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ABSTRACT Microgrid faces various challenges such as reverse power flow, peak power demand, volt-
age limit violations, etc., due to significant installations of renewable energy sources (RESs) and electric
vehicles (EVs). For continuous and effective operation of such a system, enhanced and complex control
methodologies are needed. Smart transformer (ST) has emerged as a promising solution for overcoming such
challenging issues. This paper proposes the operation of battery energy storage system (BESS) integrated
ST in a meshed hybrid microgrid. Instead of connecting through ac interconnections with normally open
(NO) circuit breakers (CBs), the same line is connected through the medium voltage (MV) dc links of ST.
This introduces several paths for controlled power flow in the system. As compared to ac interconnections,
this configuration improves the performance of the overall system during various adverse operating condi-
tions such as reverse power flow, peak power demand, and voltage sag. Moreover, the MVDC line voltage is
controlled by one ST, resulting in reduced control complexity of other power converters. Detailed simulation
and experimental results are provided to show the merits of the proposed system.

INDEX TERMS Microgrid, photovoltaic (PV) integration, Smart transformer (ST).

I. INTRODUCTION
Renewable energy sources (RESs) such as photovoltaic (PV),
wind, etc. are emerging as a sustainable solution for growing
energy needs. However, the geographical distribution of these
sources results in more distributed energy production in the
grid [1]. The local consumption of energy reduces the line
active power losses, and the co-existence of generation and
loads constitutes the creation of ac microgrids in the power
system [2]. The peak power production from PV sources leads
to high reverse power flow in the microgrid during low-load
hours, and voltage magnitude rise can cause irreversible dam-
age to the connected equipments [3]. The peak power demand
is another issue that requires immediate attention which may
force the system operators to impose load shedding measures
during peak demand hours [4]. Voltage sags are also a fre-
quently occurring disturbance in the microgrid that affect the
reliability of power supply.

Conventionally, the voltage rise due to reverse power
flow is handled by solutions such as on-load tap changers
(OLTCs) [5], and active power control of PV inverters [6].
The peak demand management is handled with battery energy
storage system (BESS) [4], and voltage sags are mitigated
using different active and reactive power control methods [7].
The OLTC based voltage control solutions are having a lim-
ited range of operation, whereas active power control from
PV inverters reduces the overall energy extraction. Effective-
ness of voltage sag mitigation techniques largely depends
on the grid impedance and available active/reactive power
capacity. The ac interconnections with normally open (NO)
circuit breakers (CBs) are conventionally used for the micro-
grid interconnections, however, the system has limited power
control features. In this scenario, the medium voltage (MV) dc
interconnection to the ac microgrids provide advantages such
as flexible active power transfer capability, independent active
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and reactive power management, and improved stability [8],
[9]. The power electronic converters that are used to integrate
AC and DC systems can flexibly transfer active power in both
directions. Therefore, the MVDC systems are used to connect
the renewable-rich distribution grid with the main grid. The
grids with more number of RESs lacks the inertia due the less
number of synchronous generators. Therefore, sudden load
and generation fluctuations can introduce frequency devia-
tions in the grid and that can lead to instability. In these scenar-
ios, the MVDC/HVDC interconnection can serve as an energy
source and the interconnecting power electronic converter can
be controlled as a virtual synchronous generator [10], [11].
Moreover, the MVDC systems are used for the horizontal
coupling of substations and formation of meshed grids [12].
For the formation of hybrid ac/dc grids, various methods to
convert the existing ac distribution lines to dc are detailed
in [13].

The power electronic-based smart transformer (ST) has
emerged as an effective choice for interfacing ac and dc sys-
tems [14]. A three-stage ST consists of dc links at MV and
low voltage (LV) levels which are useful for establishing dc
distribution systems [15], [16]. In addition, RES, BESS and
electric vehicle (EV) charging station integrations are possible
with the dc links [17]. Even though the conventional power
transformers (CPTs) are more reliable in comparison with ST,
continuous research is being conducted to improve the relia-
bility of ST. Various solutions for improving the reliability of
ST are proposed such as, the improved SiC device based MV
technologies [18], modular power converter structure [19],
power routing based on thermal loading [20], etc. Moreover,
various other solutions proposed for improving power con-
verter reliability can also be incorporated with ST [21], [22].
All these research methods are expected to improve the relia-
bility of ST in the future applications.

