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Abstract

A new type of microgrid called multifrequency microgrid (MFMG) is investigated
in this thesis. It is formed based on the superposition theorem, orthogonal power
flow theory, and frequency selectivity criteria. It is a unique system where differ-
ent frequency voltages and currents are present on the multifrequency (MF) bus
and different frequency powers maintain orthogonality and transmit simultaneously
through the MF bus without mixing. Frequency selectivity criteria states that the
consumers can choose any available frequency power from the MF bus based on their
requirements. MFMG has several advantages over traditional AC or DC microgrids
like higher efficiency, higher transmission capacity, higher degree of functionality,
and higher flexibility. This research work focuses on the basic architecture, convert-

ers, and control strategies of MFMG.

MFMG concept has been explored very little in the literature. The basic architec-
ture and converter for MEMG is still not defined. In this thesis, the basic architec-
ture of MFMG is defined where a voltage source converter named DC/MF converter
acts as the building block. The DC/MF converter is used as grid side, grid feeding,
grid forming, load side, and battery side converter, and all control strategies are ex-
plained. The DC/MF converter structure is proposed and modelling of the DC/MF
converter is performed with the state space analysis method. Different controllers
are designed using the transfer functions of the small signal model of the DC/MF
converter to control the output voltage and current. The modelling and controller

designs are verified by open loop hardware and closed loop simulation results.

The presence of different frequency powers on the MF bus and frequency selective

power transmission create different new active and reactive power imbalance situa-
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tions which are not present in traditional microgrids. No power balancing strategy
is discussed in the literature for MEMG. In this thesis, all new active and reactive
power imbalance cases are discussed and the conditions are identified to balance
different frequency active and reactive powers in MFMG for grid connected and is-
landed modes. New power balancing strategies are proposed here to solve all power
imbalance cases based on the power balancing conditions. The power balancing
strategies are verified by the circuit simulation of MEMG in the Matlab Simulink

environment.

An energy storage system (ESS) needs to be integrated with MFMG due to the
uncertainty and intermittency of renewable sources. In this thesis, an algorithm
is proposed to coordinate the ESS and different renewable sources to balance dif-
ferent frequency load power demands of MFMG for optimum power generation
through communication under a cooperative framework. The framework is con-
structed based on the assumption that any load prefers to absorb power from the
closest source for minimum power loss and cost. The categorization of different
source load pairs is done based on the physical distance by different frequencies
and accordingly, the algorithm is structured. An 8 bus MFMG is simulated to
evaluate the algorithm for different power imbalance cases in the Matlab Simulink

environment.
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1. Introduction

1.1 Introduction

The current power distribution system faces several challenges related to renewable sources
integration, quality of power, and load increment [5|. From the last decade the application
of renewable energy sources is increasing rapidly but there are some limitations to connect
the sources to the existing grid. Microgrids are a proper way to connect all local loads and
renewable sources without any new major construction [6]. Based on the availability of the grid,
a microgrid can be operated in grid connected or islanded mode [7]. In grid connected mode, the
bus frequency and voltage are regulated by the main grid. In islanded mode, a microgrid behaves
like a separate entity and can produce, control, and distribute power locally [8]. Microgrid has
several advantages like higher efficiency, superior load handling strategy, and better ability to
connect renewable sources [9]. A microgrid has a positive environmental impact on reducing
carbon emission by utilising renewable energy sources. Different types of storage systems are
connected to the microgrid to increase the stability and reliability of the system [10].

The main components of a microgrid are distributive energy sources, power storage systems,
fixed and flexible loads, converters, controllers, smart switches, protection and communication
devices. PCC is the point of common coupling between grid and microgrid which has a switch.
By opening the switch, a microgrid can change from grid connected mode to islanded mode.
Three different types of microgrids are reported in the literature called AC, DC, and hybrid
microgrid |11]. In an AC microgrid, all sources and loads are connected to a common AC
bus. The structure of an AC microgrid is presented in Fig. (a). Any 50 Hz source, all
AC loads, and the grid are directly connected to the bus. Any other frequency AC sources
are connected by an AC/DC and DC/AC converter combination. Any DC source and load
are connected by a DC/DC and DC/AC converter combination to the bus. DC microgrid
has several advantages over AC microgrid like higher efficiency, higher stability, simpler control
strategy, and no synchronization issue [2]. In Fig. (b), the DC microgrid structure is shown.
Any AC source or load can be connected by an AC/DC converter whereas any DC source or

load can be connected by DC/DC converter to the bus. The grid is connected by a DC/AC
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Figure 1.2: Structure of multifrequency microgrid (MFMG).

converter. The hybrid microgrid is proposed by merging AC and DC microgrid . The hybrid
microgrid has both the AC and DC bus. The AC sources and loads are connected to the AC
bus and DC sources and loads are connected to the DC bus by proper converters. So AC+DC
microgrid has high efficiency due to less number of conversions.

As all conventional power system works in AC supply so most of the microgrids are AC
microgrid. DC microgrid has safety and protection issues , whereas stability, control, and
synchronization are the biggest concerns for AC microgrid . A hybrid microgrid requires
distinct buses for AC and DC connections hence system cost increases [15]. This thesis discusses
a unique type of microgrid called multifrequency microgrid (MFMG). Unlike a hybrid microgrid,
it accommodates different frequency elements on a single conductor. MFMG has several new
characteristics and can remove the disadvantages of conventional microgrids by proper use of
power electronics converters.

An MFMG (Fig is a new type of microgrid where the MF bus carries multiple frequency
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Figure 1.3: Bus voltage of DC, AC, and MFMG.

voltages and currents. A voltage source inverter named as DC/MF converter is operated as
the building block of MFMG. It has been noticed that if different frequency components are
superimposed on a single conductor, different frequency active powers become orthogonal to
each other and create separate channels to transfer without mixing. A user can choose any
frequency power channel available on the multifrequency bus as the load side converter behaves
like an active power filter. So this system is superior to other microgrid systems. The bus
voltage or current equation of MFMG is presented in equation [I.1, where x is bus voltage or

current (Fig. [1.3]). This equation is explained in detail in chapter 2.
x(t) = X + Z1sin(2m fit — ¢1) + Lasin(2w fot — ¢pa2) + ... + T 510 (27 frut — @y,) (1.1)

This system allows several independent source load interactions to happen simultaneously on a
single transmission line with the help of different frequency power channels. Power electronic
converters convert the source power to the multifrequency (MF) form required for the microgrid
bus, and MF bus power can be converted to the form required by the load as shown in Fig.
4

In most of the retail power markets in India, there is only one distribution company and
hence there is no competition [16], [17]. These power markets can not include more than one
distribution company due to the construction of new transmission lines. Like a telecommunica-
tion system, customers have no personal choice among the distribution companies in the power

system which is not desirable. MFMG has been introduced with a new feature that different
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Figure 1.4: Structure and control of multifrequency microgrid (MFMG).

power generation companies can sell their power through different assigned frequency channels
on the MF bus and consumers can subscribe to any company based on the requirements. It
is analogous to the present subscription of different TV channels by users. Users can identify
and subscribe to a certain kind of power or a certain power generation company by choosing
the proper frequency channel. A zoomed version of MFMG is presented in Fig. [1.4] with two
sources and two loads. It can be noticed that two different distributors send different powers
at different frequencies to the MF bus. Smart meters are used to measure different source and
load powers. At load side, the customers can buy different powers from different distributors

at different prices by selecting the proper frequency channels.

1.2 Advantages of Multifrequency Microgrid

All MF systems have several new characteristics which MEMG can use and create several

advantages over the traditional microgrids.
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(i) Several operational frequencies exist in the MF bus which enables the decoupled power
flow. MFMG has a higher degree of functionality and flexibility in control by utilizing the

full potential of power electronics converters than any traditional AC or DC microgrid .

(ii)) AC power system can not reach its thermal limit of the conductor due to the stability
limit. Maintaining the same voltage level, different frequency AC and DC currents can be

superimposed on 50 Hz AC current to increase the transmission capacity of the system

[19).

(iii) The bus voltage amplitude at its fundamental frequency can be increased by keeping
the voltage peak constant by adding other harmonics to the voltage waveform . The
current in the system decreases which increases efficiency, and reduces the size of the

converter and cables. So, the cost of investment is also reduced [21].

(iv) In multifrequency microgrid, different powers can be categorized by using different fre-
quencies. Specific frequencies can be used for renewable power, fossil power, and storage
power as they are different in terms of availability and reliability. Power selectivity in mul-
tifrequency microgrid can create an open market in the distribution system. Generation
companies can use different assigned frequency channels to broadcast their powers and

customers can select different frequency channels depending upon their needs. Using this
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concept future power market can be constructed. In Fig. [1.5 a power market structure is
presented where three generation companies use three different frequencies to send fossil,
renewable and storage power and customers can choose any frequency channel depending

upon their requirement.

1.3 Literature Review

1.3.1 Structure and converter of microgrid

The architectures and converters of AC, DC, and hybrid microgrids are narrated in different
pieces of literature. The AC microgrid structure is explained in [1] to achieve stability for any
kind of load. A scalable DC microgrid architecture is presented in [22] which can be used for
rural electrification. DC microgrid structure, its interaction with the AC grid, and different
grounding schemes are described in [2]. In [23], the architecture and operation of a hybrid
microgrid are explained. A novel hybrid microgrid structure with a central storage system is
shown in [24] with simulation results. A comprehensive review of the microgrid architectures
is presented in [25] based on stability and control aspects. In [26] a primitive unified AC-DC
microgrid structure is proposed whose bus has both DC and 50 Hz components.

A three phase isolated converter is proposed in [27] which can be used for any microgrid
integration with the main grid. The modified SVPWM technique is also explained for the
bidirectional converter operation. The design of the three phase AC/DC converter for AC
microgrid application is narrated in [28] which is verified by experimental results. In [29], a
novel DC/DC converter operation is explained which can be used for DC microgrid. A back to
back converter structure is explained in [30] for the hybrid microgrid. The structure and the
operation of a coupled interlinking converter is shown in [31] for a hybrid microgrid. In [32],
the selection of grid side converter is done based on the reliability of the converter. A unified
AC-DC converter structure is proposed in [26] for a microgrid whose bus has two different

frequencies (DC, 50 Hz).
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1.3.2 Power management of microgrid

Active power balance is necessary for a microgrid to share the total load demand between
parallelly connected source inverters and keep the voltage and frequency stability in the bus
in both grid connected and islanded mode [9]. To get active power balance in AC microgrid,
there are different communication based power sharing strategies like concentrated control
[33], distributed control [34] and decentralized control [35]. Different droop control methods
without any communication for AC microgrid are described in [36]. A communication based
decentralized control and autonomous control schemes of DC microgrid are presented in |37,3§].
Different droop control methods are used [39] to balance active power in the DC microgrid.
An alternative droop control scheme for a microgrid with both AC and DC characteristics
is presented in [40]. In [41], different active power management problems are described for
hybrid microgrid and a coordinated power sharing method is proposed. Reactive power control
is essential in a microgrid to maintain voltage stability, system efficiency and power quality
[42]. Master slave control strategy is used in [43] to control reactive power in an islanded
AC microgrid. In [44], a communication based decentralized reactive power control method is
narrated. Droop control methods are narrated in several pieces of literature [45] to get reactive
power balance in AC microgrid. A distributed [46] and a decentralized [47] reactive power
control strategy are employed in the hybrid microgrid to control the reactive power. Droop
control method without communication for reactive power balance in a hybrid microgrid is
conferred in [40]. The different active and reactive power imbalance situations which are created
due to presence of different frequency components in MFMG are not conferred in any literature.
There is no existing method to balance the different frequency active and reactive powers of

any MF systems.

1.3.3 Energy storage system integration with microgrid

ESS integration with microgrid is one key research topic and several new strategies are
introduced in recent years to operate an ESS with AC, DC, or hybrid microgrid |48|. Solar

and wind power varies throughout the day. In the noon time, solar irradiation is maximum
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and at night time, no solar power is available. The wind power of a wind turbine depends
upon the wind speed which varies throughout the day. So without the help of an energy
storage system, the solar and wind sources cannot supply a sensitive load which needs reliable
power. Different types of storage systems like flywheel [49], chemical battery [50], and super
capacitor [51] are conferred in different literature. Lithium ion batteries are mostly used as
an ESS in a microgrid due to higher energy to weight ratio, no memory effect, and lower
self discharge rate [52]. For AC microgrid, different power balancing strategies like droop
control [53], distributed control [54], decentralized control [55], and fuzzy logic control [56]
are explained to integrate an ESS. Different power sharing method like droop control [57],
decentralized control [58], and distributed control [59] between DC microgrid and an ESS are
reported in literature. In hybrid microgrid distributed control [60], autonomous control [61],
adaptive control [62] strategies are used for the operation of an ESS. An ESS can be integrated
with a cluster of microgrids by using a coordinated control strategy [63]. However, no literature
explains the control and management of ESS with MFMG. A new power balancing strategy
is required to operate the ESS and MFMG sources together so that different frequency active

power loads can be delivered.

1.3.4 Different Multifrequency Systems

The basic idea of the superposition of different frequencies in a single conductor is old.
In [19] a superposed AC+DC power transmission system is described and different applications
with advantages are explained. The implementation was very complex as thyristor converters
were not proper for this kind of application. So this idea did not get any attention at that time.
In the last two decades, power electronic converters are widely used with the development
of Si based IGBT and MOSFET. Different new fast control strategies and power electronic
switches are invented which can make MF operation possible. Recently several MF systems
like distributive power flow controller |64, wireless power transfer [65], and modular multilevel
converter [66] are proposed where MF operation provides several advantages. The impact of

superposed elements (50 Hz AC and its odd harmonics) on converters, power cables, protection,
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Table 1.1: List of the existing literature on MFMG

Reference No. | Work presented in the paper

- [67] More than one frequency voltages and currents are used in an islanded
system. Impact of MF power transfer on cables, protection system,
communication system, loads, and transformers are analyzed.

726] An AC-DC microgrid idea is proposed with primitive architecture.
An H bridge AC-DC converter is designed for the load side whose control
got affected if load frequency changes.

769] A MF power distribution system is explained with two different frequencies
(DC, 50 Hz) sources and loads. At load side passive filters are used
which increases the size and limits the flexibility of power management.

[70] Here the structure and control strategy of load side converter of
MF system are presented. The load side converter can choose different
frequency powers in different time frames.

18] This paper shows the possibility of MF power transfer in presence of a
smart transformer in a distribution system. The impact of MF system on
the grid is also discussed.

768] The feasibility of transmitting power at multiple frequencies is validated
experimentally.

power line communication systems, and loads are observed and discussed in [67,68]. The first
AC+DC microgrid concept is presented in [26] with a primitive architecture. In [69], some
passive filters are used at the load side to filter out the required frequency power from the
AC+DC bus. The design and control of the load side converter of an MF system are presented
in [70], where users have the ability to choose among different frequency available powers. The
hardware realization of the load side converter is presented in [68]. In [18], the MF power
transfer is made possible with the help of a smart transformer in a distribution system. All
previous research works on MFMG are listed in Table Two MF systems named DPFC, and

DIPFC are briefly described here for a better understanding of the properties of MF systems.
1.3.4.1 Distributed Power Flow Controller

Distributed power flow controller (DPFC) is derived from a unified power flow controller
(UPFC) which provides fast-acting reactive power compensation on high-voltage electricity
transmission networks. Reactive power is generated internally in the series converter and active

power is supplied through the DC link of the shunt converter. The shunt converter maintains
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the voltage of the common DC bus by taking active power from the transmission line (Fig.
1.6). DPFC has the same structure of UPFC without common DC link between series and
shunt converter . The active power exchange between series and shunt converter occurs
through the distribution line in third harmonic frequency. DPFC also uses the distributed
FACTSs concept where many small single phase inverters are employed instead of one big three
phase converter. Each converter has its own DC capacitor to provide the required active power
to the transmission line. Besides the converters, DPFC needs one high pass filter on the other
side of the transmission line and two star-delta transformers on both sides of the line. The
third harmonic frequency will pass through the neutral of the transformer and can make a close
loop for the third harmonic current through the ground.

The transmission line is the common connection between the shunt and the series devices.
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Figure 1.8: Active power flow in DIPFC in fundamental frequency (blue) and harmonic frequency
(red) [4].

So they can exchange active power in between them through the transmission line. By applying
the orthogonal power flow theory the shunt converter can absorb active power from the grid at
the primary frequency and can inject the power back to the series converter at the harmonic
frequency. The DPFC series converters generate a voltage at the harmonic frequency to absorb
the active power from shunt converters according to the amount of required power and serve this
harmonic frequency active power to the transmission line at the next fundamental frequency
cycle. In DPFC, the third harmonic loop is mainly used to balance the capacitor voltage
of the series and shunt converter. In primary frequency, the series converter delivers active
power to the transmission line, so the capacitor voltage of the series converter decreases. In
primary frequency, the shunt converter absorbs active power from the grid so its capacitor
voltage increases. In the third harmonic loop, shunt converter delivers active power to the
series converter and maintains the capacitor voltage as shown in Fig. [I.7] Assuming a lossless
converter, the active power generated at the fundamental frequency is equal to the power
absorbed from the third harmonic frequency. So using the MF concept, the DC link capacitor
connection between the series and shunt converter is removed which reduces cost and increases

reliability.
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1.3.4.2 Distributed Interline Power Flow Controller

It is the distributed version of the interline power flow controller (IPFC) [4]. IPFC generally
employs two or more series converters which are connected to different lines of a multi-line
transmission system to control the active and reactive power in a multi-line system. FEach
converter can generate reactive power and compensate reactive power of its own line. Active
power is also provided by a converter to its own line which is supplied through the common
DC link of the other converter which takes active power from a different line to balance the DC
bus voltage. By using the distributed FACTs concept, DIPFC consists of many small single
phase series converters. In fundamental frequency, the converter compensates active power to
its own line from its DC bus capacitor and the capacitor voltage decreases. Now in the third
harmonic frequency, it takes active power from another series converter of a different line and
balances the DC bus voltage. The other converter takes active power from the other line in the
next fundamental frequency. So the sum of active power injected by all series converters at the
fundamental frequency is zero. So here also the MF concept is used and the DC link capacitor

is removed.

1.4 Gaps in the Existing Literature and Problem For-
mulation

The followings are the gaps in the existing literature :

e The basic laws of MFMG are not defined : The basic laws behind MFMG are superposi-
tion theorem, orthogonal power flow theory, and frequency selectivity criteria. However,
the orthogonal power flow theory for reactive power and frequency selectivity criteria are

still not discussed in any literature. These two theories need to be explored to understand

the working of MFMG.

e The basic structure and modular converter of MFMG is not designed : The basic architec-
ture and converters of traditional microgrids don’t fit with MEMG. The basic architecture

of MFMG is still unexplored. In some literature, AC-DC microgrid architecture is pro-
TH-2970 166102018
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posed where the bus has only two different frequencies (DC, 50 Hz). In MFMG, every
source is connected to the multifrequency (MF) bus through a converter. The converter
converts the source frequency power to the desired frequency power and send to the MF
bus. The source side and load side converters are proposed for AC-DC microgrid but they
don’t work in MFMG where more than two different frequency elements are present. The

controller design procedure of any of these converters is not discussed in any literature.

e Power balancing strateqy of MFMG is not proposed : Active and reactive power balance is
necessary to maintain the frequency and voltage of a system. Different active and reactive
power balancing strategies are proposed in different literatures for AC, DC, and hybrid
microgrids. As different frequency active and reactive powers are present in the MF bus
so, different new active and reactive power imbalance cases occur in MEFMG which is still
unexplored. Based on the cases a proper source side active and reactive power control

strategy needs to be defined.

e ESS integration with MFMG is not explained : ESS is now an integral part of any mi-
crogrid system as it increases the stability and reliability of the system. In literature,
different integration strategies of ESS are explained for AC, DC, and hybrid microgrid.
However, these strategies are not applicable to MEFMG as the ESS absorbs and supplies
different frequency active powers. No literature explains the integration and operation

strategy of the ESS with MFMG.

Based on the gaps in the existing literature, the following are the problem formulation of the

thesis :
(i) To develop the architecture, and basic converter structure for MEMG.

(ii) To propose control strategies of the DC/MF converter for grid feeding, grid forming, and
grid interactive operation. To propose a load side control strategy to achieve frequency

selective criteria.

TH-2970_ 166102018
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(iii) To propose control algorithms to balance different frequency active and reactive powers

of MFMG in grid connected and islanded modes.

(iv) To integrate ESS with MFMG and explain the operation of the ESS unit to supply

different frequency active powers.

1.5 Objectives and Main Contributions of the Thesis

MFMG has various advantages over traditional microgrids. However, the MFMG concept
is not discussed in any literature. To set up the MFMG, the primary objective is to define the
architecture, power converters, and control strategies of converters of the MFMG. The active
and reactive power of any electrical system need to be balanced to maintain the bus voltage
magnitude and frequency [71]. The presence of different frequency powers on the MF bus and
the frequency selective power distribution create several power mismatch problems in MFMG
which are not present in any AC, DC, or hybrid microgrid. For the operation of MFMG in
grid connected and islanded mode, different frequency active and reactive powers need to be
balanced for all these cases. So the second objective is to design an active and reactive power
balancing algorithm for all the cases. The addition of ESS with MFMG increases the reliability
and stability of the system but the integration is challenging due to the presence of different
frequency active powers in MFMG which is the third objective. Based on the objectives the

main contributions of the thesis are,

(i) The basic laws of MFMG are studied : The orthogonal power flow theory is studied
mathematically for single phase and three phase MF systems. For frequency selective
power transmission, a new control strategy is proposed for load side converter. Finally,

the theory is proved through the simulation of two different MF load profiles.

