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Analyse, modélisation et controle d'un ressort électrique pour un micro-réseau a
courant continu a forte pénétration d'énergies renouvelables afin d'améliorer sa
stabilité et sa qualité d'alimentation

Danial Moeini
RESUME

Ca fait plus d'un siécle que le systéme d'alimentation a courant alternatif (CA) a dominé le
secteur de 1'énergie ¢lectrique grace a des performances supérieures par rapport aux systémes
d'alimentation a courant continu (CC). Le réseau électrique CA peut alimenter les clients en
transférant la puissance générée sur une longue distance. Cependant, les systemes ¢lectriques
modernes sont supposés non seulement rentables, mais aussi durables. Le systéme a courant
continu est fondamentalement plus fiable et robuste et pourrait étre adopté localement pour la
distribution d'énergie. Enfin, I'idée d'un micro-réseau CC, en tant que solution pour les futurs
réseaux intelligents, a gagné en popularité en raison de ses nombreux avantages. Le micro-
réseau CC peut fonctionner sur la base de l'alimentation CC et offre tous les avantages des
réseaux CC ainsi que la possibilité¢ d’opérer en mode sois connecté au réseau principal ou Tloté

pour I'¢lectrification des régions éloignées.

Malgré tous les avantages liés au concept de micro-réseaux CC, il reste des défis concernant
leur fonctionnement et controle en présence de ressources €nergétiques renouvelables
massivement intégrées exacerbées par leurs caractéristiques naturelles de production
intermittente. Ce probléme est plus important dans les micro-réseaux, en particulier dans le
mode de fonctionnement iloté, qui basé principalement sur les panneau solaire (PV) et
¢oliennes. Pour résoudre ce probléme, la mise en place de nouveaux schémas de régulation
semble d’étre nécessaire pour maintenir 1'équilibre entre consommation et production.
Plusieurs solutions sont proposées dans la littérature, par exemple, la gestion de la demande,
'équilibrage de charge, le systeme de gestion de I'énergie en temps réel et le stockage de

I'énergie.

Dans cette these, notre objectif est d’utiliser une méthode trés moderne proposée dans la

littérature qui est l'application d’électrique a ressort pour améliorer les performances des



VIII

micro-réseaux CC. Nous proposons un schéma de partage d'énergie pour coordonner le role
d’un électrique a ressort CC (ERCC) et d'un systéme de source d'énergie de batterie hybride
(BESS hybride) pour améliorer la tension du bus CC lorsque la source principale du micro-
réseau CC est un systeme PV. Ensuite, deux sont simulées : (1) situation nuageuse dans
laquelle la production du systéme PV principal diminue (2) un défaut a la terre au niveau du
bus CC. Les résultats de simulation effectués montrent que (ERCC) peut contribuer
efficacement et positivement a la stabilité du bus CC, amortir les oscillations, améliorer la

qualité de la puissance et de la tension fournies, et libérer le stress du BESS hybride.

Mots-clés: ¢lectrique a ressort, systetme d'mergie distribuée, micro-réseau, systéme
d'alimentation a courant continu, panneau solaire (PV), controle de tension, source d'énergie
de batterie, charge critique, charge non-critique, schéma de partage d'énergie



Analysis, Modeling, and Control of Electric Spring for a DC Microgrid with High
Penetration of Renewable Energies to Improve its Stability and Power Quality

Danial Moeini
ABSTRACT

It has been more than a century since the AC-based power system dominated the electric power
business upon superior performance against DC-based power systems. The AC power system
can supply the clients by transferring the generated power over a long distance. However,
modern power systems are supposed not just cost-effective, but also sustainable. The DC
system inherently is more reliable and robust and could be adopted locally for power delivery.
Finally, the idea of a DC microgrid, as a solution for future smart grids has gained attraction
due to its several advantages. The DC microgrid can operate based on DC power and They
offer all the advantages of DC networks plus the ability to operate grid-connected or off-grid

for electrification of remote areas.

Despite all the advantages related to the concept of DC microgrids, there are still challenges
regarding their operation and control in the presence of massively integrated renewable energy
resources exacerbated by their natural intermittent production characteristics. This issue is
more important in microgrids, especially in the off-grid operation mode, which relies mostly
on PVs and wind turbines. To overcome this dilemma, employing new control schemes seems
necessary for maintaining the balance between consumption and generation. Several solutions
are proposed in the literature e.g., demand-side management, load balancing, real-time energy

management system, and energy storage.

In this thesis, our focus is on a very modern method proposed in the literature which is the
application of electric springs for improving the performance of DC microgrids. We propose
an energy-sharing scheme for coordinating the role of a DC electric spring (DCES) and a
hybrid battery energy source system (hybrid BESS) for improving the DC bus voltage when
the main source of the DC microgrid is a PV system. Then two contingencies are studied: (1)a

cloudy situation is simulated in which the production of the main PV system drops, (2) a DC



bus to ground fault. The simulation results prove that DCES can effectively and positively
contribute to the steady-state stability of the DC bus, dampen the oscillations, improves the

quality of provided power and voltage, and release the stress from the hybrid BESS.

Keywords: electrical spring, distribution energy system, microgrid, direct current system,
solar photovoltaic (PV), voltage control, battery energy storage systems (BESS), critical load,
non-critical load, coordinated energy-sharing scheme
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CHAPTER 1

INTRODUCTION

1.1 Context and Motivation

Since the invention of electricity, there has always been a debate between alternating current
(AC) and direct current (DC). By the late 19th century, AC-based distribution systems
dominated DC-based distribution systems due to several interesting features (Xu et al., 2017).
However, recent massive integration of DC loads, distributed energy resources (DERs), energy
storage, and electric vehicles into the grids, many researchers start to develop the idea of DC

distribution systems.

DC distribution systems have many advantages compared to AC distribution systems as well
including longer supply range, bigger power transfer capability, simpler power transfer without
needing converters and inverters, less investment, and most importantly no issue with reactive

power circulation (Van den Broeck et al., 2018)(Gerber et al., 2018)(van der Bljj et al., 2018).

Among different types of DC distribution systems, the concept of DC microgrids has gained
more attraction due to their several advantages including the ability to operate grid-connected
or off-grid for electrification of remote areas. A DC microgrid is generally defined as a small-
scale DC distribution system that comprises 1) DC power generation units such as PVs, Wind
turbines, and Energy storages, 2) DC distribution networks such as DC feeders and DC control
and protection devices, and 3) DC consumers and prosumers residential, commercial, and

small-scale DC industrial loads (Charles & Bagavathy, 2016).

A new challenge for any power system in the 21% century is the rising trend of power generation
from renewable energy resources which are naturally intermittent (Abdelilah et al., 2020). This
issue is more important in microgrids, especially off-grid microgrids which rely mostly on PVs
and wind turbines. To overcome this dilemma, employing new control schemes seems

necessary for maintaining the balance between consumption and generation.



Several solutions are proposed in the literature e.g., demand-side management (DSM), load
balancing, real-time energy management system, and energy storage (Mahmoud, 2016)(Tiwari
et al., 2017)(Faisal et al., 2018). Despite all efforts, these methods are not highly effective and
practical. For example, DSMs and load-balancing methods may fail to balance the
instantaneous power mismatch. The cost of energy storage is still relatively high, and its

response time is not fast in the case of rapid changes.

1.2 DC Distribution Network Issues

Although DC distribution networks have many interesting characteristics, some concerns
regarding the voltage of DC bus exist which require attention. A summary of those issues is

plotted in Figure 1.2 (Mok et al., 2017).
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Figure 1.1 A number of common problems in DC distribution system are (a) voltage
variation (b) Voltage drop in the DC distribution system, (c) Voltage drop and rise following
a system fault, and (d) DC voltage and harmonic component
Taken from Mok et al. (2017, P.8)



1.2.1 Unstable DC Bus Voltage

In real-world applications, the voltage of a DC bus may vary with time due to several factors
such as:

e Voltage variation at higher supply-side

e Variation of load power

e Variation of the output power of DERs

In the case of unstable DC bus voltage, the operation of the DC system may create undesired

oscillation on the voltage trajectory.
1.2.2 Voltage Drop

The voltage drop across the DC distribution network is an unavoidable fact that happens
because of the line impedance. The drop may exacerbate when heavy loads are connected to
the network, especially near the end of a line. This issue is studied by (Kakigano et al., 2013),
(Loh et al., 2013), and (Anand et al., 2013).

1.2.3 Short Circuit

When a sudden short circuit happens in the DC distribution system, the voltage drop on the dc
bus may exceed certain limits, and protection devices may isolate the faulty location.
Consequently, the voltage level after the fault might be higher (Cairoli et al., 2013), (Baran &
Mabhajan, 2007).

1.2.4 Harmonic Circulation

In the microgrid, harmonics can be produced by both the load and power sources. Any
nonlinear load injects harmonic to the grid (Guerrero et al., 2011; Leu & Nha, 2013). On the

generation side, the PV panels for example inject harmonics.



1.3 Electric Spring

A very modern method proposed in the literature is the application of Electric Springs (ESs).
Inspired from the restorative force of an ideal mechanical spring mentioned first with 17%
century-old Hooke's law, an ES, an energy management technology, retains the power system
stability even if some of the other ESs fail to operate properly (Hui et al., 2012).

The mechanical springs and their equivalent ESs are shown in Figure 1.2 along with different
modes of operating. As shown, the operation of a mechanical spring is defined by extending

and compressing actions which are understood as voltage step-down or boost actions (Hashem
et al., 2018).

- z
- < E
= Z &
. Z =
e
£
o
o
; Mechanical push Mechanical El_
Neutral position (upwared force) (downward force)
V-Vo-Vi rer Vi-Vs rer V=V rer
[ \.
7,. ‘ \'n<\'\ ref I| I \.o>\'\ ref

Figure 1.2 Mechanical Spring and equivalent Electrical Spring
Taken from Hashem et al. (2018, P. 1)

ES is a simple and novel method for voltage control that provides effective DSM without any

need for communication. The main idea is to modulate the loads of connected system which



are less sensitive to the variations of voltage, so-called non-critical loads, according to the
fluctuations of renewable energy resources. To do so, the ES tries to introduce a controllable
voltage in series, or controllable current in parallel, with the non-critical loads and control the
voltage across the loads which are sensitive to voltage, so-called critical loads. As a result, the
power consumed by the non-critical loads is also modulated (Bahrami et al., 2018)(Huang &
Abu Qahoug, 2015). The non-critical loads may include thermostatically controlled loads such
as electric water heaters, refrigerators, and air conditioning systems, charging stations of

electric vehicles.

