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ABSTRACT

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

support; meshed hybrid microgrid.

The power distribution system is under major transformation due to the increased inte-
gration of renewable energy sources (RESs) and electric vehicles (EVs). Major chal-
lenges due to this transformation are: voltage magnitude variations, limited load and
generation hosting capability of distribution system, operation and control of islanded
and grid-connected microgrids, intermittent power production from RESs, current and
voltage harmonics, increased fault currents, varying demand characteristics of loads,
etc. These problems are addressed using the solutions such as transformer on-load
tap changer (OLTC), enhanced control of distributed generation (DG) sources, AC/DC
hybrid distribution grids, and custom power devices like distribution static compen-
sator (DSTATCOM), dynamic voltage restorer (DVR), unified power quality condi-
tioner (UPQC), etc. The OLTCs are having a limited range of operation, whereas in-
tegrating extra control in DG converters increases the complexity of the operation. Ef-
fectiveness of custom power device operation largely depends on the grid parameters.
Due to all these factors, researchers have identified the need for a central controller in

the distribution grid for the continuous and reliable operation.

Solid-state transformer (SST), which is a power electronic-based transformer, is gain-
ing attraction in power distribution system. An SST with intelligent control integration
is termed as a smart transformer (ST), and it can function as a central controller in dis-
tribution grid. A three-stage ST is best suited in the distribution grid applications due to
the availability of DC links at medium voltage (MV) and low voltage (LV) levels. The
ST can perform voltage transformation operation similar to conventional power trans-
former (CPT). In addition, it can maintain balanced sinusoidal voltages at the ST LVAC
terminal and balanced sinusoidal unity power factor currents at the ST MVAC termi-
nal. Since the CPT is a high efficient and simple solution to voltage transformation, its

replacement with ST can only be justified with the more ancillary services that ST can
TH-2413_ 156102024
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offer in the distribution grid.

Voltage variations are considered to be critical problem in the distribution system. The
reactive power injection capability of ST MV converter is useful for voltage support.
Enhancing the reactive power injection capacity improves the impact of ST in MVAC
grid. This thesis proposes a method to coordinate the operation of ST LV converter
and battery energy storage system (BESS) during MVAC grid voltage sag and swell.
The coordinated operation improves the voltage support from ST with a lower-rated
BESS. Further to the operation during voltage sag and swell, the load and generation
hosting capability of a power distribution system is often restricted by the voltage limit
violations. The hosting capacity enhancement of radial distribution grid helps for ac-
commodating more RES and loads. Moreover, along with the reactive power support,
the ST with BESS integration has the capability to exchange the active power with the
MVAC grid. This thesis proposes a sensitivity based ST and BESS sizing method to
improve the load and generation hosting capacity of a distribution grid. The method
is proposed with the capability to achieve the desired hosting capability with active
and reactive power support independently or with a flexible combination of both. The
proposed method can be adapted to improve the hosting capability of any distribution
grid irrespective of the nature of grid impedance. Another aspect requiring immediate
attention is the power management capability of a distribution system. This is impor-
tant to achieve better reliability and operational flexibility. The hybrid distribution grids
are gaining attraction due to their improved reliability and enhanced power manage-
ment capability. The MVDC based distribution systems are suitable for the establishing
hybrid grids, and ST’s MVDC links are capable of forming MVDC interconnections.
An MVDC based meshed hybrid microgrid is proposed using ST, and the operation
is analyzed in different grid conditions. The MVAC grid and ST MV converter fail-
ure conditions are analyzed in this configuration and enhanced operational freedom is
achieved for the proposed system. The performance of the system is compared with
the existing topologies to show its advantages. In addition, the operation of this system
with the integrated BESS is studied during adverse grid operating conditions. The peak
loading, peak generation and MVAC voltage sag conditions are analyzed. The proposed
method provides an improved power management solution. It flattens the load curve by
managing the spikes in the load curve. The voltage rise conditions are avoided using

the reverse power flow control. The continuous operation during MVAC voltage sags
TH-2413_ 156102024
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improves the reliability of power supply to the LVAC loads. All the operations are val-
idated in the simulation environment. In addition, an experimental prototype is built in

the laboratory, and all the proposed methods are tested.
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CHAPTER 1

INTRODUCTION

1.1 EVOLUTION OF POWER SYSTEMS

Electric power system and grid configuration are under drastic transformation in recent
times. From a large centralized grid, the power system is moving towards a smaller de-
centralized grid with new control features [1]—[3]. This shift is driven by the increased
attraction towards environment-friendly renewable energy-based generating stations in-
stead of fossil fuel-based bulk generating plants. The non-conventional energy sources
such as wind and solar photovoltaic (PV) based power plants are geographically dis-
tributed in nature. Generating stations established to harvest energy from these sources
are typically termed as distributed generation (DG) plants [4], [S5]. On the other side, the
impact of battery energy storage systems (BESSs) on the power system is also increas-
ing due to the improved technological advancements in this sector [6]. Another major
shift is happening in the transportation industry. Fossil fuel-based locomotives and con-
ventional transportation options are moving over to the electric vehicle (EV) technolo-
gies [7]. These changes in load and generation modified the conventional unidirectional
power flow in a power distribution system to a multi-directional one. Moreover, the con-
cept of microgrids is gaining attraction because of its operational flexibility in islanded
and grid-connected mode of operations. The geographical proximity of DGs and loads
in microgrids reduces the line losses for power transfer. However, the stable operation
of microgrids require enhanced active and reactive power control measures [8], [9].
As a consequence of these transformations, the power distribution system’s challenges

have also increased exponentially.

1.1.1 Challenges in the Modern Power Distribution Systems

The stable and reliable operation of a power distribution system is essential under any

operating conditions. Few of the challenges arising due to the structural changes in the

TH-2413 1%%\?(858'ﬂribution system are listed as follows.



* Voltage magnitude fluctuations [10]

* Limited load and generation hosting capacity of existing distribution system [11]
* Operation and control of islanded and grid-connected microgrids [12]

* Intermittent power production by renewable energy sources (RESs) [13]

* Varying load demand characteristics [14]

e Increased fault current [15]

¢ Effect of harmonics [16]

* Charging dynamics of EVs [17]

Out of the various challenges mentioned above, the voltage magnitude variations are
considered to be an important and frequently occurring issue that affect the normal
operation of distribution system. The presence of DG in the distribution system may
introduce voltage magnitude variations due to the uncontrolled reverse power flow [3],
[18]. The voltage rise primarily occurs during peak DG injection times, and the regula-
tion of the active power injection leads to the under-utilization of the RESs. However,
DG operators are forced to control the active power injection in order to follow the
voltage magnitude limits imposed by the grid operators [19]. The voltage rise in distri-
bution grids can lead to permanent damage for the connected equipment in the system.
The rural distribution feeders are more vulnerable to the voltage rise related issues due
to their long span. In a distribution grid with PV installed houses, the feeder and the
transformer impedance play a critical role in determining the rate of voltage rise [20].
The quantification of the adverse effects of high PV penetration is important for eval-
uating the performance of the distribution system. In Fig. 1.1, the voltage profile of a
13-bus system with and without PV penetration is shown [21]. The voltage magnitudes
are well-within the limits without PV penetration as shown in Fig. 1.1(a). However, the
voltage rise is visible in Fig. 1.1(b) for the PV integrated system. This case shows the

impact of PV penetration on distribution system voltage profiles.

Similar to voltage rise, the voltage sags are another critical issue in the distribution sys-

tem. Voltage sags are usually caused by the faults occurring in different parts of the
TH-2413_ 156102024
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Fig. 1.1 Voltage profile of the modified 13-bus system. (a) Without PV generation.
(b) With PV generation [21].

system [22]. Under-voltage magnitudes affect the performance of the connected equip-
ment and the protection systems may force the disconnection of the equipment from the
electrical network. As per the latest grid codes, the DG converters need to be controlled
to ride through the low-voltage conditions [23]-[25]. The presence of EV loads intro-
duce a stochastic nature of loading pattern in the distribution system. The uncontrolled
EV charging during peak load conditions can cause unwanted load current variations,
and voltage magnitude can fluctuate below the allowable limit [26]-[28]. Uncoordi-
nated charging of EV batteries cause larger voltage deviations in the distribution grid.
Charging of EV during evening hours increases the voltage drop in the system and can
lead to lower voltage magnitudes at different buses. The voltage variations occurring in
one side of conventional power transformer (CPT) will propagate to the other side and
causes problems in the different parts of the distribution system, since it provides very
limited isolation to the voltage disturbances. Such adverse effects of EV charging on
distribution system are reported in [28]. The impact of voltage profile due to the un-
coordinated EV charging is shown in Fig. 1.2. A random uncoordinated EV charging
is simulated in the distribution system for different penetration levels of EV, and the
voltage profiles of worst affected nodes are shown. As the penetration of EV increases,
the voltage deviates more than the allowable limits during 1800 h to 2100 h as seen in

the Fig. 1.2.

Another important aspect is hosting capacity. Hosting capability is defined as the total
load or DG capacity that can be accommodated in a distribution system without the
violation of operational parameter limits [29]. The hosting capability of a distribution
system is often limited by the loading on the CPTs and distribution lines, and voltage
limit violations. The DG penetration is limited by the violation of upper voltage magni-
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Fig. 1.2 Impact of uncoordinated EV charging on the voltage profile [28].

tude limits [29], [30]. On the other side, the load hosting capability is restricted by the
violation of minimum voltage magnitude limits. The extra loading burden on the dis-
tribution grid due to the EV’s integration has been reported in [7], [31], [32]. The base
load on the system and extra loading due to EVs are shown in the Fig. 1.3 [33]. The
curve considers the traditional EV charging loads, where the customer plugs the EV to
the distribution system and once the battery is fully charged it will be disconnected. The
peak demand is observed when the EV owner arrives at home in the evening, and plugs
the EV for charging. This direct charging adds to the traditional peak loads, and an in-
creased demand is observed during normal peak hours. Reinforcements in distribution

network becomes an absolute necessity to safely handle these loads.

The active and reactive power control is very important to maintain the voltage and fre-
quency within standards in a power distribution system. The CPT primarily transforms
the voltage between different levels; however, its active and reactive power control ca-
pabilities are limited. In traditional distribution grids with more RES based DG sources,
the reverse power flow scenarios are common. The on-load tap changers (OLTCs) offer
a limited flexibility to control the reverse power flow [34]. Reverse power flow con-
trol requirements in a RES-rich distribution grid is investigated in [35]. Beyond active
power flow, the presence of reactive and harmonic loads are also increasing in the dis-

tribution grid. The presence of harmonic loads on the system generates non-sinusoidal
TH-2413_ 156102024



40 T T T T T T T
EV charging
30 ) .
— Base consumption
=
=
= 20 ]
o
2 /
o
[a W
10 _ 1
O 1 i 1 1 1 1 1
0 3 6 9 12 15 18 21 24

Time (h)

Fig. 1.3 The loading on the existing system with the uncoordinated EV charging [33].

current flow. The single-phase loads and the non-uniform loading on the phases lead
to the introduction of unbalanced three-phase currents. In the absence of compensat-
ing devices, these harmonic and unbalanced currents will be absorbed from the main
source. This increases the total harmonic distortion (THD) of source currents [36]. The
harmonic and reactive current-flow in the distribution system introduces extra power
losses in the system. Moreover, the voltage waveform quality in other parts of the sys-
tem will also be affected due to the harmonic current flow. Another important aspect
is regarding the integration of RES to the conventional AC system. The DG sources
such as PV and BESS generate power in DC, and the integration with the conventional
AC grids requires DC/AC converters [37]. The presence of both AC and DC sources,
and loads require more control and integration facilities in the grid for a smooth and
efficient operation. For the mitigation of these issues, multiple approaches are reported

in the literature. These are discussed in the next section.

Fig. 1.4 Schematic representation of OLTC.
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Fig. 1.5 Impact of coordinated EV charging on the voltage profile [28].

1.1.2 Solutions Proposed in the Literature

Different approaches are discussed in the literature for improving performance of elec-
tric distribution grid. The OLTC is considered to be one of the traditional voltage regu-
lators. A schematic representation is shown in Fig. 1.4. Based on the available voltage
tapping, it can be operated with variable voltage set points in a distribution system.
In [38], the OLTC is combined with distributed energy storage system for voltage rise
mitigation in a grid with high PV penetration. The coordinated control helps in re-
ducing the operational stress on the OLTC. The static var compensator (SVC) can be
used to compensate the reactive power in distribution system. This is suitable for both
the voltage rise mitigation and load reactive power support applications. The reactive
power compensation capability of SVC, and the voltage control capability of OLTC
are combined to improve the hosting capability of distribution system [39]. Tradition-
ally, the DG sources are controlled to supply the active power based on the availability
of RESs. However, the voltage rise issues can be effectively mitigated using the co-
ordinated operation of DG sources [40]. The approach does not directly control the
voltage rise, instead exchanges a necessary reactive power based on the active power
injections. This ensures that the DG active power injection is not causing voltage rise in
the distribution system. Similarly, [41] proposes an active power-dependent strategy for

voltage reztgulation in PV-based DG integrated grids. This method determines reactive
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power based on the feed-in active power for each PV-based DG system, and an indirect
control of the voltage is achieved. In the case of load, the coordinated EV charging
reduces the peak loading on the distribution system [28]. The coordinated charging
improves the voltage profile in worst-effected nodes as shown in Fig. 1.5. The cus-
tomers are divided into low, medium and high priority, and the charging time zones are
assigned based on the priority. This reduces the voltage deviation on the worst affected
nodes. Often, the voltage sags are unbalanced in nature, and they are characterized
by the presence of positive, negative and zero sequence components. The low-voltage
ride-through (LVRT) capability is incorporated in DG converters, which maintains the
grid-connectivity of DG converters during voltage sag conditions [24]. The algorithm
presented in [24] ensures LVRT fulfillment, oscillating power control, and maximum

grid current control.

Ve
Rg L ig %1 i]
iy
————— -1
R |
DSTATCOM | [, | Unbalanced &
: ' | nonlinear loads
I
| Ac |
I
| DC :
I
I Vdc :
| |
| Cdc :

Fig. 1.6  Single-line diagram of DSTATCOM.

The introduction of a DC distribution system is considered to be an option to directly
integrate PV-based DG sources, BESS and EVs [42]. The hybrid AC/DC grids are
gaining attraction due to its capability to integrate sources and loads, both at AC and
DC systems. This improves the power management capability in the overall distribution
system. An interlinking converter is necessary for establishing such hybrid grids and
a back-to-back (BTB) converter is used in [43], where PV source is integrated to the
DC link. The DC bus serves to supply the DC loads, and exchanges active power with
the AC grids. With the proposed control, an improved power management strategy
with decentralized power distribution is achieved in AC/DC hybrid microgrid. In [44],

an_algorithm has been proposed to control different sources and loads in both AC and
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Fig. 1.7 Single-line diagram of DVR.

DC subgrids. The flexibility of proposed power flow control methodology helps in

incorporating better control for DG and interlinking converters.

The custom power devices (CPDs) are power-electronic based devices employed in
the power distribution system for maintaining power quality. These are utilized for
various applications such as current harmonic compensation, load balancing, reactive
power compensation, voltage regulation, etc. [45], [46]. Distribution static compensator
(DSTATCOM), dynamic voltage restorer (DVR) and unified power quality conditioner
(UPQC), etc. are CPDs employed for providing different features in the distribution
system. A single-line diagram of the DSTATCOM is shown in Fig. 1.6. The DSTAT-
COM is a shunt connected CPD. It is capable of improving the power quality problems
associated with the currents, such as harmonic filtering, power factor correction, load
balancing, etc. [47]. Moreover, it can also support the load voltage by the appropriate
injection of reactive currents. It injects the current using an AC/DC converter supported
by a DC link voltage. A single-line diagram of DVR is shown in Fig. 1.7. The DVR
is a series-connected device used to protect the critical loads from supply side voltage
disturbances such as voltage sags/swells, harmonics, etc. [48]. It injects the required
magnitude and phase angle of voltage in series with the distribution feeder using injec-
tion transformers and AC/DC converter supported by a DC link voltage. A single-line

diagram of UPQC is shown in Fig. 1.8. The UPQC combines the series and shunt active
TH-2413_ 156102024
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Fig. 1.8 Single-line diagram of UPQC.

power filters sharing a common DC link [49]. It is capable of simultaneously providing
different services such as voltage sag/swell mitigation, harmonic current compensation,

power factor correction, etc. in the distribution system.

The OLTC is a simple solution to the voltage rise/drop problems; however, the range of
operation is very much limited. Integrating the reactive power control for DG converters
increases the control complexity. More coordination will be required from different
operators to maintain the voltages within grid-code limits. Active power curtailment
methods reduce the overall energy extraction from RESs. Continuous research is being
carried out on hybrid microgrids, and more structural transformations are needed to find
the optimal configurations. The CPD operation largely depends on the R/X ratio of the

grid, and the voltage support using reactive power is effective mainly in inductive grids.

The various challenges and the solution strategies are highlighted in the previous sec-
tion. In addition, the limitations of these solutions are also discussed. From these
studies, it is conclusive that multiple strategies or devices are needed to handle different
challenges in the distribution grids. In this scenario, a power electronic based alterna-
tive to CPT has gained attraction, that can work as a central controller to control and
coordinate different components in a distribution system. This kick-started significant
focus on power electronic transformer (PET), also known as solid-state transformer

(SST) [50].
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Fig. 1.9 Topologies of SST [51].

1.1.3 Solid-State Transformer

The concept of power electronics-based transformer has been proposed as a DC trans-
former in 1968 [52]. However, the major transformation in this concept happened after
the development of power electronic switches such as insulated gate bipolar transistors
(IGBTs). The first form of PET was an AC-AC single-stage conversion device [50].
Later, different topologies were proposed. Fig. 1.9 shows few of the major topolo-
gies of SST [51]. Type-A configuration operates as a direct AC to AC conversion with
transformer isolation to step down from medium voltage (MV) AC to low voltage (LV)
AC. This configuration presents a simple low-cost and lightweight solution. However,
the absence of DC link makes this device not suitable for reactive power control op-
erations. Type-B is a two-stage structure consisting of an isolated AC-DC conversion
stage for providing the LVDC level followed by a DC-AC converter to supply the LVAC
loads. This structure has a DC link that makes it suitable for reactive power compen-

sation with suitable converter topologies. However, the unavailability of matured con-
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Fig. 1.10 The converter architectures identified for different stages of SST [53].

verter topologies to implement MVAC to LVDC conversion makes this structure less
attractive. Type-C is also a two-stage structure; however, isolation is provided between
MVDC and LVAC conversion. For this structure, the multilevel topologies are available
for MVAC to MVDC conversion. This configuration also has the capability for reactive
power control. However, the unavailability of DC link at the LVDC level makes this de-
vice unsuitable for renewable integration at DC link. Type-D is a three-stage conversion
structure with high-frequency isolation between the MVDC and LVDC stages. There is
an increased attraction towards three-stage type-D structure because of the possibility
of optimization at each stage in terms of efficiency, volume, and weight. Moreover, the
availability of DC links at MV and LV levels make this structure suitable for several
applications such as RES and BESS integration, establishing DC distribution systems,
etc. All these configurations are analyzed extensively, and various merits and demerits

are detailed [51].

The three-stage SST is considered to be a flexible option to implement the modular ar-
chitecture in each stage. Fig. 1.10 shows different converter architectures identified for
three-stage SST [53]. For the MVAC converter, the three-level neutral point clamped
(NPC) converter [54], cascaded H-bridge converter [55] and modular multilevel topolo-
gies [56] are feasible options. The multilevel topologies such as three-level NPC, is the
immediate available solution for the MVAC converter because it is a well-used option
in industry. The availability of DC link is another feature which makes it suitable for
MVAC converter. Cascaded H-bridge converter is modular solution with low-control

complexity. However, the absence of DC link at the MVDC level makes this struc-
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Fig. 1.11 Potential applications of SST [51].

ture less attractive. The modular multilevel topologies provide a modular option with
the availability of DC link, however the suitability in MV range needs further study.
Considering the availability of MVDC link and control simplicity, a three-level NPC
converter is considered to be suitable option for distribution system application. For
DC-DC converter, the dual active bridge (DAB) converter [57], series resonant (SR)
converter [58], multiple active bridge (MAB) [59], etc. are discussed in the literature.
The DAB and SR converters provide high efficiency and power density. The SR con-
verter provides a well regulated DC voltage for a wide range of loads. The DAB is con-
sidered to be a better option if the output voltage or power flow control is required. The
MAB is also a suitable option similar to DAB, and it uses a single isolation transformer
for multiple active converters. The constant power flow control between MVDC and
LVDC links is important for the distribution grid applications, and the DAB converter is
considered to be a suitable option. For LV converter, standard two-level converter with
neutral connected to the midpoint of DC link [53], and three-level NPC converter [54]
are most suitable options. The two-level converter is a simplest option offering a neutral

link, which is required for the three-phase four-wire LVAC distribution grid.

The laboratory-scale prototype of PET is proposed for traction applications in [60].
The weight and volume reduction was attractive in the traction applications; however,
the gain margin due to this was not enough to replace the CPT in traction industry.
A complete SST to CPT comparison is provided in terms of volume, weight and cost

in [61]. At the present stage, the complete AC-AC conversion of SST is costlier than
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the CPT and includes higher losses. However, the AC-DC conversion applications offer
a better solution than CPT in terms of overall power loss, weight and volume. The use
of SST for the MV/LV substation applications has been receiving more interest in the
recent years, and various research projects such as "THEART’ [53], 'TFREEDM’ [62],
etc. are under progress to explore this feature. The academic research in the field of
SST has been carried out in different directions, and SST is proposed as an energy
router in renewable-rich power systems [62]. In [63], an SST prototype is demonstrated
for the applications in the power distribution system. The potential application of SST
in the distribution system has been identified in [51], and it is shown in Fig. 1.11.
The basic operation being the voltage transformation, it has the capability to replace
different conventional solutions and CPDs in multiple applications. The integration of
RES, BESS, harmonic and reactive power compensation, etc. are few of the identified
applications. The realization of potential features in real-time applications require the
incorporation of control and communication features to the basic SST structure, and

this transforms SST into a smart transformer (ST) [53].

1.2 SMART TRANSFORMER

Replacing CPTs in a distribution system is a great challenge because CPT is a highly
efficient and cost-effective solution to voltage transformation. Simple replacement of
a CPT with ST can only be justified with the ancillary services provided by ST, along
with voltage transformation [53], [64]-[67]. Fig. 1.12 shows the features of ST in
distribution grid applications [64]. In the MVAC grid, ST has the capability for voltage
support, power quality improvement, etc. In the MVDC link, it can integrate BESS,
EV fast-charging station, PV, etc. Similarly in the LVDC link, the renewable and BESS
integrations are possible. In the LVAC grid, ST is used for controlling the voltage, load,

and power quality [64].