The STs potential has been identified in providing several
features such as the formation of an LVDC meshed hybrid dis-
tribution grid [23], hosting capacity enhancement [24], state
of charge (SoC) management of BESS [25], MVDC intercon-
nection [26], [27], frequency regulation [28], etc. The MVAC
grid voltage support during voltage sag is investigated with ST
in different scenarios [29]–[31]. The reactive power capability
of ST MV converter is utilized to mitigate the voltage sag
in [29], [30]. In addition, the active power is also used to
support the voltage in MVAC grid [31]. The reverse power
flow from LVAC to MVAC distribution grid is controlled by
ST [32]. This method utilizes the ST LV converter control to
curtail the active power from the RES during reverse power
flow conditions.

Connecting LVAC lines between two grids is an option in
ST-CPT based distribution system [33]. Similarly, the inter-
connection of MVDC links of STs is an option to provide
more flexible operation for a microgrid during adverse MVAC
grid conditions. This paper explores features of an MVDC
interconnected, ST enabled, meshed hybrid microgrid config-
uration with BESS integration. The operation of the system
is analyzed during peak PV generation, peak load demand

FIGURE 1. Single-line diagram of the system. (a) Conventional ac
microgrid [12]. (b) ST based meshed hybrid system.

from MVAC grid and MVAC voltage sag in the microgrid. The
main contributions of this paper are summarized as follows:
� The active power support during peak load hours is ana-

lyzed using BESS and MVDC interconnection.
� The capability of the system to control the reverse power

flow is analyzed during peak PV generation period.
� The operation is analyzed during MVAC voltage sag

condition to explore the potential of the system in pro-
viding reliable power supply to the LVAC loads.

� All the operating modes are verified with simulation and
experimental results.

The organization of this paper is as follows: system con-
figuration is discussed in Section II. Modes of operation are
explained in Section III. Control of ST and BESS power con-
verters is given in Section IV. Simulation and experimental
analysis are provided in Section V, and Section VI, respec-
tively. Major conclusions are reported in Section VII.

II. SYSTEM CONFIGURATION
Fig. 1(a) shows the conventional microgrid configuration con-
nected to a second grid through ac distribution lines with NO
CBs derived from [12]. The PV-based distributed generation
(DG) source is connected to the MVAC bus of grid-1 through
dc/dc, dc/ac converters and CPT. The BESS is connected to
the grid-1 through dc/dc, dc/ac converters and CPT. The loads
are connected to the LVAC-1 bus through the 11/0.4 kV CPT.
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TABLE 1 System Parameters

In grid-2 MVAC bus, loads are connected through 11/0.4 kV
CPT.

The system configuration considered for analysis in this
paper is shown in Fig. 1(b). In the ST based configuration,
ST-1 and ST-2 replaces the CPT-2, CPT-3 and CPT-4 as shown
in Fig. 1(b). The ST MVDC link has the capability to integrate
PV. However, normally the MVAC grid contains multiple
number of PV sources and restructuring one PV source to
the MVDC link will not help in controlling the issue of re-
verse power flow. Therefore, the PV source connection in the
ST based configuration remains same as shown in Fig. 1(a).
The existing interconnecting ac distribution line is converted
to an MVDC system, and connected between MVDC-1 and
MVDC-2 [13]. BESS is connected to MVDC-1 through an
isolated dual active bridge (DAB) converter [34]. The DAB is
used in the BESS application because, it needs to be connected
between an MVDC level and a battery terminal voltage level.
This variation in the range of voltage is difficult to achieve
without a transformer isolation, and DAB is considered as a
better solution in this scenario. The DAB converter provides
advantages such as good conversion efficiency, easy parallel
and series connections for expanding the operation to higher
voltage and current levels, etc. The STs use a three-stage
configuration and the MV converter is a three-level ac-dc
converter [15]. The dc-dc converter is a DAB converter with
a high frequency transformer between MVDC and LVDC
links [35]. The dc-ac converter uses a three-phase, two-level,
dc-ac converter [15]. The ST-1 and ST-2 form LVAC buses
and loads in grid-1 and grid-2 are connected to LVAC-1 and
LVAC-2 buses, respectively. The parameters are shown in
Table 1. The rating of ST converters are given in Table 1. A
non-uniform sizing is adapted to the ST converters based on
the requirement of distribution grid [14]. The ST LV converter
rating is selected to supply the maximum active and reactive
power load on LVAC bus. The ST DC-DC converter is sized
to transfer the maximum active power load on the LVAC
bus. The ST MV converter rating is selected to exchange the
maximum active power load on ST LV converter. In addition,
it is designed to transfer active power to the BESS or grid-2 at
the LVAC full load condition.