14 Thesis outline

The thesis consists of five chapters. Chapter 2 covers the characteristics of DC-type ESs. All
possible operation modes and operation configurations are reviewed. Moreover, different types
of the so-called non-critical load (NCL) are reviewed along with corresponding mathematical

equations.

Chapter 3 presents a focused literature review and relevant applications of DCES in DC
microgrids followed by the fundamental arguments that are needed to understand their

advantages and disadvantages.

An energy-sharing scheme for coordinating the role of a DC electric spring (DCES) and a
hybrid battery energy source system (hybrid BESS) is proposed in Chapter 4. A DC microgrid
including DCES, critical load, and hybrid BESS is constructed where the main source of power
is a PV system. The study results simulating a cloudy situation and a dc bus to ground fault
situation, show that DCES can effectively and positively contribute to the power shortage
compensation process caused by a drop in PV production, dampen the oscillations, and release

the stress from the hybrid BESS.

Finally, Chapter 5 concludes the thesis and gives some recommendations about further work

on this topic and proposes a road map for development and implementation.






CHAPTER 2

CONCEPT OF ELECTRIC SPRING

In this chapter, the proposed types and configurations of Electric Springs (ESs) in the literature
are reviewed:

2.1 The Concept and Configuration of ESs

It has been widely accepted that ESs are conceptually based on two main ideas, the AC system,

and the DC system.
2.1.1 AC Electric Spring (ACES)

ESs are used in AC systems as reactive power compensator devices while providing active
power compensation (Hui et al., 2012)(Q. Wang et al., 2015). The ESs are usually installed at
the distribution level close to the loads. Different types of ACESs are shown in Figure. 2.1.

ACGrid ACGnd AC Grid

AL Capacitor iy 1 B ’
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nc DC ' - AC iBatiery
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NC Load NC Load
Without NC Load
) N v
(a) ES-I (b) ES-II (C) ES-III

Figure. 2.1 Different types of ACES
Taken from Mok et al. (2017, P. 3)

The ACESs are just briefly mentioned here since the focus of this thesis is on DC types of ESs.



2.1.2 DC Electric Spring (DCES)

DC Electric Springs (DCESs) operate similarly to ACES which helps the non-critical loads of
DC systems to consume less power by altering the supplied power (Q. Wang et al., 2016)(Mok
et al., 2015) (see Figure. 2.2 and Figure. 2.3 ).

For the rest of this chapter, the main focus is to review the contents related to DCESs.




Figure. 2.2 General Block Diagram of DC-Electric Spring
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Figure. 2.3 The general configuration of DCES, the demand side, and the supply side
Taken from Mok et al. (2017, P. 3)

2.13 General Configuration

A common way of categorizing ESs is based on their connection to the grid and the non-critical
load. In this concept, two types of ESs are studied in the literature: shunt and series DCES
(Charles & Bagavathy, 2016). Generally speaking, we could define the series and shunt DCES

as follows:

e Series DCES can be understood as a voltage source that is controllable and is connected

n series with a non-critical load.

e Shunt DCES operate similar to a current source which is controllable and is connected

to both positive and negative polarity of the main DC system.
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Figure. 2.4 Shunt and the series DCES
Taken from Hashem et al. (2018, P. 2)
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The main differences between these two types of DCES are summarized in Table. 2.1 and a

simple schematic is given in Figure. 2.4.

Table. 2.1. Comparison between the series and the shunt DCES (Hashem et al., 2018)

Point 0 f Series ES Shunt ES
comparison
Tvpe of controller Voltage source NCL connected in
P controller parallel with ES
Type of NCL connected in Vo1
Connection series with ES ES ref
Voltage across ES Vis =Vier — IncRyc Prs =VesIgs
Power across ES Pes=V,erIne — Iné® Rye Prs = Vs Irg
Indirect current Direct current
Compensator
compensator compensator

In practical applications, both series and shunt DCESs are constructed using power converters,
a power energy source such as battery energy storage, and the controlling loop for modulating

the voltage of connecting bus.
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214 Classification of the Non-Critical Load
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Figure. 2.5 Classification of the Non-Critical Load

Generally speaking, non-critical loads are categorized into the following four main types as

shown in Figure. 2.5:

Type 1.
Type 2.
Type 3.

Type 4.

positive power modeled with a constant resistance element
negative power modeled with a constant resistance element
positive power modeled with a constant power element

negative power modeled with a constant power element
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Figure. 2.6 Series connection of DCES & non-critical load (a) DCES supplied by positive
side (b) DCES supplied by negative side
Taken from Mok et al. (2017, P. 4)

When positive, it means that it consumes power, and the model represents an actual load. In
the case of negative power, the model represents a power generation source (Figure. 2.6).
Depending on the type of connected bus there would be eight possible connection

configurations (Mok et al., 2017).

2.2 Operation configuration and Operation Modes of DCES

In this section, the possible connection between DCES and non-critical load and the operation

modes are reviewed.

2.2.1 Operation Configuration

Depending on the polarity of the connected DC bus and the load type, there are several possible
configurations for the DCES connection to the non-critical load and the DC grid, as shown in

Figure. 2.7.
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Figure. 2.7 Operation Configuration of DCES

where the non-critical load is connected itself to the positive line.

2.2.1.2
bus

In operation configuration 2 the DCES is connected in series with a Type 2 non-critical load.

Also, the non-critical load is connected itself to the positive line.

Operation Configuration 1: Non-critical load Type 1 connected to the positive

Operation Configuration 2: Non-critical load Type 2 connected to the positive
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2.2.1.3  Operation Configuration 3: Non-critical load Type 1 connected to the
negative line

This operation configuration is similar to operation configuration 1 where the DCES is
connected in series with a Type 1 non-critical load, however, the non-critical load is connected

to the negative line.

2.2.1.4 Operation Configuration 4: Non-critical load Type 2 connected to the
negative bus

Similarly, operation configuration 4 is the same as operation configuration 2 where the DCES
is connected in series with a Type 2 non-critical load, however, the non-critical load is

connected to the negative line.
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Figure. 2.8 DCES + non-critical load (so-called Smart Load) (a) Type 1 and load is
connected to the positive side, (b) Type 2 and load is connected to the positive side, (c) Type
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1 and load is connected to the negative side, (d) Type 2 and load is connected to the negative
side
Taken from Mok et al. (2017, P. 5)

Table. 2.2. Operation configuration, case: Type 1, load is connected to the positive side
Taken from Mok et al. (2017, P. 5)

Region Vs Range I P P, Pq
I Ves < 0 > |I441] < 0 > P > Prgl
2 0< ‘o» < "bus_R(‘f < |[n.~:l‘ >0 < pnsl < pusl
3 Vl)us-Rof < ‘v(\s < [ns]‘ <0 < pnsl < sl
and "(‘S < 2"])115_]}(\f
4 2VI)115_R(\f < Ves > |]nsl‘ <0 > I'nsl < I'nsl
Table. 2.3. Type 2, and load is connected to the positive side
Taken from Mok et al. (2017, P. 5)
Region Ves Range I £n 2 P
I "os <0 > unsl‘ >0 < Pnsl < Pnsl
2 0 < Ves < VhusRef < Ilnsl‘ <0 > Pyl > Phsi
3 VbusRet < Ves £ [Il.\'l‘ > 0 > Pl > I'nsl
and Ves < 2VhusRet
4 2VhusRef < Vs > ’[1151‘ >0 < Pqs > Pnpsl

Table. 2.4. DCES Operation configuration, case: Type 1, and load is connected to the
negative side
Taken from Mok et al. (2017, P. 5)
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Region Ves Range I | [ ™ 2 2

| "os < Q‘VI)us_Rcf > ‘[1151 < 0 > Pnsl < pnsl

2 2VhusRef < Ves < ‘]nsl| <0 < Phsl < Phsl
and Vs < VhusRet

3 ‘vhus_R(\f < "o.\' <0 < ‘[usl| > 0 < pnsl < Pnsl

4 0 < Vg > |[Ins| < 0 > Flosl = Pl

Table. 2.5. DCES Operation configuration, case: Type 2, and load is connected to the
negative side
Taken from Mok et al. (2017, P. 5)

Region Ves Range I Py P, Pq

I "(‘.\' 2"I)us.Rof > ‘[nsl‘ > 0 < Pusl Pnsl

2 2VhusRef < Ves < Iy > () > Pyl > Phsi
and "(‘S < "})us_R(\f

3 VhusRet < Ves <0 < ‘[nsl‘ <0 > Ppg > Pps

4 0 < Voo > It >0 < Py < Ppg

In the case where the non-critical load is modeled using a constant power model, (Type 3 and

Type 4), the operation configurations are as follows:

2.2.1.5 Operation Configuration 5: Non-critical load Type 3 connected to the positive
bus

In this operation configuration, the DCES is connected in series with a Type 3 non-critical load

where the non-critical load is connected itself to the positive line.
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2.2.1.6  Operation Configuration 6: Non-critical load Type 4 connected to the positive
bus

In operation configuration 6 the DCES is connected in series with a Type 4 non-critical load.

Also, the non-critical load is connected itself to the positive line.

2.2.1.7 Operation Configuration 7: Non-critical load Type 3 connected to the
negative line

This operation configuration is similar to operation configuration 5 where the DCES is
connected in series with a Type 3 non-critical load, however, the non-critical load is connected

to the negative line.

2.2.1.8 Operation Configuration 8: Non-critical load Type 4 connected to the
negative bus

Similarly, operation configuration 8 is the same as operation configuration 6 where the DCES
is connected in series with a Type 4 non-critical load, however, the non-critical load is
connected to the negative line.