The three-stage ST configuration consists of an ST MV converter, ST DC-DC converter
and ST LV converter as shown in Fig. 1.13. Each of the stages is controlled by a separate
PWM controller. The ST MV converter controls the active power flow and MVDC link
voltage. The ST DC-DC converter maintains a constant LVDC link voltage. The ST
LV converter maintains a three-phase balanced sinusoidal voltage at the LVAC terminal

irrespective of the load. The ST MV converter maintains a unity power factor current
TH-2413_ 156102024

13



MV
| dec M
-
( ( { | |
o
I
BN | '\
o8 !
2
BN 27
_____ < PV~
! o= 1
ac LV ac LV dc LV | W Ly 2
. =X WTy 44 3
| ~— 2! @
AR U =
1 (&)
4 - 2 i a ac LV s =
2 3 - > . 23 2
- (W) PviA+ | wpda .  (BESSHAs
4| 5 3 .21 3 2| B :
o e @ @
13 @WDHE WA E YAt d
g = 3|3 e A 5 3 g
______ |
£ @)g (B IA4E @+41c B
2| E g 2 e 2| = 2 =
(M) )+ BESSIA® @rdp
]

Fig. 1.12 The features of ST in distribution system [64].
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Fig. 1.13 A three-stage smart transformer with basic control block [53].

absorption from the MVAC grid, and the active power required at the LVAC side of ST
is absorbed from the MVAC grid by the ST MV converter. In Fig. 1.14(a) and (b),
two operational scenarios are shown. The LVAC grid voltages are unaffected by the
MVAC grid voltage sags. Fig. 1.14(a) shows the ST MV converter currents, which
increases due to the voltage sag to provide the active power requirement at the LVAC
side. The LVAC voltages remain unaffected as seen in Fig. 1.14(a). In the second case,
the operation of ST with nonlinear LVAC loads is considered as shown in Fig. 1.14(b).
The nonlinear part of the LVAC loads are not reflected back to the MVAC grid currents
and it is supplied from the ST LV converter. The MVAC current remain sinusoidal as
seen in Fig. 1.14(b) irrespective of the nonlinear current at the LVAC grid seen in the

Fig. 1.14(b).
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Fig. 1.14 The ST operation (a) during MVAC grid voltage sag. (b) with nonlinear
LVAC load [53].

The ST MV converter is controlled as a current controlled voltage source converter.
The load requirement at the LV side and converter losses are provided from the MVAC
grid. Various control methods are discussed in literature for current controlled voltage
source converters. All these controllers operate to minimize the error between reference
and measured currents by generating appropriate PWM switching states. The current
control methods can be classified as linear and nonlinear type controllers [69]. In the
linear controlling schemes, the error compensation and modulation parts are separated,
and this allows user to choose a constant switching frequency as per requirement. The
PI based synchronous controllers are one of the linear controller. The three-phase cur-
rents are converted to their rotating synchronous d and ¢ components. Two separate PI
controllers are used for d and ¢ to reduce the errors in respective components. The PI
outputs are transformed back to three-phase voltage commands to use in PWM mod-
ulator [70]. Similarly, the currents are used in stationary coordinates, and controlled
using the current controllers [69]. Other possibility for ST MV converter is the use of
harmonic current controllers. The harmonic current controller helps the ST MV con-
verter to reduce the harmonics in the current during distorted voltage conditions [70].
In the nonlinear control schemes, the hysteresis current controller [71], [72] directly

provides the switching states when the error between actual and reference currents ex-

TH-2413_ 156102024

15



Wind farm+SCIG

—QD (D)

transformer

grid
T
capacitor bank
STATCOM
(a)
Wind farm+SCIG

— (o

grid
(b)

Fig. 1.15 Wind farm integration using (a) CPT. (b) SST [68].

ceed a tolerance band. The hysteresis controllers provide advantages such as simplicity
in implementation, good dynamic response and low tracking error, etc. Various ST

applications explored in the literature are provided as follows.

The interconnection of RESs at the ST LVAC bus is realized in multiple scenarios [68],
[73], [74]. In [68], SST based wind energy conversion system has been proposed, and
the SST smooths the voltage fluctuations caused by the wind transients. Fig. 1.15(a)
shows the conventional wind farm system with CPT and STATCOM for reactive power
compensation. The SST integration eliminates the STATCOM and CPTs as shown in
Fig. 1.15(b), and an improved operation is reported [68]. In [73], a similar configuration
is used for wind farm integration. The operation of the SST based configuration is
verified during symmetrical and unsymmetrical fault conditions. A configuration is
used in [74] for the integration of large renewable sources with a CPT-ST combined
system. In this configuration, the ST MV and LV converter capabilities are utilized for

harmonic and reactive power compensation.

In the LVAC grid, the ST has been utilized to reduce the load consumption by soft load
reduction method [75]. This method is also used to reduce the overload on ST by the
voltage control. The proposed method is applicable as an alternate to the load-shedding
measures, and it effectively reduces the load depending upon the grid operator request.
Fig. 1.16(a) show the ST LVAC voltages and a distant bus voltage for load control
operation. The voltage is reduced, and a corresponding load reduction is shown in Fig.

1.16(b). Distribution system with high penetration of RESs lacks system inertia due to
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Fig. 1.16 The load control operation of ST. (a) ST LV voltage and voltage at a distant
bus (green). (b) Load reduction [75].

the presence of more number of power electronic converters in place of conventional
generators with rotational dynamics. Due to this characteristic, the frequency deviations
are much more severe in these grids. The fast load control is a promising solution for
providing inertia support, and [76] proposes a method using ST to support frequency
regulation by voltage sensitivity based load power control. Single-phase to ground
faults are common in the LVAC grids, and ST is capable of controlling the fault currents.
The ST is capable of providing continuous operation during single-phase to ground
faults with healthy phases. During this operation, the LVDC capacitor experiences
larger oscillations which affect the ageing of the capacitor. In [77], a method is proposed
to reduce these oscillations. Moreover, the neutral current during these faults is limited

using the proposed method.

The stability of LVAC grids is important with the integration of multiple power elec-
tronic converters. The ST fed LVAC grid with multiple renewable integrations requires
enhanced methods to stabilize the operation [78], [80], [81]. Fig. 1.17 shows the ST
LVAC voltage and distributed energy resource (DER) current in an LVAC distribution
grid. Without effective damping methods, the voltage and current remain distorted,
and a lead element filter (LEF) based active damping improves the voltage and current
waveforms [78]. The proposed method improves the overall stability of ST based LVAC

distribution grids. The LVAC grid to MVAC grid reverse power flow is important in case
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Fig. 1.17 The ST LVAC voltage and DER current with and without stabilization
method [78].

of distribution grids with more number of RESs, and [79] proposes a method to control
the reverse power flow using ST. The reverse power flow control reduces the voltage
rise in the distribution grid. Here, the LVDC link voltage is considered as a parame-
ter to detect reverse power flow. Based on the increase in DC link voltage magnitude,
the ST LV converter regulates the LVAC frequency. The DG sources adjust the active
power injection to the grid depending on the frequency. Moreover, this study explores
the stability of the proposed controller. Fig. 1.18(a) shows the PLL frequency of PV-
based DG connected to the distribution system. Following a DC voltage increase shown
in Fig. 1.18(b), the ST controller increases the LVAC grid frequency. Depending upon
the frequency characteristics, the power injection is reduced by the DG converters, as

shown in Fig. 1.18(c).

The DC link of ST is used in different applications, and the operation of SST based
DC microgrid is discussed in [85]—[88]. In [85], SST based DC microgrid architec-
ture is proposed. This study focuses on the power management aspects of SST inter-
connected AC and DC microgrids. A zonal DC microgrid is considered in this study
with loads, storage, and RESs. The interconnection to the AC microgrid is realized
through SST and this improves the reliability of the DC microgrid. Different oper-
ating modes namely, passive grid interaction mode, active grid interaction mode, and
islanding mode, are considered for the detailed analysis. In [86] a novel power man-
agement strategy is proposed for DC microgrid with SST integration. This proposes a
communication-less intelligent control algorithm considering the state of charge (SOC)
of BESS, SST AC loads, and PV based RES. In [88], for an SST based hybrid mi-
crogrid, a hierarchical power management scheme is proposed. This control scheme
consists of different control layers based on different time scales and helps in operation
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Fig. 1.18 Reverse power flow control operation of ST. (a) Frequency of PV PLL. (b)
ST DC link voltage. (c) Theoretical and measured PV power [79].

during islanded and grid-connected modes of operation. The LVDC link is also used
for BESS integration, and the BESS is used for AC grid support functions [82], [89].
In [89], two control objectives are analyzed. First, based on the load forecasts, a BESS
dispatch plan is determined with the information about the residual charge. In the sec-
ond control objective, voltages at MVAC and LVAC grids are controlled. For the MVAC
grid, a reactive power control method is used to control the voltage within limits. For
the LVAC grid, proper voltage set points are used such that the voltage is controlled
along the feeder. A BESS charging and discharging method is proposed in [82]. The
proposed method improves the efficiency of charging and discharging of BESS com-
pared to the conventional methods. It also shows that, by the proper sizing of BESS for
peak load shaving operation, the power rating of ST converters can be reduced. During
MVAC grid voltage sag, the BESS supports the ST LVAC loads, and ST MV converter
remains connected with the MVAC grid. The experimental results are shown in Fig.

1.19. Fig. 1.19(a) shows the MVAC voltage, whereas Fig. 1.19(b) shows different pow-
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ent powers [82].

ers. The MVAC grid experiences a voltage sag as seen in Fig. 1.19(a). During sag, the
ST MV converter absorbs the active power from MVAC grid as per the maximum rating
to support its LVAC loads. The remaining LVAC load power is supplied by the BESS

as seen in Fig. 1.19(b). The load power remain constant during the operating period.

The MVAC grid support functions are investigated for different applications [83], [84],
[90]-[92]. In [83], the authors tested the voltage control operation of SST in an IEEE
34-bus system. The proposed dynamic voltage-var control algorithm helps in regulating
the voltage by the exchange of reactive power. In addition, the proposed algorithm does
not require any communication for its execution. The phase-c voltage of bus with and
without control is shown in Fig. 1.20. With the volt-var control, the voltage profiles
are maintained within the boundaries. In [84], reactive power support is used for loss
reduction. The SST installation at different scenarios are considered, and an increased
deployment of SST in distribution system can result in reduction of distribution system
losses. In Fig. 1.21, the losses are plotted with the increase in the installed SST ca-
pacity. The graph shows the reduction in losses with the increase in SST penetration.
A dual microgrid operation of ST is proposed in [90]. During normal operation, the
ST supports the LVAC loads and exchanges the active and reactive powers with MVAC
TH-2413_ 156102024
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Fig. 1.20 Bus voltage of phase-c [83].

grid depending upon the availability of RESs. In the event of MVAC voltage distur-
bances, the ST supports the MVAC grid sensitive loads. The MVAC grid harmonic
compensation features of ST are explored in a two-feeder system [91]. For the ST con-
nected feeder, the ST LV converter supplies the harmonic and reactive loads. The ST
MYV converter supplies the active power requirement at the LVAC grid and compensates
for the second MVAC feeder harmonic and reactive power loads. The source current
supplies only active part of the load. In double circuit lines, during a fault on one line
or transformer, the healthy line is used to supply the entire load. In this scenario, the
healthy line and transformer may get overloaded. In [92], the ST supports the critical
loads of the faulty feeder during fault condition. This operation improves the reliability

of power supply to the loads and reduces load-shedding requirements.

1.3 MOTIVATIONS

The renewable-rich modern distribution grid is experiencing multiple challenges such
as voltage magnitude variations, limited active and reactive power control capability,
harmonic currents, etc. For addressing these challenges, various solutions are proposed
such as active/reactive power control of DG, integration of CPDs, AC/DC hybrid micro-
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Fig. 1.21 Losses in IEEE 33-bus distribution system [84].

grids, etc. These solutions are used in different applications based on the requirement.
However, a central controller can be used to coordinate and solve multiple issues in the
distribution grid. This need lead to the emergence of ST. In addition to the features of
CPT, the ST has potential to perform multiple grid support functions in LVAC, MVAC,
and DC distribution grids. The ST features are explored in the LVAC grid during mul-
tiple scenarios. However, the MVAC grid support functions are little explored, and it

requires more attention.

The reactive power support during voltage disturbance is important to maintain the sta-
ble operation of the distribution system. The ST MV converter is capable of providing
necessary reactive power for the support of voltage in the MVAC grid [83]. However,
the maximum amount of reactive power exchange depends on the rating of the con-
verter. Coordinating the operation of ST LV converter and BESS capabilities during
MVAC grid voltage disturbances improve the performance of ST MV converter. This

aspect is not explored in the literature.

The hosting capability of a distribution grid is defined as the amount of load or genera-
tion that can be accommodated to a distribution system without the violation of network
parameters such as voltage limits, thermal limits etc. The load and generation hosting
capabilities are important in the modern distribution grid for accommodating more loads

and RESs. The voltage magnitude variations often limit the hosting capacity of a dis-
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tribution system. Active and reactive power support strategies are proposed in different
studies for enhancing the hosting capacity [93], [94]. The ST with BESS integration
has the capability to control the active and reactive powers in the distribution system.
This feature has the potential to improve the hosting capacity in a distribution system
which is not explored in the literature. This investigation can eventually expand the

operational flexibility of ST in a distribution grid.

The LVDC link potential is explored in different applications such as the integration
of BESS [82], [89] and enabling LVDC microgrids [86]. However, the MVDC link
features are not widely explored. The MVDC based distribution system has emerged
as a modern-day solution for power management problems in the conventional AC mi-
crogrids [95]. Interconnection of the AC microgrids with MVDC system leads to the
formation of hybrid microgrids. Therefore, the ST MVDC link availability is an option
to establish hybrid microgrids. The operation of ST-enabled MVDC interconnected
systems needs to be studied and the performance required to be compared with the con-
ventional solutions. Moreover, the performance of this system with the integration of

BESS needs to be studied during different adverse grid operating conditions.

1.4 OBJECTIVES

Based on the literature and motivations, the following are the objectives of this research

work:

1. To develop a strategy to coordinate the operation of ST MV converter, ST LV
converter, and BESS for improving the reactive power injection capability of ST

MYV converter during MVAC grid voltage sag and swell.

2. To investigate the potential of BESS integrated ST in improving the hosting ca-

pacity of MVAC distribution system.

3. To explore the features of an MVDC based meshed hybrid microgrid enabled

using STs, and comparison with the existing architectures.
4. To study the operation of an MVDC based meshed hybrid microgrid configuration

using a BESS integrated ST during adverse grid conditions.
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5. Validation of all the operating algorithms with real-time simulation studies and

experimental verifications.

1.5 ORGANIZATION OF THE THESIS

Chapter 1 begins with the description about the evolution of power distribution system.
The challenges faced by the modern power distribution systems, and the solutions pro-
posed in the literature are described. The concept of SST and its evolution is explained.
This is followed by the introduction of ST and their applications in the distribution
systems. The motivations and main objectives of the thesis are also provided in the

chapter.

Chapter 2 explains the operation of ST for the voltage support during symmetrical grid
voltage sag and swell. The system configuration considered for the study is provided.
The proposed control methodology is explained for ST MV, DC-DC, and LV converters
and BESS. The impact of the proposed coordinated voltage support in the distribution
grid is explained. The sizing of different power converters is also given in this chap-
ter. Finally, the simulation and experimental validations of the proposed method are

provided.

Chapter 3 provides the operation of ST in a radial distribution grid for the enhancement
of the hosting capacity of the system. The system configuration and sensitivity analysis
based converter sizing are explained in detail. The control of different power convert-
ers is discussed. The proposed method is validated with simulation and experimental

results.

In Chapter 4, an ST based meshed hybrid microgrid operation is introduced. The
conventional and restructured system configurations are provided. Different modes of
operation of the meshed hybrid microgrid is discussed, and the control of converters is
explained. Different parameters for the proposed system is compared with the exist-
ing technologies, and the important advantages are listed. Finally, the simulation and

experimental results are explained in detail.

The operation of meshed hybrid microgrid based on ST is further analyzed in Chapter
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S for the operation during peak generation, peak load and voltage sag conditions. Dif-
ferent modes of operation and control of power converters are explained in this chapter.

Detailed simulation and experimental results are also provided.

Chapter 6 presents the important conclusions from the research work and the sugges-

tions for the future scope.

The details of the experimental setup with photographs are given in the Appendix.
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CHAPTER 2

INCREASING VOLTAGE SUPPORT USING SMART
TRANSFORMER BASED ENERGY STORAGE
SYSTEM AND LOAD CONTROL

In Chapter 1, the challenges associated with the modern distribution grid and various
solutions are explained. It also gives an introduction to ST and its prominent function-
alities. Out of the different challenges mentioned in Chapter 1, voltage disturbances are

critical power quality concern in electric distribution grid.

Voltage sag is defined as the decrease in fundamental frequency voltage magnitude
between 0.9 and 0.1 p.u. for a duration of half cycle to 1 min [96]. Voltage sags
are typically caused by the system faults or sudden load changes . Similarly, swell
is defined as the increase in fundamental frequency voltage magnitude between 1.1
and 1.8 p.u. for a duration of half cycle to 1 min. Voltage sag and swell affect the
normal operation of loads as well as DG sources and reduce the overall reliability of the
system. For improving the voltage at point of common coupling (PCC), different grid
codes require control of active and reactive powers through power electronic solutions.
Voltage disturbances affect the normal DG operation, and may even force disconnection
of DG sources from electric grid. Various solutions are proposed in the literature to keep
the PCC voltage within grid codes, such as OLTC [97], DSTATCOM [96], DVR [98],
UPQC [49], etc. Instead of using the additional devices, various control schemes have
been developed to improve grid voltage by the effective control of DG converter active
and reactive powers [99]-[101]. The BESS is considered to be an effective solution for
peak load shaving operation, and it also has the potential to improve the voltage in the
electric grid. Moreover, the BESS and DG coordinated operation can improve voltage
regulation performance [102]. The voltage support from DG reduces the active power

exchange from the converters, and thereby decreases the overall energy harvest.

The various power electronic-based solutions mentioned above are effective in provid-

ing the voltage support. Similarly, the ST is also capable of exchanging the reactive
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power with the MVAC grid in addition to the supply of active power to its LVAC loads.
The ST reactive power support can be utilized for improving the voltage at the MVAC
grid [83]. This chapter investigates an enhancement strategy for ST’s performance in
MVAC grid voltage support. The integration of BESS at ST LVDC link is realized
n [82], [89]. In [82], the MVAC grid voltage sag operation is analyzed; however, no
voltage improvement strategies are discussed. The BESS is used to support the LVAC
active power during MVAC grid voltage sag. The voltage support operations are dis-
cussed in [89] at MVAC and LVAC grids without the help of BESS. The load control
features of ST LV converter is analyzed in [75]; however, the MVAC grid voltage con-

trol operations are not investigated.

From the literature mentioned above, the following details are observed:

* The reactive power capability of a grid-connected converter is important for the
voltage support

» Utilizing DG converters for voltage support reduces the overall energy export
from these sources

* The LVAC load support features of ST integrated BESS are explored for differ-
ent applications [82], [89]; however, the service is not explored for MVAC grid
voltage support

* The ST is utilized for MVAC grid voltage support [83], however the reactive
power injection capability improvement is not discussed

* The load control features of ST LV converter is an important application [75], and
it has the potential to improve the performance of ST MV converter as well.

This chapter explores the idea of utilizing the load power control features of ST LV
converter and BESS for improving the reactive power injection capability of ST MV
converter. The improved reactive power injection capability increases the voltage sup-
port from ST in MVAC grid during voltage sag and swell conditions. Moreover, the
proposed scheme uses reduced rated BESS for the same voltage support capability as
compared to [82], [89]. The simulation and experimental results are provided to verify

the proposed operation.

2.1 SYSTEM CONFIGURATION

Fig. 2.1(a) shows the single-line diagram of a conventional distribution system. Two

(0 1 and T2) are connected to a 11-kV MVAC grid. The BESS is connected to
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Fig. 2.1 Single-line diagram of considered system. (a) Conventional power distribu-
tion system. (b) ST based power distribution system [82].

the LVAC side of T1 through a DC-DC converter and DC-AC converter. Loads are
connected to the LVAC side of T2. Fig. 2.1(b) shows an ST based configuration. The
loads are connected to the ST LVAC terminal and BESS is integrated to the LVDC
terminal through a DC-DC converter. This thesis uses a three-stage configuration of ST
as shown in Fig. 2.2. The circuit consists of an ST MV converter, which is a three-
level NPC AC-DC converter for connecting MVAC to MVDC as the first stage [54].
The second stage is a DAB converter, which connects MVDC link to the LVDC link
[57]. The ST LV converter is a two-level, three-phase, DC-AC converter. It connects
LVDC link to LVAC [53]. The MVAC grid is a three-phase, three-wire configuration.
The isolation transformer used in DAB is used to step-down the MV level to LV level.
The LVAC side is a three-phase, four-wire configuration, and the neutral conductor is
necessary to connect the single-phase loads in LVAC grid.

ST MV converter MVDC ST DC-DC converter LVDC ST LV converter

HY W

................................................................................................................................

Fig. 2.2 Three-stage topology of ST.
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2.2 CONTROL OF POWER CONVERTERS

In this section, control of the various power converters are explained in detail. Fig. 2.3
shows the overall control diagram of the system. iy, imvp, Imve are the three-phase
ST MV converter currents. Vg, Vsp, Vs are the MVAC PCC three-phase voltages. L,
Cny and R,,, are the filter inductance, capacitance and damping resistance of the ST
MYV converter. Cy,,,_4. and Cj,,_ 4. are the DC link capacitance at MV and LV DC links,
respectively. L;,, C, are the filter inductance and capacitance of the ST LV converter,
respectively. ij,q, i1vp, i1ve are the three-phase currents of ST LV converter and vy, vivp,
vy are the three-phase LVAC terminal voltages. For the ST MV converter, the reference

currents (i ) are generated based on the mode of operation. These reference currents

mvabe
are used with a hysteresis current controller to generate necessary switching pulses
for the ST MV converter. The ST DC-DC converter maintains a constant LVDC link
voltage. The reference (V};_,.) and actual (V},_4.) voltage is used in the controller to
generate the switching pulses for this converter. The ST LV converter reference voltage
magnitude (V}}) is generated based on the reference generation strategy. Based on this
voltage reference, the necessary voltage is maintained by the converter. The BESS

power reference (P;) is generated from the control algorithm, and it is used to switch

the BESS converter.

MVAC ST MV converter ST DC - DC converter ST LV converter

Grid f7 . Ly DC T DC T AC i Lc\}lriic
—H T—?{:Rm_' E Cmv-dt‘TIva-dL’ Chae TI_ DC 1 _ﬁ%_%l _49_.
v 'y vapc
Viabe O b :
imvab - T T Vivab]
.« —#»| Hysteresis based Via:| LVDC link B Vide Constant LVAC [* .
lmmh;% »| PWM control voltage control [~ voltage control | Livabe
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Ly, \e g
ol
DC

Py [ "3
—»| BESS controller

Fig. 2.3 Overall control diagram of ST and BESS.

