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Table 3.2 Isolated operation-mode configurations of the ER (K1 open). 

No. 𝑝𝑝𝑎𝑎𝑎𝑎 

(kW) 

𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑝𝑝𝑒𝑒𝑒𝑒  

(kW) 

SOC 

(%) 

Es mode PV mode K2 relay Inv1 Inv2 

1 ≥ 3.6 ≥ 𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑝𝑝𝑑𝑑𝑎𝑎 ≥ 20 Master 

CCM 

MPPT Closed 

(parallel) 

CCM VCM 

2 ≤ 𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑝𝑝𝑑𝑑𝑎𝑎 ≥ 20 Master 

CCM 

MPPT Closed 

(parallel) 

CCM VCM 

3 No PV Open - VCM 

4 < 20 - MPPT Open VCM - 

5 ≤ 3.6 ≥ 𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑝𝑝𝑑𝑑𝑎𝑎 ≥ 20 Master 

CCM 

If available MPPT Open - VCM 

6 < 20 Master 

CCM 

MPPT Open - VCM 

7 ≤ 𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑝𝑝𝑑𝑑𝑎𝑎 < 20 - MPPT Open - VCM 
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4 Control System Tuning and Implementation 
The general proposed control system of ER is shown in Figure 4.40. To enhance the 
readability of the figure, the control system of each converter is separated with the same 
color as the dashed line of converters. 

The ER contains multiple converters which are interconnected by the dc-link [46].  
As a result, the dc-link voltage stability is the core stability factor of the ER. Consequently, 
the responsible converter for the dc-link voltage is considered a master. Inv1 as master 
can also work as PFC and ancillary service to the grid when it is needed. 

The general specification of the ER used for simulations is shown in Table 4.1. 

4.1 VSIs’ Control Block Diagrams 
VSIs can work in CCM, VCM, and parallel, as described for different operation modes in 
Table 3.1 and Table 3.2. These control block diagrams are demonstrated in Figure 4.40. 

4.1.1 CCM Control of VSI 
CCM control block consists of master or slave mode. In the master mode, a PI regulator is 
implemented to control the dc-link voltage. This PI regulator provides the reference current 
amplitude. On the other hand, in the slave mode, the master element provides the 
reference current to the internal current controller. A Second-Order Generalized Integrator 
(SOGI) based Phased Locked Loop (PLL) is utilized to extract the grid phase angle and 
provide a current reference to the current controller of the VSI target. The internal current 
loop consists of the PR regulator with the harmonic compensation as follows.  

𝐺𝐺𝑃𝑃𝑃𝑃(𝑠𝑠) = 𝐾𝐾𝑝𝑝 + ∑ 𝐾𝐾ℎ𝑖𝑖ℎ=1,3,5,7,9
2𝜔𝜔𝑐𝑐𝑒𝑒

𝑒𝑒2+2𝜔𝜔𝑐𝑐𝑒𝑒+(ℎ𝜔𝜔0)2
. (1) 

This CCM control system enables the VSI to operate as PFC in PCC [IV]. In this work, 
the equivalent circuit shown in Figure 4.2 is implemented. PLECS is used as the simulation 
software. The simulation results with different Power Factors (PFs) are shown in Figure 
4.1 and Figure 4.3. The experimental result with unity PF is shown in Figure 4.4. 

Table 4.1 ER specifications. 

Symbol Parameter Value 

𝑉𝑉𝑔𝑔, 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 Grid and Load side voltage (RMS) 230 V, 50 Hz 

𝐿𝐿𝑔𝑔, 𝐿𝐿𝑓𝑓2 Grid -side and output-side LCL inductor  0.6 mH 

𝐿𝐿𝑎𝑎 , 𝐿𝐿𝑓𝑓1 Converter -side LCL inductor  1.44 mH 

𝐶𝐶𝑔𝑔 Grid-side LCL filter capacitor 3 μF 

𝐶𝐶𝑓𝑓 Output-side LCL filter capacitor 9.6 μF 

𝑉𝑉𝑑𝑑𝑎𝑎  DC link voltage  400 V 

𝐹𝐹𝑒𝑒𝑠𝑠 Switching frequency 20 kHz 
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Figure 4.1 Grid Voltage and Current, DC Link Voltage with PF=1 [IV]. 

Figure 4.2 Equivalent model of ER and the control system. 

4.1.2 VCM Control of VSI: MPC Implementation 
The primary VCM control block of VSI was similar to CCM, containing dual-loop. However, 
the zero-pole map investigation of the system confirms the pole’s tendency toward right-
half-plan by decreasing the load to idle mode [II]. As a result, an indirect continuous 
control set (constant switching frequency) MPC is suggested. Figure 4.5 demonstrates 
the equivalent circuit of the VSI and the indirect MPC structure. Inductors’ current of LCL 
filter 𝑖𝑖𝐿𝐿𝑓𝑓1 , 𝑖𝑖𝐿𝐿𝑓𝑓2 , ac-output voltage 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜   , dc-link voltage 𝑣𝑣𝑑𝑑𝑎𝑎  are measured signals, used 
by the indirect MPC block. The dynamic of the system is described by the state-space 
equations. The state-space variables in the continuous form are: 

𝑥𝑥(𝑡𝑡)  =  [ 𝑖𝑖𝐿𝐿𝑓𝑓1(𝑡𝑡), 𝑖𝑖𝐿𝐿𝑓𝑓2(𝑡𝑡), 𝑣𝑣𝑎𝑎𝑓𝑓(𝑡𝑡)]𝑇𝑇. (2) 
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With the measured signals, the predicted value for the next sample is calculated by 
state-space equations as: 

Figure 4.3 Grid Voltage and Current, DC Link Voltage with PF=-0.15 [IV]. 

Figure 4.4 Grid Voltage and Current, DC Link Voltage with PF=1 [IV]. 

𝑥𝑥(𝑛𝑛 + 1) = 𝐹𝐹 · 𝑥𝑥(𝑛𝑛) + 𝐺𝐺.𝑢𝑢(𝑛𝑛), (3) 

where u(n) is the input vector. 

𝑢𝑢(𝑛𝑛) =  [ 𝑣𝑣𝑎𝑎𝑎𝑎(𝑛𝑛), 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛)]𝑇𝑇 . (4)
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F and G are the dynamic matrixes corresponding to the small-signal model of the 
system in discrete form: 

𝐹𝐹 = �
𝑓𝑓1 𝑓𝑓2 𝑓𝑓3
𝑓𝑓4 𝑓𝑓5 𝑓𝑓6
𝑓𝑓7 𝑓𝑓8 1

� ,𝐺𝐺 = �
𝑔𝑔1 0
0 𝑔𝑔4
0 0

�, (5) 

where: 

𝑓𝑓1 = 1 − (𝑅𝑅1 + 𝑅𝑅𝐶𝐶)
𝑇𝑇𝑆𝑆
𝐿𝐿1

; 𝑓𝑓2 =
𝑅𝑅𝐶𝐶𝑇𝑇𝑆𝑆
𝐿𝐿1

; 𝑓𝑓3 = −
𝑇𝑇𝑆𝑆
𝐿𝐿1

; (6) 

𝑓𝑓4 = 1 − (𝑅𝑅2 + 𝑅𝑅𝐶𝐶)
𝑇𝑇𝑆𝑆
𝐿𝐿2

; 𝑓𝑓5 =
𝑅𝑅𝐶𝐶𝑇𝑇𝑆𝑆
𝐿𝐿2

; 𝑓𝑓6 =
𝑇𝑇𝑆𝑆
𝐿𝐿2

; (7) 

𝑓𝑓7 =
𝑇𝑇𝑆𝑆
𝐶𝐶𝑓𝑓

; 𝑓𝑓8 = −
𝑇𝑇𝑆𝑆
𝐶𝐶𝑓𝑓

; (8) 

𝑔𝑔1 =
𝑇𝑇𝑆𝑆
𝐿𝐿1

;𝑔𝑔4 = −
𝑇𝑇𝑆𝑆
𝐿𝐿2

, (9) 

𝑇𝑇𝑒𝑒 is the sampling time. 
As one of the state variables in the LCL filter is dependent, we select voltage capacitor 

as the dependent variable which can be derived from the above equations. 
The predicted output voltage is calculated as: 

𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 1) = 𝑣𝑣𝑎𝑎(𝑛𝑛 + 1) −
(𝑖𝑖𝐿𝐿2(𝑛𝑛 + 1) − 𝑖𝑖𝐿𝐿2(𝑛𝑛 ))

−𝑔𝑔4
. (10) 

The error voltage is: 

∆𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑖𝑖) =  𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑖𝑖)– 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜_𝑟𝑟𝑒𝑒𝑓𝑓(𝑖𝑖), (𝑛𝑛 + 1 ≥ 𝑖𝑖 ≥  𝑛𝑛 + 𝑝𝑝). (11) 

The error voltage in different prediction horizons should be minimized. As a result, the 
cost function J[d] is described as:  

𝐽𝐽 [𝑑𝑑]  =  |∆𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 1)|+. . +| ∆𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 𝑝𝑝), (12) 
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where p is the prediction horizon. To provide voltage drops on inductors and some 
other operation voltage deviation during load connection, a reference voltage 𝑣𝑣𝑎𝑎𝑎𝑎  during 
the evaluation of the cost function is considered as: 

𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑) =  𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖) +  ∆𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑). (13) 

Figure 4.6 Output voltage waveform with prediction horizon p=1, ∆𝑣𝑣𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 = 40 𝑉𝑉  (a). 
∆𝑣𝑣𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 = 5 𝑉𝑉 (b). 

A set of 21 possible deviations as ∆𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑) is assumed in which step deviations are 
constant. In each sampling time, all of these deviations are used to calculate 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑖𝑖) then 
the one closer to the reference value is selected. The ∆𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑) is different in each 
sampling time but the range of ∆𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑) is constant as follows: 

−∆𝑣𝑣𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 < ∆𝑣𝑣𝑎𝑎𝑎𝑎(𝑖𝑖,𝑑𝑑) <  ∆𝑣𝑣𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 . (14) 

The iteration numbers per sampling time are: 

𝑁𝑁 = 21𝑝𝑝. (15) 

This means the iteration of 21 for p=1 and for p=2 the iteration number is raised to 
441. Figure 4.6 and Figure 4.7 demonstrate the simulation results of output voltage with
different ∆𝑣𝑣𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚  and different prediction horizons. In terms of the THD evaluation of
output voltage, a decrease in the voltage deviations with higher prediction horizons leads 
to lower THD at the expense of higher iteration numbers and higher processing tasks as
shown in Figure 4.6 and Figure 4.7.
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To decrease the processing time of the microcontroller, p=1 is selected in practice. 
The experimental results of the MPC algorithm on the ER setup in idle mode, and the 
transition from idle to a 700 W resistive load, are demonstrated in Figure 4.8 and Figure 
4.9. The experimental results confirm that the prediction horizon of 1 can provide 
suitable output voltage with less burden of processing time on the microcontroller. 

Figure 4.7 Output voltage waveform with prediction horizon p=2, ∆𝑣𝑣𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 = 40 𝑉𝑉  (a). 
∆𝑣𝑣𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 = 5 𝑉𝑉  (b). 

Figure 4.8 The ER ac voltage and current in idle mode of operation [II]. 
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Figure 4.9 The output voltage and current at the power step from 0 to 700 W [II]. 

4.1.3 VCM Control of VSI: Enhanced MPC Implementation 
To consider the ER performance in nonlinear loads when back-to-back inverters work, 
an enhanced control technique of VSI2 is required, as shown in Figure 4.10. As a result, 
the improved indirect MPC (iMPC) is suggested. In this technique, the MPC controls both 
LCL filter capacitor voltage and the output voltage. As a result, the cost function is defined 
as [III]:  

𝐽𝐽 [𝑑𝑑] = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜|∆𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 𝑝𝑝)| + 𝑘𝑘𝑎𝑎|∆𝑣𝑣𝑎𝑎(𝑛𝑛 + 𝑝𝑝)|. (16) 

The cost function contains an error voltage of output and an error voltage across the 
capacitor of LCL filter with 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑘𝑘𝑎𝑎  weighting coefficiencies. The p element corresponds 
with the horizon of prediction. 

Figure 4.10 The back-to-back inverters’ mode of operation with nonlinear loads [III]. 

The proposed control system of the VSI1 and VSI2 is depicted in Figure 4.11. As Figure 
4.11 shows the dc link voltage, inductors currents and capacitor voltage of the LCL filter 
are measured for the iMPC system.  

After discretization and state-space equations as (2), (3), (4), (5), (6), (7), (8), (9), 
the predicted input vectors are calculated.  

v*out(t) is the reference output voltage. The reference voltage capacitor is calculated 
as follows: 

𝑣𝑣𝑎𝑎∗(𝑡𝑡) = 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜∗ (𝑡𝑡) − �𝑖𝑖𝐿𝐿(𝑡𝑡) − 𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜∗ (𝑡𝑡)� × 𝑅𝑅𝐶𝐶2 + 𝐿𝐿4
𝑑𝑑
𝑑𝑑𝑡𝑡
𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜∗ (𝑡𝑡) + 𝑅𝑅4 × 𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜∗ (𝑡𝑡). (17) 
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Figure 4.11 The proposed control system for VSI1 (a) and VSI2 (b). 

In the next step, the predicted capacitor voltage and the predicted output voltage are 
calculated as a function of inverter voltage. At the end, the errors are calculated as: 

∆𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 1) = 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜(𝑛𝑛 + 1) − 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜∗ (𝑛𝑛 + 1), 

∆𝑣𝑣𝑎𝑎(𝑛𝑛 + 1) = 𝑣𝑣𝑎𝑎(𝑛𝑛 + 1) − 𝑣𝑣𝑎𝑎∗(𝑛𝑛 + 1). 
(18) 

The flow chart diagram of the MPC is shown in Figure 4.12.  
After measuring the parameters, the output voltage is estimated. Then, based on this 

estimated voltage, the predicted states at n+1 are calculated for all possible values of 
𝑣𝑣𝐴𝐴𝐴𝐴2, where 𝑣𝑣𝐴𝐴𝐴𝐴2 is expressed as: 

𝑣𝑣𝐴𝐴𝐴𝐴2(𝑛𝑛 + 1) = 𝑣𝑣𝑎𝑎∗(𝑛𝑛 + 1) + ∆𝑣𝑣𝐴𝐴𝐴𝐴2(𝑖𝑖). (19) 

Finally, the output inverter voltage that minimizes the cost function will be applied to 
the modulator. To decrease the processing time of the microcontroller, the loop number 
is decreased to 5. During each sampling time, 5 possible output inverter voltage 
deviations ∆𝑣𝑣𝐴𝐴𝐴𝐴2(𝑖𝑖) are considered which are calculated one by one. These deviations 
are similar in all sampling times.  

To evaluate the influence of weighting factors on the quality of the output voltage, 
THDs of the output voltages are compared in the case of 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 0 , 𝑘𝑘𝐶𝐶 = 1 and  
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 1 , 𝑘𝑘𝐶𝐶 = 0 in simulation. At the beginning a resistor load of 529 W is added  
the at 0.35 s, a 180 W nonlinear load is connected to the ac port. 

The simulation results of the main grid voltage and current, output voltage and 
current, capacitor voltage with 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 0 , 𝑘𝑘𝐶𝐶 = 1 and 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 1 , 𝑘𝑘𝐶𝐶 = 0 are 
demonstrated in Figure 4.13 and Figure 4.14 respectively. In both cases, when the 
resistor load is connected, the ac voltage and current is sinusoidal but with nonlinear 
load connection, the ac voltage and capacitor get distorted.  
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Figure 4.12 Flow chart diagram of the proposed iMPC for p = 2 [III]. 