A summary of all operation configurations od DCES is given in Figure. 2.8 and Figure. 2.9

and Table. 2.2 to Table. 2.9.
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Figure. 2.9 DCES + non-critical load (so-called Smart Load) (a) Type 3 and load is
connected to the positive side, (b) Type 4 and load is connected to the positive side, (¢)
Type 3 and load is connected to the negative side, (d) Type 4 and load is connected to the
negative side
Taken from Mok et al. (2017, P. 7)

Table. 2.6. DCES Operation configuration, case: Type 3, and load is connected to the
positive side
Taken from Mok et al. (2017, P. 7)

Region Ves Range | 11| P P

1 ‘/<s < 0 < ’[1151’ <0 . Pnsl
2 0 < ‘/os . Vl)us_R ef > |[nsl’ >0 > Pnsl
3 Vl)us-R ef < V\ < 2%)11.\'_R('f > ’[nsl’ <0 = Pnsl
- 2%)115_1{ ef < V\ < |Iusl’ <0 < Pnsl

19
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Table. 2.7. DCES Operation configuration, case: Type 4, and load is connected to the

positive side
Taken from Mok et al. (2017, P. 7)

Region Ves Range 1o o P

1 Ves < 0 2 || E > 0 S Pl
2 0 < V:\ 8 Vrl)ns_R ef > |111>1| <0 < Pnsl
3 ‘fl)llS-R of < Ves < QVVl)us-va > |[11.~‘1 >0 b Pnsl
4 Lfl)us < ‘/(s < |]11.sl| >0 > Pnsl

Table. 2.8. DCES Operation configuration, case: Type 3, and load is connected to the

negative side
Taken from Mok et al. (2017, P. 7)

Region Ves Range I o P

1 Ves < 2VhusRet % ’Insl <0 < Py
2 2‘/1)11.\'_R<,-f = ‘/(\ < L/hu.s'_Rcf > ’In.\l <0 < Pnsl
3 L/bus_R ef < ‘/(\ < 0 > ‘Insl‘ > 0 > anl
4 0 < ‘/vs = ‘[11.\'1 <0 < Pnsl

Table. 2.9. DCES Operation configuration, case: Type 4, and load is connected to the

negative side
Taken from Mok et al. (2017, P. 7)
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Region Ves range ' Foz Pl

1 ‘/r(-s = 2‘/1)115_R ef < ’[1151 >0 > Pnsl
2 2"'71)11‘\_1{ ef < ‘/(\ o4 ‘//YI)IIS_IQ ef = ‘Insl > 0 = Pnsl
3 "”fl)us_th' < ‘:\ <0 Py ‘Insl <0 < Pn.\'l
4 0 < Vas £ |lnsi =0 > P

2.2.2 Operation Mode

When a DCES is connected in parallel with the non-linear load, the shunt DCES, the operation
of the DCES does not depend on the connection configuration. However, in the case of the
series DCES, more operation modes are feasible. All possible operation modes of DCES are

shown in Figure. 2.10
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Figure. 2.10 Operation Modes of DCES

According to the configuration of series and shunt DCESs, the KVL rule for each configuration

1s as follows:

e Series DCES:

Ves = Vbcc rer = Inc X Ryc (2.1)

Pgs = Vpcc rer * Inc - I?ne X Rye (2.2)
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e Shunt DCES

Ves = VPcc_ref (2.3)
Pgg = Vg X Igs (2.4)
where

PeEs: the active power of DCES and

Vece ref the reference value for the voltage of the connection point

2.2.2.1 Boosting & Discharging operation mode

This operation mode is called the BD operation mode.

e the series DCES tries to enhance the voltage of the connected DC bus. To do so, the

power source has to discharge and provide energy to the DC microgrid. In this case:

Vece < Vis (2.5)
—lpc < Iz <0 (2.6)
and [oc is the maximum value for the current of the non-critical load.

e The shunt DCES operates similarly to an auxiliary power supply source.

Ves = Vbce (2.7)
IDis_max < IES <0 (2-8)

and [ Dis_max 1S the maximum value for the discharging current of shunt DCES.

2.2.2.2  Suppressing & Discharging operation mode

This operation mode is called the SD operation mode.

e the series DCES tries to suppress the voltage of the connected DC bus and the energy

source provides power to the main DC system. In addition:
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Ves < 0 (2.9)
Inc nom < Igs < Ip¢ (2.10)

and Inc nom: the nominal value for the current of the non-critical load

The shunt DCES is not able to operate in this mode.

A
Voltage AEL( BC Power
]

Vece ref b =

Veccured <
> - -~
SEs
0 pf--- = == — = ===

i
i Igs
4 >
0 -_I__IY__QE__Q_‘H_’?-" In C_nom I ocC

Figure. 2.1 The characteristic curve of operation modes of series DCES
Taken from M. H. Wang et al. (2015, P. 3)

2.2.2.3 Boosting & Charging operation mode

This operation mode is called the BC operation mode.

e The series DCES draws current from the connected DC bus in order to charge its battery
and enhances the voltage of the connected load simultaneously. Also,
0 < Vgs < Vpee (2.11)
0 < Igs < Inc nom (2.12)
e The shunt DCES is not able to operate in this mode.
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Figure. 2.1 The characteristic curve of operation modes of shunt DCES
Taken from M. H. Wang et al. (2015, P. 3)

Figure. 2.1 Figure. 2.1 and Figure. 2.1 show the different operation modes of series and shunt

DCES when the power is plotted against the voltage (M. H. Wang et al., 2015).

2.2.2.4 Suppressing & Charging operation mode

This operation mode is called SC operation mode.

e The series DCES is not able to operate in SC operation mode with a Type 1 non-linear
load.

e The shunt DCES aims to suppress the voltage of the connected bus. At the same time,
the power source of DCES operates in charging mode by drawing power from the main

DC system. Also,

Ves = Vpec (2.13)
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0< IES < ICha_max (2-14)

and Icna max 1s the maximum value for the charging current of shunt DCES.

2.3 Conclusion

In this section, the characteristics of DCESs, as well as operation modes, and operation
configurations, were reviewed. The so-called non-critical load (NCL) could be categorized into
four types in which the positive term means that it consumes power, the model represents an
actual load, and the negative term, the model represents a power generation source. According
to the configuration of series and shunt DCESs, there are also eight possible configurations for
DCES connection to the NCL and the DC grid. Subsequently, the four operation modes of a

DCES and corresponding equations were reviewed.



CHAPTER 3

LITERATURE REVIEW

In this section, we try to review several proposed applications of DCES in the literature. Each

application is studied separately, and the advantages and disadvantages are listed.

3.1 Suppression of unbalanced voltage situation in DC Distribution System

Refs. (Liao et al., 2020a) and (Liao et al., 2020b) propose a technique for the suppression of
unbalanced voltage situations in a bipolar DC distribution network using DCES and
decoupling controlling variables (see Figure. 3.1). With the help of KCL and KVL rules, the
equations of a bipolar DC microgrid are developed. Then, the coupling equations of positive
and negative buses of the DC microgrid are extracted based on the equivalent resistances of
lines and loads. Later on, assuming that non-critical load and the converter can be modelled
with a load and a controllable voltage source, the coupling equations of positive and negative

buses are given as follows:

Figure. 3.1 The topology of DCESs in the bipolar DC distribution systems (left), and
equivalent model (right)
Taken from Liao et al. (2020, P. 2)
V1 = a11Ves1t + a12Ves2 + c1Vs (3.1)

V2 = a21Ves1 + a22Ves2 + c2Vs (3.2)

where the coefficients are functions of modeled resistances.
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0.1 0.20 0.1 0.2
Time(s) Time(s)

(b) (c)

Figure. 3.2 Voltage & current of DCESs (a) with the proposed control method, (b) without
the proposed control method, and (c) when the battery has a limited range of voltage
Taken from Liao et al. (2020, P. 9)

Finally, it is proven that by modulating the voltage of non-critical load, the unbalanced voltage

of the main system is controlled. The factor for an unbalanced problem of voltage in a DC

microgrid is defined as follows (Liao et al., 2020a):

0% = A2 (3.3)

T (i t1)/2
which can be expressed as:

|RL(R2—R1)|

&% =
2RL(Ry + Ry) + 4R1R2/3

(3.4)

To evaluate the proposed idea, the small signal equivalent of the studied system is constructed
while the output voltage of DCES is among the state variables. Next, the concept of the
decoupling control method is formulated to control the voltages of negative and positive lines

independently.
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The simulation and experimental results (Figure. 3.2 and Figure. 3.3 ) show that when the

decoupling controller approach is implemented on a DCES, the unbalanced voltage situations

and the power loss will reduce considerably.

1LLYV LY
.................... A :
| .
o D ]
|
QA
200 mA
Load conncctéd in positive pole
(a)
3ms
LY i 1LV 8

t i i
Load connected in positive pole

(c)

Figure. 3.3 Experimental results: (a) without DCES, (b) DCESs with proposed control
method (¢) DCESs without proposed control method

Taken from Liao et al. (2020, P. 11)
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Figure. 3.4 Analytical analysis results versus experimental results for Type 1 noncritical load,
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Taken from Mok et al. (2017, P. 12)

This approach has the following advantages and pitfalls:

Pros:

v’ The proposed method is based on strong mathematical concepts and is a robust scheme

v

Cons:

3.2

Ref. (Mok et al., 2017) proposes the application of DCES as an active suspension tool for
dynamic voltage regulation. This work starts with the analysis of a series DCES with/without
the resistance of the main system. Then, an experimental setup is built for evaluating the

performance of the studied series DCES under different conditions. Several cases are simulated

Difficult to implement

of non-critical loads.

DC Power Distribution Systems Stabilizing

and tested such as unstable supply-side voltage variation and voltage drop.

An easy approach to develop the small-signal equivalent of the main microgrid.

The effectiveness of the proposed method is to be evaluated in the case of other types

The proposed method to be evaluated in the presence of multiple DCESs.
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In the case of standalone series DCES, it is assumed that the voltage of the main grid is fixed.
Some results of this analysis were presented in the previous section. However, in actual DC
microgrids, the amplitudes of voltages across the buses vary with time and are not constant. A
DCES can provide voltage stability service when properly controlled. For the case in which
the voltage of the main DC system is not stable, the simulation and test scenarios are conducted

over both Type 1 and Type 3 non-critical loads. From analytical study and it is shown that:

For Type 3 non-critical load:

RoR¢

R
Vius = RoRo+R.Ry + RaRy X (Vpe + R_jVes) (3.5)

For Type 1 non-critical load:

V __ ReVpe +RcVes + RdVes + \/(RCVDC + RcVes + RdVes)2 — 4(Rc + Rd)(RcVDcVes + RdRcPo) (3 6)
bus 2(Rc + Rd) :

where Po is the power of the non-critical load.
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Figure. 3.5 Analytical analysis results versus experimental results for Type 3 noncritical load,
* means measured values
Taken from Mok et al. (2017, P. 13)



32

With the help of the above equations, Vaus can be controlled. The comparison between the
analytical results and the experimental results proves the precision of the analytical approach

(see Figure. 3.4 and Figure. 3.5).
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Figure. 3.6 Experimental results with Type 1 non-linear load (DCES turns on at t=200ms)
Taken from Mok et al. (2017, P. 14)
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Figure. 3.7 Experimental results with Type 3 non-linear load (the DCES system turns on at
t=200ms)

Taken from Mok et al. (2017, P. 15)
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For the experimental scenarios, the main voltage source of DC micro fluctuates with time. The
performance of series DCES is tested for regulating the voltage. The achieved results show
that a series DCES when turns on, can effectively enhance voltage stability (see Figure. 3.6

and Figure. 3.7).