The required voltage magnitude range for interconnection of solar PV based DG system
is set between 0.88 and 1.1 p.u. [19]. On normal operating condition, when the voltage
magnitude is between these limits, the ST MV converter draws only active power to
supply its LVAC loads, and BESS. Moreover, no reactive power is exchanged with the
MVAC grid. If the voltages violate the limits, reactive power is exchanged with the

rid while maintaining the LVAC active power requirement. This operation is called as
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voltage control operation. The flexible voltage support is achieved through coordinated
operation of ST MV converter, LV converter and BESS. A flowchart representation
of the proposed operation is shown in Fig. 2.4. Reactive power requirement at the
MVAC grid is calculated to provide voltage support during voltage sag/swell. The ST
continues supplying its LVAC loads. Based on the calculated active and reactive power
requirement, the per phase reference currents for ST MV converter are calculated. If
these currents are less than the rating of ST MV converter, the operation is continued by
delivering the respective active and reactive power requirements. If the phase currents
exceed the rating, the ST LVAC converter reduces the LVAC side voltage dynamically
to 90% of the nominal value which is sufficient for load operation as per grid codes
[103]. If the phase currents still exceed the limit, the BESS is activated to supply the
active power requirement at the LVAC side. However, after coordinated control of
ST MV converter, ST LV converter and BESS, if the ST MV converter currents still
exceed the rating, a limiting value of reactive power is supplied to the MVAC grid.
As per the Indian grid regulations, the connectivity standard is applicable to the wind
generating stations, generating stations using inverters, wind-PV hybrid systems and
energy storage systems [104]. The generating stations shall remain connected to the
grid when the voltage at the interconnection point violates upper and lower limiting
values. The station shall continue operation when the voltage at the connection point
is less than or equal to 1.1 p.u. If the voltage is increased beyond this limiting value,
the station may continue operation for a prescribed time depending upon the magnitude
of voltage. Similarly, during voltage dips, if the voltage is greater than or equal to
0.85 p.u., the station shall remain connected with the grid. If the voltage falls below
0.85 p.u., the station shall inject the reactive current along with the active current with
a magnitude depending upon the depth of voltage dip. It shall also remain connected
with the grid for a prescribed amount of time . In this study, the lower and upper voltage
limits used are 0.88 p.u. and 1.1 p.u., respectively. Therefore, the proposed method can

be directly applied to the Indian conditions as per the requirement.

The reference generation strategy for ST MV converter, DC-DC converter, LV con-

verter, and BESS converter are shown in Fig. 2.5, and detailed as follows.
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Fig. 2.4 Flowchart of the proposed control for coordinated operation of ST MV, LV
converters and BESS.

2.2.1 ST MYV Converter Control

The ST MV converter active power reference (P;,,) consists of the active power require-
ment for ST LVAC loads (P;;), BESS charging/discharging power reference (P;) and the

active power loss component (P ) for maintaining the MVDC link voltage at a con-

l*oss
stant reference value. For the generation of P, the reference MVDC voltage (V,fwf dc)
is compared with the actual value (V,,,,_4.) and passed through a PI controller as given

by

Pl?ss = p—l(anv—dc - va—dC) +Ki / (anv—dc - va—dC)dt 2.1
where K;,_; and K;_; are the proportional and integral gains of the PI controller.

For reference current generation, firstly the fundamental component of three-phase volt-
ages (Via1, Vip1 and vy1) at PCC are expressed in stationary reference frame as v;¢ and
v;g. The online estimation of fundamental components uses a moving average filter.
This tracks the actual voltage since it uses a continuous averaging of a fixed number of
samples with a moving window. At each sampling instant, the values of fundamental

component is calculated with the data of last "N’ number of samples. For a moving
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Fig. 2.5 The proposed reference generation strategy.

average filter with a window width of half the power cycle, the computation of funda-
mental component for any change in the actual voltage will be settled within 10 ms [71].
Therefore, it will not cause phase delay and will not affect the dynamic performance
significantly. In order to facilitate the active power transfer, the current reference is

calculated by [105]

o 2 e
mva(p) = 35mv (i, )2 4 (vig)? (2.2
ok 2P* vtﬁ | )
i = — TN2 1 (o \2
mvB(p) 7 (VtOc)z + (Vfﬁ)z

where i a(p) and LB (p) T€ the reference currents generated in « and 3 axes, respec
tively for the active power transfer. For the reactive power transfer, the o (i, (q)) and

B (i;;vﬁ (q)) axes currents are generated as follows:

2 v
l-* . Q* tﬁ

mvaa) = 36me Gy I 2.3)

—Via

lmvﬁ(q) - 3va (Vta)Z‘I‘ (Vtﬁ)2

where Q;,, remains zero during normal operating condition. The total reference currents

(7,0 and i;:wﬁ) in o and f axes are computed by adding (2.2) and (2.3). These are given
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as follows

ok o ok
tmva = Umya(p) + bva(q)

(2.4)
b = () I a)
The reference currents given by (2.4) ensure that the required active and reactive powers

are exchanged with the MVAC distribution grid.

If the magnitude of MVAC PCC voltages violate the limits, the ST operates in voltage
control mode to improve the PCC voltage. The reactive power injection capability of
ST MV converter depends on the active power loading on the converter. In this chapter,
the aim is to coordinate the operations of ST LV and BESS converters for improving
the reactive power injection capability of ST MV converter. The rms value of the PCC
voltage (V;) is compared with the reference (V;*) and passed through a PI controller to

generate the reactive power requirement (Qpy—req) as given by [99]

Omr-re = Kp-gV* = Vi) +Kicg [ (V= Vi) (2.5)

where K,,_, and K;_, are the proportional and integral gains of the PI controller. The
exchange of required amount of reactive power is not ensured, because of the limitation
in rating of ST MV converter. In addition, the available reactive power margin with ST

MYV converter depends on the ST LVAC loading at the time of sag/swell.

The reactive power injection capability of ST MV converter is improved with the help
of ST LV converter and BESS. The P, consists of the P and P;. Using P, and
Omv—req Which is equal to Oy, the total reference currents are generated using (2.4). If
the currents are within the maximum current rating of the ST MV converter, the required
P, and Oy, req are supplied by the ST MV converter. If the currents violate the rating,
the magnitude of O, req is compared with the ST MV converter apparent power rating
Smy. If the Oy req 1s greater than or equal to the S, a limiting magnitude of reactive

power (Qyy—iim) is exchanged with the MVAC grid. The P}, is equal to P} _ which

loss
is required for maintaining reference MVDC link voltage. The BESS provides entire
active power requirement of ST LVAC loads. The ST LV converter reduces the voltage
magnitude to 90% of the nominal value at the LVAC bus which effectively reduces the
BESS power requirement.
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If the Oy req 1s lower than S, the limiting active power magnitude (B, —;;,,) 1s found
out. The voltage control at the ST LVAC side modifies LVAC power requirement. The
LVAC voltage is controlled using the control index (n). From the P, ;;,, the control

index n is calculated as

n= P—mv‘“g*_ Fioss. (2.6)
ly

The value of n provides the information about the requirement of load reduction for
releasing the active power loading on ST MV converter. If this value is lower than
0.9, it indicates the requirement of BESS for the load support. Because, as per grid
codes [103], a minimum of 90% voltage magnitude is required in the LVAC grid for
satisfactory operation of loads. Therefore, minimum value of # is limited to 0.9 and if
the calculated 7 is lesser than or equal to 0.9, then n is fixed at 0.9. In this condition,
the P, is given as P,,,_;;;; and BESS supplies the remaining active power. Therefore,
the reactive power reference Q,,, given to the controller is same as Qyy—req. If the
calculated n is greater than 0.9, the actual value is supplied to the ST LV converter
and the voltage magnitude is maintained based on n. As per the value of n, the active
power load on ST LV converter reduces. In this condition, the P, supplies the P - and

modified LVAC active power. In this case also, Q;,, is equal to O,y req-

Based on the conditions explained in the above section, the appropriate P, and Q,,,
are selected. These reference powers are used in (2.2) and (2.3) to generate reference
currents. For calculating the total reference currents, (2.4) is used. These reference

* l‘*
mva> “mvb’

*

currents are converted into abc reference frame (i imve)- The reference and

actual phase currents of ST MV converter are used in a hysteresis current controller to

generate the switching states for the ST MV converter as shown in Fig. 2.6 [71], [72].

2k

Unva ———»
im va

Hysteresis control Switching pulses

Sk
vty for three-level NP———  or ST MV
converter converter
imvb

*

Imve
—
inl\’(’

Fig. 2.6 Block-diagram of hysteresis current controller for ST MV converter [71],
[72].
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2.2.2 ST DC-DC Converter Control

This converter is operated to maintain the LVDC link voltage at the reference value
which ensures constant power flow between MVDC and LVDC links of ST. The ref-
erence LVDC voltage (V;;_,.) is compared with the actual value (V},_4.) and passed

through a PI controller to generate a phase angle (6;. ) as given by

Sc}kc—dc = Kp—dC(Vsz—dc - Vlv—dC) +Ki—ac / (Vlf»—dc - Vlv—d6>dt (2.7)

where K;,_;. and K;_4. are the proportional and integral gains of the PI controller. A
phase angle difference of §j. . between the pulsed voltages of MVDC and LVDC links
ensures the necessary power transfer between them. The power transferred (Py.—4.)

from one side of the converter to the other side is given as follows [59]:

Viv—dcViv—de o 187c—ac]
Mgdcidc(l _ %) (2.8)

P . =
- 27'[dede

where V,,,,_4. 1s the MVDC link voltage, f,. is the switching frequency of the DC-DC

converter, and L. is the equivalent inductance.

2.2.3 ST LV Converter Control

The ST LV converter maintains a constant voltage at the ST LVAC bus similar to a grid
forming converter [9]. At any operating time, the reference rms voltage (V};) for ST LV

converter is given by

Vs =nViy_pom, Wwhere 1>n>0.9 (2.9)

where V,_,om 1s the nominal voltage magnitude and »n is controlled depending upon
the operating scenario. During normal operating conditions, this converter maintains a
three-phase sinusoidal balanced voltage with nominal rms value of 1.0 p.u, where n is
maintained at 1. The coordinated operation proposed in this chapter requires the ST LV
converter load control. A method is proposed in [75] for using the sensitivity identi-
fication for the load control. Considering a constant impedance load at the ST LVAC

side [1061, the load active power variation (AP.) can be written in terms of voltage
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change as

2 2
APZV o< Vlv—nom - Vl

v

(2.10)

where V}, is the modified rms voltage reference. Therefore, a reduction in LVAC volt-
age results in corresponding reduction in active power. This strategy is utilized in this
chapter to control the ST LV converter during MVAC grid voltage sags/swells. During
coordinated operation, the LV converter is dynamically controlled to reduce the mag-
nitude of voltage (V};) from 1.0 p.u. to 0.9 p.u. depending upon the operating scenario
defined in Fig. 2.4 and Fig. 2.5. The reference voltage is used to generate three-phase

% * * 3
reference voltages (v), ., v},;,» and vy, ) as given by

Viva = ViyV/2sin(o1)
Vi = ViiV/2sin(ot — 27 /3). 2.11)

Vi = Viiv/2sin(wr + 27/3)

The reference voltages are used in a deadbeat control to generate a reference discrete
voltage control law. The voltage is regulated around a hysteresis band to generate

switching pulses [96].

2.2.4 BESS DC-DC Converter Control

During the normal grid operating conditions, the BESS is charged to maintain the ap-
propriate SOC by absorbing power from the MVAC grid. In order to ensure that the
BESS is charging with the reference power, the ST MV converter absorbs the power
(Py,,) from the MVAC grid given by

By = Py + Ploss + By (2.12)

where P, is the BESS power reference. During the grid voltage disturbance, the BESS
is activated to supply active power. Depending upon the Q,,;, ., magnitude and ST
LVAC power requirement, the BESS power requirement changes and the P, in different
scenarios are shown in the Fig. 2.5. In the first case, the ST does not require the support
from BESS. In the second case, the modified ST LVAC active power is supplied entirely
from BESS. In the third case, since the ST LV converter load control provides sufficient
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reactive power margin to the ST MV converter and the BESS power requirement re-

mains zero. In the final case, the BESS power reference is given by

Pl;k = Plt + Pl*oss — Bonv—tim- (2.13)

The BESS power reference generated is related to the battery current reference (I;;) and

voltage across the battery (V},) by

P =Vl (2.14)

Considering a constant voltage, the BESS power reference is compared with the actual
power (P,) and passed through a PI controller to generate the duty cycle required for

generating switching pulses [107].

2.3 ANALYSIS AND IMPACT OF COORDINATED VOLTAGE
SUPPORT

The voltage support strategy using the coordinated operation is given in the flowchart
in Fig. 2.4, and explained through the block-diagram given in Fig. 2.5. For analyzing
the effectiveness of the proposed voltage support strategy, three cases are explained
in this section. The MVDC link power loss component is neglected in this analysis.
The base power is chosen as 1 MVA and base voltage as 11-kV. Grid reactance and
resistance are 0.1038 p.u. and 0.00826 p.u., respectively. The ST MV converter rating
is considered as 1.1 p.u. Asymmetrical voltage sags/swells are not considered in this
study, and it requires the control of active and reactive powers in positive and negative
sequences [101]. A higher X/R ratio is chosen to show the improvement in voltage
for the proposed strategy [101]. However, the concept introduced in this chapter is
not dependent on the grid reactance value since it addresses the issue of improving the
reactive power injection capability of the ST MV converter. A generalized expression
for MVAC PCC voltage magnitude (V;) is developed in terms of active, reactive powers,
grid impedance and MVAC grid voltage magnitude (Vy). The voltage magnitude is used
to analyze the effect of BESS and ST LV converter load control on the MVAC PCC

voltage during symmetrical grid voltage sags and swells. In the first case, only BESS is
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used to support the ST MV converter. In the second case, the ST LV converter voltage
control is used with ST MV converter. Third case combines the effects of both BESS

and ST LV converters, and the coordinated operation is explained.

2.3.1 Voltage Support with BESS Control

This case analyzes the operation with the support of BESS. The ST LV converter control
is not considered in this analysis. P, and Q,,, are the active and reactive power loading
at the ST MV converter, respectively. P, is the power supplied by the BESS. R, and
X, are the grid resistance and reactance, respectively. The MVAC grid voltage is Vg
and the MVAC PCC voltage is V;. Considering the grid voltage as reference, the PCC
voltage as V; /8 and applying Kirchhoff’s law in the circuit,

(va — ]va)

L e
7

(Rs+ jX5). (2.15)
Expanding (2.15) to eliminate 6 and rearranging in terms of V; result in
Vi + 2V [(PRs + OmyXs) — 0.5V] + [(Pry + Q) (RS +XT)] = 0. (2.16)

In order to solve (2.16), a temporary variable is defined as f = V,2. Therefore, (2.16)

shall be written as

f2 + 2 f[(PavRs + Qv Xs) — O~5V82] + [(Pnzw + anv)(R? —l-st)] =0. (2.17)

Out of the two solution, the favourable solution to (2.17) is

—hy + 4/ h% —4hhs

2h

f =
where

hy = L, hy = 2[(vaRs + vaXs) - O'Sng]a
(2.18)
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Considering only positive value for V; as a realistic solution, (2.18) is re-written as

—hy + h2—4h1h3
V= V_2 . (2.19)

2h

If BESS is activated to supply the LVAC load power (P,), the active power requirement
from the ST MVAC side is written as

Py = Py — Pp. (2.20)
The rating of ST MV converter (S,,,) is related to the active and reactive power as:
2 =P +02 . (2.21)

Applying the conditions of (2.20) and (2.21) in (2.19)

—H, +\/H3 —4H\H;3
Vt =

2H,;

where

H =1,

Hy = 2((By— Py)Ry+ (/S5 — (P — Py)2)X, — 0.5V2],
Hy = (P —Py)* + (S — (P — P))) (RS +X7).
(2.22)

The MVAC PCC voltage magnitude for the corresponding active and reactive power
injections is calculated using (2.22). The utilization of BESS for load control improves

the voltage support capability of ST MV converter during grid voltage disturbances.

2.3.2 Voltage Support with LVAC Voltage Control

The voltage control at the LVAC side can be used for load active and reactive power
control [75]. We consider constant impedance load at the LVAC side and V;,,_,,,, is the

magnitude of the nominal terminal voltage. The LVAC side voltage reduction results
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in the proportional reduction of current and thereby reduction in active and reactive
powers. If n is the control variable and grid codes allow 10% variation in voltage at the

LVAC side, then

Viv =nViy_nom, Where 1>n2>0.9. (2.23)

This dynamic reduction of voltage results in corresponding reduction in active and re-
active powers [75]. Since only active power is supplied from the MVAC grid, the fol-

lowing equation can be written for the new active power requirement
2
Pry—moa = n"Py,. (2.24)

The BESS power supply in this case is assumed as zero. Therefore, (2.20) is modified
to

va = Plv—mod- (2-25)

This reduction in active power absorption from grid results in availability of higher

reactive power injection capability and (2.21) is modified to

vafmod =\ S;%w =i Plzv—mod' (226)

The load control using ST LV converter improves the reactive power margin available
with the ST MV converter during voltage disturbances and this extra reactive power

injection helps in improving the voltage support capability in the MVAC grid.

2.3.3 Voltage Support with Coordinated BESS and LVAC Voltage

Control

In this case, the ST LVAC voltage control is used. Due to the dynamic reduction in
voltage, the active power loading at the LVAC side is also modified. Therefore, the
coordinated control improves the MVAC PCC voltage with a reduced active power re-
quirement from BESS. Considering these conditions, the new active power requirement

from the MVAC grid is given as

Povmod = Piv—mod — P 227
TH-2413_156102024 mvmod = Hvmmod 50 227
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The simultaneous support of ST LVAC load control and BESS modifies the MVAC grid
active power absorption as per (2.27). For this active power, the reactive power margin

is determined by modifying (2.21) into

Ou-moa = \/ S~ (Prv-mod — Py (2.28)

Therefore, (2.22) shall be modified based on the (2.28) to obtain improved PCC voltage
magnitude in case of coordinated operation. Load control using coordinated operation
of BESS and ST LV converter reduces the BESS power required for achieving same
voltage support at the MVAC grid. Following examples illustrate the voltage support
performances of ST with coordinated and non-coordinated operations during symmet-

rical grid voltage sag and swell.
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. ""’.
2 0.90 s
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g I 7 e I
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| |
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. N\
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Fig. 2.7 Comparison of voltage support performance using ST (a) during a symmetri-
cal grid voltage sag. (b) during a symmetrical grid voltage swell.
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Example-1: Voltage sag

Fig. 2.7(a) shows the MVAC PCC voltage magnitude with and without coordinated
operation of ST during an MVAC grid voltage sag of 20%. The voltage magnitude is
plotted for different BESS injections. For the coordinated operation, the LVAC side
voltage is kept at 0.9 p.u, which causes a lower active power requirement from the
LVAC load. It is evident from the graph that, coordinated operation reduces the BESS

power requirement for the improving of the PCC voltage magnitude to 0.88 p.u.

Example-2: Voltage swell

Fig. 2.7(b) shows the MVAC PCC voltage magnitude with and without coordinated
operation of ST during an MVAC grid voltage swell 20%. The voltage magnitude is
plotted for different BESS injections. For the coordinated operation, the LVAC side
voltage is kept at 0.9 p.u, which causes a lower active power requirement from the
LVAC load. It is evident from the graph that, coordinated operation reduces the BESS

power requirement for the reduction of voltage magnitude to 1.1 p.u.

Table 2.1 shows different voltage support strategies using ST and their performance
during a grid voltage sag of 20%. For a fixed rating of the ST MV converter, the
achievable PCC voltage using different strategies are given. The coordinated operation
with BESS and LVAC control achieves the required voltage with a reduced BESS power
as given in the case 4 in Table 2.1. The BESS power reduction observed from Table 2.1
is the value obtained at a specific system condition. The percentage reduction depends

on the operating voltage levels and load power magnitude.

2.4 SIZING OF DIFFERENT POWER CONVERTERS

In this section, the power rating of different ST converters and BESS converter is ex-

plained.
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2.4.1 Power Converters of ST

The ST LV converter is designed to cater the entire active, reactive, and harmonic power
of the LVAC grid. The maximum active power loading on ST LV converter is 1 p.u.
Considering a maximum power factor of 0.95, the rating of this converter is selected as
1.05 p.u. The ST DC-DC converter is designed to carry the entire active power require-
ment at the LVAC side and BESS maximum charging/discharging power. Considering
the BESS charging is not scheduled at peak LVAC load conditions, this converter is
rated as 1 p.u. The ST MV converter is required to deliver the active power at the LVAC
side and reactive power to the MVAC grid. Considering a maximum active power of 1

p.u., rating of ST MV converter is selected as 1.1 p.u.

2.4.2 BESS Converter

The rating of BESS converter required with and without coordinated operation is cal-
culated during a voltage sag of 20% magnitude. During operation without coordination
with ST LV converter, the BESS power requirement depends on the maximum active
power ST MV converter is capable of exchanging after supplying the necessary reactive
power to the MVAC grid. From (2.13), the BESS requirement neglecting P, . for the

non-coordinated operation can be written as

Pb = Plv - va—lim- (229)

During the coordinated operation of ST MV converter with ST LV converter, the load
control at the ST LVAC terminal reduces the active power requirement at the ST LVAC
grid. The modified loading on ST MV converter is as per (2.24). Therefore, the modi-
fied BESS rating is given as

Py mod = 1Pl — Poy—im- (2.30)

Comparing (2.29) and (2.30) for the same voltage support, the BESS power demand
is found to be smaller in coordinated operation as compared to the non-coordinated
operation. For the mitigation of a 20% symmetrical voltage sag, the BESS rating is

found to be 0.05 p.u. for coordinated operation and 0.24 p.u. for operation without
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Table 2.2 Simulation Parameters

System quantities Values
MVAC voltage 11 kV
LVAC voltage 0.4kV

ST MV converter Ly, =20mH, Cp,, =5 UF, Ry, =30 Q

ST LV converter L;, =0.5mH, C;, =20 uF
DC link voltage Viw—de = 30kV, Vi,_4c = 1.2kV
DC link capacitor Civ—dac = 2000 uF, Cp— g4 = 2500 uF
ST DC-DC converter Lyae = 10mH, f;,, =1kHz
BESS DC-DC converter L, =50 uH, f;, =10 kHz
MVDC link PI controller K, 1=25,K;_;=0.1

coordination.

2.5 SIMULATION RESULTS

Simulations are carried out using the PSCAD/EMTDC software. The simulation pa-

rameters are given in Table 2.2. Four cases are analyzed in simulation.

2.5.1 Non-coordinated Operation During Grid Voltage Sag

Fig. 2.8 shows the performance with non-coordinated operation during a symmetrical
MVAC grid voltage sag of 20%. Before r = 0.4 s, the ST is operating in normal condition
supplying the LVAC loads by absorbing the active power from MVAC grid. During sag,
the MVAC voltage is supported with the ST MV converter reactive power injection.
This case shows the operation without coordination, and the ST LV converter maintains
the LVAC voltage at nominal value. The BESS supports the LVAC load to release the
rating of ST MV converter during voltage sag. The MVAC grid voltage experiences
a 20% symmetrical sag at t = 0.4 s as shown in Fig. 2.8(a). The PCC voltages with
improved magnitude during voltage sag is shown in Fig. 2.8(b). The ST MV converter
currents are maintained at the maximum rating as shown in Fig. 2.8(c). The LVAC
voltage and load currents remain constant throughout the operation as shown in Fig.
2.8(d) and (e), respectively. The MV and LV DC link voltages are shown in Fig. 2.8(f)
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Fig. 2.8 Voltage support during symmetrical grid voltage sag without coordinated
control of ST LV converter and BESS. (a) MVAC grid voltages. (b) MVAC PCC volt-
ages. (c) ST MV converter currents. (d) ST LVAC voltages. (e) LVAC load currents. (f)
MVDC link voltage. (g) LVDC link voltage. (h) Different powers.

and (g), respectively, and they are maintained at their constant reference values. Fig.
2.8(h) shows the ST MVAC active power, ST MVAC reactive power and BESS power
during the operation. The ST MVAC active power reduces after = 0.4 s as the BESS
supports the LVAC active power. The ST MVAC reactive power increases to support
the voltage at MVAC grid.