(ii) The architecture and basic converter of MFMG are proposed : This work introduces
the basic architecture of the MFMG. A new DC/MF converter is proposed as the basic
converter of MFMG. The small signal modelling of the converter is executed based on the

state space equations. The converter is studied by open loop hardware results.
TH-2970 166102018
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(iii)

Different control strategies of the DC/MF converter are explained : Different control
strategies have been proposed for grid side, grid forming, and grid feeding operation of
DC/MF converter in the microgrid. Based on the modelling of the converter, controller
designs of the DC/MF converter are performed for all these control strategies. The control
strategies and controller designs are validated by closed loop simulation result of the

DC/MF converter.

A power balancing strategy is proposed for MFMG : The problem of different frequency
power imbalances in MFMG, due to frequency selective power transmission is analyzed
for grid connected and islanded modes. Different power unbalance cases are discussed and
the conditions to balance active and reactive power at different frequencies are identified
for an MF system for all the cases. Different control methods are introduced for grid
connected and islanded modes of MFMG to solve the problem of active and reactive
power imbalance for different cases. The proposed methods are verified by simulation in
Matlab Simulink environment of 7 and 9 bus MFMGs, which consist of three different
frequency sources and loads (DC, 25 Hz, 50 Hz) for both grid connected and islanded

modes with three different cases.

Integration of ESS with MEMG is explained : The integration and control strategy of the
ESS are explained to supply different frequency active powers to the MFMG. Different
new active power imbalance cases which occur due to the integration of ESS with MFMG
are properly discussed and the active power balancing conditions for all these cases are
defined. Based on the power balancing conditions, a cooperative active power balancing
algorithm is proposed for MFMG with an ESS for both grid connected and islanded
modes. The performance analysis of the algorithm is done by simulating an 8 bus MFMG

in the Matlab Simulink environment for different power imbalance cases.

1.6 Orientation of the Thesis

The orientation of the thesis is as follows:
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1.6 Orientation of the Thesis

e Chapter 2 discusses the orthogonal power flow theory and frequency selectivity criteria
for any MF systems. These theories are proven mathematically and through simulation

results.

e Chapter 3 introduces the architecture and basic converter structure of MFMG. Different
control strategies of DC/MF converter to act as grid side, grid forming, grid feeding, load
side, and battery side are explained. The modelling of the DC/MF converter is done and

accordingly, different controllers are designed.

e Chapter 4 deals with the active power balancing problems of MFMG. The active power
balancing criteria are defined for MFMG in grid connected and islanded modes. An active

power control strategy is explained to balance the different frequency active powers of

MFMG.

e The reactive power balancing problem of MFMG is described in chapter 5. Different new
reactive power imbalance cases are discussed for grid connected and islanded modes of

MFMG and accordingly reactive power balancing strategy is designed.

e Chapter 6 presents the integration technique of an ESS with MEFMG. A cooperative power

balancing algorithm is structured for the proper operation of MFMG with ESS.

e Chapter 7 confers the conclusion of the thesis and provides the scope for future works.
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2. Orthogonal Power Flow Theory and Frequency Selectivity Criteria

2.1 Introduction

Orthogonal power flow theory and frequency selectivity criteria are the basic laws behind
the formation of any MF system. Orthogonal power flow theory conveys that if different
frequency voltages and currents are present in any system, then the different frequency powers
are orthogonal to each other and can pass through a single conductor without mixing. So
by using different frequencies, different active and reactive power channels can be created on
a single conductor for MF power flow. MF systems have another unique feature termed as
frequency selectivity criteria. This criteria states that a consumer can absorb power at any
available frequency from the MF bus based on the requirement. Different frequency powers can
be categorized based on cost, reliability, quality, availability, or distance. For this operation,
the control of load side converter is done in a way that it can select and absorb power at any
available frequency.

It has been found that if a source and a load are tuned to a different frequency than the
rest of the system then they can exchange power with each other without interfering with the
system [64,66]. Thus a frequency selective power channel is created inside any MF system. By
virtue of superposition theory, many power channels can be superimposed on a single conduc-
tor. So different generation companies can categorize their power and distribute different types
of powers through different frequency channels of the conductor. Consumers can choose any
available frequency channel as per their requirement at the load side. As different frequency
currents are passed through the conductor so the electromagnetic field of the currents interact
with each other. The proximity effect results in the increment of the apparent resistance of the
conductor due to the presence of different currents in its vicinity. Different frequency currents
has different skin effects on the conductor. High frequency current has higher skin effect on
the conductor. Due to skin and proximity effects the AC resistance of the wire increases [72)].
So total loss of the system increases. Based on orthogonal power flow theory and frequency
selectivity criteria, a new power market can be designed where the sellers and customers can

identify each other and can monitor the real-time transaction. In this chapter first, the orthog-
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2.2 Multifrequency Bus Voltage and Current Equations

Bus voltage of MFM G with three frequencies.
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Figure 2.1: Multifrequency bus voltage with three (5004 /2 100 sin(157t) ++/2 230 sin(314¢)), and
four (500 + v/2 100 sin(157t) + v/2 230 sin(314t) + /2 150 sin(628t)) frequencies.

onal power flow theory is proved through mathematical calculation and simulation. Then the
frequency selectivity criteria is defined for MEFMG and based on this theory, a new power dis-
tribution concept is explored. A new load side converter control strategy is proposed to achieve
the frequency selectivity criteria. Finally, an MFMG system is simulated with the proposed

load side control and the theory is verified.

2.2 Multifrequency Bus Voltage and Current Equations

Multifrequency microgrid is a special type of microgrid where different frequency voltages
and currents are present on the bus. To find out the active and reactive power exchange in
MFMG first, the bus voltage and current equations need to be defined. The voltage (v,11(t))

and current (i,,11(t)) equations contain different frequency terms and are presented in equations

.4 2.2}

U1 (t) = Ve + i V2V, sin(nwt — yy) (2.1)
n=1

int1(t) = Ige + i V2I, sin(nwt — ¢y,) (2.2)
n=1

Here, the MF bus contains (n + 1) numbers of different frequency elements. Vj., I, are the
DC voltage and current present on the bus, V,,, I, are the RMS value of n** frequency voltage

and current waveforms, w is the angular frequency, and (¢,, — ¢;,) is the phase angle between
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2. Orthogonal Power Flow Theory and Frequency Selectivity Criteria

n" frequency voltage and current waveforms. The bus voltage waveforms for three and four
frequency microgrids are shown in Fig. [2.1] For this thesis, it is considered that the MF bus
carries three different frequency voltages and currents (DC, 25 Hz, and 50 Hz). As most of
the microgrids use 50 Hz and DC, so those two frequency has been chosen. There are a few
systems (Amtrak traction system, Niagara falls system, telephone exchange of Japan) where 25
Hz is used. So the third frequency is chosen as 25 Hz. The voltage (v (t)) and current (i (1))

equations for this MFMG are,
O (1) = Vige + V2Vas sin (157t — dyas) + V2Vso sin(314¢ — pys0) (2.3)

i (t) = Ige + V2105 sin (157t — Bya5) + V2150 sin (314t — dyz0) (2.4)

For proper operation of MEMG, it is needed that different frequency active and reactive powers
should not mix with each other and different frequency active and reactive powers should flow
through different frequency channels on the MF bus. This condition can only be maintained
if different frequency active and reactive powers are orthogonal to each other. Based on the
orthogonality, another theory is formed named frequency selectivity criteria by which the users

can choose any available power channel from the MF bus based on their needs.

2.3 Orthogonal Power Flow Theory

In this section, the orthogonal power flow theory is proved. To prove the orthogonality of
different frequency powers in an MF system, first the instantaneous power of a single frequency
system and double frequency system is compared. For this single frequency system, the voltage

(v1(t)) and current (4;(¢)) waveforms are taken as per equation [2.5]
v1(t) = V2V sin(wt), 4, (t) = V2I sin(wt + ¢) (2.5)

Where V' and I are the RMS value of voltage and current, w is the angular frequency and ¢ is

the phase angle. The instantaneous power (s1(t)) of this single frequency system is calculated
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2.3 Orthogonal Power Flow Theory

and presented in equation [2.6]
s1(t) = vi(t)iy(t) = 2V I sin(wt) sin(wt + ¢) = VI cos(wt) — VI cos(2wt + ¢) (2.6)

The instantaneous power has one average value and an oscillatory component. So, there is a net
power exchange between the sources. In this same fashion, the instantaneous power is calculated
for another system where the voltage and current sources have two different frequencies. The

voltage (v2(t)) and current (i5(t)) waveforms of the system are given in equation [2.7]
vy (t) = V2V sin(wit), ia(t) = V21 sin(wyt + ¢) (2.7)

so(t) = VI cos((wr — wo)t + @) — VI cos((wy +wa)t + o) (2.8)

This instantaneous power equation (s2(t)) contains two oscillatory terms. So the average power
exchange between the sources is zero. As the sources have different frequencies so there is
no interaction between the sources. So in a double frequency system, two different frequency
powers are orthogonal.

Another way to prove orthogonal power flow theory is to calculate the active and reactive
power for a multifrequency system and from those equations, orthogonality can be shown.
With help of a single-frequency single-phase system, the active and reactive power for (n+1)
frequency system is calculated here. For a single-phase single-frequency system, the voltage
and current waveforms are shown in equation [2.5] The instantaneous power equation for a

single frequency single phase system is,
s1(t) = v1(t)ir(t) = VIcos (1l — cos2wt) — VI sin ¢ sin 2wt (2.9)
Which can be written as,
s1(t) = Pi(1 — cos2wt) — Q1 sin 2wt (2.10)

Where s4(t) is the instantaneous power, P;, and (), are the active and reactive power of the
system. Based on this next, the active and reactive powers are found for an MF system. For

the ‘n+1’ frequency system the voltage and currents are defined in equations 2.1} 2.2] For this
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2. Orthogonal Power Flow Theory and Frequency Selectivity Criteria

MF voltage and current, the instantaneous power is calculated and presented in Equation [2.11]
Sna1(t) = Vaelge + Ve Z V2I, sin(nwt — @) + Lye Z V2V, sin(nwt — ¢uy,)
n=1 n=1

+ i V2V, sin(nwt — ¢y, i V2I, sin(nwt — ¢i,)  (2.11)
n=1 n=1

By simplifying and neglecting higher order terms,

Spa1(t) = Vaelge + Z VI, cos &, (1 — cos(2nwt — 2¢,,)) — Z Vi1, sin ¢, sin(2nwt — 2¢,,)
n=1 n=1

(2.12)
By comparing equation [2.12| with equation the average active and reactive power equations

for MF system are,

Poir =Y Valycosgn, Quir = Y Vil,sing, (2.13)
n=1 n=1

This active and reactive power equation does not contain any cross-frequency terms. Equation
[2.13|shows that the MF active and reactive powers are the algebraic sum of individual frequency
active and reactive powers. So different frequency powers maintain their magnitude in the MF
system and do not mix with each other. At the load side they can be separated by the use of
a proper filter. Sources with different frequencies do not exchange any active or reactive power
and have a null average interaction. So orthogonal power flow theory is mathematically proved
here. If two elements are tuned at a different frequency than the rest of the system then they
can exchange power with each other but not with other elements of the system. By this, a
power channel is created between those two elements. Using the superposition theorem, many
such power channels can be created on the MF bus.

To prove the orthogonality of different frequency power through simulation, two different
frequency voltage and current sources (25 Hz, 50 Hz) are connected in parallel, and accordingly
the instantaneous active and reactive power of the system is measured in the Matlab Simulink
environment. The instantaneous power is averaged by using a mean block. It can be noticed
from Fig. [2.2] that when voltage and current sources are of the same frequency, active and

reactive power exchange happen. If the voltage and current sources are of different frequencies,
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Figure 2.2: Instantaneous (blue) and average (red) (a) active power exchange between the 50 Hz
voltage source and 50 Hz current source (Psg), 25 Hz voltage source and 25 Hz current source (Pas),
50 Hz voltage source and 25 Hz current source (Pso—25), 25 Hz voltage source and 50 Hz current
source (Pas_50). (b) reactive power exchange between the 50 Hz voltage source and 50 Hz current
source (Qs0), 25 Hz voltage source and 25 Hz current source (Q25), 50 Hz voltage source and 25 H z
current source (Qs0-25), 25 Hz voltage source and 50 Hz current source (Q25-50)-

then there is null interaction between the sources. These simulation results prove orthogonality

of different frequency active and reactive powers in any MF system.

2.4 Frequency Selectivity Criteria

In MFMG, the load side converters have the ability to absorb a certain frequency channel
power from the MF bus. Different source powers can be categorized based on source availability,
reliability, quality, and distance. The customers can choose between several available power
channels as per their requirements. This unique characteristic of MFMG is termed frequency
selectivity criteria. A new control technique is required for load side converters to follow the
frequency selectivity criteria. Based on frequency selectivity criteria, a new distribution system

can be formed.
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— — 7 DC source 50 Hz source 25 Hz source
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Figure 2.3: Multifrequency power distribution system.

2.4.1 Multifrequency Power Distribution

There is no option for the customers to identify and choose between power distribution
companies in today’s power system. In most of the retail power markets in India, only one
power distribution company is present. A new power system where customers have more
decision making ability is highly commendable like a telecommunication system. For this type
of operation, dedicated source-load connections are required. To implement this idea in AC,
DC, or hybrid microgrid, a huge number of new constructions are needed and the system
becomes very complex. For this operation, the MF distribution system is designed which has
several frequency voltages and currents superimposed on the bus, and frequency selective power
transmission capability at the load side. Here different generation companies can distribute their
powers through different power channels on the MF bus and consumers can choose between
those power channels based on their needs. These generation companies can distribute different
types of powers from different sources and have different prices. By using orthogonal power
flow theory and frequency selective criteria, this operation is possible in any MF system.

Here one MF distribution system is designed (Fig. . The MF bus contains DC, 25 Hz,
and 50 Hz powers. Three different generation companies are present in the distribution system.
‘X’ company has a renewable DC solar source, which is not available during the night but the

source power is very cheap due to high subsidies and tax reductions. 'Y’ company has a 50 Hz
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fossil fuel source, which is available throughout the 24 hours and has a medium cost. ‘Z’
company has 25 Hz storage source power which has a high power quality and high price. The
storage power of the ‘Z’ company is actually DC power. In MFMG, there is a DC/MF converter
connected to every source. This source converter changes the DC power to the 25 Hz power and
sends it to the MF bus. Two 50 Hz and one DC loads are connected to the MF bus. The load
side DC/MF converter acts like a power filter for this frequency selective power transmission.
It can be seen that the two 50 Hz load users choose different power generation companies
power. One 50 Hz load is choosing ‘Y’ company (25 Hz power channel) and another 50 Hz
load is choosing ‘X’ company (DC power channel). The DC load chooses the ‘Z’ company
(50 Hz power channel) due to better availability. So in this system consumers and sellers can
identify and select each other in real-time. Based on this a better power market structure can

be formed.

2.4.2 Multifrequency Load Profiles

Frequency selectivity criteria is the fundamental theory behind MFMG and need to be
validated. For this, MFMG loads need to be simulated with the new load side converter control.
For this simulation, some standard MF load profiles are needed which are not available in any
literature. MF loads can consume a mixture of different frequency powers at a time and can
shift between different power channels throughout a day. So, two different load profiles are
designed here based on customer preference and availability of the powers. It is assumed that
the renewable source (DC) is solar and available only in the daytime. The fossil power source
(50 Hz) is available through out the day and can increase power generation during peak load

time. The storage power (25 Hz) is only available during peak load time.

2.4.2.1 User Taking Different Frequency Channel Powers Alternatively at Differ-
ent Time Frames

A consumer can take power from a certain frequency channel at a time but can shift between
different power channels to get lower charges and better availability. A 4 kW rated load profile
is shown in Fig. (a). As solar power (DC) is available in the day time and cheap, a
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Figure 2.4: Multifrequency load profile of (a) user taking different frequency channel powers al-
ternatively at different time frames. (b) user taking mixture of different frequency channel powers
simultaneously at same time frame.

consumer can take 4 kW solar power from 06:00 to 18:00. 18:00 to 21:00 is the peak load time
so, a consumer can take storage power (25 Hz) of 4 kW during this time. During night time
(21:00-06:00), the customer can take the fossil power (50 H z) as this is the only power available

during this time.

2.4.2.2 User Taking Mixture of Different Frequency Channel Powers Simultane-
ously at Same Time Frame

Another type of MF load profile of 6.5 kW is conferred in Fig. [2.4 (b). Here a consumer can
take a mixture of more than one companies power at a time. In the daytime (06:00-18:00), a
consumer can take whatever solar power (DC) is available. It is considered that only 3 kW DC
power is available at this time. So, the consumer takes another 3.5 kW fossil power (50 Hz) to
fulfill 6.5 kW load demand. The load absorbs a mixture of DC and 50 Hz frequency currents.
In the peak load time (18:00-21:00), it is considered that only 3.5 kW fossil power (50 Hz) is
available. So the consumer takes the remaining 3 kW storage power (25 Hz) during this time.
Rest of the time (21:00-06:00), the consumer consumes 6.5 kW fossil power (50 Hz). Based
on these two profiles, the MF distribution system is simulated in Matlab Simulink to verify

frequency selectivity criteria.
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Table 2.1: 50 Hz load power and DC load power references for simulation

Load power | 0 — 0.75 (s) 0.75—2.25 (s) | 2.25—2.75(s) | 2.75 =3 (s)
Prs 4 kW 50 Hz 4 kW DC 4 kW 25 Hz 4 kW 50 Hz
Prs 6.5 kW 50 Hz | 3 kW DC 3.5 kW 50 Hz | 6.5 kW 50 Hz
+35 kW 50 Hz | +3 kW 25 Hz

2.4.3 Control Technique for Frequency Selective Power Transmis-
sion

For frequency selective power transmission the load side converter structure and control
strategy need to be defined. To implement frequency selectivity criteria, a back to back con-
verter structure is used at the load side. The load converter system can select any frequency
available power and convert that power to the required load frequency. For any 50 H z load, an
MF/DC converter and DC/AC converter are connected at the load side. In MF/DC converter,
hysteresis control is applied to select different frequency currents from the MF bus. By pro-
viding proper active and reactive power reference any frequency power channel can be chosen.
The MF/DC converter converts the MF power to DC power and DC/AC converter converts the
DC power to 50 Hz power. The load side converter structure and control strategy are properly

explained in chapter 3, load side converter subsection.

2.4.4 Simulation Results

An MFMG system with three different frequency sources (DC, 25 Hz, 50 Hz), and multi-
frequency loads (DC, 50 Hz) are simulated in Matlab Simulink to verify the control strategy
for frequency selectivity criteria. The simulated bus structure of MFMG is shown in chapter 4
Fig. [4.4 The 50 Hz load (Pys) is connected by an MF/DC and DC/AC converter at bus 5 and
the DC load (Pp3) is connected by an MF/DC and DC/DC converter at bus 3. All simulation
parameters are shown in Table [4.4] of chapter 4. The load side control is done based on the
load profiles shown in Fig. [2.4] As per the load profiles, the active and reactive power refer-
ence of the MF/DC converter is changed and accordingly load absorbs the selected frequency
power. The MF bus contains three different frequency voltages and is maintained at 600 V'

DC+ 210 V 50H 2+ 50 V 25H 2.
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Figure 2.5: (a) Different frequency current segments and total current of 50 H z load which maintains

first MF load profile. (b) Different frequency power segments and total power of 50 Hz load which
maintains first MF load profile.
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The first profile is simulated on 50 Hz load where consumer chooses only one frequency
power at a time but can shift between different frequency power channels throughout the day.
According to Fig. (a), the 50 Hz load chooses different power generation companies at
different time frame of a day. The reference load powers are presented in Table 2.1l First,
the reference load current is calculated based on different frequency power reference and bus
voltage. Accordingly, the MF/DC converter absorbs those frequency powers to maintain the
load profile. The load is a constant 4 kW 50 Hz load. Here total simulation time has been
taken as 3 s. The simulation results are presented in Fig. (a). As per the load profile, the
first 0 — 0.75 s, the 50 Hz load takes 50 Hz power. In between 0.75 s — 2.25 s, load takes DC
power and DC/AC converter converts that to 50 Hz power. In between 2.25 s —2.75 s, only the
25 Hz power is available, so the load absorbs 25 Hz power. The reference currents to achieve
the 4 kW load are 19 A 50Hz, 6.6 A DC, and 80 A 25Hz. It can be noticed from Fig. (a)
that in between 0 — 0.75 s, the different load current segments are, Ir5 o = 0, I15_50 = 19 A,
and I75_ o5 = 0. So the 4 kW load is fulfilled by 50 H z source power. In between 0.75 s —2.25 s,
the different load current segments are I;5 g = 6.6 A, I15 50 = 0, and I15 o5 = 0. In this time

period, the 4 kW load power is supplied by the DC source. In between 2.25 s — 2.75 s, the
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Figure 2.6: (a) Different frequency current segments and total current of DC load which maintains
second MF load profile. (b) Different frequency power segments and total power of DC load which
maintains second MF load profile.

different load current segments are ;5.0 = 0, Ir5_5 = 0, and I;5 25 = 80 A. So here the
load is supplied by 25 Hz source. Different frequency load power segments are conferred in
Fig. (b). The total load power is calculated by algebraically adding all these segments
(Prs = Prs—o + Prs—s0 + Prs—25). It can be observed that total load power is kept constant at
4 EW throughout the 0 — 3 s time. The load can shift between different frequency channels
and the control strategy is functioning properly for frequency selectivity criteria.