Comparison of the THD of output voltage and capacitor voltage shows the higher THD 
of the output voltage in different coefficients. In contrast, the THD of the main grid 
remain constant in both cases. To evaluate the transient performance of the proposed 
control algorithm, the simulation is started in idle mode, then at 0.25 s the resistor and 
finally at 0.35 s the nonlinear load is connected to the ac port. The result for 
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 0.2 , 𝑘𝑘𝐶𝐶 = 0.8 is demonstrated in Figure 4.15. Figure 4.15 confirms the suitable 
transient performance of the control system in this scenario. Output voltage and 
capacitor voltage and grid current get distorted with nonlinear load, however THD of 
output voltage and grid current is within the accepted range. 

The next scenario is steady state and transient performance of the control system in 
the case of starting with idle mode then current-source connection at 0.25 s to the 
output side. The grid voltage and current, output voltage and current and the capacitor 
voltage shapes for 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 0.2 ,𝑘𝑘𝐶𝐶 = 0.8 are depicted in Figure 4.16. The output voltage 
and capacitor voltage THD are acceptable but the grid current THD is distorted highly. 
This result demonstrates the proposed control technique requires improvements to be 
compatible with PI+PR regulator in the case of injection power to the main grid. 
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Figure 4.13 Voltage and current shape at main grid (a), output (b), capacitor of the filter with kout = 0, 
kc = 1 [III]. 

 
Figure 4.14 Voltage and current shape at main grid (a), output (b), capacitor of the filter with kout = 1, 
kc = 0 [III]. 
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Figure 4.15 Voltage and current shape transition at main grid (a), output (b), capacitor of the filter 
with kout = 0.2, kc = 0.8 in idle mode, linear load and nonlinear load [III]. 

 
Figure 4.16 Voltage and current shape transition at main grid (a), output (b), capacitor of the filter 
with kout = 0.2, kc = 0.8 in idle mode, and current-source connection [III]. 
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4.1.4 DC-link Voltage Control Using FLC Regulator 
PFC algorithm based on PI regulator works well when there is no dc-load, however adding 
or changing dc-load causes the dc-link voltage to become unstable [V]. The main reason 
is the fixed and inflexible coefficiencies of the PI regulator. Consequently, FLC is 
suggested to be implemented instead of the PI regulator, as shown in Figure 4.17.  

 
Figure 4.17 FLC implementation in ER control system. 

Figure 4.18 shows the FLC inputs and output. The output of FLC is the derivative of 
grid-current amplitude which gives the grid-current amplitude via an integrator as shown 
in Figure 4.17. The proposed FLC has two inputs: the dc-link voltage error signal and the 
derivative of this signal. The derivative of the error signal helps the FLC to make accurate 
decisions. To clarify, Figure 4.19 demonstrates four different operating points in an 
assumed dc-link voltage error signal. In this figure, points 1 and 2 have the same error 
signal but different derivatives. Points 3 and 4 have the same error but different slopes 
of the error signal. Table 4.2 indicates the preferred FLC output for the aforementioned 
different operating points, in which points 1 and 2 need different outputs. A similar 
deduction is used for points 3 and 4. A Mamdani method with seven intervals for inputs 
and output membership functions is used. The intervals of membership function of the 
error signal are demonstrated in Figure 4.20, which are called negative high (NH), 
negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium 
(PM), and positive high (PH).  

 

Figure 4.18 Inputs and output of the FLC. 
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Figure 4.19 The error signal waveform. 

Figure 4.20 Membership function of error dc-link voltage signal. 

Table 4.2 The required outputs for four different points [V]. 

Error signal The derivative of the 
error signal 

Preferred grid reference 
current derivative 

Point 1 +v + Decrease (-) 
Point 2 +v - Zero (0) 
Point 3 -v - Increase (+) 
Point 4 -v + Zero (0) 

Table 4.3 Table Rules for Low Load. 
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Table 4.4 Table Rules for High Load. 

Error Signal 

Derivative 
Error Signal 
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Negative high PH PH PH PH PH PH PH 
Negative medium PH PM PM PM PS PS PS 
Negative small PM PM PS PS Z Z Z 
Zero PS PS Z Z Z NS NS 
Positive small Z Z Z NS NS NM NM 
Positive medium NS NS NS NM NM NM NH 
Positive high NH NH NH NH NH NH NH 

The higher the step-change in dc-load, the higher the reduction step in dc-link voltage 
will be. To compensate for the dc-link voltage reduction step, higher slope of grid-current 
amplitude is required. Based on this issue, the table rules for low dc-load and high 
dc-load are suggested in Table 4.3 and Table 4.4.

Three different dc-loads of 0.004, 0.4, and 2 kW are added at 0.35 s then at 0.5 s a
106 W ac-load is added to the ac-side. The required dc-link capacitor is decreased from 
3000 µF to 1000 µF. The simulation results of the traditional PI regulator and FLC are 
shown in Figure 4.21, Figure 4.22, for 4 W dc-load, Figure 4.23 and Figure 4.24, for 
400 W dc-load, and Figure 4.25 and Figure 4.26 for 2 kW dc-load. The total simulation 
results show better performance of FLC in dc-link voltage control and in terms of 
grid-current THD. 

Figure 4.21. Simulation results for 4 W dc-load 
with the PI regulator. 

Figure 4.22. Simulation results for 4 W dc-load 
with FLC. 
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In the case of heavy load, the PI regulator cannot stabilize the dc-link voltage. 
The utilization of FLC and MPC confirms they can cooperate effectively. 

Figure 4.23 Simulation results for 400 W dc-load 
with the PI regulator. 

Figure 4.24 Simulation results for 400 W dc-load 
with FLC. 

Figure 4.25 Simulation results for 2 kW dc-load 
with the PI regulator. 

Figure 4.26 Simulation results for 2 kW dc-load 
with FLC.  

4.1.5 Dc-link Control Considering Constant Power Loads 
The growing number of electronic loads creates new challenges to the stability of grids 
and residential distributions systems [47]. The main reason is the negative equivalent 
resistor of the Constant Power Load (CPLs). The simulation results for CPLs connected to 
the dc-link with the classic PI regulator and PR in the current-controlled mode of VSI1 
show that although the dc-link stays stable the ac-current contains high THD [VI]. This is 
due to the linear characteristic of the control system for a highly nonlinear characteristic 



44 

of CPLs. As a result, FLC is suggested [VI]. As FLC is implemented to control the dc-link 
voltage, the inputs and output leave similarly. The membership functions are also similar. 
To simulate the CPL, a resistor with a high switching frequency buck converter is utilized. 

A simple PI regulator is used to control the output voltage of the buck converters. 
The system configuration for the simulation is demonstrated in Figure 4.27. 

Figure 4.27 The energy router configuration, and control block diagram. 

Table 4.5 Table rules for dc-voltage control. 

   Error Signal 
Derivative 
Error Signal 

HN N SN Z SP P HP 

HN HP HP HP HP HP HP P 
N HP P SP SP SP Z Z 

SN P SP SP SP Z SP Z 
Z PS Z Z Z Z Z NS 

SP Z Z Z SN SN SN N 
P Z Z SN SN SN N HN 

HP N HN HN HN HN HN HN 

As the power of CPLs in home appliances are low, the table rule used is based on the 
low-power loads demonstrated in Table 4.5. In Table 4.5 HN, N, SN, Z, SP, P, and HP are 
highly negative, negative, small negative, zero, small positive, positive, and highly 
positive respectively. 
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The CPL parameters used in the simulation are demonstrated in Table 4.6. 
The simulation is performed in two conditions: using the classic PI regulator control for 
dc-link voltage control and FLC implementation for dc-link voltage control. To test the
compatibility with the MPC, MPC control technique is also used by Inv2 via adding 105W
a resistor-load to the ac-load side.

The results in Figure 4.28 and Figure 4.29 show the better performance of FLC with PR 
in the current-controlled mode of Inv1 with lower THD of grid-current. 

Table 4.6 CPLs’ parameters used in the simulation.  

CPLs’ Parameters 

PCPL1 CPL1 power 80 W 

PCPL2 CPL2 power 200 W 

Fsw Switching frequency 60 kHz 

vCPL CPL voltage 20 V 

kP Prportional Parameter 0.2 

kI Integrator Parameter 0.8 

rCPL1 Resistor of the CPL1 5 Ω 

lCPL1 LC filter inductor of CPL1 0.1 mH 

cCPL1 LC filter capacitor of CPL1 1000 μF 

rCPL2 Resistor of the CPL2 2 Ω 

lCPL2 LC filter inductor of CPL2 0.1 mH 

cCPL2 LC filter capacitor of CPL2 1000 μF 

Figure 4.28 Simulation results of the classic PI 
regulator in steady-state. 

Figure 4.29 Simulation results of the classic FLC 
regulator in steady-state. 
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However, in both cases, the dc-link voltage is stable at its reference value of 400 V.  
In terms of MPC, it works well with the FLC. Moreover, FLC has more flexibility and better 
performance in PI voltage-control of CPLs. 

Figure 4.30 and Figure 4.31 depict the transient behavior of the grid-current, dc-link 
voltage, and ac-load voltage in both cases. The results demonstrate that, despite the 
better performance of FLC in steady-state, PI works smoother in transient-condition. 

Figure 4.32 and Figure 4.33 are selected to show the compatibility of the PI of CPL  
in controlling the load-voltage reference of 20v. The results demonstrate the better 
performance of FLC with CPLs’ PI regulators. 

 
Figure 4.30 The transient results with the classic 
PI regulator. 

 
Figure 4.31 The transient results with the 
proposed FLC technique. 

 

 
Figure 4.32 CPLs’ voltages in classic PI regulator 
method. 

 
Figure 4.33 CPLs’ voltages in the proposed FLC 
method. 
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4.2 Battery Control Diagram 
If the battery works as a master, a PI regulator is implemented to control the dc-link 
voltage as shown in Figure 4.40. This PI regulator provides the reference current for 
current controllers in buck (charging) and boosts the (discharging) mode of the battery. 
As a slave, the battery receives the reference current from the master.  

4.2.1 Active Decoupling with Battery Utilization 
The literature review on the frequency of charging and discharging current of the li-ion 
battery shows that double frequency charging and discharging can have fewer 
degradation effects on the battery [VII]. Based on this conclusion, we suggest battery 
utilization as an active decoupling device for the double frequency ripple power of ac-dc 
conversion in dc-link. 

The proposed control technique is demonstrated in Figure 4.34. In this work, it is 
assumed that VSI1 is connected to the grid, and VSI2 is connected to the ac-loads. VSI1 
works as a master to stabilize the dc-link voltage. MPC is used for VSC control of the VSI2. 
A PR regulator compensator is implemented for double frequency reference current. 
The cutoff frequency of the low pass filter is 30 Hz.  

The interleaved converter operations in buck and boost modes are shown in Figure 
4.35.  

Figure 4.34 The control block diagram for active decoupling role of the battery. 

Figure 4.35 dc-link power relation with the interleaved converter (a), buck and boost modes of the 
battery converter. 
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When the power in the dc-link is extra, the converter works in buck mode. In the case 
of deficit power, it works in boost mode.  

As the peak load of the house is assumed to be 5 kW, in three different steps the peak 
load is added to the ac-output. Limiting the dc-link voltage variation to ± 2 V, the proposed 
technique leads to a decrease in dc-link capacitors from 2000 to 400 µF. 

The simulation results of the grid voltage and current, and voltage-current of the 
output with 2000 µF and with the proposed technique using 400 µF are similar. 
Furthermore, the dc-link voltage transient condition results are demonstrated in Figure 
4.36 and Figure 4.38. As Figure 4.37 and Figure 4.39 show the steady stable double 
frequency deviation in the proposed technique is limited to ±1 V, which is less than the 
previous technique's ±2 V. However, the transient voltage behavior is higher in the 
proposed technique. 

4.3 PV Control Diagram 
The control block of PV consists of master or slave mode, as shown in Figure 4.40.  
A PI regulator is implemented in master mode to generate the reference current; 
however, the reference current is determined by the master in the slave mode. Two PI 
regulators are implemented for a buck or to boost the operation of the PV. 

4.4 Summary 
In this chapter, several operation modes of ER were studied. PFC mode of INV1 satisfies 
the grid requirements. Different power of dc loads and constant power loads effects’ on 
dc-link voltage are investigated. It is verified that the conventional PI regulator has a 
limitation in tracking the reference dc voltage so the FLC technique as a solution controls 
the dc voltage well. The grid-forming operation of ER in idle mode, linear load, nonlinear 
load and low-power current source have been studied. It is confirmed that the classic PR 
regulator can provide the sinusoidal voltage in a limited linear-load range. MPC results 
as a solution confirm its capability in grid-forming operation of ER. 
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Figure 4.36 Dc-link Voltage and dc-load Current Simulation Results of the Traditional Control with 
2000 μF dc-link capacitor. 

 

Figure 4.37 The detail view of Figure 4.36. 
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Figure 4.38 Dc-link Voltage and dc-load Current Simulation Results of the Traditional Control 
with 400 μF dc-link capacitor. 

 
Figure 4.39 The detail view of Figure 4.38. 
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5 Conclusions  
An ER with a bypass switch and a hybrid distribution system for home appliances is 
suggested. Dc-loads and resources connect to the dc-nanogrid and ac-load and sources 
can connect to the ac-nanogrid. The ER contains two back-to-back single-phase full-bridge 
inverters with a bypass switch, controlling the main grid current and the ac-nano grid 
voltage. This bypass switch adds flexibility in the ER operation compared with the industrial 
hybrid solar inverters for residential applications. It also includes a non-inverting  
buck-boost converter for MPPT tracking of PV and an interleaved converter for a battery. 
The ER structure with the capability of smart metering and communication system 
provides more flexibility in the ER operations, enhancing the house to a smart 
controllable entity in the power system. In this regard, it provides ancillary service to the 
main grid, and participation in peak shaving is feasible which result in the efficient 
management of the energy in the house.  

The performance of the classical control techniques for different ranges of power for 
ac and dc loads is evaluated. The suitable operation of the ER as a PFC is confirmed in the 
experimental results. Moreover, the limitation of the PI regulator to provide the 
reference dc-link voltage in the presence of various power of dc loads and CPLs is 
confirmed. The intelligence-based control FLC is confirmed as a solution with better 
performance. Using a battery as a decoupling tool in the dc-link voltage control is another 
dc-voltage control technique. 

In terms of the ac grid-forming operation of the ER, the classic PID+R has a limitation 
in providing ac-voltage with low THD in the case of various loads from idle mode to full 
load and ac-source connection. The experimental results of MPC implementation 
confirm its better performance compared with the PID+R regulators. 

As a result, the conclusions of this study are summarized as: 

• The ER interface for residential applications with the bypass switch provides 
more flexibility in the operation.  

• The battery can be utilized as an active decoupling tool in the ER dc voltage 
control. 

• The FLC technique performance is confirmed in dc-link voltage control in the 
case of various dc loads. 

• The MPC technique for the grid-forming operation mode of the ER has 
suitable performance compared with the classic PID+R regulators with 
various ac-loads and resources. 

• The compatibility of the FLC and MPC controllers with the linear PR and PI 
regulators is confirmed. 

• Experimental verifications of the control techniques are verified. 

Future research in the control of the energy router can be continued by: 

• Implementation of the high-level control (energy management) system and 
further cost optimization. 

• Feasibility of the FLC implementation on the experimental setup. 