2.5.2 Coordinated Operation During Grid Voltage Sag

Fig. 2.9 shows the performance with coordinated operation during a 20% symmetri-
cal MVAC grid voltage sag. Till # = 0.4 s, the ST MV converter absorbs the active
power from MVAC grid to supply the LVAC loads. During sag, the operation of ST
MYV converter is coordinated with ST LV converter and BESS, resulting in a reduced
BESS requirement. The MVAC grid voltage experiences a symmetrical sag at r = 0.4
s as shown in Fig. 2.9(a). In Fig. 2.9(b), the PCC voltages are shown with improved
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Fig.2.9 Voltage support during symmetrical grid voltage sag with coordinated control
of ST LV converter and BESS. (a) MVAC grid voltages. (b) MVAC PCC voltages. (c)
ST MV converter currents. (d) ST LVAC voltages. (e) LVAC load currents. (f) MVDC
link voltage. (g) LVDC link voltage. (h) Different powers.

magnitude during voltage sag. The ST MV converter currents are maintained at the
maximum rating as shown in Fig. 2.9(c). The ST LV converter voltage control is re-
alized in coordinated operation, and the voltage reduces to 90% of the nominal value
after = 0.4 s as shown in Fig. 2.9(d). Corresponding load currents are shown in Fig.
2.9(e). The voltages of MV and LV DC links are shown in Fig. 2.9(f) and (g), respec-
tively for coordinated operation. Fig. 2.9(h) shows the ST MVAC active power, ST
MVAC reactive power and BESS power during the operation. The ST MVAC reactive
power increases to support the MVAC grid voltage. The BESS power injection reduces

as compared to the Fig. 2.8(h).

2.5.3 Non-coordinated Operation During Grid Voltage Swell

Fig. 2.10 shows the performance with non-coordinated operation during a symmetrical

MVAC grid voltage swell of 20%. The ST MV converter absorbs the active power
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Fig. 2.10 Voltage support during symmetrical grid voltage swell without coordinated
control of ST LV converter and BESS. (a) MVAC grid voltages. (b) MVAC PCC volt-
ages. (c) ST MV converter currents. (d) ST LVAC voltages. (e) LVAC load currents. (f)
MVDC link voltage. (g) LVDC link voltage. (h) Different powers.

from MVAC grid to supply the LVAC loads till # = 0.4 s. During swell, the voltage
is supported with the ST MV converter reactive power injection. This case shows the
operation without coordination, and the ST LV converter maintains the LVAC voltage
at nominal value. The BESS supports the LVAC load to release the rating of ST MV
converter during voltage swell. The MVAC grid voltage experiences a swell atz =0.4 s
as shown in Fig. 2.10(a). In Fig. 2.10(b), the PCC voltages are maintained at 1.1 p.u.
during grid voltage swell. Fig. 2.10(c) shows the ST MV converter currents, and the
magnitude is maintained at the maximum rating. The LVAC voltages and load currents
remain constant throughout the operation as shown in Fig. 2.10(d) and (e), respectively.
The MV and LV DC link voltages are shown in Fig. 2.10(f) and (g), respectively.
These voltages are maintained at their respective reference values before and after the
grid voltage swell. Fig. 2.10(h) shows the ST MVAC active power, ST MVAC reactive
power and BESS power during the operation. The BESS supports the ST MV converter,
and ST MVAC active power reduces. During swell, the ST MV converter exchanges
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Fig. 2.11 Voltage support during symmetrical grid voltage swell with coordinated
control of ST LV converter and BESS. (a) MVAC grid voltages. (b) MVAC PCC volt-
ages. (c) ST MV converter currents. (d) ST LVAC voltages. (e) LVAC load currents. (f)
MVDC link voltage. (g) LVDC link voltage. (h) Different powers.

reactive power to support the voltage as shown in Fig. 2.10(h).

2.5.4 Coordinated Operation During Grid Voltage Swell

Fig. 2.11 shows the performance with coordinated operation during a 20% symmetrical
MVAC grid voltage swell. Till # = 0.4 s, the active power is absorbed from the MVAC
grid by the ST MV converter to supply the LVAC loads. No reactive power is exchanged
with MVAC grid. During swell, the ST MV converter exchanges reactive power with
the MVAC grid. Because of the coordinated operation of ST MV, ST LV and BESS
converters, the BESS power requirement reduces as compared to the operation without
coordination. The MVAC grid voltage experiences a 20% symmetrical swell at t = 0.4
s as shown in Fig. 2.11(a). In Fig. 2.11(b), the PCC voltages are shown with improved
magnitude during grid voltage swell. The ST MV converter currents are maintained
at the maximum rating as shown in Fig. 2.11(c). The LV converter voltage control is
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Table 2.3 Experimental Parameters

System quantities Values
MVAC grid voltage 150V
LVAC grid voltage 110V

MVAC line parameters L;=8 mH

ST MV converter Ly, =13mH, C,, =10 uF

ST LV converter L;,=5 mH, C,, =10 uF
DC link voltage Vie=270 V
BESS converter L, =10 mH

LV side rectifier load 50 Q

realized in coordinated operation and the voltage reduces to 90% of the nominal value
after = 0.4 s as shown in Fig. 2.11(d). Corresponding load currents are shown in
Fig. 2.11(e). The MV and LV DC link voltages are shown in Fig. 2.11(f) and (g),
respectively for coordinated operation. Fig. 2.11(h) shows the ST MVAC active power,
ST MVAC reactive power and BESS power. The ST MVAC reactive power is injected
to maintain the PCC voltage within the maximum allowable limit. The BESS power

injection reduces as compared to the Fig. 2.10(h).

BESS

MVAC LVDC LVAC

ST

PCC

Loads

Fig. 2.12  Experimental setup schematic.
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Fig. 2.13 Waveform of MVAC grid voltages.
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Fig. 2.14 Experimental results for symmetrical voltage sag without coordinated oper-
ation. (a) MVAC grid voltages. (b) MVAC PCC voltages. (c) ST MV converter currents.
(d) ST LVAC voltages. (e) LVAC load currents. (f) DC link voltage. (g) BESS power.
(h) ST MVAC active power.

2.6 EXPERIMENTAL RESULTS

Fig. 2.12 shows the experimental setup schematic. The grid voltages contain harmon-
ics and due to the interconnection through step-down transformer, the voltage wave-
form is not smooth [88]. This is visible in the waveforms shown in Fig. 2.13, and the
present work does not consider any improvement strategies for this particular problem.
Moreover, this problem does not affect the performance of the proposed method. The
experimental parameters are given in Table 2.3. The AC filter capacitor used in the ex-
perimental setup helps in reducing the effects of harmonics in voltage. It also provides
support during grid voltage sag. However, a higher capacitance value may reduce the
impedance offered at fundamental frequency, and may absorb higher magnitude of fun-
damental component of reactive current. This may affect the performance during grid
voltage swell. Similar to the simulation, four cases are analyzed in the experimental

study.
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Fig. 2.15 Experimental results for symmetrical voltage sag with coordinated opera-
tion. (a) MVAC grid voltages. (b) MVAC PCC voltages. (c) ST MV converter currents.
(d) ST LVAC voltages. (e) LVAC load currents. (f) DC link voltage. (g) BESS power.
(h) ST MVAC active power.

2.6.1 Non-coordinated Operation During Grid Voltage Sag

The experimental waveforms for the non-coordinated operation are shown in Fig. 2.14
during a MVAC grid voltage sag of 20%. Before the sag, the ST MV converter absorbs
the active power from MVAC grid to supply the LVAC loads. The MVAC grid voltage
experiences a voltage sag as shown in Fig. 2.14(a). The corresponding improved PCC
voltages are shown in Fig. 2.14(b). The ST MV converter currents are shown in Fig.
2.14(c). The ST LVAC voltages and load currents are shown in Fig. 2.14(d), and (e),
respectively. In non-coordinated operation, the ST LV converter maintains the LVAC
voltage at the nominal value during MVAC grid voltage sag. The DC link voltage is
shown in Fig. 2.14(f), and it is maintained at the reference value. The BESS power
increases to support the ST MV converter as shown in Fig. 2.14(g). The ST MVAC

active power is shown in Fig. 2.14(h).
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Fig. 2.16 Experimental results for symmetrical voltage swell without coordinated op-
eration. (a) MVAC grid voltages. (b) MVAC PCC voltages. (c) ST MV converter
currents. (d) ST LVAC voltages. (e) LVAC load currents. (f) DC link voltage. (g) BESS
power. (h) ST MVAC active power.

2.6.2 Coordinated Operation During Grid Voltage Sag

The experimental waveforms for the coordinated operation are shown in Fig. 2.15 dur-
ing MVAC grid voltage sag of 20%. The MVAC grid voltage experiences a voltage
sag as shown in Fig. 2.15(a). The corresponding improved PCC voltages are shown in
Fig. 2.15(b). The ST MV converter currents are shown in Fig. 2.15(c). The ST LVAC
voltages and load currents are shown in Fig. 2.15(d), and (e), respectively. The LVAC
voltage reduces to enable the load control, and the corresponding reduction in load cur-
rents are visible in Fig. 2.15(e). The DC link voltage is shown in Fig. 2.15(f). The
BESS power is shown in Fig. 2.15(g), and the ST MVAC active power is shown in Fig.
2.15(h). The ST LV converter voltage control reduces the active power requirement
at the LVAC bus. Therefore, the BESS power reduces in the coordinated operation as

compared to the non-coordinated operation.
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Fig. 2.17 Experimental results for symmetrical voltage swell with coordinated opera-
tion. (a) MVAC grid voltages. (b) MVAC PCC voltages. (c) ST MV converter currents.
(d) ST LVAC voltages. (e) LVAC load currents. (f) DC link voltage. (g) BESS power.
(h) ST MVAC active power.

2.6.3 Non-coordinated Operation During Grid Voltage Swell

The experimental waveforms for the non-coordinated operation are shown in Fig. 2.16
during an MVAC grid voltage swell of 20%. The active power is absorbed from the
MVAC grid by the ST MV converter to supply the LVAC loads. The MVAC grid voltage
experiences a voltage swell as shown in Fig. 2.16(a). The corresponding PCC voltages
are shown in Fig. 2.16(b). The ST MV converter currents are shown in Fig. 2.16(c). The
ST LVAC voltages and load currents are shown in Fig. 2.16(d), and (e), respectively.
The LVAC voltage remain constant throughout the operation since the load control is
not enabled in this mode of operation. The DC link voltage is shown in Fig. 2.16(f).
The BESS power increases to support the ST MV converter as shown in Fig. 2.16(g).
The ST MVAC active power is shown in Fig. 2.16(h).
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2.6.4 Coordinated Operation During Grid Voltage Swell

The experimental waveforms for the coordinated operation are shown in Fig. 2.17 dur-
ing a MVAC grid voltage swell of 20%. The MVAC grid voltage experiences a voltage
swell as shown in Fig. 2.17(a). The corresponding improved PCC voltages are shown
in Fig. 2.17(b). The ST MV converter currents are shown in Fig. 2.17(c). The ST LVAC
voltages and load currents are shown in Fig. 2.17(d), and (e), respectively. The LVAC
voltage reduces to enable the load control, and the corresponding reduction in load cur-
rents are visible in Fig. 2.17(e). The DC link voltage is shown in Fig. 2.17(f). The
BESS power is shown in Fig. 2.17(g), and the ST MVAC active power is shown in Fig.
2.17(h). The ST LV converter load control reduces the LVAC active power requirement
in coordinated operation. Therefore, BESS power reduces in the coordinated operation

as compared to non-coordinated operation.

2.7 CONCLUSIONS

The proposed control algorithm utilizes the coordinated operation of the ST MV con-
verter, ST LV converter and BESS to support the voltage at the MVAC grid. The anal-
ysis provided in this chapter confirms the advantages of proposed operation in compar-
ison with the existing solutions. An improved reactive power injection capability of ST
in the MVAC grid is achieved with the help of the BESS and LVAC voltage control. A
reduction in the BESS rating is achieved with the coordinated operation in comparison
with the non-coordinated operation. In addition, exploiting the ST LV converter and
BESS capabilities of load control further establishes the potential of ST in distribution

grid. These advantages are verified through simulation and experimental results.
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CHAPTER 3

CAPACITY ENHANCEMENT OF A RADIAL
DISTRIBUTION GRID USING SMART
TRANSFORMER

In Chapter 2, capability of ST for MVAC grid voltage support is investigated. The reac-
tive power capability enhancement of ST MV converter is achieved with the coordinated
operation of the ST LV converter and BESS. However, reactive power injection from
ST MV converter for voltage support is effective only in inductive grids. Moreover,
the system configuration considered was a single-bus radial feeder. Moving further to
a multiple-bus system, this chapter investigates the performance of ST in a 5-bus radial

feeder with comparable resistance and reactance values.

Hosting capacity is defined as the maximum generation or load that can be integrated
to the distribution system without violation of grid parameter limits such as voltage
rise/drop, equipment overload, etc. [29], [94]. Accommodating more number of DGs
and loads in the existing feeders without violating the grid-code specified power quality
limits is a major challenge [19], [109]. Violation of the limits of steady-state voltage
magnitude restricts the further load/DG inclusion in existing feeders. In order to im-
prove the static hosting capability of feeders, several power management methods are
proposed in the literature. The PV hosting capabilities of the distribution feeder are im-
proved using STATCOM [93] and BESS [110], [111]. The EV load hosting capability
improvement in an LVAC distribution grid is realized using distributed phase-shifting
control [109]. The voltage sensitivity factors indicate the dependence of bus voltage
magnitudes for a corresponding change in the active and reactive powers at a particular
bus [112]. These factors are used to control the voltage rise by managing the active
power flow from PV sources in radial distribution grids [113]. In [94], the sensitivity
factors are utilized for enhancing the load/generation hosting capacity of a distribution

system with the help of DC interconnection and BESS.

The hosting capability improvement using STATCOM is effective in distribution grids

with a low R/X ratio, as it utilizes the reactive power exchange. Similarly, BESS based
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systems are effective in the resistive grids. Utilization of DC lines for active power
transfer involves the construction of extra DC infrastructure parallel to AC line. The
application of PV converters for capacity enhancement involves active power curtail-

ment, and this reduces the overall power extraction from the available solar energy.
From the literature mentioned above, the important observations are:

* The hosting capability improvement of distribution system is important to accom-
modate more DG and loads in the existing distribution system

* The improvement methods using independent active and reactive powers are ef-
fective in resistive and reactive distribution grids, respectively

* In multiple-bus radial distribution system, the voltage sensitivity to active and
reactive powers is a measure to identify their impact on different bus voltages

* In MVAC distribution grids with comparable resistance and reactance values,
both the active and reactive power injection strategies are effective in voltage
support

* The ST is utilized for MVAC grid voltage support in a multiple-bus system [83],
however the simultaneous active and reactive power exchange features are not
considered with the presence of BESS.

In this chapter, the active and reactive power exchange potential of a BESS integrated
ST is explored for hosting capacity enhancement of the MVAC grid. A 5-bus radial
MVAC feeder is selected for validating the performance of the proposed method. The
R/X ratio of the feeder is 0.85 [9]. The proposed method investigates the effectiveness
of active power support, reactive power support and a flexible combination of both. A
sensitivity-based sizing study for ST and BESS is proposed in this chapter. The method
is verified in theoretical and simulation study for a 5-bus system, and the effectiveness

is verified with experiments.

3.1 SYSTEM CONFIGURATION AND SENSITIVITY ANALY-
SIS

In the first part of this section, the conventional and proposed radial distribution system
structures are explained. In the second part, an introduction to the sensitivity analysis

is provided.
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Fig. 3.1 Single-line diagram of a 5-bus radial feeder. (a) Conventional system [114].
(b) Proposed ST based system.

3.1.1 System Configuration

Fig. 3.1(a) shows the single-line diagram of an 11-kV, 5-bus, radial distribution feeder
derived from [114]. The R/X ratio of the distribution system is 0.85 [9] with Weasel
conductor. Other system parameters are given in Table 3.1. In each bus, loads and
DG are connected through 11/0.4 kV CPT. The uniform variation of loads and genera-
tion at all buses are considered in this chapter to analyze the extreme voltage drop/rise
scenarios [94], [97]. The loads are considered at a power factor of 0.95 lagging, and

generation is considered at the unity power factor [94].

Fig. 3.1(b) shows the modified distribution system where the CPTs at bus-4 are replaced
with an ST. The ST uses a three-stage configuration, and the details are provided in
Chapter 2. The ST LV converter maintains a three-phase balanced sinusoidal voltage at
the LVAC terminal. The load (ILoad-4) and DG (DG-4) are connected to the LVAC bus
of ST. The BESS consists of a dc-dc converter, which connects the battery system to the

LVDC terminal of ST. All the circuit parameters remain the same as given in Table 3.1.
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Table 3.1 System Parameters

System quantities Values
MVAC grid voltage 11 kV
LVAC voltage 0.4kV

MVAC line parameters  1.014 +j1.1929 Q/km

Load power factor 0.95 lag
Base voltage 11 kV
Base power 1 MVA

3.1.2 Sensitivity Analysis

Sensitivity analysis works as a tool to establish simple linear relationship between ac-
tive, reactive powers and voltage instead of complex network equations [112]. The
approximate relationship based on the sensitivity coefficients helps in identifying the
effect of active and reactive power changes on the voltage magnitude. Newton-Raphson
load-flow is carried out for the system shown in Fig. 3.1(b) to determine the voltages
at each bus. Bus-0 is assumed as slack bus, and voltage magnitude is considered as 1
p-u. At bus-4, the ST absorbs only active power from the grid, and no reactive power is
exchanged with the MVAC grid. Sensitivity analysis helps in identifying the effect of
active and reactive powers on the various bus voltages. In this chapter, the sensitivity co-
efficients are derived from Jacobian matrix of Newton-Raphson load-flow method. The
loading on bus-1 to bus-4 is uniformly increased from zero at the constant power factor,
and the corresponding bus voltage magnitudes are plotted in Fig. 3.2. For analyzing
the worst loading condition, generation at all the buses is considered as zero. From Fig.
3.2, it is observed that the bus-4 experiences worst voltage variations. Therefore, the
objective of this chapter is to improve the voltage at bus-4 and thereby improving the
load hosting capability. The change in voltage at bus-4 is related to different active and

reactive powers by the relation [112]

) Vb4 9 |Via
AlVps| = Z | |Asz Z | ‘Asz (3.1
S 9O
In (3.1), A|V,4| is the change in 4" bus voltage magnitude in p.u. ag‘;,’;ﬁ“ and ﬁg’:‘ | are

the bus-4 voltage magnitude sensitivities for different bus active and reactive power

changes for i = 1,..,4. AP,; and AQ,; are active and reactive power changes in the
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Fig. 3.2 Variation of bus voltage magnitudes with uniform increase in load.

corresponding bus, respectively.

3.2 SIZING BASED ON SENSITIVITY ANALYSIS DURING LOAD
INCREASE

This section consists of four sub-sections. In the first part, the system operating con-
ditions based on the load-flow studies are explained, which are the basis for sizing
analysis. In the other three sub-sections, the sizing of various converters are explained
using sensitivity studies under three different operating scenarios. In the first method,
only reactive power injection from ST is considered. In the second method, only active
power injection is considered. In the last method, the combination of active and reactive

power is utilized to attain the desired hosting capability.

3.2.1 System Operating Conditions

In the proposed method, the ST integrated with BESS is controlled to manage the power
flow at the MVAC grid for improving the load hosting capability of the feeder. It can be
observed from Fig. 3.2 that the maximum active power loading is limited to approxi-
mately 0.29 p.u. due to the violation of voltage limit (0.9 p.u.). The steady-state voltage
variations in a distribution system are not allowed beyond a maximum of 1.1 p.u. and

a minimum of 0.9 p.u., respectively [103]. Therefore, if the bus-4 voltage is within
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these limits, the ST is operated in normal operating mode. If the limits are violated, it is
operated in voltage control mode. This chapter considers active and/or reactive power
control only at bus-4 using BESS integrated ST. The worst bus voltage magnitude con-
sidered for analysis in this chapter is 0.85 p.u. Therefore, the maximum load hosting
capability that can be achieved is the load corresponding to 0.85 p.u. of bus-4 voltage.
From Fig. 3.2, the voltage at bus-4 is 0.85 p.u. when the active power loading on all the
buses are 0.41 p.u. The rating of converters is decided to improve the voltage during

this maximum voltage scenario. For the analysis, losses in the converters are neglected.

The ST LV converter supplies the load at the LVAC side in bus-4. In all the considered
cases, the maximum active power loading is 0.41 p.u. at a lagging power factor of 0.95.

Therefore, the ST LV converter is rated at 0.432 p.u.

3.2.2 ST with Only Reactive Power Support at MVAC Grid

In this case, the ST MV converter supports the grid with reactive power. No active
power exchange is scheduled for MVAC grid support and therefore, BESS is not con-
sidered in this analysis. The rating requirements for ST DC-DC converter and MV

converter are explained as follows.

ST DC-DC converter

The ST DC-DC converter is required to carry the entire active power requirement at the

LVAC side. Hence, the rating (P;._,4) of this converter for satisfactory operation is,

Pdcfrat = Plvfma)r (32)

The maximum active power loading (P}, —;,4) at the ST LV converter is 0.41 p.u.; there-

fore, the DC-DC converter rating is considered as 0.41 p.u.

ST MY converter

The ST MV converter is rated such that it supplies the reactive power required at the

MVAC side to maintain the bus-4 steady-state voltage at 0.9 p.u. This converter should
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also supply the maximum active power requirement at the LVAC side. P, 1 the ac-

tive power rating of ST MV converter for a maximum LVAC load of P}, ... Therefore,

(3.3)

vafmt - Plvfmax-

The ST’s reactive power capability is utilized to maintain the required steady-state volt-
age, and no active power exchange is considered for the grid support. Modifying (3.1)

based on these considerations,

3| V4|
AlVps| = AQp4 (3.4)
Ves dQp4
where %’;‘;‘ is the sensitivity of bus-4 voltage for its reactive power change in p.u./p.u.

The maximum voltage magnitude deviation that needs to be mitigated is A|Vp4_nax]-

The reactive power change (AQp4—max) required at MVAC grid is computed as

A\Vb4fmavc|
AQb4_max - 8|Vb4—max‘ (35)
aQb47ma)c
where W is the voltage sensitivity at the corresponding maximum loading, and
—max

AQpa—max 18 the reactive power required from the ST to maintain the voltage at required

value.

The power rating requirements are calculated to improve the voltage to 0.9 p.u. at a
maximum active power loading of 0.41 p.u. From the load-flow studies, the sensitivity
of reactive power at the maximum active power loading (0.41 p.u.) is found to be
0.1471 p.u./p.u. The maximum voltage deviation that needs to be mitigated is 0.05 p.u.

Therefore from (3.5), the reactive power required to mitigate this voltage deviation is,

0.05
AQp4—max = 0.1471 = 034 p-u. 3.6)

From (3.3) and (3.6), the active and reactive power capacity required by the ST MV

converter are,

P v =041 pu. ; QOm_ra =034 p.u. (3.7)

From (3.7), the rating of ST MV converter is computed to be 0.53 p.u.
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3.2.3 ST with Only Active Power Support at MVAC Grid

In this case, the active power supply from BESS is considered for improving the load
hosting capability. The ST MV converter reactive power injection is not considered for
the analysis. The rating requirements for BESS converter, ST DC-DC converter and

MYV converter are explained as follows.

BESS converter

When the bus-4 MVAC voltage limit is violated due to higher loading, active power
from BESS is supplied to maintain the voltage magnitude within the steady-state limit.

Modifying (3.1) based on these considerations,

A |Via|
A|\Vps| = ——AP, 3.8
|Vial OBy, b (3.8)
where ao-!gj‘ is the sensitivity of bus-4 voltage for its active power change in p.u./p.u.

