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ABSTRACT

KEYWORDS: Smart transformer (ST); solid-state transformer (SST); power man-

agement; meshed hybrid microgrid.

The excessive use of fossil fuels for power generation in the previous decades has led to

various environmental concerns. Moreover, such fuels are also with limited availability.

These factors have encouraged engineers and scientists to look for alternate renewal

energy sources (RES) for power generation. Various RES like solar photo-voltaic (PV),

wind, geothermal, etc., have been used for power generation and injection into the

electric grid. However, such changing trends come with their own limitations. RES are

generally intermittent in nature with widely varying levels of availability throughout

the day and round the year. In addition to that, such sources also need power electronic

interface for power injection into the electric grid. These factors give rise to various

challenges like voltage variations, faults, harmonics in voltages and currents, islanded

operation, complexity of control, etc. Various power electronic equipments such as

distribution static compensator (DSTATCOM), dynamic voltage restorer (DVR), unified

power quality conditioner (UPQC), static transfer switch, static current limiter, etc., are

used in the electric grid to address such challenges.

In recent times, solid state transformer (SST) has received considerable research interest

for improving performance of electric grid in presence of RES. It is a distribution trans-

former realized with the help of power electronic converters. In addition to ac voltage

transformation and isolation, similar to conventional transformer, SST also provides dc

voltage connection which can be used for realizing dc distribution system or interfacing

RES to the electric grid. Therefore, the SST is a very attractive solution for the changing

power distribution scenario. An SST can be integrated with intelligent control strategies

and communication features for voltage control, power quality improvement and power

management. Such an SST is termed as a smart transformer (ST).

Many RES generate power in the form of dc. Moreover, modern day loads are also

shifting towards the dc side. This has led to the existence of both ac and dc grids in the
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distribution system, and such grids are termed as hybrid grids. With multiple ports at

different ac and dc levels, the ST has the capacity to provide multiple features in hybrid

distribution grids.

This thesis investigates the operation and control of ST based hybrid microgrid and

explores the various power management as well as control strategies facilitated by the

ST to achieve improved and efficient operation in both the ac and dc grids. A meshed

hybrid microgrid with ac and dc grid interconnection enabled by ST is proposed. This

is realized by extending the LVdc bus of the ST in the distribution grid and connecting

it to the dc buses of the distributed generation (DG) converters already presented in the

system. Multiple power flow paths are realized in such a configuration which helps in

reducing the line losses. Compared to the ac line, line losses in the proposed LVdc line

reduces to 22%. Moreover, reverse power flow efficiency increases by 6%.

Further, the operation of the proposed meshed hybrid microgrid is explored in islanded

mode. Islanded operation is achieved by maintaining the LVdc voltage with the help

of a battery energy storage system (BESS) and the LVac grid voltage is maintained by

the ST LV converter. The multiple power flow paths offered by the meshed hybrid mi-

crogrid are exploited to achieve optimal power flow management in the islanded mode

of operation. This helps in reducing the line losses in the system and consequently

increases the operation time of the islanded system. It was observed that while in a par-

ticular case, the conventional method incurred 1.337 kW losses, the proposed method

was able to reduce the line losses to 1.0487 kW. This shows a 22% reduction in line

losses with proposed method as compared to conventional method.

The stability of the ST based islanded meshed hybrid microgrid is also investigated

while catering to sudden high power demands from electric vehicle (EV) loads. Since

a BESS maintains the LVdc voltage in islanded mode, any disturbance or sudden high

power demand has to be handled by the BESS. However, owing to the presence of right

half plane zero in the transfer function of the BESS converter, the converter’s ability

to cater to sudden loads is limited. This issue is addressed by exploiting the meshed

hybrid configuration. The ST is used to execute an LVac voltage control strategy which

reduces the total load on the BESS during EV load transients, and ensures that the

system remains stable.

Finally, to establish the reconnection of the ST based islanded meshed hybrid microgrid
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to the MVac grid, a step-by-step partial start-up procedure is proposed. Since in the is-

landed operation, ST LV converter is already operational, the partial start-up procedure

helps to start the non-operational converters namely the ST isolated dc-dc converter and

the ST MV converter without disturbing the operation of the LV grid.

The thesis presents and explores the operation of an ST-based meshed hybrid microgrid

and proposes various methods for power management, loss minimization, stability and

overall operation of the system in islanded and grid connected mode.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Present Power Scenario

Over the years, electric power has been generated mainly in coal thermal power plants

for distribution to the consumers [1]. Even though a significant amount of power is

generated in hydro-electric power generating stations, setting up such plants need huge

pre-requisites and favourable conditions [2]. Therefore, power generation from such

sources is limited. Fig. 1.1 shows the global power production growth as well as share

of various sources from 1985 to 2021 [3]. It can be observed that the major share of

production has always been dominated by coal. A comparison between the amount of

power generated from various sources in India upto March 2022 is given in Fig. 1.2 [4].

Fig. 1.1 Global electricity production by source [3].

Similar to the global scenario, in India too, coal is leading the chart by a huge margin.

However, such generation has its limitations. In addition to environmental hazards,
TH-3008_156102032



the fast depletion of available natural resources has led mankind to search for other

alternatives [5]. Therefore, the importance of green energy is increasing rapidly and

several types of renewable energy sources (RES) are being explored. This has led to a

significant change in the power generation and distribution scenario. A breakup of the

renewable power installed in India upto March 2022 is also given in Fig. 1.2 [4]. Solar

power is the most popular RES, which is closely followed by large hydro and wind

power plants.

Fig. 1.2 India’s cumulative installed power capacity upto March 2022 [4].

Owing to the tremendous potential in RES like solar energy and wind, an exponential

growth has appeared in the installation of such plants [6]. In the long run, such plants

are not only environment friendly, but also cheap. Fig. 1.3 shows the growth of global

renewable power share over the past 20 years [7]. It has risen to over 80% in 2019 in

comparison to a share of about 23% in 2001. With such a growth curve, it is expected

that the coming years will see increased renewable energy penetration.

Such a changing trend will lead to the production of cheap and environment friendly

2

TH-3008_156102032



0

30

60

90

120

150

180

210

240

270

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

20072001 2003 2005 20152009 2011 2013 2017 2019

Sh
ar

e 
of

 n
ew

 e
le

c t
ri

ci
ty

 g
en

er
at

in
g

 c
a p

ac
it

y

Increase in non-renewables ( GW ) Increase in renewables ( GW )

GW

R enewable share ( %)

Fig. 1.3 Global renewable share of annual power capacity expansion [7].

power. However, this also demands change in the existing grid structures [8], [9]. There

are many issues that seep in along with the penetration of renewable power, and the

conventional grids were not designed to cope up with such demands [9]. This has

brought about a need to change the existing grid structure and components. Moreover,

as RES are not reliable sources for drawing power as per need, there is also the need

of measures to provide backup power at times when renewable power generation is not

possible. This incorporates more challenges and complexities into the grid. Many such

issues have appeared along with the integration of RES.

To address the issues in the modern and upcoming grid, researchers have suggested var-

ious power electronics based solutions. However, the need for improved, efficient and

flexible solutions still exists. This thesis explores the capabilities of a smart transformer

(ST) to address multiple issues that the electric grids are currently facing.

1.2 Organization of the Thesis

Chapter 1 initially gives an overview of the present power scenario and the recent

trends that have shifted the power generation to environment friendly and renewable

sources.

3
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In Chapter 2, the issues that come along with such renewable energy integration have

been presented along with some conventional approaches that are currently being adopted

to address such issues. The ST is introduced along with some of its applications, which

make it a promising solution to address the modern grid issues. The typical ST based

LV distribution grid that has been considered for this thesis work is explained along with

the possible research gaps. This is followed by the problem statements and objectives

of the research work.

In Chapter 3, ST based meshed hybrid microgrid is proposed. This is realized by

extending the ST LVdc link in the distribution grid and connecting to the dc buses of

the DG converters already present in the system. The features and advantages of such a

meshed hybrid microgrid have been analytically explained and experimentally verified.

Chapter 4 presents the islanded operation of the proposed ST-based meshed hybrid mi-

crogrid. The islanded operation is explored and improved power management strategies

for optimal power loss reduction are proposed. Genetic algorithm is used to determine

optimal power references for the converters. This results in minimum line losses which

improves the operation time of the islanded system. The operation of the system is

verified in simulation as well as experimentally.

The issue of EV charging transients is discussed in Chapter 5. Transients pose a threat

to system stability, especially in islanded mode of operation when the grid is maintained

by power electronic converters. Stability studies have been carried out for the islanded

ST-based meshed hybrid microgrid. A control algorithm is proposed to ensure that such

an islanded system does not lose stability during EV charging transients. The efficacy

of the proposed scheme is verified both in simulation and experiments.

Chapter 6 proposes a step-by-step start-up procedure to reconnect an islanded ST

based meshed hybrid microgrid back to the MVac grid. The start-up mechanism en-

sures proper reconnection while maintaining the capacitor inrush currents during start-

ing within safe limits. This is achieved without disturbing the system operation on the

LV side. The start-up method has been validated in simulation and also demonstrated

in the laboratory prototype.

Chapter 7 highlights the important contributions of the research work that have been

carried out along with some suggestions for future research in the area.

4
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The details of the experimental setup with photographs and the procedure for develop-

ment of some of the components have been given in the Appendix.

5
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CHAPTER 2

LITERATURE REVIEW

2.1 Renewable Power Integration and Challenges

There are various challenges that are introduced to the electric grid along with the inte-

gration of renewable power sources. These are discussed as follows.

2.1.1 Intermittency and Unpredictability

Photovoltaic (PV) sources have a very high variance in the power injection throughout

the day. Moreover, the effective solar hours vary from region to region. At peak times,

the PV plant may provide a very high amount of power and the power injection goes

down to zero during the night time. Even during the day time, factors like solar eleva-

tion, clouds moving over the sky, pollutants, etc., also significantly affect the swell and

dip of injected power [10].

Power injected by wind energy systems vary not only throughout the day but also

throughout the year along with the season. Moreover, power can only be generated

when the wind speed remains between the cut-in speed and the cut-out speed [11].

Therefore, renewable energy systems need effective ways of harnessing the intermittent

and time varying power in an optimum and maximum possible manner. Such intermit-

tency also affects the net load on the conventional power sources in the system [12]. The

net load is the power difference between the total load and the renewable power gener-

ation. This is the power that the utility grid has to supply. Fig. 2.1 shows the impact

on net load by increased use of renewables. Such high variation of net load needs faster

ramping requirement and fast responding generation on the utility side. Consequently,

predictability of net load becomes necessary.
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Fig. 2.1 Impact on the net load from increased use of renewable energy [12].

2.1.2 Harmonics Injection

With the increase in RES, voltage and current harmonics are on the rise as RES gener-

ally need power electronic converters for power injection [13]–[15]. Broadly two types

of harmonics are associated with such renewable integration. The first type is due to the

switching in power electronic converters which are used to interface the distributed gen-

eration (DG) sources. These are in the ranges of multiples of the switching frequencies.

Fig. 2.2(a) shows the waveforms of such switching frequency harmonics. It is observed

that instead of a smooth sinusoidal wave, the waveform is composed of a band of high

frequency oscillations. The second type is the grid frequency harmonics which are due

to non-linear loads like rectifiers. Such harmonics are present in the multiples of grid

frequency. Fig. 2.2(b) shows such harmonic frequencies that may be injected into the

grid and the resultant waveform is the overall waveform. The fundamental wave shown

is the ideal waveform. The components like the third and fifth harmonics add up to

form the resultant as shown in the figure. It is observed that the resultant waveform is

no longer a sinusoidal wave.

In both the types of harmonics mentioned above, the overall current and voltage wave-

form is distorted which leads to various issues like increased transformer losses, in-

creased skin effect, etc. In addition to the power converters and loads, various con-

ditions like irradiance profile of a particular day can also contribute to the harmon-

ics in a PV system as cloudy days generally result in higher total harmonic distortion
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Fig. 2.2 (a) Waveforms showing switching harmonics [17]. (b) Waveforms showing
grid frequency harmonics [18].

2.1.3 Voltage and Frequency Fluctuations

The active and reactive power flow, respectively determine the frequency and voltage

magnitudes in a power system [20], [21]. The amount of reactive power generated by

wind farms changes with the change in wind speed. Such reactive power fluctuations

lead to voltage magnitude fluctuations in addition to frequency variations due to the

variations in injected real power. Fig. 2.3 shows the effect of increasing wind power

penetration on the frequency of the system [19]. It is observed that the deviation in

frequency increases as the wind power injection increases. A PV system generally does

not inject reactive power [22]. However, as PV power is varying throughout the day,

the active power injection varies accordingly. The total solar electromagnetic radiation

incident on any horizontal surface at a given time and location is known as the global

horizontal irradiance (GHI) [23]. This is the most useful metric for estimating the

Fr
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nc

y 
(H

z)

Time (s)

Fig. 2.3 Frequency variation with increasing wind power penetration [19].
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PV power output from solar panels. Fig. 2.4 shows a typical 1-minute GHI data for

one complete day [24]. Such variations in irradiation results in a varying active power

injection which can lead to frequency fluctuations in the grid. Thus, it is important to

address such issues that can otherwise lead to varying power quality issues.
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Fig. 2.4 1-minute solar radiation GHI data [24].

2.1.4 Issues with Islanding and Reclosure

The U.S. Department of Energy defines a microgrid as “a group of interconnected loads

and distributed energy resources within clearly defined electrical boundaries that acts as

a single controllable entity with respect to the grid. A microgrid can connect and discon-

nect from the grid to enable it to operate in both grid-connected or islanded mode” [25].

Microgrids enhance the integration of RES. Such decentralized generation from RES

also reduces power losses by generating power near the load points. With islanded op-

eration, the microgrid can avail continuous power from RES even when there is some

fault in the utility grid. However, such benefits come along with its challenges. During

faults, even when the main grid gets separated, the system remains energized due to

the availability of distributed generation in the microgrid. This becomes a hazard for

the operators who are involved in fault clearance [26]–[29]. Moreover, synchronizing

becomes an issue during re-closure. Hence, quality of service is not guaranteed [30].

Fig. 2.5 depicts a similar scenario where the control mode change can have a con-

siderably large clearing time, and in that duration the voltages and currents can vary

uncontrollably [31].
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Fig. 2.5 Voltage and current waveforms during islanding [31].

2.2 Conventional Approach to Address Challenges in the Grid

There are various conventional technologies present to handle the issues highlighted in

the previous section. Control systems, both mechanical and electrical, along with power

electronics, have been implemented to deal with such issues. Some of the technologies

already being utilized are discussed as follows.

2.2.1 On Load Tap Changer Transformer

In a conventional power transformer (CPT), voltage regulation is achieved with the

help of on load tap changer (OLTC) method [32]. The tap changer technology allows

the change of effective number of turns in a transformer without the interruption of

power flow. Fig. 2.6 shows the principle of tap change that is applied for each winding

of a three phase mechanical tap changer. The neutral terminal can be mechanically

connected to terminals A or B and one of the individual switches from 1 to 8 can be

closed to change the effective number of turns as desired.

Over the years, several methods have been proposed to obtain improved operation of

OLTCs to address grid issues arising from renewable energy penetration. In [33], a

coordinated control of storage systems along with OLTCs and step voltage regulators

is proposed to handle the issue of voltage rise due to PV penetration. Moreover, fea-

tures like peak load shaving, reduced losses and increased life cycle is also achieved. A

method for intelligent control of OLTCs is proposed in [34]. The equivalent impedance
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Fig. 2.6 A mechanical OLTC.

of the supply system is estimated with the help of the changes observed in the primary

side voltage and current. These are used to keep track of the OLTC stability by esti-

mating a simple tap changer stability index, which is the ratio of the per unit change

in primary side current and the per unit change in primary side voltage of the OLTC.

The use of power electronics for the automatic operation of OLTCs to achieve improved

voltage regulation is proposed in [35], [36]. Such techniques help to achieve arc free

tap changing operation along with higher accuracy of voltage sag or swell correction.

There are several studies on OLTC which specifically deal with the grid issues arising

out of high PV penetration [37], [38]. In [37], a reactive power control method along

with OLTC transformer is used to enhance PV penetration in LV networks. Fig. 2.7(a)

shows a comparison of the voltage profile in a grid with high PV penetration for fixed

tap and OLTC transformer. It is observed that improved voltage profile is obtained with

OLTC. Further, the comparison with the proposed reactive power control scheme is

shown in Fig. 2.7(b). It is seen that the use of OLTC with reactive power control is

most effective in keeping the voltage near the nominal value. Such studies suggest the

consideration of PV planning during the design of LV network. Design of transformer

OLTC along with the coordinated control of PV inverters can make the distribution

systems more PV friendly. In spite of such functions, OLTCs have their limitations. In

addition to high implementation costs, OLTCs also have the issues of arcing, carboniza-

tion of contact points, faster degradation of insulation oil, need for regular maintenance,

etc. [39].

11

TH-3008_156102032



(b)(a)

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 
0.9

1

0.95

1.05

1.1 1.1

1.05

1

0.95

0.9

1.15

V
ol

ta
ge

 (
p.

u.
)

V
ol

ta
ge

 (
p.

u.
)

Bus Number Bus Number
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OLTC transformer. (a) Without reactive power control. (b) With reactive power control
[37].

2.2.2 Distribution Static Compensator

A distribution static compensator (DSTATCOM) is a shunt connected power electronic

device utilized in the distribution grid for voltage regulation, power factor correction,

load balancing and harmonic filtering. These are achieved by injecting appropriate

reactive and harmonic power at the point of common coupling (PCC). In the current

control mode (CCM), it can mitigate issues of harmonics and imbalance. Moreover, in

voltage control mode (VCM), it acts as a voltage regulator [40]. A schematic diagram

of the DSTATCOM is shown in Fig. 2.8. A capacitor is interfaced to the LVac grid

through a dc-ac converter and a filter.

Unbalanced and 

nonlinear loads

ac

+ -

vg
vlig il

Rg Lg

if

Rf

Lf

Cdc

Vdc

DSTATCOM

dc

Fig. 2.8 Schematic diagram of DSTATCOM [41].

There are various studies in the literature which utilize DSTATCOM for power quality

improvement in electric grids with RES. In [42], a bi-level coordinated planning model
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is presented which determines the optimal integration of RES and DSTATCOM in the

upper level and protection devices are incorporated in the lower level. Studies like

[43], [44] present various control and optimization techniques specifically for grids

with PV injection with DSTATCOM integration. A DSTATCOM however, has limited

application as it is generally used only to exchange reactive power for improvement in

voltage or current waveform. Moreover, when used to inject active power from RES or

storage device, additional transformer is needed to provide galvanic isolation with the

distribution grid.

2.2.3 Dynamic Voltage Restorer

Dynamic voltage restorer (DVR) is another power electronic device used to mitigate

voltage disturbances in the distribution grid [45]. To improve the voltage profile, a

DVR injects ac voltage in series to the distribution grid. The schematic of a DVR is

shown in Fig. 2.9. It consists of a dc power source, a dc to ac converter and an injection

transformer in series with the load. Any sag/swell in the distribution voltage is detected

by the DVR and power is injected/absorbed through the transformer to compensate

for the sag/swell such that the loads receive voltages as per grid standards. In [46],

the use of DVR to improve power quality is demonstrated. It is shown that the DVR

compensates third and fifth harmonic components of the voltage.

Unbalanced and 

nonlinear loads

vg

ig il
Rg Lg

ac

+ -

Lse

Vdc

dc

vdvr

Cse
Injection transformer

DVR

Cdc

Fig. 2.9 Schematic diagram of DVR [46].
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2.2.4 Unified Power Quality Conditioner

A unified power quality conditioner (UPQC) is a device which combines the functions

of both DSTATCOM and DVR [47]. A schematic is shown in Fig. 2.10. Two back-

to-back converters are connected to a common dc bus. One converter is interfaced to a

transformer in series with the grid, while the other converter is shunt connected. The

series compensator addresses the grid side issues like voltage sag/swell, flicker, and

imbalance. The shunt compensator can inject real power from a DG source connected

to the dc bus. It also provides reactive and harmonic power which isolates the grid

from reactive and harmonic power demand [48]. With the capability to address both

current and voltage issues in the distribution grid, the UPQC is considered as one of

the most powerful solutions to the loads which are sensitive to supply voltage flicker or

imbalance.
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Fig. 2.10 Schematic diagram of UPQC [47].

2.2.5 Static Transfer Switches and Current Limiters

Static transfer switches and current limiters are power electronics based custom power

devices utilized to cut or limit the power flow in the distribution system [49]–[51]. The

schematic diagrams are shown in Fig. 2.11. In [49], the operation of a 15 kV, 600

A static transfer switch is analysed to improve system reliability by isolating it from

disturbances. Static current limiters are gate turn-OFF thyristor (GTO) based static

devices used to limit and even interrupt fault currents. Two GTOs are connected in anti-

parallel mode as shown in Fig. 2.11(b). The GTOs are connected in parallel to a current

limiting reactor and a voltage arrester. On detecting a fault, the GTOs turn OFF and the
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fault current is diverted through the reactor which provides impedance for the current.

The voltage arrester limits the transient rate of rise of the voltage across the switches.

This enables the GTO pair to block forward and reverse voltages upto their ratings.

Source 1 
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Back-to-back GTO Switch

Current Limiting 
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Source 

Input
Output

Fig. 2.11 Schematic diagram. (a) Static switch [49]. (b) Static current limiter [51].

2.2.6 Hybrid Grids

The RES uses power electronics based interconnection for integration to the ac system

since major portion of these sources generate power in form of dc or require a dc link

for the interconnection with ac grid. As most of the loads are still ac, pure dc microgrid

requires all the loads to change to dc load. This is not possible in the immediate future

due to their economic impact [52], [53]. Moreover, for dc distribution system, finding

a voltage standard is challenging as various types of load require different levels of

voltages. Also, these voltage levels require power conversion stages at various levels

resulting in further loss and greater control complexity [54], [55].

A hybrid grid incorporates the benefits of both ac and dc grids, and avoids the drawbacks

of a pure dc system. The loads and sources are connected to either ac or dc microgrids

and this improves the overall efficiency due to the reduction of number of power con-

version stages. This also leads to cost reduction of electronic products. Moreover, the

hybrid configuration provides various power flow paths while controlling power flow

and voltage in the ac and dc lines. Therefore, it is expected that the future distribution

system will be a combination of ac and dc grids to harness the advantages of both [52]–

[55].

In [56], the structures of hybrid microgrid are classified into ac-coupled, dc-coupled
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and ac-dc coupled microgrids. The structures of ac-coupled and dc-coupled hybrid

microgrids are shown in Fig. 2.12(a) and (b), respectively. In the ac-coupled hybrid

microgrid, the various RES and storage elements are connected to a common ac bus

through their individual interfacing converters. For the dc-coupled hybrid microgrid, the

sources are connected to a common dc bus and then an interfacing converter connects

the dc and ac buses. In the ac-dc coupled hybrid microgrid, the sources are connected

to the ac and dc buses as per convenience and interlinking converters (IC) are used to

connect the ac and dc buses. The structure of such a grid is shown in Fig. 2.13.

(a) (b)

Fig. 2.12 Structures of hybrid microgrid. (a) ac-coupled. (b) dc-coupled [56].

Fig. 2.13 Structure of ac-dc coupled hybrid microgrid [56].

2.2.7 Interlinking Converters

Interlinking converters (ICs) are used to interlink the ac and dc grids [57], [58]. Primary

task of IC is to ensure appropriate power flow between the ac and dc grids. Generally,

ICs in parallel are made to imitate the synchronous droop control method for power

management. Due to line resistances, such methods also pose the issues of circulating

currents. In [58] the issue of circulating current is addressed and an autonomous con-

trol scheme is presented to achieve maximum utilization of the IC with proper power
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sharing. Two ICs, IC1 and IC2 are considered. IC1 is rated at twice the value of IC2.

In Fig. 2.14(a), the power sharing with conventional voltage based droop is shown. It

is seen that the power sharing is not as per the ratings due to voltage drops at line resis-

tances. With the proposed method, proper power sharing is observed between IC1 and

IC2. This is shown in Fig. 2.14(b).

4

2

0

-2

1

0

-1

-2

4

2

0

-2

-1

0

1

0.5

-0.5

0   0.2   0.4    0.6   0.8    1    1.2   1.4   1.6   1.8    2 0   0.2   0.4    0.6   0.8    1    1.2   1.4   1.6   1.8    2
(a) (b)Time (s) Time (s)

a2. AC Side Frequency and DC Side Voltage (pu) b2. AC Side and DC Side Frequency (pu)

Fig. 2.14 Illustration of over-stressing of ICs. (a) Voltage based droop method. (b)
Proposed droop control [58].

Table 2.1 summarizes the various technologies that have been discussed above for ad-

dressing issues in the modern grid.

Table 2.1 Summary of conventional solutions for modern grid issues.

Technology Features
On Load Tap Changer Voltage regulation

Transformer
Distribution Static Voltage regulation, power factor correction,

Compensator load balancing, harmonic filtering
Dynamic Voltage Restorer Mitigate voltage disturbances

Unified Power Quality Combines the functions of both
Conditioner DSTATCOM and DVR

Static Transfer Switches Cut or limit the power flow
and Current Limiters with power electronic switches

Hybrid Grids Incorporates benefits of both ac and dc grids
Interlinking Converters Interlink ac and dc grids

17

TH-3008_156102032



2.3 Smart Transformer (ST)

2.3.1 History

The technologies discussed in the previous section can address most of the issues of the

present day electric grid. However, such technologies are application specific and can

only deal with limited issues. As the modern power system is undergoing change with

time, need has aroused to incorporate devices which can efficiently handle several issues

of the modern grid. As the grids get increasingly complicated, a “one stop solution” is

very much necessary to reduce the overall costs and complexity of the systems. With

such goals in mind, researchers have explored the scope of power electronics for an

alternative to the CPT to meet the new challenges of the modern grid. Considerable

attempts have been made by researchers worldwide to come up with a power electronic

device possessing not just the features of a conventional transformer, but also with many

added functionalities.

The concept of such a power electronic device with the functionalities of a conven-

tional transformer dates back to 1968 when William McMurray filed a patent named

“Power converter circuits having high frequency link” [59]. A device based on solid

state switches with high frequency isolation behaving like a conventional transformer

was proposed. Many researches have been conducted ever since on this new power

electronic device which got popular by the name of “solid state transformer (SST)”.

Researchers have also frequently referred to such a device as a “power electronic trans-

former (PET)”. Along with more functionalities, an SST can also contribute signifi-

cantly in weight and volume reduction. Such a feature, being a great attraction to the

traction industry, made researchers to explore the capabilities of an SST in the traction

industry. Recently, ABB group installed the world’s first ever power electronic traction

transformer and it is presently in use by Swiss Federal Railways [60].