The other DC load is simulated with the second load profile where the consumer can choose
between a mixture of different frequency powers at a time and can shift between different
frequency powers throughout a day. The load is a constant 6.5 kW load. According to the
second load profile (Fig. (b)), the reference powers for the DC load is presented in Table[2.1]
The DC load chooses a mixture of different power generation companies at the same time frame
of a day. As per the load profile, for the first 0—0.75 s, the DC load takes 6.5 kW 50 Hz power.
In between 0.75 s — 2.25 s, the load takes whatever DC power is available and with this takes
50 H z power to fulfill the load power (3 kW DC+3.5 kW 50 Hz). In between 2.25 s—2.75 s, the
load chooses a mixture of 25 Hz and 50 H z power (3.5 kW 50 Hz+3 kW 25 Hz). According to

the bus voltage, different frequency reference currents are calculated and sent to the hysteresis
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controller. The controller controls the input current of the MF/DC converter and accordingly
load profile is maintained. The reference current segment for 50 H z is 30.95 A for the first 0.75 s
and last 0.25 s and 16.86 A in between 0.75 s —2.75 s. The reference current segment for DC is
5 A in between 0.75 s —2.25 s and for 25 Hz is 60 A in between 2.25 s —2.75 s to attain 6.5 kW
load. The different frequency segments of the load current are presented in Fig. [2.6] In between
0—0.75 s, the different load current segments are, I;3 o =0, I13.50 = 30.95 A, and I3 95 = 0.
So the 6.5 kW load is fulfilled by only 50 Hz source power. In between 0.75 s — 2.25 s, the
different load current segments are I;3 o =5 A, I;3-50 = 16.86 A, and I;3_95 = 0. In this
time period, the 6.5 kW load power is supplied by the DC and 50 Hz sources combinedly. In
between 2.25 s — 2.75 s, the different load current segments are I3 o = 0, I3 50 = 16.86 A,
and I3 95 = 60 A. So here the load is supplied by 50 Hz and 25 Hz sources. The total bus
current is formed with these three segment currents i.e. I3 = I3 o+ Ir3_50 + I13_05. In Fig.
(b), different frequency load power segments for DC load are presented. The total load
power is calculated by algebraically adding all these segments (Prs = Prs_o+ Pr3_s50 + Prs_25)-
It can be observed that total power remains constant (6.5 kW) throughout the operation but
the consumer is choosing a mixture of power channels at different time frames to achieve the
load power. So the control strategy is achieving frequency selectivity criteria with the second

load profile.

2.5 Conclusion

In this chapter, the orthogonal power flow theory is mathematically proved for single-phase
and three-phase MF systems. So it is concluded that different frequency active and reactive
powers can flow through a conductor without mixing and creates different frequency power
channels. A new power distribution concept is explored where the consumers can select any
available power channel from the bus as per their requirements. For this frequency selective
power transmission, a control strategy is designed for load side converter. The strategy is veri-
fied by simulating an MFMG system based on two MF load profiles. The load currents match

with the reference and the loads take power according to the load profiles. It is observed that
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2.5 Conclusion

MFMG is achieving frequency selectivity criteria for both load profiles with the new distribu-
tion strategy.

Note: Major part of this chapter is reproduced from my publications:

1. R. Dey and S. Nath, “Orthogonality of different frequency reactive powers in
multifrequency system,” in proceedings of National Power Electronics Confer-
ence (NPEC), 2021, pp. 1-6.

2. R. Dey and S. Nath, “A new power distribution concept for multifrequency mi-
crogrid,” in proceedings of IEEE 12th Energy Conversion Congress Exposition
- Asia (ECCE-Asia), 2021, pp. 491-496.
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3. Architecture and Power Converters of Multifrequency Microgrid

3.1 Introduction

To establish a microgrid first, the architecture of the microgrid needs to be decided. As no
MFMG architecture is available in the literature, in this chapter the architecture of MFMG
is introduced with three different frequency (DC, 25 Hz, 50 Hz) sources and loads. A new
modular converter named DC/MF converter is proposed here which acts as the building block
of MEMG. The DC/MF converter can be strategically controlled and used as grid side, grid
forming, grid feeding, grid interactive, battery side, or load side converter. The DC/MF con-
verter model is required to understand the behaviour of the system in the open loop. For
modelling of converters, two traditional strategies generally have been used which are the cir-
cuit averaging method [73] and the state space averaging method [74]. Here, the state space
averaging method is adopted to model DC/MF converter. As the equivalent series resistance
(ESR) of filter capacitor generates extra dynamic terms in the TF, so in this work only the
capacitive parasite component is considered. Ultimately, small signal modelling is done to gen-
erate the TF. The closed loop operation of the DC/MF converter is required to use it as grid
side, grid forming, grid feeding, grid interactive, battery side, or load side converter. From
the small signal model (SSM), different controllers are designed for closed loop output voltage
and current control of the DC/MF converter. In this chapter first, the architecture is defined
with the modular DC/MF converter. Then by using the modular converter different control
strategies are defined for grid connected and islanded mode operations. Next, the structure of
the DC/MF converter is proposed and a small signal model of the converter is generated. The
converter structure is verified by hardware experiment of DC/MF converter operation in open
loop with input variations. By using the transfer functions derived from the SSM, controller
designs are performed to control the output voltage and current of the DC/MF converter in

closed loop. Finally, the controller designs are verified by the closed loop simulation results.
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3.2 Architecture of Multifrequency Microgrid

For the operation of the MFMG, the architecture of the MFMG need to be defined first.
Based on the architecture, different power management strategies can be formulated. In this
section, the architecture is proposed for the MEMG. By using the modular DC/MF converter,
different control strategies are also described.

The key difference between the proposed architecture with the conventional architecture
is that three different frequency voltage and current components are present in the proposed
architecture. DC, 25 Hz, and 50 H z are chosen as base frequencies of the MFMG architecture.
Here an 8 bus MEMG architecture is proposed with three different frequency (DC, 25 Hz, and
50 H z) sources and loads. The grid is connected through a switch at point of common coupling
(PCC) with the MFMG. MEMG can be operated in islanded mode by opening the switch. The
main components of the architecture are different frequency sources and loads, grid, battery,
and different converters. All sources and loads are connected to the MF bus by power electronic
interfaces. In the literature, there is no standard voltage available for the MF bus. It has been
found that 500 V' DC is used as the bus voltage in DC microgrid [2], and 230 V' (RMS) is
used as the bus voltage of AC microgrid [1] to keep the line loss modest. So in this thesis,
the MF bus voltage is chosen as 500 V' DC + 100 V 25Hz + 230 V 50Hz. A basic voltage
source converter named DC/MF converter connects all sources and loads to the MF bus. All
DC loads and sources are connected by a DC/DC and DC/MF converter. All AC sources and
loads are connected by AC/DC and DC/MF converters. All source side converter works as grid
feeding converter to supply the power to the MFMG. In islanded mode, the grid interactive
converter works as a grid forming converter to maintain the MF bus voltage. The main grid is
connected with the MEMG by DC/AC and DC/MF converter. This combination of converters
works as grid side converter. The ESS is connected to the MF bus by a bidirectional DC/DC
converter and DC/MF converter. The block diagram of the DC/MF converter is shown in
Fig. (a). The input of the converter is DC voltage whereas the output of the converter is

MF voltage (DC+25 Hz+50 Hz). The output voltage of the DC/MF converter is switched
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Figure 3.1: (a) DC/MF converter block diagram. (b) Basic architecture of MEMG.

T

converter

MF voltage. To convert the switched voltage to the desired frequency, some passive filter is
required. In Fig. [3.1] (b), the bus structure with MFMG is presented with practical sources
and loads. One photo voltaic (PV) unit, two wind turbines (WT), and a micro turbine (MT)
act as DC, 25 Hz, and 50 Hz sources respectively. One of the WT’s converters behaves like a
grid interactive converter. The electric vehicle charging station (EV) is operated as a DC load.
Similarly, the domestic load (DL) and industrial load (IL) are operated at 25 Hz and 50 Hz
respectively. The DL and IL are non-sensitive loads and can be shredded during a power crisis.

The battery rating is chosen as 50 kW, 480 V, 0.8 kW h for 6 hours.

3.2.1 Different Converters of Multifrequency Microgrid

In grid connected mode, the grid is connected to the MF bus by grid side converter. In
islanded mode, the MF bus voltage is maintained by grid forming converter, and the load power
is supplied by the grid feeding converters. Different MF loads are connected to the MF bus
by load side converters. For all the converters same DC/MF converter structure is used and
different control strategies are employed on DC/MF converter to control it as grid side, grid
forming, grid feeding, grid interactive, or load side converter. All control strategies are shown

here using the modular DC/MF converter.
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Figure 3.2: Control strategy for DC/MF grid side converter.

3.2.1.1 Grid Side Converter

In grid connected mode, the grid side converter balances the MF bus voltage and with this,
the grid maintains the power balance of the microgrid. So the output voltage and current
both need to be controlled by the DC/MF converter. For this, a double loop average mode
current control method is implemented. The 50 Hz grid power can be converted to other
frequency power as per MFMG requirements and sent to the MF bus. The grid side AC/DC
converter converts the 50 Hz power to DC and DC/MF converter converts the DC power to
multifrequency powers. The input voltage of the grid side DC/MF converter is Vj,. As the
output of the DC/MF converter is switch voltages and currents so LC filters are connected to
the output terminal of DC/MF converter. From Fig. it can be seen that the controller
has two loops. The inner loop maintains the output current and the outer loop maintains
the output voltage. First, the output voltage (Vi) is sensed and compared with the reference
voltage (V7). A PI controller is used to generate the current reference (If,) from the error
signal. Next, I, is calculated based on a flowchart to balance different frequency powers in
MFEFMG which is presented in chapter 4. The active and reactive power references (Pg_qiff,
Qc—aiff) are given to the flowchart, and accordingly the reference current is calculated. These

two reference currents are added and compared to the output current (I;) of the grid side
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Figure 3.3: Control strategy for DC/MF grid forming converter.

converter. The error signal is sent to a PI controller to generate the modulating signal. This

signal is sent to a PWM block to generate the switching pulses for DC/MF converter.
3.2.1.2 Grid Forming Converter

The grid forming converter is a source side converter and controlled as a voltage source
and operated in parallel with other grid feeding converters. In islanded mode, the grid forming
converter controls the MF bus voltage. The grid forming structure is created by the back to
back connection of a DC/MF and either AC/DC or DC/DC converter based on the source
frequency. The required input voltage (V;,) of DC/MF converter is created by the source side
AC/DC or DC/DC converter. The output voltage of the DC/MF converter is switched so, LC
filters are connected to generate required MF voltage at output. To control the output voltage,
the PWM voltage control technique is used as shown in Fig. due to lower switching loss.
The reference bus voltage (V) is compared with the converter output voltage (Vys) and the
error result is sent to a PI controller to obtain the reference for the PWM block. PWM block

generates the switching signals to maintain the MF bus voltage.
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Figure 3.4: Control strategy for DC/MF grid feeding converter.

3.2.1.3 Grid Feeding Converter

Grid feeding converters are source side converters and send active and reactive power to the
MF bus from the sources with respect to a fixed voltage and frequency. In MFMG operation,
these converters are controlled as current sources. Grid feeding converters balance different
frequency active and reactive powers of MFMG, so the output currents of these converters need
to be controlled. The grid feeding converter structure is formed by the back to back connection
of DC/MF converter and either AC/DC or DC/DC converter based on source frequency. The
50 Hz AC or DC source power is converted to DC power by the source side converter and this
DC power is converted to MF power by DC/MF converter. The output current of the DC/MF
converter is switched so, L filters are connected to the output to get the desired frequency
current output. The inner loop of average mode current control is employed hare as shown in
Fig. . If a power imbalance situation happens in MEMG, then Py—f_girf and Qrr—y—qifp are
calculated and fed back to the power balancing flowchart presented in chapter 4. The flowchart
calculates the direct and quadrature axis reference currents (I3, 4, I ,_,) for grid feeding
converters. Finally, dq/abc transformation is done to calculate the three phase reference current

(I} pg)- This reference current is compared with the output inductor current (7)) and the error
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Figure 3.5: Control strategy for DC/MF grid interactive converter.

signal is passed through a controller to generate the reference modulating signals. Finally, the

PWM block generates the switching signals for the converter.
3.2.1.4 Grid Interactive Converter

The grid interactive converter can be operated in either voltage control mode or current
control mode. In islanding mode, the grid interactive converter acts as a grid forming converter
and balances the bus voltage. In grid connected mode it behaves like a grid feeding converter
and sends power to the bus. This converter has a unique capability to generate power of
different frequencies in different phases to balance single phase loads. The control structure of
grid interactive converter is shown in Fig. In islanded mode, hysteresis voltage control is
adopted to maintain the output voltage of the DC/MF converter. The reference MF bus voltage
(V) contains frequency elements of DC, 25 Hz, and 50 Hz. The output voltage (Vjs_4) of
the converter is sensed and compared with the reference value. The voltage error (Vas_4_.) is
passed through the hysteresis controller to create the switching signals. When different single
phase loads are connected to the MF bus, power imbalance cases happen in different phases.
To balance these cases the output current of each phase of grid interactive converter needs
to be controlled separately. For this operation, a separate hysteresis controller is employed in
each phase of the converter. For each phase, the deficit amount of different frequency active
(Pyoa = Zf Pyr_a—y) and reactive power (Qpr—4 = zf Qn—a—¢) are added and total deficit
power is calculated. It is fed to the reference current calculation box to generate the reference

currents for the hysteresis controller. For this, first the direct and quadrature axis current
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Figure 3.6: Control strategy for DC/MF load side converter.

reference of each phase is calculated as per equations , . The dg/abc conversion is done
with help of a phase locked loop (PLL), and the reference for each phase current is calculated
by, If;_4 = Zf I&r_a_j- The output current of the converter in each phase is sensed and
compared with the calculated reference value. Finally, the compared result is sent through a

hysteresis controller to create the switching signals.

I » g PR}_A_fVM—A—f_d + Q}k\/l—A—fVM—A—f_q .
GI-A-f-d — g VZ\24—A—f—d + VJ\2/I—A—f_q .

T* _ 2 P]Ti—A—fVM—A—f—q il Q*M_A_fVM_A_f_d (3 2)
GI-A-f-q — 3 VAQJ_A_f_d i VJ\?/[_A_f_q .

3.2.1.5 Load Side Converter

In an MFMG, the customers are able to select any frequency available power from the MF
bus. A new control strategy is required to achieve this frequency selective power transmission.
A back to back converter control structure is employed to control the load voltage and current
as presented in Fig. [3.6] For any AC load, one DC/MF converter and one DC/AC converter are
used to connect the load to the MF bus. To control the load voltage, the output load voltage

(V1) is sensed and scaled by measured DC link voltage (V_p¢c). This signal is compared with
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Figure 3.7: Control strategy for DC/MF battery side converter.

a triangular waveform to produce the required gate pulses for the converter. On the load side,
LC filters are used to maintain the load voltage. The power frequency channel selection is done
by the hysteresis controller in DC/MF converter. Here for the reference power, any magnitude
(P, @) and any available frequency (wpg) can be chosen. Accordingly, the reference current
(I7) is calculated and the hysteresis controller selects that certain frequency current as the load
current (Ips). So, a load-side user can select any power channel according to his need from the
multifrequency bus by choosing the appropriate frequency for the reference load power. Here
the DC/MF converter acts as a filter for a certain frequency channel. In the input side of the
DC/MF converter L filters are connected to filter out the input current harmonics. For DC

load DC/MF and a DC/DC converter are used and accordingly control is done.
3.2.1.6 Battery Side Converter

In MFMG, the BESS is connected by a back to back converter structure to control the active
power flow and voltage of the battery. The control strategy of BESS is conferred in Fig. (3.7, The
output current of the battery is controlled by DC/MF converter. Here average current control
method is applied and accordingly PI controller design is performed. The reference current of

the battery side converter is determined by a cooperative algorithm which is properly discussed
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Figure 3.8: (a) Bidirectional DC-DC converter structure. (b) Bidirectional DC-DC converter in
buck mode. (c) Bidirectional DC-DC converter in boost mode.

in chapter 6. I}, can be positive or negative depending on the charging or discharging mode.
Output current (1)) is sensed and compared with the reference output current of the algorithm.
This error is sent to a designed PI controller to create the modulating signal. This signal is
compared with a sawtooth carrier waveform of 10 £Hz frequency to generate the switching
signals. A bidirectional DC-DC converter maintains the battery voltage at Cgs. Based on
the charging or discharging mode, the voltage at C'z; is changed. So to maintain the battery
voltage at 480 V, the bidirectional DC-DC converter is required. If C'z; < Cps then it works
in boost mode otherwise works in buck mode. Here voltage mode control strategy is used to
control the voltage of the converter. The voltage of the battery (Vzgss) is sensed and compared
to the reference battery voltage (V3ggs). The error signal is passed through a PI controller to
generate the required modulating signals. The PI controller design is done by the loop shaping
method.

In bidirectional DC-DC converter, power flows in both forward and reverse directions. When
S is switched on and S5 is switched off, forward current flows through S; and D,. The battery
is acted as a load to form a buck converter circuit and got charged through this process. When
S, is switched on and 57 is switched off, reverse current flows through S, and D;. The battery
is acted as a source to form a boost converter circuit and got discharged through this process.

Here a sample bidirectional DC-DC converter is simulated in Matlab Simulink. The input
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Figure 3.9: Output current, duty ratio, inductor voltage in buck mode, and inductor voltage in
boost mode of bidirectional DC-DC converter.

voltage of the converter is taken as 100 V, and the battery voltage is taken as 24 V. The
reference current of the converter is 20 A for 0-0.3 s and -7 A for 0.3-0.6 s. So from 0-0.3 s,
the converter should act as a buck converter and the battery is charged whereas in 0.3-0.6 s,
the converter should act as a boost converter and the battery is discharged. The simulation
results are shown in Fig. [3.9. It can be seen from the result the output current is following
the reference current. Between 0-0.3 s, the duty ratio is 0.25 (‘@Ti&q) and between 0.3-0.6, the
duty ratio is 0.75 (%) When the converter works in buck mode (0-0.3 s) the inductor

voltage varies between 76 (V;,, — Vprss) and -24 (—Vpggs). When the converter works in boost

mode (0.3-0.6 s) the inductor voltage varies between 24 (Vppss) and -76 (Vegss — Vin)-

3.3 Basic Converter Structure of Multifrequency Micro-
grid

It can be noticed from the architecture that DC/MF converters are the building block of

MFMG. It is a modular converter which can be used for grid side, grid forming, grid feeding,
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Figure 3.10: (a) One phase of DC/MF converter. (b) DC/MF converter.
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Figure 3.11: (i) Equivalent circuit of converter in d7s mode (ii) Equivalent circuit of converter in
(1 — d)T's mode.

grid interactive, or load side converter. In this section, the structure of the DC/MF converter
is proposed. From the structure, the SSM is obtained by using state space modelling. The

structure is verified by open loop hardware and simulation results.

3.3.1 DC/MF Converter

On the input side of the converter, DC voltage is applied and the output is the mixture of
DC and AC quantities. The structure is similar to one leg of a DC/AC converter. This one-
leg structure can produce switched AC+DC voltage. An LC filter is connected at the output
side to generate desired frequency outputs. For this chapter, the control of DC/MF converter
is done in a way that it produces DC, 50 Hz, and 25 Hz components. The total converter
structure is presented in Fig. |3.10l The circuit comprises of an input voltage V;,, two switches
S1 and S, and one load side LC' filter where the capacitor has one effective series resistance

(r). A load resistance R is connected at the output. The duty cycle for S; is d and for S5 is
TH-2970 166102018
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(1 — d). The switched output voltage is vg and the filtered output is Vj;, which has all three
frequency components. Based on the switching conditions, the switching period is divided into
two modes. In mode I (0 <t < dTs), Sy is on and S is off. In mode II (dTs <t < Tg), Sy is
off and Sy is on. The equivalent circuit diagrams of these two modes are conferred in Fig. [3.11]
By connecting three single phase DC/MF converter, three phase DC/MF converter structure

is created.

3.3.2 Modelling of DC/MF Converter

The DC/MF converter model is required to understand the the behaviour of the system in
the open loop. For modelling of converters, state space averaging method is adopted here. By
using inductor volt-sec balance and capacitor charge balance criteria, the state space equations
for each mode are derived. Here the modelling of DC/MF single phase converter is presented.
All switches are considered ideal, the ESR of the inductor is neglected. Only the capacitive
parasite component is considered. The average load current is obtained as half of the ripple

load current.
3.3.2.1 State Space Equations for Different Switching Mode

For DC/MF converter, inductor current (iz) and capacitor voltage (vo) are taken as state
variables, input voltage (V;,) and duty ratio (d) are considered as input variables and output

voltage (Vi) is taken as output variable. The state space equations for two modes are,
T =Ax+ Biu, y=Cx+ Ewu for0<t<dls (3.3)

T = Asx + Bou, y = Cor + Eyu for dls <t <Tjs (3.4)

Where the vector notation of different variables are, z = [i; ve]?, u = [Vi, d]f and y = [Vi].

The different coefficient matrices are,

__rR _ R
R _ 1
C(r+R) C(r+R)
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1
B ="
0
0
82:
0

3.3.2.2 Averaged State Space Model

As there are two different switching modes so coefficient matrices can be different for these
two modes. To get coefficient matrices for the whole switching period, averaged state space

technique can be used. The averaged equations are,

Agy = dA; + (1 — d) A, (3.5)
Bay = dBy + (1 — d)Bs (3.6)
Cow = dCy + (1 — d)C, (3.7)
By = dE; + (1 — d)Es (3.8)

All averaged coefficient matrices are,

Aav = Al == A2 (39)
d
Bav = r
0

Cow = C1 = O (3.10)

B, = B, = B, (3.11)
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3.3.2.3 Small Signal Perturbation and Linearisation

To define different TF's, a linearised and time invariant DC/MF converter model is required.
For this, small signal perturbation and linearisation method is used. The state space equations

become,

X+ = (X +2)[A(d+d) + As(1 — d — d)]

+ (U + @)[Bi(d+d) + By(1 —d —d)] (3.12)

Y 4§ = (X +2)[C1(d+d) + Co(1 — d — d)]

+ (U +)[Ey(d+d)+ Ex(1—d—d)] (3.13)
The final small signal equation can be calculated by neglecting the DC and non linear terms.
T = Ayl + Bayli + [(A1 — A2)X + (B, — By)Uld (3.14)

3.3.2.4 Open Loop Transfer Function

The output voltage to input voltage TF of the converter is defined as,

=C(s[—A)'B (3.15)

Putting all the matrix values the final equation becomes,

vm(s) Rd(1+ srC)/(R+r)LC
Uin(s)  S2LO(R+71)+s(L+7RC) + R

(3.16)

To design a controller for voltage mode control, the duty cycle (d) to output voltage (vy) TF

needs to be obtained. Here this TF is calculated by doing Laplace transformation of equation

[B.14] The TF is,

(%) _ oisr - AR 3.17
=t~ a) .17

F = (A, — A)X + (B, — B,)U (3.18)
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After calculating and simplifying the equation, the TF becomes,
v (s) _ RV, (14 srC)/(R+r)LC (3.19)

d(s)  $*LO(R+r)+s(L+7rRC)+ R
For output current control of the converter average mode current control method is used.