Similar to (3.5), the active power requirement (APy4_,4,) 1S computed as follows:

A|Vb4—mahx’
APb4—ma)c = O Viot—ma] (39)
JP, b4—max
where W 1s the voltage sensitivity at the corresponding maximum loading. There-
—max

fore, the BESS converter rating required to achieve the specified magnitude of voltage

is given by APp4_nax-

Maximum voltage deviation of 0.05 p.u. is considered, similar to the previous case

a|Vb4—max‘ —
aPb47mwr

0.1520 p.u./p.u. Substituting the values in (3.9), the BESS rating is obtained as,

of analysis. The sensitivity factor corresponding to the maximum loading,

0.05

2P 0329 pu 3.10
0.1520 0% pu .10

AP, bd—max —

Therefore, the BESS rating of 0.329 p.u. is required at bus-4 to improve the load hosting

capability of system from 0.29 p.u. to 0.41 p.u. at all the four buses.
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ST DC-DC converter

When steady-state voltage is within the limit, the ST DC-DC converter should maintain
the active power flow from MVAC grid. Maximum active power loading considered in
this case is 0.29 p.u. Therefore, the rating of the DC-DC converter in this condition is

selected as 0.29 p.u.

ST MYV converter

The ST MV converter active power requirement is calculated both in normal and voltage
control modes of operation. The higher value is selected as the rating of the converter
for this case of analysis. When the bus-4 voltage is within the steady-state limit, the ST
MYV converter supplies the active power requirement at the LVAC side and BESS. The
active power requirement is 0.29 p.u. When the bus-4 voltage exceeds the steady-state

limit, the ST MV converter active power requirement for a BESS power supply of P, is

Puv—rat = Prv—max — Pp- (3.11)

The BESS supplies 0.329 p.u. of active power to improve the steady-state voltage at
the bus-4. The active power requirement from ST MV converter is 0.081 p.u. for a
maximum load of 0.41 p.u. Since the reactive power injection is not considered in this

analysis, the ST MV converter rating requirement is 0.29 p.u.

3.2.4 ST with Both Active and Reactive Power Support at MVAC
Grid

In this case, the active power supply from the BESS is utilized along with the reactive
power capability of ST MV converter to mitigate the steady-state voltage drop. The
rating requirements for BESS converter, ST DC-DC converter and MV converter is

explained as follows.
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BESS converter

Modifying (3.1) by incorporating bus-4 active and reactive power control

alv, alV,
\ b4|APb4-|— [Vial

AlVp4| =
Vial 9Py 90p4

AQpa. (3.12)

In this analysis, as a generalized case, the active and reactive power contributions are
considered equal. All other combinations of active and reactive power injections are
also possible with the ST. Based on the equal active and reactive power contribution,

(3.12) can be modified to,

d ’Vb4fmax| d |Vb4fmax‘

A\Vpa_ =
| p max| ( aPb47max aQbétfmax

)APb4—max- (313)

Calculating the BESS size with the ST active and reactive power contribution,

0.05
APy max = AQba-mar = 51250+ orang = 0167 P (3.14)

The BESS converter size required for achieving improved load hosting capability is

reduced to 0.167 p.u. after the incorporation of ST MV reactive power control.

ST DC-DC converter

The rating of ST DC-DC converter remains same as the previous case since during
normal operating condition, this converter needs to supply LVAC active power load.

Therefore, the rating of DC-DC converter in this condition is selected as 0.29 p.u.

ST MYV converter

During the normal operating mode, the ST MV converter supplies the active power
requirement at the LVAC side and BESS. The active power requirement is 0.29 p.u.
During the voltage control mode, the active power required from the ST MV converter
is as per (3.11). The BESS supplies 0.167 p.u. of active power to improve the steady-
state voltage at the bus-4. The active power requirement from ST MV converter is 0.243

p-u. for a maximum load of 0.41 p.u. Since the reactive power injection is calculated
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Fig. 3.3  Variation of bus voltage magnitudes with uniform increase in generation.

as 0.167 p.u., in this strategy, the ST MV converter rating requirement is 0.295 p.u.
The ratings of different power converters obtained from the above analysis is given in

Table 3.2.

3.3 SIZING BASED ON SENSITIVITY ANALYSIS DURING GEN-
ERATION INCREASE

In this section, the sizing analysis is explained when the generation is increased along
the feeder. Newton-Raphson load-flow is carried out for the system shown in Fig. 3.1(b)
to determine the voltages at each bus. Bus-0 is assumed as slack bus, and voltage
magnitude is considered as 1 p.u. In this case, the generation at each bus is increased
uniformly and the reverse power flow condition is analyzed. Due to reverse power
flow along the feeder, the voltages increase at different buses. Fig. 3.3 shows the
variation of voltages at different buses when generation is increased from zero. For
analyzing the worst voltage rise phenomenon, the loading at all the buses is assumed as
zero. From Fig. 3.3, it can be observed that the maximum active power generation is
limited approximately to 0.46 p.u. due to the violation of the upper voltage limit (1.1
p-u.). The ST’s capability to improve the load hosting capability can also be utilized
for increasing DG penetration. The sensitivity study explained in case of load hosting

capability improvement is repeated for the generation increase.

As seen in Fig. 3.3, the bus-4 experiences the worst voltage magnitude rise due to
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increased generation. The worst bus voltage magnitude considered for analysis in this
chapter is 1.125 p.u. With this voltage magnitude, the maximum DG hosting capability
that can be achieved is the generation corresponding to 1.125 p.u. of bus-4 voltage.
From Fig. 3.3, the voltage at bus-4 is 1.125 p.u. when the active power generation on
all the buses is 0.59 p.u. This condition is considered to decide the size of different
converters. The sensitivity-based sizing is explained for the load increase case, and the
same methods are repeated for generation increase. The findings related to the ratings

of different converters are given in Table 3.3.

The third scenario shown in the earlier analysis considers the equal contribution of
active and reactive power injection. However, the ST is capable of operating at other
combinations of active and reactive powers to improve the voltage at bus-4. This flexible
active, reactive power injection shows the multiple power factor operation capability of

ST for achieving the same objective.

This method cannot be extended for any voltage and load conditions due to the lim-
itation on the convergence of N-R load flow method. Moreover, the operation at or
near the P-V curve nose point is impractical and a sufficient power margin need to be
provided for the satisfactory operation of the system [115]. Therefore, the proposed

method is not applicable for the operation at or near the nose point of the P-V curve.

3.4 CONTROL OF POWER CONVERTERS

In this section, the principle of operation and control of ST MV converter, ST DC-DC
converter, ST LV converter and BESS converter is explained. Fig. 3.4 shows the overall
control diagram of ST. The ST MV converter is controlled in current control mode. The
ST DC-DC converter maintains the LVDC link voltage constant at the reference value
(V}5_4c0)- The ST LV converter is controlled to maintain a constant three-phase balanced
voltage based on the reference voltage V;;. The BESS exchanges the active power with
the LVDC link of ST based on the power reference P;. The control of converters are

explained for load increase case.
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3.4.1 ST MYV Converter Control

The control of ST MV converter is explained during normal and voltage control modes.
The control block-diagram is shown in Fig. 3.5(a). During the normal operating condi-
tion, the ST MV converter supplies the active power requirement at the LVAC side and
BESS charging power requirement. The ST MV converter active power requirement is
given by

Py, =Py +P (3.15)

where Pyy; is the active power loading at the ST LVAC side and P, is the BESS charging
power reference. No exchange of reactive power is considered at this condition, and the
reactive power reference (Q;,,) is zero. Therefore, the ST operates at unity power factor

during normal operating condition.

In the voltage control mode, depending upon the strategy adopted for capacity enhance-
ment, active and/or reactive power references are generated for ST MV converter. The
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load increase leads to voltage drop in different buses. For a specified lower limit of
voltage magnitude V,4_;;, and bus-4 voltage magnitude of V4, the ST MV active power
reference is given by

Py = Poar +Mpq(Via — Vipa—i1) (3.16)

where M, is the slope factor for active power (p.u./p.u.). The ST MV converter reactive

power reference is given by
Oy = 0+Myq (Vs — Vipa—i1) (3.17)

where M, is the slope factor for reactive power (p.u./p.u.).

Depending upon the strategy adopted for voltage control, active/reactive power inde-
pendently or a combination of both is utilized. The value of slope factor depends on
the strategy adopted for capacity enhancement. The calculation of slope factors for a
simultaneous active and reactive power injection strategy is explained as follows. The
BESS capacity required for the voltage drop of 0.05 p.u. beyond the lower limit is cal-
culated in (3.14) and maximum BESS power required for the mitigation of this voltage
drop is 0.167 p.u. Therefore, the BESS power required for a 1 p.u. voltage change, M,

is given by

- APotma _ | 0167

=334 p.u/p.u. (3.18)

As considered in (3.13), the active and reactive power contribution from ST are equal.

Therefore, the reactive power slope factor is given by

M,; =334 pu/pu. (3.19)

Similarly, the slope factors for only active or reactive power injection strategy can be
computed. The active and the reactive power references are generated using the above-
mentioned strategies. These are used as inputs to the inner controllers, explained in the

next part of this section.

Three-phase bus-4 voltages (vp4) and ST MV converter currents (i,,,45c) are converted
to its d and g components Vyg4, Vpgs and iy, igmy, respectively. The outer controller

generates the active (P,,,) and the reactive (Q;,,) power references based on different
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control modes as given in (3.15), (3.16), and (3.17) . The MVDC link voltage (V,,,—4c)

is compared with a reference value (V,; ) and the error is passed through a PI con-

v—dc
troller to generate the d component of current which corresponds to the losses in DC
link. The current references are generated from the power references using the follow-
ing equation:
0 1 Vbas  —Vbga | | B
dmvr q my (320)

*

2
, T 3,2 2
Lgmy 3 Vbda + qu4 Vbgs  Vbd4 Q;:w

The d component of current reference (i;,, ) is added with the loss component to gener-

*

ate total current reference iy, . The g component of reference current (ig,,,

) is generated
directly from (3.20). The three-phase voltage references (v},,,.) for the ST MV con-

verter are generated from the current reference given in (3.20), and 7, using voltage

oriented current control as shown in Fig. 3.5(a) [70].

3.4.2 ST DC-DC Converter Control

The primary function of this converter is to maintain the LVDC voltage at a constant
value. It ensures a constant power flow between MVDC and LVDC links of ST. The
block-diagram representation is shown in Fig. 3.5(b). The LVDC voltage (V},_4.) is
compared with a reference value (V| _ ) and the error is passed through a PI controller
to generate the phase angle which is maintained between MVDC and LVDC side con-
verter switching instances [59]. Moreover, Chapter 2 provides a detailed explanation

for this converter operation and control.

3.4.3 ST LV Converter Control

The ST LV converter is controlled as a grid forming voltage source converter. Fig.
3.5(c) shows the reference generation block-diagram. The converter maintains the refer-
ence value of rms phase voltage (V}}) at 50 Hz frequency and 120° phase difference be-
tween phases to generate three-phase balanced sinusoidal voltage at the LVAC side [9],

[96]. The detailed explanation for this converter operation is provided in Chapter 2.

TH-2413_ 156102024
72



Table 3.4 Simulation Parameters

System quantities Values
ST MYV converter Ly, =20mH, C,, =5 uF
ST LV converter L;,=0.5 mH, C;,, =20 uF
DC link voltage Viw—de =20 kV, Vi_4e = 0.7 kV
DC link capacitor Civ—ac =2000 uF, Cpy—ye =2500 uF
ST DC-DC converter Lyae =10 mH, f;,, =1 kHz
BESS DC-DC converter L, =50 uH, f,,, =10 kHz

3.4.4 BESS DC-DC Converter Control

In Fig. 3.5(d), the method to compute reference power (P;) for BESS converter is
shown. During the normal grid operating conditions, the active power exchange with
the MVAC grid maintains the appropriate SOC. The BESS current reference (1) is

given by
_B

I;,‘—Vb

(3.21)
where Vj, is the voltage across the battery.

During voltage control mode, depending upon the adopted support strategy, the BESS

may be activated. The BESS supplies the active power based on

Py = Mpa(Vps — Via—i1). (3.22)

Using P, the current /;, is computed from (3.21). It is compared with the actual current
(Ip) and passed through a PI controller to generate the error. This is used to generate

switching pulses for the DC-DC converter [107].

3.5 SIMULATION RESULTS

The simulation is carried out in the PSCAD/EMTDC software. The system parameters
used for simulation studies are given in Table 3.1, 3.4, and 3.5. Loading on all the
four buses are considered to be uniform throughout the simulation at a constant lagging
power factor of 0.95. The ST is installed at the bus-4, and the active power load hosting

capability of each bus is limited to 0.29 p.u. This is due to the violation of steady-state
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Table 3.5 Simulation PI Controller Parameters

System PI Gains

ST MV converter (d-axis) K, =60, K; =2 1074

ST MV converter (g-axis) K, =60, K; =2 1074

MVDC link controller K,=5K=2%107

ST DC-DC converter K, =5, K; = 1000

BESS converter K,=30,K;=1

voltage limit (0.9 p.u.) at bus-4. The aim is to improve the active power load hosting
capability to 0.41 p.u., which corresponds to 0.85 p.u. of voltage at bus-4 without any
active/reactive power support from ST. The active/reactive power requirement from ST
in different control strategies is explained in the sizing analysis, and the simulation

results verify the theoretical findings.

3.5.1 Performance of System with Only Reactive Power Support
from ST

This case analyzes the performance of the system when ST MV converter injects only
reactive power to the MVAC grid when load increases beyond 0.29 p.u. Fig. 3.6 shows
the simulation results for this case. Till # = 10 s, the active power loading in all the
buses are 0.29 p.u. Fig. 3.6(a) shows the bus-4 voltages, and the voltage magnitude
is at the steady-state limit of 0.9 p.u. The ST MV converter absorbs the active power
requirement at the LVAC side from MVAC grid. Fig. 3.6(b) shows the ST MV converter
currents. The ST LV converter maintains a 1 p.u. of voltage at the LVAC side, as shown
in Fig. 3.6(c). The ST LV converter supplies the power to LVAC loads, and the currents
are shown in Fig. 3.6(d). Fig. 3.6(e) shows the load active and reactive powers. Fig.
3.6(f) shows ST MV converter active, reactive powers, and BESS power. At ¢ =10 s,
the load at all buses is increased to 0.41 p.u. The ST injects reactive power to the MVAC
grid and the voltage at the bus-4 is maintained at 0.9 p.u. as shown in the Fig. 3.6(a).
Fig. 3.6(e) shows the active and reactive power increase at the bus-4. In Fig. 3.6(f), the
reactive power increases after the load change to maintain the voltage at 0.9 p.u. The
ST MVAC active power also increases to supply the additional load at the LVAC side.
The BESS is not involved in this case of analysis, and its power output remains zero.
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Fig. 3.6 ST supports MVAC grid with reactive power during load change. (a) Bus-4
MVAC voltages. (b) ST MV converter currents. (c) Bus-4 LVAC voltages. (d) LVAC
load currents. (e) Bus-4 load active and reactive powers. (f) Different powers.

3.5.2 Performance of System with Only Active Power Support from

ST

This case analyzes the performance of the system when ST utilizes active power from
BESS to the MVAC grid when the load increases beyond 0.29 p.u. Fig. 3.7 shows the
simulation results for this case. The loading in all the buses increases at t = 10 s. Fig.
3.7(a) shows the bus-4 voltages, and the magnitude is at the steady-state limit of 0.9
p-u. Fig. 3.7(b) shows the ST MV converter currents. Fig. 3.7(c) and Fig. 3.7(d) show
ST LVAC voltages and currents, respectively. Fig. 3.7(e) shows the load active and
reactive powers, and the load increase is visible after r = 10 s. Fig. 3.7(f) shows ST MV
converter active and reactive powers, and BESS power. At¢ = 10 s, the load at all the

buses is increased to 0.41 p.u. After the load increase, the BESS injects active power to
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3 Load change
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Fig. 3.7 ST supports MVAC grid with active power during load change. (a) Bus-4
MVAC voltages. (b) ST MV converter currents. (c) Bus-4 LVAC voltages. (d) LVAC
load currents. (e) Bus-4 load active and reactive powers. (f) Different powers.

the MVAC grid, and the voltage at the bus-4 are maintained at 0.9 p.u. as shown in the
Fig. 3.7(a). In Fig. 3.7(f), the active power injection from BESS is visible, and active
power absorption from ST MV converter decreases due to BESS injection. ST reactive

power is not involved in this case of analysis.

3.5.3 Performance of System with Both Active and Reactive Power
Support from ST
This case analyzes the performance of the system when ST utilizes active power from

the BESS and reactive power capability of the ST MV converter to improve the load

hosting capability. The simulation results are shown in Fig. 3.8 and Fig. 3.9.
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4 LVAC voltages. (d) LVAC load currents. (e) Bus-4 load active and reactive powers.
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Fig. 3.8 shows the results when the active and reactive power contributions are consid-
ered equal. The load increases similar to the previous cases. Fig. 3.8(a) shows the bus-4
voltages and the magnitude is at the steady-state limit of 0.9 p.u. Fig. 3.8(b) shows the
ST MV converter currents. The ST LVAC voltages and currents are shown in Fig. 3.8(c)
and Fig. 3.8(d), respectively. Load increases after t = 10 s and Fig. 3.8(e) shows the
load active and reactive powers. The ST MV converter active and reactive powers, and
BESS power are shown in Fig. 3.8(f). The active and reactive power required to main-
tain the steady-state voltage at 0.9 p.u. is calculated from the sensitivity study, and the

same is shown in Fig. 3.8(f).

In another case shown in Fig. 3.9, an unequal contribution of active and reactive power

is studied. The reactive power contribution is considered as two times that of active
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power to obtain the required voltage support at the bus-4. All other conditions remain
same. Fig. 3.9(a) and Fig. 3.9(b) show the bus-4 voltages and ST MV converter
currents, respectively. The voltage magnitude remains the same at the steady-state limit
of 0.9 p.u. after the load change at # = 10 s. The ST LVAC voltages and currents are
shown in Fig. 3.9(c) and Fig. 3.9(d), respectively. Fig. 3.9(e) shows the load active and
reactive powers. The ST MV converter active and reactive powers, and BESS power
are shown in Fig. 3.9(f). The active and reactive power required to maintain the steady-
state voltage at 0.9 p.u. is calculated from the sensitivity study maintaining the ratio of

their contribution.
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BESS

MVAC LVDC LVAC
Grid
PCC Loads
Fig. 3.10 Experimental setup schematic.
Table 3.6 Experimental Parameters
System quantities Values
MVAC grid voltage 150V
LVAC grid voltage 110V

MVAC line parameters R,=2.1 Q L;=8 mH

ST MV converter Ly, =18 mH, C,,, =10 uF

ST LV converter Ly, =5 mH, C,, =10 uF
DC link voltage Vie=270 V
BESS converter L, =18 mH

3.6 EXPERIMENTAL RESULTS

Fig. 3.10 shows the experimental setup configuration. The system shown in Fig. 3.1(b)
is simplified to the Fig. 3.10 configuration. The experimental parameters are given in
Table 3.6. The equivalent line resistances and inductances till bus-4 are replaced by a
lumped value, and the bus-4 is considered as PCC. The R/X ratio of the original 5-bus
system is maintained for the experimental analysis also. The system is operating at the
load corresponds to 90% of the nominal voltage at PCC. The load is increased to a value
which leads the voltage to decrease to 85% of the nominal value without any control.
Three cases are investigated in this chapter. In all the three cases, the ST is controlled

to improve the voltage at PCC to the maximum allowed limit, 1.e., 90% of the nominal

value.
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3.6.1 Performance of System with Only Reactive Power Support
from ST

In this case, the voltage reduction due to load increase is compensated with the reactive
power capability of ST MV converter. The experimental waveforms are shown in Fig.
3.11. Fig. 3.11(a) shows the MVAC PCC voltages, which is maintained at the grid-
code specified limiting value. The load change is marked in the waveform. Fig. 3.11(b)
shows the ST MV converter currents, and it increases after load change due to increased
active and reactive power exchange. Fig. 3.11(c) shows the ST LVAC voltages which
are maintained at the nominal value. The load increase is visible from the increase in
LVAC side currents, as shown in Fig. 3.11(d). The LVDC link voltage is shown in Fig.
3.11(e), which remains constant. The MVAC grid side active power is shown in Fig.
3.11(f). The ST absorbs more power from MVAC grid to supply the increased loads.
Fig. 3.11(g) shows the reactive power supplied by the ST MV converter to MVAC grid
for maintaining the voltage. Fig. 3.11(h) shows the BESS power, which is maintained
at zero in this case of experiment, as only reactive power is used in this case for the

capacity enhancement.

3.6.2 Performance of System with Only Active Power Support from

ST

In the second case, the active power supply from BESS is used to compensate for the
voltage reduction due to increased load requirement, and the waveforms are shown in
Fig. 3.12. Fig. 3.12(a)-(e) show the waveforms of MVAC PCC voltages, ST MVAC
currents, ST LVAC voltages, ST LVAC load currents, and LVDC link voltage, respec-
tively. The PCC voltages are maintained at the limiting value, even after the load in-
crease as shown in Fig. 3.12(a). The ST MV converter currents remain constant since
the increased load is supplied from BESS as shown in Fig. 3.12(b). The LVAC voltage
remains at the nominal value as seen in Fig. 3.12(c). The LVAC load change is visible
in the Fig. 3.12(d). The DC link voltage remains undisturbed throughout the operation
as seen in Fig. 3.12(e). The load increase is compensated with the BESS active power.
Fig. 3.12(f) shows the ST MVAC active power, which remains at the previous value af-

ter load increase. No reactive power is exchanged with the MVAC grid. This is shown
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Fig. 3.11 Experimental results when ST supports the grid with reactive power during
load change. (a) MVAC PCC voltages. (b) ST MV converter currents. (¢) ST LVAC
voltages. (d) LVAC load currents. (e) DC link voltage. (f) ST MVAC active power. (g)
ST MVAC reactive power. (h) BESS power.

in Fig. 3.12(g). Fig. 3.12(h) shows the BESS power, which is required to maintain the
voltage at MVAC grid.

3.6.3 Performance of System with Both Active and Reactive Power

Support from ST

In the third case, simultaneous active and reactive powers from ST are used to com-
pensate for the voltage reduction due to increased load requirement, and the waveforms

are shown in Fig. 3.13. Fig. 3.13(a)-(e) show the waveforms of MVAC PCC voltages,
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Fig. 3.12 Experimental results when ST supports the grid with active power during
load change. (a) MVAC PCC voltages. (b) ST MV converter currents. (¢) ST LVAC
voltages. (d) LVAC load currents. (e) DC link voltage. (f) ST MVAC active power. (g)
ST MVAC reactive power. (h) BESS power.

ST MVAC currents, ST LVAC voltages, ST LVAC load currents, and LVDC link volt-
age, respectively. The PCC voltages are maintained at the limiting value, even after the
load increase as shown in Fig. 3.13(a). The ST MV converter currents increases due
to the exchange of active and reactive powers as shown in Fig. 3.13(b). The LVAC
voltage remains at the nominal value as seen in Fig. 3.13(c). The LVAC load increase
is visible in the Fig. 3.13(d). The DC link voltage remains undisturbed throughout the
operation as seen in Fig. 3.13(e). Fig. 3.13(f) shows the ST MVAC active power. The
ST MVAC converter active power increases to supply the required amount of load. As

discussed in the sizing analysis, active and reactive power contribution are considered
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Fig. 3.13 Experimental results when ST supports the grid with active and reactive
powers during load change. (a) MVAC PCC voltages. (b) ST MV converter currents.
(c) ST LVAC voltages. (d) LVAC load currents. (e) DC link voltage. (f) ST MVAC
active power. (g) ST MVAC reactive power. (h) BESS power.

equal, and ST MVAC reactive and BESS powers are shown in Fig. 3.13(g) and Fig.
3.13(h), respectively.