As the last result, the impact of series DCES on the voltage drop of the DC microgrid is studied

using the benchmark shown in Figure. 3.8.

simulation and experimental results prove that with a DCES the voltage amplitudes across the
system are increased and stabilized around acceptable points of operations under heavy-load

conditions (Figure. 3.9).

The advantages and disadvantages of the proposed application for stabilizing the DC system
could be summarized as follows:
Pros:

v" highly recommended for any further study in this domain.

v' Several aspects of DCES are studied.

v" the proposed method is based on strong mathematical concepts.

v

Experimental results are remarkably close to analytical results.

Nodel Node2 Node3 Node4
MWy 1 MN—T— VWY
R, Rao Ras Ra4
11 ES
VDC Rl g Rg R4 §
Ry

Figure. 3.8 The benchmark for voltage drop study
Taken from Mok et al. (2017, P. 15)
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Figure. 3.9 The voltage level of each node with experiment results
Taken from Mok et al. (2017, P. 16)
Cons:

x  Difficult to implement the experimental setup
% The effectiveness of the proposed method is to be evaluated in the case of other types
of non-critical loads.

x  The proposed method to be evaluated in the presence of multiple DCESs

33 Active Damping Control of DC Microgrids

The role of distributed DCES as equipment for active damping control in DC microgrids is
studied in (Hosseinipour & Hojabri, 2020). The studied single-bus DC microgrid is shown in
Figure. 3.10.

To determine the dominant frequencies of a microgrid, the small-signal equivalent model is
extracted. The studied series DCES is a full-bridge bipolar PWM-controlled converter and
battery energy storage. The linearized equivalent block diagram model of the series DCES

controller is shown in Figure. 3.11 where:
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Figure. 3.10 Studied single-bus DC microgrid with a series DCES
Taken from Hosseinipour & Hojabri. (2020, P. 3)
Gva(s) : open-loop function

Zou(s) : open-loop function

Gy(s): voltage compensator (PID controller)

GM(s) : modulator gain

Two major concerns regarding the control approaches of common series DCES are the need
for an auxiliary circuit and the adverse effect on the power quality of some power constant
loads. To overcome these issues, the proposed scheme applies the so-called virtual R&C
damper impedance, Gvir(s) in Figure. 3.11, for enhancing the response of DCES and

supporting the DC microgrid stabilization (see Figure. 3.12 and Figure. 3.13).

1
Zvir(s)

Zout(s)
(RdGU(S) + m) S 3.7)

Gvir(s) =

1
sCvir

and Zvir(s) = Rvir +

The results of the analysis show that:
v The proposed scheme can be applied to multiple DCESs.
v the more DCESs employed, the more low-frequency damping improves.

v’ The adverse impact of two close DCESs is insignificant.

Regarding the proposed scheme, the following points could be mentioned:
Pros:

v" Several technical aspects of DCES are addressed.

v' the proposed method is based on strong mathematical concepts.

v’ The possibility of installing several DCES is studied.

Cons:
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% The effectiveness of the proposed method is to be evaluated in the other types of NCL.
x  Difficult to be implemented.
x  The effectiveness of the proposed scheme is to be validated against other proposed

methods in the literature.

Figure. 3.11 linearized equivalent model of series DCES controller
Taken from Hosseinipour & Hojabri. (2020, P. 3)
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Figure. 3.12 Performance of multiple smart loads and the behavior of the DC bus voltage
Taken from Hosseinipour & Hojabri. (2020, P. 9)
34 Reducing Dependency of DC Microgrids to Main Grid

The impact of DCES on the dependability of DC microgrids to the main grid is studied in Ref.
(Charan Cherukuri et al., 2019). Using MATLAB software, a microgrid including a DCES in

series with a non-critical load is developed (see Figure. 3.14)

To decrease drawn power from the main grid, the power consumption of the non-critical load
is partially reduced by modulating its voltage. To do so, first, the power equation is developed:
Ps+Pc=Pc+Pnc+Pioss

where



Ps: the power of modeled renewable energy source

Pa: power drawn from the main grid

Pc: the demand of the critical load

Pnc: the demand of the non-critical load

Poss: active power loss of the microgrid

Then, the energy drawn from the main grid is calculated as follows:

T T T T T
EG = fO PGdt = fO Pcdt+ fo Pcht‘l‘ fO PlOSSdt_ fO Psdt

finally, it is shown that:

T T
Jo Pncdt = [y Pfzdt,

Ec — E¢° = Eg = EG®
G G [T Prossdt = [T PES at, )’ G = 6
o Tloss@t =Jg Floss@h
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(3.8)

(3.9)

Figure. 3.13 Impact of virtual RC impedance scheme on DC bus and non-critical load

Taken from Hosseinipour & Hojabri. (2020, P. 9)
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which means with employing DCES, the required energy reduces. As shown in Figure. 3.15,

simulation results also confirm that DCES can be employed to minimize the dependency on

the main power network.

Pros:

v" the proposed method can be employed easily to prove the idea.

v" The possibility of installing several DCES is studied.

R, R,
/ ; PCC v
| A T M\ I
Rectifier Rectifier DC EI?ctric
Spring +
Renewa?le AC Main A Vi §
AC Power Grid i ) . .
Source Vo Non-critical 1
‘ Load(Rg.)

Figure. 3.14 Schematic of studied DC microgrid
Taken from Charan Cherukuri et al. (2019, P. 3)
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Figure. 3.15 (a) PCC Power pattern (with DCES) (b) PCC power (without DCES) (c) Power
exchange with the main grid (with DCES) (d) Power exchange with the main grid (without

DCES)

Taken from Charan Cherukuri et al. (2019, P. 5)

Cons:

% Several assumptions were made for simplifying the problem.
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x  The effectiveness of the proposed scheme is to be validated against other proposed

methods in the literature.

3.5 DCES Energy Management System for Voltage Stability of connected DC Bus

A topology for household application of DCES is proposed in Refs. (Zha et al., 2019)(Q. Wang
et al., 2020) (see Figure. 3.16 ) for power quality and voltage stability issues in DC microgrids.
It comprises an energy storage system and a DC/DC three-port converter. The three-port
converter supplies a PV and both non-critical and critical loads (see Figure. 3.17 ). For the

studied DCES, four operation modes are defined:

——— e e — — — — — ————————
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I L G, | Port :
= I IRN(ﬂVVC
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T : +
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T (lm| RCJ]VC
| _
|
\
|

Figure. 3.16 Proposed DCES topology
Taken from Q. Wang et al. (2020, P. 3)
e Mode 1: BES Discharging

The PV is unable to provide completely the load. DCES also operates at its maximum
capability. The BES is discharged to compensate for mismatch power.

e Mode 2: BES Balancing
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The PV produces its maximum power, and the voltage of the critical load is within an

acceptable range. The BES absorbs a little power to maintain its SOC level.
e Mode 3: BES Charging

In this mode, the power generated by PV is more than the demand of the critical and non-
critical loads. Therefore, the BES operates in charging mode and establishes a balance between

generation and consumption.

PPV

Figure. 3.17 The general structure of PV, DCES, and battery energy storage connection
Taken from Q. Wang et al. (2020, P. 3)

E
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& block estimation
system

'

Control block [€——

Figure. 3.18 The schematic of the proposed energy management system
Taken from Q. Wang et al. (2020, P. 4)

All these actions are controlled using a so-called energy management system which its general
structure and the operation control logic are shown in Figure. 3.18 and Figure. 3.19 where the
logic values Q1 and Q2 are considered for controlling the operation modes as defined in Table.

3.1.
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voltage current
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L I

Figure. 3.19 Proposed switching scheme of the energy management system.
Taken from Q. Wang et al. (2020, P. 6)
A battery energy storage and a bi-directional buck-boost converter (BBC) are placed in parallel

with the DC bus. The PI controller is also modeled to control the actions of the battery. The
main goal is to guarantee the voltage stability and power quality of the critical load. Simulation
and experimental results confirm that the proposed topology can provide better power quality

for the connected critical load (see Figure. 3.20).

Table. 3.1. Definition of switching mode logic.
Taken from Zha et al. (2019, P. 5)

01,0 S S BBC Battery
0=1,0=0 | PWM  OFF Boost  Discharging
0,=0, O=1 OFF PWM Buck Charging
0,=0, 0,=0 OFF OFF Standby Balancing

Regarding this work, the following points are important:

Pros:
v" highly recommended for any further study in this domain.

v" the proposed method is based on strong mathematical concepts.
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v Integration of a renewable energy resource

Cons:
x  The effectiveness of the proposed method is to be evaluated in the case of other types
of non-critical loads.
x  Difficult to be implemented.
x  The effectiveness of the proposed scheme is to be validated against other proposed

methods in the literature.

150
120
90

Time/s

Figure. 3.20 Simulation results with/without the proposed energy management system
Taken from Zha et al. (2019, P. 4)

3.6 Voltage Regulation in DC Microgrid and Multiple DCES

Ref. (Z. Chen et al., 2020) proposes to implement multiple DCES for the purpose of voltage

regulation in DC microgrids (see Figure. 3.21).
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Ve

Figure. 3.21 Schematic of studied DC microgrid with multiple DCES
Taken from Z. Chen et al. (2020, P. 2)
For the primary control, it is considered that the operation of DCES is controlled with a DC/DC

converter. Using Figure. 3.22, it is shown that for each series DCES following equation can be

written:

SL= Y- (3.10)

s,
i 1 ;A
Ve—e "
T %
diEd
R RE ¢

The circuit of the DCES

boosting mode

suppressing mode
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Figure. 3.22 Switching sequence of studied DCES
Taken from Z. Chen et al. (2020, P. 2)

where its discrete-time equivalent with the sampling time (Ts) is:

. Ts . Ts .

e+ 1) = 2 (Ves(k) = v(R)) + i (k) = 2 (Vac (k). w — v (k) + i, (k) (3.11)
For the purpose of voltage modulation, the following objective function is set to be minimized:

] =i —i,(k+1)] (3.12)

where " is the reference for the current generated by the second control loop.