The use of an SST has significant potential in smart grid functionalities for a distribution

system. The voltage transformation in an SST is realized in stages and most topologies

of SST have one or more intermediate dc links. The availability of a dc link adds the

possibility of dc power transfer to and from the grid, enabling integration of RES and

storage systems. In fact, an SST can also act as an energy router by communicating with

the different sources and loads. Such control and communication functionalities make
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the SST a smart device and is referred as a “smart transformer (ST)” in literature [61].

2.3.2 Structure of a Smart Transformer

In an ST, the grid power is converted into dc power with an ac-dc converter. With

the help of high frequency dc/dc converter, the power is brought down to LV level. A

transformer is added in between for galvanic isolation. The presence of a high frequency

transformer contributes significantly to the reduction in weight and size. The power is

again converted to ac power with the help of dc-ac converter to support the load.

Depending on the number of stages and the output type, the ST architecture can be

broadly classified into four categories [62] as shown in Fig. 2.15.

MVac LVac

MVac LVdc

MVac MVdc

MVac MVdc

LVac

LVac

LVdc LVac

Type A:

Type B:

Type C:

Type D:

Fig. 2.15 Topology classification of ST [63].

Type A has no dc link and thus has no possibility of integrating dc sources and loads.

Type B has an LVdc link while Type C has a medium voltage (MV) dc link as the

galvanic isolation is done in the dc/ac stage. Type D has three stages and both MV and

LVdc links are available. This offers the possibility to interface RES at MVdc and LVdc

level. Moreover, interface to MVdc and LVdc grid is also possible. Therefore, type D is

evidently the most feasible and convenient architecture for electric grid application [63].

The different components of a three stage ST are discussed as follows.
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2.3.3 ac/dc Conversion Stage

The primary task of the ac/dc conversion stage is to absorb active power from the MVac

grid based on the load requirement in the distribution grid along with the converter

losses [61]. This converter is referred to as the ST MV converter. It is a controlled

rectifier which converts ac power into dc. As the converter operates at MV level, it is

essential to have series-connected switches to achieve the blocking voltage requirement.

Fig. 2.16 shows some topologies used for the ST MV converter. In Fig. 2.16(a),

a three-level neutral point clamped (NPC) configuration is shown. The circuit uses

clamping diodes to ensure proper voltage sharing among the power switches. This

circuit topology is relatively simple and is already adopted in industry. The availability

of dc link is another advantage. However, this structure has lesser levels which results

in bulkier filters, and high switching frequency which decreases the overall efficiency of

the system. Moreover, each device should have fault detection and isolation mechanism

that come into action in case of failure.

(b)

(a)

SM SM SM

SM SM SM

SM SM SM

SM SM SM

SM SM SM

SM SM SM

SM SM SM

SM SM SM

(c)

SM : Sub-module

MVac MVdc

MVdcMVac

MVac

Fig. 2.16 Various topologies for ac/dc conversion stage. (a) Three-level NPC configu-
ration. (b) Modular configuration. (c) Modular multi-level converter configuration [61].
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Fig. 2.16(b) shows a modular approach for the ST MV converter realized with cas-

caded H-bridge configuration. The main idea of such a configuration is to reach higher

voltage levels with devices having lower voltage ratings [64]. The topology has lower

control complexity, offers good performance with lower switching frequencies and has

been widely used in MV drives. However, there is absence of dc link which is a main

drawback. Moreover, each cell will need an isolated supply.

In Fig. 2.16(c), the ST MV converter is realized with a modular multi-level converter.

This configuration satisfies the requirements of both modular structure and low fre-

quency operation. The main advantage of a modular structure is that advanced control

actions can be performed with internal power routing. This can be useful for removing

modules with faults or the ones which show signs of degradation [61]. There is also the

availability of dc link. But such a structure needs bulky dc link capacitors, and they also

require complex control.

2.3.4 dc/dc Conversion Stage

In this stage, the MVdc power is stepped down to LVdc power with a dc/dc converter

along with a high frequency isolation transformer [61]. The converter maintains the

LVdc voltage and allows power transfer between the MVdc and LVdc links of the ST.

Therefore, it needs a high voltage (HV) capability on the MV side and a high current

capability on the LV side. The dual active bridge (DAB) converter is considered most

suitable for the ST isolated dc-dc converter [65]. One of the primary goals is to reduce

core size of the isolation transformer and reduce losses at the same time. A high fre-

quency operation can reduce the required core size of the transformer and soft switching

techniques can reduce losses significantly. However, high frequency operation increases

hysteresis and Eddy current losses to a great extent. This requires the core to be made of

materials producing low losses like amorphous (metglas, vitrovac) or nano-crystalline

(fixemet, vitroperm) materials for ST operation [63].

The ST isolated dc-dc converter can either be a single phase DAB or a 3 phase DAB.

Fig. 2.17(a) shows the structure of a single phase DAB. This converter actively controls

the transferred power and is therefore advantageous when output voltage or power flow

control is necessary. However, such a converter may face the issue of transformer sat-
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uration. To prevent this and to allow reduced rms transformer currents, a capacitor can

be inserted in series with the transformer. This configuration is called a series resonant

DAB and shown in Fig. 2.17(b). The converter can help to achieve reduced switching

losses. Moreover, while operating in discontinuous conduction mode, it can provide a

well regulated output voltage for a wide range of loads. This is possible without the

need of additional control loops and sensors.

S1 S3 S1 S3

S2 S4 S2 S4

Ci
Co

iL
Lr

vp vs

1:n

S1 S3

S2 S4

Ci

S1 S3

S2 S4

Co

vp

iL
Lr Cr

vs

1:n

Tank
Circuit

(a) (b)

Fig. 2.17 Circuit diagram for isolated dc-dc converter. (a) DAB converter. (b) Series
resonant DAB converter [61].

Fig. 2.18 shows the circuit diagram of a three phase DAB. Compared to a single phase

DAB, this converter has lower filter size, reduced transformer rating, and lesser current

stress [66].

Fig. 2.18 Three phase DAB [63].

Another possible configuration for the ST isolated dc-dc converter is the multi active

bridge (MAB) converter. In such a converter, more number of active bridges can be

integrated into a single high frequency transformer. Therefore, multiple dc voltage

levels are present both at the input and output, which can be used to integrate multiple

RES, loads or BESS [67]. The circuit diagram is shown in Fig. 2.19. The control of

MAB is challenging due to inherent coupling between the power flow ports.
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Fig. 2.19 Circuit diagram of MAB converter [61].

2.3.5 dc/ac Conversion Stage

In this stage the power conversion from LVdc to LVac takes place. This is the inverter

stage which is referred to as the ST LV converter. Its primary task is to maintain the

LVac grid voltage and frequency. A standard CPT offers a 3-phase 4-wire connection

at the distribution grid. These are the three phases and the neutral. Since the ST is

targeted to be used as an alternative to the CPT, the neutral connection is important

for the ST LV converter [61]. The neutral can be connected to the mid-point of the

LVdc link which is divided into two levels with two capacitors in series. To ensure

accurate voltage distribution amongst the capacitors, additional dc-dc converters can

also be used. Due to lower voltage levels, a wide choice of devices and topologies are

available for this converter. A two-level converter or a three-level NPC configuration

are the most commonly used converters for this stage. Fig. 2.20(a) and (b) shows

the circuit diagrams of two-level, 3-leg and 4-leg converters, respectively. The three-

level topology allows the use of 600 V devices which improves the output waveform

along with efficiency. Thus, it is a prevalent choice for industry. A standard or T-type

configuration of three-level NPC are most commonly used. The circuit diagrams are

shown in Fig. 2.20(c) and (d), respectively.

2.3.6 Smart Transformer Features

The key features of an ST are as follows:

1. It performs the action of the CPT by providing isolation and voltage transforma-
tion.

2. It can act as a power management node.
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(a) (b)

(c) (d)

LVacLVdc LVac

LVac LVacLVdc

LVdc

LVdc

Fig. 2.20 Various configurations for the dc-ac converter stage. (a) Two-level 3-leg
converter. (b) Two-level 4-leg converter. (c) Three-level NPC converter. (c) Three-level
T-type NPC converter. [61].

3. It can serve as a link to different ac and dc infrastructures acting as sources or
loads.

4. It can act as a link to other energy sources or plants.

5. It can also act as a support for EV infrastructure.

The availability of MV and LVdc buses enable an ST to exchange power with a variety

of renewable sources and dc loads. Fig. 2.21 shows the schematic for such interfacing.

The MVdc bus is used to interface large wind farms operating at MVdc voltage level.

The LVdc bus is used to interface RES like PV and wind. It can also be used to interface

EVs, BESS and dc loads. The LVac grid consists of LVac loads, turbine generator,

BESS, etc. With such interfacing, most of the grid issues like voltage swell or sag, load

balancing, reactive power compensation, fault isolation and limitation can be handled

by the ST itself without the need of other conventional power quality improvement

technologies.

Table 2.2 shows a comparison between a CPT and an ST. The ST lags behind the CPT in

terms of cost, life cycle and efficiency. However, it offers superior features in terms of

power quality, fault management, flexibility, energy management and dc connectivity.

Therefore, more research and development is needed to realize the potential of ST in
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Fig. 2.21 ST interfacing multiple sources and loads in the electric grid.

distribution grid.

Table 2.2 Comparison of CPT with ST.

Factor Traditional Transformer ST
Life cycle Higher Lower

Cost (incl. maintenance) Lower Higher
Volume/weight Higher Lower
dc-connectivity No Yes
Power quality Lower Higher

Fault management No Yes
Optimal energy management No Yes

Flexibility Lower Higher
Hybrid grid operation No Yes
Meshed grid operation Only in ac grids In both ac and dc grids
Stability enhancement No control Yes

2.4 Smart Transformer Applications

In recent times, performance of ST is extensively explored in the distribution grid.

There have been applications of ST for grid operations, control and management. Some
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of the applications are broadly classified and explained as follows.

2.4.1 ST for Interfacing Renewable Energy Sources

Researchers in [68], [69] have presented the system integration issues of a PMSG wind

energy conversion system with an SST, along with wind turbine level control methods.

Fig. 2.22(a) shows the conventional integration strategy where the wind PMSG is in-

terfaced to the grid through a back to back converter and an isolated ac-ac converter.

Fig. 2.22(b) shows the proposed integration strategy, which utilizes the SST to inte-

grate the wind PMSG to the grid. Simulation and experimental results for wind speed

variation and step change in load have been presented and the results show good system

performance. Fig. 2.23 shows the simulation results for a step change in load at t =

4 sec. As the wind system is not able to provide the additional power, SST switches

into grid supply mode to support the load. The result given in Fig. 2.23(f) shows that

the power drawn from the wind system remains constant. Some transients appear at the

HV and LVdc buses but they recover quickly to the steady-state. The proposed power

management strategy highlights the SST’s capability to establish a coordination among

the wind energy system, distribution grid and the loads.

(a) 

(b) 

Fig. 2.22 PMSG wind system PCC integration configuration. (a) Conventional inte-
gration strategy. (b) Proposed integration strategy [68].

A high efficiency control strategy for 10-kV/1-MW SST to be utilized for PV applica-

tion is presented in [70]. An SST composed of DAB and cascaded H-bridges as shown

in Fig. 2.24 is considered for the PV system. To improve the efficiency, a model for
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Fig. 2.23 Simulation results for PMSG wind system integration with SST under load
step change. (a) Distribution line side input current. (b) Distribution line side input volt-
age and current. (c) HVdc bus voltage. (d) Low voltage dc bus voltage. (e) Generator
3-phase currents. (f) Wind turbine system output power [68].

calculating the losses in the DAB is derived under frequency domain analysis, and the

switching turn ON and turn OFF losses are plotted against the switching current as

shown in Fig. 2.25. Such loss analysis is useful for the efficiency optimization of the

proposed SST-based PV system.

Fig. 2.24 Circuit scheme of SST in PV application [70].
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Fig. 2.25 Switching loss of DAB power switch [70].

2.4.2 ST for Zonal Microgrids

The concept of a zonal microgrid consisting of a smart and sustainable building or a

group of buildings has been presented in [71]. They have focused on investigating

a new microgrid architecture that integrates the solid state transformer with zonal dc

grids. Fig. 2.26 shows the dc microgrid architecture considered. Different modes

of operation of the system considered are given and a centralized power management

algorithm is developed for functioning of the SST as an energy router in the 10 different

modes. The modes consist of permutations like failure of the storage system or its

charging or discharging modes, along with the varying behaviour of the various sources

and loads. The algorithm dictates the ST to work efficiently and appropriately in all

these scenarios.

Fig. 2.26 dc microgrid architecture [71].
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Fig. 2.27 shows the results for the passive grid interaction mode where PV operates

in MPPT mode, battery balances the power within zonal dc microgrid, and SST only

supplies power for ac load. With the change in the solar irradiation curve, the battery

charges accordingly drawing power from the PV system. The ac and dc load powers

remain constant throughout. The LV terminal waveforms are well regulated. The in-

phase SST input voltage and current waveforms verify the unity power factor operation.

Fig. 2.27 (a) Irradiation of PV panel. (b) Power distribution of the system. (c) Low
voltage terminal waveforms. (d) HV terminal waveforms. (e) Battery SoC [71].

In another study, the operation of hybrid dc-ac zonal microgrid enabled by ST is ex-

plored [72]. The system considered is shown in Fig. 2.28. The zonal microgrid is con-

sidered similar to the structure of large individual buildings in smart cities. An energy

storage system is considered which is interfaced to the LVdc bus of the ST through a

DAB for higher power transfer and improved performance. Modes of operation like the

grid interaction and islanded mode of operation are discussed and the control strategies

are explained.
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Fig. 2.28 ST enabled hybrid dc-ac zonal microgrid architecture [72].

2.4.3 ST as an Energy Router

The potential of an SST as an energy router has been explored in [73]. An economic

energy routing strategy is introduced which utilizes energy storage to reduce consump-

tion of grid power. A dispatch algorithm has been developed from a rule based list that

schedules charging and discharging of energy storage for the entire day, depending on

utility energy prices, generation and load forecasting. A case was simulated considering

a typical 3 kW peak load curve for a single home, a typical 1.5 kW peak solar curve,

and a 1.5 kWh battery with a power limit of 1.5 kW. The initial state of charge (SoC)

and final desired SoC were set to 40%, with the lower limit and upper limit at 30% and

70%, respectively. The prices during the different periods of the day were considered.

The simulation results showed that an intelligent scheduling of battery storage and dis-

patch can substantially reduce the grid demand during the mid-peak and on-peak time

blocks, thus reducing the consumer’s electricity bill [73]. The power curve results for

the various connected sources and loads, obtained from simulation are shown in Fig.

2.29. Such power routing can be considered an as important aspect and capability of an

SST.
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Fig. 2.29 Power curve [73].

2.4.4 ST for Grid Frequency Interactions

Unlike the CPT, the ST has the capability to interact with the frequency of the grid.

This feature has been exploited by researchers to control the grid frequency and various

control techniques have been proposed to obtain improved power quality in the distri-

bution grid. In [74], [75], a frequency adaptive ST based grid is presented for over-

load management that acts in coordination with the droop controller of DG systems.

Power semiconductor devices can withstand overloads for only a few micro seconds

while in distribution grid scenarios, the grid components might require to bear such

over-currents for several seconds. Existing distribution grids are designed for passive

operation. However, these are subjected to increasing power transients caused mainly

due to the integration of distributed generation. Adding to that, non-conventional loads

like EVs and battery storage systems are also being incorporated. Existing technologies

like load tap changer or hybrid solutions via power electronics are not able to meet the

requirements of such transient optimization.

An ST can solve such an overloading problem by modifying the grid frequency and

activating the distributed generation droop controller. As the current approaches the

hard limit and exceeds the set security threshold, the ST lowers the frequency and lets

the DG increase the injected active power to compensate the frequency drop. An emer-

gency situation is considered in [74] when the load demand exceeds the ST capacity

and the LV grid is sustained with the help of diesel engine and wind turbine as shown
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in Fig. 2.30. When the power from wind turbine decreases, load on the ST increases.

The ST, in such a condition, reduces the frequency and allows the diesel generator to

pump more active power. Consequently, it prevents the ST from shutdown. Without

control, the current exceeds the hard limit which will cause the ST to turn OFF. This is

demonstrated in Fig. 2.31.

3
IGPassive 

Load
3
IG

DIESEL
ENGINE

LV grid

P=930kW
Q=360kVAr

ST
(LV side) Q=-150kVAr

WIND 
TURBINE

Fig. 2.30 Grid connected with diesel engine and wind turbine [74].

Fig. 2.31 Current waveforms for the considered system with and without control [74].

2.5 ST Fed LV Distribution Grid

Fig. 2.32 shows a CPT fed LV distribution grid with RES, EV and BESS integra-

tion [76]. The CPT steps down the MVac grid voltage from 11 kV to 0.4 kV and 0.4

kV distribution lines carry the power to the various LVac buses in the distribution grid.

Some of the LVac buses are interfaced with systems like PV, BESS and EV. The PV

systems inject power as per the availability of PV power and the power is either con-

sumed in the distribution grid or in case of surplus generation, fed back to the MVac

grid through the CPT. Maximum power is extracted from the PV panels by a dc-dc con-

verter. A DG converter maintains the dc bus voltage and converts the power from dc
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to ac for injection into the LVac grid. The BESS and EV also charge or discharge by

drawing power from or injecting into their corresponding LVac bus. These are operated

with dc-dc converters for charge/discharge operation and DG converters enable power

exchange with the LVac grid.

MVac 
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Transformer (CPT)

dc
ac

dc
dcPV System BESS
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11/0.4 kV

Fig. 2.32 Typical configuration of a CPT fed LV distribution grid with RES.

When the CPT is replaced with a three stage ST, the structure of the LV distribution

grid is as shown in Fig. 2.33. Here, the ST replaces the CPT for voltage transformation

and power exchange between the MVac and LVac grid. The ST offers the availability of

MVdc and LVdc bus which were absent in case of the CPT. Moreover, as the converters

of the ST can be individually controlled, they can be used to ensure regulated voltages

at the MVdc, LVdc and LVac buses with the help of closed loop control. This is not

possible with the CPT as it is a passive device.
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Fig. 2.33 Typical configuration of ST in the LV distribution grid.

Many researches have already been conducted on ST based systems similar to the one

shown in Fig. 2.33. Some of these have been discussed in the previous section. How-

ever, there are quite a few research gaps that have been identified. There is limited study

on such ST based systems which deals with meshed grids. The interaction of the ST

with the DG converters present in the system has not been discussed. Moreover, there is

the scope of islanded operation of the LV grid which also has not been explored much

in the literature. Such research gaps have led to the motivations for this thesis work and

they are discussed in the following section.
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2.6 Problem Statements

The present power system scenario discussed in Chapter 1 clearly indicates that the

future grids will be rich in RES as well as widely varying loads. The loads comprise

of active, reactive as well as harmonic components. Moreover, with both ac and dc

power being generated and consumed, hybrid grids will get more popular with time

[56]. Researchers have already presented the ST as a promising solution to several

issues posed by the modern grid [77]. Nevertheless, owing to higher costs and lesser

efficiency as compared to the CPT, the use of ST can only be justified if the overall

functionalities exceed than that of the CPT. While a CPT cannot contribute much to a

hybrid grid, the ST is very suitable owing to its multiple ac and dc links [78].

Power distribution systems can be classified into radial, parallel, ring and meshed type

systems [79]. Out of these, the meshed type distribution has received recent focus due to

improved redundancy as many power flow paths between any two points. Meshed HVdc

grids have also been substantially discussed in the literature. Studies like [80]–[82]

focus on improved power flow control in meshed dc grids. [83] discusses circulating

net currents that can appear in meshed dc grids, similar to the residual ground currents

in ac systems. Derivations of net circulating currents are presented for unipolar and

bipolar dc distribution grids along with a discussion on measurement and protection

devices for such circulating currents. In [84], an investigation has been carried out on

impact of wind systems on the cost and stability of a meshed dc/ac grid. However, there

is limited study available on such meshed hybrid grids. Moreover, with the attractive

features being offered by the ST, the potential to cater to a meshed hybrid grid is an

interesting area of research which has still not been explored.

A meshed hybrid grid enabled by ST will have features of a meshed system, hybrid sys-

tem and ST. These will include, ac/dc grid interactions, multiple power flow paths, RES

integration, etc. as discussed in the previous sections. Considering all these in one sys-

tem will unveil multiple functionalities as well as challenges. There will be improved

possibility of line loss reduction, optimal power management, renewable integration,

EV integration, better power quality and stability improvement. With multiple sources

integrated together along with multiple power flow paths, there will also be the possi-

bility to improve the voltage profile in both ac and dc grids.
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Owing to renewable energy penetration, microgrids are also receiving increased im-

portance. One of the key features of a microgrid is the ability to operate in islanded

mode, disconnected from the main grid. The ST can provide various functions in such

renewable based islanded microgrids which have still not been explored in the litera-

ture. With the global trends shifting towards EVs, vehicle to grid technologies are also

seeing increased focus [85]. The ST is also very useful for such EV to grid integrations.

EVs generally draw a high amount of power for charging. The grids have to cater to

such high demands without voltage disturbances or stability issues. This is a challenge

which needs more research.

There are studies in the literature which discuss the islanding and re-closure mechanism

of microgrids where CPTs are present [86]. When the CPT is replaced with ST, the

islanding and re-closure mechanisms will be much different. Especially for re-closure,

there needs to be specific start-up schemes that have to be designed and implemented to

ensure controlled inrush current during starting and smooth transition from islanded to

grid connected mode. With the integration of ST, new techniques and control strategies

have to be devised.

2.7 Objectives

Based on the literature and motivations, the objectives of this research work are sum-

marized as follows:

1. To explore the operation of ST in a hybrid microgrid where both ac and dc distri-
bution are present.

2. To develop power management strategies of ST based islanded microgrids for
line loss minimization.

3. To investigate the stability aspects of the ST based islanded meshed microgrids
during EV charging transients.

4. To propose a reconnection procedure for the ST based islanded microgrid back to
the MVac grid for smooth transition from islanded to grid connected mode with
seamless operation of the LV grid.

5. To validate the proposed algorithms and control strategies on laboratory proto-
types.
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CHAPTER 3

SMART TRANSFORMER ENABLED MESHED

HYBRID DISTRIBUTION GRID

In Chapter 2, the issues arising out of RES integration in the modern electric grid are

highlighted along with currently available and utilized solutions. The current need of

hybrid grids is also discussed. Further, the ST is introduced along with emphasis on its

various features that make it suitable for a hybrid grid which consists of ac and dc loads

along with DG converters. The DG converters are used to inject power from various

sources into the electric grid.

The ST provides features of CPT in a distribution grid, and also other benefits such as

voltage control, frequency control, load compensation, interfacing link for various ac

and dc infrastructures, thus improving the flexibility of the system [61]. Various ST con-

figurations are proposed in the literature [62], [87], [88]. For electric grid applications,

the ST with three power conversion stages is considered the most suitable choice due to

availability of two dc links [62]. The ST has been explored for various services in elec-

tric grid. In [89], a power management strategy for an ST based dc microgrid consisting

of fuel cells, PV system and energy storage is presented. With seamless power transfer

between charging and discharging modes, a dc microgrid, ac loads and a distribution

grid are interfaced. [90] proposes a hierarchical power management strategy for an ST

interfaced dc microgrid. In [91], [92], investigation on the integration and power man-

agement of ST interfaced ac microgrids along with issues like RES integration, energy

storage, reverse power flow and voltage regulation are explored.

As explained in Chapter 1, since modern distributed sources can either be ac or dc,

hybrid microgrid with parallel existence of dc and ac microgrids are proposed in litera-

ture [56]. Such hybrid microgrids combine the benefits of both ac and dc systems. [57],

[93] focus on the interlinking power electronic converters between ac and dc grids, and

various control strategies for such converters are proposed. In [94], [95], hybrid ac-

dc microgrids have been investigated, and planning and power flow algorithms have

been proposed. Moreover, to inject active power into distribution grid, RES are first
TH-3008_156102032



connected through either dc-dc or ac-dc converter and then to a dc-ac converter (DG

converter). Since RES have intermittent active power production, the DG converters

do not operate at their rated capacity at all times [96]. For realizing such hybrid mi-

crogrids with improved utilization of DG converters, ST with availability of LVdc link

can be a promising solution. With presence of both ac and dc interface options, the

ST not only eliminates the need of interlinking converters connecting various ac and

dc sub-grids [93], but also enables various power flow paths and power management

strategies.

In this chapter, an ST enabled meshed hybrid LVac and LVdc interconnected distribu-

tion grid is proposed. An LVdc line is proposed which connects the ST LVdc link with

the dc bus of DG converters. This introduces various power flow paths to support the

loads. The DG converters supply active power near the load points which ensures that

the line losses are reduced significantly while achieving improved voltage regulation

as compared to conventional microgrid. Moreover, the DG converters can draw active

power from ST LVdc link during absence of RES to support the load resulting in im-

proved utilization of these converters. The control complexity of the DG converters is

reduced as the ST controls both the LVac and LVdc line voltages. Further, the newly

developed power flow path allows reverse power flow from DG plants more efficiently.

Performance of the proposed system is verified with simulation and experimental re-

sults.

3.1 Description of Conventional and Proposed Systems

Fig. 3.1(a) shows a conventional distribution system [76]. The LVac grid is connected

to medium voltage (MV) ac grid through a CPT. An n bus LVac grid is considered each

having an RES and loads. R1 + jX1, R2 + jX2... Rn + jXn denote impedance of various

sections in the LVac lines. Renewable sources like PV and EVs are connected to the

LVac grid through DG converters. The DG converters supply power to LVac grid based

on availability of RES.

Fig. 3.1(b) shows the proposed ST-based meshed hybrid microgrid. The CPT is re-

placed with an ST. The ST consists of a MV converter, DAB converter and LV con-

verter. The MV converter converts MVac grid supply into MVdc. The DAB converter
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steps down the MVdc to LVdc. The LV converter maintains a constant voltage and

frequency on the LVac side of the grid. The LVdc link of the ST is extended to supply

dc buses of the DG converters. Rdc_1, Rdc_2... Rdc_n denote resistances of various sec-

tions in the LVdc line. The DG converters draw power directly from the ST LVdc bus

when sufficient DG power is not present, and supply to ac loads. This ensures that the

utilization of DG converters is improved. On the other hand, the proposed LVdc line

facilitates reverse power flow when the load is less than the total DG power available.

Moreover, the DG converters need not maintain the dc bus voltage as the LVdc line

voltage is regulated by ST.
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Fig. 3.1 Single-line diagram. (a) Conventional hybrid system [76]. (b) Proposed ST-
based meshed hybrid system.

3.2 Power Management in the Proposed Scheme

The power management algorithm determines the reference powers for the various

power converters present in the system. These are calculated based on the total loads,

the available renewable power and the ratings of the DG converters. The power man-

agement also ensures that the available RES power and DG converters are utilized to

their full potential.
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Let total load requirement at the LVac side in the proposed system is Sload and given as

Sload =
√

P2
load +Q2

load +H2
load (3.1)

where Pload is fundamental active power component, Qload is fundamental reactive

power component and Hload is harmonic power component of the total load. In this

study, it is considered that the DG converters only inject active power, while the reac-

tive and harmonic components of the loads are supplied by the ST LV converter.