3.7 CONCLUSIONS

In this chapter, the CPT is replaced with a BESS integrated ST in a 5-bus radial MVAC
distribution system. The load and generation hosting capability improvement is achieved
with three methods utilizing the ST’s multidimensional active and reactive power man-
agement capability. The design study based on the sensitivity analysis provides the

rating requirement for achieving the desired results. The findings are verified through
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simulation and experimental results. The flexibility in achieving the required result with
the help of active power, reactive power and a combination of active and reactive pow-
ers makes the BESS integrated ST a suitable candidate irrespective of the R/X ratio of

the MVAC grid.
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CHAPTER 4

AN MVDC BASED MESHED HYBRID MICROGRID
ENABLED USING SMART TRANSFORMERS

In previous chapters, the ST’s capability to control the MVAC grid voltage has been
investigated. The Chapter 2 proposes a coordinated voltage improvement strategy for
ST in the MVAC grid. Chapter 3 extends to analyze the active and reactive power ex-
change feature of BESS integrated ST in a 5-bus radial distribution feeder. The load
and generation hosting capability improvement is achieved from the proposed strategy
utilizing the active power, reactive power and a flexible combination of both. These two
chapters focus on the ST’s active and reactive power exchange features for the support
of voltage in MVAC grid. In addition to the voltage support aspects, the power manage-
ment capability of ST is an important feature that helps in improving the reliability of
distribution grid. Moreover, the incorporation of suitable control of active power plays
a crucial role in voltage variations caused by the load and generation fluctuations. This

chapter aims to study the power management aspects of ST in an AC microgrid.

The local consumption of the energy generated from the DG sources are more econom-
ical and it leads to the formation of microgrids [19], [116]. Even though microgrids can
exist independent of AC main grid connection, the interconnection with existing AC
grids improves the power quality and reliability of microgrids. In the modern power
transmission sector, VSC based HVDC transmission systems are popular for the inter-
connection of DG sources located away from the main grid [117]. The features such as
increased power transfer capability and flexibility in controlling active, reactive power
exchanges make this system a better solution in comparison with a conventional AC
system [118]. Similarly, in the distribution side, the MVDC distribution systems are
considered to be an emerging trend for integrating the AC microgrids with the main
grid [95], [119], [120]. Some of the features that MVDC distribution system offers are:
independent control of active and reactive power flows, improved stability for existing
AC distribution system, decoupling grids with different frequencies, etc. [95], [119].

The conventional AC microgrid faces challenges in flexibly controlling the active power
TH-2413_ 156102024



flow based on the DG output and load condition. Connecting a BTB converter system
in a conventional AC distribution line improves the active power control features in
the system. In [121], a BTB converter is connected in an MVAC radial feeder and
the performance is analyzed during severe voltage sags. Moreover, the reliability of
power supply is affected in the conventional configurations. The usage of DC links for

establishing highly reliable meshed distribution grids is investigated in [122].

The meshed hybrid microgrids are considered to be an emerging trend in the recon-
figuration of microgrids. The MVDC distribution system is effectively utilized for the
formation of highly reliable meshed grids [120]. Similarly, the availability of MVDC
link of ST opens up an option to realize the MVDC distribution system [64], [65]. The
following observations are consolidated from the literature mentioned:

* The power management aspects in microgrids are important to handle the voltage
variation due to load and generation fluctuation

* The interconnection of AC microgrids with the other grids improves the reliability
of microgrid

* The interconnections through power electronic-based solutions improve the con-
trollability of active and reactive powers

* The MVDC systems offers a flexible solution to the grid interconnection problem
[95], [119], [120]

* The ST MVDC link has the potential to establish the MVDC distribution system
[64], [65].

This chapter proposes an MVDC based meshed hybrid microgrid using STs. The dif-
ferent power management characteristics of the proposed system is studied and features
are compared with the existing solutions. Performance of the system is verified with

simulation and experimental studies.

4.1 SYSTEM CONFIGURATION

Fig. 4.1(a) shows a conventional AC microgrid configuration derived from [114], [120].
The 11-kV source in the microgrid is constituted by a number of renewable sources.
The 11-kV bus of the microgrid is horizontally coupled to a main grid bus through
AC distribution line and normally open (NO) circuit breakers (CBs). In the microgrid

MVAC bus, the DG unit (DG-1) and loads (L.oad-1) are connected through 11/0.4 kV
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Fig. 4.1 Single-line diagram of the system. (a) A conventional microgrid configura-
tion horizontally coupled with the main grid [114], [120]. (b) A BTB system intercon-
nected microgrid [121]. (¢) Proposed MVDC interconnected meshed hybrid microgrid.

CPT. In the main grid MVAC bus, the loads (LLoad-2) are connected through a 11/0.4
kV CPT.

Fig. 4.1(b) shows a modified conventional AC microgrid configuration derived from
[121]. The BTB converter system connects the microgrid with main grid. The con-
trolled active power flow is possible through the BTB system between microgrid and
main grid. The connection of loads and DG remains same as the system shown in Fig.

4.1(a).

Fig. 4.1(c) shows the proposed meshed hybrid microgrid using STs. In the microgrid,
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Table 4.1 System Parameters

System quantities Values
MVAC grid voltage 11 kV
LVAC voltage 0.4 kV

MVAC line parameters  1.014 +j1.1929 Q /km [9], [114]
Load-1, Load-2 0.45 MW, 0.15 MVAr

DG-1 0.2 MW

Table 4.2 Proposed Restructured System Parameters

System quantities Values

MVDC line parameter  1.014 Q/km [114]

MVDC voltage 20 kV
ST MV converters 0.55 MVA
ST DC-DC converters 0.45 MW
ST LV converters 0.48 MVA

the CPT is replaced by ST-1. The load-1 and DG-1 are connected to the ST-1 LVAC bus.
In the main grid MVAC bus, the CPT is replaced by ST-2 and the load-2 is connected to
the LVAC bus. The BTB converters are eliminated and the MVDC links of ST-1 and ST-
2 are connected through MVDC distribution lines. The existing AC line infrastructure
is utilized to establish MVDC interconnection [123]. Therefore, the cost related to
construction of a completely new DC network infrastructure is eliminated here. The

system parameters considered are given in Table 4.1 and 4.2.

4.2 MODES OF OPERATION

This section discusses the operating modes of the ST based MVDC interconnected
meshed hybrid microgrid. Two operating modes are considered in this chapter, nor-
mal and emergency modes. A flowchart representation of the operating modes is given

in Fig. 4.2.

4.2.1 Normal Mode

TH-241 3_1’15“%% (515)612{11 operating mode is defined when the following conditions are satisfied:
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MVAC main grid
failure or ST-2 MV
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VAC microgrid
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converter failure?

Yes Yes

A, A,

Supply main grid
load from microgrid

No Supply microgrid
load from main grid

ompare
Prinet < Py R Pitner > Proj

Plv]-net, Plv]-ul,
P

Plvl-uls Plvl-net = Plvl»ul

A,

Transfer power Transfer power
through MVDC Supply through MVDC
as per (4.4) LVAC loads as per (4.4)

Fig. 4.2 Flowchart representation of operation of the meshed hybrid microgrid en-
abled using STs.

* microgrid and main grid MVAC sources are operating without any faults and
delivering required power to their respective loads [64]

* The ST-1 and ST-2 MV converters are operating without fault or maintenance.

In the normal operating mode, two scenarios are considered. One scenario is indepen-
dent operation of STs and another is inter-feeder power transfer. These operations are
selected based on the loading on the meshed hybrid microgrid LVAC bus. The net active

power loading on ST-1 LVAC bus (P}, _,er) is given by

Plvl—net = Pllvl - Pglvl (41)

where Py;,1 and Py, respectively are the active power loading and generation at the
microgrid LVAC bus. The power transfer to the main grid is scheduled only when the
ST-1 LVAC net active power loading is less than a predefined active power lower limit
(Pyy1—y)- Similarly, the active power absorption from main grid is scheduled during

microgrid peak load hours when the ST-1 LVAC loading is greater than a predefined
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active power upper limit (£, ;). The inter-feeder power transfer (7) is given by

Pt - Popr - Plvl—net (42)

where P, is the predefined active power operating point. This operating power is
defined based on the availability of excess power in the microgrid during low-load con-
dition and amount of load shaving required during peak demand condition. The ST-1

MYV converter power reference (P, ;) during this mode of operation is given as

vl

. Pryt—net, A Pyi—it < Pivi—ner < Pivi-u
mvl = (43)
Popr otherwise.

If the lower or upper limits of active power loading is violated, the MVDC power trans-

fer is initiated. The power reference (P;,) for MVDC power transfer is given by

« 07 if Plvl—ll < Plvl—net < Plvl—ul
P = 4.4)

Pypr — Piy1—net, otherwise.

The power transfer through MVDC line helps in supporting the microgrid during low
and high load conditions. During the normal operating mode, the ST-2 MV converter

active power reference (P, ,) is given as

By = Pino (4.5)

where Py, is the active power loading at the ST-2 LVAC side. The ST-2 power refer-
ence consists of the LVAC load requirement. The MVDC power transfer is indirectly

controlled by the MVDC link voltage control.

4.2.2 Emergency Mode

In the emergency mode, two scenarios are analyzed. First one is the operation of system
during the failure of MVAC microgrid/ST-1 MV converter. Second case shows the
failure of MVAC main grid/ST-2 MV converter. In the event of ST-1 MV converter

or MVAC microgrid failure, the ST-2 MV converter active power reference is given
TH-2413_ 156102024
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by (4.5). The active power exchanged from MVAC microgrid remains at zero and the
loads at the ST-1 LVAC bus is served from main grid through MVDC interconnection.
Similarly, during the MVAC main grid or ST-2 MV converter failure, the ST-1 supports
the ST-2 LVAC loads by the transfer of power through MVDC interconnection. The ST
DC-DC converters provides the active power load requirement at the respective LVAC
buses. The ST LV converters deliver the powers for the LVAC loads connected at the

respective terminals.

4.3 CONTROL OF POWER CONVERTERS

In this section, the control strategy of different power converters are explained for nor-
mal and emergency modes. The overall control block diagram is shown in Fig. 4.3. The

subscript i is used to indicate the ST-1, ST-2 related terms (i = 1,2).

ST MV converter ST DC - DC converter ST LV converter

Tl DC DC AC .
MVAC ‘ mvabei Ly i LVAC
: T—-f'"‘—‘ — —ty . L U VR
Grid 4C Gt | Vot DC Cvae DC C, T yafe” Grid

Vivabei |,
|
mvabci Vivabei
*

/73RN 1

A . Lvabei
ST MV converter Vlv-dm LVDC link L V,‘,_‘l(,,- V: Constant LVAC [* vabci
current control voltage control voltage control [«

L
mvyabci

Fig. 4.3 Overall control diagram.

The control strategy of ST-1 and ST-2 MV converters are different as they need to
control the power transfer between two feeders. The ST DC-DC and ST LV converters
of ST-1 and ST-2 are controlled in the similar fashion; therefore, they are not explained

separately.

4.3.1 ST-1 MV Converter Control

The ST-1 MV converter is controlled to exchange necessary power with the MVAC mi-
crogrid. The block-diagram representation is given in Fig. 4.4 (a) and (b). The ST-1 is
selected as the primary power controller (PPC). It controls the MVDC power transfer
during normal operating mode. During this mode of operation, the active power ref-
erence is given by (4.3). This includes the ST LVAC bus active power and the power

transfer requirement. The generalized expression for active and reactive power refer-
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Fig. 44 (a) Control reference generation. (b) ST MV converter current reference
generation. (c¢) ST DC-DC converter phase angle reference generation. (d) ST LV
converter reference voltage generation.

ence (Q;,,;) is written as

Pn*wl = Piy1—ner + ktrP;c ; szl =0 (4.6)

where k;, 1s the control constant for the MVDC active power transfer. The MVDC
power transfer is activated based on the conditions explained in Fig. 4.2. For the transfer
of power through MVDC link, the constant k;,- assumes value 1. If there is no active

power transfer, k;, 1s given as 0.

During emergency mode, when microgrid MVAC grid or ST-1 MV converter fails, P,
= 0. During the MVAC main grid or ST-2 MV converter failure, the P; , and Q;  are
given as

Pt;kwl =Pryi1—ner » Q;knvl =0. 4.7)
The ST-1 MV converter uses instantaneous symmetrical component theory [71] for the

generation of reference currents. The three-phase reference currents (i;, , ;) for ST-1
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MYV converter is given as

p p p
i = Vimval +kQ1( Vbl — vacl) (P* . ‘Jl‘klP[* 1)
mva D D myv 0ss

(vaal )2 + ( mvbl) + (vmvcl >2
+kot (V0 =V )

Lk mvb 1 01Vinyel mval * *
Lnybl = (Povt +kiPross1) (4.8)
" <Vr€wal >2 + ( mvbl) + Vrl;zvcl )2 " .

P 4
ok vmvcl +kQ1( mval T vmvbl> * *
Lnyel = (Pt +kiPlygs1)
e <Vr€lva1 >2 + (Vizvbl )2 + (vrl:n/cl) " o

where vﬁmbcl are fundamental positive sequence three-phase MVAC bus voltages and

Py, is the reference power depending upon the mode of operation. P _, is the power

my loss

loss component generated to maintain the necessary DC link voltage. The reference
(Voo ac1) and measured (V,,,—g.1) MVDC link voltages are compared and the error is
passed through a PI controller to generate P

loss1®

the MVDC link is controlled by the ST-2 MV converter. In this case, the MVDC link

However, for the normal operation,

control of ST-1 is deactivated. For deactivating the ST-1 MVDC link control, the con-
stant k; assumes a value 0. In the event of ST-2 MVDC link control failure, the ST-1
MVDC link control is activated, and k; = 1. The constant kp; controls the reactive

power injection to the microgrid MVAC bus, and is given by

*

kot = 2t (4.9)
\/g( v1+kl l()ssl)

There is no reactive power exchange involved both in normal and emergency modes
from ST-1 MV converter. Therefore kg is given as zero. The reference currents gener-

ated in (4.8) are used with a hysteresis current controller to generate switching pulses.

4.3.2 ST-2 MV Converter Control

The ST-2 works as a secondary power controller (SPC). The block-diagram representa-
tion is given in Fig. 4.4 (a) and (b). During normal operation, the ST-2 MV converter
reference active power is given by (4.5). In addition, during emergency mode of oper-
ation with ST-1 MV converter or MVAC microgrid failure, P, , is also given by (4.5).
When ST-2 MV converter or MVAC main grid fails, P;‘wz is zero. In all conditions,

the reactive power exchange (Q? ,) is zero. Similar to the ST-1 MV converter, the

my2
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three-phase reference currents (i*

waben) for ST-2 MV converter is given as

P P P
i , = Viwa2 + kQ2 (vmva _ vmvc2) (P* 5+ Pl* 2)
mva D D D my o0ss
(vmva2)2 + ( mvb2) + (vmvc2)
+ko2(Viwer — Viwa2)
ok mvb2 02WVinye2 mva?2 * *
" Va2)? + ) + (V)™ o
4 P
i , = Vinve2 + kQ2 (vmvaZ - vabZ) (P* »+ Pl* 2)
e (v11171va2)2 + (vabZ)z + (VZVCZ)Z " o

where vﬁw b2 are fundamental positive sequence three-phase main grid MVAC bus volt-
ages and P, , is the reference power depending upon the mode of operation. P}, is
power loss component generated to maintain the nominal DC link voltage. The ref-
erence (V) and measured (V,,,—q2) MVDC link voltages are compared, and the

error is passed through a PI controller to generate P, _,.

During ST-2 MV converter or
MVAC main grid failures, the P, is also given as zero. The constant kg, controls the

reactive power injection to the main grid MVAC bus, and is given by

*

koo = 2 (4.11)
\/g(P* v2 +Plos52)

There is no reactive power exchange involved both in normal and emergency modes
from ST-2 MV converter. Therefore, kg» is given as zero. The reference currents gener-
ated in (4.10) are used with a hysteresis current controller to generate necessary switch-

ing pulses.

4.3.3 ST DC-DC Converter Control

For both ST-1 and ST-2, the DC-DC converters ensure constant power transfer be-
tween MVDC and LVDC links. The block-diagram representation is shown in Fig.
4.4(c). This is guaranteed by maintaining LVDC link voltage at the constant reference
value. The measured LVDC link voltage (V},,_4.;) is compared with the reference value
(Vj;_4c1)- The error is passed through a PI controller to generate a reference phase angle
(8]._40)- This phase angle is maintained between the MVDC and LVDC side converter
switching instances. Maintaining this phase shift ensures that the required power flow
is exchanged between MVDC and LVDC buses [59]. The detailed explanation for the

control of this converter is given in Chapter 2.
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4.3.4 ST LV Converter Control

A three-phase balanced sinusoidal voltage is required at the ST LVAC bus for both ST-1
and ST-2. The control block-diagram is shown in Fig. 4.3(d). The ST LV converter
control guarantees the reference value of phase rms voltage (V;;;) is maintained at 50
Hz frequency and 120° phase difference between phases. This is ensured by controlling
the ST LV converter as a grid forming voltage source converter [9], [96]. The detailed

explanation for this converter operation is provided in Chapter 2.

44 PERFORMANCE COMPARISON

In this section, the performance of the proposed system is compared with different ex-
isting solutions [64], [114], [121]. Reactive power capability and active power loss
comparison with existing literature is explained. Different system parameters consid-

ered are given in Table 4.1 and Table 4.2.

4.4.1 Reactive Power Capability

Reactive power capability of microgrid is an important feature to ensure necessary volt-
age support and stability. In the conventional AC microgrid shown in Fig. 4.1(a), the
DG converter can be utilized with full capacity to provide reactive power support. Dur-
ing this time, the active power exchange from DG needs to be reduced to zero. The

reactive power availability is given as

Op:c1 = Spai (4.12)

where Qpg; is the reactive power rating of DG and Spg; is the rating of DG.

In the second case, the AC system shown in Fig. 4.1(b) is considered. The reactive

power availability (Qy1) at the MVAC microgrid bus is given by

Qrot1 = SpG1 + SBTBI (4.13)

where Sprp is the rating of BTB converter. Here, the DG-1 capacity is also considered
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for reactive power support.
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Fig. 4.5 Reactive power capability comparison.

In the third case, an ST based microgrid is considered without MVDC interconnection.

The reactive power availability from ST-1 MV converter is given by

val = \/Sl%wl—ral _Plzlvl (414)

where S;;1—rqr 18 the rating of ST-1 MV converter and Py, is the loading on the LVAC
bus. The generation at the ST-1 LVAC bus is not considered to analyze the maximum

loading condition on ST-1 MV converter.

In the proposed system shown in Fig. 4.1(c), if the ratings is considered similar to the
ST system without MVDC interconnection, the reactive power availability at the MVAC

microgrid is given as

Ot = /Sty — (Pur — Pac)? (@.15)

where P, is the transferred power from the main grid.

The percentage reactive power capability (Qcap—perc) of ST-1 MV converter is given as

val

mvl—rat

Ocap—perc = x 100. (4.16)
The reactive power availability in microgrid MVAC bus is constant irrespective of the
LVAC loading both in the conventional AC system and AC system with BTB converters.
In addition, generally BTB converters are rated only for the maximum active power

transfer. The percentage reactive power capability of ST-1 MV converter is plotted
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against percentage ST-1 LVAC loading in Fig. 4.5 for the proposed system and the
ST based system without MVDC interconnection. The proposed system has the better

reactive power capability compared to the ST system without MVDC interconnection.

4.4.2 Active Power Loss

Active power loss is important during the inter-feeder power transfer. In the conven-
tional AC system shown in Fig. 4.1(a), the controlled active power transfer is not pos-
sible. However, for the system shown in Fig. 4.1(b), the controlled power transfer is
possible with BTB system. The active power 10ss (Pjgs_qc) for transferring the power

from one feeder to other is given by [123]

2 2
Pli +QliR

’ 4.17)
5 acij (
Vbill

Ploss—ac -

where P; and Qy; are the load active and reactive powers of bus-i. Vj;; is the bus-i

voltage (L-L). R,;; is the line resistance in Ohms (L) per kilometre.

In the ST based system without MVDC interconnection, the controlled power transfer
is not possible since the power is transferred through the AC system [64]. In this case,
the ST LV converters supply the required load reactive power and it is not absorbed
from the other feeder. Therefore, the active power loss in this case is

2

p o Hip (4.18)
loss—ac — 1,2 acij- .
bill

0.5

— — — - AC distrjbution|system|[114], [120], [[121]

< 04 -

? . — ST based system withqut MVDC _-7 M*
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Fig. 4.6 Comparison of active power loss during inter-feeder power transfer.

In the rogosed ST based MVDC system, the controlled active power transfer is enabled
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Table 4.4 Simulation Parameters

System quantities Values
ST MYV converters L,,,; = 100 mH
ST LV converters L;,; =0.5 mH, C;,; =20 uF

DC link capacitors Civ—dci = 2000 uF, Cp—g0i = 2500 uF

ST DC-DC converters Lywae =10 mH, f;,, =1 kHz

through MVDC interconnection and is given as [123]

Pioss—de = _Z'Rdcij 4.19)

where Vy,; is the MVDC link voltage at the ST-i terminal and Ry,;; is the line resistance

in Q per kilometre.

The percentage reduction in losses (APjys5—pere) for the proposed system as compared
to the ST based AC system without MVDC interconnection given in (4.18) is

2 g
. 2ViiRacij

APioss— pere = (1 ) x 100. (4.20)

2 2
VdciRaClJ

Considering same AC and DC line resistances, the percentage active power loss reduc-
tion is nearly 40% for the proposed system. The percentage of per-kilometre active
power loss for a particular amount of active power transfer is calculated. This quantity
is plotted against the percentage active power in Fig. 4.6 for different systems. The pro-
posed system curve shows the lowest active power loss percentage. The main features
of different distribution systems are compared in Table 4.3. The proposed system has
lower losses and higher reactive power capability. The controlled active power transfer
is available with both the BTB based system and the proposed system. However, among
the various systems shown in Table 4.3, the continuous operation of LVAC system dur-
ing MVAC microgrid failure is available only with the proposed system. Moreover, the
DG re-synchronization requirement during MVAC microgrid failure is avoided only in

the proposed system.
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Fig.4.7 Simulation results for light-load operation of microgrid. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (¢) MVDC link voltages. (f) Different active powers.

4.5 SIMULATION RESULTS

The simulation analysis is carried out in PSCAD/EMTDC software. Different param-
eters are given in Table 4.1, 4.2, and 4.4. Normal and emergency mode operations are

shown in the simulation.

4.5.1 Normal Mode

In Fig. 4.7, the power transfer during normal mode of microgrid LVAC bus is demon-
strated. The microgrid LVAC bus loading is 40% of the maximum load till # = 10 s.
The P,y is set as 25% of the maximum load. At ¢ = 10 s, the load decreases below
Pyy1—y. The Py, is selected as 50% of the maximum load. As discussed in the Fig.
4.2, the power is transferred from MVAC microgrid to main grid through MVDC line.
Fig. 4.7(a) and (c) show the microgrid and main grid MVAC voltages, respectively. Fig.