• Common mode leakage current evaluation and control if it is needed. 
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Abstract 
Multifunctional Energy Router for Residential Applications 
This Ph.D. thesis focuses on the power electronics aspects to convert a conventional 
residential building into a smart, controllable and energy efficient building, also known 
as a residential nanogrid. In other words, it is a residential building that is equipped with 
local energy sources and a storage, and thus, it could operate independently from the 
main grid. The nanogrid not only consists of hardware but also requires smart energy 
management to control all the sources, loads and storage units. Today, all sources, 
storages, and loads are interfaced with power electronics converters, which are all 
independent and do not communicate with each other. Without communication smart 
energy management can be difficult to achieve. One solution to this problem is to add a 
multifunctional power electronics converter also between the building and the main grid. 
Such converter is also known as an energy router (ER). The concept has been known from 
microgrids but was little studied in relation to residential buildings, which was the main 
initiative for this thesis.  

In the thesis the role of ER in residential applications was studied. Partly the concept 
of the ER has been already implemented by the industry in form of hybrid solar inverters. 
These are inverters with integrated energy storage that allows them to work as well in 
on-grid as in off-grid modes. However, the ER includes much more functionalities than it 
can be found in conventional hybrid inverters e.g. ancillary services, reactive power 
control, harmonics injection, smart energy management, etc. This Ph.D. work aimed to 
introduce ER topology with enhanced functionality and smart control system. 

During the work various aspects of the ER were studied. From the input (power grid) 
side power factor compensation with bidirectional energy control was studied. The central 
part of the ER is the dc-link. Here the main focus was on different dc-link voltage control 
algorithms. The dc-link voltage fluctuations could be effectively reduced by a novel fuzzy 
logic-based algorithm. In addition, the author proposed a new method for dc-link voltage 
ripple mitigation by utilizing integrated battery storage. The output (i.e. building) side of 
the ER plays vital role regarding in-house power quality. Here the main challenge is to 
provide smooth transition from on-grid to off-grid mode. The author found that 
conventional control algorithms (proportional-resonance control) do not perform well 
under light load operation. Thus, a new approach, model predictive control, was 
successfully implemented and tested. 

Although the thesis was mainly focused on the ER control, also some hardware 
modifications were proposed by the author. The author showed how the functionality of 
the conventional back-to-back ER topology could be extended by adding an auxiliary 
bypass switch. As a result, several new operation modes were derived. 

This work also has a substantial practical value, as the application-oriented design of 
the proposed multiport ER topology was carried out and three full-scale prototypes were 
built while each time reducing volumes, increasing efficiency and improving EMC. 
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Lühikokkuvõte 
Multifunktsionaalne energiaruuter eramutele 
Selle doktoritöö fookuseks oli uurida kuidas jõuelektroonika abil muundada tavaline 
eramu targaks, juhitavaks ja energiatõhusaks hooneks, mida võiks nimetada ka 
nanovõrguks. Teiste sõnadega on tegu eramuga, mis omab lokaalset energiaallikat ja 
salvestust ning on seega võimeline töötama ka iseseisvalt ilma elektrivõrguta. Nanovõrk 
ei tähenda ainult riistvara vaid nõuab ka paindliku energiahaldust, et juhtida oma allikaid, 
koormusseadmeid ja salvesteid. Tänapäeval on kõik allikad, koormusseadmed ja 
salvestid ühendatud võrku läbi muundurite, mis on iseseisvad ja üksteisega ei suhtle. Ilma 
suhtluskanalita on aga paindlik energiahaldus hoones raskesti saavutatav. Üheks 
lahenduseks sellele probleemile oleks lisada üks multifunktsionaalne 
jõuelektroonikamuundur hoone ja elektrivõrgu vahele. Selline muundur on ka tuntud kui 
energiaruuter (ER). Selline kontsept on tuntud küll mikrovõrkudest aga on vähe uuritud 
eramute korral, mis oli ka käesoleva doktoritöö peamiseks motivaatoriks. 

Doktoritöös uuriti ER rolli eramutes. Osaliselt hübriid-vaheldite kujul on selline ER 
kontsept juba ka tööstuses rakendust leidnud. Need on vaheldid, mis omavad 
integreeritud energiasalvestit, mis võimaldab neil töötada nii elektrivõrgu ühendusega 
(on‑grid) kui ka ilma (off-grid). Kuid ER omab palju rohkem funktsioone kui neid leiab 
hübriid-vaheldite juures nt. elektrivõrgu toetamine, reaktiivenergia juhtimine, 
harmoonikute juhtimine, tark energiahaldus jt. Käesoleva doktoritöö eesmärgiks oli 
väljatöötada laiendatud funktsionaalsuse ja targa juhtimisega ER lahendus eramutele. 

Töö käigus uuriti ER erinevaid aspekte. Sisendi (elektrivõrgu) poolelt uuriti 
võimsusteguri parendamist koos kahesuunalise energiavoo juhtimisega. ER keskne osa 
on alalsivooluvahelüli (dc-link). Siin oli uurimistöö fookuseks alalisvooluvahelüli pinge 
juhtimisalgoritmid. Alalisvooluvahelüli pingekõikumisi suudeti efektiivselt vähendada 
uudse hägusloogika algoritmi abil. Lisaks pakkus autor välja uue meetodi 
alalisvooluvahelüli pingepulsatsiooni vähendamiseks kasutades integreeritud 
akusalvestit. ER väljundis (hoone poolel) omab olulist rolli energiakvaliteedi juhtimine. 
Siin on põhiliseks väljakutseks saavutada sujuv üleminek võrguühenduselt võrguta 
režiimi. Autor tõestas, et senised algoritmid (nt. proportsionaal-resonant juhtimine) ei 
tule hästi toime väikese koormusega olukordades. Probleemi lahenduseks arendati välja 
ja testiti uudne mudeli põhine juhtimisalgoritm. 

Kuigi doktoritöö oli põhiliselt keskendunud ER juhtimisele, pakkus autor välja ka 
mõned riistvaraga seotud uuendused. Autor näitas kuidas välise möödapääsulüliti 
lisamisega on võimalik ER topoloogia funktsionaalsust laiendada. Selle tulemusena 
arendati välja mitu uut töörežiimi. 

Tehtud töö praktilist väärtust tõestavad kolm ER rakenduslikku seadmeprototüüpi, 
mille käigus vähendati seadme mõõtmeid, parendati kasutegurit ja suurendati 
elektromagnetilist häirekindlust. 
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Publication I 
Najafzadeh, M.; Ahmadiahangar, R.; Husev, O.; Roasto, I.; Jalakas, T.; Blinov, A. Recent 
contributions, future prospects and limitations of interlinking converter control in hybrid 
AC/DC microgrids. IEEE Access, 2021. 
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hijklmnopqrstruvqrwxyz{|v}~��qr�v��|wuvqrwr}}v��t|tru�q��v{xt�qq|}vrwut}�qru|qx�u|��u�|t��iiio����l����lk��klm�?)*;'-(+'52(+7;(7+*'=()*)MA+3.\];,-A*3-.*4*-.*-('=,-M;'::7-3;,(3'--*(K'+<;,55*.;'::7-3;,(3'-L5*22LA,2*.>952'/3(;,-A**̂7344*.K3(),;'::7-3;,(3'--*(K'+</,2'L;,55*.;'::7-3;,(3'-LA,2*.;'-(+'52(+7;L(7+*>[-;'::7-3;,(3'-LA,2*.;'-(+'52(+7;(7+*2/,55;'-L@*+(*+2,+*;'--*;(*.()+'78)()*;'::7-3;,(3'--*(K'+<>1*-(+,53Z*./:,2(*+L25,@*/.32(+3A7(*.;'-(+'5:*()'.2,+*;'::7-3;,(3'-LA,2*.CETF>�*8,+.3-8()*;'-(+'5,24*;(/()*)MA+3.\]32;'-(+'55*.()+'78).3==*+*-((*;)-3;,53227*2,(.3==*+*-((3:*2;,5*2,-.4)M23;,55*@*52>[YYY4VIDI>RCRHF;,(*8'+3Z*.,55()*;'-(+'5'Ab*;(3@*23-('()+**.3==*+*-(;'-(+'55,M*+=7-;(3'-227;)(),(*,;)5,M*+,;(23-,24*;3B*.(3:*2;,5*.32;722*.3-CTTF/CRfFSCRRF>?)*:,3-(,2<'=()*)MA+3.\]:,-,8*:*-(2M2(*:32('<**4()*)MA+3.\]2(,A5*/K)3;)325';,(*.3-()*4+3L:,+M;'-(+'55,M*+'=;'-(+'52(+7;(7+*2CRfF>?)*2(+,(*83*2('K,+.;'::7-3;,(3'-L5*224'K*+L2),+3-8=7-;(3'-,+*.7,55''4,-..+''4(*;)-3̂7*2/K)3;)K355A*.32;722*.5,(*+>�� ��������� ����



����������	
������	�	���������������������	�����	������� �!����������"��	�#��$��%���&	��	�������#'()*+,-./012345/6/789:13/1/5:;<28:=/34>284/6/789:1/?:3:@:<83/64<5468:372<:583A<8A3:5B

CDEF GH I�JD�KLKM



����������	
������	�	���������������������	�����	������� �!����������"��	�#��$��%���&	��	�������̂BCR++85/.01)5*+.18+;418-*1-8)408)*;044/I)5/.1+*).180;/<)5=5)*).180;/<)5=0.55/418/3-1)508*(/1)*1-8)C'(/4*;044/I*01/+.5)6).54+.1()50100.5/.F+8,01/+.)]*(0.9)3)17)).1()*+.18+;;)5).1/1/)4?AB=?@ABC_̀ abcde_fghbi'(/4418-*1-8).01-80;;E*+.4/414+F0*).180;*+.18+;;)80.5*+.*).1801)4/.F+8,01/+./.1(/4.+5)?LjBC'()*).180;*+.218+;;)85)*/5)40*1/+.4304)5+.1()*+.18+;+3X)*1/>)40.51()/.F+8,01/+.0>0/;03;)F8+,3+1(TR0.5SR4-32GH4+F1()(E38/5GHCT*).180;/<)5418-*1-8)/4)04E3-1)]6).4/>)1+/,6;),).1Ck̀ ibabcde_fghbi'(),0/.*(080*1)8/41/*+F1(/4418-*1-8)/41(01/1.))54.+*+,,-./*01/+.;/.O4C'()5)*).180;/<)5*+.18+;,)1(+548):-/8)+.;E;+*0;,)04-8),).14?LABP1()8)F+8)=/168+>/5)41()8/5)1(8+-9(*+,,-./*01/+.,0;F-.*1/+.*0603/;/1E0.5
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����������	
������	�	���������������������	�����	������� �!����������"��	�#��$��%���&	��	�������#'()*+,-./012345/6/789.211:4;2<4/6546=>.;?33@6<A;/6<3/::@B26BC/:<2D@A;/6<3/::@B<@;E64F?@5G
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�����+�-���34B�3//1>;E@0@/7��.462;/6C@6<4/62:E��34B8�GtgXZM[[ZVV_MTOVYK]]JZKYHHOVJP̀ MO_VwHZaT̀KZMOP̂ROH_ZK]YM]KL_ZVXLHUV\̀ gXZM[[ZVV_MTUHKTJZMOPỲH\ZHIJHO]g[HcMKYMVÔ�IJM_UHOYK]]JZK]gMOỲH\ZHIJHO]g[HcMKYMVOTHOTMOPMTOVYTJ\h]MHOY\VZK]]JZKYH_VwHZaT̀KZMOP~���̂QVdKcVLYKPHa]VOYZVLLH[UHỲV[ỲKYMU_LHUHOYTcMZYJKLMU_H[KO]HMT_ZV_VTH[̂vOỲKYUHỲV[dỲH[ZVV_]̀KZK]YHZMTaYM]MTK]̀MHcH[XgUHKTJZMOPỲHxSTM[HK]YMcH_VwHZKO[ỲHWSTM[HcVLYKPĤỳHTMUJLKYMVOZHTJLYT]VOhZUỲHTJMYKXLHTYHK[gaTYKYHZHT_VOTH�̀VwHcHZdOVYM]HKXLHVT]MLLKYMVOMOỲHWScVLYKPHYZKOTMHOYZHT_VOTHOHH[TYVXH[H]LMOH[̂xOVỲHZwKgYVHÒKO]HỲHK]]JZK]gV\_VwHZaT̀KZMOPMTỲH M̀P̀ [ZVV_TLV_TV\za\KO[za{dẁM]̀ ZHTJLYTMOMOTYKXMLMYgdHT_H]MKLLgMOwHKb|}T̂xTKZHTJLYdK[[MOPKOHiYZKLVV_YVUV[M\g[]VU_VOHOYV\ỲHZH\HZHO]HcVLYKPHMTTJPPHTYH[KO[TMUJLKYH[MO~����̂ỳHVỲHZ_ZVXLHUMOK]]JZKYH_VwHZaT̀KZMOPMTZHLKYH[YVỲHcVLYKPĤxLỲVJP̀ ỲH\ZHIJHO]gMTKPLVXKLcKZMKXLHdỲHcVLYKPHMTOVŶvOVỲHZwVZ[TdKTT̀VwOMOeMP̂�dLMOHZHTMTYKO]HKO[MU_H[KO]HMOWSKO[xSTJXa|}XHYwHHOW}TKO[ỲH]VUUVOxSVZWSaLMObMOỲH g̀XZM[|}T_ZVcM[HcVLYKPH[ZV_T̂ỳHTHcVLYKPH[ZV_TKZHOVY]VOTM[HZH[��  �¡¢�£¤£¥ ¦¢§¢
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DEFGHIJKHLMNGOLDEPQJEFLJRSHFGJTUNJVOFDSWOROEQHTRJOTJLDSWOROEQHTRDEHDSIHTOEQHQJETDFDJENVDFQOXNHNDEOQMQXLOQYDEIJKHLMNGOLDEPZ[\]̂_̀ JLHJaHLVDEQLHONDEPbcNIJKHLTHSOETQOELHNXRFDENGDdFDEPFGHNYNFHSFJOEXENFOWRHeJEHZ[f\̂_gJENHhXHEFRYVIJJLNFOWDRDFYSOLPDEDNOEJFGHLEHPOFDaHIJDEFJdFGHQJSSXEDQOFDJEMRHNNTLJJIFHQGEDhXHOTTLHNNHTDESOEYNFXTDHN_gJENDTHLDEPaJRFOPHTLJIZ[\]̂VaDLFXORDSIHTOEQHZ[fîVZ[\[̂VZ[]ĵVZ[]k̂VaDLFXORlOETmdLOSHQJEFLJRZ[]n̂VQJSSXEDQOFDJEMWONHTQJEFLJRZ[]îVOETNHQJETOLYQJEFLJRRHaHRZ[]f̂ OLHFGHSODENJRXFDJEN_oEZ[\k̂OETZ[\n̂VFGHRDEHOETpRFHLaJRFOPHTLJIDNQJSMIHENOFHTWYOTTDEPFGHaJRFOPHHLLJLNDPEORFJFGHLHdHLHEQHaJRFOPHJdTLJJIZ[]\̂DSIRHSHEFNFGHNOSHQJEQHIFDEFGHQXLLHEFMQJEFLJRRHTSJTH_oEFGHaDLFXORDSIHTOEQHSHFGJTVWYOTTDEPFGHaDLFXORDSIHTOEQHDEFGHQJEFLJRRJJIVFGHTJSDEOEFDSIHTOEQHDNQJEFLJRRHTFJWHDETXQFDaHZ[]n̂VZ[]]̂VJLLHNDNFDaHZ[]q̂_rGHhXOEFDFYJdFGDNaDLFXORDSIHTOEQHDNsEJKEZ[]k̂_tNOLHNXRFVFGHRDEHOETpRFHLDSIHTOEQHNOLHNSORRHEJXPGFJWHTJSDEOFHTWYFGHaDLFXORDSIHTOEQHJEFGHTLJJITHaDMOFDJEaJRFOPHZ[]î_oEFGHILHTJSDEOEFRYLHNDNFDaHJXFIXFVFGHEJERDEHOLIJKHLMNGOLDEPQOEWHdOQDRDFOFHTZ[]k̂VZ[]q̂_oFDSILJaHNFGHJaHLORRNYNFHSTOSIDEPVQXLLHEFGOLSJEDQNGOLDEPOSJEPIOLORRHRogNVOETIJKHLMNGOLDEPDEDSWOROEQHTRJOTNJLRDEHDSIHTOEQHN_uHdHLHEQHNZ[qv̂OETZ[\n̂OTTOaDLFXORDSIHTOEQHWYOdHHTdJLKOLTRJJIFJFGHlMwTLJJI_uHdHLHEQHNZ[\[̂OETZ[\ĵILJIJNHOQJEFLJRNYNFHSFJSDEMDSDeHFGHQDLQXROFDEPIJKHL_xDLNFVFGHDLHyIHLDSHEFORLHNXRFNLHaHORFGHHddHQFNJdz̀ o_oEZ[]k̂VFKJNDEPRHMIGONHdXRRMWLDTPHDEaHLFHLNOLHOIIRDHTONFGHHyIHLDSHEFNHFXI_rGHDSIRHSHEFOFDJEJdO\_is{eNKDFQGDEPdLHhXHEQYGONORNJLHNXRFHTDEFGHRJKIJKHLhXORDFYJdFGHJXFIXFaJRFOPH_rJSDEDSDeHFGHQDLQXROFDEPIJKHLWHFKHHEFGHtgOETbgNDTHJd|ogOETJaHLNFLHNNHTJEbcNVH_P_VNJSHNFXTDHNZ\]̂ILJIJNHTFJOIIRYWJXETOLDHNDETLJJIQGOLOQFHLDNFDQN_rGHNHRDSDFOFDJENOLHOIIRDHTFJJaHLdLHhXHEQYOETXETHLMdLHhXHEQYDEtgOETJaHLaJRFOPHOETXETHLaJRFOPHDEbgTLJJINFJdJLQH|ogFJKJLsDEOpyHTIJKHLSJTHVH_P_VKGHEFGHdLHhXHEQYDEFGHtgIOLFJd|ogLHOQGHNDFNSDEDSXSOSJXEFVFGH|ogQJEFDEXHNKJLsDEPONpyHTIJKHL_