The DG converters are rated for maximum installed capacity of the renewable energy

systems. However, they are under utilized most of the time due to variable power gen-

eration through renewable sources. Let for the ith DG converter, Si(rated) and Pi(avbl) are

the converter rating and the renewable power available for injection at any given time,

respectively. A load demand exceeding the total rating of the DG converters means that

each of them have to supply power at their rated value. In cases when the DG convert-

ers are not delivering power at their rated value, the power is shared amongst the DG

converters. A centralized controller is designed which generates the reference power

injection for each DG converter in proportion to their ratings [97]. The reference power

injection for the ith DG converter will be calculated as

P∗i(in j) =


Pload×Si(rated)

n
∑

r=1
Sr(rated)

if Pload <
n
∑

r=1
Sr(rated)

Si(rated) otherwise

(3.2)

where r is the numbering index for the DG units varying from 1 to n, connected to the

corresponding LVac bus.

The total power rating of the DG converters and the load demand together determine

the active power demand from the ST LV converter. This is summarized in Table 3.1.

The flowchart for power management of the proposed system is shown in Fig. 3.2. In

Mode I, where load demand is higher than the total DG converter ratings, the DG con-

verters inject active power to the LVac grid at their rated capacity. Moreover, the ST

LV converter supplies the remaining part of the load power. In case the power genera-

tion from the renewable sources is not sufficient to meet the rating of the corresponding

DG converter, the DG converter draws extra power from the proposed LVdc line such
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that it operates at its rated capacity. In mode II, load is higher than total renewable

power but lower than total DG converter ratings. Here, the DG converters share the

total load amongst them as per (3.2) and the excess renewable power is fed back to the

ST through the proposed LVdc line. Moreover, ST LV converter supplies reactive and

harmonic component of the load. In mode III, load is lower than available renewable

power. In this case, the additional DG power is directly fed back to the ST LVdc bus

through the LVdc line. The total load is shared among DG converters as per (3.2).

Table 3.1 Active Power Demand from ST LV Converter.

Mode of System Condition ST LV Converter
Operation Active Power Demand

I Pload >
n
∑

r=1
Sr(rated) Pload−

n
∑

r=1
Sr(rated)

II
n
∑

r=1
Pr(avbl) < 0

Pload <
n
∑

r=1
Sr(rated)

III Pload <
n
∑

r=1
Pr(avbl) 0

(reverse power flow case)

Compare

Excess DG power 

fed to LVdc line 

DG converters 

supply entire load 

active power

Excess load requirement 

supplied by ST LV 

converter

Required power drawn 

from LVdc line

Pload

Compare

DG converters share 

power as per (2.2)

DG converters supply 

power at rated value

( ) &r avbl loadP P ( )r rated loadS P

( ) &r rated

load

S

P


( )r rated loadS P

( )r avbl loadP P

( )r avbl loadP P

( )r rated loadS P

Fig. 3.2 Flowchart for power management of the proposed system.

3.3 Control Strategies for Power Converters

The overall control block diagram is shown in Fig. 3.3. The converters present in the

system are the ST MV converter, ST isolated dc-dc converter, ST LV converter, DG con-
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Fig. 3.3 Overall control block diagram of the proposed system.

verters, and dc-dc converters for PV system. The control strategies ensure satisfactory

operation of the power converters. These are explained as follows.

3.3.1 Control of ST MV Converter

Fig. 3.4 shows the detailed circuit diagram of the ST MV converter. This converter

exchanges power between the MVac and LV sides as per the demand or supply from

the LV side, denoted by PLV _demand . In addition to that, it also draws the power from

the MVac side to compensate the converter losses (PMV _Loss). Compensation of the

converter losses maintains the MVdc bus voltage. The actual voltage is compared to

the reference voltage (V ∗MV dc) and the error obtained (eMV dc) is passed through a pro-

portional integral (PI) controller with proportional and integral constants Kp and Ki,

respectively. This is expressed as:

PMV _Loss = KpeMV dc +Ki

∫
eMV dc dt. (3.3)

The total reference power that the ST MV converter has to draw from the MVac side is

given by:

P∗MVac = PMV _Loss +PLV _demand. (3.4)

P∗MVac is used as the power reference to generate the reference currents using the instan-

taneous symmetric component theory [98]. The theory is explained as follows.

As the ST MV converter draws balanced sinusoidal current from the MVac grid, the
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 Rg  Lg

Fig. 3.4 Circuit diagram of ST MV converter.

sum of three phase ac currents is zero. Therefore,

iMVac_a + iMVac_b + iMVac_c = 0 (3.5)

where iMVac_abc are the three phase ac currents drawn from the MVac grid.

The ST MV converter operates at unity power factor. This implies that the phase angle

of the currents will be same as the corresponding phase voltages. Therefore,

6 v+MVac_abc1 = 6 i+MVac_abc1. (3.6)

Further, as the ST MV converter draws a constant power (P∗MVac) from the MVac grid,

v+MVac_a1i+MVac_a1 + v+MVac_b1i+MVac_b1 + v+MVac_c1i+MVac_c1 = P∗MVac. (3.7)

The reference currents are obtained by solving (3.5)-(3.7). These are as follows:

i∗MVac_a =
v+MVac_a1

∆
P∗MVac

i∗MVac_b =
v+MVac_b1

∆
P∗MVac

i∗MVac_c =
v+MVac_c1

∆
P∗MVac

(3.8)

where ∆ = (v+MVac_a1)
2 +(v+MVac_b1)

2 +(v+MVac_c1)
2.

A hysteresis current controller is utilized to ensure that the actual MVac currents are as

per the reference currents given by (3.8). The actual and reference currents are com-

pared and based on a hysteresis band, switching pulses are generated for the ST MV
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converter. These pulses are used to operate the ST MV converter and maintain the ref-

erence currents. The schematic block diagram of the control strategy for the ST MV

converter is shown in Fig. 3.5.

iMVac_a

iMVac_a
*

Current Reference Generation 

with Instantaneous Symmetric 

Component Theory (2.8) 

PMVac
*

vMVac
PI 

Controller

PLV_demand

PMV_loss

+
+

+
-

VMVdc
*

VMVdc

eMVdc

-
+

iMVac_b

iMVac_b
*

-
+

iMVac_c

iMVac_c
*

-
+

Hysteresis Controller

 S11  S12  S21  S22  S31  S32  S41  S42  S51  S52  S61  S62

Hysteresis 
Band

Switching Pulses to 

ST MV Converter

Fig. 3.5 Control diagram of ST MV converter.

3.3.2 Control of ST Isolated dc-dc Converter

Fig. 3.6 shows the complete circuit diagram of the ST isolated dc-dc converter. It

consists of two H-bridge converters one at the MVdc side and the other at the LVdc side

with a high frequency isolation transformer in between for galvanic isolation. Moreover,

this converter maintains the LVdc bus voltage constant. With appropriate control, this

converter can also mitigate second order oscillations in LVdc dc link voltage appearing

due to unbalance in LVac grid [99].

VLVdc

S1

S2

S3

S4

S5 S7

S6 S8

n : 1Lr

VMVdc

CMVdc

v1 v2

Rr
CLVdc

From ST MV 
Converter

To ST LV 
Converter

ST iolated dc-dc converter

Fig. 3.6 Circuit diagram of ST isolated dc-dc converter.

The ST isolated dc-dc converter maintains the LVdc voltage by controlling the firing

angle delay (δ ) between the primary and secondary bridges of the ST isolated dc-dc

converter. The actual LVdc voltage is compared with the reference and the error is fed

to a PI controller which generates the delay for firing pulses between the two H-bridges
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of the converter [100]. Thus, the delay in firing pulses is given by

δ = Kpd eLV dc +Kid

∫
eLV dc dt (3.9)

where eLV dc is the voltage error between the actual and reference LVdc voltage, Kpd is

the constant of proportionality and Kid is the integral constant of the PI controller. A

square wave of the required switching frequency with 50% duty ratio is used to the fire

the primary side H-bridge of the ST isolated dc-dc converter. A NOT gate is used to

give complimentary pulses to the switch of each leg. The square wave is delayed by

δ and the secondary side H-bridge is fired in a similar manner. The complete control

block diagram is shown in Fig. 3.7.

 S1  S2  S3  S4  S5  S6  S7  S8

PI 

Controller
+-VLVdc

*

VLVdc

eLVdc δ 

Square Wave

  S1, S4

  S2, S3

Delay 

Generator
  S5, S8

  S6, S7

Switching Pulses 

to DAB Converter

Fig. 3.7 Control diagram of ST isolated dc-dc converter.

3.3.3 Control of ST LV Converter

The ST LV converter circuit diagram is shown in Fig. 3.8. This converter’s primary task

is to maintain the LVac grid voltage and frequency. A two level converter is used with

an LC filter. This converter draws power from the LVdc bus which is maintained by

the DAB and delivers it to the LVac loads. The mid-point of the two dc link capacitors

provides the neutral connection for the LVac side.

VLVdc 
LVac 
Loads

From DAB 
Converter

 Rf  Lf

 Cf

 SL1  SL3  SL5

 SL4  SL6  SL2

ST LV converter

vfc

ifl
id

Fig. 3.8 Circuit diagram of ST LV converter.
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The ST LV converter maintains constant voltage at LVac side using deadbeat control

strategy [98]. A state space equation for capacitor and inductor dynamics is written in

the form of ẋ = Ax+Bz, where

A =

 0 1
C f

1
L f
−R f

L f

 , B =

 0 1
C f

VLV dc
L f

0

, x = [v f c id]T and z = [uc i f l]
T .

The terms v f c, id , and i f l denote the capacitor voltage, inductor current and filter output

current, respectively. uc is a switching control variable having value +VLV dc or −VLV dc.

The time domain state space equation is converted into discrete domain for a sampling

instant of k and a relation for v f c at the (k+1)th instant is derived as

v f c(k+1) = G11v f c(k)+G12id(k)+H11uc(k)+H12i f l(k) (3.10)

where G = eATd , H =
∫ Td

0 eAtBdt and Td is the sampling time.

A deadbeat controller is designed for a reference voltage of v∗t (230 V per phase at 50

Hz) and the following cost function is considered:

J = {v f c(k+1)− v∗t (k+1)}2. (3.11)

The cost function represented by (3.11) is minimized by differentiating with respect to

uc(k) and equating it to zero. This gives

v f c(k+1) = v∗t (k+1). (3.12)

Equation (3.12) is used in (3.10) and the control law for the converter is generated as

follows:

u∗c(k) =
v∗t (k+1)−G11v f c(k)−G12i f l(k)−H12id(k)

H11
. (3.13)

u∗c(k) is maintained around a hysteresis band to generate switching pulses for the ST

LV converter with a hysteresis controller. The complete control schematic is shown in

Fig. 3.9.
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Fig. 3.9 Control diagram of ST LV converter.

3.3.4 Control of DG Converters

The circuit diagram of a DG converter is shown in Fig. 3.10. It is a two level dc-ac

converter which uses an LCL filter. The DG converters inject active power to the LVac

grid by operating in CCM based on P∗i(in j) obtained from (3.2).

DG Converter 

(dc-ac converter)

To 

LVac Grid

 SD1  SD3  SD5

 SD4  SD6  SD2

From proposed 

LVdc line

 imi_abc

 Pi(inj)

 Lfmi  Lfmi

 Cfmi

 Rdi

' 

Fig. 3.10 Circuit diagram of DG converter.

After computing reference power for the ith DG converter (P∗i(in j)), the reference cur-

rents for that particular DG converter is calculated based on instantaneous symmetrical

components theory [98] and explained as follows.

It is considered that the currents injected by the DG converters are balanced. Thus, for

the ith DG converter, the sum of the three phase DG currents will be zero

imi_a + imi_b + imi_c = 0 (3.14)

where imi_a, imi_b and imi_c are ith DG converter output currents for phase a, b and c,

respectively.

As the DG converters inject power to the LVac grid at unity power factor, the phase

angle of the LVac voltages and DG converter currents will be same. Therefore, for the

ith DG converter, the angle relation between the positive sequence components of LVac
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voltage and DG converter currents is given by

6 v+i_abc1 = 6 imi_abc. (3.15)

A constant power has to be injected from the DG converter. The expression for power

injection for the ith DG converter can be written as

v+i_a1imi_a + v+i_b1imi_b + v+i_c1imi_c = P∗i(in j). (3.16)

Solving (3.14)-(3.16), reference currents for the ith DG converter are given as follows:

i∗mi_a =
v+i_a1

(v+i_a1)
2 +(v+i_b1)

2 +(v+i_c1)
2 P∗i(in j)

i∗mi_b =
v+i_b1

(v+i_a1)
2 +(v+i_b1)

2 +(v+i_c1)
2 P∗i(in j).

i∗mi_c =
v+i_c1

(v+i_a1)
2 +(v+i_b1)

2 +(v+i_c1)
2 P∗i(in j)

(3.17)

The reference currents obtained from (3.17) are compared with actual currents. A hys-

teresis controller is used to control the firing pulses of the DG converter which ensures

that the actual currents stay within a specified hysteresis band. The control block dia-

gram of the DG converter is shown in Fig. 3.11.

imi_a

imi_a
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Current Reference Generation with Instantaneous 
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Pi(inj)

*
vLVac

-
+
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*
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+

imi_c

imi_c
*

-
+

Hysteresis Controller

 SD1  SD2  SD3  SD4  SD5  SD6

Hysteresis 
Band

Switching Pulses 

to DG Converter

Fig. 3.11 Control diagram of DG converter.

3.3.5 Control of PV dc-dc Converters

Power from the PV panels is fed to the LVdc line through dc-dc converters. The circuit

diagram of such a converter is shown in Fig. 3.12.
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LPV

To LVdc bus/ DG 

converter dc bus

Fig. 3.12 Circuit diagram of PV dc-dc converter.

The PV dc-dc converters ensure that maximum power is drawn from the PV panels

with the help of a maximum power point tracking (MPPT) algorithm. The incremental

conductance MPPT algorithm is used to determine the maximum power point (MPP)

and accordingly a reference voltage of PV array is generated [101]. This reference

voltage is compared with the actual PV array voltage to generate an error signal. The

error signal is given to a PI controller and the output of the PI controller is compared

with a triangular wave to generate pulses for the dc-dc converter [102]. This ensures that

the dc-dc converter operates at MPP. A detailed block diagram of PV MPPT controller

is given in Fig. 3.13.

MPPT +
-

ErrorVPV

IPV

VMPP

VPV

PI 

Controller
Switching Pulses to 

PV dc-dc Converter

Triangular 

Wave

SPV

Fig. 3.13 Block diagram of PV MPPT controller.

3.4 Performance of the Proposed System

This section presents comparative power loss analysis and voltage regulation of pro-

posed system with conventional system.
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3.4.1 Loss Analysis

In the proposed system, three power converters are involved to deliver power to the

loads connected to LVac buses. The ST MV converter and dc-dc converter are common

and third converter is either DG converter or ST LV converter. The DG converters are

structurally similar to the ST LV converter. Therefore, the operating losses of the DG

converters and the ST LV converter are comparable as both operate at similar power

and voltage levels. Thus, the device losses in the proposed configuration equals losses

in ST, which is currently lower than CPT.

In this section, firstly, a comparison is carried out between the conventional and pro-

posed systems for losses in the distribution line. Then, converter losses in reverse power

flow in the proposed system is also compared with an ST-based system.

Power Loss in Distribution Line

Fig. 3.14 shows conventional distribution system with n LVac buses. I1, I2 ... In are the

rms currents drawn from the LVac buses 1, 2 ... n, respectively and Di is the distance

between the ith and (i+ 1)th bus in kilometers (1 ≤ i ≤ n− 1). For a fixed amount

of active power transfer, the losses in an ac system increase with a decrease in power

factor. It is considered that active power is flowing through the LVac lines at unity power

factor. In this case, the total power loss is given by [103]

P3φ_Loss = 3I2
1 RacD1 +3(I1 + I2)

2RacD2 + ...

+3(I1 + I2 + ...+ In)
2RacDn

(3.18)

where Rac is the per kilometer resistance in each conductor of the distribution line. After

simplification, (3.18) can be written as

P3φ_Loss = 3
n

∑
i=1

[( i

∑
j=1

I j

)2
RacDi

]
. (3.19)

Fig. 3.15 shows the dc power flow in the proposed system assuming that the entire

power is supplied through the proposed LVdc line. The LVac buses are considered to be

at the same locations like the ones shown in Fig. 3.14 and each bus is considered to be

fed by a DG converter. Idc_1, Idc_2 ... Idc_n are currents drawn by the corresponding DG

49

TH-3008_156102032



Conventional Power  
Transformer (CPT)

D2

11/0.4 kV

Loads

Loads Loads Loads

I2

Dn D1

I1I3
In

I1 + I2I1 + I2 + … +In

Bus n Bus 3 Bus 2 Bus 1
MVac 

Grid

Fig. 3.14 Power flow path in conventional hybrid microgrid.

Smart Transformer (ST)

D2

11/0.4 kV

Loads

Loads Loads Loads
I2

Dn D1

I1

I3In

Idc_1 + Idc_2Idc_1 +…+Idc_n

Bus n Bus 3 Bus 2 Bus 1
dc

dc

dc

acdc

ac

DG n DG 3 DG 2 DG 1
Idc_1

MVac 
Grid Im1Im2Im3Imn

Fig. 3.15 Power flow path in proposed meshed hybrid microgrid.

converters. Here, the total power losses in the LVdc line is given by

Pdc_Loss = 2
n

∑
i=1

[( i

∑
j=1

Idc_ j

)2
RdcDi

]
(3.20)

where Rdc is the per kilometer resistance in each conductor of the dc distribution line.

Dividing (3.20) by (3.19) gives the ratio between the dc and ac losses which can be

obtained as

Pdc_Loss

P3φ_Loss
=

2∑
n
i=1

[(
∑

i
j=1 Idc_ j

)2
RdcDi

]
3∑

n
i=1

[(
∑

i
j=1 I j

)2
RacDi

] . (3.21)

Let P3φ and Pdc denote the power flow in an ac and dc system, respectively. These are

expressed as follows:

P3φ = 3V I cosθ , Pdc =VdcIdc. (3.22)

In ac system, V is the per phase rms voltage, I is the per phase rms current and θ is

the power factor angle. Vdc and Idc are the voltage and current, respectively of the dc

system.

For an equal amount of power flow in both the ac and dc systems while considering

unity power factor operation in ac grid, the ratio of the currents in the two systems will

be obtained from (3.22) as
Idc

I
=

3V
Vdc

. (3.23)

We consider a case where the current injections at all the LVac buses are equal, i.e., the
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load at LVac buses are equal and they are supplied by equally rated DG converters con-

nected at that bus. Then, using (3.23) in (3.21), and considering that the per kilometer

line resistance in the ac and dc systems are of same value,

Pdc_Loss

P3φ_Loss
= 6

(
V

Vdc

)2

. (3.24)

In this study, LVac rms phase voltage V is 230 V. For the LVdc distribution grid, IEC

60038 standards have set the limit for maximum LVdc voltage as 1500 V [104], [105].

The dc link voltage is varied from 700 V to 1500 V in steps of 100 V and the graph

from (3.24) is plotted as shown in Fig. 3.16. It is seen that the ratio of dc to ac losses is

inversely proportional to the square of dc link voltage. This suggests a higher efficiency

with increase in dc link voltage. Moreover, the higher voltage at dc link is also needed

to keep the THD in voltages and currents within IEEE limits, supply reactive power and

to operate the system satisfactorily during load changes. Considering the requirements

of a three-phase four-wire converter and the IEC 60038 standards, the LVdc voltage of

1200 V is chosen in this system [106], [107].

From Fig. 3.16, it is seen that the line losses in the proposed LVdc line is 22% of that

of the LVac lines of conventional system at 1200 V dc bus voltage. This comparison

is done for unity power factor operation of the LVac system. However, for more real-

istic scenario where the power factor is less than unity, the losses in the LVac system

will further increase. In this case, the proposed system will have better efficiency as

compared to the conventional system.

0

0.2

0.4

0.6

0.8
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Ratio of dc to 
ac losses

LVdc voltage (V)

Considered for 
proposed system 

Fig. 3.16 Ratio of dc to ac losses against LVdc voltage.
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Converter Losses for Reverse Power Flow

Reverse power flow occurs when the DG power generated is higher than the LVac load

demand, and the additional power is fed from LVac to MVac grid through the ST [92].

The efficiency at the MVac side in such power flow depends on the efficiency of all

the converters involved. Consider ηST MV as the efficiency of the ST MV converter,

ηST dc−dc as the efficiency of the ST dc-dc converter, ηST LV as the efficiency of the ST

LV converter, and ηDG_i as the efficiency of the ith DG converter. The overall efficiency

during reverse power flow as shown in Fig. 3.17, at the MVac side, is given by

η = (ηST MV )× (ηST dc−dc)× (ηST LV )× (ηDG_i). (3.25)

In the proposed system, when there is excess DG power available, the power is directly

fed to the ST LVdc bus through the proposed LVdc line as shown in Fig. 3.17. This

eliminates two power converter stages, one at the DG converter and the other at ST LV

converter. This removes the converter losses completely during reverse power flow from

DG sources to the ST LVdc bus. Neglecting line losses, the efficiency during reverse

power flow for the proposed system at the MVac side, is given by

ηproposed = (ηST MV )× (ηST dc−dc). (3.26)

Smart Transformer (ST)

11/0.4 kV

Loads

Dn

In

Bus n
dc

dc

dc

acdc

ac

DG n

MVac Grid

PV System

û

ü

Reverse power flow in [92]

Reverse power flow in proposed system

Fig. 3.17 Reverse power flow in the proposed system.

The efficiencies of the three stages of an ST and DG converter at different load are taken

from [91], [108] and the overall efficiency obtained from (3.25) and (3.26) is shown in

Fig. 3.18. It can be observed that in the proposed system, the efficiency at the MVac

side for reverse power flow is increased by approximately 6%. Thus, the overall losses

are reduced and better utilization of DG power is achieved.
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Fig. 3.18 Efficiency variation for reverse power flow in [92] and the proposed system.

3.4.2 Voltage Regulation Performance

In the proposed system, a portion of the power is transferred to the load points through

the LVdc line. The LVdc line is also used for reverse power flow. These factors affect

the voltage at the LVac and LVdc buses. An analysis for the voltage regulation in the

LVac and LVdc buses of the proposed system is given as follows.

LVac Grid Voltage Regulation

In Fig. 3.14, per phase voltage at the ith LVac bus is given by

V i = V n− (I1 + I2 + ...+ In)ZacDn− (I1 + I2 + ...+ In−1)ZacDn−1

− ...− (I1 + I2 + ...+ Ii)ZacDi

(3.27)

where V n is the voltage of the bus nearest to the CPT. Zac is the per kilometre impedance

of the ac distribution line.

Equation (3.27) is simplified to

V i =V n−
n

∑
k=i

[( i

∑
j=1

I j

)
ZacDk

]
. (3.28)

From (3.28), it can be observed that the voltage at the ith bus will be lower than V n

and its magnitude depends upon current drawn by loads. On the other hand, the current

direction is negative for reverse power flow, and therefore, V i will be greater that V n.

For high magnitudes of current, there will be considerable voltage drop or rise in the

distribution grid.

In the proposed scheme, let Im1, Im2, ...Imn are the currents injected by the DG convert-
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ers 1, 2, ...n respectively, to the LVac side, as shown in Fig. 3.15. The voltage per phase

at the ith LVac bus will be

V i(new) =V n−
n

∑
k=i

[( i

∑
j=1

(I j− Im j)
)

ZacDk

]
. (3.29)

Using (3.28) in (3.29), we get

V i(new) =V i +
n

∑
k=i

[( i

∑
j=1

(Im j)
)

ZacDk

]
. (3.30)

Equation (3.30) indicates that the voltage at the ith bus improves in the proposed system,

as compared to the conventional system. Moreover, as reverse power flow is facilitated

by the proposed LVdc line, there is no impact on LVac bus voltages for reverse power

flow. Therefore, the proposed system helps in realizing better voltage regulation in the

LVac distribution grid during high load and reverse power flow.

LVdc Grid Voltage Regulation

In the proposed system, as shown in Fig. 3.15, the voltage of the LVdc line is main-

tained by the ST. As the LVdc distribution line is connected to the dc buses of the DG

converters, the voltages at the dc buses are directly regulated by the ST. This helps in

reducing the control complexity of the DG converters as they need not maintain their

dc bus voltage. There will be some voltage drop/rise in the LVdc line when power is

taken/injected through this line. The expression for voltage at the dc bus of the ith DG

converter is given by

Vdc(i) =Vdc−
n

∑
k=i

[( i

∑
j=1

Idc_ j

)
RdcDk

]
(3.31)

where Vdc is the ST LVdc link voltage and Dk is the distance between the kth and (k+

1)th dc bus.

Compared to the LVac lines, the LVdc lines are at a higher voltage and thus for the same

amount of power flow, the current will be reduced in the LVdc lines. Thus, the voltage

drop/rise given by (3.31) is not significant enough to affect the performance of the DG

converters.
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3.5 Implementation Challenges for the Proposed Meshed Hybrid

Microgrid

For practical implementation of the proposed meshed hybrid microgrid, a dc distribu-

tion network has to be laid out in the distribution grid. Some of the main challenges are

discussed as follows.

3.5.1 Protection

One of the major concerns in the implementation of the proposed system is the integra-

tion of protection schemes at various points of the system. With the LVdc link voltage

at 1200 V, various measures have to be taken to ensure protection in situations of faults

or disturbances. Protection of personnel and equipments are the two major challenges.

These are discussed as follows.

Protection for Personnel

To enhance the operator safety, new dc design concepts have been suggested where

manual dc disconnects are replaced with dc contactors [109]. The use of advanced con-

nectors like multi-contact MC 4 connector and amphenol H4 connectors, compression

lug studs and heavy gauge bus bars have also been proposed for use in dc grid voltages

in the range of 1500 V to ensure ease of design and safety for installers and opera-

tors. For system operation and maintenance, over current protection and disconnecting

means need to be made available to the operators. For high dc voltage, the safety as-

pects of an ST have been discussed in [110]. Double isolation or floating IT (Isolated

Terre) earthed systems i.e. isolated or impedance-earthed neutral systems are suggested

for safer operations. These techniques can be implemented in the proposed scheme to

ensure safety for operators.

Protection for Equipment

Equipment protection constitutes of prevention measures for crossing specified voltage

and current limits mainly during faults to prevent the equipments from getting damaged.