4.7(b) and (d) show the ST-1 and ST-2 MV converter currents. The ST-2 MV converter
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Fig. 4.8 Simulation results during ST-1 MV converter failure. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (c) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (¢) MVDC link voltages. (f) Different active powers.

currents decrease after load change due to MVDC power transfer from microgrid. The
MVDC link voltages are shown in Fig. 4.7(e). The ST-1 MVDC link voltage increases
to facilitate the power transfer. Fig. 4.7(f) shows ST-1 and ST-2 MVAC active powers,
ST-1 LVAC load active power, and MVDC power transferred. The load power decreases
after = 10 s, and more power is transferred from microgrid to the main grid. The ST-
2 MVAC active power decreases because of the active power transfer through MVDC

line.

4.5.2 Emergency Mode

In this mode, two cases are analyzed (1) ST-1 MV converter failure, (2) MVAC main
grid source failure. In the first case shown in Fig. 4.8, the ST-1 MV converter fails
due to fault at r = 10 s. Before the fault, the ST-1 and ST-2 MV converters supply
their own LVAC loads. Fig. 4.8(a) shows the MVAC microgrid voltage. Fig. 4.8(b)

shows the ST-1 MV converter currents that decrease to zero after t = 10 s due to ST-1
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Fig. 4.9 Simulation results for MVAC main grid failure. (a) Microgrid MVAC volt-
ages. (b) ST-1 MV converter currents. (c) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (€) MVDC link voltages. (f) Different active powers.

MYV converter failure. Fig. 4.8(c) shows the main grid MVAC voltages and Fig. 4.8(d)
shows the ST-2 MV converter currents. Fig. 4.8(e) shows the MVDC link voltages of
ST-1 and ST-2. The ST-1 MVDC link voltage decreases to facilitate the active power
transfer from MVAC grid to microgrid LVAC loads. Different active powers are shown
in Fig. 4.8(f). The ST-1 MVAC active power reduces to zero after the fault. The ST-2
MVAC active power increases to support the ST-1 LVAC loads.

In the second case, the main grid MVAC source failure situation is analyzed. Till = 10
s, both the feeders are operating in healthy condition. Both ST-1 and ST-2 supply their
own LVAC loads. Fig. 4.9(a) and (c) show the microgrid and main grid MVAC volt-
ages, respectively. Fig. 4.9(b) and (d), respectively show ST-1 and ST-2 MV converter
currents. Main grid MVAC bus voltages and ST-2 MV converter currents reduce to zero
after the MVAC main grid source failure. Fig. 4.9(e) shows MVDC link voltages. The
ST-2 MVDC link voltage reduces after MVAC source failure which facilitates the power

transfer from microgrid MVAC grid to main grid LVAC loads. The ST-1 MV converter
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LVAC LVAC
Load-1 Load-2

Fig. 4.10 Experimental setup schematic.

Table 4.5 Experimental Parameters

System quantities Values
MVAC grid voltage 150 vV
LVAC grid voltage 110V
ST MV converters L,,, =13 mH,

ST LV converters

Ly, = 5 mH, C, = 10 [.lF

DC link voltage

Vae =275 V

maintains the MVDC link voltage at nominal value. Fig. 4.9(f) shows different active
powers. The ST-2 MVAC active power reduces to zero after the MVAC grid failure.
The ST-1 MVAC active power increases to transfer the load at ST-2 LVAC side. The

MVDC power increases due to power transfer from microgrid to the ST-2 LVAC loads.

4.6 EXPERIMENTAL RESULTS

The experimental schematic is shown in Fig. 4.10. The experimental parameters are

shown in Table 4.5. All the cases shown in simulation analysis are verified in the ex-

perimental analysis.

4.6.1 Normal Mode

The normal operation shown in Fig. 4.11 exhibits the MVDC power transfer based on

the loading condition. The ST-1 and ST-2 supplies their own loads. The load change
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Fig. 4.11 Experimental results for light-load operation of microgrid. (a) Microgrid
MVAC voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d)
ST-2 MV converter currents. (¢) MVDC link voltages. (f) Different active powers.

is marked in Fig. 4.11, and the ST-1 LVAC load decreases. As the load in ST-1 LVAC
converter becomes lower than the limit, the active power transfer from microgrid to
main grid is initiated. This is visible in the Fig. 4.11 waveforms. Fig. 4.11(a) shows the
microgrid MVAC voltages and Fig. 4.11(b) shows the ST-1 MV converter currents. The
main grid MVAC voltages are shown in Fig. 4.11(c). The ST-2 MVAC currents decrease
as seen in Fig. 4.11(d), since a portion of the ST-2 loads are supplied from microgrid
through the MVDC line. The MVDC link voltages are shown in Fig. 4.11(e). The
ST-1 LVAC power decreases as shown in Fig. 4.11(f). In addition, ST-1, ST-2 MV, and
MVDC active powers are shown in Fig. 4.11(f). The ST-2 MV active power reduces as
a portion of active power is supplied from the microgrid. The MVDC power indicates

the power transfer through the MVDC line.

4.6.2 Emergency Mode

In the first case shown in Fig. 4.12, the ST-1 MV converter fails due to the converter

fault. Till the occurrence of fault, the ST-1 and ST-2 MV converters supply their own
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Fig. 4.12 Experimental results during ST-1 MV converter failure. (a) Microgrid
MVAC voltages. (b) ST-1 MV converter currents. (c) Main grid MVAC voltages. (d)
ST-2 MV converter currents. (¢) MVDC link voltages. (f) Different active powers.

LVAC loads. After the fault, the ST-2 MV converter supplies the ST-1 LVAC loads
through the MVDC line. Fig. 4.12(a) shows the microgrid MVAC voltages and Fig.
4.12(b) shows the ST-1 MV converter currents. The ST-1 MV converter currents de-
crease to zero after the converter failure. The main grid MVAC voltages are shown in
Fig. 4.12(c). The ST-2 MV converter currents increase as seen in Fig. 4.12(d), since the
ST-1 loads are supplied from main grid through the MVDC line. The MVDC link volt-
ages are shown in Fig. 4.12(e), and the ST-1 DC link voltage decreases to facilitate the
power transfer. Different active powers are shown in Fig. 4.12(f). The ST-1 MV active
power reduces to zero after the failure. The ST-2 MV active power increases to supply
the ST-1 LVAC loads. The active power transfer through the MVDC line supports the
ST-1 LVAC loads.

In the second case shown in Fig. 4.13, the MVAC grid failure condition is analyzed.
Fig. 4.13(a) shows the microgrid MVAC voltages and Fig. 4.13(b) shows the ST-1
MYV converter currents. Till the MVAC grid failure, the ST-1 and ST-2 MV converters

supply their own loads. The ST-1 MV converter currents increase after the MVAC grid
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Fig. 4.13 Experimental results for MVAC main grid failure. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (¢) MVDC link voltages. (f) Different active powers.

failure. The main grid MVAC voltages are shown in Fig. 4.13(c), and it decrease to zero
after the grid failure. The ST-2 MV converter currents also decrease to zero as seen in
Fig. 4.13(d). The MVDC link voltages are shown in Fig. 4.13(e), and the ST-2 DC
link voltage decreases to facilitate power transfer. Different active powers are shown in
Fig. 4.13(f). The ST-2 MVAC active power reduces to zero after the grid failure. The
ST-1 MV converter power increases, and the ST-2 LVAC loads are supplied through the

interconnected DC line.

4.7 CONCLUSIONS

The simulation and experimental results verify the performance of an MVDC inter-
connected meshed hybrid microgrid configuration enabled with STs. The proposed
system provides several advantages such as (1) controlled active power transfer capa-
bility with high flexibility in power flow, (2) for the inter-feeder power transfer, the
active power line losses are 40% lower than the ST system without MVDC intercon-
nection, (3) nearly 30% more reactive power capability at full load operating condition
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in comparison with the ST system without MVDC interconnection, and (4) continuous
operation of LVAC distribution system in case of MVAC main grid/microgrid failure

conditions, and avoids the requirement of DG resynchronization.
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CHAPTER 5

OPERATION OF MESHED HYBRID MICROGRID
DURING ADVERSE GRID CONDITIONS WITH
STORAGE INTEGRATED SMART TRANSFORMER

In Chapter 4, the ST based meshed hybrid configuration is introduced. Various ad-
vantages of this system over existing conventional systems were explored. Also, the
operation during grid and converter failure conditions were analyzed. The DG source
is considered in the system; however, the reverse power flow from DG is not studied,
and the ST control capabilities are not analyzed. Also, the integration of BESS into the
system for MVAC grid support functions is not considered. This chapter further extends
the study on this configuration with the integration of PV based DG source and BESS

to the microgrid.

Due to high DG penetration, the reverse power flow scenario arises in the distribution
grid. The uncontrolled reverse power flow can introduce voltage rise in the system.
Conventionally, the voltage rise due to reverse power flow is handled by solutions such
as OLTCs [97], and active power control of PV inverters [113]. The peak load demand
on the system often leads to unmanageable active power burden on the system, and this
creates spikes in the load curve. The BESS is considered to be an option for providing
active power support during the peak loading hours [124]. Voltage disturbances and
different mitigation techniques are discussed in previous chapters. Beyond the mitiga-
tion plans, maintaining the continuity of power supply to the LVAC loads during MVAC
grid voltage sags improves the reliability of the system. From the problems mentioned
above and literature explored in Chapter 1, the following are the observations:

* The reverse power flow from PV sources introduces voltage rise in the distribution

grids
* The peak load management feature is important to smooth the load curve

* Continuous operation of loads during voltage sags improve the reliability of dis-
tribution system
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* The operation of the meshed hybrid microgrid introduced in Chapter 4 with BESS
integration needs further analysis to address the issues such as peak load demand,
peak PV generation and grid voltage sag.

This chapter analyzes the operation of BESS integrated ST based meshed hybrid mi-
crogrid during adverse grid conditions. The peak load management, reverse power flow

control, and voltage sag operation are considered in this chapter for further analysis.

Microgrid
11kV
WM
CPT-1 CPT-2 CPT-3 CPT-4
11/0.4 kV 11/0.4kV
AC AC

DC DC
DC DC
PV Load-1 Load-2

11kV 11 kV
BTB system
AC | | Di
DC AC
CPT-1 CPT-2 CPT-3
11/0.4 kV
AC AC

T I Microgrid

DC DC
] - N

Meshed Main grid
11kV hybrid 11kV
microgrid
LVAC
Load-1

(c) Load-2

Main grid:;

Main grid

CPT-4
11/0.4 kV

Load-2

Fig. 5.1 Single-line diagram of the system. (a) A conventional microgrid configura-
tion horizontally coupled with the main grid [114], [120]. (b) A BTB system intercon-
nected microgrid [121]. (c) ST based meshed hybrid microgrid.
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Table 5.1 System Parameters

System quantities Values
MVAC grid voltage 11 kV
LVAC voltage 0.4 kV

MVAC line parameters  1.014 +j1.1929 Q /km [9], [114]

Load-1, Load-2 0.45 MW, 0.15 MVAr
ST MV converters 0.55 MVA
ST DC-DC converters 0.45 MW
ST LV converters 0.48 MVA
PV converters 0.45 MW
BESS converters 0.2 MW
BESS capacity 0.2 MWh

5.1 SYSTEM CONFIGURATION

Fig. 5.1(a) shows a conventional AC microgrid configuration derived from [114], [120].
The 11-kV source in the microgrid is constituted by a number of renewable sources.
The 11-kV bus of the microgrid is horizontally coupled to a main grid bus through AC
distribution line and NO CBs. The PV-based DG source is connected to the MVAC
bus of microgrid through DC-DC, DC-AC converters and CPT. The BESS is connected
to the microgrid through DC-DC, DC-AC converters and CPT. The load (Load-1) is
connected to the LVAC bus through the 11/0.4 kV CPT. In main grid MVAC bus, load
(Load-2) is connected through 11/0.4 kV CPT.

Fig. 5.1(b) shows microgrid configuration connected to the main grid through BTB
converter interconnected AC distribution line derived from [121]. The BTB system
introduces the controlled active power flow between microgrid and main grid. All other

system components remain same as Fig. 5.1(a).

In the ST based configuration, ST-1 and ST-2 replaces the CPT-2, CPT-3 and CPT-4 as
shown in Fig. 5.1(c). The BESS is connected to ST-1 MVDC link through an isolated
DAB converter [125]. The loads in the microgrid are connected to the ST-1 LVAC bus.
In the main grid, the loads are connected to the ST-2 LVAC bus. Similar to previous

chapters, a three-stage configuration of ST is used. All the system parameters are given

in Table 5.1.
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Fig. 5.2 Flowchart representation of modes of operation.

5.2 MODES OF OPERATION

This chapter considers four modes of operation. They are named as mode-1, mode-2,
mode-3, and mode-4. The transition of operation from one mode to another is also

discussed in this section. Fig. 5.2 shows a flowchart of various operating modes.

5.2.1 Mode-1: Normal Operation

In the normal operation, the ST-1 and ST-2 supply their own LVAC loads. In addition,
the BESS charging is carried out through the ST-1 MV converter to maintain appropriate
SOC. The active power references for MV converters of ST-1 (P ;) and ST-2 (P}, )

are given by

P:zvlzl)llvl‘i_Pb* (5 1
P =P

where Pj;,1 and Py, are the loading on ST-1 and ST-2 LVAC buses, respectively. Py is

the BESS charging power reference.

5.2.2 Mode-2: Peak Load Shaving Operation

The peak load shaving is typically employed to eliminate demand spikes in the sys-

tem that causes the extreme power demands from the energy sources. This mode of
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system operation supports the grid during peak loading hours. The ST-1 LVAC load
is supported either from the BESS or from the main grid through MVDC link. This
mode is activated when the ST-1 LVAC load exceeds the predefined peak demand limit
(Ppeak—1im)- In this case, the ST-1 MV converter active power reference is given by

w1 = Poeak—tim, i Pivt > Ppeak—tim- (5.2)

mvl —

P , remains same as given in (5.1). If the BESS is available for discharge, the power
is delivered from BESS. In the event of BESS unavailability, the power is transferred
from main grid through MVDC line. Therefore, the BESS discharge power reference

(P,) and the MVDC transfer power reference (P;,) are given by

P};k - Pd*c = Lpeak—Ilim — Pllv17 if Pllvl > Ppeak—lim- (53)

A negative value of P, is given to the controller for BESS discharge. Similarly, a
negative value of P} indicates power transfer from main grid to microgrid. This active

power support helps in reducing peak load demand on the microgrid MVAC bus.

5.2.3 Mode-3: Reverse Power Flow Control

The increased power generation from PV source leads to reverse power flow in the
system that can cause voltage rise. This mode controls the reverse power flow in the
microgrid by the ST’s absorption of active power from the MVAC microgrid bus. The
absorbed active power is either stored in BESS or transferred to the main grid through

MVDC line. The net active power import (Pgi ;) in the microgrid is given by

Pgl—net = P — Plvl—pv 5.4

where P, _ p, 1s the active power generation from PV generator. During low-load, peak-
generation hours, the active power from PV is absorbed through ST-1 MV converter
depending upon the predefined power export limit (Pg1_y,). The ST-1 MV converter

reference power is given by

:wl :Plvl—pv_Pgl—lima inglfnet <Pgl—lim~ (5.5
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The ST-2 MV converter active power reference remains same as given in (5.1). The
absorbed power is either used for BESS charging, and if BESS is not available for
charging, the power is transferred to the main grid. Therefore, the BESS charging

power reference and the MVDC transfer power reference is given by

P]j = P;c = _Pgl—net - Pgl—lim7 if Pgl—net < Pgl—lim- (5.6)

The extra absorption of active power limits the reverse power flow in microgrid and

thereby avoiding the voltage rise conditions.

5.2.4 Mode 4: Voltage Sag Operation

Voltage sags are caused by different faults in the grid and it affects the availability of
power supply to the customers. If the microgrid MVAC voltage magnitude is lower than
90% of the nominal value, the ST-1 operates in sag operating mode. In this mode, the
ST-1 MV converter is controlled to continue the operation with reduced power absorp-
tion. Due to the constant power operation of grid-connected ST-1 MV converter, the
absorption of currents increases during MVAC voltage sag to maintain the load power
supply. In this chapter, the ST-1 MV converter is controlled in coordination with ST-2
and BESS for ensuring the reliability of power supply for the ST-1 LVAC loads during
microgrid MVAC voltage sags.

The reactive power exchange is not considered during this operating mode. The ap-
parent power rating (Sy,y1—,) of ST-1 MV converter during nominal microgrid voltage

condition is equal to the active power rating (P, —,,) given by

Buvi—m = \/gvglfnlmvlfr (57)

where V,_, is the microgrid MVAC nominal rms voltage and /1, is the ST-1 MV
converter rms current rating. In the event of microgrid MVAC voltage sag, the voltage
(Vg1-5) is lower than the nominal value. For limiting the currents within the rating,
the maximum apparent power (S,,;,1—,s) that can be absorbed during sag is limited to a

lower value as compared to S,,,,1 —,. During sag, the active power rating (P,,1 —,s) same
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as the S,,,,1—rs, 1S given by

Vol
Puvt—rs = \/gvgl—slmvl—r = MPyy1—rn Where My = ﬁ- (5.8)

In the case when ST-1 MV converter effective rating during sag is less than the ST-1
LVAC demand, the balance power is transferred from main grid through MVDC line.
However, the maximum power transfer during this mode is limited to a fixed value

(Pjc—1im) and the remaining power is absorbed from the BESS.

The active power requirement for the LVAC load is absorbed from microgrid MVAC
bus by the ST-1 MV converter subject to its rating and the ST-1 LVAC load. The ST-1

MYV converter power reference during voltage sag is given as

. Pyt if Pt < Puvi—rs
mvl — (59)
P,,1_r, otherwise.

Based on the ST-1 LVAC loading and depth of voltage sag, the ST-1 demands power

from the main grid. The MVDC power transfer requirement is given by

Oa if Pllvl < valfrs
P, = (5.10)

Pivt — Bt —rss otherwise.

The MVDC power requested from the ST-1 may exceed the power transfer limit. There-
fore, depending on the requested active power and the maximum power transfer limit,

the MVDC power transfer reference (P,) is given by

" _Pdc—sa if Pdc—s < Pdc—lim
P.= (5.11)

—Pje_1im, otherwise.

The P;_ is limited to a maximum value of P;._;,, and BESS is activated if P;._ exceeds
the P;._;im. Depending upon the active power supplied from the main grid, the ST-

1 may require support from BESS. The BESS power reference () during the sag
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operation is given by

« 07 if Pdcfs < Pdcflim
Py = (5.12)

—(Pje—s— Pic—1im), otherwise.

BESS transfers the remaining power to support the ST-1 LVAC load based on the re-

quirement. The ST-2 MV converter reference remain same as given in (5.1).

5.3 CONTROL OF POWER CONVERTERS

In this section, the control of ST converters are explained. In addition, the BESS con-
verter control is also explained. Overall control diagram is shown in Fig. 5.3.

ST MV converter ST DC - DC converter ST LV converter

i DC DC AC LVAC
Uvabei ) : .
MVAC mvabei Ly J_ J_ Ly Labei Grid
— A o] |
arid = 1 ConadT ) |Vt Cra T S eFn
—l— —l— DC CniT Vivabei
Vnvabei 4G be
j ‘ it
mvabci Vivabei| | |
A Viag| LVDC link o < &
Unvabei T MV converter o | V’”—» Constant LVAC
current control voltage contro. voltage control [
)
DC —41"
DC

*

b
—»BESS power control

Fig. 5.3 Overall control diagram.

5.3.1 ST-1 MV Converter Control

The aim of ST-1 MV converter is to support its LVAC loads and exchange power with
ST-2 through MVDC link. It is also used to charge/discharge the BESS. The control
diagram is shown in Fig. 5.4(a) and (b). For the mode-1 to mode-4, the active power
references are given by (5.1), (5.2), (5.5), and (5.9), respectively. A generalized expres-
sion for the ST-1 MV converter reference active power is given by

p*

m

vlzPllV1+P;c+Pl;k‘ (5.13)

In mode-2 to mode-4, the inter-grid power transfer is controlled by ST-1 using indirect

C voltage control. Considering a constant DC link voltage at the ST-2 MVDC

MVD
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Fig. 5.4 (a) Power reference based on modes of operation. (b) ST MV converter cur-
rent reference generation. (¢) ST DC-DC converter phase angle reference generation.
(d) ST LV converter reference voltage generation. (¢) Reference phase angle generation
of BESS converter.

link, the ST-1 MVDC voltage is expressed as

2R,
Viv—de1 = Viy—de2 + P;CV—C (5.14)

mv—dc2

where V,,, 4.1 and V,,,,_ 4 are the voltages at ST-1 and ST-2 MVDC links, respectively.
Ry, is the resistance of DC line. A positive P;_ indicates that the power is transferred
from microgrid to main grid, and a negative P;_ indicates the power transfer from main
grid to microgrid. The ST-1 MVDC voltage variation based on P;_is shown in Fig. 5.5.
The P}** is the maximum power transfer and V,Zv_ s Vrfw_ Jc1 are the maximum and
minimum ST-1 MVDC voltages depending upon the direction of power transfer. For a
power transfer of P; op from ST-1 to ST-2, the ST-1 MVDC link voltage required to
be higher than the ST-2 MVDC link. The ST-2 MVDC link is maintained at nominal

value. The ST-1 MVDC link increases to V2 . . as shown in Fig. 5.5. The ST-1

v—dc
MV converter power reference P, , is used with instantaneous symmetrical component

theory [71] to generate the corresponding current references (i )- The currents are

*
mvabc
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given by

p p p
i* 1= vmval +kQ1( mvbl vacl) (P* 1)
e (Vival )2 + ( mvbl) + (Vﬁvd) "
+k P
i:wbl — pmvb12 Ql( mvcl rrz}al> ( :wl) (515)
<vaal> +( mvbl) + vacl)
p P
i* = vmvcl +kQ1< mval _vmvbl> ( * 1)
e <Vr€lva1 >2 + (Vizvbl )2 + (vrl:zvcl )2 "
where vﬁw al> mvbl and va .1» respectively are fundamental positive sequence microgrid

MVAC voltages of respective phases. kg is the reactive power control constant. In this
chapter reactive power exchange is not considered, and therefore kg, is zero. These
reference currents are maintained using hysteresis based current controller to generate

switching pulses.

:
:
max H max 4

é -Pac E Pac :
0 Pieop Pic

<l .
.|

Fig. 5.5 ST-1 MVDC voltage variation with MVDC active power transfer.

5.3.2 ST-2 MV Converter Control

The ST-2 MV converter supplies the active power requirement at the LVAC bus. It also
exchanges active power with main grid through MVDC distribution line. The control
diagram is shown in Fig. 5.4(a) and (b). The ST-2 MV converter maintains the DC
link voltage at nominal value. Depending upon the ST-1 MVDC voltage magnitude,
the power is exchanged with the ST-1. The reference (V,;_, ,) and measured (V;,,—4c2)
ST-2 MVDC voltages are compared and the error is passed through a PI controller to

generate the reference P}’

oss- Lhis power reference along with ST-2 MV active power

reference generated in (5.1) are used in instantaneous symmetrical component theory to
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5k
generate current references (i, ., ») as follows

0an = ngﬂ +koo( vaz — Vlr;vcz) ( Pl o 4P
e (vfnvaZ)z + ( mva) + (Vf;ch) ' %

+koa (V2 VP )
o mvb2 02Vinye2 mva2
Unvb2 = 5 (P2 + Plogs) (5.16)
" ) mvb2) + ) M

4 P

. v + sz( —v )
i — mvc2 mva2 mvb2 (P*vz +Pl*oss)

2
e (vfnva2)2 + (vlr:wa)z + (VZVCZ)Z

where v/

mval’ mva and V

e Tespectively are fundamental positive sequence main grid
MVAC voltages of respective phases. The reactive power control constant kg, = 0, since
there is no reactive power transfer. The block-diagram representation of the reference
current generation strategy 1s shown in Fig. 5.4(b). These reference currents are used

with hysteresis current controller to generate converter switching pulses.