To design controller for current control mode, duty cycle (d) to inductor current (i) TF is

obtained.
ir(s) Vin(1+ (r + R)C's)
d(s) s’LC(R+r)+s(L+rRC)+R

(3.20)

3.3.3 Hardware Experiment to Operate DC/MF Converter in Open
Loop

The structure of the DC/MF converter is verified by open loop hardware and simulation
results. For hardware results, here a DC/MF converter prototype (Fig. is developed
with power electronics elements. The input voltage, duty ratio, and load resistance is varied
and accordingly the output voltage of the the DC/MF converter is measured. To validate
the structure of the DC/MF converter, the hardware results are compared with the simulation
results. The block diagram of the experimental setup is shown in Fig. |3.12l The prototype can

be divided into power and control circuits. The power circuit consists of two power MOSFETSs,
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Figure 3.13: Hardware set-up to operate the DC/MF converter in open loop.
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Figure 3.14: (a) Input voltage of DC/MF converter. (b) Modulating signal of DC/MF converter.

one inductor, one electrolytic capacitor, and one load resistance. The gate signals of the two
switches are created from the control circuit. To create MF voltage and current at the output,
the modulating signal needs to be an MF waveform. Two different function generators are
used to create DC, 25 Hz, and 50 Hz signals. These signals are superimposed through a
summing amplifier to create the MF modulating waveform as shown in Fig Here two
different modulating signals are created by varying the DC, 25 Hz, and 50 H z signals. Another
function generator is used to create the triangular carrier waveform of 10 kH z frequency. A
voltage comparator compares the modulating and carrier waveforms to generate the switching
pulse. This signal is passed through a not gate to generate the complementary switching pulse.

These gate signals are sent to the gate driver circuit to generate the gate signals for MOSFETSs.
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Table 3.1: List of components required for hardware setup

Component name Part number Specification
Transformer - 18—0—18V, 5 A
Diode 1N5408 1000 V,3 A

5 V regulator LM7805, LM7905 -

9 V regulator LM7809, LM7909 -

12 V regulator LM7812, LM7912 -

15 V regulator LM7815, LM7915 -

Operational amplifier | LM311, OP07CP -

Not Gate 74L.S04 -

Isolated power supply | MGJ2D121509SC -

Gate driver IC HCPL-3120-000E -

Power MOSFET IRF740BPBF 400 V; 10 A
Inductor 1140-472K-RC 4.6 mH, 2 A
Electrolytic capacitor | 100YXG1000MEFC18X40 | 1000 puF, 100 V/
Resistor RS01010R00FE12 10 Q, 10 W
Resistor 810F5ROE 5Q, 10 W
mm— e i ———

SAVE/RECALL

| § Save +  Recal + Vs(l)
(a) (b)

Figure 3.15: (a) Gate signal (g(t)) of DC/MF converter. (b) Switched output voltage of DC/MF
converter.

B

The input voltages of the gate driver circuits are supplied by isolated power supplies to remove
the floating ground problem. The gate signal and output switched voltage are presented in
Fig [3.15] It can be noticed that the gate signal varies between +15 V and —9 V as per the
requirement. To supply the required input DC voltage to the ICs, a power supply circuit is
designed which consists of a transformer and a rectifier circuit. Different voltage regulators
are used to create £5 V., +£9 V, +12 V., £15 V, and +18 V DC supply. The different power

electronic components of the experiment are presented in Table (3.1}
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Figure 3.16: (a) Simulation result (b) Hardware result of output voltage of DC/MF converter with

Vin =5V, d=0.5+0.15 sin 314t + 0.15 sin 157¢.
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Figure 3.17: (a) Simulation result (b) Hardware result of output voltage of DC/MF converter with

Vin =7V, d=0.540.15 sin 314t 4+ 0.15 sin 157¢.

3.3.4 Simulation and Hardware Results of DC/MF Converter Op-

eration in Open Loop

The hardware results are taken from the hardware set-up by using an oscilloscope. To verify

the hardware result, a simulation model of DC/MF converter is prepared. The parameters of the

simulation model are taken same as the hardware model. Finally, the hardware and simulation

results are compared.

The DC/MF converter is tested in the open loop by varying input voltage, duty ratio,

and load resistance. First, 5 V input voltage is given and the duty ratio is kept at d = 0.5 +

0.15 sin 314t+0.15 sin 157t. The output voltage becomes 2.5V DC+ 0.75V 50 Hz+ 0.75V 25 Hz

which is shown in Fig. So the DC/MF converter can generate MF voltage and current

from a DC source. So the design of the converter and control strategy is perfect for the system.

Next, the input voltage is changed to 7 V. With this configuration, the output voltage is
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Figure 3.18: (a) Simulation result (b) Hardware result of output voltage of DC/MF converter with
Vin =5V, d=0.6+ 0.3 sin 314t + 0.1 sin 157t.
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Figure 3.19: (a) Output current of DC/MF converter with 5 Q load. (b) Output current of DC/MF
converter with 10 € load.

proportionally changed to 3.5 V DC + 1.05 V 50 Hz + 1.05 V 25 Hz. So the converter
responds properly to the input voltage change as shown in Fig.

Then the duty ratio is varied to 0.6 4+ 0.3 sin 314t 4 0.1 sin 157t keeping V;,, = 5 V and the
effect of the duty ratio to output voltage is observed. Fig. presents that the output voltage
changesto 3V DC+ 1.5V 50 Hz+ 0.5V 25 Hz. The experimental results are compared with
simulation results and it can be seen the experimental results are matching with simulation
results. Next, the load resistance of the converter is changed from 5 € to 10 . From Fig.
3.19] it can be noticed that the load current changes to maintain the same load voltage. In the

experiment, the current is measured by using a 1 {2 resistance and voltage probes.
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Table 3.2: Design specification of DC/MF converter

Parameter value
Filter inductance (L) 0.1 mH
Filter capacitance (C) 250 pF
Load resistance (R) 5Q
Capacitive ESR () 0.1
Input voltage (V) 1000 V/
Controller gain crossover frequency (Wer—co) | 4 kH 2z
Controller desired phase margin (PM,) 45°
Switching frequency (fs) 100 kH z
PWM gain (kpw) 1
Current sensor resistance (Rg) 10

3.4 Controller Design of DC/MF Converter

For the operation of DC/MF converter with different control strategies in grid connected
and islanded mode, the closed loop control of the converter is required. For close loop voltage
and current control, different PI, type Il compensator, and hysteresis controllers need to be
designed. In this section, the design techniques of the PI controller, type II compensator, and

hysteresis controller are presented.

3.4.1 PI Controller Design

Here the design of PI controller for voltage mode control is described first. Duty cycle (d) to
output voltage (vyr) TF is required for voltage mode controller. In similar manner PI controller

for current mode control can be designed based on the duty cycle (d) to inductor current (i)

TF.
v (8) RV, (1 4+ srC)/(R+r)LC

Grv(s) = d(s) - s2LC(R+7r)+s(L+rRC)+ R (3:21)

Using the design specifications provided in Table [3.2] the final TF can be calculated.

vir(s)  98039(10000 + s)
d(s)  0.000005s2 + 0.0015s + 5

(3.22)

The root-locus plot of the duty cycle (d) to output voltage (vyr) TF of DC/MF converter is
shown in Fig. (a). The open loop TF has two poles and one zero. As all poles and zero are
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Figure 3.20: (a) Root-locus plot (b) Bode plot of duty cycle (d) to output voltage (vys) TF of
DC/MF converter.

|
I

situated at the left half plane so the open loop system is stable. The bode plot of the plant is
presented in Fig. |3.20 (b). The objective of the controller design is to maintain a decent phase
margin at gain crossover frequency to make the total closed loop system stable. Here step by

step design procedure is described.

(i) First the controller transfer function needs to be defined. The transfer function (G¢,) of
controller is,

K
Geols) = Kp + ?I (3.23)

Where Kp is the proportional gain constant and K7 is the integral gain constant.

(ii) The magnitude and angle of the controller transfer function is, (wy = fg—;)

K 2 2
i (Z ) G = —90° + tan 1 (<) (3.24)

Wi

‘GCO| =

(iii) From the characteristic equation of the total system, two criteria can be estimated with

the desired phase margin (PM,) of overall system.

|G00Gpv| =1, LGc,Gpy = —180° + PM, (325)

(iv) The gain crossover frequency (wey,—eo) is chosen as 4 kHz from the bode plot of Gpy(s).
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Desired phase margin is chosen as 45° for the closed loop transfer function of total system.

Putting these values, equations (3.26)), (3.27) can be obtained.

Wer—co
Wi

Wi 1
Kpy/1 e L — 3.27
P + (Wcr—co) |GPV|wCT7w ( )

(v) At 4 kHz, the magnitude and angle of the plant transfer function are calculated. They

tan~( ) = —90° +45° — LGpy,, (3.26)

are,

Gpv . = 36.23, ZGpyy,. = —108° (3.28)

(vi) Using equations (3.26)), (3.27)), and (3.28)) the value of Kp and K, can be calculated. The

final transfer function of controller is,

238.51
Goo(s) = 0.022 + ; (3.29)
(vii) The total closed loop transfer function of the system is defined as,
C.L.T.F = kpw * Gco(s) * Gpy(s) (3.30)

The bode plot of the C.L.T.F of voltage mode control is presented in Fig. [3.21] (a). It can be
found that the gain crossover frequency of total system is 4 kH z and total phase margin of the
closed loop system is 46°. So the controller design is satisfactory and it can control the output

voltage DC/MF converter in a closed loop.

3.4.2 Type II Compensator Design

For current control of the DC/MF grid feeding converter, the inner loop of average mode
current control is used. For this, a type II compensator needs to be designed. The duty cycle

(d) to inductor current (ir) transfer function (Gp;(s)) is,

Gpi(s) = z%(s) _ Vin(1 4+ s(R+r)C)
d(s) S*LC(R+r1)+s(L+7rRC)+ R

(3.31)
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Figure 3.21: (a) Bode plot of total closed loop transfer function for voltage mode control. (b) Bode
plot of total closed loop transfer function for current mode control.

Using the values given in Table [3.2] the final transfer function can be calculated.

ir(s) (5.1s 4+ 1000)

d(s)  0.0000051s% + 0.00155 + 5

(3.32)
The step by step type II compensator design is shown here.

(i) The compensator transfer function (Gey,(s)) is defined as,

Ke(1+ =
GCm(S):%

wp

(3.33)
Where wyz, and wp are the zero and pole frequency of the compensator.

(ii) Different parameters of the compensator are calculated from equation (3.34)).

fC’r—C’m —

V;Lfs fZ . fCrfC'm’fP o fs ‘/mst

_ g = 34
2rVg' 3 2% " ViR, (3:34)

(iii) The closed loop transfer function of total system is,

C.LTF = Rs * ka * Gcm(8> * Gp[(s) (335)

The bode plot of the C.L.T.F of current mode control is presented in Fig. [3.21] (b). It can
be found that the gain crossover frequency of the total system is 30 kHz and the total phase

margin of the closed loop system is 39°. So the compensator design is satisfactory and it can
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Figure 3.22: Inverting Schmitt trigger circuit and hysteretic characteristics curve.

control the output current DC/MF converter in a closed loop.

3.4.3 Hysteresis Controller Design

To control the output voltage and current of DC/MF converter, hysteresis control can be
used due to several advantages. For this, a hysteresis controller is designed to control the
output voltage and current of the DC/MF converter. An inverting Schmitt trigger circuit is
used as a comparator with hysteresis band [75]. The circuit diagram is presented in Fig. [3.22]
A positive feedback is applied on the non-inverting side. When the input voltage touches the
upper threshold, the circuit automatically changes the threshold in opposite direction. By

using equations [3.36], and [3.37, the upper and lower threshold values can be calculated. The

hysteresis band (AH) is defined by the equation (3.38)).

Rabcv;e f Rabc ‘/out 1 1 1
Ving = Rype = o+ 5 + = 3.36
th R TR o fae=p R tR (3.36)
Rabc‘/re 7k Rabc‘/out
Vin- = - 3.37
o = Toicter R (3.37)
AH = Vi — Vin- (3.38)

The hysteretic characteristics curve is presented in Fig. [3.22] It can be noticed that when input
voltage increases and crosses the upper threshold value (V. ), the output voltage jumps up to
an upper value (V) and remains constant. When the input voltage decreases and crosses the
lower threshold value (V;,_), the output voltage jumps down to a lower value (V7). The upper

and lower output voltage limit can be controlled by controlling different parameters of Schimitt
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Table 3.3: Simulation parameters of DC/MF converter

Parameter | value

Vi 1000 V

L.C 0.1 mH, 250 pF
Ktn, KL, | 1.6,45

K(C;FE 0.8

R 10

trigger circuit. The limits are calculated by using equations |[3.39, and [3.40|

Rabc‘/;"ef + Rabc‘/c

Ve — 3.39
H R R (3.39)
Rabc‘/ref Rabc‘/c
V: = — 3.40
L RC Rb ( )

In this manner, the hysteresis voltage controller is designed. The hysteresis current controller

can be designed by using the same procedure.

3.5 Simulation Results of Closed Loop Control of DC/MF
Converter

In this section, the controller designs are verified by the closed loop simulation results of
the DC/MF converter. To control the output voltage, the voltage mode control technique is
used, and to control the output current of the DC/MF converter, average mode current control
and hysteresis control techniques are used. All these control techniques are simulated on the

DC/MF converter. The controllers are designed as per described methods and presented in

Table 3.3

3.5.1 Voltage Mode Control

First, the DC/MF converter is simulated with the designed PI controller for voltage mode

control for different cases.

(i) Case 1: Output voltage control with reference voltage variation - Here the reference

output voltage is chosen as 600 V' DC+ 210 V' 50 Hz (RMS)+ 50 V' 25 Hz (RMS) for
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Figure 3.23: (a) Reference output voltage (Vas—ref), output voltage (Var) and duty ratio (d) for case
1. (b) FFT analysis of output voltage (V) for case 1

(iii)

0—0.3 sand 400 V DC+ 80 V 50 Hz (RMS)+ 40V 25 Hz (RMS) for 0.3 s—0.6 s. In
Fig. (a), the reference and actual output voltage are conferred with the duty ratio.
It can be noticed that the duty ratio decreases at 0.3 s as the reference decreases and the

actual output voltage of the DC/MF converter is tracking the reference voltage waveform

throughout the 0 — 0.6 s.

Fast Fourier transformation (FFT) analysis is executed on the output voltage waveform
to verify the presence of different frequency elements. In Fig. (b), the FFT analysis
is presented for 0 — 0.6 s period. It can be noted that DC, 50 Hz, and 25 Hz frequency
components are present in the output voltage waveform and all frequency voltages alter

at 0.3 s as per change in reference voltage.

Case 2: Output voltage control with input voltage variation - For this case, the output
voltage reference is fixed throughout the time but the input DC voltage changes at 0.3 s
from 1000 V' to 1200 V. Accordingly, the duty ratio decreases and the actual output
voltage follows the reference throughout 0 — 0.6 s. In Fig (a), the different output

results are conferred for case 2.

Case 3: Output voltage control with load variation - Here, the resistive load is changed

from 1 2 to 5 2 at 0.3 s keeping the output reference voltage fixed. It can be observed
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Figure 3.24: (a) Reference output voltage (Vir—,ef), input voltage (V;y,), output voltage (Vir) and
duty ratio (d) for case 2. (b) Reference output voltage (Vas_ref), output voltage (Var) and output
current (Ip7) for case 3.

1, (A)

from Fig. (b) that the actual output voltage tracks the reference and the output

current decreases five times as the load changes.

For all these cases, the PI controller is able to control the output voltage of the DC/MF

converter. So the voltage control scheme is working and the PI controller is perfectly designed.

3.5.2 Average mode current Control

Here, the output current of the DC/MF converter is controlled and the inner loop of the
average mode current control technique is used. For this, a type II compensator is designed and
the parameters are shown in Table [3.3] First, the effect of change in reference output current
on the output current of the DC/MF converter is investigated. It can be seen from Fig.
(a), that at 0.3 s the reference output current is changed from 15 A DC+ 5 A 50 Hz (RMS)+
2 A25 Hz (RMS) to7 ADC+ 3 A50 Hz (RMS)+ 1 A 25 Hz (RMS). As the output
current reference decreases at 0.3 s, the duty ratio of the DC/MF converter also decreases to
maintain the reference output current. It can be seen from the simulation results that the
DC/MF converter maintains the output current as per the reference.

Next, the effect of change in input voltage on the output current of the DC/MF converter

is investigated and conferred in Fig. (b). The input voltage is changed from 1000 V' to
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Figure 3.25: (a) Reference output current (Ips—rcf), output current (Ip;) and duty ratio (d) for
change in reference voltage. (b) Reference output current(Zy;_,.s), input voltage (Vj,), output current
(Ipr) and duty ratio (d) for change in input voltage.
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Figure 3.26: Three phase output currents (I57) and zoomed version of B phase current (Ip/—p) of
grid interactive DC/MF converter.

2000 V' at 0.3 s keeping the reference output current same. It can be noticed that the duty

ratio is changed at 0.3 s to maintain the same output current. As input voltage increases, the

duty ratio decreases at 0.3 s. So the designed compensator works perfectly and can maintain

the output current with different input variations.
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3.5.3 Hysteresis Control

A DC/MF converter is simulated with a resistive load and the output current of the converter
is controlled by hysteresis control. It can be seen that the reference phase currents are not
balanced and this type of operation is required for grid interactive converter to balance single
phase loads. For this, the reference currents for phases A, B, and C are chosen as 10 A DC, 20 A
50 Hz (RMS), and 15 A 25 Hz (RMS) respectively. The output current of the DC/MF converter
is conferred in Fig. [3.26] It can be seen that output currents match with the reference currents
and DC/MF converter is able to generate different frequency currents in different phases. So
the DC/MF converter can supply DC, 25 Hz, or 50 Hz single phase loads in an MFMG. The
zoomed version of phase B current is also presented in Fig. [3.26] The output current of phase

B varies between the hysteresis band and follows the reference current.

3.5.4 Conclusion

In this chapter, the architecture and DC/MF converter for MFMG are defined. The mod-
elling of the converter is executed to find out the required TF's for controller design. A hardware
prototype of the DC/MF converter is constructed and different open loop results of the con-
verter are presented. It can be concluded from the open loop results that the converter structure
is satisfactory. Different control strategies of the converter to work as grid side, grid feeding,
grid forming, load side, and BESS side converter are introduced. To control the output voltage
and output current for these operations, the voltage mode control, current mode control, and
hysteresis control techniques are employed. Finally, the converter is simulated with closed loop
controls and the output voltage and currents of the DC/MF converter are controlled. Closed
loop results show that the designed controllers are working perfectly with the converter.
Note: Major part of this chapter is reproduced from my publications:

1. R. Dey and S. Nath, “Architecture and power converter for multifrequency mi-
crogrid,” in proceedings of IEEE National Power Electron. Conf.(NPEC), Dec.
2019, pp. 1-6.

2. R. Dey and S. Nath, “Grid interactive converter of multifrequency microgrid,”
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in proceedings of National Power Electronics Conference (NPEC), 2021, pp.

1-6.
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4. Control and Management of Different Frequency Active Powers for Multifrequency
Microgrid

4.1 Introduction

For any power system, if the source and load power do not match, the system becomes
unstable and inoperative. Several active power balancing techniques for AC, DC, and hybrid
microgrids are explained in the literature. Any MF system has a unique property over the
conventional system. Different frequency active powers can be superimposed on the MF bus
without mixing and consumers are able to choose any frequency power from the MF bus as
per their needs. This frequency selective power distribution creates several power mismatch
problems in MFMG which are not present in any AC, DC, or hybrid microgrid. For the
operation of MFMG in grid connected and islanded mode, different frequency active powers
need to be balanced for all these cases. This chapter analyzes the active power imbalance
problems at different frequencies in detail. The problem of different frequency power imbalances
in MFMG, due to frequency selective power transmission is analyzed for grid connected and
islanded modes. Different active power unbalance cases are discussed and the conditions to
balance active power at different frequencies are identified for an MF system for all the cases.
It proposes control methods for both grid connected and islanded modes to balance different
frequency active powers for all unbalanced cases in MEMG. The proposed methods are verified
by simulation in Matlab Simulink environment of 7 bus MFMG, which consists of three different
frequency sources and loads (DC, 25 Hz, 50 Hz) for both grid connected and islanded modes
with three different cases. In this chapter first, the power management strategy of MFMG
is described. Based on the management strategy different active power imbalance cases are
found and for each case the active power balancing criteria is defined. Based on all the criteria,
a flowchart is presented to balance different frequency active powers of MFMG. Finally, all

supported simulation results are presented.
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Figure 4.1: Block diagram of power management system of MFMG.