55

TH-3008_156102032



On detection of faults, conventionally, mechanical circuit breakers are operated to open

the circuit and protect equipments present in the system. Conventional ac circuit break-

ers rely on the natural zero crossing of ac for proper operation. Such circuit breakers

have a very low on state resistance and their effect on the efficiency of the system is

negligible [111]. Mechanical circuit breakers can be implemented in the dc system,

however, they will be subjected to higher stresses. Moreover, to ensure sufficient arc

voltage for clearing, such breakers need to be connected in series [104]. An alternative

option is to use power electronic switches to implement circuit breakers. Such breakers

do not have the issues of arc extinction as faced by conventional ac breakers. However,

such solid state circuit breakers have a voltage drop during ON period. This can give

rise to significant losses resulting in the reduction of overall system efficiency. Hybrid

circuit breakers exploit the advantages of both mechanical and solid state circuit break-

ers. In [112], a new topology for such a hybrid dc circuit breaker is presented which

allows both normal and short circuit operations. In the proposed system, hybrid circuit

breakers can be implemented in the LVdc line to ensure protection without reducing the

system efficiency.

3.5.2 Cost

Another major factor is the cost of laying the LVdc line. Even though there will be

initial costs involved, researches have claimed that the LVdc distribution will ensure

cost saving in the long run [113]. In [114], it has been shown that due to the higher

dc bus voltage, there is a reduction in copper and switchgear costs. In addition to that,

a wider MPPT range and higher power density is achieved. A study has shown that

higher voltage PV systems will infact reduce installation costs [115]. This is because

higher voltage systems enable longer strings which reduces the number of combiner

boxes in a PV plant. This also reduces the amount of wiring and thus labour costs.

Therefore, ongoing research on various aspects such as installation costs, insulation

and shock hazards is expected to be realized in a practical dc distribution line in the

coming future.
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3.5.3 Communication Requirements

One of the prime features of an ST is the communication feature [61]. In fact, it can be

called as one of the distinguishing features between an SST and an ST. The proposed ST

based meshed hybrid microgrid aims to exploit such improved features of an ST. Some

communication aspects and challenges in an ST fed grid are presented in [116]. Here,

the communication and information flow in ST is categorized into three main categories

- between distributed appliances, between ST and distributed appliances and the third

is between two STs or between STs and the core network.

For proper power management in the proposed meshed hybrid microgrid, there must

be strong communication links between the ST and the DG converters. In practical

applications, the power management algorithms require communication infrastructure

for data transfer to the controller [117]. The measurement devices are used to measure

input powers (e.g. load and RESs powers) which are required by controller. In [118],

[119], the communication infrastructure and measurement devices useful for practical

applications in distribution systems are discussed. In general, for implementing power

management control, there will be a central controller and individual controller for dif-

ferent DG sources and loads present in the system. The communication link is used to

transfer information from each controller to the central controller. In [120], IEC 61850

standard is used for communications within the distribution substation where an optimal

energy management strategy is proposed for distribution system. In [121], a real-time

energy management system is developed to minimize the cost of the system where data

distribution service is used for communication purposes with the physical units. The

real-time energy management integrates the data distribution service components for

communicating the computed references to the hardware part.

3.6 Simulation Results

The proposed system is simulated in PSCAD software with two DG converters injecting

power from two different PV plants. The simulation parameters are given in Table 3.2.

The LVac bus 2 and 1 are at a distance of 250 m and 500 m, respectively from the ST

LV converter. The per kilometer resistance and reactance of the conductors are 0.642 Ω

and 0.083 Ω, respectively [122].
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Table 3.2 Simulation Parameters

System Quantities Values
LV grid voltage 0.4 kV (L-L)
ST LV converter Power Rating = 50 kVA, Vdc = 1.2 kV, Cdc = 4700 µF,

L f = 1 mH, R f = 0.02 Ω, C f = 20 µF
DG converter 1 S1(rated) = 10 kVA, Cdc1 = 2200 µF, L f m1 = 6 mH,

L′f m1 = 68 µH, C f m1 = 10 µF, Rd1 = 1 Ω

DG converter 2 S2(rated) = 15 kVA, Cdc2 = 2200 µF, L f m2 = 4 mH,
L′f m2 = 45 µH, C f m2 = 15 µF, Rd2 = 1 Ω

dc-dc converter Power Rating = 15 kW, fs = 10 kHz,
1 and 2 L = 1 mH, C = 1100 µF
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Fig. 3.19 Simulation results for load change. (a) ST LV converter voltage. (b) ST LV
converter currents. (c) Total load currents (bus 1 + bus 2). (d) DG converter 1 currents.
(e) DG converter 2 currents. (f) dc bus voltages.

Fig. 3.19 shows waveforms during a load change. Initially a total linear load of 20 kW

was connected at LVAC bus 2. As this power is less than the total DG converter rating

of 25 kW, the two DG converters share the power as per (3.2). At t = 2.5 s, the LVAC

load is increased to 47 kW by switching ON a non-linear load at bus 1. Now, the DG

converters inject a total of 25 kW which is their rated capacity and the deficit of 22 kW

is supplied by the ST LV converter. Fig. 3.19(a) shows the ST LV converter voltage,

and Fig. 3.19(b)-(e) shows the currents of the ST LV converter, load, DG converter

1 and DG converter 2, respectively. The currents of the DG converters and the ST LV
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converter increase as the load current increases. Fig. 3.19(f) shows the DC bus voltages.

The ST LVDC bus is maintained at 1.2 kV throughout. However, as the power drawn

through the LVDC line increases, the DC bus voltage of the DG converters 1 and 2

drops to 1.195 kV and 1.196 kV, respectively due to the line resistance.
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Fig. 3.20 Simulation results for absence of PV source. (a) Current drawn from ST
LVdc link. (b) Total current injected by boost converters. (c) LVac voltage. (d) Total
LVac load currents (bus 1 + bus 2). (e) ST LV converter currents. (f) DG converter 1
currents. (g) DG converter 2 currents. (h) dc bus voltages.

In Fig. 3.20, waveforms during sudden turn OFF of PV systems are shown. Non-linear

active loads of 15 kW are connected to both LVac bus 1 and 2. Fig. 3.20(a) and (b)

shows total current drawn from the ST LVdc link and total current injected by the boost

converters, respectively. It is seen that once the current injected by the PV systems

fall to zero, the current drawn from the proposed LVdc line increases to ensure that the

current injected by the DG converters remain unchanged. Fig. 3.20(c)-(g) shows the
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LVac voltage, load currents, ST LV converter currents, and the DG converter currents,

respectively. These remain undisturbed during the transition. The dc bus voltages are

shown in 3.20(h). As the PV systems are turned OFF, the voltages at LVdc bus 1 and

2 reduce as the power drawn through the LVdc line increases. However, these do not

affect the operation of the system.
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Fig. 3.21 Simulation results for reverse power flow. (a) Current drawn from ST LVdc
link. (b) Total current injected by boost converters. (c) LVac voltages. (d) Total LVac
load currents (bus 1 + bus 2). (e) ST LV converter currents. (f) DG converter 1 currents.
(g) DG converter 2 currents. (h) dc bus voltages.

Fig. 3.21 shows the performance of the system during reverse power flow. Fig. 3.21(a)

shows the total current drawn from the ST LVdc link. Fig. 3.21(b) shows the total

current injected by the boost converters. Initially, the total non-linear load of 30 kW is

operational. Once loads at both LVac buses are turned OFF, it is seen that the total cur-

rent drawn from the proposed LVdc line becomes negative depicting reverse power flow

to the ST LVdc link. The current injection from the boost converter remains constant.
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Fig. 3.21(c) shows the LVac voltage. Fig. 3.21(d)-(g) shows currents of load, ST LV

converter, DG converter 1, and DG converter 2, respectively. These currents reduce to

zero after switching OFF the loads. Throughout the operation, the LVac voltage remains

constant. Fig. 3.21(h) shows the dc bus voltages. The voltage of the dc buses 1 and 2

rise slightly during reverse power flow as the power has to flow from these buses to the

ST LVdc bus which is already maintained at 1.2 kV by the ST.

Voltage variations at the two LVac buses are compared for the conventional and pro-

posed systems. Loads are increased in steps and the per phase rms voltages at the buses

1 and 2 are shown in Fig. 3.22. The PV power injection is kept constant. It can be

observed that in the proposed system, bus 1 and bus 2 have a better voltage profile as

compared to conventional system. This is because the load on the LVac lines in the

proposed system is lower as the LVdc line shares a part of the load power.
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Fig. 3.22 Variation of LVac per phase rms voltage with load.

The features of the proposed system as compared to existing ST based system are given

in Table 3.3. The comparison shows that the proposed system provides several features

which are not possible with the existing ST based systems. Some aspects like the use

of ST to control DG converter dc bus voltage, utilization of DG converters at times of

unavailability of RES, lower losses during reverse power flow are possible because of

the proposed configuration. These features cannot be provided with the ST based con-

figurations existing in the literature. Moreover, the proposed system enables improved

voltage regulation and meshed hybrid operation which have not been discussed in the

literature with respect to ST.
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Table 3.3 Features Comparison of the Proposed System with Existing ST based Sys-
tem.

Sl. Feature Available in literature Proposed system
No.

Control of dc bus voltage Controlled by the Controlled by the ST;
1 of DG converters DG converter DG converters are not involved

control algorithm [123]
Achieved by controlling In addition to ST voltage control,

2 LVac voltage regulation the output voltage voltage can be improved by
of ST [124] reducing LVac line loading

Not discussed Achieved through meshed
3 Line loss reduction with respect to ST operation of LVac and LVdc

grid enabled by ST
Utilization of DG converters Done by implementing Improved utilization by

4 during unavailability energy storage drawing power from
of DG power systems [72] LVdc line

ST enabled meshed Implemented in
5 operation by linking Not available the proposed system

LVac and LVdc grid
Achieved through LVdc line

6 Reverse power flow in Achieved through with reduced converter losses
ST based system LVac line [92] as compared to existing

ST based solutions

3.7 Experimental Results

Fig. 3.23(a) shows schematic of the developed experimental setup. Fig. 3.23(b)-(d)

shows photographs of ST LV converter, DG converter and dc-dc converter, respectively.

The hardware parameters are given in Table 3.4. A dump load is connected at ST LVdc

bus to absorb power during reverse power flow case.

Table 3.4 Hardware Parameters

System Quantities Values
LV grid voltage 110 V (L-L)
ST LV converter Power rating = 1 kVA, Vdc = 250 V, Cdc = 2350 µF,

L f = 20 mH, R f = 0.5 Ω, C f = 10 µF
DG converter S1(rated) = 250 W, Cdc1 = 2350 µF,

L f m = 10 mH, R f m = 0.5 Ω

dc-dc converter Power rating = 250 W, L = 10 mH,
C = 10 µF, fsw = 20 kHz

Fig. 3.24 shows performance of the system during a load change. Fig. 3.24(a) and

(b) shows voltage and current waveforms of the ST LV converter, respectively. Fig.

3.24(c)-(f) shows the ST LVdc bus voltage, LVac load currents, DG converter bus volt-

age, and DG converter currents, respectively. Initially, the LVac load is 200 W. Since the

load demand is less than the DG converter rating of 250 W, entire active power is sup-

plied by the DG converter. The ST LV converter only supplies reactive and harmonic
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Fig. 3.23 (a) Experimental setup schematic. (b) ST LV converter. (c) DG converter.
(d) dc-dc converter.

components of the load currents. The load is suddenly increased to 460 W by switching

on a non-linear load. Now, the DG converter injects power at its rated value of 250 W

and the remaining power is supplied by the ST LV converter. Therefore, the ST LV con-

verter supplies active power only when the load requirement exceeds the DG converter

rating. The voltage in the LVdc line drops slightly at the dc link of the DG converter, but

this does not affect its operation. Moreover, the ST LV converter maintains a constant

voltage on the LVac side throughout its operation.

Fig. 3.25 shows performance of the proposed system when power supplied by DG

becomes zero. At the starting, a non-linear load of 300 W is connected to the LVac side.

The DG converter injects active power at its rated capacity of 250 W and the balance

power is fed by the ST LV converter. The DG converter receives 150 W from DG

source and 100 W from LVdc line. Fig. 3.25(a) and (b) shows the current drawn from

the proposed LVdc line and the current injected by the boost converter, respectively.

Fig. 3.25(c) shows the LVac voltage, and it is maintained by the ST LV converter.

Fig. 3.25(d)-(f) shows the load currents, ST LV currents, and DG converter currents,

respectively. As the DG source is switched OFF, the current injected by it decays to

zero. Subsequently, the current drawn from the LVdc line increases to ensure that the

DG converter continues to operate at its rated capacity even in the absence of the DG
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Load Increase
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Fig. 3.24 Experimental results for load change. (a) ST LV converter voltage. (b)
ST LV converter currents. (c) ST LVdc bus voltage. (d) LVac load currents. (e) DG
converter dc bus voltage. (f) DG converter currents.

source. It can be seen from Fig. 3.25 that the waveforms of LVac voltage, load currents,

ST LV converter currents and DG converter currents remain undisturbed during the

transition.

Fig. 3.26 shows the performance during reverse power flow. A non-linear load of 300

W is connected. The DG source injects a power of 200 W. The DG converter operates

at its rated power of 250 W and draws the balance power of 50 W from the LVdc

line. Fig. 3.26(a) and (b) shows the current drawn from the LVdc line and the current

injected by the boost converter, respectively. Fig. 3.26(c) shows the LVac voltage which

is maintained by the ST LV converter. Fig. 3.26(d)-(f) shows the load currents, ST

LV currents and DG converter currents, respectively. Once the load is switched OFF,

current injected by the DG converter and the ST LV converter falls to zero. The boost
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DG Source Switched Off
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Fig. 3.25 Experimental results for absence of DG source. (a) Current drawn from
proposed LVdc line. (b) Current injected by boost converter. (c) LVac voltage. (d) Load
currents. (e) ST LV converter currents. (f) DG converter currents.

converter continues injecting power from the DG source. Since this power is not drawn

by the DG converter, it is fed back to the ST LVdc bus through the LVdc line. It can be

seen that the current in the LVdc line becomes negative.

From various results, it is observed that during load change, absence of DG source and

reverse power flow, the experimental waveforms show similar behaviour as compared

to the simulation waveforms. This validates performance of proposed configuration.

3.8 Summary

An ST enabled meshed hybrid distribution grid is presented in this chapter. The LVdc

link of ST is proposed to connect the DG converters through an extended LVdc line.

This configuration ensures that the DG converters support loads irrespective of the

presence of renewable power and enhances their utilization. The line losses in pro-

posed LVdc line are 22% as that of LVac line. During reverse power flow from the DG
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Fig. 3.26 Experimental results for reverse power flow. (a) Current drawn from pro-
posed LVdc line. (b) Current injected by boost converter. (c) LVac voltage. (d) Load
currents. (e) ST LV converter currents. (f) DG converter currents.

sources, two power conversion stages are bypassed and the efficiency at the MVac side

is increased by approximately 6% in comparison to ST based microgrid. The control

complexity of the DG converters is reduced as they do not need to control the dc link

voltages. Moreover, the proposed system reduces loading of the LVac lines which leads

to an improved LVac line voltage profile.
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CHAPTER 4

ISLANDED OPERATION OF SMART

TRANSFORMER BASED MESHED HYBRID

MICROGRID WITH POWER LOSS MINIMIZATION

In Chapter 3, the extension of the ST LVdc bus in the distribution grid to connect the dc

buses of DG converters present on the LV side is proposed. The configuration forms a

meshed hybrid grid which offers more power flow paths, lower distribution line losses,

lower converter losses during reverse power flow, etc. Extending the work of the last

chapter, this chapter discusses the islanded operation of such a meshed hybrid micro-

grid. The islanded operation is achieved by switching OFF the ST MV and isolated

dc-dc converters, and maintaining the LVdc bus voltage with a BESS. This enables the

ST LV converter to stay operational and maintain the LVac grid voltage. The hybrid

microgrid consists of renewable energy sources, EV charging stations, energy storage,

etc. The battery energy storage system (BESS) is used for maintaining the LV dc bus

voltage of ST. An optimal power management strategy is proposed for reducing total

line losses during islanded operation.

Modern electric power systems are seeing increased integration of PV systems, wind

systems, BESS, EVs, etc. [125]–[128]. Several methods are proposed to obtain im-

proved operation of ST in the distribution grid with such integrations [89], [92], [129].

The BESS integration to the grid with the help of ST is proposed in [91]. The peak load

demand is reduced with the BESS through its proper sizing. It also helps to reduce the

size of the ST converters. The ST has also been used for formation and operation of mi-

crogrids. The power management for an ST based zonal microgrid is discussed in [72].

With the integration of BESS, the islanded operation of ST LV side is also proposed.

However, the sizing of BESS or the power management based on SoC of the BESS is

not analyzed.

The meshed operation with more power flow paths provides the possibility to optimize

losses in the system. This is explored in [130], where the DG converters are optimally
TH-3008_156102032



controlled to incur lower losses and achieve an improved voltage profile. However, the

islanded operation of the microgrid is not considered in this study.

During islanded operation of an ST based meshed hybrid microgrid, the energy stored

in the LV grid needs to be controlled optimally to reduce losses and increase the op-

eration time of LV grid. There are numerous studies in the literature which deal with

the optimization and loss reduction in distribution grids. In [131], the energy demand

reduction is achieved through demand response with the help of optimal scheduling of

DGs and EVs. The impact of the proposed method is tested on IEEE 24 bus transmis-

sion system. In [132], a new topology of distribution network is proposed in presence of

renewable energy resources for minimizing the total cost of planning while considering

the power loss cost. In [133], the optimal sizing of the DG capacity is performed for

effective congestion management while considering the power loss reduction. In [134],

the unified power quality conditioner is used to minimize power losses in distribution

system. In [135], reactive power control techniques to minimize the losses in a wind

farm are discussed. In [136], the reactive power control via PV inverters is implemented

for minimizing the power losses and improving the voltage profile of the system. How-

ever, in [132]–[136] the impact of energy storage devices on power loss minimization is

not discussed. A communication free power loss minimization for islanded microgrids

is discussed in [137] and [138] considers PV and BESS with droop optimization for

loss minimization.

Moreover, aforementioned studies offer loss minimization in conventional microgrids.

The loss minimization of islanded ST based meshed hybrid microgrid, utilizing the

capabilities of ST and meshed operation is still unexplored.

To fill this research gap, in this chapter, an optimal power management strategy is pro-

posed to minimize the total line loss which results in increased operation time of LV

grid. The minimization of total distribution line power loss is chosen as objective func-

tion of optimization problem. The active power references of distributed generation

converters and charge or discharge schedules of EVs are optimally controlled using ge-

netic algorithm while satisfying the various constraints of the system. Further, a smart

LV load shedding is also incorporated to the power management. This is activated on

crossing the lower critical SoC of the BESS. It is used as a final measure to increase

BESS discharge time resulting in prolonged operation of the islanded system. Simula-
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Fig. 4.1 BESS maintained ST based meshed hybrid microgrid during islanded opera-
tion.

tion and experimental results verify the performance of the proposed scheme.

4.1 Islanded Meshed Hybrid Microgrid

An ST based meshed hybrid microgrid is shown in Fig. 4.1. In this system, the ST

exchanges power from the MVac side, the ST isolated dc-dc converter maintains the ST

LVdc voltage and the ST LV converter maintains the ST LVac voltage. As LVdc bus is

extended in the distribution line, the dc buses of the DG converters are connected to this

line forming a mesh. When the LV meshed microgrid has to operate in islanded mode

due to some fault or maintenance activity on the MVac side, the ST MV and isolated dc-

dc converters are disconnected from the LV side with the breaker. The BESS changes

over to VCM mode of operation to maintain the ST LVdc bus voltage. As the ST

LVdc bus voltage is maintained constant, the ST LV converter operates undisturbed and

maintains the LVac voltage. The BESS as well as EVs are connected to the LVdc line

of the system. The dc-dc converters of these systems operate in CCM. The dc loads

are also connected to the LVdc line at various points. The DG systems present in the

distribution grid like PV or BESS inject power to the LVac side with DG converters.

4.2 Centralized Power Management Controller

The proposed meshed hybrid microgrid consists of various sources and loads. Thus, to

obtain proper power balance, a centralized power management controller is proposed

which takes decisions based on the balance power of the system. Subsequently, the

controller delivers the information of reference power for each converter in the system.
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In case the total load is higher than the total DG, the storage systems like the BESS

and EVs support the loads. In case of surplus generation, the excess power is stored

among the storage systems. The difference between the total load and the DG powers

is the balance power (Pbal) of the microgrid. A positive balance power means that the

storage systems will be charged, while a negative value indicates power discharge by

the storage systems. The balance power expression is given by

Pbal =
m

∑
i=1

Pac_loadi +
n

∑
j=1

Pdc_load j −
o

∑
k=1

PDGk (4.1)

wherePac_loadi is the load at the ith LVac bus, Pdc_load j is the load at the jth LVdc bus,

PDGk is the power injected by the kth DG plant i, j and k are integers varying from 1 to

m, 1 to n and 1 to o, respectively.

An optimization algorithm ensures that the power transfer from the DG converters and

each of the EVs and storage systems are such that the losses are minimum. The con-

troller manages the power in three stages - (a) primary, (b) secondary and (c) tertiary.

These power management strategies are explained as follows.

4.2.1 Primary Power Management - Source Management

In this stage, the power that has to be delivered or consumed by the BESS and EVs is

computed. The LVac and LVdc buses at the ST LV converter are considered 0th bus

and the BESS maintaining the ST LVdc voltage is the 0th BESS. The power transfer

equation for the BESS0 is given by

PBESS0 = Pbal−
p

∑
l=1

PEVl −
q

∑
r=1

PBESSr (4.2)

where PEVl is the power injected by the lth EV, PBESSr is the power injected by the rth

BESS, l is an integer varying from 1 to p and r is an integer varying from 1 to q.

The reference power for each of the EVs and BESS are obtained from the optimization

algorithm which is explained in Section 3.3.
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4.2.2 Secondary Power Management - Delivery Management

In the secondary power management, the DG converter reference powers are decided.

Being a meshed hybrid grid, these converters draw power from the LVdc line and thus

their power injection is not dependent on the availability of DG power. It is considered

that the DG converters inject only active power to the LVac grid, and the reactive and

harmonic powers are supplied by the ST. The reference powers for the DG converters

are also obtained from the optimization algorithm. The amount of active power that the

ST LV converter has to supply into the LVac side is given by

PST LV =
m

∑
i=1

Pac_loadi−
o

∑
k=1

PDG_Convk (4.3)

4.2.3 Tertiary Power Management - Load Shedding

If there is a deficit of power and the BESS SoC constraints tend towards the limiting

value, then load is curtailed as a last resort. This is realized with the help of the ST by

controlling the LVac voltage.

When the need for load curtailment arises, the centralized controller passes the infor-

mation to the ST to lower the LVac voltage (VLVac) to 0.95 p.u. This information is used

to disconnect the non-critical loads from the LVac grid. This is the conventional under-

voltage load shedding implemented by intentional lowering of LVac voltage [139]. A

critical limit of SoC (SoCcritical
BESS0

) is defined to start this under voltage load shedding to

ensure that the centralized BESS has a prolonged discharge time in order to supply crit-

ical loads in the system. Therefore, the voltage reference for the ST LV converter can

be expressed as follows.

V ∗LVac =

0.95V nom
LVac if SoCBESS0 ≤ SoCcritical

BESS0

V nom
LVac otherwise.

(4.4)

The complete power management is shown in the flowchart given in Fig. 4.2.

71

TH-3008_156102032



Start

Optimized Power Management Algorithm  

Primary Power 

Management

*

2EVP

*

1EVP

Secondary Power 

Management

Tertiary Power 

Management

0 0

critical
BESS BESSSoC SoC

Yes

No

*

pEVP
*

_ 1DG convP

*
_ 2DG convP

*
_DG convo

P

init
BESSSoC

1,2,...

init
EV l

SoC

1,2,....PV n
P

_ 1,2,....ac load m
P

_ 1,2,....dc load m
P

*

LVacV

Start

Initialize Population

Stop Criteria

End

Calculate Fitness Function

Output Optimal Active Power 

References of DG Converters 

and SoC of EVs

Selection

Crosssover and 

MutationYes

No
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4.3 Proposed Optimal Power Management Scheme

This section explains the method of determination of optimal active power references

of DG converters and charge or discharge schedules of EVs (Po
DG_Convk

and Po
EVl

). In the

considered case study, the operations of BESS in the distribution grid are similar to the

EVs, i.e both can act as storage systems which charge or discharge from the LVdc line

working in CCM. Therefore, to simplify the analysis, only the EVs are considered.

The main goal of the proposed work is to increase the operation time of the isolated

microgrid using battery energy storage and renewable energy sources present in the

system. It is possible by minimizing the power losses in the distribution system. There-

fore, the chosen problem is a single objective optimization problem. Accordingly, the

objective function is chosen and implemented. An online optimal problem is formu-

lated for determining Po
DG_Convk

and Po
EVl

. The objective function and constraints are
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given as follows.

minimize f = Ploss(t) = ∑
nacl
a=1(I

a
ac(t))

2×Ra
ac +

ndcl

∑
b=1

(Ib
dc(t))

2×Rb
dc.

(4.5)

subjected to

1. Power balance constraint given in (4.1)

2. Bus voltages constraint

V min
LVac ≤V i

LVac(t)≤V max
LVac;V min

LV dc ≤V j
LV dc(t)≤V max

LV dc (4.6)

3. DG converters rating constraint

PDG_Convk(t)≤ Srated
DG_Convk

. (4.7)

4. SoC constraints of EVs

SoCmin
EVl
≤ SoCEVl(t)≤ SoCmax

EVl
. (4.8)

5. SoC constraints of BESS

SoCmin
BESS ≤ SoCBESS(t)≤ SoCmax

BESS. (4.9)

6. Charge/discharge power constraints of EVs

Pc
EVl

(t)≤ Pc,max
EVl

,Pd
EVl

(t)≤ Pd,max
EVl

(4.10)

7. Charge/discharge power constraints of BESS

Pc
BESS(t)≤ Pc,max

BESS ,P
d
BESS(t)≤ Pd,max

BESS . (4.11)

In (4.5), a and b are ac and dc line indices. V min
LVac and V max

LVac are chosen as 0.95 p.u. and

1.05 p.u., respectively [33].

The considered fitness function is a non-linear function. Therefore, it is possible to

solve the optimization problem with any non-linear optimization solver. The GA is a

popular optimization technique used to solve the non-linear functions. Therefore, it is

solved using GA solver in MATLAB [140]. The default values of GA solver are chosen

for various parameters of GA, except for population size. The population size is tuned

such that three different runs converges precisely to the same value and chosen as 40.

The PDG_Convk and SoCEVl are considered as control variables.
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As per GA, firstly population initialization is done. Then calculation of fitness function

is performed. This calculation is repeated through selection, crossover and mutation

till the stop criteria is reached. This fitness function calculation requires power flow

solution. For determining power flow solution, the type of buses and bus data in the

distribution network are required. In the considered distribution network both LVac

network and LVdc network are present. Since the ST LVac and LVdc bus voltages are

maintained at 1 p.u., the ST LVac and LVdc buses are chosen as slack buses and the

power flow equations are solved independently for LVac and LVdc networks. All the

remaining buses are considered as load buses. The load bus power at each load bus in

LVac network (Plbac) is given in (4.12).