A consensus-based distributed control scheme is designed and formulated for the sake of
coordinating the operation of multiple DCESs and regulating the voltage of the DC bus as
shown in Figure. 3.23. The reference of voltage is generated by the secondary control which
takes benefit from a consensus algorithm. To do so, a straightforward communication system

is modeled to minimize the inaccuracy of decentralized control and the cost of communication.
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Figure. 3.23 Proposed control scheme
Taken from Z. Chen et al. (2020, P. 3)
Finally, it is proven that:

it = V6—Vbus1 _ Vbusi _ Vbus2=Vbus1 (313)
L1 R R R
1 cl 2

_ Vbus,x—l_Vbus,x Vbus,x _ Vbus,x_Vbus,x+1

izx,(x=2,3,4) - Ry - Rex Ryt1 (3- 14)
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The results show that the proposed consensus-based distributed scheme is able to regulate the
voltages properly when the source voltage varies with time and several DCESs are installed

across the DC microgrid (see Figure. 3.24, Figure. 3.25, and Figure. 3.26).
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Figure. 3.24 Variation of voltage at the main power source
Taken from Z. Chen et al. (2020, P. 4)
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Figure. 3.25 Voltage amplitudes of buses without DCESs
Taken from Z. Chen et al. (2020, P. 4)
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Figure. 3.26 Voltage amplitudes of buses with DCESs
Taken from Z. Chen et al. (2020, P. 4)
(X. Chen et al., 2018) also uses a distributed cooperative control approach for several DCESs

in a DC microgrid getting only neighbor-to-neighbor information (see Figure. 3.27). For
coordinating the DCESs, the primary layer formulates a droop control technique. Adjusting
the state-of-charge (SOC) and the DC bus voltage reference among DCESs, the secondary
control takes benefit from a consensus algorithm (Figure. 3.28). Simulation and experimental
studies, as shown in Figure. 3.29 confirm the improved performance of the studied microgrid

under different operating situations.

Phnd 1
S
b3
Load I Riine 1

Figure. 3.27 General schematic of the simulated benchmark
Taken from X. Chen et al. (2018, P. 2)
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Figure. 3.28 Primary and secondary control loops

Taken from X. Chen et al. (2018, P. 3)
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Figure. 3.29 Results of experimental tests (a) DCES voltage (b) Snapshot of the various time

interval for voltages (c) DCES current (d) SOC of Batteries

Taken from X. Chen et al.(2018, P. 11)

Regarding the above works, the following points are captured:

Pros:
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v recommended for any further study in this domain.

<

the proposed method is based on strong mathematical concepts .

v Studying the impact of Multiple DCES

Cons:
% The effectiveness of the proposed method is to be evaluated in the case of other types
of non-critical loads.
x  Difficult to be implemented.
x  The effectiveness of the proposed scheme is to be validated against other proposed
methods in the literature.

% High Computation effort
3.7 Enhancing Power Quality in DC Microgrid
A proportional-Integral (PI) controller is modeled to control and modulate a DCES and four-

quadrant DC-DC converter in Ref (Hashem et al., 2018). The small-signal model of the
developed microgrid with DCES is given in Figure. 3.30.

R I(s) gL IN(S) ic(s)
|| Ves(s)
O [T
iea(s) eq Rc| Veec(s)
Rw \ VN(S)

Figure. 3.30 The schematic of the developed microgrid in small-signal mode
Taken from Hashem et al. (2018, P. 5)

A PI controller is generally defined as:

K(s) = K,(1 + Tiis) (3.15)

If the voltage of DCES and the point of connection define as follow
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VeoS) = Tz, + e G.16)
Vpee(s) = 1+CZZ(ZS-|)-CRS iN(S)[LSH:-}ZIz:Z}:-IVCi%1;52+RNRCS (3.17)
Then, the following transfer function can be extracted:

Vece Kps+K; (3.18)

Vpcc-ref  LCS3+CRs2+(Kp+1)s+K;

Simulation and experimental results show that the applied control scheme is able to regulate

the voltage even in the presence of fluctuations (see Figure. 3.31)
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Figure. 3.31 The output voltage of the PCC in different scenarios
Taken from Hashem et al. (2018, P. 5)

The following points can be concluded about this work:

Pros:
v Easy implementation

v Studying the impact of a PV system

Cons:
% The effectiveness of the proposed method is to be evaluated in the case of other types
of non-critical loads.
x  Not a strong mathematical background
x  The effectiveness of the proposed scheme is to be validated against other proposed

methods in the literature.
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3.8 Battery Storage Reduction in DC Microgrids

DCES can be used to reduce the total size of the required battery for a DC microgrid. The more
integrated, the less battery is needed (See Figure. 3.32).
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Figure. 3.32 Studied DC microgrid.
Taken from M. H. Wang et al. (2020, P. 2)

However, the main question is how to coordinate multiple DCESs. Ref. (M. H. Wang, Yan, et
al., 2018) proposes a decentralized controller for reducing the total storage capacity and

improving the voltage stability of a DC microgrid.

First, a mathematical analysis is conducted to find the maximum and minimum amount of
required power of DCESs. It is proven that the rated power of DCESs, Praze, can be calculated

using the following equation:

Prate 2 Prom Vmin(v%_vmon) (3.19)
where
Prom: The nominal power of the non-critical load

Vmin Minimum voltage of DCES
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Next, a simplified diagram of the study system is constructed (Figure. 3.33), the state-space
equivalent model is developed, and the proposed decentralized controller is designed to

guarantee the stability of the whole system (Figure. 3.344).

Figure. 3.33 Simplified model of the studied system
Taken from M. H. Wang et al. (2020, P. 6)

Figure. 3.34 The block diagram of the decentralized control scheme
Taken from M. H. Wang et al. (2020, P. 6)

The stability of the system, dynamic response, and voltage response to a grid fault are
simulated and verified with a real experiment. As shown in Figure. 3.35, Figure. 3.36, and
Figure. 3.37 , the proposed scheme is effective in coordinating the operations of multiple

DCESs and minimizing the total battery storage capacity.

The authors of this work claim that the proposed scheme leads to battery storage reduction.

Regarding this work following points are observed:
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Figure. 3.35 Experiment results for (a) power of the battery (b) energy of the battery
Taken from M. H. Wang et al. (2020, P. 10)

Pros:
v" Strong mathematical concept and highly recommended for any work in this domain.
v Studying the impact of renewable energy resources.
v

The effectiveness of the proposed scheme is to be validated against other proposed
methods in the literature.

Cons:

The effectiveness of the proposed method is to be evaluated in the case of other types

of non-critical loads.

% High computational effort
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Figure. 3.36 Simulated voltage waveforms of positive constant-power load with/without the
DCES (a) Voltage of DC bus (b) Voltage of positive constant-power load (c) ES output
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Taken from M. H. Wang et al. (2020, P. 11)

3.9 Simultaneous voltage compensation and optimal power balancing with shunt
DCES

The voltage synchronization and optimal operation of multiple shunt DCESs in a DC microgrid
are studied in Ref. (Jena & Padhy, 2019) The studied benchmark is given in Figure. 3.38.

The communication Layer of the studied benchmark is set to establish a data exchange link
between different elements. To achieve cooperative operating, a distributed secondary control
based on a consensus algorithm is developed (Figure. 3.39). For enhancing the capabilities of
shunt DCESs, a so-called primary reverse droop controller is assigned. It is well-known that
to minimize the associated costs and to assure unified operation, every DCES should follow

the cost-generation characteristic curve and operate at its optimal operating point.
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Figure. 3.37 Experiment results for voltages and DCES (a) with the proposed scheme (b)
with the conventional method
Taken from M. H. Wang et al. (2020, P. 10)
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Taken from Jena & Padhy. (2019, P. 2)
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Figure. 3.39 Proposed scheme for controlling multiple shunt DCESs
Taken from Jena & Padhy. (2019, P. 2)

0.5

ower (W)
W &

“T 1

L

()

Step load change__——

& 1.5
ime (sec)

(©)

- z’
) = 3000 a¢ remote bus =
1 Z2000— — 5
ES3 2
150 FPesd] 2 1000 =% Cn Zs
= o} f— xS Step-load change
100 2y at remote bus
0.5 1 1.5 0.5 1 1.5 2 25 = 2
Time (sec) Time (sec)

05 1 L5
Time (sec)

(@) ()]
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of DC bus(d) Active power (e) Costs (f) Load variation incremental costs & evaluation of
limit violation
Taken from Jena & Padhy. (2019, P. 4)

This work also examined some other aspects as well as:

e convergence analysis for proving that average voltages tent to reach global pre-defined

setpoints.
e plug and play capability.
Robustness to ambiance condition variation

e Communication delay

Simulation results show that the proposed algorithm is highly effective in the operational
coordination of multiple shunt DCES (Figure. 3.40).
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Regarding this work, we could list the following items:

Pros:
v" Highly recommended for any work in this domain
v’ Strong mathematical concept

v" Studying shunt DCES

Cons:
x  The effectiveness of the proposed method is to be evaluated in the case of other types
of non-critical loads.
% High computational effort
x  The effectiveness of the proposed scheme is to be validated against other proposed

methods in the literature.

3.10 Active Power Loss reduction in DC microgrids

Measure the voltage of the buses without smart loads
Vows (K)

Optimization
Search possible s -
voltage of the for Vbus: = (1 - 77) Vnum A ths: G (1 + 77) Vnmn

buses with o
smart loads Viowst = Vousts 1=1,2,3,...,1)

Predict the power loss using I (Vl -7, )1
o . . A _ busi usj L
the searched values and the A = Z Z (o =
measured values i=l | j=i+l ij
Predict the voltage deviations sy & )
using the searched values and Vo= Z(Vm,m ~Vousi ) 5

the measured values

J=aV? +(1—a)131055;
if J<J

Find the optimal references ort
of the buses with smart loads then Jop, =dJ/3
V.=V .
. refi = busi>
endif
endfor
End

Figure. 3.41 Proposed a centralized model predictive control approach
Taken from Yang et al. (2018, P. 4)
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DCES might be used to reduce the power loss on the distribution lines. For this purpose, a
centralized model predictive control approach is formulated in Ref (Yang et al., 2018) which
controls multiple DCESs. The general flowchart of the proposed approach is given in Figure.

3.41 The objective function of the proposed centralized model predictive control is as follows:

. - .. Vbusi-Vbus ')2
minj = @ X% (nom = Vousi)? + (1= @) B3 | Bk clf =0 (3.20)

O0<ac<l, (1 - 77)Vnom = Vlbusi = (1 + n)Vnom (3.21)
The weighting factor (o)) of the approach is either adaptive or non-adaptive. For example, in
the case of adaptive tuning of the weighting factor, the procedure is described using a flowchart

(see Figure. 3.42)

The authors take benefit from a previously verified DCES model and run simulation studies
over a DC microgrid setup (Figure. 3.43). For the purpose of voltage regulation, each DCES

is equipped with a PI controller as shown in Figure. 3.44.