4.2 Power Management Strategy of Multifrequency Mi-
crogrid

First, the different frequency power management strategy of MEMG needs to be defined
to discuss different power imbalance cases. Different frequency active powers of MFMG are
regulated by a three-level hierarchical structure. The management system is presented in
Fig. Each individual source and load are connected to a source controller (SC) and load
controller (LC) respectively. The third layer consists of different frequency source (SC) and load
(LC) controllers which can measure and control the power flow of different loads and sources.
To connect between all SCs and LCs, a multifrequency microgrid central controller system
(MFMGCCS) is adopted. In grid connected mode, the LCs send different frequency active
power consumption data, and SCs send the different frequency source power availability data.
Based on the power generation capacity of each SC, MFMGCCS decides how much power
(Pri—f—daifs) the MEMG needs to export or import from the main grid to balance different
frequency active powers at multifrequency (MF) bus. Based on this information, the grid side
converter either export or import active power from grid to maintain the active power balance
in the system. In islanded condition, the MEFMGCCS sends the active power load demands to
respective frequency SCs. According to that data, each SC sends the statistics that the source
is able to fulfill the load demand or not (Py—f_giff = 0 or Py—s_airr > 0). If Py p_gisr =0,
then that frequency active power is already balanced, and that frequency source is available
for more power generation. If MEFMGCCS receives Pyr—¢_qirs > 0 for a particular SC then

that frequency power is not balanced and it sends signals to other available SCs to increase
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Figure 4.2: Active power balancing strategy of MEMG for (a) grid connected mode (b) islanded
mode.

their power production equally to fulfill that frequency load demands. In the top layer, a power
system distribution management system (PSDMS) is present which connects the microgrid to
the main grid. It takes information from the main grid and decides whether the MFMGs should

work in grid connected or islanded mode.

4.3 Problem of Active Power Balance of Multifrequency
Microgrid

Different new active power imbalance cases evolve in MFMG due to frequency selectivity
criteria. To tackle these situations, new power balancing algorithm is required. For that,
different active power imbalance cases and the power balancing criteria for those cases need to
be defined. In this section, the active power balance problems are analyzed separately for grid

connected and islanded modes.

4.3.1 Grid Connected Mode

In grid connected mode, the MF bus voltage is maintained by the grid itself. Different
frequency active powers of MFMG are also balanced by the grid. In the MFMG, if any frequency
source power is lower than that frequency load power then the grid supplies the required
frequency active power to MEMG. For this operation first, the active power differences between

the sources and loads need to be calculated. The difference in active power for three different
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Table 4.1: Different cases of active power imbalance in islanded mode of the MFMG

Case 1 | Py—o—aiff > 0, Pry—os—aisr = 0, Par—s0—aiy = 0
Case 2 | Py—o—aiff =0, Pry—os—airr > 0, Par—s0—aiy = 0
Case 3 | Pry—o—daiff = 0, Pru—2s—aiff = 0, Par—so—aifs > 0
Case 4 | Py—o—dgiff > 0, Py—os—airf = 0, Par—so—aifr > 0
Case 5 | Py—o—dgiff > 0, Py—os—airf > 0, Payr—s0—agifr = 0
Case 6 | Pry—o—diff = 0, Prv—os—dgifr > 0, Pr—so—aifr > 0

frequencies at MF bus is calculated as per equation 4.1
PM—f—diff = PM—f—L — PM—f—S for f = {DC, 25 HZ,5O HZ} (41)

For MFMG, the different frequency active power balancing condition is presented in equation
.2l According to this equation, the grid side converter needs to export or import the active
power from the grid. For three frequencies (DC, 25 Hz, 50 Hz), the condition for power balance

is also presented here.

f=n f=n
Po = Z Py_f1 — Py—y—g = Z Pri—f—aiff = Pr—o—aiff + Pr—25—diff + Prv—so—airs (4.2)
e =1

So, grid side converter must have the ability to convert 50 Hz grid current to a combination of
0 Hz, 25 Hz, and 50 Hz load currents as per microgrid requirement and side by side it should
maintain the MF bus voltage. So, a double loop control strategy needs to be implemented for
grid side converter where the outer loop controls the output voltage and the inner loop controls

the output current of the converter as shown in Fig. (a).

4.3.2 Islanded Mode

In islanded mode, the grid got disconnected so, MEMG needs to be self sustained during this
period. The grid interactive converter behaves like a grid forming converter and maintains the
MF bus voltage and frequency. Other source side DC/MF converters behave like grid feeding
converters. A source side control strategy is needed to balance different frequency active power
load demands. The output currents of the grid feeding converters need to be controlled for this

operation. For existing AC or DC microgrids, the active power balance conditions are given in
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equation [76]. Here the source bus and load bus power match with each other to achieve
balance in active power.

Ps_50 = P50, or Ps_og= P ¢ (4.3)

However, in MFMG active power balance for each frequency at MF bus can be achieved without
balancing individual frequency source and load bus power. Source side DC/MF converter can
convert the source power to any other frequency power and send those to MF bus to fulfill other
frequency load demands. Due to this unique advantage, the reliability of the sources increases,
and critical loads can be supplied. Equations and present the criteria for active power
balancing in islanded mode of MFMG, which state that the algebraic addition of all source bus

power should match with the addition of all load bus power.

Pg_f 7é PL_f for f = {1,2, n} (44)
f=n f=n

Po1+Psa+ . +Psn=Pa+P. o+ .+Py = > Psy=Y Py (4.5)
f=1 f=1

To analyze the problem of power balancing in islanded mode, an MFMG with three frequencies
(DC, 50 Hz, 25 Hz) is examined in this thesis. However, the analysis can be extended to
any number of frequencies which need not be multiple of each other. For a three frequency

microgrid the active power balance conditions are presented in equations [4.6, and [4.7]
Ps_o+ Ps—25+ Ps—50 = Pr—o + Pr—25 + P50 (4.6)

Ps_o # Pr_o, Ps_25 # Pr—25, Ps_50 # Pr—_50 (4.7)

So, it is found that unlike AC or DC microgrid, there may be active power imbalances between
individual frequency source bus and load bus. The individual frequency power mismatch be-
tween source bus and load bus can be balanced at MF bus by converting available frequency
source power to required other frequency active powers by source side converter control.
Source side power can be reduced to any extent to match with load power (Pr_; = Ps_y)
but all sources have some upper limit beyond which they can not be operated, which creates

imbalance in different frequency active powers at MF bus. Depending on whether Py_o_gifs > 0
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or = 0, Py_os5—giff > 0 or = 0, and Pp_50—qirf > 0 or = 0, six power imbalance cases are
possible and are given in Table So, the grid feeding converters output currents need to be
controlled to balance different frequency active powers for all the six cases. Here, only those
cases are considered where atleast one source doesn’t reach its maximum limit while fulfilling
the load demand. So Par—o—dgifr > 0, Par—25—airf > 0, Payr—s0—aiff > 0 case is not considered.
The first case ( Payr—o—aiff > 0, Py—25—diff = 0, Py—s0—airf = 0) situation is presented in
Fig. (b). The 50 and 25 Hz frequency powers are already balanced and these sources are
available to produce more active power if required. The DC source reaches its maximum value
but still could not supply the DC load demand. The required Pys_o—4;s¢ needs to be supplied
by the 50 and 25 Hz sources. For this operation, 50 and 25 H z sources need to produce extra
50 and 25 H z currents and source side converters need to convert those currents to DC current

and send it to the MF bus.

4.4 Proposed Control Method for Active Power Balance

In this section, a control strategy is proposed to balance different frequency active powers of
MFMG in grid connected and islanded modes. In grid connected mode, the grid side converter
maintains the power balance whereas in islanded mode, the grid feeding converters maintain
the power balance of MFMG.

In grid connected mode, the main grid is connected to the MFMG by a DC/MF converter.
The output voltage and current of the grid side DC/MF converter need to be controlled. Here
average mode current control strategy is employed for this operation as shown in Fig. of
previous chapter. The outer loop controls the output voltage to maintain The MF bus voltage
magnitude and frequency. The output current is controlled by the inner loop. The grid side
50 Hz power can be converted to 0 Hz, 25 Hz, 50 Hz, or any other frequency powers if
required. Here one flowchart is presented in Fig. to calculate the reference current (17,)
for an MFMG with n frequencies. First, it is checked that the microgrid is in grid connected
mode or islanded mode. In grid connected mode, it is checked that the active power difference

between source and load of different frequencies (Py—f_q4iff) are +ve or zero. All active power
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Figure 4.3: Flowchart to calculate the reference currents for grid side (I,) and grid feeding (I%_,,)
converters for grid connected and islanded modes respectively to achieve active power balance.

differences are added and divided by grid voltage to obtain reference currents (Z;j Invi—p—dgifs)
for grid side converter. Here, 50 Hz grid power is converted to DC, 25 Hz, or 50 Hz active
power to maintain active power balance in MFMG. If the active power difference is zero then
active power is balanced and no action is needed for that frequency. If the controller works
according to the proposed strategy then different frequency active powers got balanced and
MFMG maintains the power balancing condition (Pr—o—aiff + Prv—25—diff + Pr—so—aiff = Pa)
in grid connected mode.

In islanded mode, the MF bus voltage is maintained by the grid forming DC/MF converter.
The voltage mode control technique is adopted here as shown in Fig. (3.3l The output currents
of grid feeding converters are controlled to balance different frequency active powers of MEFMG
(Fig. |3.4). With load change, the source powers of MEMG need to be changed and matched
with load powers to get the active power balance. MFMG source side DC/MF converter has
one unique ability to convert the source frequency current to any other required load frequency

currents. According to the power balance condition (> Py—s—_gifr = 0), the reference currents
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Table 4.2: Reference current equations of grid feeding converters for different cases to balance active
power in islanded mode

Case number | Equation

Case 1 Is 95 = I 25 + M, Is_ 50 = 1150 + m%”, Is_o = Is_0—maa

Case 2 Is o=1Ip ¢+ IM_%%, Is 50 = Ip 50 + M%y Is_o25 = Is_ 25 max

Case 3 Is o =150+ M%, Is 95 =11 95 + M%”, Is 50 = Is_50—max

Case 4 Is_o = Is_0-maz, Is—25 = Ir_25 + Ing—o—aifs + Inr—s0—difs, Is—50 = Is—50—max
Case 5 Is_o=1Is 0-mazs Is—50 =150+ Ins—o—aips + Ini—o5-aify, Is—25 = Is_25_maa
Case 6 Is_o=1Ir o0+ In—s0-dify + Ine—25-aiffs Ls—25 = Is_25-mazs Ls—50 = I5_50—maz

for all grid feeding converters (I§_ o I% ) are calculated through a flowchart shown in Fig.
for an MFMG with n frequencies. First, one by one the active power differences between each
frequency source and load are measured. Depending upon Py—¢_girf > 0 or Py p_giry = 0,
different frequency sources are separately saved in two groups. For group Pu/_¢_qirs > 0, these
sources are at their maximum value but cannot supply the load demand. So, these sources
are operated at maximum power and load takes the deficit power from other available sources
equally. For group Puy—¢—aiff = 0, these frequency active powers are already balanced and
sources are available to balance other frequency load power. The unbalanced frequency current
differences are added to the reference output current of these sources to generate extra power
to balance other frequency loads. All grid feeding converter’s reference currents (I%_,) are
calculated with different equations for these two sets. Finally, the average current control
method is employed to control the output current. This is explained by taking cases 1 and 4
as examples.

For case 1 (Pyr—o—1, > Py—o0-s, Pv—25—1 = Py—25—s and Pyr_50-1, = Py—50—5), 50 Hz and
25 Hz active powers are already balanced but DC power is not balanced. As the DC source
is operated at maximum power, 50 and 25 Hz sources need to produce more power to balance
the deficit DC load power. For this case, the value of n and x are 3 and 1. The equations for

active power balance are presented here.
Pyrros—aipr + Pru—so—dify = Pr—o—dify (4.8)
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According to the flowchart the current references for DC, 50 Hz and 25 Hz source side con-

verters are,

Inr—o—ai Inr—o—ai
Is—o=1Is 0-maz> Ls—50 = I1—50 + —w, Is o5 = I 95 + MEOdT

. : (4.9)

Here Py—o—qifs needs to be produced by 50 and 25 Hz sources. So Ip—g_qifs is divided equally
and added with I;,_50 and I;_o5 to create current references for 50, and 25 Hz source side
converters respectively. So the 50 Hz source side converter generates a mixture of 50 Hz and
DC power whereas the 25 Hz source side converter generates a mixture of 25 Hz and DC
power to balance the active powers at the MF bus. In case 4 (Py—o—daiff > 0, Pry—25-aiff =0,
Prr_so—aiff > 0), here only 25 Hz active power is balanced. The DC and 50 Hz sources
are operated at their maximum ratings. The DC and 50 Hz active power imbalance current
references are added with the 25 Hz converter current reference. For this case, the value of n

and = are 3 and 2. The equations for active power balance are presented here.

Prr—os—giff = Pr—o—diff + Pr—s0—diff (4.10)

According to the flowchart the current reference for DC, 50 H z and 25 H z source side converters

are,

Is_o = Is—0—mazs Ls—50 = In—50—maz, Ls—25 = Ir—25 + Ini—o0—diff + Inv—s0—diff (4.11)

Here, the 25 Hz source generates extra 25 Hz power and source side converter converts it to
DC and 50 Hz power and sends it to the MF bus to balance DC and 50 H z loads.

Using this technique, the reference currents of grid feeding converters for all six condi-
tions are calculated and presented in Table If condition ZE’; Ps_j # Z}tj Py, ¢ arises in
MFMG then different frequency source side active powers can be increased or decreased accord-
ing to source capability to create Zﬁz? Pg_; = Z;i? Pr_ condition and described strategy

can be obtained for balancing active powers in islanding condition.
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Figure 4.4: 7 bus structure of MFMG.

4.5 Simulation Results

Here a 7 bus MFMG is simulated which consists of three different frequency sources and
loads to validate the control strategy on MEMG. The 7 bus MEMG structure is shown in Fig.
4.4l The DC, 25 Hz, and 50 Hz sources are connected to buses 2, 4, and 6. A switch is
present at PCC to interchange between grid connected and islanded mode. Different sources
send three different frequency currents of 0 Hz, 25 Hz, and 50 Hz to the MF bus. The source
side converters are able to convert source side active power to other frequency required active
powers for power balance of MFMG. Load side converters can choose any available power
channel as per the requirement. The 7 bus MFMG is simulated in grid connected and islanded
modes in Matlab Simulink. The circuit diagram of the simulation is presented in Fig. 4.5 The
proposed active power balancing strategy is verified by changing the operating conditions of
different sources and loads and creating different active power imbalance cases. Different filters,
controllers, and compensators are designed separately for different converters and all system

parameters are provided in Table [4.4]
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Figure 4.5: Simulation diagram of 7 bus MFMG.

Table 4.3: Case study of 7 bus MFMG

Type of | Generation | Voltage Maximum | Type of converter Frequency selected | Bus
source frequency of source | capacity connected to source | by distributor no.
Grid 50 Hz 230 V - AC50/DC, DC/MF | 50 Hz 1
1Y% DC 1000 V 5 MW DC/DC, DC/MF DC 6
MT 25 Hz 300 V 3.5 MW AC25/DC, DC/MF | 25 Hz 4
FC 50 Hz 600 V MW AC50/DC, DC/MF | 50 Hz 2
Type of | Frequency | Voltage Maximum | Type of converter Frequency chosen | Bus
load of load of load capacity connected to load for power no.
consumption

Load-

bank DC 110V 10 MW MF/DC, DC/DC 3

- 25 Hz 150 V 3 MW MF/DC, DC/AC25 7
Motor | 50 Hz 220 V 12 MW | MF/DC, DC/AC50 | see Fig. [4.6](b) 5

Varrg: 500 V DC + 50 V AC 25 Hz (RMS) + 230 V AC 50 Hz (RMS)

TH-2970_ 166102018

78




4.5 Simulation Results

Table 4.4: Simulation parameters of MFMG

Parameter Value

Lc;,CG 1.5 mH, 750 ,uF
LGF; OGF 1 mH, 1000 LLF
Lare 1mH

LL,CL 0.2 mH,4OO /J,F
Kéiv, Kéfv, KJGDJ, Kéf, 0.76,8.2,4.2,26.5
KgF, KéF 0.02, 238

o 0.45

4.5.1 Grid Connected Mode

In grid connected mode, PCC is closed and grid is connected to MFMG by grid side con-
verter. Here the microgrid sources try to fulfill the active power demand of same frequency
load. If any frequency active power imbalance situation arises due to source power limitation
then the grid tries to balance active power in that condition. Three different industrial loads in
buses 3, 5, and 7 consume powers of different frequencies at different times of the day according
to the load profiles shown in Fig. (a). Total load demand in buses 3, 5, and 7 are 3.4 MW
DC, 9.2 MW 50 Hz, 2.1 MW 25 Hz between 00:00 to 08:00, 5.6 MW 50 Hz, 6.3 MW DC,
2.3 MW 50 Hz between 08:00 to 16:00 and 2.4 MW 25 Hz, 2.5 MW 50 Hz, 2 MW 25 Hz
between 16:00 to 24:00 respectively. Load profiles are assumed based on power availability,
reliability, and quality. The frequency selection of different load bus is conferred in Fig.
(b). All three loads consume a mixture of different frequency active powers, so the frequency
selectivity criteria is maintained.

Different frequency active power load demands are separately added to calculate total load
demand (Py—o-r = Pr3—o + Prs—o + Pr7—) and presented in Fig. (a). It is found that the
total load demand is 3.4 MW DC+ 9.2 MW 50 Hz+ 2.1 MW 25 Hz between 00:00 to 08:00,
6.3 MW DC+ 7.9 MW 50 Hz between 08:00 to 16:00 and 2.5 MW 50 Hz+ 4.4 MW 25 Hz
between 16:00 to 24:00.

The total source power of MFMG for a day is presented in Fig. (b). It can be noticed
that between 08:00 to 16:00 DC source at bus 6 produces maximum power (5 MW) and is
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Figure 4.6: (a) Variation of active power load demands at bus 3 (Pr3), 5 (Prs), and 7 (Pr7)
throughout the day. (b) Different frequency active power selection by consumers at buses 3, 5, and 7
in different time frames.
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Figure 4.7: (a) Total DC (Py;—o-1), 50 Hz (Pyp—50-1), and 25 Hz (Pyr—925-1) active power load
demands at bus 1 from the consumers of bus 3, 5, and 7. (b) Available DC (Psg), 50 Hz (Ps2), and
25 Hz (Psy) source active powers at bus 6, 2 and 4 in grid connected mode.
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DC power received from grid.
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Figure 4.8: (a) MF bus (bus 1) voltage in grid connected and islanded mode. (b) Output 50 Hz
active power of grid side converter (Pg) in grid connected mode which is converted to three different
frequency active powers (P = Pg—o + Pa—50 + Pg—25) and transmitted to bus 1.

still not able to meet the total DC load demand at the MF bus (Py_o—_giff = 1.3 MW). The
50 Hz source present at bus 2 generates 7 MW between 00:00 to 16:00 and 2.5 MW power
between 16:00 to 24:00. Between 00:00 to 16:00 the 50 Hz source is at its maximum limit but
can not supply the total 50 Hz load demand (Py/_so—airf = 2.2 MW between 00:00 to 08:00
and Py_so—giff = 0.9 MW between 08:00 to 16:00). The 25 Hz source at bus 4 generates
maximum power (3.5 M W) between 16:00 to 24:00 but the total active load power of 25 Hz
at the MF bus is not fully supplied (Pry—25—difr = 0.9 MW). The grid side converter should
provide the difference between source and load power at the MF bus for each frequency to
balance active power properly.

The MF bus voltage is controlled by the grid side converter at 500 V" DC+ 50 V 25 Hz+
230 V 50 Hz. The MF bus (bus 1) voltage (p.u.) and its fast Fourier transform (FFT) analysis
are conferred in Fig. (a). From the FFT result it can be seen that the output voltage of
grid side converter matches with the reference. It can be noticed that bus voltage doesn’t get
much affected by the load change and is controlled in a safe range throughout the simulated

time. The MF bus voltage has some fluctuations (< 10%). Due to this, there are fluctuations in
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power waveforms. It can be smoothened out by improving the PI controller parameters of the
grid forming converter. Due to the fluctuations, there is some power imbalance always present
in the MFMG.

The flowchart in Fig. calculates the reference output current for the grid side converter to
balance the active power in MFMG. As the different frequency active power demands change
periodically, the current reference of the grid side converter also changes and the DC/MF
converter at the grid side can produce a combination of different frequency currents required
to balance active powers at bus 1. From Fig. 4.8 (b), it can be observed that the converter
produces 2.2 MW 50 Hz between 00:00 to 08:00, 1.3 MW DC+ 0.9 MW 50 Hz between
08:00 to 16:00 and 0.9 MW 25 Hz between 16:00 to 24:00. If the total source power is
subtracted from total load power algebraically for each frequency, it matches with the total
the grid side converter power (Pg_o = Py—o-r — Pyu—o-s, Pa—s50 = Py—s0- — Py—s0-s,
Pg_95 = Pyr_95_1,— Pa—25-5) which are the active power balancing conditions for grid connected
mode (Pg = Pa_o + Pg—25 + Pa—s0 = Pyv—o—diff + Prv—25-aiff + Pr—so0—daiff)- S0, the power

balancing algorithm works nicely for the total MEFMG system in grid connected mode.

4.5.2 Islanded Mode

Next, the switch at PCC is open and MFMG is operated in islanded mode. In this case,
different frequency load demands need to be fulfilled by the MFMG sources. First, all the
sources try to fulfill the same frequency loads. Due to the source power limitation, different
active power imbalance cases may happen. The active power references of the available sources
are increased to balance different frequency active powers for all the cases. The loads at buses 3,
5, and 7 follow the load profiles shown in Fig. (a) and according to Table [4.2] the reference
currents for each source side grid feeding converter for different time frames are calculated.