III. MODES OF OPERATION
This paper considers four modes of operation, and they are
named as mode-1, mode-2, mode-3, and mode-4. Also, tran-
sition of operation from one mode to another is discussed in

this section. The power flow diagram for various modes of
operation is shown in Fig. 2. The active power flow directions
are also marked in all the diagrams. Pmv1, Pmv2 and Pbess

are the power flow through ST-1 MV, ST-2 MV and BESS
converters respectively. Pt is the active power transfer through
the MVDC line. Fig. 3 shows a flow-chart of the operating
modes.

A. MODE-1: NORMAL OPERATION
The mode-1 power flow diagram is shown in Fig. 2(a). In the
normal operation, the ST-1 and ST-2 supplies the LVAC-1 and
LVAC-2 loads, respectively. In addition, the BESS charging is
carried out through the ST-1 MV converter to maintain appro-
priate SoC. The active power references for MV converters of
ST-1 (P∗

mv1) and ST-2 (P∗
mv2) are given by,

P∗
mv1 = Plv1−load + P∗

bess

P∗
mv2 = Plv2−load

(1)

where Plv1−load and Plv2−load are the loading on LVAC-1 and
LVAC-2 buses, respectively. P∗

bess is the BESS charging power
reference.

B. MODE-2: PEAK LOAD SHAVING OPERATION
The mode-2 power flow diagram is shown in Fig. 2(b). The
peak load shaving is typically employed to eliminate demand
spikes in the system that causes the extreme power demands
from the energy sources. This mode operates to support the
grid during peak loading hours. The LVAC-1 load is supported
either from the BESS or from the grid-2 through MVDC
link. This mode is activated when the LVAC-1 load exceeds
the predefined peak demand limit (Ppeak−lim). The ST-1 MV
converter active power reference is given by,

P∗
mv1 = Ppeak−lim, if Plv1−load > Ppeak−lim. (2)

P∗
mv2 remains same as given in (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 grid-2
through MVDC line. Therefore, the BESS discharge power
reference (P∗

bess) and the dc transfer power reference (P∗
t ) are

given by,

P∗
bess = P∗

t

= Ppeak−lim − Plv1−load , if Plv1−load > Ppeak−lim.
(3)

This active power support helps in reducing peak load de-
mand on the MVAC-1 bus.

C. MODE-3: REVERSE POWER FLOW CONTROL
Reverse power flow occurs when the total generation from
the PV source is higher than the total load. In that case, the
balance power is supplied to grid. The mode-3 power flow di-
agram is shown in Fig. 2(c). The increased power production
from PV sources at low-load periods causes reverse power
flow in the MVAC grid that can cause voltage rise. This mode
controls the reverse power flow in the MVAC side of the
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FIGURE 2. Power flow diagram of the system during various operating modes. (a) Mode-1. (b) Mode-2. (c) Mode-3. (d) Mode-4.

FIGURE 3. Flow-chart representation of modes of operation.

grid-1. The net power import (Pg1−net ) in the grid-1 is given
by,

Pg1−net = Plv1−load − Plv1−pv (4)

where Plv1−pv is the active power generation from PV genera-
tor. 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−lim). The ST-1
MV converter reference power is given by,

P∗
mv1 = Plv1−pv − Pg1−lim, if Pg1−net < Pg1−lim. (5)

The ST-2 MV converter active power reference remain
same as given in (1). The absorbed power is either used
for BESS charging or if BESS is not available for charging,
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the power is transferred to the grid-2. Therefore, the BESS
charging power reference and the dc transfer power reference
is given by,

P∗
bess = P∗

t = −Pg1−net − Pg1−lim, if Pg1−net < Pg1−lim. (6)

The extra absorption of active power limits the reverse
power flow in grid-1 and the voltage rise conditions are
avoided.