{OLSJEDQMNGOLDEPDNOEJFGHLDNNXHFGOFNGJXRTWHNOFDNpHTWONHTJEFGHRJOTTHSOETTDNQXNNHTDEZ[fî_rGHGYWLDTTLJJIDEFGHQONHJdSXRFDIRHtg}bg|ogNDNSJTDpHTWONHTJEFGHHLLJLMNDPEORTLJJIVKGDQGPDaHNSJLHOQQXLOFHLHNXRFNZ[]v̂_zLLJLMNDPEORTLJJIDNFGHTDdMdHLHEQHWHFKHHEEJLSORDeHTdLHhXHEQYOETEJLSORDeHTbgaJRFOPH_oEFGDNSHFGJTV|ogNILJaDTHFGHLHdHLHEQHIJKHLdJLWJFGtgOETbgNXWM̀cKDFGFGHQXLLHEFMQJEFLJRRHTSJTHHyIRODEHTDETHFODRDEZ[]v̂_rGHJLHFDQORRYVQJENDTHLDEPFGHOEORJPMTDPDFORQJEaHLNDJEOETNOSIRDEPLHhXDLHSHEFVFGHaJRFOPHOETdLHhXHEQYTHaDOFDJEWJXETOLDHNJdj~OETi~OLHLHQJSSHETHTWXFDEILOQFDQHVONRDPGFRYKDTHLLOEPH�i~JLGDPGHLdJLWJFG�DNIJNNDWRHZiv̂VZ[]v̂_tNFGHSODEPLDTRDEsOQFNONONROQsRDEsVFGHTLJJIQJEFLJRDEFGHPLDTMFDHTJIHLOFDJEDNEJFFGOFSXQGQLXQDORONDEFGHDNROETHTSJTHVLHPOLTDEPFGHIJKHLWOROEQHOETNFOWDRDFYDNNXHNZ[]v̂_gJJLTDEOFHTOXFJEJSJXNIJKHLSOEOPHSHEFDEONSORRGYWLDT̀ cQJENDNFDEPJdWOQsMFJMWOQstg}bgw�gNON|ogKDFGbgb�NDNNFXTDHTDEZfk̂_tg}bgw�gQJEEHQFHTFJFGHlggJdFGHSODEPLDTKJLsNONOQXLLHEFMQJEFLJRRHTSJTHFJNFOWDRDeHFGHbgMRDEsaJRFOPHFGLJXPGFLOQsDEPLHdHLHEQHQXLLHEFOEPRHDEFGHSODEPLDTNDTH_tEJFGHLbg}tgw�gFGOFQJEEHQFNFGHbgMRDEsFJFGHtgNXWM̀cKJLsNDEOTLJJIFJFLOENdHLHyFLOIJKHLFJFGHtgJLbgNDTH_bgb�NKJLsDEQJENFOEFIJKHLJLTLJJIZfĵORNJNFXTDHNILDSOLYRHaHRGYWLDTTLJJIdJLNDSDROL̀ cKDFGtg}bgOETbg}bgw�gN_rGHILJQHNNJdPHEHLORtgTLJJIVPHEHLORbgTLJJIVOETGYWLDTTLJJIDNHyIRODEHT_|HNDTHNVb�TLJJIKJLsNWONHTJEFGHPRJWORNXIIRYMTHSOETJdFGHGYWLDTTLJJI_rGHPHEHLORb�TLJJIWONHTJEFGH��gQJETDFDJEJdb�NDEQGOLPDEPOETTDNQGOLPDEPSJTHDNTDNQXNNHT_rJILHaHEFXEEHQHNNOLYIJKHLQDLQXROFDJEVOETdLHhXHEFQGOLPDEP}TDNQGOLPDEPJdFGHb�NVFGHSXRFDRHaHRILDSOLYQJEFLJRDNILJIJNHT_oEFGDNSHFGJTVFGLHHTDddHLHEFeJEHNOLHDEFLJTXQHT_rGHRJKHLRHaHRDNtgMTLJJIMWONHTogNJLbgMTLJJIMWONHTogNFGOFKJLsNHIOLOFHRYDEtgNXWM̀cJLbgNXW`c_rGHNHQJETRHaHRQJENDNFNJdGYWLDTMTLJJIWONHTtg}bg|ogDEKGDQGtgOETbgNXWM`cFLOENdHLIJKHLFJNFOWDRDeHFGHtgdLHhXHEQYOETFGHbgaJRFOPH_rGHGDPGHLRHaHRDNbgMTLJJIMWONHTb�|ogVDEKGDQGFGHPRJWORHyFLOJLTHpQDFIJKHLDNFLOENdHLLHTFJ���� �� ���������
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����������	
������	�	���������������������	�����	������� �!����������"��	�#��$��%���&	��	�������#'()*+,-.)-/.010'1)2-3456768695698:6;<8=<;6>86?@:6>898:6=A5B?BA;C;7<986945D;86?E8>4;FF56=A945GH=4:7<>E5@:?68I589;6>@4;6?5899:J:EK869458=<;6>5>D:>5BL=<;6>86?>595@98:68=;FF<85>9:>595@994586=9;69;9J48@4MNOPNQLN=4:7<>=J89@4CE:D945?E8>R985>9:9458=<;6>5>D:>5BQ;=5>:6945LSSSTUVWRXYYZ[XZX\AL=<;6>86?P595@98:6]LP̂ =4:7<>_5E5@:?68I5>J89486X=;C95E894;FF56=[XZZ\A[XZV\;6>LSSSX̀̀RT̀aa[XZU\@<;E8b5=945E5c78E5D569=C:ELP[XZd\Be45;_8<89f:C4f_E8>GH=9:E5=9:E58=@;<<5>;_<;@KR=9;E9AJ48@4655>==:D5=9E;95?85=>8=@7==5>86[XZW\A[XZa\Bg:<9;?5;6>CE5c756@f@:69E:<;6>=9;_8<8I;98:6AF:J5ED;6R;?5D569;E5945D;869;=K=:C_<;@KR=9;E9D;6;?5D569[XZW\Be45@:E5@:6@5F9:CLPD594:>=8=_;=5>:6D:689:E86?;6>>595@986?F;E;D595E=]<8K5CE5c756@fAh:<9;?5A4;ED:68@=AF4;=5=48C9̂@4;6?5;6>>5@8>86?8C;68=<;6>5>@:6>898:64;FF56=[XZV\A[XZd\BLPD594:>=;E5>8h8>5>869:E5D:95>595@98:6;6><:@;<>595@98:6Bi:@;<>595@98:695@468c75=;E5;<=:@<;==8b5>869:F;==8h5LPA;@98h5LPA;6>4f_E8>LP[XZV\Bj;==8h5LP8=_;=5>:6945D5;=7E5D569:C=<:F5@4;6?5=:C945jNNF;E;D595E=BM=789;_<594E5=4:<>C:ELP8=945D;86@E895E8:69:>8CC5E5698;959458=<;6>86?D:>5[XZZ\A[XZV\BL6945;@98h5LPA945D;86@:6@5F98=E5<;95>9:945F5E97ER_;98:6;6>:_=5Eh;98:695@468c75BL6945?E8>R985>D:>5A945GH865E98;8==:48?494;9F5E97E_;98:6@;66:9E5=7<986@:6=8>R5E;_<5@4;6?5=k4:J5h5EA869458=<;6>5>D:>5A;6:98@5;_<5@4;6?54;FF56=[XZZ\A[XZV\Be45E5D:95LP655>=;@:DD768@;98:6659J:EKBe45@:DF;E8=:6=;D:6?>8CC5E569LP95@468c75=;E5=4:J686eMQiSWBL6[XZ̀\A9455h;<7;98:6@E895E8;C:E>8CC5E569F5EC:ED;6@5=:CLPD594:>=;E5@<;==8b5>869:945C:<<:J86?C:7E?E:7F=lmn:6RP595@98:6o:65]nPô 8=94586>8@;9:E:CC;8<7E5E5?8:6=94;9945D594:>@;66:9>595@99458=<;6>86?@:6R>898:6FE:F5E<fBe48=I:658=>5=@E8_5>86945F:J5ED8=D;9@4=F;@5]86F;==8h5LP̂ :E<:;>F;E;D595E=F;@5];@98h5LP̂ [XVY\BmP595@98:698D58=94598D5>8CC5E56@5_59J556>8=@:665@R98:6CE:D945798<89f;6>>595@98:6Bme455EE:E>595@98:6E;98:E5FE5=569=945C;<=5>595@98:6E;98:9:9459:9;<>595@98:6=Bmj:J5Ec7;<89f8=865h89;_<586945>8=9:E98:686p5@98:695@468c75=Be45:h5E;<<;8D:C948=J:EK8=9:@;95?:E8I5945GHq=:_p5@98h5=A@<;==8Cf945D;D:6?94E55<;f5E=:CC76@98:6=;6>9458E@:69E:<=9E;95?fBr8?BW=7DD;E8I5=945?565E;<@;95?:E8I;98:6:C948=J:EKBL9=4:7<>_56:95>94;9>5=F8959456:98@5;_<58DF:E9;6@5:CQLNFE:95@98:6A:6<f;C5J=97>85=4;h5;>>E5==5>94;99:F8@BM=;E5=7<9A6:FE:h56=9E;95?85=;E5;h;8<;_<5f59Bstuvwvxyzx{|zy}w|,(~0,+�1)�0�+0�)�)+)1�'2-1~2+e45?E:J86?@:DF<5�89f:C@:69E:<=f=95D=>759:94586@E5;=86?8695?E;98:6:CE565J;_<5565E?f=:7E@5=86945
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yz{| }~ ���z�����





 

89 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Roasto, I.; Husev, O.; Najafzadeh, M.; Jalakas, T.; Rodriguez, J. Voltage source operation 
of the energy-router based on model predictive control. Energies, 2019, 12 (10), 1892. 
 





����������	
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�
&8132a�)7)9�d83a8̀8��:99;��=��=�FACKBCBD�F=�q=�JAHAMA�@RkBD�ACK��=��=�JAKV?CD�PEC�VjLGjBLr�VX�{~�>BUGVOGBK�rBSR�{~�KB@SGBs?SBVC�@H@SLk�XVG�{~�MVAK@DY��gf̂ui�tx�gm� wux]i!� ����� 39!� ""�� 1a3b1ad!� )7))!� ���c�97�9791e��#��"��)7)9�71�7da��:9);�J=�I=�}LVCAGKD�PFVCMBCLAG�>VKLMBCO�VX�{~�~VC@SACS�IVrLG�}VAK@�rBSR��GL�?LCUH�{VkABC��VMSLGGA��LGCLM@DY��MVGBKA�qSASL� CBjLG@BSHD�¡¢£¤=�:9a;�E=�>=��ARBkB�ACK�E=��kAKBD�PEUSBjL�K�#"���������e���"���������������������c�(������#�������������#����"����#�����UVC@SACS�WVrLG�MVAK@DY�Z[[[�tugv_i�Zv�i�[ĥ]fuxvi!������31!�����3!�""��98)̀b98ad!�)77d!����c�97�997de&
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[bookmark: _Toc107569224]Introduction

[bookmark: _Toc517344499][bookmark: _Toc107569225]Background

The increasing temperature of the planet and climate change are concerning issues caused by greenhouse gases. Referring to the European Environment Agency report, energy production in form of heat and electricity are the main sources of greenhouse gases. The main alternative to traditional power generation is renewable energy sources. However, the electrical output (voltage, current, and frequency) of renewable sources varies in a wide range and needs stabilization before it can be used by a load or injected into the grid. The stabilization will be done by power electronic converters, which means that the number of converters will grow together with renewable sources. The main goals of the modern power electronics are:

· Increasing efficiency while maintaining economic feasibility.

· Increasing reliability of the systems.

The first goal can be met by utilizing new semiconductor components e.g. GaN, SiC MOSFETS, which allow higher switching frequencies, operation temperatures, increased efficiency, and lower costs. The second goal is mainly related to control system development and its effectiveness. Recently, Texas Instruments has brought dual core microcontrollers for power electronics on the market, which have opened new opportunities to implement complicated nonlinear control algorithms for fast and more precise control [1]. 

Together with the growing number of distributed renewable sources the structure of the power grid will be changing as well. Centrally controlled grid is regrouping into smaller independent segments called microgrids. Microgrids have local sources and storage units available, which means they can also work independently from the main grid. All sources, storages, and loads are interfaced with power electronics converters. The power electronics converter that connects the microgrid with the main grid is called an energy router (ER). ER is the key component for successful energy management in microgrids.

Such ER-coupled microgrids have many advantages compared to traditional transformers interfaced grids. They have volume and weight reduction, better power density, and higher efficiency over the full operation range, i.e. from no-load to full power. Moreover, power electronics allows implementing various active functions that are not possible with conventional linefrequency transformers:

Active and reactive power control.