The bus voltage is maintained by the grid forming converter at 500 V- DC+ 50 V' 25 Hz+
230 V' 50 Hz. The FFT analysis in Fig. (a), shows that the output voltage of the converter
follows the reference. The voltage controller in the grid forming converter works properly and

maintains the MF bus voltage variations under a safe range.
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Figure 4.9: (a) Total DC source active power at bus 6 (Psg) of MFMG in islanded mode which is
converted to three different frequency active powers (Psg = Ps¢—o+ Ps¢—50 + Ps¢—25) and transmitted
to bus 1. (b) Total 50 Hz source active power at bus 2 (Pg2) of MFMG in islanded mode which is
converted to two different frequency active powers (Psa = Psa_50 + Ps2—_25) and transmitted to bus 1.
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Figure 4.10: (a) Total 25 Hz source active power at bus 4 (Pg4) of MFMG in islanded mode which is
converted to three different frequency active powers (Psy = Psy—o+ Psg—50 + Pss—25) and transmitted
to bus 1. (b) Total DC (Par—o-s), 50 Hz (Par—50—s), and 25 Hz (Py;_25-5) active powers received at
bus 1 from sources at bus 6, 2, and 4 in islanded mode.
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By comparing the load (Fig. (a)) and source data (Fig. (b)) it is observed that
different active power imbalance cases occur throughout the day. In between 00:00 to 08:00, the
power differences of different frequencies are Py—o_aiff = 0, Prr—2s—disr = 0, and Pa_s0—qifs >
0, which are the conditions for case 3. For this case, DC and 25 Hz active powers are already
balanced but the 50 Hz source at bus 2 can’t supply the total load demand. As per the
flowchart, DC and 25 Hz sources at buses 6 and 4 should produce extra DC and 25 Hz power
equally and source side converters convert those powers to the required 50 Hz power. It can
be found form Fig. (a), Fig. 4.9 (b), and Fig. [4.10| (a) that between 00:00 to 08:00 the
total load demand of 50 Hz load is 9.2 MW . The 50 Hz source at bus 2 generates maximum
7 MW during this period. So, DC and 25 H z sources at bus 6 and 4 generate extra 1.1 MW
DC and 1.1 MW 25Hz power. Those active powers are converted to 50 Hz power by source
side converter and sent to bus 1 for 50 Hz active power balance. Between 08:00 to 16:00
Prr—o—dgigr > 0, Py—os—qigr = 0, and Py—s0—aiff > 0, so case 4 happens. For this case, only
25 Hz active power is balanced and both DC and 50 H z sources are at their maximum capacity
but still can’t obtain full load power. So the 25 Hz source power at bus 4 should increase and
the source side converter of the 25 Hz source converts that power to a mixture of required DC
and 50 Hz active powers. It can be noticed that between 08:00 to 16:00 bus 4 sends extra
1.3 MW DC+ 0.9 MW 50 Hz active powers to bus 1 for active power balance. In the next
time interval (16:00 to 24:00), case 2 happens. In this case, DC and 50 Hz active powers are
balanced. The 25 Hz load demand at bus 1 is 4.4 MW. In this time period the 25 Hz source
at bus 4 generates maximum 3.5 MW . The deficit 25 Hz power is 0.9 MW . So, DC and 50 Hz
sources at bus 6 and 2 generate 0.45 MW DC and 0.45 MW 50 Hz powers and source side
converters convert those to 25 Hz power and send that to bus 1 for active power balance of
25 Hz load.

Different frequency elements of all three source powers are algebraically added for each
frequency individually (Py_g-s = Pss—o + Ps2—0 + Pss_o) to obtain total source power for
each frequency at bus 1 which is presented in Fig. (b). After controlling, it can be

seen that the source power matches with load power for each frequency separately at bus 1
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(Pr—o—s = Pry—o—r, Py—so—s = Pu—so—r, Pu—2s—s = Py—25-1). Finally, MEMG achieves
active power balance conditions in islanded mode (Pp3 + Pps + Pr7 = Psy + Psq + Psg whereas
Psy # Prs, Psg # Prs, Psy # Pr7). So the algorithm can balance every power imbalance case

of the MFMG in islanded mode.

4.6 Conclusion

In the MF bus, different frequency active powers are present and customers of MFMG can
choose any frequency available power from the MF bus. This increases reliability but creates
several new active power imbalance cases for MFMG. In this chapter, a control method is
introduced for grid side converter so that it can convert grid power to a mixture of different
frequency powers to get active power balance in grid connected mode. For islanding mode,
six different active and reactive power imbalance cases are defined and a control method is
introduced for all grid feeding converters to balance power for every case. The strategy is verified
by circuit simulation of 7 bus MEFMG in Matlab Simulink. It can be seen from the results that
the strategy balances different frequency active powers in grid connected and islanded modes.
So the proposed strategy solves the active power balancing problems of MEMG. The grid side,
grid forming, and grid feeding converter produce outputs as per the reference values so, all
controllers of the converters are precisely designed.

Note: Major part of this chapter is reproduced from my publications:

1. R. Dey, S. Nath, “Control and management of different frequency active and
reactive powers for multifrequency microgrid ,” in IEEE Access (Submitted).

2. R. Dey and S. Nath, “A new active and reactive power control strategy for
multifrequency microgrid in islanded mode,” in proceedings of 5th International

Conf. on Smart Grid and Smart Cities (ICSGSC), 2021, pp. 45-49.
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5. Control and Management of Different Frequency Reactive Powers for
Multifrequency Microgrid

5.1 Introduction

To maintain the voltage level of a bus, the reactive power supply and demand should
match with each other in any electrical system. The reliability and stability of a power system
rely on reactive power management [71]. A consumer can select and consume any available
frequency active power from the MF bus. Different power can be categorized by distance, cost,
or availability. In an MFMG, a consumer chooses different frequency active powers at different
time frames. As the input current of the load converter varies so reactive power demand also
changes with change in active power. If active power demand increases for a certain frequency
then reactive power demand also increases and vice versa. This frequency selective reactive
power consumption creates several reactive power imbalance cases which are not present in
traditional microgrids. All these cases need to be properly investigated and a reactive power
balancing strategy needs to be proposed for MFMG to balance different frequency reactive
powers in grid connected and islanded modes. In this chapter first, the issue of different
frequency reactive power mismatch in MEFMG is investigated for islanded and grid connected
modes, and reactive power balancing conditions for these two modes are determined. Next,
to solve the reactive power control problem for different frequencies, a new control strategy
is introduced for the source side converter which works in both islanded and grid connected
modes. Finally, an 9 bus MFMG is simulated in Matlab Simulink with the proposed strategies

for different cases and all control strategies are verified through simulation results.

5.2 Problem of Reactive Power Balance of Multifrequency
Microgrid

For proper operation of MEMG, different frequency reactive power control and management
is necessary. Different new reactive power imbalance cases evolve in MFMG due to frequency
selectivity criteria. To tackle these situations, a new power balancing algorithm is required. For
that different reactive power imbalance cases and the power balancing criteria for those cases

need to be defined. In this chapter, reactive power control problems are examined separately for

TH-2970_ 166102018

88



5.2 Problem of Reactive Power Balance of Multifrequency Microgrid

islanded and grid connected modes. Here an MFMG is chosen with four base frequencies (DC,
25 Hz, 50 Hz, and 100 Hz). The DC source does not produce any reactive power so, for the

reactive power balancing strategy 25 Hz, 50 Hz, and 100 H z reactive powers are considered.

5.2.1 Grid Connected Mode

In grid connected mode, the grid side converter maintains the bus voltage. In this mode,
the grid can support MFMG by providing the required different frequency reactive powers.
The reactive power generation of the grid side converter needs to be controlled based on the
MFMG reactive power demand. Here, the main objective of the developed control is to set
the reactive power production of each source in a way that the total reactive power injected
at the grid matches the required set point of the transmission system operator (TSO). As the
grid provides different frequency reactive powers based on the reactive power difference of each
frequency source and load, to define the receive power balance criteria for this mode first, the
reactive power difference between sources and loads needs to be defined. For any frequency,

the difference between the source side and load side reactive power is defined by equation [5.1]
QM—ffdiff = QMff-L — QM—f—S for f = {25 HZ,5O HZ, 100 HZ} (51)

The reactive power balancing criteria of MFMG for grid connected mode is defined as,

€d + Z QM—f—L - Z QM—f—S = Z QM—f—diff (5.2)
f=1 f=1 f=1
For 25 Hz, 50 Hz, and 100 H z reactive power the criteria becomes,

Qc = Qu—25—diff + Qni—s0—diff + Qnr—100—diff (5.3)

So, the grid side converter balances the MF bus voltage and supplies the required reactive
power to the bus. A new voltage and reactive power control strategy are required for grid side
converter as shown in Fig. (a). In some situation, if only the 25 Hz reactive power is
balanced then the grid produce extra 50 Hz reactive power and the grid side converter convert

that to the required amount of 50 and 100 Hz reactive powers and send those to the MF bus
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Figure 5.1: Reactive power balancing strategy of MEMG for (a) grid connected mode (b) islanded
mode.

Table 5.1: Different cases of reactive power imbalance in islanded mode

Casel | Qu—25—difr > 0,Qn—s50—diff = 0,Qn—100—difs = 0
Case2 | Qn—25—diff = 0,Qn—s50—difs > 0,Qn—100—difs = 0
Case3 | Qu—25—diff = 0,Qn—s50—diff = 0,Qnr—100—daifs > 0
Cased | Qu—25—difr > 0,Qnm—s50—diff = 0,Qnr—100—daifs > 0
Cased | Qu—25-difr > 0,Qn—s50—diff > 0,Qn—100-diff = 0
Caseb | Qr—25-diff = 0,Qnm—s50—diff > 0,Qnr—100-difs > 0

for reactive power balance.

5.2.2 Islanded Mode

In islanded mode, the grid is disconnected and MFMG needs to be self-sustained. The bus
voltage is controlled by grid forming converter. A source side reactive power control strategy is
required to control the grid feeding converters to inject the assigned value of reactive powers.
For this first, the reactive power balancing criteria for islanded mode is defined and compared
with AC microgrid.

Rs-50 = Q50 (5.4)

Here, total reactive power consumption at the load bus should match with total reactive power
generation at the source bus. But in MFMG, reactive power balance for the overall system can
be attained without balancing load and source bus reactive powers for individual frequency.
So the system reliability increases and the critical loads can be supplied for any power outrage

case. In equations|5.5] 5.6} the condition to control reactive powers in the MFMG is presented.
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The algebraic summation of different frequency source side reactive power generations should

be equal to the summation of different frequency load side reactive power consumptions.
QS—f #QL—f fOI’f:{l,Q,...TL} (55)

Qs—1+Qs—2+ ... +Qs—pn =Qr 1 +Qro+ ...+ Qr_p
f=n f=n
— ZQS—f = ZQL—f (5.6)
f=1 f=1

For an MFMG with three different frequencies (25 Hz, 50 Hz, 100 Hz), the reactive power

balance condition is,

Qs—25 + Qs—50 + Qs—100 = Qr—25 + Qr—50 + Q1100

Qs-25 # Qr—25,Qs-50 # Qr—50, Q5100 # Qr-100 (5.7)

All sources and loads of MEMG are connected by power electronics converters. So any frequency
source reactive power can be converted to different frequency reactive powers by the source side
converter and sent those powers to the MF bus to fulfill the variable frequency reactive power
demands. Due to this unique advantage, different frequency reactive powers can be balanced
at MF bus without balancing the source and load bus reactive power individually for each
frequency. The reactive power differences between individual frequency source and load (25,
50, and 100 Hz) at the MF bus are presented in equation . As all sources have some power
generation limit, the total load demand of reactive power may not be supplied in islanded mode
(Qr—5 > Qs—f). If Qu—s—aiff = 0, then, that frequency reactive power is balanced and the
source is available to generate more reactive power. If Qur—s_agirs > 0, then that frequency
reactive power is not balanced and the residual load reactive power is taken from all other
available sources equally. Depending upon these conditions whether Qas—25-aiff > 0 or = 0,
Qri—s0—dgiff > 0 or = 0, and Qnr—100—diff > 0 or = 0, total six reactive power imbalance cases
can occur in MFMG which are shown in Table [5.1} Only those cases have been selected where
at least one source doesn’t reach its maximum limit. So, Qunr—25-dirr > 0, Qrr—s0—airf > 0,

Qri—100—difr > 0 case is not considered. So in islanded mode, a source side control strategy is
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required where the available sources increase their reactive power generations and the source
side converters convert those powers to the required frequency load reactive power to balance
different frequency reactive powers for these six cases.

The first case of Tableis presented in Fig. (b). Here Qnr—a5-aifr > 0but Qrr—s0—diff =
0 and Qnr—100—difs = 0. In this case, 50 and 100 Hz reactive powers are balanced but 25 Hz
reactive power is not balanced. The 25 H z source is operated at its maximum limit of reactive
power but is unable to supply the 25 Hz load reactive power. So the reactive power generation
of 50 and 100 H z should increase equally. Source side converters need to convert these 50 and

100 Hz reactive powers to 25 H z reactive power and send that to the MF bus.

5.3 Proposed Control Method for Reactive Power Bal-
ance

In this section, a reactive power balance strategy is explained for MFMG in grid connected
and islanded modes. A combination of AC/DC and DC/MF converters is used as the grid
side converter in MEFMG. Here both the output voltage and current need to be controlled so,
the average mode current control technique is used. The 50 Hz grid reactive power can be
converted to any other frequency reactive power by the back to back converter structure. Here,
one current reference is created from the output of the PI controller of the voltage control
loop. Another current reference is created from the reactive power balancing equation of grid
connected mode (Qg = Z;j? Qn—f—diff)- The direct and quadrature axis reference current

are calculated by the equation [5.8]

= 2QcaifVoo) p _ 2Qc-aigsVo-d) (5.8)
CHUBVE V) T 3VE L+ VE) |

Finally, these two current references are added and compared to the actual output current of
the grid side converter and the error signal is passed through a PI controller to generate the
modulating signal. The PI controller design is properly described in chapter 3. With this
control strategy, the output current of the grid side converter is properly controlled to mitigate

any reactive power balancing issue in MFMG. This strategy is properly described in Fig. [3.2]
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Figure 5.2: Flowchart to calculate the reference currents for grid feeding (I%_,,) and grid side (I},)
converters for islanded and grid connected modes respectively to achieve reactive power balance.

In islanding mode, the grid forming converter maintains the MF bus voltage. The control of
the grid forming converter is already explained for the active power balancing case. Every source
of MFMG is connected by the grid feeding converters. The output currents of these converters
are adjusted to achieve reactive power balance. In MFMG, the source side converters have the
ability to convert source frequency reactive power to other frequency reactive powers if required.
So, if one particular frequency source reaches its maximum limit, then other frequency sources
can produce extra reactive power, and power electronic converters convert that to the required
frequency format and send it back to the MF bus to balance reactive power.

Here, a control strategy is designed to maintain different frequency reactive power balance
in MFMG in islanded mode. The flowchart of the control strategy is presented in Fig. [5.2]

First, the reactive power difference between the source and load of every individual frequency
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is checked. Based on Qur—f—aiff > 0 or Qum—s—dgirf = 0, all sources are divided into two
groups. If Qar—¢—airr > 0, then these frequency sources are at their maximum value but load
reactive power demands are not fulfilled. For this group, all sources are operated at their
maximum reactive power value and the loads take the deficit power from other sources. For
group Qun—s—disr = 0, these frequency reactive powers are already balanced and sources are
available to balance other frequency reactive loads. The output current references of these
sources are increased as per other frequency load demands. According to this logic, the direct
and quadrature axis reference currents of grid feeding converters are calculated by equation. To
generate the three phase reference current, dq/abc conversion is done. This reference current
is compared with the output current of the converter and the error signal is sent to a PI
controller. The controller design is explained in chapter 3. Here the inner loop current control
of the average mode current control method is used to control the output current the of DC/MF
converter.

For case 1, the 25 Hz reactive power is not balanced but 50 and 100 Hz reactive powers
are balanced. As the 25 Hz source is operated at its maximum value so, the deficit amount of
25 H z reactive power is supplied by 50 and 100 H z sources. It can be noticed from the flowchart
that the required 25 Hz reactive power is split equally between 50 and 100 Hz sources. Here
the value of x and n are 1 and 3. The reactive power balance equation for this case is presented
in equation [5.9]

Qri—s0—diff + Qu—100-diff = Qri—25-diff (5.9)

All direct and quadrature axis currents for 25, 50, and 100 Hz grid feeding converters are

calculated for case 1 and conferred here.

[S7257d - [5'7257d7ma967 IS*QE)*q = [Sf25fq7maz (51())

2(QA1725—diff VM7507q)

Is 50-a = Ip—50-d + : (5.11)
3(Vir—s0-a + Vii—s0-¢)
2(Q1L17257diff V5o )

Is 50— = I1—50—q — : ! (5.12)

3(Vir_so—a T VJ\24—50—q)

TH-2970_ 166102018

94



5.4 Simulation Results

Q(QM725—dz’ff VM—lDO—q)
Is—100-a = Ir—100-a + : (5.13)
3(Vir—100-a + V]\2/I—100—q)
2(QM7257diff V100 )
Is—100-q = Ir-100-q — 30 2 ’ (5.14)

2 2
Vir—100—a VM—IOO—q)

A mixture of 25 and 50 H z reactive powers is generated by the 50 Hz source converter whereas
a mixture of 25 and 100 Hz reactive powers is generated by the 100 Hz source side converter
to balance different frequency reactive powers for the first case in the MEFMG. For case 5, the
100 Hz reactive power is balanced but 25 and 50 Hz reactive powers are not balanced. Here,
25 and 50 Hz sources are operated at their maximum values so the 100 Hz source’s reactive
power generation is increased and that power is converted to a mixture of 25 and 50 H z reactive

powers. Here the value of z and n are 2 and 3. The reactive power balance equation for this

case 1is -
Qri—100-diff = Qrr—25—diff + Qrr—s0—diff (5.15)

All direct and quadrature axis currents for 25, 50, and 100 Hz grid feeding converters are

calculated for case 5 and shown here.
IS—25—d —~ IS—25—d—mama ]S—25—q = IS—QS—q—max (516)

IS—5O—d = IS—BO—d—maza ]S—50—q = IS—50—q—max (517)

2(Qum—25—diffVar—100—q) = 2(Qnr—50—diffVar—100—q)
3(Vir—100-a ™ Vir—100—¢) ~ 3(Vir_100—a + Vir_100—q)

Is—100-da = Ir-100-a + (5.18)

To 1000 = I} 1000 — 2<QM725fdifva~100~q) _ Q(QMfE)OfdiffVMflOqu) (5.19)
! ! 3(VJ\2471007d + V1\2/[—100—q) 3(V1\2471007d + V]\2/[—100—q)

Here 100 Hz source generates a mixture of 25, 50, and 100 Hz reactive powers to bal-

ance different frequency reactive powers. Using this method, all grid feeding converters cur-
rent references can be calculated for all six cases and the reactive power balancing condition

(Z;i? Qs j = Zjﬁj (Qr—s) can be achieved for each case.
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Figure 5.3: 9 bus structure of MFMG.

5.4 Simulation Results

The loads in MFMG can choose different frequency active powers in different time frames.
With change in active power, reactive power also changes and different new reactive power
imbalance cases are created in MFMG. In this section, the proposed control strategy to mitigate
all these unbalance cases is verified by Matlab Simulation. For reactive power presentation, one
100 Hz source and one 100 Hz load are connected with the previous bus structure and the 9
bus MFMG (Fig. is simulated with four different frequency (DC, 25 Hz, 50 Hz, 100 Hz)
sources and loads. The main grid can be disconnected from MFMG by the switch at PCC. All
sources and loads are connected to the MF bus by DC/MF converters. These power electronics
converters can convert any frequency source reactive power to other required frequency reactive

powers. Different frequency source data are presented in Table |5.2]

5.4.1 Grid Connected Mode

For this mode, the switch at PCC is closed and the grid is connected with MFMG. The bus
voltage is maintained by the grid side converter. In this mode, the total reactive power demand
of MFMG is supplied by the MFMG sources and grid. Due to the maximum reactive power

production limit, several reactive power unbalance cases happen in grid connected mode which
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Table 5.2: Case study of 9 bus MFMG

Type of | Generation | Voltage Maximum Type of converter Frequency selected | Bus
source frequency of source | capacity connected to source | by distributor no.
Grid 50 Hz 230 V - AC50/DC, DC/MF | 50 Hz 1
MT 25 Hz 300 V 2 MVAR AC25/DC, DC/MF | 25 Hz 4
FC 50 Hz 600 V 3.5 MVAR | AC50/DC, DC/MF | 50 Hz 2
WT 100 Hz 200 V 2.5 MV AR | AC100/DC, DC/MF | 100 Hz 8
Type of | Frequency | Voltage Maximum Type of converter Frequency chosen Bus
load of load of load capacity connected to load for power no.
consumption
- 25 Hz 150 V 2 MVAR | MF/DC, DC/AC25 | sce Fig. [5.4|(b) 7
Motor 50 Hz 220V 5 MV AR MF/DC, DC/AC50 5
- 100 Hz 110V 2.2 MV AR | MF/DC, DC/AC100 9

Varrs: 500 V DC + 50 V AC 25 Hz (RMS) + 230 V AC 50 Hz (RMS) + 100 V AC 100 Hz (RMS)

are balanced by the grid. For every time period, the reactive power differences are calculated for
different frequency sources and loads and those data are transmitted to the transmission system
operator. Accordingly, the reactive power output of the grid side converter is changed to supply
the different frequency reactive powers. The different frequency reactive power demands from
the grid are presented in Fig. [5.4](a) for a day. The reactive power difference between the 25 H z
source and load (Qg—_25) is 0.3 KV AR in between 00:00-08:00, and 0.8 KV AR in between 08:00-
16:00. The reactive power difference between the 50 H z source and load (Qg_50) is 0.25 KV AR
in between 16:00-24:00. The reactive power difference between the 100 Hz source and load
(Qc-100) is 0.3 KV AR in between 00:00-08:00, and 0.25 KV AR in between 16:00-24:00. The
flowchart (Fig. calculates the output reference current of the grid side converter to balance
these cases. It can be seen from Fig. (a) that in between 00:00-08:00, the grid produces
0.6 KV AR reactive power which is converted to 0.3 KV AR 25 Hz+ 0.3 KV AR 100 H z reactive
powers and sends those powers to the MF bus for reactive power balance at MF bus. Similarly in
between 08:00-16:00, the grid produces 0.8 KV AR reactive power and in between 16:00-24:00,
grid produces 0.5 KV AR reactive power which is converted to required frequency reactive
power. So for every time period, the grid supplies the deficient amount of different frequency

reactive powers and maintains reactive power balancing criteria (Qg = Z}cj Qum—f—diff)- SO
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Figure 5.4: (a) Reactive power at grid side converter (Q¢) in grid connected mode which consists of
three different frequency reactive powers (Qa = Qa—25 + Qc—50 + Qc—100)- (b) Different frequency
reactive power selection by consumers at buses 5, 7, and 9 in different time frames.

the reactive power balancing strategy works flawlessly in grid connected mode.