[ Measure all buses voltage | [ ais decreased by Aa |

Figure. 3.42 Calculating the weighting factor (adaptive approach)
Taken from Yang et al. (2018, P. 5)
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Figure. 3.43 Studied benchmark
Taken from Yang et al. (2018, P. 5)
Simulation results confirm saving energy goals can be achieved with different sets of tunning

(See Figure. 3.45 and Figure. 3.46).

In general, the following points can be mentioned regarding this work:

Vion(s) + K +£

Vius(s)

|
|
|
d(s)!|
:
|

Figure. 3.44 The proposed local control scheme
Taken from Yang et al. (2018, P. 3)
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Figure. 3.45 Defined voltage index
Taken from Yang et al. (2018, P. 7)
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Figure. 3.46 Energy saving with adaptive and non-adaptive weighting factors
Taken from Yang et al. (2018, P. 9)
Pros:

v recommended for any work in this domain.
v' asimple and effective mathematical concept

v’ Studying multiple DCESs

Cons:
x  The effectiveness of the proposed method is to be evaluated in the case of other types

of non-critical loads.

The effectiveness is to be validated against other proposed methods in the literature.

3.11 Enhancing the Quality of Voltage in DC Microgrids

A combination of objective functions including fault-ride-through support, double-line
frequency harmonic compensation, and DC bus voltage regulation is studied using either series
or shut DCES (M. H. Wang, Mok, et al., 2018). The experimental setups for each test are given
in Figure. 3.47 and Figure. 3.48.
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Figure. 3.47 The setup for fault-ride-through support experiment
Taken from M. H. Wang, Mok, et al. (2018, P. 8)
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Figure. 3.48 The setup for double-line frequency harmonic compensation
Taken from M. H. Wang, Mok, et al. (2018, P. 7)
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It is concluded that the series DCES is capable of manipulating the power consumption of non-
critical load and reducing the required size of storage in the DC microgrid but cannot target
the current harmonics. The shunt DCES can eliminate the current harmonics of the system
without using extra energy and has a better dynamic response compared to series DCES, which

is appreciated for fault-ride-through support (See Figure. 3.49 and Figure. 3.50).
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Figure. 3.49 Experimental results for bus voltage regulation goal
Taken from M. H. Wang, Mok, et al. (2018, P. 7)

3.12 conclusion

In this section, several applications in DC microgrids were studied. Each application and
proposed control scheme are reviewed separately and their advantages and pitfalls are listed.
The literature review findings are summarized in Table. 3.2 based on some criteria, e.g. the

technical level, proposed control scheme, the type of DCES, etc.
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Figure. 3.50 Simulation results for multiple shunt DCESs riding through a fault
Taken from M. H. Wang, Mok, et al. (2018, P. 10)

Table. 3.2. Proposed Applications in Literature
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CHAPTER 4

Coordinated Energy-Sharing Scheme for DC Electric Spring and Hybrid Battery
Energy Storage Source in Modern DC Microgrids

4.1 Abstract

In this chapter, we propose an energy-sharing scheme for coordinating the role of a DC electric
spring (DCES) and a hybrid battery energy source system (hybrid BESS) for improving the
DC bus voltage when the main source of the DC microgrid is a PV system. Despite all the
advantages related to the concept of DC microgrids, there are still challenges regarding their
operation and control in the presence of massively integrated naturally intermittent renewable
energy resources. The hybrid BESS, including a Li-Ion chemical battery and a supercapacitor,
provides the capability of responding to any production command signal. The simulation
results conducted on a test case show that DCES can effectively and positively contribute to
the power shortage compensation process caused by a drop in PV production, dampen the

oscillations, and release the stress from the hybrid BESS.

4.2 Introduction

Combating climate change and achieving resilient and green socioeconomic systems require
cost-effective pathways for decarbonizing human societies and changing the patterns of energy
supply and consumption. In the transition toward carbon neutrality by 2050 (Position & Planet,
2018), (IEA, 2021), (House of Commons of Canada, 2020), (McKinsey, 2022), reducing

greenhouse gas

emissions is a big challenge that is exacerbated following the emergency of the COVID-19
pandemic (Kikstra et al., 2021). In this way, all public and private sectors should contribute
and propose viable solutions (McKinsey and Company, 2022),(IRENA, 2021). Meanwhile, the

imperative of energy transition to decarbonize the economy of tomorrow is increasing the
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penetration of distributed energy resources (DERs), especially in distribution systems which
have a positive impact on the environmental issues arising from conventional power plants
while reducing the dependency on energy prices on fossil fuel availability. In this way, an
interesting concept is microgrids which are proposed as an effective solution for reaching the
future resilient grid (Farrokhabadi et al., 2020),(Olivares et al., 2014). Microgrids have been
considered a key element in future smart grids. According to the Department Of Energy (DOE)
(Ton & Smith, 2012), the microgrid is defined as “a group of interconnected loads and
distributed energy resources within clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid. A microgrid can connect and disconnect from the
grid to enable it to operate in both grid-connected and island mode.” However, several
challenges should be addressed in alternating current (AC) electrical systems before real
implementation. The main challenge is the power quality issues caused by the electronically
interfaced DERSs at the common coupling point to the AC side of the power system (Stoyanov
et al., 2019),(Liang & Andalib-Bin-Karim, 2018),(Ahsan & Khan, 2022),(Chidurala et al.,
2014),(Gimenes et al., 2022). To overcome this critical challenge, direct current (DC)-type
microgrids are proposed that have several promising features and can operate grid-connected
or off-grid for electrification of remote areas without the need for installing smart inverters
(van der Bljj et al., 2018),(Van den Broeck et al., 2018),(Charles & Bagavathy, 2016),(Gerber
et al., 2018). Despite all the interesting characteristics, some concerns still must be addressed
regarding the voltage of DC microgrids such as voltage variation, voltage drop, short circuit,

etc.

Several methods are proposed in the literature for addressing the common issues observed in
DC microgrids, e.g., demand side management (DSM), load balancing, real-time energy
management systems, energy storage, and DC electric springs (DCES) (Guerrero et al.,
2011),(Anand et al., 2013),(Baran & Mahajan, 2007),(Kakigano et al., 2013),(Mok et al.,
2017),(Loh et al., 2013),(Cairoli et al., 2013),(M. Wang et al., 2021),(Faisal et al., 2018).
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4.3 Steady-State Stable DC bus of DC Systems

The stability problem is a big and critical issue with the AC system since all AC generators
should be kept synchronized and the balance between the generation and consumption should

be maintained around the system’s nominal frequency (Farrokhabadi et al., 2020).

In the case of the DC system, the voltage and current remain the only observable variables for
stability analysis. The stability criteria are reviewed by Riccobono & Santi, 2014. There are
different types of classifications regarding the nature of stability itself. Generally speaking, a
DC system is considered steady-state stable via time-domain simulations and studies if the
voltage of the DC bus returns to the initial operation point after an imposed disturbance and
the oscillations are limited to £5% of the rated value (Adly & Strunz, 2021; Ghanbari et al.,
2018; Riccobono & Santi, 2014; Toro et al., 2021; J. Wang et al., 2020).

In this work, we will monitor the voltage of the DC bus and the currents regarding each studied

scenario to evaluate the steady-state stability of the whole system including the DCES.

4.4 Power Quality of DC Systems

The quality of supplied power to the clients may affect the life span and operation of
corresponding electrical equipment. These phenomena are of importance in the case of critical
loads that are highly dependant on the quality of provided power. The power quality of AC
systems is a well-known issue and is addressed by several standards. For example, the IEEE
Guide for Identifying and Improving Voltage Quality in Power Systems addresses in detail the
common characteristics of power quality by covering several subjects such as different levels
of power quality, important key factors deteriorating the quality of supplied power, and

solutions to identify and improve power quality (IEEE Std 1250, 2018).

In the case of DC systems, a different viewpoint is needed to analyze the power quality issue
(H. Wang et al., 2021). As a matter of fact, the main idea behind the design and utilization of

DC systems is to avoid all those power quality concerns which are related to AC systems.
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(Guerrero et al., 2011; Zhang et al., 2000) The sources of power in the DC system operate
with a frequency equal to zero, and the generation at other frequencies does not exist. All the
connected equipment is DC powered and there is no power electronic-based element that may
produce harmonics. Therefore, it could be assumed that with a system fully operatable with
DC equipment, there will not be any harmonics (Mariscotti, 2021; Mayoral et al., 2021;
Mohamad & Mohamed, 2019; Veneri, 2016; Zuo et al., 2016).

Another challenging power quality issue applicable to DC systems is the fault current. In the
domain of AC systems, the impact of any type of fault on a system’s characteristics such as
voltage, current, and power is well-known to researchers and operators. Several types of
solutions, preventive or corrective, exist in the real world for mitigating the consequences of
any fault in the AC system. The applicability of such approaches is tested and validated
effectively.

When dealing with a DC system, a fault could be interpreted as the extra current drawn from
the main source of energy. Usually, the contribution to the fault is limited to the nominal
capacity of energy resources and installed converters. Yet, a fault on a DC bus could be a
serious issue especially when it leads to a sustaining arc in that its detection is complex

(Kwasinski, 2011; Uriarte et al., 2012; Whaite et al., 2015).

4.5 Proposed Coordination Scheme and Studied System

The technical characteristics of a proposed controller of series DCES, Hybrid Energy storage,
and main PV system are given. The schematic of the developed DC system is given in Figure.

4.1.



68

Figure. 4.1 Schematic of Modeled test system

4.5.1 Main Energy Source

The main energy source of the modeled DC microgrid is a PV system. The idea behind using
PV panels is to support the decarbonization target and to have a sustainable system that can be
installed in remote areas. The simulated PV system has four PV arrays in parallel each
connected to a separate DC/DC controller for reliability reasons. The operation power of the

whole PV system is 180KW and the operating voltage of the PV system is 130V.