Voltage control (compensation of voltage sags and peaks, harmonic control).

Current control (harmonic cancelation, short-circuit protection).

Integration of distributed generation (MPP tracking, energy storage management).

Protection functions (island detection, frequency, voltage, and current monitoring, short circuit protection). 

In general, the size of the microgrid is not clearly defined. The microgrid could be a city, a village, or even a house. The current doctoral thesis focuses on the ER implementation in residential buildings, which can be seen as small-scale microgrids with a power level of less than 50 kW. 

[bookmark: _Toc107569226]Motivation of the Thesis

The ER concept and role in microgrids is well-known and described in many scientific publications. On the other hand, its application in residential applications is still relatively little studied, which was the main motivator for the current doctoral thesis. Residential application mainly refers to buildings. Today the building sector is considered as one 
of the biggest energy consumers. In Europe, the annual consumption is over 40 % of 
the total energy [2]. To meet EU targets for energy saving and decarbonization, 
new requirements have been imposed for buildings. By 2021 all new buildings 
must satisfy nearly zero energy building (NZEB) requirements i.e. energy-efficient buildings with energy storage and generation capability [3]-[4]. However, without 
proper energy management, such building can never utilize their full potential. An energy router is a suitable technology to provide the needed flexibility and control for 
residential buildings. 

A further motivation of the thesis is to achieve a broader paradigm shift in the buildings sector. By introducing ER concept, the residential buildings could be transferred into a small-scale microgrid (i.e., a nanogrid). Only then the full potential of NZEB could be achieved. From the scientific point of view, there are many challenges to solve from both the hardware and software sides. However, this thesis focuses mainly on control system-related issues. The versatility of different operation modes requires a complex and multilevel control system, which is especially inspiring for the author.

[bookmark: _Toc107569227]Aims, Hypotheses and Research Tasks

[bookmark: _Hlk101949771]Partly the concept of the energy router has been implemented by the industry in form 
of hybrid solar inverters. These are inverters with integrated energy storage that 
allows them to work as well in on-grid as in off-grid modes. However, the energy 
router includes much more functionalities than it can be found in conventional hybrid inverters e.g. ancillary services, reactive power control, harmonics injection, smart energy management, etc. Also the ER structure provides more modes of operations compared to its industrial counterparts. This Ph.D. work aims to introduce ER topology with enhanced functionality and optimize its performance with the proposed control system. 

Hypothesis:

1. The flexibility of conventional energy router topologies can be extended, and new operation modes can be introduced by the means of adding an auxiliary bypass switch to the converter.

2. The dc-link voltage regulation of conventional linear control techniques could be improved by artificial-intelligence-based control.

3. An inevitable part of the energy router is a battery energy storage. In addition to covering load-side energy shortages, the battery with proper control could be used also for the dc-link voltage ripple mitigation.

4. A model predictive control can provide better performance compared to traditional linear controllers in the grid-forming operation.





Research Tasks:

1. Review of power electronics aspects and control techniques of conventional hybrid micro-/nanogrid converters.

2. [bookmark: _Hlk98411145]Development and implementation of needed control functions in the ER at the point of common coupling (PCC), such as current control, PV, and battery control.

3. Improvement of the ER performance in the grid-forming operation mode.

4. Design an artificial-intelligence-based control for the dc-link voltage control.

5. Evaluate the possibility of battery utilization as a decoupling tool for dc-link voltage control.

6. Experimental verification of the proposed control and operation modes of the ER.

[bookmark: _Toc107569228]Contribution and Dissemination

This research contributes to the single-phase AC/DC/AC ER interface for residential applications. It also investigates different scenarios of the ER operation modes and the deficits of the linear control system, has proven the better performance of the nonlinear control system, and verified the proposed control method compared with the linear control system. 

Scientific novelties:

· Developing Fuzzy Logic Controller (FLC) for dc-link voltage control of the ER. 

· Implementing Model Predictive Control (MPC) for the ac grid-forming operation of the ER. 

· Utilization of battery as a decoupling tool for dc-link voltage control.

· The required control technique selection and suitable ER configuration in different scenarios.

Practical novelties:

· Developing the ER topology by adding a static transfer switch.

· Reducing Total Harmonic Distortion (THD) of the voltage in grid-forming operation with nonlinear loads.

The main findings of this work have been published in four IEEE international conference papers and three international journal articles, which are provided in the author’s publication list.

[bookmark: _Toc107569229]Experimental Setup

This work is verified via an experimental prototype shown in Figure 1.1, containing two boards. The top PCB is the measuring and control board, whereas the bottom is the power PCB. The measuring and control board contains voltage and current sensors and a microcontroller. The required inputs’ currents are measured by Hall effect current transducers ACS720. The inputs’ voltage is sensed by optically isolated precision voltage sensors ACPL-C87A. TMS320F2837 microcontroller unit is implemented on the control board. 1200 V MOSFETs IMZ120R030M1H are utilized for switches. 

In the experimental verification process, a range of different lab equipment has been used. Dc supply Electro-Automatik EA-PSI 9080-60, autotransformer, and different load resistors are utilized. The digital oscilloscope Tektronix MSO4034B with current probes Tektronix TCP0150A, TCP0030A, and voltage probe Tektronix P5205A are used to demonstrate the required voltage and currents signals.  [image: A close-up of a circuit board  Description automatically generated with medium confidence]

[bookmark: _Ref100392296]Figure 1.1 The 5-kW experimental prototype.











[bookmark: _Toc107569230]Outline

This thesis encompasses five chapters. The first chapter provides a general introduction to the work. The second gives the ER concept description, topologies, and control techniques in detail. In the third section, operation modes of the ER are investigated. Accordingly, the control system tuning and its implementation are performed in the fourth chapter. Finally, the conclusions are discussed in the fifth chapter.

[bookmark: _Toc107569231]Energy Router Concept 

[bookmark: _Toc107569232][bookmark: _Toc517344500]Energy Router Role in the Energy Internet 

Increasing wide-scale DG application requires double-side energy-sharing and energy-information directions, promoting the idea of an ‘energy internet’. This energy internet enhances the smart grid to a web-based one. The smart grid is mostly dominated by centralized power generation and some large-scale DGs. As a result, the required communication system is a single-direction network and it is mainly controlled regionally. However, emerging wide-scale DGs need two-direction energy flow, two-direction communication networks such as the internet, smart metering, and real-time monitoring. Furthermore, the energy internet provides open access to large-scale DGs, the energy market, and trading platforms for both end-users and operators, leading to more openness, increased efficiency, and opportunities to increase wide-scale or 
small-scale-power DGs [5][6]. 

This energy internet is multiple sets of smart communities such as buildings [4]. 
The smart community has different names, such as energy subnet [7], and nanogrid [8]. An NZEB is also considered to be another example of smart communities. An NZEB requires three key technologies: plug-and-play interface (power delivery infrastructure), a double-direction communication network or a web, and an ER as shown in Figure 2.1 [9]. 

The plug-and-play structure connects the main grid, ESs, DGs, and loads. The increasing penetration of sources and loads with dc-nature confirms the future of the plug-and-play structure. However, the existing main grid is ac, which promotes the hybrid structure. The main reason is that the hybrid structure is more compatible with the existing grid. Synchronization issues, reactive power circulating, more power loss, and more power transfer stages are the downsides of the ac structure. However, the existing grid system needs high modifications to upgrade to the dc structure. The non-zero crossing feature of dc is the main challenge in the dc circuit breakers of dc structures.

The communication feature is distributed among DGs, ESs, and loads. This feature is embedded in the ER. This communication network allows the ER to control the system and to communicate and coordinate with other ERs and higher-level controllers [9][4]. An ER which is called, based on the energy internet concept, a Bidirectional Interlinking Converter (BIC) device, acts as an intelligent manager in the system.

[image: ]

[bookmark: _Ref102140992]Figure 2.1. NZEB features.

It has different names such as MER (multiport energy router) [7], ECC (energy control center) [10], BEMS (building energy management system) [11][12], IEM (intelligent energy management) [6]. The main features of ERs for NZEBs applications are:

· Programmable master supply among grid, battery, and PV. 

· Programmable multiple operation modes based on the loads, PV, battery, and grid presence.

· Programmable charging current and voltage based on different battery types.

· Enables working off-grid as Uninterruptable Power Supply. 

· Upgrades to having multiple communication types.

· Smart metering.

· Real-time monitoring and control of sources and loads.

[bookmark: _Toc107569233]ER Structures

[bookmark: _Hlk91709390][bookmark: _Hlk92103928][bookmark: _Hlk91761244]As small-scale grids (less than 20kW) like NZEBs are considered nanogrids, their ER structures and their control techniques are similar to interlinking converters in microgrids [8]. The BIC’s topologies in hybrid microgrids are proposed depending on the galvanic isolation requirement, grid-input voltages, load-side voltages, and the dc-link voltages. A review in [I] summarized the majority of suggested studies and worked on the hybrid configuration, as shown in Figure 2.2. This structure contains two main bars, ac and dc; whereas ac loads and sources connect to the ac bar, dc loads and sources connect to the dc bar. To enhance dc bar voltage stability, a third DS bar is suggested in some works as an energy buffer, energy balancer, and fault ride-through tool. This bar is a slack type that is linked with DSs such as batteries and supercapacitors. 

[bookmark: _Ref96005077][image: ]

[bookmark: _Ref102141177]Figure 2.2. Conventional hybrid microgrid configuration [I].
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[bookmark: _Ref102141116]Figure 2.3. Common topologies in microgrid structures [I].

As the stable voltages for the aforementioned bars have to be provided in both 
grid-tied and isolated mode, the back-to-back or one full-bridge Voltage Source Converters (VSCs) are the most popular topologies, as demonstrated in Figure 2.3. 
On the other hand, CSCs’ configurations are less popular for dc-side ripple current and the resulting ac-side harmonics reasons. Nevertheless, the current-limiting nature and the resulting increased reliability in the CSCs configurations have motivated researchers to study them in different applications such as PV, wind, and fuel cell interfaces with the main grid. 

[bookmark: _Toc107569234]The Industrial Hybrid Inverters’ Configurations

The purpose of this section is to provide a comparative analysis of hybrid solar inverters on the market. Several of the most popular commercial hybrid solar inverters on the market have been chosen for comparison. The selected power range is from 3 kW to 5 kW, which is the typical PV power range for residential applications. All characteristics of commercial hybrid inverters obtained from the open sources are shown in Table 2.1 [13]–[22]. These inverters illustrate a variety of solutions that are available on the market. The most popular manufacturers were selected for analysis.

Most of the inverters are single-phase with an average maximum efficiency of around 97%.  It should be noted that maximum efficiency is the efficiency that can be observed only in one operation point. European Weighted Efficiency or California Energy Commission (CEC) efficiency is another, more important, parameter.

From Table 2.1 The most common commercial hybrid inverters. it is clear that there are two types of inverters – first with low battery voltage range such as Sungrow SH5K-30, Redback SH5000, and Imeon 3.6. The low voltage range (42 V - 58.8 V) leads to a high charging/discharging current. It is supposed that they use isolated battery interface converters. In the case of Redback SH5000, it is 85 A and 100 A respectively. The second type is inverters with high battery voltage, for example, Solis RHI-1P5K-HVES-5G. Its battery voltage varies from 120 V to 500 V. In this case charging and discharging currents are only 20 A. Compatible batteries for inverters are mostly Li-ion. However, 3 phase Fronius SYMO Hybrid requires a LiFePO4 type of battery. All of the selected inverters use the same standard communications – RS485 connection or a CAN Bus.

[bookmark: _Ref102141227][bookmark: _Ref102141304]Table 2.1 The most common commercial hybrid inverters.

		NO

		Device

		Nominal ac power, W

		Max. efficiency, %

		Number of phases

		Battery type

		Battery Voltage Range, V

		Max. battery power, W

		Battery communication

		Comments



		1

		Huawei SUN2000

-5KTL-L1

		5000

		97.8

		1

		Li-ion

		350 – 450 

		5000

		RS485

		The battery is connected to dc-link. 



		2

		Fronius SYMO Hybrid 5.0-3-S

		5000

		96

		3

		LiFePO4

		240 – 345 

		4800

		RS485

		Different battery packs can be used.



		3

		Sungrow SH5K-30

		5000

		97.1

		1

		Li-ion

		32 – 70 

		4500

		CAN/RS485

		



		4

		Redback SH5000

		5000

		97

		1

		Li-ion

		42 – 58.8 

		4600

		CAN

		



		5

		ABB REACT2-UNO-5.0-TL

		5000

		96.6

		1

		Li-ion

		170 – 575 

		5000

		RS485

		



		6

		Solis RHI-1P5K-HVES-5G

		5000

		97.5

		1

		Li-ion

		120 – 500

		7000

		CAN/RS485

		Continuous maximum battery power is 6 kW.



		7

		Imeon 3.6

		3000

		94.5

		1

		Li-ion

		42 – 62 

		3840

		RS485

		



		8

		SolaX X3 Hybrid 5.0T

		5000

		97

		3

		Li-ion

		200 – 500 

		5000

		CAN/RS485

		



		9

		Sunny Boy Storage 5.0

		5000

		97.5

		1

		Li-ion

		100 - 550

		5000

		CAN/RS485

		





The possible structure of the hybrid solar inverters is illustrated in Figure 2.4. It shows the solar terminals, grid-connected Voltage Source Inverter (VSI), and a buck-boost cell which realizes Maximum Power Point Tracking (MPPT) function and common dc-link. 
In addition, most commercially available inverters have terminals for a backup operation.

In the case of string solar hybrid inverters, the battery can be connected with an additional interface converter that is integrated with the Energy Storage, as shown in Figure 2.4a [23] and Figure 2.4b [24], [25]. The example of a structure without an additional interface converter is realized in Huawei SUN2000-5KTL-L1. Simplicity and cost are the main advantages, while limited battery type and voltage is the main drawback. An example of the external ESS with an additional interface converter, as in Figure 2.4a, is Fronius SYMO Hybrid 5.0-3-S. In this case, the company provides the ESS system as an additional feature, while the inverter has dc-link terminals for connection. Other hybrid solar inverters, such as Sungrow SH5K-30, have isolated integrated battery interface converters. This corresponds to the structure illustrated in Figure 2.4b. Due to this, the high step-up of the battery voltage can be realized.
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[bookmark: _Ref102141350][bookmark: _Ref102141345]Figure 2.4. Typical structure of the hybrid solar inverter. a) without battery interface, b) integrated with battery interface connected to dc-link, c) integrated with battery interface connected to PV, 
d) isolated hybrid solar interface.

In addition, Figure 2.4c. shows the internal structure of the hybrid inverter where the internal interface battery converter can be connected to the solar panel terminals. 

There are several types of microinverters. The concept of microinverters is the same as solar inverters. The difference consists of the power and voltage levels. Usually, 
they are intended for single solar panel connection in a range from 10 V to 60 V and 
low- voltage battery. Due to the significant voltage difference between the input side and the grid, the step-up transformer is utilized. This concept is illustrated in Figure 2.4d. Despite an interesting idea that seems to be suitable for residential application, some difficulties are reported in [26], [27]. The main constraints are connected with battery overheating in case of tied coupling with solar panels.