Plbac = Pac_load−PDG_Conv. (4.12)

Qi
lbac

= Qac_load−QDG_Conv. (4.13)

The load bus power at each load bus in LVdc network (Plbdc) is given in (4.14).

Plbdc = Pdc_load +PDG_Conv−PDG. (4.14)

With the help of load powers the currents drawn by each load bus in LV ac and dc

network (Ilbac and Ilbdc) are calculated as given in (4.15) and (4.16), respectively.

Ilbac =
Plbac− jQlbac

Vlvac
. (4.15)

Ilbdc =
Plbdc

Vlvdc
. (4.16)

Using these load bus powers and currents, backward forward sweep power flow method

is applied to both LVac and LVdc networks in order to obtain required power flow

solution and thus, calculate the fitness function. Once fitness function is calculated,

GA checks certain stop criteria options such as maximum number of generations and

function tolerance. If any one of these options is satisfied, the GA stops doing iterations

and provides results.
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Fig. 4.3 The complete control diagram for the ST based islanded hybrid meshed mi-
crogrid.

4.4 Control Strategies

The power management algorithm in the centralized controller generates the power

reference for the various converters in the system. Accordingly, the converters are con-

trolled and operated to maintain the reference voltages and currents. The complete

control diagram along with the simulation schematic considered for analysis is shown

in Fig. 4.3. Two EV systems and two PV powered DG systems are considered. It is

considered that EV 1 and DG 1 are at a distance of 250 m from the ST, and the EV 2

and DG 2 are at a distance of 500 m from the ST. Both these points also have ac and dc

loads connected. The control strategies consist of controlling the ST LV converter, the

BESS dc-dc converters, EV dc-dc converters and the DG converters. In the grid con-

nected mode, the ST MV converter draws power at unity power factor from the MVac

side while maintaining the MVdc voltage and the dc-dc converter maintains the LVdc

voltage [77]. The detailed control mechanism of these two converters are explained

in Chapter 3, Section 3.3.1 and 3.3.2. In the islanded mode of operation, these two

converters are not operational. The control strategies for the ST LV converter and DG

converter are explained in Chapter 3, Section 3.3.3 and 3.3.4, respectively. The control

of the BESS dc-dc converter and the EV dc-dc converters are explained as follows.
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4.4.1 BESS dc-dc Converter

The circuit diagram of the BESS dc-dc converter is shown in Fig. 4.4. The power

flow direction is dependent of whether the battery needs to charge or discharge. For

charging, the converter works in CCM. The reference charging current is compared

with the actual battery current and the error is fed to a PI controller. The output of the

PI controller is compared with a triangular wave to generate switching pulses for one

switch. The other switch gets the complimentary pulse. The discharging process is also

similar and the reference discharging current is maintained with the PI controller.

L

S1_BESSD CBESS

iL (ibatt)

iD

+ vL -

S2_BESS

vbatt

Battery

+ VLVdc -

BESS dc-dc converter

Fig. 4.4 Circuit diagram of BESS dc-dc converter.

In the islanded mode of operation, the BESS dc-dc converter is responsible for main-

taining the LVdc voltage. Therefore, it operates in VCM. This also acts as the slack bus

in the operation while maintaining the power balance between demand and supply in

the system. If the loads cannot be supplied by the DG sources or EVs, BESS supplies

the remaining power. V ∗LV dc is considered as the reference output voltage of the con-

verter. By comparing the actual LVdc voltage with this, the error is obtained and it is

passed through a PI controller. The PI controller output is compared with a triangular

signal to generate the switching pulses [141]. The complete control strategy is shown

in Fig. 4.5.

4.4.2 EV dc-dc Converter

The circuit diagram of EV dc-dc converter is shown in Fig. 4.6. The controlling action

is similar to the BESS dc-dc converter in CCM mode. A current reference is given to

the converter. The current references are obtained from power references which are

generated by the optimal power management algorithm. The reference currents are

compared with the actual currents and a PI controller is used to generate the firing

pulses as per the error [141]. The control diagram of the EV dc-dc converter is also
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shown in Fig. 4.7.
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Fig. 4.6 Circuit diagram of EV dc-dc converter.
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Fig. 4.7 Control strategy for EV dc-dc converter.

A comparison of the proposed work is done with the researches that are available in the

literature. It is summarized in Table 4.1.

4.5 Simulation Results

The system is simulated in PSCAD software considering different scenarios. The sim-

ulation system details are given in Table 4.2.
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Table 4.1 Comparison of Proposed Work with Studies Available in the Literature

Reference Contribution Remark
DGs and EVs participate in the Hybrid distribution system is not

[131] optimization of losses with considered. Performance is tested
day-ahead scheduling approach. on IEEE 24 bus transmission system.

Optimal network constraint-based
expansion planning model is Impact of energy storage systems

[132] proposed along with optimal is not considered.
integration of intermittent RES

to improve topological flexibility.
Hybrid distribution system is not

[133] Congestion management is done considered. Performance is tested on
with optimal DG capacity. standard benchmark IEEE-30 and

IEEE-57 bus configurations.
[134] Loss minimization through open Impact of energy storage systems or

unified power quality conditioner. meshed configuration is not considered.
Optimal reactive power dispatch

[135] is proposed for permanent magnet Proposed method is specific
synchronous generator based wind for wind farms.

farms to minimize losses.
Optimal Volt/Var control is

[136] proposed for systems having RES Meshed hybrid system
with both generation and is not considered.
consumption capabilities

Power is shared among DGs such
[137] that losses are minimum in Meshed hybrid system is not considered.

islanded operation.
Adaptive droop optimization strategy Presence of energy storage is considered,

[138] is proposed for systems with but meshed hybrid system is
PV-BESS to minimize power losses. not considered.
Power loss minimization is proposed Considers the ST based meshed hybrid

Proposed for islanded microgrid to improve configuration. Utilizes multiple power
Work system operation time. Smart load flow paths of meshed grid and presence

shedding is also implemented. of energy storage as well as DG
converters to optimize losses.

A total of six cases are considered for simulation. In the first two cases, loads higher

than generation is considered and the load change operation is shown from Case 1 to

Case 2. In the next two cases, the scenario of surplus generation is considered and a

load change operation is shown in such a mode of operation. Finally, the scenario of

under voltage load shedding is shown in the transition from Case 5 to Case 6. In each

of the cases, the optimization algorithm which is implemented in MATLAB decides the

reference powers for the EVs and the DG converters based on the system parameters.

For example, in Case 1 the obtained best and mean fitness values plot of GA is shown

in Fig. 4.8. The minimum value among the best fitness values i.e., 0.00824 W is the

optimal power loss which is nearly zero. The obtained optimal values of Po
DG_Convk

and Po
EVl

are given as inputs to the PSCAD simulation to verify the control aspects

of ST based meshed hybrid microgrid and resulting battery power. This process is
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Table 4.2 Simulation System Details

System Quantities Values
LV grid voltage 0.4 kV (L-L)
ST LV converter Rating = 50 kVA, VDC = 1 kV, CDC = 4700 µF,

L f = 1 mH, R f = 0.02 Ω, C f = 20 µF
DG converter 1 S1(rated) = 15 kVA, CDC1 = 2200 µF, L f m1 = 6 mH,

L′f m1 = 68 µH, C f m1 = 10 µF, Rd1 = 1 Ω

DG converter 2 S2(rated) = 20 kVA, CDC2 = 2200 µF, L f m2 = 4 mH,
L′f m2 = 45 µH, C f m2 = 15 µF, Rd2 = 1 Ω

dc-dc converters Rating = 15 kW, fs = 10 kHz, L = 1 mH, C = 1100 µF
BESS dc - dc Rating = 80 kW, fs = 10 kHz,

converter L = 1 mH, C = 100 µF
SoCmin

BESS0
= 0.2, SoCmax

BESS0
= 0.9,

BESS Erated
BESS0

= 400 kWh, SoCcritical
BESS0

= 0.4,
Pd,max

BESS0
= 80 kW, Pc,max

BESS0
= 80 kW

EVs 1 and 2 SoCmin
EV = 0.2, SoCmax

EV = 0.9, Erated
EV = 40 kWh

Pd,max
EV = 10 kW, Pc,max

EV = 10 kW

repeated while testing all the remaining cases. The power flows for these six cases are

summarized in Table 4.3.
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Fig. 4.8 Best and mean fitness values of GA for Case 1.

Table 4.3 Summary of Power Flows in the System

LVac LVac LVdc LVdc PV 1 PV 2 DG 1 DG 2 EV 1 EV 2
Case Bus 1 Bus 2 Bus 1 Bus 2 Power Power Power Power Power Power

Load Load Load Load (kW) (kW) (kW) (kW) (kW) (kW)
(kW) (kW) (kW) (kW)

1 15 15 5 5 14.5 18.5 14.8791 15.0599 5.308 1.608
2 25 25 5 5 14.5 18.5 15 20 5.552 6.444
3 0 0 0 0 7.2 9.3 0 0.0027 -7.228 -9.284
4 0 0 5 5 7.2 9.3 0 0.0001 -2.208 -4.296
5 25 15 15 10 0 0 15 9.9107 0 0
6 15 7.5 15 10 0 0 9.0377 3.8578 0 0

Fig. 4.9 shows the power flows during the system operation in the four cases from Case

1 to Case 4. In Case 1 and 2, the PV powers are 14.5 kW and 18.5 kW for PV 1 and PV

2, respectively. These reduce to 7.2 kW and 9.3 kW, respectively in Case 3 and Case 4.

In the first two cases, the loads are higher than generation. Thus, it is seen that the EVs

supply power. In the next two cases, the EVs are charged with the surplus power. The

DG converters follow the reference power as obtained from the optimal algorithm.
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Fig. 4.9 Power flows in the system with BESS SoC within critical limits. (a) Total ac
load power. (b) Total dc load power. (c) PV system 1 power. (d) PV system 2 power.
(e) EV 1 power. (f) EV 2 power. (g) BESS power. (h) DG converter 1 power injection.
(i) DG converter 2 power injection. (j) ST LV converter power output.

Fig. 4.10 shows the voltages and currents waveforms in the system for the transition

from Case 1 to 2. The ST LVdc and ST LVac voltages are shown in Fig. 4.10(a)

and (b), respectively. It can be observed that the power change does not affect these

voltages. Fig. 4.10(c) and (d) shows the LVac bus 1 and LVac bus 2 load currents,

respectively. The currents change as per the load data given in Table 4.3. The DG

converters 1 and 2 inject currents according to the references obtained from the optimal

power management algorithm and are shown in Fig. 4.10(e) and (f), respectively. The

dc bus 1 and 2 voltages are shown in Fig. 4.10(g). These show minimum oscillations
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which do not affect the operation of the system. The battery and EV currents are shown

in Fig. 4.10(h). These provide powers as per the given power references. The PV

currents are kept constant as the PV powers are constant. These are shown in Fig.

4.10(i).

In Fig. 4.11, the currents in the system are shown for surplus generation. The transition

is shown from Case 3 to Case 4. There is no ac load and the DG converters do not

supply any power. The PV currents are shown in Fig. 4.11(a). These are constant as

the PV powers are constant. The dc load currents are given in Fig. 4.11(b). Fig. 4.11(c)

and (d) shows the EV currents and battery current, respectively. In case 3, the dc load

is also zero. Thus, the entire PV power is used to charge the EVs. In Case 4, dc loads

of 5 kW are added to both the dc buses. Therefore, reduced power is available for EV

charging.
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The proposed under-voltage load shedding is shown in Fig. 4.12. Fig. 4.12(a) shows

the SoC of the BESS and Fig. 4.12(b) shows the ST LVdc voltage. When the SoC

goes below 40%, the under voltage load shedding scheme is implemented and the LVac

voltage is reduced to 0.95 p.u. This is seen in Fig. 4.12(c). This is detected at the LVac

side load points and the non-critical loads are disconnected from the system. Accord-

ingly the LVac loads reduce as seen in Fig. 4.12(d) and (e). As per the optimization

algorithm, the DG converter currents also reduce. This is shown in Fig. 4.12(f) and (g).

Finally, as the load is reduced, the current drawn from the battery also reduces as shown

in Fig. 4.12(h). This results in a longer system run-time in the islanded mode.

To compare the performance of the proposed method with commonly used techniques,

a loss comparison is done. A system is considered where power sharing by DG con-

verters is done as per their individual ratings as considered in [97], [142]. Moreover,

EV power injection is also not considered. The loss comparison for such a system with

the proposed system in the six cases considered is shown in Table 4.4.

Table 4.4 Loss Comparison

Case Power Loss in the Power Loss in the Power Loss
Conventional Method Proposed System Reduction (kW)

[97], [142](kW) (kW)
1 0.0246 ≈ 0 0.02459
2 0.3186 0.2587 0.0599
3 0.1140 ≈ 0 0.11399
4 0.0194 ≈ 0 0.0194
5 1.3370 1.0487 0.2883
6 0.7874 0.5209 0.2665

4.6 Experimental Results

The block diagram of the complete experimental setup is shown in Fig. 4.13(a). To

emulate the distribution line resistance, series resistances were added to both the ac and

dc lines. The photographs of the ST LV converter, DG converter, BESS, EV system and

PV system are shown in Fig. 4.13(b)-(f), respectively. The hardware parameters are

given in Table 4.5.

Fig. 4.14 shows a load change operation under surplus load condition. The BESS

maintains the ST LVdc voltage as shown in Fig. 4.14(a) and the ST LV converter main-

tains the ST LVac voltage as shown in Fig. 4.14(b). The LVdc load is kept constant at

83

TH-3008_156102032



ac  

Load

 

DG 

Converter

ST LV 

Converter

Rf Lf

Cf

dc

dc

BESS
PV Array 
Simulator

dc

dc

dc

dc
dc 

Load

EV system

DG 

Converter
ST LV 

Converter

(a)

(b) (c)

EV dc-dc 
Converter

PV Array Simulator

PV dc-dc Converter

dc Source 
(BESS)

BESS dc-dc 
Converter

(d) (e) (f)

Transducer 
Circuit

Signal 
Conditioning 

Circuit

Transducer 
Circuit

Signal 
Conditioning 

Circuit

Battery  
(EV)

ST LVdc 

Bus

96 V Battery

dc 
source

Lfm

Lfm

' Cfm

Rd
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Photograph of EV system. (f) Photograph of PV system.

100 W and the LVac load is increased from 140 W to 200 W. The corresponding LVac

load currents are shown in Fig. 4.14(c). The optimization algorithm decides the power

reference for the DG converter and EV. The balance power is supplied by the BESS.

In real-time, the optimal power management algorithm is implemented in centralized

power management controller. The controller takes required inputs using communica-

tion infrastructure and provides optimal values to the respective controllers. However,

in this setup, the optimal power references are given from a look up table as per the
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Table 4.5 Hardware Parameters

System Quantities Values
LV grid voltage 80 V (L-L)
ST LV converter Rating = 1 kVA, Vdc = 200 V, Cdc = 2350 µF,

L f = 20 mH, R f = 0.5 Ω, C f = 10 µF
DG converter S1(rated) = 1 kVA, Cdc1 = 2350 µF, L f m1 = 6 mH,

L′f m1 = 68 µH, C f m1 = 10 µF, Rd1 = 1 Ω

BESS Rating = 500 W, fs = 20 kHz,
dc-dc converter L = 13 mH, C = 10 µF

PV dc-dc converter Rating = 500 W, fs = 20 kHz, L = 13 mH, C = 10 µF
EV dc-dc converter Rating = 100 W, fs = 20 kHz, L = 13 mH, C = 10 µF

BESS source 100 V dc source
EV source 96 V lithium battery
PV source Elgar TerraSAS PV array simulator

considered cases. Accordingly, in Case 1 to 2, the DG converter power changes from

128 W to 174 W and the corresponding currents are shown in Fig. 4.14(d). Fig. 4.14(e)

shows the LVdc voltage at the DG converter and this remain unchanged throughout.

With the increase in load, the power drawn from the BESS increases. Therefore, an

increase in battery current is observed as shown in Fig. 4.14(f). The EV injects at its

maximum capacity throughout the operation and the current is shown in Fig. 4.14(g).

The PV and LVdc load currents are shown in Fig. 4.14(h) and (i), respectively. These

do not change as the PV power and dc load are kept constant in this operation.

Fig. 4.15 shows a scenario of excess generation with load change operation. Only

dc loads are used for this purpose. The PV source injects a constant power of 74 W.

The corresponding current waveform is shown in Fig. 4.15(a). The dc load current

waveform is shown in Fig. 4.15(b). Initially there is no load. Thus, the entire PV power

is used to charge the EV. The EV current is shown in Fig. 4.15(c). The negative value

depicts charging operation. The BESS is used to maintain the LVdc voltage only. Since

no power is drawn from the BESS, the battery current is zero as shown in Fig. 4.15(d).

The dc load is increased from 0 to 60 W. At this condition, the optimization algorithm

ensures that the dc load draws the entire power requirement from the PV system and the

balance power is fed to the EV. Therefore, there is a corresponding decrease in the EV

charging current. The BESS dc-dc converter operates in grid forming mode, during the

sudden load increase. Therefore, the BESS supplies the transients till the EV current

settles to the new reference value. Once that condition is attained, the BESS current

again settles to zero.

Fig. 4.16 shows the experimental results for under voltage load shedding. A scenario is
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considered where EV is absent, and PV and BESS are the only sources. Fig. 4.16(a)-(e)

shows the ST LVdc voltage, ST LVac voltage, LVac load current, DG converter current
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and battery current, respectively. Total LVac load in the system is 160 W. When the

BESS SoC goes below the critical value, the ST reduces the LVac voltage as shown in

Fig. 4.16(b). This is detected at the load point and the non-critical load of 80 W is re-

moved from the system. The optimization algorithm accordingly decides the reference

current for the DG converter in the reduced load scenario. The battery current conse-

quently reduces. As the power drawn from the battery is reduced, longer run-time of

the islanded system is achieved.

4.7 Summary

An optimal power loss minimization scheme is proposed for an ST based islanded LV

meshed hybrid microgrid. Such a microgrid offers different power flow paths between

the sources and loads. Based on the loading and DG power scenario, GA is used to

optimally control the active power references of DG converters and charge or discharge

schedules of EVs. This ensures minimum line losses in the system and helps to increase

the system operation time. Moreover, a smart ST based under voltage load shedding

is also incorporated into the optimization algorithm which triggers when the BESS

SoC goes below the critical limit. Detailed simulation results are presented for the
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various possible scenarios along with load change operations. The results obtained

were compared to a system where power is shared as per the converter ratings, without

the use of EVs to reduce losses. It was seen that for the six cases considered, the

power loss reduction in the proposed system were respectively, 0.02459 kW, 0.0599 kW,

0.11399 kW, 0.0194 kW, 0.2883 kW and 0.2665 kW. Experimental results supporting

the simulation results have been shown.
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CHAPTER 5

STABILIZATION OF SMART TRANSFORMER

BASED ISLANDED MESHED HYBRID MICROGRID

DURING ELECTRIC VEHICLE CHARGING

TRANSIENTS

Chapter 3 discusses the operation of an ST based meshed hybrid microgrid which is

connected to the MVac grid through the ST. In Chapter 4, islanded operation of the

meshed hybrid microgrid is discussed. The islanded operation is achieved by taking

power from a BESS which maintains the LVdc voltage. Moreover, with the utilization

of EVs and energy storage systems, optimal power management is achieved to reduce

power loss. In the BESS maintained islanded system, BESS converter stability is impor-

tant as it is responsible for maintaining both the LVdc and LVac grid. As EVs draw high

power from the electric grid while charging, transients appearing from such charging

can lead to system instability. This chapter investigates the stability aspects of the ST

based islanded meshed hybrid microgrid when it is subjected to EV charging transients.

With the increasing focus on decentralized generation and renewable power integration,

EVs and their integration to the grid have also received great importance recently [143].

For such increased integration of RES and EV in electric grid, ST has been proposed

as an attractive solution [61]. Various studies have been conducted showing the utility

of STs in integrating renewable sources and EVs to the grid [144], [145]. One of the

key challenges in widespread deployment of EVs is the need of charging infrastruc-

ture [146], [147]. The grids have to be able to cope with the sudden increase in power

demand arising from EVs. Moreover, the controllers present in the system have to be

prompt to handle the power fluctuations. If not addressed properly, these fluctuations

can cause stability issues especially in grids realized with the help of power electronic

converters [148]. In the islanded operation of ST based meshed hybrid microgrid, the

dc grid is maintained by the dc-dc converter of battery energy storage system (BESS).

From the dc grid, the ST LV converter maintains the LVac voltage. Thus power fluctu-
TH-3008_156102032



ations appearing in the grid has to be handled by the BESS dc-dc converter. This con-

verter is generally a bi-directional converter which works as buck converter in charging

mode and as a boost converter in supplying mode [149]. The control-to-output transfer

function of a boost converter has a right half plane zero (RHPZ). This makes the con-

verter vulnerable for fast dynamic operations [150]. In the literature, several methods

are proposed to eliminate the effects of the RHPZ. In [151], the RHPZ is eliminated

by operating the converter in discontinuous conduction mode and in [152], output filter

and magnetic coupling between inductors is used to eliminate RHPZ. However, both

these methods lead to the problem of increased current stresses on the converter. The

issue of current stress due to the magnetic coupling has been addressed in [153], where

integrated three-winding couple inductor is proposed. However, issues of magnetic loss

from leakage inductance arises in such a technology. In [150], [154]–[156], technolo-

gies like ON state energy transfer through magnetic coupling, tri-state boost converter

and RC damping network are used to address the issue of RHPZ. These methods pro-

vide satisfactory operation. However, they propose change in the conventional circuitry

which adds to the cost and complexity of the system. Moreover, the studies available in

the literature consider the operation of a single converter. The efficacy of the technolo-

gies in coordination with other converters for grid applications have not been explored.

This chapter investigates the impact of EV charging on the overall stability of an ST

based meshed hybrid microgrid during islanded mode of operation. In the islanded op-

eration, the BESS is the primary source of power and the transients are supplied by

the BESS. The RHPZ present in the BESS converter control-to-output transfer func-

tion leads to slower system response. Thus, a transient high current demand for EV

charging may lead to system instability. The need for faster response of the BESS con-

verter is initially shown through simulation and a method of voltage control by the ST

is proposed to indirectly reduce loads in the system during transients to maintain the

stability of the system. The proposed scheme provides a simple yet effective method to

stabilize meshed islanded system in-spite of slower system dynamics. The design and

stability analysis of the converters are presented to study the system performance with

the proposed method. Simulation and experimental results verify the proposed control

scheme.
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5.1 Description of the Islanded Meshed Hybrid Microgrid

The ST based meshed hybrid microgrid is shown in Fig. 5.1. The ST draws power from

the MVac grid and delivers it to the LVac grid. It consists of the ST MV converter, ST

isolated dc-dc converter and the ST LV converter. The ST LVdc link is extended in the

distribution grid and connected to the dc bus of the DG converter which injects power

from a PV system present in the distribution grid. The maximum power is drawn from

the PV panels with the help of a dc-dc converter operating in MPPT mode. The dc loads

and EVs are connected to the extended ST LVdc line.

MVac 

Grid

Smart  Transformer (ST)

dc

dc

dc

acdc

ac

PV 

System

dc

ac

dc

dc

MVdc 

Bus

LVdc Bus
P

Loads

BESS

dc
dc

EV

System

LV 

Islanded 

Microgrid

Plvdc

Plvac

dc
dc

Fig. 5.1 ST based meshed hybrid microgrid.

A BESS is interfaced with the LVdc bus at the ST through a dc-dc converter. This

converter operates in CCM when the system is grid connected. But in the islanded

mode of operation, this converter operates in VCM and maintains the LVdc voltage.

Moreover, the ST LV converter operation remains similar in both the grid connected

and islanded modes.

5.2 Proposed Voltage Control Strategy for Stable Operation

The islanded operation of an ST based meshed hybrid microgrid is realized by main-

taining the LVdc voltage constant using the BESS converter operating in discharging

mode. The circuit diagram of the converter is shown in Fig. 5.2.

From the small signal analysis, the control to output transfer function is obtained as

[157]

vLV dc(s)
d(s)

=
vbatt

1−D

1− s
(1−D)2R

L

1+ s

(1−D)
√

C
L

1−D√
LC

+
( s

1−D√
LC

)2 . (5.1)
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Fig. 5.2 Circuit diagram of BESS converter.

It can be seen from (5.1) that the transfer function has a zero on the right half of the

s plane. This results in a 90◦ phase lag which leads to slow system dynamics. There-

fore, owing to right half plane zero, the system’s stability might be at risk in situations

demanding faster response. The stability analysis for such a condition is well estab-

lished in the literature [150], [157]. When the BESS output voltage is regulated with

a controller, for any step increase in load on the BESS converter, the output voltage

will initially decrease before the controller is able to bring it to the desired level. For

large step inputs, the controller may hit the control limits which might lead the con-

verter to lose stability. Thus, the dc microgrid grid voltage will not be maintained. In

the meshed islanded microgrid, the ST LV converter maintains the LVac grid by draw-

ing power from the LVdc bus. This means unstable dc bus voltage will also result in

an unstable LVac grid. Therefore, the slower dynamic response of the BESS converter

can lead to the loss of stability for the entire islanded microgrid. The reason for slower

dynamics is explained as follows.

The average voltage across the converter inductor for any duty ratio D is given by

vL = (vbatt − iLRbatt)D− (VLV dc− vbatt + iLRbatt)(1−D)

= vbatt −VLV dc(1−D)− iLRbatt

(5.2)

where vbatt is the BESS battery voltage, VLV dc is the LVdc bus voltage, iL is the inductor

current and Rbatt is the battery internal resistance.