5.4.2 Islanded Mode

Next, the MFMG is simulated in islanded mode. In this mode, MFMG needs to be self
supported and different frequency reactive power demands are fulfilled by the MFMG sources.
First, the sources try to supply the same frequency reactive power loads but due to source side
reactive power limitation, some frequency load reactive power demands are not fulfilled. So the
reactive power references of the available sources are increased to compensate these frequency
reactive powers. It can be seen from Fig. [5.3] that three different frequency loads are connected
in bus 7 (25 Hz), bus 5 (50 Hz), and bus 9 (100 Hz). These loads absorb different frequency
active and reactive powers as per frequency selectivity criteria. The frequency selection is
presented in Fig. [5.4] (b). The reactive power load demands for load in buses 7, 5, and 9 are
shown in Fig. [5.5/(b), which are 1.2 MV AR 25 Hz, 4.4 MV AR50 Hz, 1.7 MV AR 100 Hz at
00:00 to 08:00 interval, 1.8 MV AR 50 Hz, 3.2 MV AR 100 Hz, 2 MV AR 50 Hz at 08:00 to
16:00 interval, and 1.6 MV AR 25 Hz, 1.2 MV AR50 Hz, 0.6 MV AR 25 Hz at 16:00 to 24:00

interval. All three loads take different frequency reactive powers alternatively at different time
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Figure 5.5: (a) Total 25 Hz (Qar—25-1), 50 Hz (Qpr—50—1), and 100 Hz (Qpr—100—1) reactive power
load demands at bus 1 from the consumers of bus 5, 7, and 9. (b) Variation of reactive power load
demands at bus 5 (Qr5), 7 (Qr7), and 9 (Qr9) throughout the day.

periods.

Same frequency reactive load powers are individually added for each time period and the
total reactive power demand for a particular frequency at the MF bus is calculated (Qp_o5-1 =
Qrs5-25 + Qrr_o5 + Qr7_25) which is referred in Fig. [5.5 (a). At 00:00 to 08:00 interval, total
reactive power load demand is 1.2 MV AR 25 Hz +4.4 MV AR 50 Hz +1.7 MV AR 100 Hz.
The 25 and 100 Hz sources produce the required amount of reactive power but the 50 Hz
source produces maximum 3.5 MV AR in this time period. Here the reactive power differences
for different frequencies are, Qnr—25—girf = 0, Qrr—s0-aiff = 0.9 MV AR, and Qnr—100—dgifr = 0,
which are the circumstances for case 2. According to the flowchart presented in Fig. [5.2]
25 and 100 Hz sources at buses 4 and 8 generate extra 0.45 MV AR reactive power each.
Source side converters convert those reactive powers to 50 H z reactive power and send them
to bus 1 to control reactive power of 50 Hz. In between 08:00 to 16:00, the total reactive
power load demand is 3.8 MV AR 50 Hz +3.2 MV AR 100 Hz. Here, both 50 and 100 Hz
sources reach their maximum limit and produce 3.5 MV AR 50 Hz and 2.5 MV AR 100 Hz
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Figure 5.6: (a) Total 25 Hz source reactive power at bus 4 (Qg4) of MEMG in islanded mode which
is converted to three different frequency reactive powers (Qs4 = Qs4—25 + Q54—50 + Qs4—100) and sent
to bus 1. (b)Total 50 Hz source reactive power at bus 2 (Qg2) of MFMG in islanded mode which is
converted to three different frequency reactive powers (Qs2 = Qs2-25 + Qs2-50 + @s2-100) and sent

to bus 1.
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Figure 5.7: (a) Total 100 Hz source reactive power at bus 8 (Qgs) of MEFMG in islanded mode which
is converted to three different frequency reactive powers (Qss = Qss—25 + @ s3—50 + @ss—100) and sent
to bus 1. (b) Total 25 Hz (Qar—25—5), 50 Hz (Qprr—50—5), and 100 Hz (Qpr—100—5) reactive powers
obtained at bus 1 from sources of bus 2, 4, and 8 in islanded mode.

TH-2970 166102018

100



5.5 Conclusion

reactive powers respectively. For this situation, the reactive power differences are, Qnr—25_aiff =
0, Qum-s0—aiff = 0.3 MVAR, and Qar—100—-dirf = 0.7 MV AR so, case 6 happens. In this
time interval, 25 Hz source at bus 4 generates extra 1 MV AR reactive power. The source
converter at bus 4 converts this reactive power to 0.3 MV AR 50 Hz +0.7T MV AR 100 Hz and
sends it to bus 1. At 16:00 to 24:00 intervals, the total reactive power load demand becomes
22 MVAR25 Hz +1.2 MV AR 50 Hz. The 50 H z source produces the required 50 H z reactive
power but the 25 Hz source at bus 4 generates maximum 2 MV AR. Here the reactive power
difference equations are, Qr—25-aiff = 0.2 MV AR, Qum-s0-difr = 0, and Qur—100—dgifr = 0,
which are the conditions for case 1. As per the flowchart, this Qa—25_aifs is equally produced
by 50 and 100 Hz sources and sent to bus 1 to achieve reactive power balance. The output
reactive powers of the source side converters of bus 4, 2, and 8 are shown in Fig and
(a) respectively.

The total source power at bus 1 is obtained by algebraically addition of each frequency
component of all source powers (Qn/—25-s = Qsa—25+Qs4—25+Qs6—25) and conferred in Fig.
(b). It can be observed that source and load reactive power of individual frequency match with

each other after control (Qar—25-5 = Qm—25-1, @r—s50-5 = @ri—s50-1, @ri—100-5 = Qr—100-1)

at MF bus. Finally, MEFMG attains the reactive power balancing conditions for islanded mode
(Qrs + Qrr + Qro = Qsa + Qs + Qss, whereas Qrs # Qsa, Qrr # Qsa, Qro # Qss).

5.5 Conclusion

In MFMG, different frequency powers are superimposed on the MF bus and the consumers
have a special ability to choose among the available powers alternatively at different time frames.
This frequency selective power consumption creates variable reactive power demands at the load
side and several new reactive power imbalance situations develop. In this chapter, all these cases
are defined for islanded and grid connected modes. For three different frequency reactive powers,
a total of six imbalance cases are identified for islanded mode and a reactive power balancing
strategy is proposed by controlling the grid feeding converters. In grid connected mode, the

control of the grid side converter is carried in such a way that grid can give reactive power to
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MFMG to improve power quality and stability. To validate these strategies, simulation of a 9
bus MFMG is executed for islanded and grid connected modes. It can be concluded from the
results that different frequency reactive power control is achieved for all the cases and MFMG
fulfills the reactive power balancing conditions for islanded and grid connected modes. So, all
controllers and compensators are properly designed and the new control schemes are working
flawlessly.

Note: Major part of this chapter is reproduced from my publications:

1. R. Dey, S. Nath, “Control and management of different frequency active and
reactive powers for multifrequency microgrid ,” in IEEE Access (Submitted).

2. R. Dey and S. Nath, “A new active and reactive power control strategy for
multifrequency microgrid in islanded mode,” in proceedings of 5th International

Conf. on Smart Grid and Smart Cities (ICSGSC), 2021, pp. 45-49.
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6. Multifrequency Microgrid with Energy Storage System

6.1 Introduction

Solar and wind power varies throughout the day. In the noon time the solar irradiation is
maximum and in the night time no solar power is available. Wind power of a wind turbine
depends upon the wind speed which varies throughout the day. So without help of an energy
storage system, the solar and wind sources cannot supply a sensitive load which needs reliable
power. The addition of ESS with MFMG increases the reliability and stability of the system.
The integration and operation of ESS with MFMG are explained in this chapter. It can be seen
that with the presence of ESS, MFMG can operate in two extra power imbalance cases. For
all active power imbalance cases for islanded and grid connected modes, the power balancing
criteria are defined here. Finally, one algorithm is designed to coordinate between the ESS
and other frequency sources of MEFMG to balance different frequency load power demands
for optimum power generation through communication under a cooperative framework. The
framework is constructed based on the assumption that any load prefers to absorb power from
the closest source for minimum power loss and cost. The categorization of different source
load pairs is done based on the physical distance by different frequencies and accordingly the
algorithm is structured. As different frequency active powers do not mix with each other and
can be separated at the load side, this operation is possible. A circuit model of 8 bus MFMG
is simulated in Matlab Simulink to validate the algorithm for different power imbalance cases.
In this chapter, the coordinated power management strategy of MEMG is described. Based on
the strategy, it has been found that two new active power imbalance cases occur due to the
integration of ESS. Next, all these new cases are explored, and accordingly power balancing
criteria of MFMG with ESS is defined. Based on all the criteria, an algorithm is proposed to
balance different frequency active powers of MEFMG with ESS. Finally, the algorithm is verified

through simulation results.
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Figure 6.1: Coordinated power management structure of MFMG.

6.2 Coordinated Power Management of Multifrequency
Microgrid

In this chapter, the MFMG power management strategy with ESS is formed based on the
coordinated structure which needs to be defined first. The coordinated power management
structure of MFMG is presented in Fig. Different frequency sources, loads, and an ESS
are connected with each other by an MF bus. Total ‘n’ different frequency active powers are
transmitted through the MF bus by creating different power channels. It is considered that the
load tries to absorb power from the closest source to reduce power loss and cost. If the closest
source power is unavailable then the load takes the required power from other available sources
equally. Based on these conditions, a pair is formed with one source and one load based on the
physical distance. Each source-load pair is operated in a distinctive frequency to differentiate
that pair from the rest of the system. All loads and sources of MFMG are controlled by
power electronic converters so, this operation is achievable irrespective of the load and source
frequency. From Fig. [6.1] it can be noticed that S; and L; are functioned as DC source load
pair, Ss and Lo are functioned as 25 H z source load pair, and similarly S,, and L,, are functioned

as ‘n’ Hz source load pair. The logic behind the power management is that the DC load (L)
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Table 6.1: Physical distances between different frequency sources and loads

Source | Load | Distance (km) | Pair selection
PV EV 0.1 DC pair

PV DL 2
PV IL 2.5
WT EV |3
WT DL 0.05 25 Hz pair
WT IL 3.2
MT EV 1.8
MT DL 1.5
MT IL 0.8 50 Hz pair

should absorb power from the DC source (S;). If DC source power is not available then DC load
will absorb power from other available sources (S, Ss, ...S,,) equally. For implementation of this
strategy in a traditional microgrid which has ‘n” number of sources and ‘m’ number of loads a
total of (m % n) number of dedicated connections are needed. For MFMG, only one MF bus
dedicatedly connects all the sources and loads through different power channels which reduces
the installation and maintenance cost of the system. To increase the reliability of MEFMG, an
ESS is connected to the MF bus. Based on the source availability and load demand, the ESS is
charged or discharged to maintain the different frequency active power balance of MFMG. In
extreme situations, the ESS can supply the critical loads of MFMG. The MFMG architecture
is presented in Fig. (b) in chapter 3. Three different frequency (DC, 25 Hz, 25 Hz) sources
and loads are present in the architecture. The physical distances between different frequency
sources and loads are present in Table [6.1], which is chosen based on the calculation presented
in [77]. Based on the physical distance, the PV and EV are chosen as DC pair, the WT and

DL are chosen as 25 Hz pair, and the MT and IL are chosen as 50 H z pair.

6.3 Active Power Balance Problem of Multifrequency
Microgrid with Energy Storage System

In any system, the active power balance is necessary to maintain the bus frequency and

stability. In MFMG, different frequency active powers are present on the MF bus and customers
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are able to select any of the available powers. Due to the frequency selectivity criteria, different
new active power imbalance cases are generated in MEMG. Based on the coordinated strategy
(Fig. , different power imbalance cases are analyzed and accordingly power balancing
criteria are defined for MFMG with ESS. To balance the different frequency active powers
of MFMG, the sources and ESS need to be controlled precisely. All sources and ESS are
controlled by power electronic converters so any frequency source power can be transformed to
other frequency load powers and sent to the MF bus. For any source-load pair, if load demand
is higher than the maximum power generation of the source then other available sources can
produce extra power to fulfill that load demand. Here, the active power balancing problem is

investigated separately for islanded mode and grid connected mode.

6.3.1 Islanded Mode

In islanded mode the switch at PCC opens, and the grid is disconnected from the MFMG.
Here, the MFMG needs to be self-sufficient and the total load demand is delivered by the
sources and ESS. For a traditional AC or DC microgrid, if the source power is higher then the
ESS is charged and if the load power is higher, then the ESS is discharged. For traditional
microgrids, the ESS power needs to match the difference between the source and load powers
of that frequency for power balancing. The active power balancing condition for the DC and

AC microgrid is given in equation [6.1]

Pprss = Py—o—s — Pv—o-1, Peess = Pr—so—s — Prv—so—1 (6.1)

In MFMG, the ESS is connected by a by-directional MF/DC and DC/DC converter. The
MF /DC converter can convert any frequency power to DC power and vice-versa. So, by proper
power conversion, a single ESS unit can store different frequency active powers. In islanding
mode first, the sources try to balance different frequency load demands of MEMG. If the paired
source-load power is not balanced then that load takes the required power from other available
sources. If no source is available to supply that load demand, then the load takes power from

the ESS. So for MFMG, the ESS is charged when the total source power is higher than the total
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Table 6.2: Different cases of active power imbalance of the MFMG with ESS in islanded mode

Case 1 | Py—o—dgifs =0, Prv—o25—aiff = 0, Py—s0—airy =0
Case 2 | Py—o—dgifr >0, Py—o5—aifsr = 0, Py—s0—aify = 0
Case 3 | Py—o—aiff =0, Pr—os—aifr > 0, Payr—so—dgifr = 0
Case 4 | Py—o—dgiff = 0, Pry—os5—aiff = 0, Py—so—airy > 0
Case 5 | Py—o—difr > 0, Py—os5—aiff = 0, Py—s0—airy >0
Case 6 | Py—o—daiff > 0, Prvr—os—airf > 0, Pyr—so—gigr = 0
Case 7 | Py—o—diff = 0, Prv—as—airf > 0, Pyr—so—aigr > 0
Case 8 | Py—o—dgifs > 0, Py—os—airs > 0, Py_s0—airs >0

load demand and the ESS is discharged when the total load demand is higher than the total
source power. The active power balancing criteria for an MFMG system with ESS is presented
in equation which states that the ESS power should match with the difference between the
algebraic sum of different load and source bus powers.
Pppss = Z Pr_p_g — Z Py_yp (6.2)
f=1 f=1
Here the MFMG contains three different frequencies (DC, 25 Hz, 50 Hz) so, the active power

balancing condition becomes,
Pprss = Pyv—o-s + Pyu—25-s + Pyu—so-s — Py—o-r — Pu—25-1. — Pu—s0-1 (6.3)
For each source-load pair, the active power difference is defined as,
Pr—f—disr = Py—y—1 — Py—y—g for f=DC,25 Hz,50 Hz (6.4)

In another way, it can be said that the different frequency active powers of MFMG are bal-
anced if the ESS power is equal to the algebraic sum of different source load pair active power
differences.

Pppss = Pu—jaigy for f=DC,25 Hz,50 Hz (6.5)
f=1
Based on the source-load pair power differences, total eight cases of active power imbalance can

occur in MFMG with ESS. For three different frequency sources, loads and without ESS, total

six power unbalance cases (case 2- case 7) are already defined. It is observed that with ESS,
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the active power can be balanced for two more cases (case 1, case 8), where previously power
balance was not possible. So, reliability of the system increases by connecting the ESS with
MFMG. All these cases are presented in Table [6.2l A new active power balancing technique
needs to be designed to balance power for all these eight cases.

From Table , it can be seen that the power imbalance situation for case 1is Py/—o_aiff = 0,
Prr—os—aiff = 0, Py—s0—difs = 0. For this situation, all different frequency source-load pairs in
MFMG are balanced. Still, the sources have to generate extra power to charge up the ESS.
The power imbalance condition for case 4 is Py—o—airf = 0, Pr—25-aiff = 0, Prv—so—aigr > 0.
Here DC and 25 Hz active power pairs are balanced. The 50 Hz source reaches its maximum
capacity and still can not fulfill the 50 H z load power demand. Here, the available sources (DC,
25 Hz) need to generate extra DC and 25 H z active power equally. Source side converters will
transform those powers to the required 50 Hz active power (Py_50_q4iff) and send that to the
MF bus to maintain the active power balance of the total system. As the DC and 25 Hz
sources are available after balancing the total load demand, the ESS is charged for this case.
Case 8 has an imbalance condition of Py—g_aiff > 0, Pr—25—aiff > 0, Pr—so—aifs > 0. For this
case, all sources of MFMG are at their maximum capacity, yet can’t fulfill their paired load
demands. Here the ESS is discharged and the required load power is supplied by the ESS to

balance different frequency active powers.

6.3.2 Grid Connected Mode

In grid connected mode, the switch at PCC is closed and the grid is connected to the
MFMG. The grid controls the bus voltage and balances different frequency active powers in
MFEFMG. As the grid power cost is lower than the storage power, the ESS is never discharged in
grid connected mode. The lithium-ion battery is operated in mid-SOC range (20% — 80%) to
maintain a good state of health [78]. So, the ESS is only charged in grid connected mode and
if SOC climbs to 80% then the ESS is disconnected from the system. Here, the objective of the
control strategy is to set the grid active power reference in a way that it fulfills all source-load

pair active power mismatches and charges the ESS. The active power balancing criteria of the
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MFMG with ESS in grid connected mode is presented in equation [6.6]

Pg = Z Prr—y—airy + PpEss (6.6)

F=1

The grid is connected to the MF bus by a back to back converter structure of AC/DC and
DC/MF converters. This combination of converters transforms the 50 Hz grid power to different
frequency active powers and sends those to the MF bus for the active power balance of MEMG.
The MFMG architecture (Fig. [3.1[(b)), contains three different frequency sources and loads.
Equation represents the active power balancing criteria for grid connected mode of MFMG

with ESS.

Po = Py—o—aiff + Pr—2s5—diff + Pyv—so-dirr + PBESS (6.7)

Which states that the algebraic sum of all source-load pair power imbalances and ESS power

should be equal to grid power for power balance in grid connected mode.

6.4 Algorithm for Active Power Balance of Multifre-
quency Microgrid with Energy Storage System

Based on the power balance criteria, an algorithm is designed under varying different fre-
quency loads for islanded and grid connected modes. The main objective behind the algorithm
is that in islanded mode, any load always tries to take active power from the paired source.
If paired source power is not available then the load takes power from other available sources
of MFMG. If no other source is available then the load takes power from the ESS and if ESS
power is also not available then load shedding needs to be done. In islanded mode, if Psr > Prr
then ESS takes the extra source power to store. If Ppr > Psp then ESS discharges and delivers
different frequency required active powers to the loads. If ESS is fully charged then the sources
should be controlled to decrease the active power generation. In grid connected mode, the
grid balances different frequency active power imbalances of MFMG and charges the ESS. The
flowchart for the proposed algorithm is conferred in Fig. The algorithm is composed of

ten steps.
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Figure 6.2: Flowchart to achieve active power balance of MFMG with ESS.

e Step 1: Check the mode of operation of MFMG -

Yes Then MFMG is in islanded mode and jump to step 4.

I =0

No Then MFMG is in grid connected mode and goto next step.
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e Step 2: Check the charging status of the battery -

4

Yes Maximum SOC limit is reached so, charging is off and battery is
Cprss > 80% disconnected and goto next step.

No Then goto next step.

\

e Step 3: Find out the power difference of different frequency source-load pairs at MF bus
(Pr—f—var), compute the output current reference for grid side converter (/) and battery

side converter (I5;5¢¢) and jump to step 10.

P, i =P, — P -+ @ It = erlzl PM_f_diff o . PBES’S
Mf-diir TR M M n 9 V=50 R Ao

e Step 4: Find out the power difference of different frequency source-load pairs at MF bus

and check the battery power is available or not -
Prss = ZPM—f—L — ZPM—f—S
F=1 f=1

Yes Then some loads are shedded and go back to step 4.
Pgss > Pppss—max
No  Then goto next step.

e Step 5: Check mode of operation of the battery as-

Yes Battery takes power, in charging mode and goto next step.
Pppss >0

No Battery supplies power, in discharging mode and jump to step 9.

e Step 6: Check the charging status of the battery -

(

Yes Maximum SOC is reached so, charging is off and battery is

disconnected and control the sources to generate less
C BESS > 80%

power and go back to step 5.

No Then goto next step.

\
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e Step 7: Check the different frequency active power differences between source-load pairs

and battery at MF bus and goto next step.

PpEss

Py—f_giff = Py—f—1 — Py—p-s +

e Step 8: Check -

;

Yes This frequency load demand is not fulfilled but paired source
is already at the maximum capacity so the load takes the
required power from other available sources and the paired
source is operated at maximum power, and jump to step 10.