D. MODE 4: SAG OPERATION
The mode-4 power flow diagram is shown in Fig. 2(d). Voltage
sags are caused by different faults in the grid and it affects the
availability of power supply to the customers. If the MVAC-1
voltage magnitude is lower than 90% of the nominal value,
the ST-1 operates in sag operating mode. For the detection
of sag, the measured rms MVAC voltage is compared with a
threshold magnitude of 0.9 p.u. [36]. If the magnitude falls
below threshold value, the ST operation mode is changed
to the voltage sag mode. In this mode, the ST-1 MV con-
verter is controlled to continue the operation with reduced
power absorption. Due to the constant power operation of
grid-connected ST-1 MV converter, the absorption of currents
increases during voltage sag to maintain the load power sup-
ply. In this paper, the ST-1 MV converter is controlled in
coordination with ST-2 and BESS for ensuring the reliability
of power supply for the LVAC-1 loads during grid-1 voltage
sags.

The reactive power exchange is not considered during this
operating mode and the apparent power rating (Smv1−rn) of
ST-1 MV converter during nominal microgrid voltage condi-
tion is equal to the active power rating (Pmv1−rn) given by,

Pmv1−rn =
√

3Vg1−nImv1−r (7)

where Vg1−n is the MVAC-1 nominal rms voltage (L-L) and
Imv1−r is the ST-1 MV converter rms current rating. In the
event of grid-1 MVAC voltage sag, the voltage (Vg1−s) is lower
than the nominal value. For limiting the currents within the
rating, the maximum apparent power (Smv1−rs) that can be
absorbed during sag is limited to a lower value as compared to
Smv1−rn. During sag, the active power rating (Pmv1−rs) which
is same as the Smv1−rs given by,

Pmv1−rs =
√

3Vg1−sImv1−r = MsPmv1−rn

where Ms = Vg1−s

Vg1−n
. (8)

In the case when ST-1 MV converter’s effective rating dur-
ing sag is less than the LVAC-1 demand, the balance power
is transferred from grid-2 through MVDC line. However, the
maximum power transfer during this mode is limited to a
value (Pdc−lim) and the remaining power is absorbed from
BESS.

The ST-1 MV converter power reference during voltage sag
is given as,

P∗
mv1 =

{
Plv1−load , if Plv1−load ≤ Pmv1−rs

Pmv1−rs, otherwise.
(9)

The MVDC power transfer is given by,

Pdc−s =
{

0, if Plv1−load ≤ Pmv1−rs

Plv1−load − Pmv1−rs, otherwise.
(10)

The MVDC power transfer reference (P∗
t ) is given by,

P∗
t =

{
−Pdc−s, if Pdc−s ≤ Pdc−lim

−Pdc−lim, otherwise.
(11)

The P∗
t is limited to a maximum value of Pdc−lim and BESS

is activated if Pdc−s exceeds the Pdc−lim. The BESS power
reference (P∗

bess) during the sag operation is given by,

P∗
bess =

{
0, if Pdc−s ≤ Pdc−lim

−(Pdc−s − Pdc−lim), otherwise.
(12)

BESS transfers the remaining power to support the LVAC-1
load based on the requirement. The ST-2 MV converter refer-
ence remain same as given in (1).

IV. CONTROL OF ST AND BESS
In this paper, the ST-2 MV converter controls the MVDC link
voltage, and ST-1 MV converter controls the power flow based
on the requirement. This control concept can be extended to
a three-grid/multi-grid system with one of the ST controlling
the MVDC link voltage and other STs controlling the power
flow based on the mode of operation. The storage can be
integrated to the power flow controlling STs MVDC links and
they can be controlled as per the control requirement. In this
section, the control of ST MV, ST dc-dc, ST LV converters
are explained. In addition, the BESS converter control is also
explained. Overall control diagram is shown in Fig. 4.

A. ST-1 MV CONVERTER
The control block diagram is given in Fig. 5(a) and (b). The
power reference generation according to operating modes is
given in Fig. 5(a) and reference current generation is shown in
Fig. 5(b). The aim of ST-1 MV converter is to support LVAC-
1 loads and exchange power with ST-2 through MVDC link.
It is also used to charge/discharge BESS. For the mode-1 to
mode-4, the active power references are given by, (1), (2), (5),
and (9), respectively. A generalized expression for the ST-1
MV converter reference power is given by

P∗
mv1 = Plv1−load + P∗

t + P∗
bess. (13)

In mode-2 to mode-4, the inter-grid power transfer is con-
trolled by ST-1 using indirect MVDC voltage control. Con-
sidering a constant dc link voltage at the MVDC-2 link, the
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FIGURE 4. Control of ST and BESS.