5.3.3 ST DC-DC Converter Control

For both ST-1 and ST-2, DC-DC converters are operated to transfer required power
between MVDC and LVDC links. The control block-diagram is given in Fig. 5.4(c).
The symbol ‘i’ indicates terms related to " ST (i =1, 2). The ST-1 and ST-2 DC-DC
converters maintain a constant voltage at their respective DC links. A PI controller gen-
erates a phase angle reference (8;._ ;) from the error generated by the comparison of
reference LVDC-i voltage (V;;_ ;) and corresponding measured value (V;,_4;). Main-
taining this phase angle difference between MVDC and LVDC side converter switches
ensure the power flow and voltage control [59]. Detailed explanation of the control is

given in Chapter 2.

5.3.4 ST LV Converter Control

The ST-1 and ST-2 LV converters are controlled in the similar fashion as a grid forming
voltage source converter [9], [96]. A block-diagram is given in Fig. 5.4(d). The refer-
ence rms LV voltage (V;,) is maintained at 50 Hz frequency and 120° phase difference
between phases. The reference three-phase voltages are maintained at the respective
LVAC buses by the PWM controller. Detailed explanation of the control is given in

Chapter 2.
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Table 5.2 Simulation Parameters

System quantities Values
ST MYV converters L,,,; = 100 mH
ST LV converters L;,; =0.5 mH, C;,; =20 uF

DC link capacitors Civ—dci = 2000 uF, Cp—g0i = 2500 uF

ST DC-DC converters Lyae =10 mH, f;,, =1 kHz

BESS DC-DC converter L, =10 mH, f;, =1 kHz

5.3.5 BESS DC-DC Converter Control

The BESS control reference generation is shown in Fig. 5.4(a). During mode-1, the
BESS charges from microgrid MVAC bus to maintain the necessary SOC. During peak
load shaving operation, based on the availability of energy, the microgrid MVAC bus
is supported from BESS. During reverse power flow control mode, as per requirement
and availability, power is transferred from microgrid. In voltage sag operation, the
BESS supports the ST-1 LVAC load as per the algorithm shown in Fig. 5.2. Based
on the charging/discharging power reference (P;) given in (5.3), (5.6) and (5.12), the
controller generates the reference angle () as shown in Fig. 5.4(e). This angle is
maintained between ST-1 MVDC and BESS side converter switches which ensures
the required power exchange between BESS and ST-1 MVDC link [125]. The BESS
power transfer depends on the angle between BESS and ST-1 MVDC link side converter
switches. The BESS power transfer reference (P;) and reference angle (5b*) is related

as per

ViViw—dc1 10, |
T 5.17
b = Dnfurly  ( ) (5.17)

where V}, is the voltage across the battery, f;,, is the switching frequency of the converter
and L is the sum of isolation transformer leakage inductance and converter inductance

[125].

5.4 SIMULATION RESULTS

The simulation analysis is carried out in PSCAD/EMTDC software and the parameters

are shown in Table 5.1 and 5.2. Three cases are simulated in this chapter.
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Fig. 5.6 Simulation results for peak load shaving operation. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. () MVDC link voltages. (f) Different active powers.

5.4.1 Operation During Peak Load

Fig. 5.6 shows the operation with BESS support during peak loading on the microgrid.
Till + = 10 s, the ST-1 and ST-2 MV converters supply their own LVAC loads. At ¢
= 10 s, the loading on ST-1 LVAC bus is increased beyond the Ppoux—jim- Fig. 5.6(a)
and (c) show the microgrid and main grid MVAC voltages, respectively. Fig. 5.6(b)
and (d) show the ST-1 MV and ST-2 MV converter currents. The BESS is available for
discharge and it supports the ST-1 LVAC loads. Therefore, the loading on microgrid
MVAC bus is not increased beyond a preset limit. The ST-1 and ST-2 MVDC voltages
are shown in Fig. 5.6(e). As the power is not supplied from main grid through the
MVDC line, the MVDC voltages remain at the nominal value. In Fig. 5.6(f), different
active powers are shown. The ST-1 LVAC load power increase is visible from the Fig.
5.6(f). BESS power increases to supply a part of the load power. The ST-2 MVAC

active power remain same throughout the operation.
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Fig. 5.7 Simulation results during reverse power flow control. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (€) MVDC link voltages. (f) PV, ST-1 MV converter and microgrid
MVAC active powers. (g) ST-2 MV converter and MVDC active powers.

5.4.2 Operation During Peak PV Generation

In the second case shown in Fig. 5.7, the reverse power flow control operation is demon-
strated. Till £ = 10 s, the ST-1 and ST-2 MV converters supply their own LVAC loads.
Att = 10 s, the PV output power increases. The ST-1 absorbs the active power from
microgrid MVAC bus. As the BESS is not available in this condition, the active power
from MVAC microgrid is transferred to the main grid through MVDC line. Fig. 5.7(a)
and (c) show the microgrid and main grid MVAC voltages, respectively. The ST MV
converter currents are shown in Fig. 5.7(b) and (d) for ST-1 and ST-2, respectively.
The ST-1 MV converter currents increase due to extra power absorption. Fig. 5.7(e)
shows MVDC link voltages of ST-1 and ST-2. The ST-1 MVDC link voltage increases
above nominal value to control the power transfer. Fig. 5.7(f) shows PV, ST-1 MV and

microgrid MVAC active powers. The microgrid MVAC active power remains nearly
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Fig. 5.8 Simulation results during microgrid MVAC voltage sag. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. () MVDC link voltages. (f) Different active powers.

constant due to the increased absorption by ST-1 MV converter thereby avoiding re-
verse power flow. Fig. 5.7(g) shows the ST-2 MVAC and MVDC active powers. The
ST-2 MVAC active power reduces due to the active power transfer through MVDC link

from microgrid.

5.4.3 Operation During Microgrid MVAC Voltage Sag

In the third case shown in Fig. 5.8, the voltage sag operation is analyzed. Till t = 10
s, the ST-1 and ST-2 LVAC loads are supplied from the respective MV converters. Fig.
5.8(a) and (c) show the microgrid and main grid MVAC voltages, respectively. The
microgrid MVAC voltages decrease after experiencing a 40% sag at t = 10 s. The ST
MYV converter currents are shown in Fig. 5.8(b) and (d) for ST-1 and ST-2. The ST-
1 MV converter currents increase to the maximum rating. Fig. 5.8(e) shows MVDC
link voltages of ST-1 and ST-2. The ST-1 MVDC link voltage decreases to transfer the
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demanded power from main grid. Fig. 5.8(f) shows different active powers. The ST-1
and ST-2 MV converter active powers are shown. The active power is transferred from
the main grid. Since it reaches the maximum transferable power, BESS is also activated
to supply the remaining power. The ST-1 MVAC active power reduces to maintain the

currents within the maximum rating. The ST-2 MVAC active power increases after the

Meshed hybrid microgrid Main grid

Q S
MVAC

MVAC
] ST-1 [MVDC-L { pn MVDC2] oo )
BESS
LVAC LVAC

4 4

Load-1 Load-2

Fig. 5.9 Experimental setup schematic.

Table 5.3 Experimental Parameters

System quantities Values
MVAC grid voltage 150 vV
LVAC grid voltage 110V
ST MV converters L,,, =13 mH

ST LV converters Ly, =5 mH, C;, =10 uF

DC link voltage Vie=275 V

voltage sag to support ST-1 LVAC loads.

5.5 EXPERIMENTAL RESULTS

Fig. 5.9 shows the schematic diagram of the experimental prototype. The experimen-

tal parameters are shown in Table 5.3. The experiment analysis shows all the cases

described in the simulation analysis.
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Fig. 5.10 Experimental results for peak load shaving operation. (a) Microgrid MVAC
voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d) ST-2 MV
converter currents. (¢) MVDC link voltages. (f) Different active powers.

5.5.1 Operation During Peak Load

In the first case, the peak load operation is analyzed. Fig. 5.10 shows the results for
the peak load operation. The ST-1 and ST-2 operate to supply their own LVAC loads.
The ST-1 LVAC load is increased beyond the predefined peak load limit, and the BESS
supports the ST-1 LVAC loads. Fig. 5.10(a) and (c) show the three-phase voltages of
microgrid and main grid MVAC bus, respectively. Fig. 5.10(b) and (d) show the MVAC
currents for ST-1 and ST-2, respectively. The load change is marked in the Fig. 5.10,
and DC link voltages are shown in Fig. 5.10(e). Different powers are shown in Fig.
5.10(f). The ST-1 LVAC load power increase is visible from the Fig. 5.10(f). The load
increase is not reflected on the ST-1 MV active power, and this shows that the BESS
power support lowers the peak demand on microgrid MVAC bus. This smooths the load

curve.
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Fig. 5.11 Experimental results during reverse power flow control. (a) Microgrid
MVAC voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d)
ST-2 MV converter currents. (€) MVDC link voltages. (f) PV, ST-1 MV converter and
microgrid MVAC active powers. (g) ST-2 MV converter and MVDC active powers.

5.5.2 Operation During Peak PV Generation

In the second case, PV injection increase scenario is considered to show the reverse
power flow case. Fig. 5.11 shows different waveforms. Fig. 5.11(a) and (c) show
MVAC voltages for microgrid and main grid, respectively. The ST-1 MVAC currents
increase after the absorption of extra active power from PV source, and it is shown in
Fig. 5.11(b). The ST-2 MVAC currents decrease due to extra active power support
from MVDC line as shown in Fig. 5.11(d). The DC link voltages are shown in Fig.
5.11(e). The ST-1 MVDC link voltage increases to facilitate the active power transfer.
Fig. 5.11(f) shows PV, ST-1 MV converter and microgrid MVAC active powers. The
microgrid MVAC active power remains nearly constant even after the PV active power

increase. The ST-1 MV active power increases to absorb extra power from microgrid.
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Fig. 5.12 Experimental results during microgrid MVAC voltage sag. (a) Microgrid
MVAC voltages. (b) ST-1 MV converter currents. (¢) Main grid MVAC voltages. (d)
ST-2 MV converter currents. (¢) MVDC link voltages. (f) Different active powers.

Fig. 5.11(g) shows the ST-2 MVAC and MVDC line active powers. The reverse power

control capability shows the ability of the system to reduce the voltage rise conditions.

5.5.3 Operation During Microgrid MVAC Voltage Sag

In the third case, the microgrid MVAC bus experiences a voltage sag and ST-1 active
power is supported by the ST-2 and BESS. Till the sag, the ST-1 and ST-2 LVAC loads
are supplied from the respective MV converters. Fig. 5.12(a) shows the microgrid
MVAC voltages and the voltage sag is visible in the waveform. Fig. 5.12(b) shows
the ST-1 MVAC currents. Fig. 5.12(c) shows the main grid MVAC voltages and Fig.
5.12(d) shows ST-2 MVAC currents. The DC link voltages are shown in Fig. 5.12(e).
The ST-1 MVDC link voltage decreases to import active power through MVDC line.
Different active powers are shown in Fig. 5.12(f). The MVDC line active power in-
creases due to the power transfer from main grid. The BESS supports the remaining

load of ST-1 LVAC bus. The ST-1 MV converter active power reduces to limit the
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converter currents within the rating. The ST-2 MV converter active power increases to
transfer the power demand from ST-1. The uninterrupted operation during voltage sag

improves the overall reliability of the system.

5.6 CONCLUSIONS

This chapter proposes operation of an MVDC interconnected meshed hybrid microgrid
configuration enabled by ST and BESS during adverse grid conditions. The following
advantages are achieved: (1) lower peak power demand from MVAC grid smooths the
load curve and reduces the unmanageable high-load conditions on the grid, (2) reverse
power flow control reduces the voltage rise conditions without the PV active power
curtailment, and this helps in maximizing the energy extraction from PV sources, and
(3) continuous operation of loads during grid voltage sags are helpful in reducing power
interruption-hours in the system and this improves the reliability of power supply to the

customers. The simulation and experimental results verify the findings.
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CHAPTER 6

CONCLUSIONS

6.1 SUMMARY

With integration of more renewable energy sources (RESs) and electric vehicles (EVs),
the power system is under major transformation. Due to this change, different new
challenges also need to be addressed for maintaining continuous and stable operation
of the power system. Voltage magnitude variations, limited hosting capability of power
distribution systems, operation and management of islanded and grid-connected micro-
grids, intermittent power production from RESs, etc. are considered to be major issues
that need immediate attention. Some of the available solutions for addressing these
challenges are: on-load tap changers (OLTCs), improved control of distributed genera-
tion (DG) operation, AC/DC hybrid distribution grids, custom power devices, etc. The
operating range of OLTC is limited, and the integration of additional control with DG
increases its complexity. The operational freedom of custom power devices is limited
depending upon the nature of grid impedance. For coordinating and addressing various
challenges, the need for a central controller is identified by the researchers due to the

limitations of these existing solutions.

In this scenario, a solid-state transformer (SST) is proposed, which is a power electronic-
based transformer. The SST with the necessary control and communication features is
termed as a smart transformer (ST). The ST has the potential to feature as a central
controller in the electric distribution grids. A three-stage ST has emerged as a suit-
able candidate in distribution grid that has DC-link availability at low voltage (LV)
and medium voltage (MV) levels. It consists of a three-phase AC-DC converter as the
first stage, a DC-DC converter with high-frequency isolation transformer as the second
stage, and a three-phase DC-AC converter as the third stage. In addition to the isolation
and voltage transformation operation similar to conventional power transformer (CPT),
the basic ST operation can perform unity power factor current absorption at the MVAC

grid irrespective of the LVAC load. It also maintains a three-phase balanced sinusoidal
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voltage at the LVAC side irrespective of the MVAC grid condition. More importantly,
CPT is a high efficient, cost-effective solution. Therefore, replacement of CPT with ST

can only be justified with the additional features it can offer to the distribution system.

This thesis has explored the capabilities of ST in a distribution grid. The reactive power
injection capability is vital in a distribution grid during voltage variations. The ST MV
converter has the capability to exchange reactive power with the MVAC distribution
grid. A method is proposed to improve the reactive power injection capability of ST
MYV converter with the help of ST LV converter and battery energy storage system
(BESS). The load control features of ST LV converter is used during MVAC grid voltage
sag/swell to reduce the active power loading on ST MV converter. The proposed method

achieves the required voltage support with the help of a reduced rated BESS.

The ST integrated BESS is capable of exchanging active and reactive powers with the
grid. A sensitivity-based converter sizing study is proposed for improving the load
and generation hosting capability using ST integrated with the BESS. The proposed
method is validated in a 5-bus radial feeder with comparable resistance and reactance
values. This method can flexibly inject active and reactive powers independently or a
combination of both. Therefore, the method can be applied to AC distribution grids

irrespective of the grid parameters.

The AC-DC hybrid grids are getting importance due to their capability to integrate
sources and loads both at AC and DC voltage levels. The MVDC based distribution
grids are gaining momentum to solve many issues related to the interconnection of
microgrids. The ST MVDC links are used to establish a meshed hybrid microgrid
configuration. A renewable-rich microgrid is integrated to the main grid through the
MVDC links of ST and different operating scenarios are analyzed. The ST MV con-
verter and grid failure conditions are analyzed to verify the reliability of distribution
system. The flexibility for power management in the proposed microgrid reduces the
DG re-synchronization requirements during the failure of MVAC feeder. Moreover, this
system offers a higher reactive power capability at the MVAC bus and lower line active

power loss for inter-grid active power transfer.

In the presence of PV and BESS, the ST based meshed hybrid configuration is also an-
alyzed for its operation during adverse grid conditions. The peak load shaving, reverse

power flow control, and voltage sag operations are tested in the configuration. The peak
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load shaving operation is achieved with the power management strategy, and this helps

in reducing the spikes in the load curve. The reverse power flow control during high

generation time reduces the voltage rise phenomenon in the MVAC distribution grid.

Moreover, the operation during an MVAC microgrid voltage sag shows the capability

of the proposed system to continue the power supply to LVAC loads even during deep

MVAC grid voltage sags. This improves the reliability of the power supply for the
LVAC loads.

The simulation study is conducted for different cases in PSCAD/EMTDC software.

An experimental setup is developed in the laboratory to validate the major theoretical

findings in the real-time hardware prototype. The major contributions of this thesis are:

A control scheme is proposed for the coordinated operation of ST MV converter,
ST LV converter, and BESS during MVAC grid voltage sag and swell. This strat-
egy improves the voltage support capability of ST in MVAC grid with a reduced
rated BESS.

A converter sizing method is proposed for BESS integrated ST for improving the

load and generation hosting capability of a radial MVAC distribution system.

An ST based meshed hybrid microgrid is proposed with MVDC interconnection,
and the operation is analyzed during MV converter and grid failure conditions.
Moreover, the system performance is compared with existing solutions for bring-

ing out the advantages.

The meshed hybrid microgrid operation is analyzed during various adverse condi-
tions such as high PV generation, peak load, and voltage sag. The ST with BESS

improves the performance of the system during these adverse grid conditions.

An experimental prototype is developed in the laboratory. All the proposed meth-

ods are validated in both simulation and experimental environments.

6.2 SCOPE FOR FUTURE WORK

This thesis utilized the ST’s capability for voltage support and hosting capability im-

T

ovement with the integration of BESS to the LVDC link. In addition, the ST MVDC
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links are used for establishing MVDC feeder and meshed hybrid microgrid. However,
the RES integration is not realized with the MVDC link. The integration of RES to the
MVDC link of ST can be an option to improve the performance of MVAC grid.

In this thesis, all the configurations replaces the CPT with ST. The integration of ST in
parallel to the existing CPT can improve the operation of CPT. This hybrid configuration
can reduce the rating of ST required for applications such as reactive and harmonic
compensation features in the distribution grid. It can also improve the control of active,
reactive and harmonic powers through the CPT, and thereby the efficiency-optimized
operation of CPT can be realized. The BESS integrated to the LVDC link of ST further

introduces extra options for the power management in LVAC microgrid.

The integration of EV charging stations to the ST DC links is an opportunity to address
many challenges associated with the EV integration. The charging stations can be in-
tegrated to both MVDC and LVDC links of ST based on their operating power level.
The ST can flexibly control the active and reactive powers from the different grids in-
tegrated with the ST MV and ST LV converters. This can avoid the problems with the

extra charging power extraction from the heavily loaded grids.
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APPENDIX A

EXPERIMENTAL SETUP DETAILS

The smart transformer (ST) implementation in laboratory environment requires mul-
tiple components. The power electronic converters and the control mechanisms are
two of the major components. The power electronic converters are realized using
SEMIKRON-make IGBT stack modules. The control mechanism is through a Micro-
LabBox controller. The different components of the developed experimental prototype

are explained as follows.

A.1 EXPERIMENTAL SETUP

The experimental setup block-diagram is shown in Fig. A.1. The actual voltages and
currents from the distribution system are converted to low-level voltage signals using
Hall effect current and voltage transducers. These signals are used in the control al-
gorithm embedded in MicroLabBox controller. The switching pulses generated from
the MicroLabBox is given to the level-shifter circuit, and the output gate pulses are pro-
vided to the power electronic converters. The power electronic converters are connected
to the distribution system through appropriate filters. Details of the system components

are given in the following sub-section.

A.1.1 Power Distribution System

In the experimental setup, a three-phase AC power distribution system is considered.
The actual voltage levels are stepped-down using autotransformer to realize MVAC
voltage levels. The LVAC grid consists of loads that are realized using diode bridge
rectifier (for nonlinear loads) and resistive load bank. The DC grid measuring quantities
are also considered for the control input. Fig. A.2 shows the MVAC grid photograph
realized using autotransformers and line impedance. Fig. A.3 shows the photograph of

LVAC loads.
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Fig. A.1 Block-diagram of the experimental prototype developed.

A.1.2 Power Electronic Converters

In this study, the SEMIKRON-make voltage source converters are used to realize the
ST converters. The ST MV converter is connected between the MVAC grid and the DC
line. The ST LV converter is connected to the LVAC grid. The BESS is realized using
an AC/DC converter, and the DG source is realized using a DC/AC converter with a
constant DC source at the DC terminal. The converter drivers are supplied with + 15
V through switched-mode power supply (SMPS) based 15 V, 5 A, power supply. The
overall experimental setup photograph is shown in Fig. A.4. The photograph of the DC

source used to realize DG source 1s shown in Fig. A.S.

A.1.3 Transducer Circuit

The current transducers (LA 55-P) and the voltage transducers (LV 25-P) are used to
convert the actual circuit currents and voltages to its low power equivalent for making it
compatible with the MicroLabBox controller circuit. A 32V, 2 A regulated DC power
supply is used for the generation of = 15 V power supply required for the transducer
circuits. The actual voltage and current signals are converted to = 5 V voltage signals
by the transducers as the MicroLabBox controller is not capable of handling the ac-
tual voltage levels. Fig. A.6(a) and (b) show the photographs of voltage and current

transducer circuits, respectively.
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A.1.4 MicroLabBox Controller

MicroLabBox is a user-programmable FPGA based controller with more than 100
channels for input/output (I/O). This is supported by a dSPACE software package for
Simulink, which enables model-based I/O integration. This controller has eight num-
bers of 14-bit analogue to digital converter (ADC) channels and 24 numbers of 16-bit
ADC channels for different signal inputs. It has 16 numbers of 16-bit digital to analogue
converter (DAC) for measurement and control purposes. It has 60 digital I/O channels,
which provide flexibility for the switching pulse generation. One of the advantages
of the dSPACE based controller is that its ADC pins can be connected with the £+ 10
V supply and this avoids the extra signal conditioning circuit between transducer and

controller. A photograph is given in Fig. A.7.

A.1.5 Host Computer

The MicroLabBox is connected to a host computer for realizing the required control
algorithms in MATLAB-Simulink environment. The ControlDesk is a controlling plat-
form for MicroLabBox, where the real time control can also be implemented. For any
testing, the power electronic converters are protected through the logic circuit designed
in MATLAB-Simulink model for over-current, over-voltage, and higher DC-link volt-

age. Fig. A.8 shows the photograph.

A.1.6 Measurements and Recording

The measurement and display of different quantities are important for ensuring the op-
eration of the control algorithm. Multiple digital storage oscilloscopes (DSOs) are used
for this purpose. In Fig. A.8, different measuring and recording instruments used are

shown.

A.1.7 Level Shifter Circuit

The dedicated digital I/O pins of MicroLabBox can be configured with different voltage
levels (2.5 V/3.3 V/5 V). However the power electronic converter drivers require 15
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V voltage level gate pulses. The switching pulses generated from MicroLabBox are
boosted to 15 V DC level using a level shifter CD4504 circuit and supplied to the power

electronic converter driver circuits. The level shifter circuit is shown in Fig. A.9.

A.2 PHOTOGRAPHS OF THE SETUP

Autotransformer

=y

PR EEER S

Load Bank

Fig. A3 LVAC loads (linear and nonlinear).
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Fig. A.5 High voltage DC power source used to realize DG.

Fig. A.6 Transducer circuits. (a) Voltage transducers. (b) Current transducers.
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