[bookmark: _Toc107569235]The Proposed ER Topology

As the small-scale power in NZEB, the DS bar can be combined with the dc bar. 
The proposed ER topology is an isolated topology, consisting of a single-phase two 
back-to-back full-bridge Voltage Source Converters (VSCs), connecting via a 400 V dc-link. By back-to-back connection of inverters, electrical isolation between the main grid and ac-load is provided. However, a lack of blocking leakage-current techniques or equalizing two sides of ground voltage can cause the high-frequency common-mode voltage noise. The former methods can be solved by a different configuration of leakage-current blocking switches during the freewheeling period or by galvanic isolation [I] whereas the latter is performed by the virtual common ground on the ac and dc sides [28], [29] 
This high-frequency voltage produces high-frequency leakage current damaging equipment, more power loss, Electromagnetic Interference (EMI) issues, lower quality of the ac-side current, and jeopardizes human safety [30]. Line frequency transformer and high-frequency transformer are two ways of providing galvanic isolation. However, 

the line-frequency transformers are bulky and high-frequency transformer topologies need complicated switching. The cost and power loss are other negative issues of galvanic transformer utilization. 
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[bookmark: _Ref102141511]Figure 2.5. The energy router topology.

Dc-link capacitors are used to stabilize the dc-link voltages by decoupling the high to intermediate frequency dynamics between the dc and ac sides.

The ER topology is demonstrated in Figure 2.5 showing inv1 is connected to the main grid through an LCL filter, whereas inv2 is connected to the ac-load via its LCL filter. Inv1 is connected to the main grid by  the grid relay.  bypasses the back-to-back inverters. A two-switch noninverting buck-boost converter is utilized for the PV converter. 
An interleaved bidirectional buck-boost converter is used as the battery converter. SS CB is a solid-state circuit breaker to turn on and off dc-loads.

[bookmark: _Toc107569236]ER Control Structure

ER controls different active functions that can be divided into energy management and protection. These control objectives are:

Energy management functions:

· Active and reactive power control at PCC

· Voltage control

· Current control

· Grid-synchronization 

· Integration of DGs and MPPT tracking

· Integration of ESSs and SOC control

· Seamless transition between different operation modes

· Economic energy dispatch

· Power quality control

· Harmonic mitigations

· Increased the reliability (off-grid operation, redundant supply, modular structure)

Protection functions:

· Islanding detection [31]

· Fault detection (over-voltage, current, and frequency protection)

· Black start management

The control structure in the hybrid microgrid depends on the communication network which can be implemented as decentralized, centralized, and distributed [32], as shown in Figure 2.2. All the aforementioned functions are divided into three time-scale layer tasks discussed in [I]. The first layer (local control) is responsible for providing stability through decentralized, master-slave, centralized, or distributed control structures. 
The second layer recovers the voltage and frequency deviation of the local controller, whereas the third layer communicates with Supervisory Control and Data Acquisition (SCADA) to optimize the total energy price and minimize the power loss [33]. To increase the reliability of the system, a free-communication or decentralized structure is suggested for the local controller while the performance of the second and third layers depends on the communication network. 

The proposed control structure for NZEB is a centralized type in which all elements are managed by the ER. Based on this control structure, the ER can receive the hierarchical command from upper-level controllers to contribute to peak shaving, reactive or active power control, and economical control strategy based on weather conditions, energy price, and load profile. Different control strategies are utilized among different converters within the ER for different operation modes. In this work, the focus is on the local control of the ER considering the upper-level set points. 

[bookmark: _Toc107569237]ER Control Techniques

The main control objective in an ER is power-sharing, through which the voltage and frequency stability can be satisfied. Power-sharing is achieved by three concepts: current or voltage control loop, droop, and virtual synchronous generator. The control techniques are divided into linear and nonlinear methods. Studies have shown the greater performance of nonlinear controllers in terms of dynamic response in power electronics converters. The traditional Proportional Integrator Derivative and Resonant (PID+R) is the linear technique nevertheless, MPC, FLC, and RL are the nonlinear techniques. 

When the ER works in grid-tied mode, it follows the voltage grid so the exchange current is controlled. In isolated mode, providing a stable voltage is the control parameter so the ER works in grid-forming or voltage-controlled mode. 

The droop concept is used for ac, dc, and hybrid nano-/microgrids as ac, dc, and hybrid droop. Depending on the availability of the communication system it can be an active droop which is more accurate in terms of transient response, voltage deviations, and power-sharing, at the expense of lower reliability [34][35]. As a result, the output voltage and frequency of the active droop method are closer to the reference values without secondary layer control [36]. On the other hand, free communication droop performance is dependent on the line parameters, resulting in inaccurate voltage regulation.

The widespread PID+R regulator is also called a dual loop. To track the reference current or voltage, an outer voltage loop and an inner current loop in different frames provide the required switching functions. 

An MPC technique provides the optimized switching states based on minimized cost function in every sampling time. The common cost function contains the amplitude or root mean square of the difference between the reference and predicted parameters with their coefficients and limitations [37]. The predicted parameters are calculated in each sampling time based on the state equations of the system. The main challenge is to determine the coefficients. Higher prediction horizon steps result in enhanced performance and stability at the expense of higher processing time. MPC can include or exclude the modulator in the finite control set MPC or continuous control set MPC consequently [38]. As a result, the switching frequency is variable; however, in the other type of MPC the switching frequency is constant. Comparison between the finite control set and the continuous control set MPC shows higher harmonics and THD in the controlled parameter infinite control set. On the other hand, the variable switching frequency provides degree of freedom that can be integrated into the cost function to mitigate the power loss and consider thermal balance among switches[39].

FLC is another nonlinear technique that uses linguistic variables instead of numbers, replicating human intuition. 

RL is a new topic, consisting of environment, agent, action, reward, penalties, and states. It concentrates on maximizing the rewards for agents based on their actions in predefined environment states [I]. This topic is a trend in the control of dc-dc converters and dc grids [40]-[41].

Different control techniques and comparisons are summarized in Table 2.2.

[bookmark: _Toc107569238]Summary

In this chapter, the concept of the energy router and the energy internet is discussed. The most common counterparts of ER in scientific research and industry are investigated. Following this, the ER structure and its functions is reviewed. Finally, the state-of-the-art control techniques of power electronics interfaces are classified and summarized.





















[bookmark: _Ref92818551]Table 2.2 Comparison of different control techniques [I].

		Technique

		Pros

		Cons

		Application



		PID+R

		Less computational time

Fixed switching frequency

Easy to implement

		Dependency on the mathematical analysis

Dependency on the dynamics of the system

The complicated control system in terms of the cascaded control structure, feedback loops, and PWM structure

Time-consuming parameter tuning of PID+R

Slow in the dynamic response

		Most mature technique in both ac and dc practice



		MPC

		Multi-objective optimization control technique

Fast transient response

Simplifies the control structure by combining the modulator block

		More computational burden

Needs a high sampling frequency

FCS produces extra harmonics

Difficulty and uncertainty in the determination of weighting factors in the cost function

Dependent on the accuracy model of the system

		Both ac and dc application



		RL

		Able to learn without pre-required knowledge

Able to combine with other techniques

		Convergence dependency on the initialization

		New technique in dc grids



		FLC

		Does not need an accurate mathematical model of the system

Does not need an accurate model of training

An easy technique for control of complicated systems

Simple rule-based membership functions

Less sensitivity to disturbances

Able to combine with PID+R controllers

		Time-consuming in setting the membership functions

Not optimized in terms of identifying membership functions

Complicated in increasing numbers of inputs and outputs

		Dc application







[bookmark: _Toc107569239]Operation Modes of ER

[bookmark: _Toc107569240]General Transition Modes

ER operation modes can be classified into 4 main modes, as shown in Figure 3.1 when the ER is stopped, it is in standby mode. In other words, standby mode is the start point of ER operation after ER is paused by the user or tripped by a fault. Standby mode goes to the grid-tied mode if the grid connection is safe by pressing the start command and it goes to the islanded mode if the grid connection is not safe. The ER internal conditions are checked at each sampling time. In the case of major errors, the ER goes to fault mode and it is blocked. Moreover, it islands the error elements in minor fault conditions and after erasing the minor faults, then these islanded elements reconnect to the system. 
In the case of major faults, after clearing the fault, the ER can go into standby mode by the reset button. In the case of islanding detection or island command, the ER moves to fault mode. Moreover, when the grid is stabilized then the black-start command (Automatically or by user) connects the ER to the main grid. 

Based on the availability of the battery, PV, and the main grid different configuration schemes are available as shown in Figure 3.2 and Figure 3.3. Figure 3.2 shows the grid-tied operation modes, in which K1 is closed. Figure 3.3 demonstrates the islanded operation mode where K1 is open. These figures show different configurations based on different scenarios in Table 3.1 and Table 3.2 which will be described in further detail. Furthermore, the K2 relay bypassing two back-to-back VSCs provides the following operation modes:

1-parallel operation of inverters. As a result, the required nominal power of the switches can be decreased. In the case of grid-tied operation, both inverters work in Current Controlled Mode (CCM). In the case of islanded mode, one inverter can work in VCM and the other in CCM.

2-redundant mode of inverters, which makes it possible to use the other inverter when it is required. 

[bookmark: _Ref94520520][image: ]

[bookmark: _Ref102143209]Figure 3.1 ER main operation modes.
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[bookmark: _Ref102141851]Figure 3.2 Grid-tied operation modes of ER.



[image: ]

[bookmark: _Ref101807162]Figure 3.3 Isolated operation modes of ER.

[bookmark: _Toc107569241]Different ER Configurations and Operation Modes

The peak load for a residential application is assumed to be 5 kW based on a consumption profile of a four-member family in Estonia [42]. The nominal power of converters is 
3.6 kW. The PV and the battery MPPT are 3.6 kW. The target is to balance generation-load via different modes. Based on the ac load ( ), dc load ( ), MPPT PV ( ) and SOC of battery, the master device is selected. The master device is responsible for stabilizing the dc-link voltage via working in Current Controlled Mode (CCM). Inv2 is also responsible for providing ac-link voltage working as Voltage Controlled Mode (VCM) in the case it is not bypassed by K2. Based on this, different configurations of ER are suggested in Table 3.1 and Table 3.2. Comparison of typical dc-load versus ac-load in residential appliances in [43] shows the majority of residential appliances are ac, and the typical dc-load power range is low. As a result, the peak of typical dc-powered appliances is assumed to be less than 3.6 kW.

Another issue is the policy of battery utilization to maximize profits and prolong its lifetime. The battery degradation consists of calendric aging and cyclic aging. Calendric aging depends on various stress factors such as SOC, stored time, and temperature [44][42]. As a result, to enhance the li-ion battery lifetime, the SOC should be kept in a limited range. Consequently, the SOC limit is considered to be between 20% and 90% [45].

[bookmark: _Ref94873841]Table 3.1 Grid-tied operation-mode configurations of the ER (K1 closed).

		Peak hours

		Modes

No.

		

(kW)

		

(kW)

		SOC (%)

		Es mode

		PV mode

		K2 relay

		inv1

		Inv2



		

		1

		

		

		

		CCM

		MPPT

		Closed

		Master

CCM

		CCM



		

		2

		

		

		

		CCM

		No PV

		Closed

		-

		Master

CCM



		

		3

		

		

		

		-

		MPPT

		Closed

		-

		Master

CCM



		

		4

		

		

		

		-

		No PV

		Closed

		Master

CCM

		-



		

		5

		

		

		

		Master

CCM

		MPPT

		Closed

		CCM

		CCM



		

		6

		

		

		

		CCM

		MPPT

		Closed

		-

		Master

CCM



		

		7

		

		

		

		CCM

		No PV

		Closed

		-

		Master

CCM



		

		8

		

		

		

		-

		MPPT

		closed

		-

		Master

CCM



		

		9

		

		

		

		-

		No PV

		Closed

		Master

CCM

		-



		

		10

		

		

		

		Master

CCM

		MPPT

		Open or closed

		-

		VCM or 

CCM



		

		11

		

		

		

		Master

CCM

		No PV

		Open or closed

		-

		VCM or 

CCM



		

		12

		

		

		

		-

		MPPT

		Open or closed

		-

		VCM or 

CCM



		

		13

		

		

		

		Master

CCM

		MPPT

		Open or closed

		-

		VCM or 

CCM



		Off-peak hours

		Modes

No.

		-

		

(kW)

		SOC (%)

		Es mode

		PV mode

		K2 relay

		inv1

		Inv2



		

		14

		-

		

		

		charging

		MPPT

		Closed

		Master

CCM

		CCM



		

		15

		-

		

		

		charging

		If available MPPT

		Closed

		Master

CCM

		-



		

		16

		-

		

		

		-

		If available MPPT

		Closed

		Master

CCM

		-





The battery is utilized to decrease the house electricity cost by considering the 
time-of-use tariff and maximizing PV exploitation. As the understudy system is in Estonia and the Baltic region, the time-of-use tariff includes two-level as high and low prices. 
As a result, the battery is discharged during the peak tariff time range as well as when the PV is absent or it cannot satisfy the load demand [44]. On the other hand, it is charged when there is a surplus of PV generation as well as during the off-peak tariff scheme, which is 00-07 in the specified region [42]. It should be noted that modes 4 and 7 in islanded operation mode are load shedding modes in which the generated power is less than consumption. In this mode, the emergency loads can be energized.

[bookmark: _Toc107569242]Summary

The general operation policy of the ER is studied in this chapter. Different configurations and optimized control techniques are considered according to the grid-tied or islanded mode, peak hours, total generation and consumption in the house.



















[bookmark: _Ref94873843]Table 3.2 Isolated operation-mode configurations of the ER (K1 open).

		No.

		

(kW)

		

(kW)

		SOC

(%)

		Es mode

		PV mode

		K2 relay

		Inv1

		Inv2



		1

		

		

		

		Master

CCM

		MPPT

		Closed

(parallel)

		CCM

		VCM



		2

		

		

		

		Master

CCM

		MPPT

		Closed

(parallel)

		CCM

		VCM



		3

		

		

		

		

		No PV

		Open

		-

		VCM



		4

		

		

		

		-

		MPPT

		Open

		VCM

		-



		5

		

		

		

		Master

CCM

		If available MPPT

		Open

		-

		VCM



		6

		

		

		

		Master

CCM

		MPPT

		Open

		-

		VCM



		7

		

		

		

		-

		MPPT

		Open

		-

		VCM















[bookmark: _Toc107569243]Control System Tuning and Implementation

The general proposed control system of ER is shown in Figure 4.40. To enhance the readability of the figure, the control system of each converter is separated with the same color as the dashed line of converters.

The ER contains multiple converters which are interconnected by the dc-link [46]. 
As a result, the dc-link voltage stability is the core stability factor of the ER. Consequently, the responsible converter for the dc-link voltage is considered a master. Inv1 as master can also work as PFC and ancillary service to the grid when it is needed.

The general specification of the ER used for simulations is shown in Table 4.1.

[bookmark: _Toc107569244]VSIs’ Control Block Diagrams

VSIs can work in CCM, VCM, and parallel, as described for different operation modes in Table 3.1 and Table 3.2. These control block diagrams are demonstrated in Figure 4.40.

[bookmark: _Toc107569245]CCM Control of VSI

CCM control block consists of master or slave mode. In the master mode, a PI regulator is implemented to control the dc-link voltage. This PI regulator provides the reference current amplitude. On the other hand, in the slave mode, the master element provides the reference current to the internal current controller. A Second-Order Generalized Integrator (SOGI) based Phased Locked Loop (PLL) is utilized to extract the grid phase angle and provide a current reference to the current controller of the VSI target. The internal current loop consists of the PR regulator with the harmonic compensation as follows. 

		.

		(1)





This CCM control system enables the VSI to operate as PFC in PCC [IV]. In this work, the equivalent circuit shown in Figure 4.2 is implemented. PLECS is used as the simulation software. The simulation results with different Power Factors (PFs) are shown in Figure 4.1 and Figure 4.3. The experimental result with unity PF is shown in Figure 4.4.