The rate of change of inductor current for inductor value L is given by

diL
dt

=
vL

L
. (5.3)

Using (5.2) in (5.3), we get

diL
dt

=
1
L
{vbatt −VLV dc(1−D)− iLRbatt}. (5.4)

For the BESS converter, the relation between inductor current and output current is
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given by

iL =
iBESS

1−D
. (5.5)

For a step increase in load, the inductor current has to increase accordingly. This is

facilitated by the controller by changing the duty ratio of the converter. For a change in

duty ratio from D0 to D along with change of output current from IBESS0 to IBESS, the

average variation of inductor current is given by

∆iL =
IBESS

1−D
− IBESS0

1−D0
. (5.6)

Therefore, for the average slope of inductor current given by (5.4), the variation of

average output current from IBESS0 to IBESS will only be possible in a time duration of

trise =

IBESS
1−D −

IBESS0
1−D0

1
L{vbatt −VLV dc(1−D)− iLRbatt}

. (5.7)

Using (5.5) in (5.7), we get,

trise =

IBESS
1−D −

IBESS0
1−D0

1
L{vbatt −VLV dc(1−D)− iBESS

1−D Rbatt}
. (5.8)

Therefore, (5.8) gives a relation for the time that is required for the duty ratio to increase

from one particular value to another. In practical operations of dc-dc converters there is

always a maximum and minimum limit set for the duty ratio. These are used to design

the value of the time delay for the worst possible scenario where the duty ratio changes

from minimum (Dmin) to maximum (Dmax). Therefore, (5.8) can be re-written as

tmin
rise =

Imax
BESS

1−Dmax
− Imin

BESS
1−Dmin

1
L{vbatt −VLV dc(1−Dmax)− iBESS

1−Dmax
Rbatt}

. (5.9)

The value of vbatt considered in this paper is 600 V, VLV dc is 1 kV and IBESS has a peak

value of 100 A. Batteries generally have low internal resistance. For the battery consid-

ered in this paper, Rbatt can be as low as 100 mΩ [158]. Therefore, in the denominator

of the expression for tmin
rise , the term iBESS

1−Dmax
Rbatt will relatively have a very small value

and the impact of Rbatt on tmin
rise is very small. Moreover, it is also observed that the esr

of the filter capacitor has no effect on tmin
rise .

The above analysis indicates that within the ratings of a system, the system has better

performance for ramp increase of load compared to step increase. Therefore, if the step

load makes the system unstable, stability can be maintained by manipulating the load

transition into a ramp increase with total rise time of tmin
rise .
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To implement such a load manipulation in the islanded ST based meshed hybrid micro-

grid, the ST LV converter is used to reduce the voltage to the permissible limit of 0.9

times the nominal value. There are studies in the literature that explore the load sensi-

tivity to voltage and the ST is suggested as a suitable tool for exploiting it to provide

services in the distribution grid [159]. The active power load sensitivity to voltage is

expressed as follows.

KV_LVac =
∆PLVac/PLVac

∆VLVac/VLVac
(5.10)

where PLVac is the LVac load power, VLVac is the per phase rms voltage, ∆PLVac and

∆VLVac are the variations is power and voltage, respectively, of the LVac grid.

The ac loads considered in the paper are voltage dependent three phase loads, which are

rated for the grid voltage of 400 V. Active power loads are considered. The load model

is given by the following expression [160]

P = Pr

(
V
Vr

)ve
(

f
fr

) fe

(5.11)

where P, V and f denote the real power, voltage and frequency. Pr is the active power

demand at the rated voltage Vr and rated frequency fr. ve and fe are the voltage and

frequency exponents. The equation denotes that the power reduces when the voltage

or frequency reduces. If the ac loads are dynamic in nature, appropriate modelling

techniques have to be employed to assess the load behaviour based on change in voltage

of the LVac grid. There are several methods available in the literature for modelling of

dynamic loads based on measurements [161], [162].

As reduction in LVac voltage leads to the reduction of LVac load power, it reduces the

overall load on the BESS. Thus, when the LVdc voltage goes below 0.9 times the nom-

inal value due to any disturbance, the proposed voltage control is triggered. Once the

LVac voltage is reduced, the voltage is again increased gradually in steps with total rise

time of tmin
rise . The increment in each cycle of the control loop is based on the execution

time of the controller. If Tcd is the time required by the controller to execute one loop,

the value of LVac voltage increment in each step is given by

incr = 0.1
V nom

LVac×Tcd

tmin
rise

(5.12)

where V nom
LVac is the nominal LVac voltage.

The overall flowchart for the proposed LVac voltage control is shown in Fig. 5.3.
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Fig. 5.3 Flowchart for the proposed LVac voltage control.

5.3 Controller Design and Stability Analysis

The overall control diagram of the complete system is shown in Fig. 5.4. The control

of ST MV and ST isolated dc-dc converters are already explained in Chapter 3, Sec-

tions 3.3.1 and 3.3.2, respectively. The converters operational during the islanded mode

are analyzed in detail. The controllers are designed appropriately as per the system

parameters. These are explained as follows.
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Fig. 5.4 Overall control diagram of the complete system.

5.3.1 ST LV Converter

A two-level three-phase inverter is used for the ST LV converter. It uses an LC filter for

maintaining the three phase balanced sinusoidal voltage at the LVac line. The control
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diagram is shown in Fig. 5.5. GST LV
h , GST LV

d (s) and HLC(s) are the transfer functions of

hysteresis gain, digital delay and LC filter, respectively [163]. The open loop transfer

function of the ST LV converter can be expressed as

GST LV _conv(s) = GST LV
h GST LV

d (s)HLC(s). (5.13)

GST LV
h is given by 1

2h +0.5, where h is the magnitude of the hysteresis band [164]. The

digital delay, GST LV
d (s), can be expressed as [165]

GST LV
d (s) =

(1.5stst)2−9stst +12
(1.5stst)2 +9stst +12

, (5.14)

where tst is the sampling time.

In (5.13), HLC is the LC filter transfer function and is given as follows.

HLC =
vLVac(s)

vil(s)
=

1
L fC f s2 +R fC f s+1

. (5.15)

1

fsL+_

_
+_

fsC

1

vil(s) 
Rf

i1(s) 

ic 

iSTLV(s) 

vLVac(s) 

LC Filter

+_

*vLVac(s) 

STLV
hG ( )STLV

dG s

Fig. 5.5 Control diagram for ST LV converter.

Fig. 5.6 shows the Bode plot for GST LV _conv(s). The inductor and capacitor create

a resonance at around 400 Hz. This is damped by using the damping resistor R f . The

damped closed loop system is observed to have a gain margin of 38.5 db at 3.64 kHz and

a phase margin of 52◦ at 502 Hz. These are sufficient to ensure stable operation. This

analysis holds good for both the nominal LVdc voltage as well as during the reduced

voltage as per the proposed scheme, as HLC only depends on the filter and damping

values.
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Fig. 5.6 Bode plot for ST LV converter.

5.3.2 BESS Converter

The BESS converter works in CCM in the grid connected mode. In the islanded mode,

it operates in VCM to maintain the LVdc voltage. The control of BESS converter is

already explained in Chapter 4, Section 4.4.1. Fig. 5.2 shows the BESS converter

circuit diagram. As the converter works in VCM in islanded mode, the control-to-

output voltage transfer function is analyzed for stability. Fig. 5.7 shows the block

diagram for the BESS converter output voltage control. The control-to-output transfer

function (GBESS) is expressed in (5.1).

+
-

Error

ˆ ( )LVdcv s

ˆ( )d s

Controller Plant

*ˆ ( )LVdcv s

GBESS(s)

( ) id
c pd

K
G s K

s


Gc(s)

Fig. 5.7 Control block diagram of BESS.

The Bode plots for both the uncompensated and compensated system are shown in Fig.

5.8. The uncompensated system is unstable as it is seen to have a gain margin of -56.5

db at 169 Hz and a phase margin of -89.4◦ at 31.8 kHz. The controller is designed such

that the closed loop system has a gain margin of 11.2 dB at 107 Hz and phase margin

of 90.2◦ at 10 Hz. These indicate stable system operation.
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Fig. 5.8 Bode plot for control-to-output voltage transfer function of the BESS con-
verter.

5.3.3 PV dc-dc Converter

This converter operates in MPPT mode to extract the maximum available PV power

from the PV panels. The control of this converter is already explained in detail in Chap-

ter 2, Section 2.3.5. Fig. 5.9 shows the circuit diagram of the PV dc-dc converter. Based

on the MPPT algorithm, a reference PV current is obtained corresponding to maximum

power and a PI controller is used to maintain the PV current as per the reference [102].

Therefore, the controller is designed with the control-to-inductor current transfer func-

tion [166]. The control block diagram is shown in Fig. 5.10.

GPV (s) = Gcnst
s+ωzi

s2 +2ζ ωns+ω2
n
, (5.16)

where Gcnst =
VLV dc

L ,ωzi =
2

RC ,ωn = D′
√

1
LC , and ζ = L

2RD′
√

LC

PV

LPV

SPV

D

CPV

iPV

Fig. 5.9 Circuit diagram of PV dc-dc converter.

The Bode plots for control-to-inductor current transfer function of the PV dc-dc con-

verter for both the uncompensated and compensated system are shown in Fig. 5.11.

The uncompensated system is seen to have an infinite gain margin and a phase margin
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Fig. 5.10 Control block diagram of PV dc-dc converter.

of 89.7◦ at 16.6 kHz. The system shows stable operation. However, to obtain better

system dynamics and steady-state operation in closed loop, a controller is used. The

controller is designed such that the compensated closed loop system has a phase margin

of 59.4◦ at 397 Hz and infinite gain margin.
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Fig. 5.11 Bode plot for control-to-inductor current transfer function of the PV dc-dc
converter.

5.3.4 DG Converter

The DG converter operates in CCM and injects the reference power to the LVac grid

from the LVdc bus. The control strategy for this converter is explained in detail in

Chapter 3, Section 3.3.4. The converter uses an LCL filter. For proper operation, the

design of the LCL filter should be accurate. The design procedure presented in [167] is

considered. For the filter capacitor design, a maximum of 5% power factor variation is

considered and thus, the capacitance value is taken as:

C f m = 0.05Cb (5.17)

where Cb is the base capacitance.
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Based on the current ripple, switching ripple attenuation and magnitude of dc link volt-

age, the inductor values are obtained as

L f m =
VLV dc

6 fsw∆IL(max)
. (5.18)

L′f m =
1
ka
+1

C f mω2
sw
. (5.19)

In (5.18) and (5.19), VLV dc is the LVdc voltage, ∆IL(max) is the maximum current ripple,

fsw is the switching frequency and ka is the desired attenuation.

A damping resistor is connected in series with the filter capacitor to attenuate the ripple

due to switching frequency. This avoids resonance and provides stable performance.

The resistor value is taken as one third of the value of the filter capacitor impedance at

resonant frequency (ωres). Therefore,

R f m =
1

3ωresC f m
. (5.20)

The closed loop control diagram is shown in Fig. 5.12. The transfer function of the DG

converter is given by

GDG_conv(s) = GDG
h GDG

d (s)HLCL(s) (5.21)

where GDG
h is the controller transfer function, GDG

d (s) is the transfer function for the

digital delay, and HLCL(s) is the transfer function of the LCL filter. This is expressed as

follows [168].

HLCL =
iDG(s)
vid(s)

=
sm+1

s3n+ s2o+ sp+1
(5.22)

where m= {R f mC f m},n= {L f mL′f mC f m},o= {R f mC f m(L f m+L′f m)}, p= {L f m+L′f m}.

1
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Fig. 5.12 Control diagram for DG converter.
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The Bode plot for GDG_conv(s) with and without the damping resistor is shown in Fig.

5.13. It is seen that the damping resistor helps to avoid the resonance at 2 kHz. More-

over, the damped system is stable with gain margin of 28.5 db at 2.19 kHz and a phase

margin of 90◦ at 28.3 Hz.
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Fig. 5.13 Bode plot for DG converter.

5.4 Simulation Results

The ST based meshed hybrid microgrid is simulated in PSCAD and the impact of EV

charging transients on the grid stability is explored. The ST exchanges power from

the MVac and comprises of the ST MV converter, ST isolated dc-dc converter and the

ST LV converter. On the LV side the meshed hybrid microgrid is interfaced. A BESS

system, PV system and EV are interfaced to the ST LVdc bus. The PV system consists

of a DG converter which injects the power to the LVac grid. The simulation parameters

are given in Table 5.1.

Table 5.1 Simulation Parameters

System Quantities Values
LV grid voltage 0.4 kV (L-L)
ST LV converter Rating = 50 kVA, VLV dc = 1 kV,

L f = 2 mH, R f = 2 Ω, C f = 100 µF
DG converter Srated = 15 kVA, L f m = 5 mH,

L′f m = 200 µH, C f m = 30 µF, R f m = 1 Ω

PV dc-dc Rating = 15 kW, fs = 10 kHz, L = 1 mH,
converters C = 1100 µF, KpPV d = 0.02, KiPV d = 17.74

BESS Rating = 80 kW, fs = 10 kHz, L = 0.5 mH,
converter C = 333 µF, Kpd = 0.0001 , Kid = 0.062

Fig. 5.14(a)-(h) shows the power drawn from MVac grid, LVdc voltage, LVac voltage,

LVac load current, DG converter current, EV load power, BESS power and the power
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Fig. 5.14 Simulation of the sudden transient arising from EV. (a) Power drawn from
MVac grid. (b) LVdc voltage. (c) LVac voltage. (d) LVac load current. (e) DG converter
current. (f) EV load power. (g) BESS power. (h) Power injected by DG converter.

injected by DG converter, respectively. Initially, the system is operating in grid con-

nected mode and all the converters of the ST are operational. The ST draws a power of

35 kW from the MVac grid. The BESS operates in CCM and injects a power of 15 kW.

At t = 0.6 s, a fault is considered to occur on the MV grid and so the system is discon-

nected from the MV side. Consequently, the LV side islanded mode of operation starts.

Therefore, the ST MV converter and the ST isolated dc-dc converter shut down and the
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Fig. 5.15 Simulation of the sudden transient arising from EV with proposed control.
(a) Power drawn from MVac grid. (b) LVdc voltage. (c) LVac voltage. (d) LVac load
current. (e) DG converter current. (f) EV load power. (g) BESS power. (h) Power
injected by DG converter.

MVac power becomes zero. At the same time, the BESS changes the mode of operation

from CCM to VCM and starts maintaining the LVdc voltage. The power drawn from

the BESS increases as it has to supply the additional power that was earlier drawn from

the MVac grid. The LV side waveforms are undisturbed. At t = 1 s, a sudden EV load

of 50 kW is connected to the LVdc line. It can be seen that the LVdc voltage starts os-

cillating and eventually the BESS converter losses stability. This is because the BESS
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duty ratio also oscillates and touches the upper limit of the duty ratio range. This is as

per the explanation given in Section 4.2. As the LVdc voltage reduces, the LVac voltage

also gets distorted and the LVac load current is affected accordingly. As the LVac grid

is not properly maintained, the power injected by the DG converter also goes down as

its operation is based on the LVac voltage. Therefore, the entire microgrid becomes

unstable.

Fig. 5.15 shows the simulation results with the proposed control strategy for the similar

scenario as discussed above. Once the LVdc voltage goes below 0.975 p.u., it can be

observed that the proposed control reduces the LVac voltage to 0.9 p.u. This enables the

controller to maintain the LVdc voltage. The LVac voltage is again gradually increased

back to the nominal value. The zoomed in waveform for the duty ratio of the BESS

converter, LVdc voltage and peak of LVac voltage during the transition is also shown.

When the LVdc voltage goes below 975 V, the proposed control mechanism reduces the

reference LVac voltage to 210 V and then gradually increases it with a total rise time

which is higher than tmin
rise , expressed in (5.9). This controlling action initially reduces

the effective load on the LVac side when the voltages reduces. Again, when the voltage

gradually increases, the BESS converter sees a ramp increase of load instead of a step

increase. The duty ratio obtained from closed loop control of BESS does not oscillate

and settles to a fixed value which helps to maintain the system stability. Therefore, the

proposed scheme ensures a smooth transition to include the step increase in LVdc load

arising from EV which would otherwise have resulted in system failure. The zoomed

waveforms of the LVac voltage, LVac load current and the DG converter current show

that these are properly maintained even after the EV load is added. Therefore, the

proposed control scheme is able to ensure that the stability of the system is maintained.

The proposed method to addressed issue of RHPZ is compared with the methods al-

ready existing in the literature. The comparison is given in Table 5.2.

5.5 Experimental Results

The complete block diagram and photographs of the experimental setup are shown in

Fig. 5.16. The system consists of the ST, BESS, DG converter and EV load at the

LVdc bus. The ac loads are connected to the LVac bus. The hardware parameters of the
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Table 5.2 Comparison of Proposed Method with Studies Available in the Literature

Reference Contribution Remark
[151] Converter is operated in discontinuous High current stresses in the switches

conduction mode for RHPZ elimination. leads to decreased efficiency.
Uses output filter and magnetic Coupling inductor increases input

[152] coupling between inductors for current ripples and current stress
RHPZ elimination. on the converter.

[154], Tri-state boost converter topology Extra switch and diode is added to
[155] is proposed the circuit which adds to the cost,

losses and control complexity.
Magnetic coupling between inductors Leakage inductance leads to magnetic

[153] for RHPZ elimination. Issue of input loss, voltage/current stress on
current ripple is solved with integrated converter and electromagnetic

three-winding couple inductor. interference issues.
[156] RHPZ is eliminated with Uses additional circuit components,

diode-capacitor-based step up complicates the circuit
dc-dc converter with RC damping network.

[150] Forward path for energy transfer during Uses additional circuit components,
ON period is provided through complicates the circuit

magnetic coupling.
Proposed RHPZ is addressed by adjusting system Circuit structure is not changed,

Work parameters utilizing meshed hybrid no additional components used,
configuration. exploits features of ST.

experimental setup are given in Table 5.3.

Table 5.3 Hardware Parameters

System Quantities Values
LV grid voltage 80 V (L-L)
ST LV converter Rating = 1 kVA, VLV dc = 200 V,

L f = 20 mH, R f = 0.5 Ω, C f = 10 µF
DG converter Srated = 1 kVA, L f m = 6 mH,

L′f m = 68 µH, C f m = 10 µF, R f m = 1 Ω

BESS Rating = 500 W, fs = 20 kHz,
dc-dc converter L = 13 mH, C = 10 µF

Firstly, the system is operated in the conventional way to observe the issue arising from

the transient of EV charging load. The experimental results are given in Fig. 5.17.

The LVdc and LVac voltages are shown in Fig. 5.17(a) and (b), respectively. Initially,

the BESS maintains the LVdc voltage at 200 V and the ST LV converter maintains the

LVac voltage at 80 V line-to-line. Fig. 5.17(c) and (d) shows the LVac load currents

and DG converter currents, respectively. The LVac load is initially 150 W and the DG

converter is supplying 130 W. Fig. 5.17(e) and (f) shows the EV load current and BESS

battery current, respectively. When the EV load of 180 W is suddenly turned ON, the

LVdc voltage starts to decrease. The BESS current keeps increasing to support the load

but eventually the controller is not able to keep up with the sudden load increase, and

the BESS converter loses its stability. This triggers the protection circuit of the BESS
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Fig. 5.16 Experimental setup. (a) Block diagram. (b) ST. (c) BESS converter. (d) DG
converter.

converter and its switches are turned OFF. With the switches turned OFF permanently,

the converter is unable to boost the voltage and the input voltage of 96 V from the BESS

dc source is seen at the output. As a consequence, the ST LV converter is no longer

able to maintain the voltage at the LVac side. This is seen in the zoomed waveforms.

Similarly the LVac load current and the DG converter currents also get distorted.

Fig. 5.18 shows the waveforms during the same transient with the proposed LVac volt-

age control scheme. When the EV load of 180 W is turned on, the LVdc voltage starts

to decrease. This is detected by the control algorithm and LVac voltage is reduced using

the ST LV converter once the LVdc voltage goes below 190 V. This reduces the LVac

load current and thus the overall load power reduces. This assists the BESS controller

to rebuild the LVdc voltage back to the nominal value. The LVac voltage is again grad-

ually returned back to the nominal value. Subsequently the LVac load currents increase

to their initial values. To support the higher load, the BESS now supplies 3.5 A current.
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Fig. 5.17 Experimental waveforms during connection of EV charging load in conven-
tional manner. (a) LVdc voltage. (b) LVac voltage. (c) LVac load current. (d) DG
converter current. (e) LVdc load current. (f) BESS battery current.

Thus, the load increase transient is smoothened and the system shifts to the higher load

without losing stability.
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5.6 Summary

A method is proposed for stabilizing the ST based islanded meshed hybrid microgrid

during transients occurring from EV charging transients. The ST is used to maintain the

system stability by controlling the LVac voltage when the LVdc voltage goes down. This

is possible as the ST forms the meshed configuration, interlinking the LVac and LVdc

grids. The LVac voltage is reduced to 0.9 p.u. and gradually increased as per the limiting

rate of duty ratio change. This reflects as a corresponding change in overall load of the

system and helps to compensate the slower response time that a BESS converter has

owing to right half zero. The controllers of the system are appropriately designed for

stable operation. Initially, the system is tested with sudden EV charging transient and

the loss of stability is observed. Finally, the proposed scheme for stabilizing the system

during transients is implemented and the effectiveness verified through simulation and

experimental results.
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CHAPTER 6

PARTIAL START-UP SCHEME FOR SMART

TRANSFORMER IN MESHED HYBRID ISLANDED

GRID OPERATION

Chapters 4 and 5 have discussed the islanded operation of the ST based meshed hybrid

microgrid. In such a case, the ST LV converter is operational while its MV converter

as well as the isolated dc-dc converter are shut down. This chapter presents a step by

step start-up method for these two converters of the ST to establish reconnection of

the meshed hybrid LV microgrid to the MVac grid, while keeping the ST LV converter

functional, such that the operation of the LV microgrid is not disturbed.

In [72], the islanded operation of ST and BESS is proposed for a zonal microgrid. How-

ever, these studies do not discuss the islanding and reclosure strategies that need to be

adopted for proper transition between the islanded and grid connected modes. One of

the major challenges encountered in such cases is the re-closure mechanism. Operating

the LV side in islanded mode requires the ST LV converter to be operational. Moreover,

the other two converters of the ST - the ST MV converter and ST isolated dc-dc con-

verter, are turned OFF. To establish reconnection to the grid, these two converters need

to be turned ON. Such power electronic converters in practice generally have bleeder

resistors across the capacitor terminals to ensure that the residual capacitor voltage is

discharged. This ensures safety to personnel and equipment. Therefore, turning ON

such converters initially involves charging the MVdc capacitor. However, a sudden turn

ON can lead to huge inrush of capacitor charging currents, leading to the breakdown of

the power electronic switches.

There are several methods available in the literature for starting procedures of the ST.

Most of the methods have shown starting up of the ST converters one by one in stages

building up the dc link voltages while keeping the inrush current below a limit to prevent

damage to the equipment. A controlled start-up of both the ST MV converter and the ST

isolated dc-dc converter is done simultaneously in [169] to minimize the ST isolation
TH-3008_156102032



transformer inrush current. In [170], ST starting procedures are discussed for both

the directions i.e. starting from MVac side to LVac side and from LVac side to MVac

side. A method of reducing heavy inrush currents by charging the LVdc link from a dc

source connected to the LVdc link of the ST is proposed in [171]. In the next stage,

the MVdc link is charged from the LVdc link. In [172], a DAB control with long dead

time is proposed to reduce inrush currents while starting the ST, and [173] proposes

a novel soft start procedure where the cascaded H-bridge works as a passive rectifier

and the dc-dc stage builds up the dc link voltages. However, these researches discuss

the starting of the ST by charging both the dc link voltages first, and then using the ST

converters for power transfer between the MVac and LVac sides.

In an ST-based LV side meshed islanded operation, the ST LVdc bus is already charged

and the ST LV converter is operational, transferring power to the LVac side from the

LVdc bus. Therefore, in such a scenario, a partial start-up scheme for ST is necessary

which starts the ST MV converter and the ST isolated dc-dc converter without disturb-

ing the operation of the ST LV converter during the process of reconnection to main

grid. Such partial start-up will also be required when there is a fault in either ST MV

converter, ST isolated dc-dc converter or MVac grid. The proposed start-up process

ensures that the initial capacitor charging currents are controlled.

The proposed method involves charging the MVdc bus to 85% of the nominal value

from the LVdc bus which is already energized. Next, the ST MV converter is energized

to build the MVdc voltage to the nominal value. Once that is established, the power

flow from the MVac grid to the LVac grid is started and the transition from islanded

to grid connected mode of the meshed hybrid microgrid is established. To realize the

entire starting process, a centralized controller is proposed. This controller gives the

ON/OFF commands to the various converters and circuit breakers in the system as per

the proposed partial start-up algorithm. Stability studies of the ST isolated dc-dc con-

verter are carried out to ensure that the system maintains stability during the starting

process. Simulation studies and experimental validation have been performed to verify

the proposed starting scheme.
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6.1 Description of the ST-Based Meshed Hybrid Microgrid

An ST-based hybrid distribution grid as shown in Fig. 6.1 is considered. The power

exchange between the MVac and LVac sides take place through the ST MV converter,

ST isolated dc-dc converter and ST LV converter. A BESS is interfaced to the ST LVdc

link. In the grid connected mode, the BESS charges or discharges, working in CCM.

Moreover, the ST isolated dc-dc converter maintains the LVdc grid voltage and the ST

LV converter maintains the LVac grid voltage.

MVac 

Grid

Smart  Transformer (ST)

dc

dc

dc

acdc

ac

MVdc Bus LVdc grid

BESS

dc

dc

LVac grid

ac Loads

dc 
Loads

LV Meshed Hybrid 
Microgrid

ac

dc
ac

dc

EVPV 
System

Fig. 6.1 An ST interfacing an LV meshed hybrid distribution grid to the MVac grid.

In case of islanded operation, the ST MV and ST isolated dc-dc converters are not op-

erational and thus the BESS maintains the ST LVdc bus voltage. This also ensures that

the ST LV converter maintains the LVac bus voltage in the islanded mode of operation.

6.2 Proposed Partial ST Start-up Scheme

The system operates in islanded mode by turning OFF the ST isolated dc-dc converter,

and simultaneously changing the mode of operation of the BESS from CCM to VCM to

maintain the LVdc voltage. Afterwards, the ST MV converter is also turned OFF. The

start-up scheme allows reconnection of the LV meshed hybrid grid to the MVac side

through the ST. In the start-up process, both the MVdc and LVdc buses are controlled

by different converters one after the other. Thus, the proposed scheme also ensures that

there is no overlap of control throughout the starting process. The start-up is done in

three stages. In Stage I, the ST isolated dc-dc converter operates. In Stage II the ST MV

converter operates while the ST isolated dc-dc converter is turned OFF. In Stage III, the

reconnection to MVac grid is established. Detailed explanation for each stage is given

as follows.
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Stage I - Initial Charging of MVdc Bus through DAB

In the first stage, the MVdc bus is charged to 85% of the nominal MVdc voltage, V nom
MV dc.

This is accomplished with the ST isolated dc-dc converter. This is a DAB converter

whose circuit diagram is shown in Fig. 6.2. In a DAB converter, power flow takes

place because of the phase difference between the MVdc and LVdc side voltages. 85%

is chosen so that majority of the charging is done by the BESS through the DAB in

open loop and a margin of over 10% V nom
MV dc is reserved for the next stage. The ideal

power transfer equation for the DAB converter from the MVdc to the LVdc side is

given by [174]:

PDAB =
nδ (1−δ )VMV dcVLV dc

2 fDAB_swLr
(6.1)

where VMV dc is the MVdc voltage, VLV dc is the LVdc voltage, δ is the firing angle

delay between the primary and secondary sides of the isolated dc-dc converter, n is

the isolation transformer turns ratio, Lr is its leakage inductance and fDAB_sw is the

switching frequency of the DAB converter.