The so-called PV Array block models an array of PV modules connected in parallel. This block
allows modeling a wide variety of present PV modules from the National Renewable Energy
Laboratory (NREL) System Advisor Model and the user-defined modules. The model also
accepts temperature (deg. C) and irradiance (W/m2) as inputs. The DC/DC controller itself, as
shown in Figure. 4.2 mainly comprises a maximum power point tracking (MPPT) controller
based on the Perturb Observe algorithm for generating the duty cycle of the boost converter

and a boost converter (average model).
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Figure. 4.2 The modeled DC/DC controller for PV arrays

452  Hybrid BESS

The hybrid battery energy storage system (BESS) as shown in Figure. 4.3 is developed by the
following sources: (1) a generic lithium-ion battery model which accepts, and (2) a generic
supercapacitor model for simulating the electric double layer capacitors (EDLCs). The reason
for having two types of energy sources is that the chemical-type BESS is not usually an
extremely fast response device, however, the supercapacitors may react almost instantly to the
given modulation signal. On other hand, the energy volume of supercapacitors is not large
which is commonly not an issue with chemical BESS since the current technology permits
building large-scale storage. In this work, the nominal voltage of the chemical battery is 100V,
the rated capacity is 100Ah, and the response time is set to one sec. For the supercapacitor, the

rated capacitance is SO0F and the rated voltage is 100V.
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Figure. 4.3Simulink Model of Hybrid BESS

4.5.3 Series DCES

The series DCES is modeled with a voltage source and a two-quadrant DC/DC power converter
(see Figure. 4.4The two-quadrant DC/DC power converter uses the so-called switching devices
model type in which the converter is modeled with pairs of IGBT and diode pairs and is
operated by firing pulses produced by a PWM generator. The PWM generator is set to create
a gating signal, the pulses to the

electronic switch of a two-quadrant DC to DC Converter. In this work, the given duty cycle to
the PWM generator is calculated based on the difference between the real voltage and a

nominal voltage.
4.54 Non-Critical Load (NCL)

Non-critical load (NCL) is an adjustable load whose power consumption can be modulated via
either its current or voltage. In this work, the NCL is modeled by a resistive load equal to 0.2

Ohm.
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Figure. 4.4 Modeled series DCES

4.5.5 Critical Load (CL)

It is a widely accepted definition that critical loads (CLs) should be continuously supplied with
very good power quality. Any system may have critical parts which cannot tolerate deviation
from a nominal voltage or current amplitude. In this work, CL is modeled via a resistive load,

similarly, 0.2 Ohm, and its voltage, current, and power are monitored constantly.

4.5.6 Energy Sharing Coordinator

The modeled controller is an intelligent energy-sharing block that generates the modulation

signal for both the Hybrid BESS and the series DCES. The observatory role of the central
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controller is to monitor continuously the status of PV arrays, hybrid BESS, DCES, and NCL.
Whenever there is an oscillation in the voltage of the DC bus, the controller is supposed to take
an action and turn it back to a pre-determined amplitude by properly distributing the required
actions among controllable devices while considering their limits. Depending on the rated
values of the system, the operator may tune the setting for the share of hybrid BESS in the case
of power shortage. For example, one might limit the participation to a certain level for the sake
of preserving the energy of hybrid BESS for later use. Therefore, the DCES will take more
responsibility. Once the share of hybrid BESS is defined, the DCES will follow the voltage

amplitude and damps the variations.

In this work, the assigned required power signal to the hybrid BESS passes first by a filter,
and then a rate limiter for generating the production signal for the chemical storage. The filter
is used to filter out high frequencies in the required power signal and avoid any sudden changes
or steps introduced to hybrid BESS. The rate limiter is also employed to extract the fast-
changing part of the required power signal and assign it to the supercapacitor. The remaining
part of the signal that has a slower rate of change is sent to the chemical storage. In general, it
could be said that the difference between the chemical storage production signal and the main
signal, the share of hybrid BESS, is assigned to the supercapacitor (see Figure. 4.5). The setting
of series DCES is generated once there is an oscillation in the voltage of the system. To be
more realistic and better observe the impact, a delay of 0.2 seconds is considered for the
operation of DCES. Once activated, it measures the target signal, the difference between the
voltage of the DC bus and pre-determined nominal voltage and generates the new duty cycle

for its two-quadrant DC/DC power converter.
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4.6 Simulation and Discussion

In this section, the findings of simulation results are studied and the responses of each key part
of modeled system are presented. All the simulations are conducted in the MATLAB
SIMULINK environment.

Three configurations are considered to deal with each simulated contingency:

1. Only PV system:

Regarding this scenario, both Hybrid BESS and DCES are deactivated. This scenario could be

understood as the base or normal operation of the microgrid.

2. PV system + Hybrid BESS:

In this scenario, only the control loop of the Hybrid BESS is activated and the DCES remains
inactive. The goal behind this scenario is to determine the capacity of Hybrid BESS in damping

voltage oscillation.

3. PV system + Hybrid BESS + DCES:

Both Hybrid BESS and DCES are activated. By simulating this scenario, we would be able to
know the additional gain in voltage damping given by the DCES.
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4.6.1 Cloudy situation and reduced PV generation

In a given scenario, the generation of the PV system reduces by 30% at t=2 sec which simulates
a clouding situation. The Hybrid BESS is set to produce 30KW and series DCES compensates
for the rest of the power shortage.

The voltage of critical load, as shown in Figure. 4.6 drops significantly when the PV production
reduces. Regarding scenario 2, the green curve, a part of the demand is supplied and thus avoids
further voltage drop and experiences less oscillation with Hybrid BESS. By the moment DCES
is activated, the remaining demand for energy is responded and the voltage of the critical load

returns to its default value.
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Figure. 4.6 The voltage of the Critical Load [cloudy situation scenario]

Based on the DC bus voltage curves, the voltage final values (V) and voltage steady-state

values (V;) are extracted, and the final error is calculated based on the following equation:
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Vs =Vs)

Error(%) = %X 100

Table. 4.1. Steady-state stable analysis of DC bus voltage following simulated cloudy

situation
Steady-state value= | Only PV system | PV system + Hybrid | PV system + Hybrid
1348V BESS BESS + DCES
Final Value (V) 125.3 131.9 134.5
Error (%) -7.0 -2.2 -0.2

The simulation and calculation results are given in Table. 4.1. If we consider a five percent
error as the acceptance criterion for a stable DC bus, we could conclude that the DC bus is not
stable without Hybrid BESS. The PV system cannot guarantee the steady state stability of the
DC system without a hybrid BESS and DCES. Also, the third configuration, (PV+Hybrid
BESS+DCES) has a 0.2% error and is more stable than other configurations.

Regarding the power quality of the studied contingency, the post-contingency voltage
overshoot (V,), post contingency voltage undershoot (V,,5), and post-contingency voltage final
value (V) for each configuration is extracted based on Figure. 4.6 and the settling time T is
calculated as shown in Table. 4.2. Note that the settling time is defined as the time when the

voltage signal enters the +1% boundary.

Table. 4.2.  Quality of DC bus voltage following simulated cloudy situation
Steady-state value= 134.8 V. +1% Error=136.15V -1% Error=133.45
Only PV system | PV system + Hybrid BESS | PV system + Hybrid BESS + DCES

Vos 135V 136.6 V 137V
Vs 1245V 1319V 1325V
T n.a. n.a. 0.48 Sec
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With a boundary of 1% as the approval index for good power quality, the DC-bus voltage
amplitude is not validated unless with the third configuration. Without the DCES the voltage
amplitude never returns the defined boundary. The settling time for the third configuration is
considerably low (0.48 seconds) which means the quality of the voltage of the critical load is
guaranteed. It should be also noted that depending on the critical load characteristics and
designed DC microgrid, the system operator may accept other values for settling time. for
example, with £2% index for power quality, the second configuration could be approved as an

acceptable configuration.

To see how the operation of series DCES impacts its connected load, the power consumption
of NCL is also depicted in Figure. 4.7 It is clear that the contribution of NCL in damping the
oscillations is not very significant. By reducing the voltage at the connection points, the total

consumption is reduced smoothly.

The share of the supercapacitor and chemical storage in producing energy is shown in Figure.
4.8. The supercapacitor contributes more to the required power signal thanks to its fast
response character. The storage starts more slowly to take action and produce energy. Such a
response requires smaller chemical storage in terms of charging and discharging rates. It should
be noted that the supercapacitor loses around 1% of its energy in two seconds and which is

quite significant.
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Figure. 4.8 Produced power by supercapacitor and chemical battery storage [cloudy situation
scenario|

4.6.2 DC Bus to Ground Fault

In this simulated contingency, a direct ground fault is applied on the DC bus at t=2 seconds
and cleared after 0.5 seconds without any equipment outage. Both hybrid BESS and DCES are
set off during the fault for avoiding any contribution to the fault current. A delay of 100ms is
considered as response time for hybrid BESS and DCES meaning that at t=2.6 sec their

reactions to the voltage oscillation begin.

The voltage of the DC bus is shown in Figure. 4.9. As illustrated, the voltage drops to almost

zero volts during the fault period and recovers after clearing the fault.

The computation results are given in Table. 4.3. As mentioned earlier, based on the assumption
of considering a five percent error as the acceptance criterion for a stable DC bus, we could
say that the DC bus is stable in all three simulated configurations and show a 0.3% error. The
designed system is naturally resilient to the introduced contingency. By using the Hybrid BESS
the response of the system from the steady-state stability point of view has not deteriorated.

The same argument applies to the DCES.
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Figure. 4.9 The voltage of the Critical Load [DC bus to ground fault scenario]

Table. 4.3. Steady-state stability analysis of DC bus voltage following simulated faulty

situation
Steady-state value= | Only PV system | PV system + Hybrid | PV system + Hybrid
1348V BESS BESS + DCES
Final Value (V) 135.2 135.2 135.2
Error (%) 0.3 0.3 0.3

Similar to the previous study, if we consider a boundary of +£1% as the approval index for good
power quality in the case of DC system response after the fault, the DC-bus voltage amplitude
respects the criteria under the three studied configurations. After clearing the fault at t=2.5
seconds, the voltage of the DC bus raises to over 174 volts. When only the PV system operates,
the voltage drops again to less than 110 volts and then turns back smoothly to the pre-fault

amplitude and falls inside the defined +1% approval index at t=3.2 seconds.

Table. 4.4.  Quality of DC bus voltage following simulated faulty situation
Steady-state value= 134.8 V. +1% Error=136.15V -1% Error=133.45
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Only PV system | PV system + Hybrid BESS | PV system + Hybrid BESS + DCES
V,s 1747V 1747V 1747V
Vs 109.6 V 122.1 125.4
T 0.6 Sec 0.8 Sec 0.8 Sec

When the hybrid BESS is activated, the second configuration, no impact on the DC bus voltage
peak after the fault is observed but it well damps the oscillation and increases the undershoot
voltage to 122 volts. Next, the voltage curve inters the +1% deviation at 3.15 Seconds and -
1% deviation at 3.4 seconds. In general, the voltage amplitude looks smoother compared to the

first configuration.