[bookmark: _Ref95896202]Table 4.1 ER specifications.

		Symbol

		Parameter

		Value



		, 

		Grid and Load side voltage (RMS)

		230 V, 50 Hz



		

		Grid -side and output-side LCL inductor 

		0.6 mH



		

		Converter -side LCL inductor 

		1.44 mH



		

		Grid-side LCL filter capacitor

		3 μF



		

		Output-side LCL filter capacitor

		9.6 μF



		

		DC link voltage 

		400 V



		

		Switching frequency

		20 kHz





[image: C:\Users\33656182\Desktop\RTU\pr.png]

[bookmark: _Ref96007142]Figure 4.1 Grid Voltage and Current, DC Link Voltage with PF=1[IV].
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[bookmark: _Ref95739536]Figure 4.2 Equivalent model of ER and the control system.

[bookmark: _Toc107569246]VCM Control of VSI: MPC Implementation

The primary VCM control block of VSI was similar to CCM, containing dual-loop. However, the zero-pole map investigation of the system confirms the pole’s tendency toward right-half-plan by decreasing the load to idle mode [II]. As a result, an indirect continuous control set (constant switching frequency) MPC is suggested. Figure 4.5 demonstrates the equivalent circuit of the VSI and the indirect MPC structure. Inductors’ current of LCL filter , ac-output voltage , dc-link voltage  are measured signals, used by the indirect MPC block. The dynamic of the system is described by the state-space equations. The state-space variables in the continuous form are:

		[bookmark: _Hlk95221876].

		[bookmark: _Ref99730708][bookmark: x_t](2)





With the measured signals, the predicted value for the next sample is calculated by 
state-space equations as:

[image: C:\Users\33656182\Desktop\RTU\phase shift.png]

[bookmark: _Ref95739022]Figure 4.3 Grid Voltage and Current, DC Link Voltage with PF=-0.15 [IV].
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[bookmark: _Ref99633495]Figure 4.4 Grid Voltage and Current, DC Link Voltage with PF=1[IV].



		,

		[bookmark: _Ref99730710](3)





where u(n) is the input vector.

		

		[bookmark: _Ref99730712](4)









F and G are the dynamic matrixes corresponding to the small-signal model of the system in discrete form:

		

		[bookmark: _Ref102142038](5)





where:

		

		[bookmark: _Ref99730716](6)



		

		[bookmark: _Ref99730717](7)



		

		[bookmark: _Ref99730719](8)



		

		[bookmark: _Ref99730721](9)





 is the sampling time.

As one of the state variables in the LCL filter is dependent, we select voltage capacitor as the dependent variable which can be derived from the above equations.[image: ]

[bookmark: _Ref102141981]Figure 4.5 Equivalent circuit of the VSI (a) The MPC structure (b)[II].



The predicted output voltage is calculated as:

		

		(10)





The error voltage is:

		[bookmark: _Hlk95494222]

		(11)





The error voltage in different prediction horizons should be minimized. As a result, the cost function J[d] is described as: 

		

		(12)





where p is the prediction horizon. To provide voltage drops on inductors and some other operation voltage deviation during load connection, a reference voltage  during the evaluation of the cost function is considered as:

		

		(13)
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[bookmark: _Ref95736553][bookmark: _Hlk95736500][bookmark: _Hlk95736195]Figure 4.6 Output voltage waveform with prediction horizon p=1,  (a).  (b).

[bookmark: _Hlk95732999]A set of 21 possible deviations as  is assumed in which step deviations are constant. In each sampling time, all of these deviations are used to calculate  then the one closer to the reference value is selected. The  is different in each sampling time but the range of  is constant as follows:

		[bookmark: _Hlk95734086]

		(14)





The iteration numbers per sampling time are:

		[bookmark: _Hlk99451456]

		(15)





This means the iteration of 21 for p=1 and for p=2 the iteration number is raised to 441. Figure 4.6 and Figure 4.7 demonstrate the simulation results of output voltage with different  and different prediction horizons. In terms of the THD evaluation of output voltage, a decrease in the voltage deviations with higher prediction horizons leads to lower THD at the expense of higher iteration numbers and higher processing tasks as shown in Figure 4.6 and Figure 4.7.

To decrease the processing time of the microcontroller, p=1 is selected in practice. The experimental results of the MPC algorithm on the ER setup in idle mode, and the transition from idle to a 700 W resistive load, are demonstrated in Figure 4.8 and Figure 4.9. The experimental results confirm that the prediction horizon of 1 can provide suitable output voltage with less burden of processing time on the microcontroller.
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[bookmark: _Ref102128193]Figure 4.7 Output voltage waveform with prediction horizon p=2,  (a).  (b).
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[bookmark: _Ref100408731]Figure 4.8 The ER ac voltage and current in idle mode of operation [II].
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[bookmark: _Ref100408733]Figure 4.9 The output voltage and current at the power step from 0 to 700 W [II].





[bookmark: _Toc107569247]VCM Control of VSI: Enhanced MPC Implementation

To consider the ER performance in nonlinear loads when back-to-back inverters work, 
an enhanced control technique of VSI2 is required, as shown in Figure 4.10. As a result, the improved indirect MPC (iMPC) is suggested. In this technique, the MPC controls both LCL filter capacitor voltage and the output voltage. As a result, the cost function is defined as [III]: 

		

		(16)





The cost function contains an error voltage of output and an error voltage across the capacitor of LCL filter with  and  weighting coefficiencies. The p element corresponds with the horizon of prediction.

[image: ]

[bookmark: _Ref102139098]Figure 4.10 The back-to-back inverters’ mode of operation with nonlinear loads [III].

The proposed control system of the VSI1 and VSI2 is depicted in Figure 4.11. As Figure 4.11 shows the dc link voltage, inductors currents and capacitor voltage of the LCL filter are measured for the iMPC system. 

After discretization and state-space equations as (2), (3), (4), (5), (6), (7), (8), (9), 
the predicted input vectors are calculated. 

v*out(t) is the reference output voltage. The reference voltage capacitor is calculated as follows:

		

		(17)
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[bookmark: _Ref102060511][bookmark: _Ref102060481]Figure 4.11 The proposed control system for VSI1 (a) and VSI2 (b).

In the next step, the predicted capacitor voltage and the predicted output voltage are calculated as a function of inverter voltage. At the end, the errors are calculated as:

		



		(18)





The flow chart diagram of the MPC is shown in Figure 4.12. 

After measuring the parameters, the output voltage is estimated. Then, based on this estimated voltage, the predicted states at n+1 are calculated for all possible values of , where  is expressed as:

		

		(19)





Finally, the output inverter voltage that minimizes the cost function will be applied to the modulator. To decrease the processing time of the microcontroller, the loop number is decreased to 5. During each sampling time, 5 possible output inverter voltage deviations  are considered which are calculated one by one. These deviations are similar in all sampling times. 

To evaluate the influence of weighting factors on the quality of the output voltage, THDs of the output voltages are compared in the case of  and  in simulation. At the beginning a resistor load of 529 W is added 
the at 0.35 s, a 180 W nonlinear load is connected to the ac port.

[bookmark: _Hlk100645500]The simulation results of the main grid voltage and current, output voltage and current, capacitor voltage with  and  are demonstrated in Figure 4.13 and Figure 4.14 respectively. In both cases, when the resistor load is connected, the ac voltage and current is sinusoidal but with nonlinear load connection, the ac voltage and capacitor get distorted. 
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[bookmark: _Ref100514252]Figure 4.12 Flow chart diagram of the proposed iMPC for p = 2 [III].

Comparison of the THD of output voltage and capacitor voltage shows the higher THD of the output voltage in different coefficients. In contrast, the THD of the main grid remain constant in both cases. To evaluate the transient performance of the proposed control algorithm, the simulation is started in idle mode, then at 0.25 s the resistor and finally at 0.35 s the nonlinear load is connected to the ac port. The result for 
 is demonstrated in Figure 4.15. Figure 4.15 confirms the suitable transient performance of the control system in this scenario. Output voltage and capacitor voltage and grid current get distorted with nonlinear load, however THD of output voltage and grid current is within the accepted range.

The next scenario is steady state and transient performance of the control system in the case of starting with idle mode then current-source connection at 0.25 s to the output side. The grid voltage and current, output voltage and current and the capacitor voltage shapes for  are depicted in Figure 4.16. The output voltage and capacitor voltage THD are acceptable but the grid current THD is distorted highly. This result demonstrates the proposed control technique requires improvements to be compatible with PI+PR regulator in the case of injection power to the main grid.





[image: ]

[bookmark: _Ref100526516]Figure 4.13 Voltage and current shape at main grid (a), output (b), capacitor of the filter with kout = 0, kc = 1 [III].
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[bookmark: _Ref100645544]Figure 4.14 Voltage and current shape at main grid (a), output (b), capacitor of the filter with kout = 1, kc = 0 [III].
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[bookmark: _Ref100645984]Figure 4.15 Voltage and current shape transition at main grid (a), output (b), capacitor of the filter with kout = 0.2, kc = 0.8 in idle mode, linear load and nonlinear load [III].
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[bookmark: _Ref100646399]Figure 4.16 Voltage and current shape transition at main grid (a), output (b), capacitor of the filter with kout = 0.2, kc = 0.8 in idle mode, and current-source connection [III].

[bookmark: _Toc107569248]DC-link Voltage Control Using FLC Regulator

PFC algorithm based on PI regulator works well when there is no dc-load, however adding or changing dc-load causes the dc-link voltage to become unstable [V]. The main reason is the fixed and inflexible coefficiencies of the PI regulator. Consequently, FLC is suggested to be implemented instead of the PI regulator, as shown in Figure 4.17. 

[image: ]

[bookmark: _Ref95746364]Figure 4.17 FLC implementation in ER control system.

Figure 4.18 shows the FLC inputs and output. The output of FLC is the derivative of grid-current amplitude which gives the grid-current amplitude via an integrator as shown in Figure 4.17. The proposed FLC has two inputs: the dc-link voltage error signal and the derivative of this signal. The derivative of the error signal helps the FLC to make accurate decisions. To clarify, Figure 4.19 demonstrates four different operating points in an assumed dc-link voltage error signal. In this figure, points 1 and 2 have the same error signal but different derivatives. Points 3 and 4 have the same error but different slopes of the error signal. Table 4.2 indicates the preferred FLC output for the aforementioned different operating points, in which points 1 and 2 need different outputs. A similar deduction is used for points 3 and 4. A Mamdani method with seven intervals for inputs and output membership functions is used. The intervals of membership function of the error signal are demonstrated in Figure 4.20, which are called negative high (NH), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM), and positive high (PH). 

[image: ]

[bookmark: _Ref95757074]Figure 4.18 Inputs and output of the FLC.
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[bookmark: _Ref95757583]Figure 4.19 The error signal waveform.
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[bookmark: _Ref95758423]Figure 4.20 Membership function of error dc-link voltage signal.

[bookmark: _Ref102129331]Table 4.2 The required outputs for four different points [V].

		

		Error signal

		The derivative of the error signal

		Preferred grid reference current derivative



		Point 1

		+v

		+

		Decrease (-)



		Point 2

		+v

		-

		Zero (0)



		Point 3

		-v

		-

		Increase (+)



		Point 4

		-v

		+

		Zero (0)





[bookmark: _Ref95814033]

Table 4.3 Table Rules for Low Load.

		[bookmark: _Hlk95813743][bookmark: _Hlk34647048]

Error Signal

  





Derivative

Error Signal

		Negative high

		Negative medium

		Negative small

		Zero

		Positive small

		Positive medium

		Positive high



		Negative high

		PH

		PH

		PH

		PH

		PH

		PH

		PM



		Negative medium

		PH

		PM

		PS

		PS

		PS

		Z

		Z



		Negative small

		PM

		PS

		PS

		PS

		Z

		PS

		Z



		Zero

		PS

		Z

		Z

		Z

		Z

		Z

		NS



		Positive small

		Z

		Z

		Z

		NS

		NS

		NS

		NM



		Positive medium

		Z

		Z

		NS

		NS

		NS

		NM

		NH



		Positive high

		NM

		NH

		NH

		NH

		NH

		NH

		NH









Table 4.4 Table Rules for High Load.

		

Error Signal

  





Derivative

Error Signal

		Negative high

		Negative medium

		Negative small

		Zero

		Positive small

		Positive medium

		Positive high



		Negative high

		PH

		PH

		PH

		PH

		PH

		PH

		PH



		Negative medium

		PH

		PM

		PM

		PM

		PS

		PS

		PS



		Negative small

		PM

		PM

		PS

		PS

		Z

		Z

		Z



		Zero

		PS

		PS

		Z

		Z

		Z

		NS

		NS



		Positive small

		Z

		Z

		Z

		NS

		NS

		NM

		NM



		Positive medium

		NS

		NS

		NS

		NM

		NM

		NM

		NH



		Positive high

		NH

		NH

		NH

		NH

		NH

		NH

		NH





The higher the step-change in dc-load, the higher the reduction step in dc-link voltage will be. To compensate for the dc-link voltage reduction step, higher slope of grid-current amplitude is required. Based on this issue, the table rules for low dc-load and high 
dc-load are suggested in Table 4.3 and Table 4.4. 

Three different dc-loads of 0.004, 0.4, and 2 kW are added at 0.35 s then at 0.5 s a 
106 W ac-load is added to the ac-side. The required dc-link capacitor is decreased from 3000 µF to 1000 µF. The simulation results of the traditional PI regulator and FLC are shown in Figure 4.21, Figure 4.22, for 4 W dc-load, Figure 4.23 and Figure 4.24, for 
400 W dc-load, and Figure 4.25 and Figure 4.26 for 2 kW dc-load. The total simulation results show better performance of FLC in dc-link voltage control and in terms of 
grid-current THD.
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[bookmark: _Ref102138006]Figure 4.21. Simulation results for 4 W dc-load with the PI regulator.
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[bookmark: _Ref102138030]Figure 4.22. Simulation results for 4 W dc-load with FLC.







In the case of heavy load, the PI regulator cannot stabilize the dc-link voltage. 
The utilization of FLC and MPC confirms they can cooperate effectively.
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[bookmark: _Ref102138099][bookmark: _Ref95896708]Figure 4.23 Simulation results for 400 W dc-load with the PI regulator.
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[bookmark: _Ref102138105][bookmark: _Ref95896710]Figure 4.24 Simulation results for 400 W dc-load with FLC.
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[bookmark: _Ref102138142][bookmark: _Ref95896711]Figure 4.25 Simulation results for 2 kW dc-load with the PI regulator.
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[bookmark: _Ref102138144]Figure 4.26 Simulation results for 2 kW dc-load with FLC. 







[bookmark: _Hlk97555742][bookmark: _Toc107569249]Dc-link Control Considering Constant Power Loads

The growing number of electronic loads creates new challenges to the stability of grids and residential distributions systems [47]. The main reason is the negative equivalent resistor of the Constant Power Load (CPLs). The simulation results for CPLs connected to the dc-link with the classic PI regulator and PR in the current-controlled mode of VSI1 show that although the dc-link stays stable the ac-current contains high THD [VI]. This is due to the linear characteristic of the control system for a highly nonlinear characteristic of CPLs. As a result, FLC is suggested [VI]. As FLC is implemented to control the dc-link voltage, the inputs and output leave similarly. The membership functions are also similar. To simulate the CPL, a resistor with a high switching frequency buck converter is utilized.

A simple PI regulator is used to control the output voltage of the buck converters. 
The system configuration for the simulation is demonstrated in Figure 4.27.