VLVdc

S1

S2

S3

S4

S5 S7

S6 S8

n : 1Lr

ST Isolated dc-dc Converter

VMVdc

CMVdc

MVdc 

charging 

resistor
v1 v2

VC_MVdc

Rr

L1 L2

C1

C3

C4

R2

Fig. 6.2 The ST isolated dc-dc converter with MVdc charging resistor.

From (6.1), it can be observed that a negative phase shift (δ ) will result in a negative

power flow, meaning flow of power from the LVdc to MVdc side. However, the ST MV

converter and ST isolated dc-dc converter are not operating initially and thus MVdc

link voltage is zero. Therefore, (6.1) is not valid for the power flow occurring at the

time of starting. Once the switching pulses to the DAB are turned ON, a square wave

voltage (v2) builds up across the secondary winding of the isolation transformer from

the LVdc bus as shown in Fig. 6.2. In the ideal condition with no resistive drops, this

is a square wave voltage with upper and lower limits VLV dc and −VLV dc, respectively.

This voltage induces a square wave voltage (v1) across the primary terminals of the

isolation transformer. The switching of the MVdc side H-bridge further results in a

steady voltage (v1_max) to appear at the MVdc bus. A zero phase shift between the

primary and secondary bridges should have resulted in zero voltage drop across the
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leakage inductor and thus zero current. However, as soon as v1_max appears at the

MVdc bus, the uncharged MVdc capacitor acts as short circuit. In this case, it draws

a high current from the LVdc bus. This power flow is not governed by (6.1) as it is

independent of δ . Therefore, to limit this initial charging current, a charging resistor is

connected in series with the MVdc capacitor for the voltage build-up, as shown in Fig.

6.2. Once the desired voltage is reached, the series resistor is disconnected. If Pmax
DAB is

the maximum load capacity of the DAB, then the value of charging resistor to charge

the MVdc capacitor with rated load capacity of the DAB converter is given by:

Rcharge
MV dc =

(n∗VLV dc)
2

Pmax
DAB

. (6.2)

In (6.2), the value of n is chosen such that n∗VLV dc is equal to V nom
MV dc. When the MVdc

voltage rises to 85% of the nominal voltage, the switching pulses to the DAB are turned

OFF and the charging resistor is removed.

During the capacitor charging period, VC_MV dc is governed by the capacitor charging

expression and is given by:

VC_MV dc =VMV dc

{
1− e

(
− t

Rcharge
MV dc ×CMV dc

)}
(6.3)

where t is the time duration and CMV dc is the capacitance of the MVdc capacitor.

Now, VC_MV dc has to become 0.85 times V nom
MV dc. Thus, from (6.3), we get

1− e

(
− t

Rcharge
MV dc ×CMV dc

)
= 0.85. (6.4)

Further, (6.4) can be reduced to:

t = 1.897×Rcharge
MV dc ×CMV dc. (6.5)

Thus, the minimum value of Rcharge
MV dc is determined by (6.2). Moreover, (6.5) is used to
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calculate the time required to charge the MVdc capacitor.

Goi =
v̂LV dc(s)
v̂MV dc(s)

=
rR0 + srL2(

sC3 +
1

R0+sL2
− 1

R2+sR2
2C4

+ 1
R2
− zn

)(
1

Rcharge
MV dc +s(Rcharge

MV dc )
2CMV dc

− sC1−q− 1
Rcharge

MV dc

)
− yn

(6.6)

God =
v̂LV dc(s)

d̂(s)
=

R0 + sL2(
p

rR2+srR2
2C4
− p

rR0+srL2
− spC3

r + pz
r − xn− p

rR2

) (6.7)

where, p, q, r x, y, z are given by the following expressions

p =
2nVc3

Rr
− 4e−

Rr
Lr (1−δ )T

Rr

(
e

Rr
Lr T +1

) .nVc3,q =
1
Rr

+
1
T
.
Lr

Rr
.

2
(

e−
Rr
Lr T −1

)
Rr

(
e−

Rr
Lr T +1

) (6.8)

r = n.
2δ −1

Rr
+n.

1
T
.
Lr

Rr
.
2
[
e−

Rr
Lr T −2e−

Rr
Lr (1−δ )T +1

]
Rr

(
e−

Rr
Lr T +1

) ,x =
−2Vc1

Rr
+

4e−
Rr
Lr δT

Rr

(
e−

Rr
Lr T +1

) .Vc1

(6.9)

y =
1−2δ

Rr
+

1
T
.
Lr

Rr
.
2
(

e−
Rr
Lr T −2e−

Rr
Lr δT +1

)
Rr

(
e−

Rr
Lr T +1

) ,z = n

[
− 1

Rr
+

1
T
.
Lr

Rr
.

2
(

1− e−
Rr
Lr T
)

Rr

(
1+ e−

Rr
Lr T
)]

(6.10)

There are schemes in the literature where the MVdc voltage is built-up with a charging

resistor by drawing power from the MVac grid through the reverse diodes of the ST MV

converter [170], [175]. This process of passive charging increases the MVdc capacitor

voltage upto the peak of MVac voltage. In such a method, the power electronic switches

cannot control the charging process upto the peak of MVac grid voltage. In the proposed

method, charging starts only when the ST isolated dc-dc converter receives the firing

signals. This is possible because the LVdc bus is already energized in meshed hybrid

islanded operation of LV side. Thus, this method ensures continuous control on MVdc

charging unlike the case for initial charging through ST MV converter.
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Stage II - Final Charging of MVdc Bus Through ST MV Converter

In the second stage the ST MV converter is turned ON to charge the MVdc bus upto its

nominal voltage. Stage I charges the MVdc bus to a value higher than the peak of MVac

voltage. Thus, the reverse diodes of the ST MV converter do not conduct and passive

charging does not occur through the ST MV converter in Stage II. The power flow only

starts when firing pulses are given to the converter. A control loop is implemented to

compensate the converter losses. This ensures that the power drawn from the MVac side

charges the MVdc bus upto V nom
MV dc. During this stage, the ST isolated dc-dc converter is

not operational and thus the power drawn by the ST MV converter is only to charge the

ST MVdc bus.

Stage III - Changeover of LVdc Control

In the third stage, the mode of operation of the BESS dc-dc converter is changed from

VCM to CCM. Simultaneously, the ST isolated dc-dc converter is again turned ON

by providing switching pulses to maintain the LVdc voltage. At this stage, the BESS

power injection is limited to a fixed value and thus the excess power requirement of

the LV side is drawn from the MVac side through the ST MV and ST isolated dc-

dc converters. Thus, the system starts operating in grid connected mode. The entire

flowchart of operation is shown in Fig. 6.3.

6.3 Stability Analysis for DAB Converter

In the proposed partial start-up process of the ST, the DAB converter plays a major

role as the initial charging of the MVdc capacitor is done by this converter. Thus,

it is important to ensure that this converter does not lose stability. The small signal

average value modelling of DAB converter proposed in [176] is used to model the DAB

converter. For the initial start-up process in stage I, the control variable is zero. The

effective output resistance of the converter is considered as R0 for the analysis. T is the

time period of the switching pulse. Based on these, the input to output voltage transfer

function is derived while considering the presence of the charging resistor in the circuit.

This resistor is denoted as Rcharge
MV dc and is expressed by (6.6). The Bode plot for (6.6) is
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Fig. 6.3 Flowchart of partial starting operation.

given in Fig. 6.4. It is seen that the open loop system is stable with infinite gain margin

and a phase margin of 52.2◦.

-100
-80

-60

-40

-20

0

20

M
ag

n
it

u
d
e 

(d
B

)

100 101 102 103 104 105 106
-135

-90

-45

0

45

P
h
as

e 
(d

eg
)

Frequency  (Hz)

Fig. 6.4 Bode plot for input to output transfer function of the DAB converter.

The DAB converter is operated in closed loop to control the LVdc voltage in Stage III.

This is done by controlling the delay angle, δ . The control-to-output transfer function

is derived, and the final expression is given by (6.7) [176]. A PI controller is used as
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a compensator for the system as shown in Fig. 6.5. The transfer function of the PI

controller is given as follows

Gc(s) = Kpd +
Kid

s
(6.11)

where Kpd is the proportional gain and Kid is the integral gain of the PI controller.

Therefore, the transfer function of the compensated system becomes

G(s) = Gc(s)God(s). (6.12)

+
-

Error
ˆ ( )LVdcv s

ˆ( )d s

Controller Plant

*ˆ ( )LVdcv s God(s)( ) id
c pd

K
G s K

s


Fig. 6.5 Block diagram for the ST isolated dc-dc converter output voltage control.

The Bode plot for the uncompensated system is shown in Fig. 6.6. It is seen that

the system has very small low frequency gain of about -30 db below 10 Hz. Thus, to

compensate this, the PI controller is designed with the help of the loop shaping method

[177] to have a phase margin of 55◦ at a gain crossover frequency of 2 Hz .
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Fig. 6.6 Bode plot of control to output transfer function for both uncompensated and
compensated of the DAB converter.

From the characteristic equation of the system G(s), at gain cross over frequency, we

get,

|Gc(s)God(s)|= 1, 6 Gc(s)God(s) =−180◦. (6.13)

From the Bode plot of God , the equations in (6.13) are used to calculate the values of
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Kpd and Kid . Fig. 6.6 also shows the Bode plot for the compensated system. It is seen

that the compensated system has infinite gain margin. Moreover, a phase margin of

57◦ at a gain crossover frequency of 1.38 Hz is obtained. This results in an improved

stability of the system.

6.4 Control Strategies

The controlling action during the start-up of the ST is governed by a centralized con-

troller. This controller receives the start-up command to turn ON or OFF the converters

of the ST and the circuit breakers (CB). When the converters in the system get the

signals from the start-up controller to operate, they perform their assigned tasks. The

control mechanism for each of the controllers in the system are discussed as follows.

6.4.1 The Centralized Controller

The overall proposed starting mechanism is implemented with the centralized con-

troller. This controller receives the start-up command and sends out seven different sig-

nals which are based on the real time value of VMV dc. This is done as per the flowchart

given in Fig. 6.3. The signals have a fixed value in the islanded mode. When the partial

start-up scheme is initiated, the values of these signals change for each stage of oper-

ation. These are shown in Fig. 6.7. The seven output signals for this controller are as

follows.

MVac CB - This is the signal for the MVac CB which connects the ST to the MVac

grid. This value is “0” when the CB is OFF and “1” when it is ON.

ST LVdc CB - This is the signal for the ST LVdc CB. This breaker separates the oper-

ating part of the LV grid from the rest of the system during islanded mode of operation.

MVdc Charging Resistor CB - This is the signal for the MVdc charging resistor CB.

The circuit is designed in such a manner that the MVdc resistor comes into the circuit

only when this CB is OFF. A value of “0” will mean that the CB is OFF and “1” will

mean that the CB is ON.

ST MV Converter ON/OFF - This is the signal which provides the switching pulses
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Fig. 6.7 Control diagram of the BESS integrated ST-based hybrid microgrid.

for the ST MV converter. A “0” value of this signal will mean that no pulses are given

to the ST MV converter.

DAB Converter ON/OFF - This signal switches the DAB converter either ON or OFF.

For a “0” value of this signal, no pulses will be given to the DAB converter. Moreover,

the DAB converter will operate when this signal is “1”.

DAB Mode - This signal determines the mode of operation of the DAB converter when

it is ON. A “0” means open loop operation of DAB with zero angle δ and a value of

“1” means closed loop operation for controlling the LVdc voltage.

BESS Mode - The BESS mode of operation is obtained from this signal. A “0” means

CCM operation and “1” means VCM operation.
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6.4.2 ST MV Converter

This converter exchanges power between the MVac and LV sides as per the demand or

supply from the LV side. This power is denoted by PLV _demand . In addition to that, it

also draws the power from the MVac side to compensate the converter losses (PMV _Loss).

This maintains the MVdc bus voltage.

During the start-up process, the ST MV converter is used only to charge the MVdc

bus. Therefore, the component PLV _demand is not present in the reference power, P∗MVac.

Hence, P∗MVac comprises of only PMV _loss. Once reconnection is established to the MVac

grid, PLV _demand gets added to the total power reference of the ST MV converter. Based

on P∗MVac, the reference currents for the ST MV converter are calculated with the help

of instantaneous symmetric component theory [178]. The complete control strategy for

this converter is explained in Chapter 3, Section 3.3.1.

6.4.3 ST Isolated dc-dc Converter

This converter has two different modes of operation, one during the start-up process

and the other mode is employed once the starting procedure is completed. During the

start-up process, this converter is used to charge the MVdc capacitor upto 0.85 V nom
MV dc

by taking power from the ST LVdc link. The primary and secondary side bridges of this

converter are given switching pulses with 50% duty ratio. As explained in Section 5.2,

the value of the firing angle delay (δ ) is zero during this mode of operation.

For transferring power from the MVdc to the LVdc side in the grid connected mode,

this converter maintains the LVdc voltage. The reference LVdc voltage is compared

with the actual LVdc voltage and the error is passed through a PI controller [100]. The

PI controller design is explained in Section 5.3. The detailed control strategy for this

converter is given in Chapter 2, Section 2.3.2.

6.4.4 SL LV Converter

This converter controls the voltage and frequency on the LVac side in both the islanded

and grid connected modes. A reference voltage of 230 V per phase is maintained at a

frequency of 50 Hz. The deadbeat control strategy is used to regulate the LVac voltage
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[98]. This is explained in detail in Chapter 3, Section 3.3.3.

6.4.5 BESS dc-dc Converter

This converter works in CCM while operating in grid connected mode, and in VCM

during islanded mode of operation. In the CCM, a current reference is obtained from

the power reference which is compared with the actual output current of the converter,

and the error signal is passed through a PI controller to generate switching pulses for

the converter [141].

In the VCM, V ∗LV dc is considered as the output voltage reference of the converter. This

is compared with the actual LVdc voltage. The error is passed through a PI controller

and compared with a triangular signal to generate the switching pulses [141]. The BESS

mode signal gives the information of whether the BESS needs to work in VCM or CCM

and accordingly the corresponding reference and actual values are fed to the controller.

The complete control strategy is explained in Chapter 4, Section 4.4.1.

A comparison of proposed method with ST start-up methods available in the literature

is given in Table 6.1

Table 6.1 Comparison of Proposed Method with ST Start-up Methods Available in
the Literature

Reference Contribution Remark
ST MV converter and the ST isolated Proposed method charges the LVdc link

[169] dc-dc converter are started simultaneously from the MV side. Scenario of already
to reduce transformer inrush currents. energized LVdc link is not considered.

ST starting procedures from MVac side Scenario of already energized
[170] to LVac side and from LVac side to LVdc link is not considered.

MVac side are proposed
[171] LVdc and MVdc buses are charged from a LV meshed grid and pre-operating

dc source connected to LVdc bus ST LV converter is not considered
[172] DAB control with long dead time is done Scenario of already energized

to reduce inrush currents LVdc link is not considered.
Cascaded H-bridge works as a passive LV meshed grid and pre-operating

[173] rectifier and the dc-dc stage builds up ST LV converter is not considered
the dc link voltages

Proposed Partial start-up process builds up the ST LV converter operation and
Work MVdc voltage in stages until re-connection meshed LV grid is not disturbed.
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6.5 Simulation Results

The proposed partial start-up scheme is simulated in PSCAD software. The ST based

BESS enabled LV meshed hybrid microgrid is considered. The ST consists of the MV

converter, isolated dc-dc converter and the LV converter. The ST LV side circuit breaker

enables the disconnection of the ST LV converter from the other two converters of the

ST - the MV converter and the isolated dc-dc converter. This enables the islanded

operation. The simulation parameters are given in Table 6.2.

Table 6.2 Simulation Parameters

System Quantities Values
MV grid voltage 11 kV (L-L)
LV grid voltage 0.4 kV (L-L)

ST MV converter Power Rating = 1 MVA, L f m = 100 mH, C f m = 1 µF
CMV dc = 1350 µF

ST isolated Power Rating = 1 MW, fs = 1 kHz,
dc-dc converter VMV dc = 20 kV
ST LV converter Power Rating = 1 MVA, VLV dc = 1 kV,

CLV dc = 4700 µF, L f = 1 mH, C f = 20 µF
BESS dc-dc Power Rating = 1.5 MW, fs = 10 kHz,

converter L = 1 mH, C = 100 µF

The various signals received from the centralized start-up controller are shown in Fig.

6.8. The MVdc charging resistor CB signal, DAB ON/OFF and ST MV converter

ON/OFF signals are shown in Fig. 6.8(a)-(c), respectively. Fig. 6.8(d) and (e) show the

signals for the modes of operation of the DAB and the BESS, respectively. Fig. 6.8(f)

shows the MVdc voltage and Fig. 6.8(g) shows the LVdc voltage. Initially, the BESS is

operating in VCM maintaining the LVdc voltage, and the ST MV and DAB converters

are OFF. To replicate practical systems, bleeder resistors have been used to ensure that

there is no residual voltage when the system is turned OFF. Therefore, before the start-

up, the MVdc voltage is zero. At t = 0 s, the MVdc charging resistor is connected and

the DAB converter gets the firing pulses with zero value of angle δ . This is seen in

Fig 6.8(a) and (b). Next, at t = 0.5 s, the start-up process is initiated by closing the ST

LVdc CB and providing pulses to the DAB converter. Consequently, the MVdc voltage

starts building up across the MVdc capacitor. It can be seen that the LVdc voltage is

maintained constant throughout the start-up process. There are small oscillations in the

LVdc voltage during the transitions from Stage I to Stage II and from Stage II to Stage

III, but these do not affect the operation of the system.

The system voltages and currents for the transition from Stage I to Stage II and Stage
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Fig. 6.8 Signals of centralized controller and ST dc voltages. (a) MVdc charging
resistor CB signal. (b) DAB converter ON/OFF signal. (c) ST MV converter ON/OFF
signal. (d) DAB mode signal. (e) BESS mode signal. (f) MVdc voltage (g) LVdc
voltage

II to Stage III are shown in Fig. 6.9. Fig. 6.9(a)-(d) shows the MVac voltage, MVac

current, LVac voltage and LVac current, respectively. The ST MV converter is connected

to the MVac grid when the MVdc voltage reaches 85% of nominal MVdc voltage as

shown in Fig. 6.9(e). The system draws MVac current first for fully charging the MVdc

bus and then to supply power to the LV side. The LVac voltages and currents remain

undisturbed during the transition. The corresponding LVdc voltage waveform is shown

in Fig. 6.9(f).

The power flows in the system are shown in Fig. 6.10. The meshed hybrid microgrid

draws a total power of 0.5 MW. A power of 0.4 MW is drawn by the LVac grid and 0.1

MW is drawn by the LVdc grid. This is shown in Fig. 6.10(a) and (b), respectively.

These remain undisturbed during the transition from islanded to grid connected mode.

Fig. 6.10(c) and (d) shows the power supplied by the BESS and the power delivered

by the DAB, respectively. The MVdc capacitor starts charging by drawing power from
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the BESS. This power is delivered through the DAB converter. As the power flows

in the reverse direction through the DAB, there is a corresponding increase of DAB

power in the negative direction. As the capacitor charging currents decays, there is

a corresponding decrease in power flow. On reaching 85% of MVdc nominal value,

the MVac converter starts drawing power from the MVac side. This can be seen in

Fig. 6.10(e). With the completion of the starting process, all the powers settle down to

steady-state values. In the grid connected mode, the BESS is used to limit the power

drawn from the MVac side to 0.4 MW. This results in the BESS supplying a power of

0.1 MW.
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Fig. 6.10 Power flow curves. (a) LVac load power. (b) LVdc load power. (c) BESS
power output. (d) ST dc-dc converter/DAB power output. (e) Power drawn from MVac
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6.6 Experimental Results

The experimental setup block diagram is given in Fig. 6.11 (a). The three stages of

the ST are developed with appropriate sensors for voltage and current measurements.

Moreover, protection schemes are implemented to stop firing pulses in case of over

current or over voltage faults. The ST MV converter and the ST isolated dc-dc con-

verter/DAB setups are shown in Fig. 6.11(b). The BESS is realized with a dc source

and a dc-dc converter. The ST LV converter and the BESS dc-dc converter setups are

shown in Fig. 6.11(c). The hardware parameters are given in Table 6.3.
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Fig. 6.11 (a) Experimental setup block diagram. (b) Photograph of ST MV converter
and ST isolated dc-dc converter/DAB. (c) Photograph of ST LV converter and BESS
dc-dc converter.

Table 6.3 Hardware Parameters

System Quantities Values
MV grid voltage 120 V (L-L)
LV grid voltage 90 V (L-L)

ST MV converter Power Rating = 1 kVA, L f m = 20 mH, C f m = 10 µF
CMV dc = 2350 µF

ST isolated Power Rating = 1.5 kW, fs = 20 kHz,
dc-dc converter VMV dc = 240 V
ST LV converter Power Rating = 1 kVA, VLV dc = 180 V,

CLV dc = 2350 µF, L f = 20 mH, C f = 10 µF
BESS dc-dc Power Rating = 500 W, fs = 20 kHz,

converter L = 13 mH, C = 10 µF

The start-up controller signals along with the dc link voltages are given in Fig. 6.12. The
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MVdc charging resistor CB signal is shown in Fig. 6.12(a). Initially, the DAB converter

is ON and ST MV converter is OFF as shown in Fig. 6.12(b) and (c), respectively. The

DAB mode of operation is in open loop where angle δ is set to zero. This is shown

by the “low” value in DAB mode shown in Fig. 6.12(d). The BESS mode signal

is “high”, depicting VCM operation as shown in Fig. 6.12(e). The ST LV side CB

is closed manually and immediately the MVdc voltage starts rising as shown in Fig.

6.12(f). When the CB gets a “high” signal, it operates and the charging resistor gets

disconnected from the circuit. This occurs after the ST MVdc voltage reaches 85% of

the nominal MVdc voltage. At this point the DAB converter turns OFF and the ST MV

converter turns ON to charge the MVdc bus to the nominal value of 240 V. Once that

voltage level is reached, the DAB converter again turns ON. Simultaneously, the BESS

changes its mode of operation from VCM to CCM and the system starts working in grid

connected mode.

Fig. 6.13 shows the voltages, currents and power flows in the system for the complete

start-up process till the system attains steady-state operation. Once the MVdc voltage

reaches 85% of 240 V, the MVac side CB closes and the ST MVac voltage appears.

This is shown in Fig. 6.13(a). A zoomed in waveform is also shown together. When the

ST MV converter gets the firing pulses, it starts drawing current to charge the MVdc
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capacitors. The current drawn from the MVac side is shown in Fig. 6.13(b). The LVac

voltages and currents are shown in Fig. 6.13(c) and (d), respectively. These remain

unaffected during the entire start-up transition, showing the uninterrupted operation of

the LV side. The BESS power output is shown in Fig. 6.13(f). The total load in

the system is 420 W and initially the BESS completely supplies this power through

the ST LV converter. For the initial build-up of MVdc voltage to 85%, the charging
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power is also supplied by the BESS. Thus, the BESS power output increases during

the initial charging stage. In Stage II, when the ST MV converter charges the MVdc

capacitors, the BESS power injection comes down due to the decrease in capacitor

charging current as the voltage builds up across the capacitor. In the grid connected

mode, it injects a fixed power of 200 W by operating in CCM. The ST isolated dc-dc

converter power output is shown in Fig. 6.13(g). When the start-up is initiated, the

power is negative as there is reverse power flow to charge the MVdc capacitor. Next the

power output becomes zero during the period when the ST MV converter charges the

MVdc capacitors. Finally, in the grid connected mode, the balance load power of 220

W which is not supplied by the BESS, is drawn from the MVac side by the ST isolated

dc-dc converter.

6.7 Summary

A three stage partial start-up scheme is proposed for an ST in meshed hybrid islanded

grid operation. The start-up procedure ensures that the ST MV converter and the ST

isolated dc-dc converter start smoothly to connect LVdc grid to the MVac grid without

disturbing the operation of the ST LV converter. Both the ST isolated dc-dc converter

and ST MV converter are used to build up the MVdc voltage to the nominal value. The

capacitor charging is achieved by limiting the charging current to prevent over currents.

Initial charging through the ST isolated dc-dc converter ensures that the passive charg-

ing through ST MV converter reverse diodes is avoided. The developed stability criteria

for the ST isolated dc-dc converter ensures its stable operation during the start-up. The

simulation and experimental results verify the feasibility of the proposed scheme.
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CHAPTER 7

CONCLUSIONS

7.1 SUMMARY

Electric power systems are changing due to the increasing interest on renewable en-

ergy sources (RES), decentralized generation, energy storage systems, etc. This has

led to various challenges in the electric grid which are currently being addressed with

various devices and technologies. Moreover, in recent times there is an increase in dc

sources and loads in the grid. This has led to the existence of hybrid grids. Hybrid

grids pose various challenges like power management, grid interlinking, microgrid for-

mations, stability issues, etc. Generally, interlinking converters are used to interconnect

the ac and dc grids to form hybrid grids. Therefore, with time, there is an increasing

need of different power converters for specific applications in the electric grid. This

has led researchers to look for solutions which can overcome several grid issues and

requirements.

Researchers have proposed the solid state transformer (SST) as a very promising solu-

tion that address several issues in the modern power system. With additional control

and communication features incorporated to an SST, the capabilities of an SST increase

manyfolds. Such a device is termed as smart transformer (ST). The three stage ST has

been suggested as the most suitable candidate for utilization in the distribution grid.

It comprises of the medium voltage (MV) converter that converts MVac to MVdc, the

isolated dc-dc converter which steps down the MVdc to low voltage (LV) dc and an LV

converter which converts the LVdc to LVac. Since the ST comprises of power electronic

converters, they can be individually controlled to improve the power flow in the grid.

Further, with the presence of dc links, an ST can be used to interface various RES, and

also be used as a device that forms hybrid grids.

This thesis explores the operation of an ST in the hybrid LV microgrid. The ST based

meshed hybrid microgrid had been proposed by extending the ST LVdc link in the distri-

bution grid and connecting to the dc buses of the distributed generation (DG) converters
TH-3008_156102032



already present in the system. The proposed system ensures maximum utilization of DG

converters, reduction in size of ST LV converter, reduction of distribution losses, lower

converter losses during reverse power flow, reduced complexity of control algorithms

and improved LVac line voltage profile.

The islanded operation of the proposed ST-based meshed hybrid microgrid is inves-

tigated and improved power management strategies for optimal power loss reduction

is proposed. A BESS maintains the LVdc voltage in the islanded mode, and the ST

LV converter maintains the LVac voltage. In such islanded operation, the LV side can

operate even when the MV side has some fault. Moreover, intentional MV side shut-

down for maintenance is possible without disturbing the operation of the LV grid. As

the islanding is done at the LVdc link of the ST, the challenge of synchronization dur-

ing reclosure does not arise. The optimal power management algorithm proposed for

reduced loss ensures longer operation time of the system. A method of smart under

voltage load shedding enabled by ST is also proposed to ensure longer operation time

of critical loads in the system.