With the DCES, the third configuration, a similar behavior as the second configuration is
observed. The post-contingency DC bus voltage undershoot increases to 125.4 volts and the
voltage amplitude enters the +1% deviation at 3.2 Seconds and -1% deviation at 3.4 seconds.
The DCES smooths more the voltage curve after the fault. Even though both the second and
third configurations improve the quality of voltage after the fault, the corresponding settling
times are higher than the first configuration. When only the PV system operates, the voltage

enters 0.2 seconds earlier than the pre-defined +1% deviation.

Like the first scenario, the power consumption of NCL is depicted in Figure. 4.10. With the first
configuration, the power consumption of NCL drops about 60 KW from the pre-fault
consumption of 91 KW. Once the hybrid BESS is activated in the second configuration, the
power consumption of NCL stops declining and further tries to reach its initial consumption. In
the case of DCES, more drop in NCL power consumption is observed that is represents the
capability of DCES in modulating the NCL power and releasing extra power for the CL load
connected to the DC bus.
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Figure. 4.10 The consumption of Non-Critical Load [DC bus to ground fault scenario]

4.6.3 Ambient Temperature Variation

In this simulated study, the effect of temperature variation on the DC system is studied. To do

s0, the ambient temperature introduced to the PV system is increased from 35 deg C to 40 deg

C at t=2 seconds. The central controller detects the power reduction on the PV sides and tries

to compensate for the required power by critical load and bring back the DC voltage to its

previous value.

As shown in Figure. 4.11 with the only PV system in place, the DC microgrid experiences a
DC voltage drop down to 132.8 volts. Once the hybrid BESS is also activated, the central
controller assigns an active power signal to both the chemical battery and the supercapacitor

and manages to enhance the DC bus voltage to 134.4 volts. Finally, by activating the DCES at

t=2.2 sec, the critical load DC voltage return to the initial value of 134.7 volts.
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Figure. 4.11 The voltage of the Critical Load [Ambient temperature variation scenario]

Table. 4.5. Stable DC bus analysis of DC bus voltage following simulated ambient
temperature variation

Steady-state value= | Only PV system | PV system + Hybrid | PV system + Hybrid
1348V BESS BESS + DCES
Final Value (V) 132.9 134.4 134.8
Error (%) 1.4 0.3 0.0

The computation results for the steady-state error of DC bus voltage are given in Table.
4.3Table. 4.5. As mentioned earlier, based on the assumption of considering a five percent
error as the acceptance criterion for a steady-state stable DC bus, it is observed that all three
simulated configurations have stead-state stability. The designed system is naturally resilient

to the introduced contingency. By using the Hybrid BESS the response of the system from the
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steady-state stability point of view has not deteriorated. Once the DCES is activated, the DC

bus voltage reaches the initial setpoint.

Similar to the previous scenarios, the power consumption of NCL is depicted in Figure. 4.12.
When the central controller uses only the PV system, the consumption power of the non-critical
load decreases to 88.4 KW. If the hybrid BESS is also considered for controlling the DC bus
voltage, then the power of the non-critical load decreases to 90.3 which is very close to its
initial value. Once the DCES is employed by the central controller for compensating the error
in DC bus voltage, the power consumption of non-critical load is reduced which reflects the

activation of the role of non-critical load in voltage enhancement.
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Figure. 4.12 The power of Non-Critical Load [Ambient temperature variation scenario]

Table. 4.6.  Quality of DC bus voltage following ambient temperature variation situation
Steady-state value= 134.8 V. +1% Error=136.15V -1% Error=133.45
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Only PV system | PV system + Hybrid BESS | PV system + Hybrid BESS + DCES
V,s n.a. 1363V 136.6 V
Vs 1328V 1344.4 n.a.
T n.a. n.a. 0.3 Sec

Regarding the quality of the DC bus when the ambient temperature increases, it is shown that

the DC microgrid may not be able to respect the boundary of £1% as the approval index for

good power quality. When the PV system operates without additional support, the DC bus

voltage has no overshoot and decreases to 132.9 volts. Therefore, it does not fall insight the

defined boundary. When the central controller activates the hybrid BESS, the DC bus voltage

experiences an overshoot voltage equal to 136.3 volts and an undershoot voltage of 134.4.

Again, the DC bus voltage quality is not respected. Finally, with the help of DCES, it is

observed that the DC bus voltage falls within the +£1% approval index in about 0.3 seconds

(see Table. 4.6).
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Figure. 4.13 The power of Critical Load [Ambient temperature variation scenario]

The power consumption of CL is also depicted in Figure. 4.13. As shown, the critical load is
fed with a more constant power when both DCES and hybrid BESS are controlled by the

central controller.

Figure. 4.14 shows the power generation of the supercapacitor and the chemical storage versus
the required power signal that is calculated by the central controller. As discussed before, the
supercapacitor is set to respond to the fast accelerating part of the required power while the

storage increases gradually to take full control.
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4.7 Conclusion

DC electric springs (DCES) are considered an effective tool for controlling the oscillations and
enhancing the operability of DC microgrids. In this section, a coordination scheme for joint
control of series DCES and hybrid battery energy storage (Hybrid BESS) in a DC microgrid is
proposed. The hybrid BESS itself comprises a chemical battery storage and a supercapacitor.
The main objectives of the proposed coordination scheme are to facilitate the integration of
variable renewable energy resources, limit the size and usage of chemical energy storage,
activate the share of flexible non-critical load (NCL) in the process of damping voltage

oscillation, and maintain the voltage of critical load (CL). The simulation results of the case
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with a cloudy situation and the case with a DC bus-to-ground fault confirm the effectiveness
of the proposed coordinated energy-sharing scheme in improving the performance of the DC

microgrid and supporting the critical load.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This chapter concludes the thesis and gives some recommendations about further work on this

topic and proposes a road map for development and implementation.

The pathway toward decarbonization of all energy sectors and climate change mitigation are
among the main targets set by the Paris agreement for the 21% century. Canada, as one of the
participants in this agreement, committed to reducing its greenhouse gas (GHG) emissions by
30 percent by 2030 and achieving net-zero emissions by 2050. The Quebec province is highly
involved in this initiative with the plan called" 2030 Plan for a Green Economy” which aims

to reach a 37.5 percent reduction compared with 1990 levels, and carbon neutrality by 2050.

The electricity sector is one of the biggest sectors to be decarbonized which is conventionally
based on large pollutant fossil-based power plants. As a solution, the load profile is controlled
by solutions such as demand-side management programs, load leveling, and battery energy
storage. An alternative solution is to supply energy demand from clean energy resources such
as renewable energy resources (RESs). A wide variety of technologies including PVs and wind
turbines are considered as RESs which are highly integrated at the distribution level. Apart
from several advantages, their natural stochastic and intermittent characteristic imposes more
oscillations to the balancing equation of generation and consumption and may deteriorate the

voltage profile of critical loads.

AC-based distribution systems are widely accepted as the solution for distributing energy
among clients. However, recent massive integration of DC loads, distributed energy resources
(DERs), energy storage, and electric vehicles into the grids, many researchers start to develop
the idea of DC distribution systems. A DC distribution system has many interesting features
as well as: simpler power transfer without needing converters and inverters, less investment,
and most importantly no issue with reactive power circulation. Among different types of DC

distribution systems, the concept of DC microgrids has gained more attraction due to their
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several advantages including the ability to operate grid-connected or off-grid for electrification

of remote areas.

Despite all the promising features of DC microgrids, the rising trend of power generation from
renewable energy resources which are naturally intermittent may cause disturbances especially
off-grid microgrids which rely mostly on PVs and wind turbines. To overcome this dilemma,
employing new control schemes seems necessary for maintaining the balance between
consumption and generation. Several solutions are proposed in the literature e.g., demand-side
management (DSM), load balancing, real-time energy management systems, and energy

storage.

In this thesis, we used the concept of DC electric spring (DCES) units in modern distribution
test systems. First, the characteristics of DCESs, as well as operation modes, and operation
configurations, were reviewed and their several applications in DC microgrids are studied and
summarized in a table based on some criteria, e.g. the technical level, proposed control scheme,
the type of DCES, etc. Next, we proposed a coordination scheme for joint control of series
DCES and hybrid battery energy storage (Hybrid BESS) in a DC microgrid. The modeled
DCES was employed to optimally modulate the demand of non-critical loads and to support
and guarantee the continuous operation of the critical loads with an acceptable range of voltage
in the presence of RESs. The results prove the effectiveness of the proposed coordinated
energy-sharing scheme in improving the performance of the DC microgrid and supporting the

critical load.

5.1 Recommendations

In this section, a number of research gaps are mentioned accompanied by a list of research

ideas for future research and development roadmap.
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5.1.1.1 Possible Research Ideas

Despite all the ideas explored by the researchers, there are still some gaps in the application of

DCES in DC microgrids that can be studied in any future work:

e Developing larger microgrids with different types of DC loads, for example, G2V, DC

motors, different types of constant I, constant P, zip, dynamic loads, etc.

e Developing a DC microgrid supplied with several types of DC generation sources, e.g.,

PV, wind turbine, V2G, mechanical and electrical energy storages.

e Optimal operation of a complex microgrid over a longer period of time. The main goal
would be optimizing the utilization of the limited energy source of DCES.

e Employing a controllable renewable energy resource to mimic the role of NCL.

e Coordinated energy sharing with other energy sources for maximizing efficiency.

e Evaluating the possibility of modulating several NCLs with one DCES. The key

motivation is to minimize the adverse impact on NCLs.

5.1.1.2  Proposed Roadmap

Last, a roadmap is proposed that illustrates all the phases from simulation to PHIL test before

real implementation. The last two phases are of importance from the industrial point of view.



Microgrid model

Controller Design

Simulation

Laboratory
Experiment

HIL simulation

PHIL simulation

.

In this phase a simulation model for
the understudy microgrid is built
with acceptable level of details.

The proposed scheme for controlling
the DCES 1s developed in this phase.

-

-—

All possible scenarios regarding
the modeled micrognd are
simulated and studied 1in this phase.

a simple setup 1s build to study
simulated scenarios and to examine
the accuracy of simulink model.

The build setup is connected to a HIL
target to evaluate the performance
of proposed control scheme.

This phase 1s highly recommended
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Figure. 5.1 Proposed roadmap for successful DCES integration into modern DC microgrids
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