Pr—p—aifs >0 =1 a0

No  This frequency load demand is fulfilled and paired source
is not at maximum limit so it delivers power to other

frequency loads and charges battery then jump to step 10.

I =T+ L1 Pr—fodiss | Ippss
. _

n—r n—x
\

e Step 9: Check the discharging status of the battery -

(
Yes Then discharging off and disconnect battery and some loads

are shedded and go back to step 5.
Cprss <20% ¢ No  Then go back to step 7 if all references are calculated then

goto next step.

__ PBEss

Pppss =35 Pru—yp—r — 25— Pu—y-s, Ippgs = 22

\

e Step 10: Check the source and load active powers have changed or not -

PMfffovar = PMfffS - PMfffsfne’un PMfffovar = PMfffL - PMfffonew
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Table 6.3: Comparison of proposed strategy with existing literature

References [79], [61], [80], [81]. This work.
Bus voltage | 50 Hz (AC) [80], [81], DC [79], DC+ 25 Hz+ 50 Hz (MF).
frequency 50 Hz and DC (Hybrid) [61].
Active Power | Two cases for AC or DC [80], [81], [79], | Eight cases for MFMG.
imbalance and four cases for hybrid microgrid
cases [61].
Active power | Centralized d-q power control in [80], Centralized d-q power control.
balancing fuzzy logic control in [81], positive
strategy and negative sequence components

control in [79],V-F control in [61].
Active power | Based on cost in [79], based on Based on distance between source and load
sharing source rating [61]. to reduce active power loss and cost.
strategy
Converter Inverter current control in [80], Voltage mode and average current control.
control fuzzy control in [81], Combined
strategy feedforward and feedback control

in [79], and droop control in [61].
Source side Not possible. Source side powers can be categorized
power depending upon their availability, reliability,
categori- cost, or distance of the source from load and
zation pass through different frequency power

channels of MF bus without mixing.

Consumer Not possible. Consumers have the ability to choose
power between different frequency powers from
selection MF bus based on their needs.

Yes Total active power is balanced.
PM—f—S—var/PM—f—L—var =0
No  Go back to step 1.

A brief comparison of the work presented in the thesis with respect to the state-of-the-art is

presented in Table [6.3] to understand the innovative contribution.

6.5 Simulation Results

To evaluate the algorithm, an 8 bus MFMG is simulated in islanded mode and grid connected
mode in the Matlab Simulink environment. One BESS unit at bus 8 is added with the bus
structure (Fig. used in chapter 4, and the new structure is formed. The description of
the sources and loads of the MEMG are given in Table which are used in the simulation.
It can be seen from the architecture that different sources, loads, and battery energy storage

system (BESS) are connected to the MF bus by different converters and LC filters. The filter
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Table 6.4: Case study of 8 bus MFMG with ESS

Source/ | Operating | Voltage | Maximum | Type of converter Bus
Load frequency capacity connected no.
Grid 50 Hz 230 V - AC50/DC, DC/MF | 1
PV DC 300 V 100 kW DC/DC, DC/MF 6
WT 25 Hz 150 V 80 kW AC25/DC, DC/MF | 4
MT 50 Hz 230 V 60 kW AC50/DC, DC/MF | 2
EV DC 110 vV 60 kW MF/DC, DC/DC 3
DL 25 Hz 230 V. 70 kW MF/DC, DC/AC25 | 7
IL 50 Hz 230V 80 kW MF/DC, DC/AC50 | 5
BESS DC 475V 50 kW MF/DC, DC/DC 8
Vurg: 500 V DC + 50 V' AC 25 Hz (RMS) + 230 V AC 50 Hz (RMS)

Table 6.5: Filter parameters of MFMG

Parameter | Value
Lq, Cq 1.5 mH, 750 puF
LGF7 CGF 1 mH, 1000 IUF
LGFE 1 mH
LL,OL 0.2 mH, 400 ,uF
Lp,Cp 0.5 mH,600 pF

Table 6.6: Controller parameters for different converters of MEMG

Converter name

Proportional Gain (Kp)

Integral Gain (K;) in S~!

Grid forming Kt =12 r— 4
Grid feeding e . — 17 Klpp =345

BESS

KP =183, KE =20

KL =165, K3 =76

parameters which are used for the simulation are presented in Table 6.5 The PI controllers of

grid side, grid feeding, grid forming, and BESS converters are designed and those values are

shown in Table The different frequency load varies throughout the time frame of the day.

Due to this several new active power imbalance cases are created. The algorithm is applied

to control the MFMG sources and BESS to balance the active powers for all these cases. In

this section, the simulation results are presented for islanded mode and grid connected mode

separately.
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Figure 6.3: (a) Total load side DC (Ppr3), 25 Hz (Pr7) and 50 Hz (Pr5) active power requirement
in bus 3, 7, and 5. (b) Available source side DC (Psg_qv), 25 Hz (Ps4—qv) and 50 Hz (Psa_q,) active
power in bus 6, 4, and 2 in different time frames.

6.5.1 Islanded Mode

In this mode grid is disconnected from MFMG so, total load demand is supplied by the
sources and BESS. Due to frequency selective power absorption, different active power imbal-
ance cases are created. The algorithm calculates the reference output current for the source
and battery side converters to balance different frequency active powers for these cases.

An electric vehicle (EV) charging station (DC), industrial load (50 Hz), and domestic load
(25 Hz) are connected to buses 3, 5, and 7 respectively where the domestic (DL) and industrial
loads (IL) are non-sensitive load and can be shredded if required. The daily load profiles are
shown in Fig. (a). The load demands vary as per their nature throughout the day. During
18:00-24:00, total load demand (130 kW) is higher than total source power (80 kW). So the
battery is discharged to supply the required load power. The SOC of the battery reaches 20% at
24:00 and the battery is disconnected from the MFMG. To balance the active powers between
the sources and loads, some portions of the IL and DL are shredded in between 00:00-02:00.
The IL is decreased by 40 W and the DL is decreased by 10 £W. From 02:00-18:00, total
source power (Pgr) is higher than the load power (Pr7). So MEMG is able to deliver total load

power and charge the BESS.
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Figure 6.4: (a) Total DC power is converted to DC (Psg—¢), 25 Hz (Psg—25), 50 Hz (Pss—50), and
battery power (Ps¢—prss) by DC source (bus 6) converter and sent to MF bus. (b) Total 25 Hz active
power is converted to DC (Pgs—q), 25 Hz (Ps4—25), 50 Hz (Pss—50), and battery power (Ps4—prss)
by 25 Hz source (bus 4) converter and sent to MF bus.

A photo voltaic (PV) source (DC), two wind turbine (WT) units (25 Hz), and one micro
turbine (MT) unit (50 Hz) are connected in buses 6, 4, and 2 respectively. One WT behaves
as grid interactive converter and balances the MF bus voltage. The maximum source powers
profile for a day is conferred in Fig. (b). The PV source generates power only during the
day time and in between 10:00-18:00, it generates the maximum amount of power. The WT
sources generate a variable amount of power throughout the day depending on the wind speed.
The MT unit is governed by fossil fuel and is available throughout the day.

The source powers are properly controlled based on their availability throughout the day.
The proposed control strategy is implemented at source and ESS side converters. It can be
noticed that four active power imbalance cases occur and for these cases, the power balancing
strategy is applied. The output current of the source side and battery side converter is calculated
from the algorithm for different cases and accordingly, the current control method is applied in
these grid feeding converters. As per the requirement, the source currents are increased and the

source side converter converts that power to the required frequency load powers. Source power

at bus 6 (DC), bus 4 (25 Hz), and bus 2 (50 Hz) are presented in Fig. (a), Fig. (b),
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Figure 6.5: (a) Total 50 Hz active power is converted to DC (Psa—g), 25 Hz (Psa—25), 50 Hz
(Ps2—50), and battery power (Pse_pgrss) by 50 Hz source (bus 2) converter and sent to MF bus. (b)
Total active power exchange of the battery with MF bus which contains three different frequencies

(Prss = Pprss—o + Perss—25 + Perss—s0)-

and Fig. (a) respectively for different time of a day. The active power differences between
different source-load pairs are Ppr—o—gifr > 0, Pay—25—aiff = 0, and Pyr_50_qirf > 0, so case 5
occurs. For this case, the 25 Hz load demand is balanced by the paired source but DC and
50 Hz sources are unable to fulfill their paired load demands. So the available 25 Hz source
(S4) power is increased by 40 kW, which is converted to 10 kKWW DC and 30 kW 50 H z active
powers and are sent to the MF bus. After balancing the total load demand, 25 H z source power
is still available so the battery is charged and absorbs 20 kW power from the 25 Hz source. It
can be noticed that between 10:00-18:00, the active power difference between different source-
load pairs are, Pyj_o—girf = 0, Prv—2s5—aiff = 0, and Pa_50_qiry > 0 (case 4). Here, the DC and
25 Hz load demand is balanced by the paired sources but 50 Hz pair power is not balanced.
So according to the algorithm, the DC and 25 Hz sources generate extra power to fulfill the
load demand of 25 Hz load. The 50 Hz load (Lj;) takes total 20 kW active power equally from
the DC (Ss) and 25 Hz source (Sy). As the DC and 25 Hz sources are still available after
the active power balancing, so the BESS takes 10 kW DC and 10 kW 25 Hz power. From

18:00-24:00, the source-load pair power differences are Pry—o—girf > 0, Par—o5—airf > 0, and
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Table 6.7: Different source and load powers of MFMG with ESS in islanded condition

Time(H) | Psg(kW) | Psq(EW) | Pso(kW) | Psp (kW) | Pra(kW) | Pp7(kW) | Pps(kW) | Prr (kW) | Ppss(kW) | Case no.
0-2 0 30 50 80 20 40 20 80 0 Case 6
2-4 30 90 50 170 40 30 80 150 -20 Case 5
4-6 30 90 50 170 40 30 80 150 -20 Case 5
6-8 30 90 50 170 40 30 80 150 -20 Case 5
8-10 30 90 50 170 40 30 80 150 -20 Case 5
10-12 70 90 40 200 50 60 70 180 -20 Case 4
12-14 70 90 40 200 50 60 70 180 -20 Case 4
14-16 70 90 50 210 50 70 70 190 -20 Case 4
16-18 70 90 50 210 50 70 70 190 -20 Case 4
18-20 0 30 50 80 20 50 60 130 50 Case 8
20-22 0 30 50 80 20 50 60 130 50 Case 8
22-24 0 30 50 80 20 50 60 130 50 Case 8

Purr_s0—airf > 0, so case 8 happens. Here, all the three sources (DC, 25 Hz, 50 Hz) are at their
maximum limit but can’t fulfill their paired load demands. As no other source is available, the
loads take power from the BESS. The battery discharges and generates 50 kW active power to
balance all load demands. After 6 hours at 24:00, the SOC level of the battery reaches 20%
and it is disconnected from the MEMG. In between 00:00-02:00, the 25 Hz (DL) and 50 Hz
(IL) loads are shredded and the active power differences are Ppr_o—aiff > 0, Pr—25-airf > 0,
and Py_50_aiff = 0 (case 6). The load demand of the 50 Hz pair is fulfilled and the 50 Hz
source is available to supply other frequency load demands. Different frequency sources and
loads powers for islanded mode throughout the day are presented in Table [6.7]

Based on the operating scenarios, the BESS is charged or discharged. If total load power
of the MFMG is lower than the source power (3, Py—yr — > Pr—s-s < 0) then BESS
absorbs the extra source power and is charged. If total load power is higher than the source
power (37— Py—y—r— - Pu—j-s > 0) then BESS provides the required active power and
discharges. So for case 1 - case 7, the battery is charged and in case 8, the battery is discharged.
In Fig. (b), the different frequency battery power components are presented. By adding
all the components, the total battery power is obtained. From 02:00-10:00, the battery absorbs
20 EW power from the 25 Hz source and is charged. In between 10:00-18:00, the battery
absorbs 10 kW power from the DC source and 10 kW power from the 25 Hz source. As the
total source power is decreased at night time, in between 18:00-24:00 the battery is discharged
and supplies 50 kW active power. Which is converted to 20 kW DC + 20 kW 25 Hz + 10 kW

50 Hz power by the battery side converter and is sent to the MF bus. At 24:00, the battery is
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Total active power generated by the DC source at bus 6. Total DC power transferred to MF bus by all sources.
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Figure 6.6: (a) Active power generation of the sources at bus 6 (Psg), 4 (Ps4), and 2 (Pss) in islanded
mode. (b) Total DC (Par—o—s), 25 Hz (Pyp—25-5), and 50 Hz (Py/_50—g) active powers received at
MF bus (bus 1) from different sources of MEMG.

fully discharged and it is disconnected from the MF bus between 00:00-02:00.

Different frequency elements of the source powers at bus 6 (Psg= Psg_o+ Ps¢_25+ Pse_50+
Ps¢_prss), 4, and 5 are added and the total source power of those buses are presented in Fig.
(a). Total source power of the MFMG is computed by adding these bus powers (Psy=
Psg+ Pss+ Psy). It can be observed from the simulation results that the algorithm maintains
the active power balancing criteria in islanded mode (Pprss= Psr- Prr). So the algorithm can
maintain the active power balancing criteria in any power imbalance cases.

The active powers of MFMG are balanced if different frequency incoming powers at MF
bus match with the outgoing powers. To examine the power balancing criteria, the different
frequency incoming active powers are compared with the different frequency outgoing powers
at the MF bus. For this total incoming DC (Py_o_s= Pss—o+ Pss—o+ Pse—o+ Pseé_BEss),
25 Hz and 50 Hz active powers are calculated and conferred in Fig. (b). It can be
observed from Fig. (b), Fig. (b), and Fig. (a) that every incoming frequency
power matches with that frequency outgoing power at MF bus. So, Py_o_s = Pr3 + Pprss—_o,
Pyro9s5-5 = Prr+ Ppess—as, Py—s0-s = Prs+ Peess—so and Psg # Pr3, Psy # Py, Psa # Prs.

So it is stated from the results that if the MFMG obeys the power balancing criteria then the
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Figure 6.7: Output power of the grid side converter (Pg) which is converted to different frequency
active powers (Po= Pp—o—diff+ Prv—25—diff+ Prv—s0—diff+ PBEss) and transmitted to bus 1.

different frequency active powers are balanced at MF bus. So, the criteria is well defined.

6.5.2 Grid Connected Mode

Next, the MFMG is simulated in grid connected mode. As per the algorithm, here grid
balances different frequency source-load pair active power differences and charges the battery.
The total grid connected time is chosen as 24 hours for simulation purpose. In this case, the
BESS only takes power from the main grid and is charged. The BESS is disconnected from the
circuit when the SOC level climbs to 80%.

Simulation results for grid connected MFMG with different operating conditions are pre-
sented in Fig. [6.7] Between 00:00-02:00, Pry—o—aiss = 20 kW, Prr_os_airy = 10 kW, Pyr_so—qigs =
10 kW, and Pggss = 20 kW . As per the algorithm, the grid supplies a total of 60 kW active

power which is converted to the different frequency required load power by grid side converter.
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In between 10:00-16:00, the grid delivers 40 kW active power (20 kW 50 Hz + 20 kW BESS
power). At 16:00, the battery is disconnected from the MF bus as the battery SOC level climbs
to 80%. From 16:00-18:00, the grid produces 20 kW power to balance the 50 Hz load. Between
18:00-24:00, the grid generated 50 kW power which is transformed to 20 kW DC, 20 kW 25 H z,
and 10 kW 50 Hz active powers to balance the loads. It can be seen from simulation results
that the algorithm maintains the active power balancing condition (Pg = Z;ﬁ:l Py p_gifs+

Pggss) for grid connected mode so the algorithm works perfectly.

6.6 Conclusion

Due to the presence of multiple frequency active powers on the MF bus, the integration
of ESS with MFMG is challenging but possible. With ESS, MFMG can be operated in two
more power imbalance cases, so the reliability of the system increases. For all these cases, a
control algorithm is proposed to coordinate between the sources and the battery to achieve
different frequency active power balance of MFMG. Different power imbalance case studies
are performed in the Simulink environment to elaborate on the effectiveness of the algorithm.
In every case, the algorithm achieves the power balancing criteria and controls ESS in a way
to balance different frequency active powers of MFMG. In grid connected mode, the ESS is
charged and the grid maintains the active power balance of MEFMG as per the algorithm. So it
can be concluded that the algorithm is properly designed for both islanded and grid connected
modes. The source side converters and the BESS converter properly follow the algorithm so,
all controllers of these converters are perfectly designed.

Note: Major part of this chapter is reproduced from my publications:

1. R. Dey and S. Nath, “Cooperative active power management in multifre-
quency microgrid with an energy storage system based on distance of source to
load,” IEEE Access, vol. 10, pp. 120398 —120411, May 2022. doi: 10.1109/AC-

CESS.2022.3177208.
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7. Conclusion and Future Scope

7.1 Conclusion

Any MF system has several advantages and many new features over conventional systems.
MFMG can use these new features and bring many advantages over AC, DC, or hybrid mi-
crogrid. First, the basic laws behind the formation of MEFMG are studied in this thesis. The
orthogonal power flow theory for different frequency active and reactive powers for a single
phase and three phase MF systems are mathematically proved. It can be seen that different
frequency active and reactive powers are orthogonal to each other and can flow on a single
conductor without mixing through different power channels. At the load side, a new control
technique is introduced so that the consumer can choose any available frequency power from
the MF bus. It can be observed from simulation results that consumers can choose any avail-
able frequency power and shift between different power channels throughout the day. So both
orthogonal power flow theory and frequency selectivity criteria can be applied to any MF sys-
tem. Based on these theories the MFMG can be constructed which has several advantages over
traditional microgrids like higher efficiency, higher flexibility, and lower size.

The basic architecture of the MFMG is proposed in this thesis with three different frequency
sources, loads, and battery. The DC/MF converter is used as a building block of the MFMG
architecture. The control strategies of DC/MF converter to act as grid side, grid feeding, grid
forming, load side, and battery side converter are properly explained. The DC/MF converter
structure is proposed and the modelling of the DC/MF converter is executed through the state
space analysis method. The converter structure is verified by open loop hardware and simulation
results. It can be seen from the results that the output voltage of the DC/MF converter
changes as per change in input voltage, duty ratio, and load. So the modelling of the converter
is satisfactory and the converter is able to generate MF voltage from DC voltage. Based
on the small signal model, transfer functions for different controllers are designed for closed
loop voltage and current control of the DC/MF converter. To verify the control strategies and
controller designs, a DC/MF converter model is simulated in the close loop in Matlab Simulink.

The simulation results show that the converter is able to control the output voltage and current
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with several input variations. So it can be concluded that all controllers and control strategies
are perfectly designed. The DC/MF converter acts as grid side, grid forming, grid feeding, and
load side converter of MFMG and can be used as a building block of MFMG architecture.

In MFMG, the orthogonal power flow theory and frequency selectivity criteria create several
new active and reactive power imbalance situations. In this thesis, all these cases are investi-
gated for islanded and grid connected modes. For three different frequency powers, total six
power imbalance cases are identified for islanded mode and power balancing criteria is defined
for all the cases. Based on the criteria, a power balancing strategy is proposed to balance
different frequency active and reactive powers by controlling the output currents of grid feeding
converters. In grid connected mode, the control of the grid side converter is carried in such a
way that grid balances the different frequency powers of MEMG to improve power quality and
stability. To validate these strategies, a simulation model of MFMG is prepared and simula-
tion of this model is executed for islanded and grid connected modes in the Matlab Simulink
environment taking three different power imbalance cases. It can be noticed from the results
that different frequency active and reactive power balance is achieved for all three cases. So
it can be concluded that the active and reactive power balancing criteria for all the cases are
well defined. The proposed active and reactive power balancing strategies are working fine and
generate the required output current references for grid side and grid feeding converters. The
grid side and grid feeding converters generate the required output current as per the reference
so, all controllers and compensators are working properly.

To increase the stability and reliability of MFMG, an ESS is integrated with MFMG. The
battery side converter control strategy is explained and it has been found that several new
power imbalance cases are created due to the addition of the ESS unit. To balance the dif-
ferent frequency active powers with ESS, an algorithm is proposed which coordinates between
different frequency sources and ESS and generates references for grid side, grid feeding, and
battery side converters. Next, different power imbalance case studies are performed in the
Simulink environment to elaborate on the effectiveness of the algorithm. In islanded mode, the

algorithm achieves the power balancing for every power imbalance case and accordingly the
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ESS is charged or discharged. In grid connected mode, the power balancing is achieved and the
grid balances the different frequency active power differences and charges the ESS. From all the
simulation results it can be concluded that the power balancing algorithm is properly designed
for grid connected and islanded modes. The battery side converter is able to exchange different
frequency active powers with the MF bus as per the requirement, so the control strategy of the

battery side converter is suitable.

7.2 Future Scope

The future scopes of the thesis which are worth to explore are-

e The power balancing algorithm which is proposed in the thesis is based on the physical
distance between the source and load to minimize the power loss. In the future, different
other aspects like cost, reliability, and availability of the sources may be considered and
accordingly, new algorithms can be proposed. The same power balancing strategy can be
applied to microgrid clusters where some microgrids act like loads and other microgrids

act as sources.

e In MFMG, all sources and loads are dedicatedly connected by the MF bus through dif-
ferent power channels. So any load can take power from any available source and source
recognition is possible. With all the new features, the sensitivity analysis of the MFMG

is another important topic to explore.

e Frequency selective power transmission of MFMG can create an open market at the
distribution side. Different powers can be categorized based on cost, availability, or
quality of the sources. Different generation companies can broadcast their powers using
different assigned frequency channels and consumers can select any of those channels and
can shift between different channels throughout the day depending on their needs. The

future power market can be constructed based on this concept.

e In the future, the real time simulation of MFMG can be done on OPAL-RT simulator.

TH-ZrBh/((A) [iré)é)l%sfglgontrol strategy for grid side, grid feeding, grid forming, and load side
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converter can be implemented on that. The power balancing strategies can be verified by

using this simulator.
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