With the recent interest in EVs, it is certain that the EVs will become very popular in the

near future. Along with it, there will be issues of EVs charging which will draw high

power from the electric grid. In the proposed ST based meshed hybrid microgrid, such

charging transients can lead to system instability especially during islanded operation.

One common stability issue is due to the right half plane zero (RHPZ) that is inherently

present in the control-to-output transfer function of BESS converter. RHPZ results in

slower system response and makes the system unsuitable for high load transients. For

such scenarios in the islanded ST based meshed hybrid microgrid, stability studies have

been conducted and a control algorithm is proposed to ensure that such an islanded

system does not lose stability during EV charging transients.

Finally, a step-by-step start-up procedure is proposed to re-connect the islanded ST

based meshed hybrid microgrid back to the MVac grid. The ST LV converter is opera-

tional in the islanded mode of operation and the reconnection to MVac grid is done by

turning ON the remaining two converters of the ST namely the MV and isolated dc-dc

converter. Therefore, this start up scheme for the ST is named as the partial start-up

scheme. The scheme ensures start-up of the ST isolated dc-dc converter and the ST MV

converter without affecting the operation of the LV grid. Both the ST isolated dc-dc
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converter and ST MV converter are used to build up the MVdc voltage. The MVdc

capacitor charging is achieved by limiting the charging current to prevent over currents.

The simulation study in this thesis has been conducted in PSCAD/EMTDC software.

To practically validate the theoretical findings in a real time hardware prototype, an

experimental setup has been developed. Following are the major contributions of this

thesis.

• An ST based meshed hybrid microgrid is proposed by extending the ST LVdc bus

and connecting to the dc buses of DG converters present in the LV distribution

grid. The system performance is compared with the existing topologies to bring

out the advantages.

• Islanded operation of such a microgrid is explored along with the integration of

EV and BESS. Optimal power loss minimization is done to reduce the line losses

during the islanded operation to improve operation time.

• EV charging transients are analyzed and a method is proposed utilizing the meshed

hybrid configuration to mitigate the transients and improve stability of the is-

landed system.

• Reconnection of the islanded system to the MVac grid through a step-by-step

partial ST start-up scheme is proposed. The scheme ensures that the LV grid

operation is undisturbed during the start-up process.

• An experimental prototype has been developed in the laboratory. All the proposed

control algorithms and operation methods are validated in both simulation and

experimental environments.

7.2 SCOPE FOR FUTURE WORK

This thesis has proposed the ST based meshed hybrid microgrid. With parallel existence

of ac and dc grids, the meshed system provides attractive advantages of loss reduction,

improved converter utilization, multiple power flow paths, etc. This further needs to be

explored in terms of economic viability and cost estimates to modify existing distribu-

tion grids in the proposed manner. There are also aspects like dc distribution, protection,

132

TH-3008_156102032



circuit breakers which will be inherent aspects and components of the proposed system.

These will need detailed studies for practical implementation.

The ST based islanded operation enables islanding at the LVdc link. In this thesis,

aspects like islanding detection, anti-islanding schemes, safety measures, etc. have not

been discussed. In the proposed meshed hybrid microgrid, such aspects will play an

important role. These may be investigated for improved operation and feasibility.

A method is proposed to minimize line losses to achieve improved operation time during

islanded mode of operation of the ST based meshed hybrid microgrid. However, the

converter losses are not considered in the analysis. Moreover, the analysis is done with

the active power loads only. The inclusion of converter losses and reactive power loads

in the minimization algorithm can further improve the system optimization for real

world implementation. Research also needs to be done on the real-time implementation

of the proposed optimization method in actual grid conditions.

An aspect of stability has been analyzed in one of the chapters and a method is proposed

to stabilize the BESS dc-dc converter during EV charging transients. Various such

situations may arise in the meshed hybrid microgrid in the islanded as well as grid

connected modes, where converter and system stability may be jeopardized. Moreover,

as there are multiple power electronic converters in the system, there is the possibility

of intentional as well as unintentional interaction of one converter with another. These

opens the doors for a completely new area of research.
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APPENDIX A

EXPERIMENTAL SETUP DETAILS

Various power converter setups along with auxiliary circuits and components were de-

veloped in the laboratory to verify the operations proposed in this thesis. In addition to

that, digital controllers were used for controlling the various converters. This was done

by programming and operating the controllers from a host computer. Fig. A.1 shows the

schematic of the overall control layout that is used for controlling each power converter

in the experimental setup. The various sections and components of the experimental

setup are explained as follows.

A.1 Power Converters

A.1.1 ST MV Converter

The ST MV converter is realized with a SEMIKRON voltage source converter. All

the voltages and currents necessary for monitoring and control were sensed with a 20

channel transducer circuit fabricated in the laboratory. The signals from the transducer

circuit were fed to a 16 channel signal conditioning circuit to make them suitable for

the analogue to digital converter (ADC) of the ezDSP-F28335 digital controller which

was used to control the converter. A photograph of the setup is shown in Fig. A.4.

Transducer 

Circuit 

Input System 

Voltages & 

Currents

Signal 

Conditioning 

Circuit

Protection 

Circuit

DSP 

Processor

Firing PulsesComputer

Driver 

Circuit

Fig. A.1 Controller layout of the experimental setup.
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A.1.2 ST Isolated dc-dc Converter

For the ST isolated dc-dc converter, a DAB converter was developed with a power rating

of 1.5 kW. The circuit consists of eight IGBTs, four on the primary and four on the

secondary side with a high frequency isolation transformer in between. The PCB was

designed with sensors, protection and delay generation circuits for the proper operation

of the converter. A photograph of the setup is shown in Fig. A.5.

A.1.3 ST LV Converter

The SEMIKRON voltage source converter is used as the ST LV converter which draws

power from the LVdc bus, maintained by the ST isolated dc-dc converter. A photograph

of the setup is shown in Fig. A.6.

A.1.4 Bi-directional dc-dc Converter

To interface BESS to the distribution grid, a bi-directional dc-dc converter rated at 650

W was designed and developed as part of the experimental prototype in the laboratory.

The converter was coupled with sensors for voltage and current measurement to enable

closed loop operation. Protection circuits were also included to protect the converter

against over currents and over voltages. The PCB was designed and developed and

the system was operated with an ezDSP-F28335 digital controller. A similar PCB was

also used in the EV setup which was realized with a dc source and dump load. Fig.

A.7 shows the photograph of the BESS and EV system where the bi-directional dc-dc

converter is used.

A.2 Auxiliary Circuits

A.2.1 Transducer Circuits

To measure the voltages and currents at various points of the setup, Hall Effect trans-

ducers were used. These need a separate circuitry based on the gain factor. The LV 55P

was used to sense the voltages and the LA 25P was used to sense the currents. A pho-
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tograph of the circuit with 10 individual voltage and current sensing channels is shown

in Fig. A.9(a).

A.2.2 Signal Conditioning Circuits

For feeding the sensed signals into the digital controller, further conditioning of the

signals needs to be done to match with the specifications of the ADC pins of the digital

controller. This is done with a signal conditioning circuit which consists of operational

amplifiers used for scaling and level shifting. Fig. A.9(b) shows a PCB which contains

a 16 channel signal conditioning circuit.

A.2.3 Protection Circuits

The protection circuit ensures that the system can be shutdown in case of an undesired

event of over-voltage or over-current. It is realized with operational amplifiers used as

comparators to compare the actual sensed signal with a set reference. Digital circuits

are used to combine the compared values from different sensors, and ensure that the

firing pulses are turned OFF in case any of the sensed signals goes over the respective

reference.

A.2.4 Blanking Circuits

The blanking circuits are used to create a dead band between the top and bottom

switches of each leg in the power electronic converters. They ensure that the turn OFF

time of the switch does not lead to switch turn ON overlap in that same leg, which may

otherwise lead to short circuit.

A.2.5 Relay Circuits

This circuit is used to physically connect or disconnect a part of the system with the

help of the digital controller. The signal from the controller is amplified with the help

of transistors to drive the coil of the relay for each phase. Fig. A.10(c) shows the

photograph of the controller operated relay circuit.
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Bobbin

EE 100/28/60

Ferrite Core

Inductor

Fig. A.2 Photograph of inductor constructed in the laboratory.

A.3 Construction of Inductors

The design process of an inductor is based on three specifications namely (a) the induc-

tance value, (b) the current rating and (c) the operating frequency.

Inductance is given as the number turns squared, divided by the reluctance. This is

expressed as [179]

L =
N2

R
(A.1)

where L is the inductance, N is the number of turns and R is the reluctance.

Reluctance is expressed as

R =

lm
µr
+ lg

µ0Ac
(A.2)

where lm is the mean magnetic length, lg is the air gap length, Ac is the area of cross

section, µo is the permeability of free space and µr is the relative permeability of the

core material. Based on these, the various components and their specifications needed

for the inductor are decided as follows.
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A.3.1 Selection of Wire

The selection of wire for the inductor windings is based on the current rating and the

switching frequency. As the switching frequency increases, due to the appearance of

skin effect, the effective cross sectional area of the conductor reduces. This provides an

added resistance to the flow of current. The American wire gauge (AWG) chart shows

the maximum current that can flow for various cross sectional area of the conductor.

The chart also gives information regarding the maximum frequency the wire can handle

maintaining 100% skin depth. As the cross sectional area of a conductor increases, its

current rating increases. However, the maximum frequency for 100% skin depth de-

creases. Thus, in order to make a winding with high current rating, working at high

frequency, a bundled conductor is made consisting of insulated strands. Such a wire is

called a Litz wire. In a Litz wire, the individual strands are selected based on the maxi-

mum frequency requirement. Based on the current rating of each strand, an appropriate

number of strands are used so that the total rated current of the inductor can flow.

A.3.2 Selection of Core

The size of the inductor core is determined by the number of turns of the wire that

needs to be accommodated in the core. From equations (A.1) and (A.2) it is seen that

the number of turns again depends upon the size and material of the core used. Thus,

a specific core is selected with an arbitrary air gap and the number of turns required is

calculated. Based on the cross sectional area of the Litz wire, an estimate is made if

the required number of turns will fit in the core window area available. In case the core

cannot accommodate the windings, a bigger size of core is selected.

Before finalizing the core, the calculation for flux density in the core must be done to en-

sure that during operation, the magnetization of the core does not exceed the saturation

magnetization (Bs). The maximum flux density is given by

Bmax =
LImax

NAc
(A.3)

where Imax is the maximum current that can flow through the inductor.

To maintain the saturation limits, Bmax must be less than Bs. If this criterion is not
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met, the air-gap length is increased and the number of turns is recalculated. In case the

number of turns is more than what the core can accommodate, the core size is further

increased.

Finally, a trade-off is made amongst the various parameters mentioned above to arrive

at the optimum size of the core.

A.3.3 Construction of Bobbin

Toroidal cores are generally wound directly. However, for other types of core like EE,

EI, CI, etc., the windings are generally done on a bobbin before inserting the bobbin

into the core. The bobbin material is usually an insulating material strong enough to

house the windings.

A.3.4 Winding and Assembly

The Litz wire is wound carefully on the bobbin with the number of turns calculated and

bobbin is inserted into the core. The airgap of the core is adjusted as per the calculation.

Finally, with some binding material like glue or tape, the cores are fixed together.

A.3.5 Specifications of Inductors Constructed in the Lab

The design specifications of the inductor are given in Table A.1. The specifications of

the Litz wire used are given in Table A.2. The core and bobbin specifications are given

in Table A.3.

Table A.1 Inductor Specifications

Parameter Values
Inductance 13 mH

Current Rating 5 A
Frequency 50 kHz
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Table A.2 Specifications of Litz Wire

Parameter Values
AWG 23

Diameter of each strand 0.57404 mm
Maximum current capacity of each strand 0.729 A
Maximum frequency for 100% skin depth 53 kHz

Total number of strands 15

Table A.3 Specifications of Core and Bobbin

Parameter Values
Core material Ferrite

Core size Stack of two EE 100/60/28
Effective magnetic path length (lm) 274 mm

Effective magnetic cross section (Ac) 1470 mm2

Effective relative permeability (µr) 1930
Bobbin material 2 mm thick acrylic sheet

A.3.6 Testing and Comparison

The inductors were used as filters for a grid connected inverter in the existing exper-

imental setup. Fig. A.3 shows a comparison of the inverter currents using purchased

inductors and the ones designed in the laboratory. With the purchased inductors, the

current waveforms are seen to have spikes as shown in Fig. A.3 (a). However, the ref-

erence currents are properly maintained with the inductors developed in the laboratory

as shown in Fig. A.3 (b).

(b)

4V/div

(a)

10 ms/div 10 ms/div

2 ms/div 2 ms/div

4A/div 4A/div

4A/div 4A/div

Fig. A.3 Comparison of current waveforms. (a) Purchased inductors. (b) Inductors
designed in the laboratory.
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A.4 PHOTOGRAPHS OF THE SETUP

ST MV Converter

DSO DSO

dc Power Supply

MCBs

PCC

Load 
Bank

Fig. A.4 Experimental setup for ST MV converter.

Isolation Transformer

dc power Supplies

dc power Supplies

DAB Circuit

Fig. A.5 Experimental setup for ST isolated dc-dc converter.
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ST LV Converter

MCBs

Fig. A.6 Experimental setup for ST LV converter.

(a) (b)

dc Power Supply

96 V Battery

Bi-directional dc-dc ConverterBi-directional dc-dc Converter

Fig. A.7 Experimental setup. (a) BESS. (b) EV.
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PV Array Simulator

dc Power Supplies

PV Boost Converter

Fig. A.8 Experimental setup for PV system.
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(a)

(b)

Fig. A.9 Photograph. (a) Transducer circuit board. (b) Signal conditioning, protection
and blanking circuit board.

Transformer

5V Relay (b)

(c)

(a)

Fig. A.10 Photograph. (a) eZDSP28335 controller. (b) Level shifter circuit. (c) Con-
troller operated relay circuit.
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tionâĂŤutilization potential in a large distribution network company,” IEEE
Transactions on Power Delivery, vol. 30, no. 4, pp. 1694–1701, 2015.

[114] E. Serban, M. Ordonez, and C. Pondiche, “Dc-bus voltage range extension in
1500 v photovoltaic inverters,” IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 3, no. 4, pp. 901–917, 2015.

[115] S. Moskowitz, “The Next Opportunity for Utility PV Cost
Reductions: 1,500 Volts DC.” Greentech Media, May
2015. [Online]. Available: https://www.greentechmedia.com/articles/read/
the-next-opportunity-for-utility-pv-cost-reductions-1500-volts-dc#gs.xqoulr

153

TH-3008_156102032

https://solarbuildermag.com/news/2017-year-1500-volt-systems-take-off-heres-need-know/
https://solarbuildermag.com/news/2017-year-1500-volt-systems-take-off-heres-need-know/
https://www.greentechmedia.com/articles/read/the-next-opportunity-for-utility-pv-cost-reductions-1500-volts-dc#gs.xqoulr
https://www.greentechmedia.com/articles/read/the-next-opportunity-for-utility-pv-cost-reductions-1500-volts-dc#gs.xqoulr


[116] Z.-X. Zou, G. Buticchi, and M. Liserre, “Control and communication in the smart
transformer-fed grid,” in 2016 IEEE 21st International Conference on Emerging
Technologies and Factory Automation (ETFA), 2016, pp. 1–9.

[117] S. U. Jeon, J. Noh, S. Kang, and J.-W. Park, “Practical power management of
pv/ess integrated system,” IEEE Access, vol. 8, pp. 189 775–189 785, 2020.

[118] S. H. M. S. Andrade, G. O. Contente, L. B. Rodrigues, L. X. Lima, N. L. Vijayku-
mar, and C. R. L. FrancÃłs, “A smart home architecture for smart energy con-
sumption in a residence with multiple users,” IEEE Access, vol. 9, pp. 16 807–
16 824, 2021.

[119] S. Ahmadzadeh, G. Parr, and W. Zhao, “A review on communication aspects
of demand response management for future 5g iot- based smart grids,” IEEE
Access, vol. 9, pp. 77 555–77 571, 2021.

[120] W. Shi, X. Xie, C.-C. Chu, and R. Gadh, “Distributed optimal energy manage-
ment in microgrids,” IEEE Transactions on Smart Grid, vol. 6, no. 3, pp. 1137–
1146, 2015.

[121] F. Z. Harmouch, A. F. Ebrahim, M. M. Esfahani, N. Krami, N. Hmina, and O. A.
Mohammed, “An optimal energy management system for real-time operation of
multiagent-based microgrids using a t-cell algorithm,” Energies, vol. 12, no. 15,
2019.

[122] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of Power Convert-
ers in AC Microgrids,” IEEE Transactions on Power Electronics, vol. 27, no. 11,
pp. 4734–4749, Nov. 2012.

[123] Q. Ye, R. Mo, and H. Li, “Multiple Resonances Mitigation of Paralleled Inverters
in a Solid-State Transformer (SST) Enabled AC Microgrid,” IEEE Transactions
on Smart Grid, vol. 9, no. 5, pp. 4744–4754, Sep. 2018.

[124] X. Gao, F. Sossan, K. Christakou, M. Paolone, and M. Liserre, “Concurrent Volt-
age Control and Dispatch of Active Distribution Networks by Means of Smart
Transformer and Storage,” IEEE Transactions on Industrial Electronics, vol. 65,
no. 8, pp. 6657–6666, Aug. 2018.

[125] S. Harasis, H. Abdelgabir, Y. Sozer, M. Kisacikoglu, and A. Elrayyah, “A Center
of Mass Determination for Optimum Placement of Renewable Energy Sources
in Microgrids,” IEEE Transactions on Industry Applications, vol. 57, no. 5, pp.
5274–5284, 2021.

[126] S. X. Chen, H. B. Gooi, and M. Q. Wang, “Sizing of Energy Storage for Micro-
grids,” IEEE Transactions on Smart Grid, vol. 3, no. 1, pp. 142–151, 2012.

[127] R. Manojkumar, C. Kumar, S. Ganguly, and J. P. S. Catalão, “Optimal Peak Shav-
ing Control Using Dynamic Demand and Feed-In Limits for Grid-Connected PV
Sources With Batteries,” IEEE Systems Journal, vol. 15, no. 4, pp. 5560–5570,
2021.

[128] X. Wang and Q. Liang, “Energy Management Strategy for Plug-In Hybrid Elec-
tric Vehicles via Bidirectional Vehicle-to-Grid,” IEEE Systems Journal, vol. 11,
no. 3, pp. 1789–1798, 2017.

154

TH-3008_156102032



[129] E. I. Pool-Mazun, J. J. Sandoval, P. N. Enjeti, and I. J. Pitel, “An Integrated
Solid-State Transformer With High-Frequency Isolation for EV Fast-Charging
Applications,” IEEE Journal of Emerging and Selected Topics in Industrial Elec-
tronics, vol. 1, no. 1, pp. 46–56, 2020.

[130] C. Kumar, R. Manojkumar, S. Ganguly, and M. Liserre, “Impact of Optimal Con-
trol of Distributed Generation Converters in Smart Transformer Based Meshed
Hybrid Distribution Network,” IEEE Access, vol. 9, pp. 140 268–140 280, 2021.

[131] F. K. Abo-Elyousr, A. M. Sharaf, M. M. F. Darwish, M. Lehtonen, and K. Mah-
moud, “Optimal scheduling of DG and EV parking lots simultaneously with de-
mand response based on self-adjusted PSO and k-means clustering,” Energy Sci.
Eng., 2022.

[132] S. Zhou, Y. Han, P. Yang, K. Mahmoud, M. Lehtonen, M. M. Darwish, and A. S.
Zalhaf, “An optimal network constraint-based joint expansion planning model
for modern distribution networks with multi-types intermittent rers,” Renewable
Energy, vol. 194, pp. 137–151, 2022.

[133] Prashant, M. Sarwar, A. S. Siddiqui, S. S. M. Ghoneim, K. Mahmoud, and
M. M. F. Darwish, “Effective transmission congestion management via optimal
dg capacity using hybrid swarm optimization for contemporary power system
operations,” IEEE Access, vol. 10, pp. 71 091–71 106, 2022.

[134] S. Lakshmi and S. Ganguly, “An on-line operational optimization approach for
open unified power quality conditioner for energy loss minimization of distribu-
tion networks,” IEEE Transactions on Power Systems, vol. 34, no. 6, pp. 4784–
4795, 2019.

[135] N. Wang, J. Li, W. Hu, B. Zhang, Q. Huang, and Z. Chen, “Optimal reactive
power dispatch of a full-scale converter based wind farm considering loss mini-
mization,” Renewable Energy, vol. 139, pp. 292–301, 2019.

[136] V. Sarfi and H. Livani, “Optimal volt/var control in distribution systems with
prosumer ders,” Electric Power Syst. Research, vol. 188, p. 106520, 2020.

[137] S.-Y. Shieh, T. Ersal, and H. Peng, “Power Loss Minimization in Islanded Mi-
crogrids: A Communication-Free Decentralized Power Control Approach Using
Extremum Seeking,” IEEE Access, vol. 7, pp. 20 879–20 893, 2019.

[138] N. Vazquez, S. S. Yu, T. K. Chau, T. Fernando, and H. H.-C. Iu, “A Fully Decen-
tralized Adaptive Droop Optimization Strategy for Power Loss Minimization in
Microgrids With PV-BESS,” IEEE Transactions on Energy Conversion, vol. 34,
no. 1, pp. 385–395, 2019.

[139] C. Taylor, “Concepts of undervoltage load shedding for voltage stability,” IEEE
Transactions on Power Delivery, vol. 7, no. 2, pp. 480–488, 1992.

[140] W. K. A. Najy, H. H. Zeineldin, and W. L. Woon, “Optimal Protection Coor-
dination for Microgrids With Grid-Connected and Islanded Capability,” IEEE
Transactions on Industrial Electronics, vol. 60, no. 4, pp. 1668–1677, 2013.

155

TH-3008_156102032



[141] S. Lu, L. Wang, T. Lo, and A. V. Prokhorov, “Integration of Wind Power and
Wave Power Generation Systems Using a DC Microgrid,” IEEE Transactions on
Industry Applications, vol. 51, no. 4, pp. 2753–2761, 2015.

[142] D. Das, V. M. Hrishikesan, C. Kumar, and M. Liserre, “Smart Transformer-
Enabled Meshed Hybrid Distribution Grid,” IEEE Transactions on Industrial
Electronics, vol. 68, no. 1, pp. 282–292, Jan. 2021.

[143] A. Y. Saber and G. K. Venayagamoorthy, “Plug-in Vehicles and Renewable En-
ergy Sources for Cost and Emission Reductions,” IEEE Transactions on Indus-
trial Electronics, vol. 58, no. 4, pp. 1229–1238, 2011.

[144] R. Zhu, G. D. Carne, F. Deng, and M. Liserre, “Integration of Large Photovoltaic
and Wind System by Means of Smart Transformer,” IEEE Transactions on In-
dustrial Electronics, vol. 64, no. 11, pp. 8928–8938, Nov. 2017.

[145] A. C. Nair and B. G. Fernandes, “Solid-State Transformer Based Fast Charging
Station for Various Categories of Electric Vehicles With Batteries of Vastly Dif-
ferent Ratings,” IEEE Transactions on Industrial Electronics, vol. 68, no. 11, pp.
10 400–10 411, 2021.

[146] C. Liu, K. T. Chau, D. Wu, and S. Gao, “Opportunities and Challenges of
Vehicle-to-Home, Vehicle-to-Vehicle, and Vehicle-to-Grid Technologies,” Pro-
ceedings of the IEEE, vol. 101, no. 11, pp. 2409–2427, 2013.

[147] S. Habib, M. M. Khan, F. Abbas, L. Sang, M. U. Shahid, and H. Tang, “A Com-
prehensive Study of Implemented International Standards, Technical Challenges,
Impacts and Prospects for Electric Vehicles,” IEEE Access, vol. 6, pp. 13 866–
13 890, 2018.

[148] A. Tuckey and S. Round, “Grid-Forming Inverters for Grid-Connected Micro-
grids: Developing "good citizens" to ensure the continued flow of stable, reliable
power,” IEEE Electrification Magazine, vol. 10, no. 1, pp. 39–51, 2022.

[149] H.-L. Do, “Nonisolated Bidirectional Zero-Voltage-Switching DC-DC Con-
verter,” IEEE Transactions on Power Electronics, vol. 26, no. 9, pp. 2563–2569,
2011.

[150] B. Poorali and E. Adib, “Right-Half-Plane Zero Elimination of Boost Converter
Using Magnetic Coupling With Forward Energy Transfer,” IEEE Transactions
on Industrial Electronics, vol. 66, no. 11, pp. 8454–8462, 2019.

[151] J. Sun, D. Mitchell, M. Greuel, P. Krein, and R. Bass, “Averaged modeling of
pwm converters operating in discontinuous conduction mode,” IEEE Transac-
tions on Power Electronics, vol. 16, no. 4, pp. 482–492, 2001.

[152] J. Calvente, L. Martinez-Salamero, H. Valderrama, and E. Vidal-Idiarte, “Using
magnetic coupling to eliminate right half-plane zeros in boost converters,” IEEE
Power Electronics Letters, vol. 2, no. 2, pp. 58–62, 2004.

[153] Y. Gu, D. Zhang, and Z. Zhao, “Input/output current ripple cancellation and rhp
zero elimination in a boost converter using an integrated magnetic technique,”
IEEE Transactions on Power Electronics, vol. 30, no. 2, pp. 747–756, 2015.

156

TH-3008_156102032



[154] K. Viswanathan, R. Oruganti, and D. Srinivasan, “Dual-mode control of tri-state
boost converter for improved performance,” IEEE Transactions on Power Elec-
tronics, vol. 20, no. 4, pp. 790–797, 2005.

[155] B. Akin, “An Improved ZVT-ZCT PWM DC-DC Boost Converter With In-
creased Efficiency,” IEEE Transactions on Power Electronics, vol. 29, no. 4, pp.
1919–1926, 2014.

[156] Y. Zhang, J. Liu, Z. Dong, H. Wang, and Y.-F. Liu, “Dynamic Performance Im-
provement of Diode-capacitor-Based High Step-up DC-DC Converter Through
Right-Half-Plane Zero Elimination,” IEEE Transactions on Power Electronics,
vol. 32, no. 8, pp. 6532–6543, 2017.

[157] R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics, 2nd ed.
Springer, 2001.

[158] Hioki.com. "Why is it Important to Measure Battery’s Internal Resis-
tance?". [Online]. Available: https://www.hioki.com/global/learning/electricity/
internal-resistance.html

[159] G. D. Carne, G. Buticchi, M. Liserre, and C. Vournas, “Load Control Using
Sensitivity Identification by Means of Smart Transformer,” IEEE Transactions
on Smart Grid, vol. 9, no. 4, pp. 2606–2615, July 2018.
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