[image: ]

[bookmark: _Ref102129700]Figure 4.27 The energy router configuration, and control block diagram.

[bookmark: _Ref99108445]Table 4.5 Table rules for dc-voltage control.

		            Error Signal

Derivative

Error Signal

		HN

		N

		SN

		Z

		SP

		P

		HP



		HN

		HP

		HP

		HP

		HP

		HP

		HP

		P



		N

		HP

		P

		SP

		SP

		SP

		Z

		Z



		SN

		P

		SP

		SP

		SP

		Z

		SP

		Z



		Z

		PS

		Z

		Z

		Z

		Z

		Z

		NS



		SP

		Z

		Z

		Z

		SN

		SN

		SN

		N



		P

		Z

		Z

		SN

		SN

		SN

		N

		HN



		HP

		N

		HN

		HN

		HN

		HN

		HN

		HN





As the power of CPLs in home appliances are low, the table rule used is based on the low-power loads demonstrated in Table 4.5. In Table 4.5 HN, N, SN, Z, SP, P, and HP are highly negative, negative, small negative, zero, small positive, positive, and highly positive respectively.

The CPL parameters used in the simulation are demonstrated in Table 4.6. 
The simulation is performed in two conditions: using the classic PI regulator control for dc-link voltage control and FLC implementation for dc-link voltage control. To test the compatibility with the MPC, MPC control technique is also used by Inv2 via adding 105W a resistor-load to the ac-load side. 

The results in Figure 4.28 and Figure 4.29 show the better performance of FLC with PR in the current-controlled mode of Inv1 with lower THD of grid-current. 

[bookmark: _Ref102129807]Table 4.6 CPLs’ parameters used in the simulation. 

		CPLs’ Parameters



		PCPL1

		CPL1 power

		80 W



		PCPL2

		CPL2 power

		200 W



		Fsw

		Switching frequency

		60 kHz



		vCPL

		CPL voltage 

		20 V



		kP

		Prportional Parameter

		0.2



		kI

		Integrator Parameter

		0.8



		rCPL1

		Resistor of the CPL1

		5 Ω



		lCPL1

		LC filter inductor of CPL1

		0.1 mH



		cCPL1

		LC filter capacitor of CPL1

		1000 μF



		rCPL2

		Resistor of the CPL2

		2 Ω



		lCPL2

		LC filter inductor of CPL2

		0.1 mH



		cCPL2

		LC filter capacitor of CPL2

		1000 μF
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[bookmark: _Ref102126573]Figure 4.28 Simulation results of the classic PI regulator in steady-state.
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[bookmark: _Ref102126591]Figure 4.29 Simulation results of the classic FLC regulator in steady-state.







However, in both cases, the dc-link voltage is stable at its reference value of 400 V. 
In terms of MPC, it works well with the FLC. Moreover, FLC has more flexibility and better performance in PI voltage-control of CPLs.

Figure 4.30 and Figure 4.31 depict the transient behavior of the grid-current, dc-link voltage, and ac-load voltage in both cases. The results demonstrate that, despite the better performance of FLC in steady-state, PI works smoother in transient-condition.

Figure 4.32 and Figure 4.33 are selected to show the compatibility of the PI of CPL 
in controlling the load-voltage reference of 20v. The results demonstrate the better performance of FLC with CPLs’ PI regulators.
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[bookmark: _Ref102126616]Figure 4.30 The transient results with the classic PI regulator.
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[bookmark: _Ref102126641]Figure 4.31 The transient results with the proposed FLC technique.
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[bookmark: _Ref102126660]Figure 4.32 CPLs’ voltages in classic PI regulator method.
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[bookmark: _Ref102126678]Figure 4.33 CPLs’ voltages in the proposed FLC method.







[bookmark: _Toc107569250]Battery Control Diagram

If the battery works as a master, a PI regulator is implemented to control the dc-link voltage as shown in Figure 4.40. This PI regulator provides the reference current for current controllers in buck (charging) and boosts the (discharging) mode of the battery. As a slave, the battery receives the reference current from the master. 

[bookmark: _Toc107569251]Active Decoupling with Battery Utilization

The literature review on the frequency of charging and discharging current of the li-ion battery shows that double frequency charging and discharging can have fewer degradation effects on the battery [VII]. Based on this conclusion, we suggest battery utilization as an active decoupling device for the double frequency ripple power of ac-dc conversion in dc-link.

The proposed control technique is demonstrated in Figure 4.34. In this work, it is assumed that VSI1 is connected to the grid, and VSI2 is connected to the ac-loads. VSI1 works as a master to stabilize the dc-link voltage. MPC is used for VSC control of the VSI2. A PR regulator compensator is implemented for double frequency reference current. 
The cutoff frequency of the low pass filter is 30 Hz. 

The interleaved converter operations in buck and boost modes are shown in Figure 4.35. 

[bookmark: _Ref95907595][image: ] Figure 4.34 The control block diagram for active decoupling role of the battery.

[bookmark: _Ref103333692][image: ]Figure 4.35 dc-link power relation with the interleaved converter (a), buck and boost modes of the battery converter.

When the power in the dc-link is extra, the converter works in buck mode. In the case of deficit power, it works in boost mode. 

As the peak load of the house is assumed to be 5 kW, in three different steps the peak load is added to the ac-output. Limiting the dc-link voltage variation to ± 2 V, the proposed technique leads to a decrease in dc-link capacitors from 2000 to 400 µF.

The simulation results of the grid voltage and current, and voltage-current of the output with 2000 µF and with the proposed technique using 400 µF are similar. Furthermore, the dc-link voltage transient condition results are demonstrated in Figure 4.36 and Figure 4.38. As Figure 4.37 and Figure 4.39 show the steady stable double frequency deviation in the proposed technique is limited to ±1 V, which is less than the previous technique's ±2 V. However, the transient voltage behavior is higher in the proposed technique.

[bookmark: _Toc107569252]PV Control Diagram

The control block of PV consists of master or slave mode, as shown in Figure 4.40. 
A PI regulator is implemented in master mode to generate the reference current; however, the reference current is determined by the master in the slave mode. Two PI regulators are implemented for a buck or to boost the operation of the PV.

[bookmark: _Toc107569253]Summary

In this chapter, several operation modes of ER were studied. PFC mode of INV1 satisfies the grid requirements. Different power of dc loads and constant power loads effects’ on dc-link voltage are investigated. It is verified that the conventional PI regulator has a limitation in tracking the reference dc voltage so the FLC technique as a solution controls the dc voltage well. The grid-forming operation of ER in idle mode, linear load, nonlinear load and low-power current source have been studied. It is confirmed that the classic PR regulator can provide the sinusoidal voltage in a limited linear-load range. MPC results as a solution confirm its capability in grid-forming operation of ER.
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[bookmark: _Ref102130941]Figure 4.36 Dc-link Voltage and dc-load Current Simulation Results of the Traditional Control with 2000 μF dc-link capacitor.
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[bookmark: _Ref102130943]Figure 4.37 The detail view of Figure 4.36.
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[bookmark: _Ref102130945]Figure 4.38 Dc-link Voltage and dc-load Current Simulation Results of the Traditional Control with 400 μF dc-link capacitor.
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[bookmark: _Ref102130947]Figure 4.39 The detail view of Figure 4.38.
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[bookmark: _Ref102127044]Figure 4.40 The proposed control system of the ER.



[bookmark: _Toc107569254]Conclusions 

An ER with a bypass switch and a hybrid distribution system for home appliances is suggested. Dc-loads and resources connect to the dc-nanogrid and ac-load and sources can connect to the ac-nanogrid. The ER contains two back-to-back single-phase full-bridge inverters with a bypass switch, controlling the main grid current and the ac-nano grid voltage. This bypass switch adds flexibility in the ER operation compared with the industrial hybrid solar inverters for residential applications. It also includes a non-inverting 
buck-boost converter for MPPT tracking of PV and an interleaved converter for a battery. The ER structure with the capability of smart metering and communication system provides more flexibility in the ER operations, enhancing the house to a smart controllable entity in the power system. In this regard, it provides ancillary service to the main grid, and participation in peak shaving is feasible which result in the efficient management of the energy in the house. 

The performance of the classical control techniques for different ranges of power for ac and dc loads is evaluated. The suitable operation of the ER as a PFC is confirmed in the experimental results. Moreover, the limitation of the PI regulator to provide the reference dc-link voltage in the presence of various power of dc loads and CPLs is confirmed. The intelligence-based control FLC is confirmed as a solution with better performance. Using a battery as a decoupling tool in the dc-link voltage control is another dc-voltage control technique.

In terms of the ac grid-forming operation of the ER, the classic PID+R has a limitation in providing ac-voltage with low THD in the case of various loads from idle mode to full load and ac-source connection. The experimental results of MPC implementation confirm its better performance compared with the PID+R regulators.

As a result, the conclusions of this study are summarized as:

· The ER interface for residential applications with the bypass switch provides more flexibility in the operation. 

· The battery can be utilized as an active decoupling tool in the ER dc voltage control.

· The FLC technique performance is confirmed in dc-link voltage control in the case of various dc loads.

· The MPC technique for the grid-forming operation mode of the ER has suitable performance compared with the classic PID+R regulators with various ac-loads and resources.

· The compatibility of the FLC and MPC controllers with the linear PR and PI regulators is confirmed.

· Experimental verifications of the control techniques are verified.

Future research in the control of the energy router can be continued by:

· Implementation of the high-level control (energy management) system and further cost optimization.

· Feasibility of the FLC implementation on the experimental setup.

· Common mode leakage current evaluation and control if it is needed.
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Multifunctional Energy Router for Residential Applications

This Ph.D. thesis focuses on the power electronics aspects to convert a conventional residential building into a smart, controllable and energy efficient building, also known as a residential nanogrid. In other words, it is a residential building that is equipped with local energy sources and a storage, and thus, it could operate independently from the main grid. The nanogrid not only consists of hardware but also requires smart energy management to control all the sources, loads and storage units. Today, all sources, storages, and loads are interfaced with power electronics converters, which are all independent and do not communicate with each other. Without communication smart energy management can be difficult to achieve. One solution to this problem is to add a multifunctional power electronics converter also between the building and the main grid. Such converter is also known as an energy router (ER). The concept has been known from microgrids but was little studied in relation to residential buildings, which was the main initiative for this thesis. 

In the thesis the role of ER in residential applications was studied. Partly the concept of the ER has been already implemented by the industry in form of hybrid solar inverters. These are inverters with integrated energy storage that allows them to work as well in on-grid as in off-grid modes. However, the ER includes much more functionalities than it can be found in conventional hybrid inverters e.g. ancillary services, reactive power control, harmonics injection, smart energy management, etc. This Ph.D. work aimed to introduce ER topology with enhanced functionality and smart control system.

During the work various aspects of the ER were studied. From the input (power grid) side power factor compensation with bidirectional energy control was studied. The central part of the ER is the dc-link. Here the main focus was on different dc-link voltage control algorithms. The dc-link voltage fluctuations could be effectively reduced by a novel fuzzy logic-based algorithm. In addition, the author proposed a new method for dc-link voltage ripple mitigation by utilizing integrated battery storage. The output (i.e. building) side of the ER plays vital role regarding in-house power quality. Here the main challenge is to provide smooth transition from on-grid to off-grid mode. The author found that conventional control algorithms (proportional-resonance control) do not perform well under light load operation. Thus, a new approach, model predictive control, was successfully implemented and tested.

Although the thesis was mainly focused on the ER control, also some hardware modifications were proposed by the author. The author showed how the functionality of the conventional back-to-back ER topology could be extended by adding an auxiliary bypass switch. As a result, several new operation modes were derived.

This work also has a substantial practical value, as the application-oriented design of the proposed multiport ER topology was carried out and three full-scale prototypes were built while each time reducing volumes, increasing efficiency and improving EMC.
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Multifunktsionaalne energiaruuter eramutele

Selle doktoritöö fookuseks oli uurida kuidas jõuelektroonika abil muundada tavaline eramu targaks, juhitavaks ja energiatõhusaks hooneks, mida võiks nimetada ka nanovõrguks. Teiste sõnadega on tegu eramuga, mis omab lokaalset energiaallikat ja salvestust ning on seega võimeline töötama ka iseseisvalt ilma elektrivõrguta. Nanovõrk ei tähenda ainult riistvara vaid nõuab ka paindliku energiahaldust, et juhtida oma allikaid, koormusseadmeid ja salvesteid. Tänapäeval on kõik allikad, koormusseadmed ja salvestid ühendatud võrku läbi muundurite, mis on iseseisvad ja üksteisega ei suhtle. Ilma suhtluskanalita on aga paindlik energiahaldus hoones raskesti saavutatav. Üheks lahenduseks sellele probleemile oleks lisada üks multifunktsionaalne jõuelektroonikamuundur hoone ja elektrivõrgu vahele. Selline muundur on ka tuntud kui energiaruuter (ER). Selline kontsept on tuntud küll mikrovõrkudest aga on vähe uuritud eramute korral, mis oli ka käesoleva doktoritöö peamiseks motivaatoriks.

Doktoritöös uuriti ER rolli eramutes. Osaliselt hübriid-vaheldite kujul on selline ER kontsept juba ka tööstuses rakendust leidnud. Need on vaheldid, mis omavad integreeritud energiasalvestit, mis võimaldab neil töötada nii elektrivõrgu ühendusega (on‑grid) kui ka ilma (off-grid). Kuid ER omab palju rohkem funktsioone kui neid leiab hübriid-vaheldite juures nt. elektrivõrgu toetamine, reaktiivenergia juhtimine, harmoonikute juhtimine, tark energiahaldus jt. Käesoleva doktoritöö eesmärgiks oli väljatöötada laiendatud funktsionaalsuse ja targa juhtimisega ER lahendus eramutele.

Töö käigus uuriti ER erinevaid aspekte. Sisendi (elektrivõrgu) poolelt uuriti võimsusteguri parendamist koos kahesuunalise energiavoo juhtimisega. ER keskne osa on alalsivooluvahelüli (dc-link). Siin oli uurimistöö fookuseks alalisvooluvahelüli pinge juhtimisalgoritmid. Alalisvooluvahelüli pingekõikumisi suudeti efektiivselt vähendada uudse hägusloogika algoritmi abil. Lisaks pakkus autor välja uue meetodi alalisvooluvahelüli pingepulsatsiooni vähendamiseks kasutades integreeritud akusalvestit. ER väljundis (hoone poolel) omab olulist rolli energiakvaliteedi juhtimine. Siin on põhiliseks väljakutseks saavutada sujuv üleminek võrguühenduselt võrguta režiimi. Autor tõestas, et senised algoritmid (nt. proportsionaal-resonant juhtimine) ei tule hästi toime väikese koormusega olukordades. Probleemi lahenduseks arendati välja ja testiti uudne mudeli põhine juhtimisalgoritm.

Kuigi doktoritöö oli põhiliselt keskendunud ER juhtimisele, pakkus autor välja ka mõned riistvaraga seotud uuendused. Autor näitas kuidas välise möödapääsulüliti lisamisega on võimalik ER topoloogia funktsionaalsust laiendada. Selle tulemusena arendati välja mitu uut töörežiimi.

Tehtud töö praktilist väärtust tõestavad kolm ER rakenduslikku seadmeprototüüpi, mille käigus vähendati seadme mõõtmeid, parendati kasutegurit ja suurendati elektromagnetilist häirekindlust.
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vdc (v)160x idc(A)*vdc (v)
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vdc (v)160x idc(A)*vdc (v)
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