FIGURE 5. Proposed control block diagram. (a) Power reference based on modes of operation. (b) ST MV converter reference current generation. (c)
Reference phase angle generation of ST dc-dc converter. (d) Reference voltage generation of ST LV converter. (e) Reference phase angle generation of
BESS converter.

MVDC-1 voltage is expressed as

Vmvdc1 = Vmvdc2 + P∗
t

2Rdc

Vmvdc2
(14)

where Vmvdc1 and Vmvdc2 are the voltages at MVDC-1 and
MVDC-2 links, respectively. Rdc is the resistance of dc line.
A positive P∗

t indicates that the power is transferred from
grid-1 to grid-2, and a negative P∗

t indicates the power transfer
from grid-2 to grid-1. The MVDC-1 voltage variation based
on P∗

t is shown in Fig. 6. The Pmax
t is the maximum power

transfer and V h
mvdc1, V l

mvdc1 are the maximum and minimum
MVDC-1 voltages, respectively depending upon the direction
of power transfer. At any operating power transfer P∗

t−op, the
MVDC-1 voltage is V o

mvdc1 as shown in Fig. 6. The ST-1 MV
power reference P∗

mv1 is used with instantaneous symmetrical
component theory (ISCT) [37] to generate the corresponding

FIGURE 6. MVDC-1 voltage variation with active power transfer.

current references (i∗mv1−abc) as given by

i∗mv1−a =
v

p
g1a + kp f 1(vp

g1b − v
p
g1c)

(vp
g1a)2 + (vp

g1b)2 + (vp
g1c)2

(P∗
mv1)
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i∗mv1−b =
v

p
g1b + kp f 1(vp

g1c − v
p
g1a)

(vp
g1a)2 + (vp

g1b)2 + (vp
g1c)2

(P∗
mv1)

i∗mv1−c =
v

p
g1c + kp f 1(vp

g1a − v
p
g1b)

(vp
g1a)2 + (vp

g1b)2 + (vp
g1c)2

(P∗
mv1) (15)

where v
p
g1a, v

p
g1b and v

p
g1c, respectively are fundamental pos-

itive sequence MVAC-1 voltages of respective phases. kp f 1
is the power factor control constant, and in this paper re-
active power exchange is not considered, and therefore kp f 1
is zero. These reference currents are maintained using PWM
controller to generate switching pulses. Hysteresis based con-
troller is used for controlling the ST MV converters due to its
advantages such as simplicity in implementation, lesser com-
putational requirement in the digital controller, low tracking
errors, very good dynamic response, etc. [38].

B. ST-2 MV CONVERTER
The block-diagram representation of the power reference gen-
eration and reference current generation strategy is shown
in Fig. 5(a) and (b), respectively. The ST-2 MV converter
supplies the active power requirement at LVAC-2 bus. It also
exchanges active power with grid-2 through MVDC distribu-
tion line. ST-2 MV converter maintains the dc link voltage
at nominal value, and depending upon the MVDC-1 volt-
age magnitude, the power is exchanged with the ST-1. The
reference (V ∗

mvdc2) and measured (Vmvdc2) MVDC-2 voltages
are compared and the error is passed through a proportional
integral (PI) controller to generate the reference Ploss. The
gains of PI controller are selected based on the symmetrical
optimum method [39]. This power reference along with ST-2
MV active power reference generated in (1) are used in ISCT
to generate current references (i∗mv2−abc) as given by

i∗mv2−a =
v

p
g2a + kp f 2(vp

g2b − v
p
g2c)

(vp
g2a)2 + (vp

g2b)2 + (vp
g2c)2

(P∗
mv2 + Ploss)

i∗mv2−b =
v

p
g2b + kp f 2(vp

g2c − v
p
g2a)

(vp
g2a)2 + (vp

g2b)2 + (vp
g2c)2

(P∗
mv2 + Ploss)

i∗mv2−c =
v

p
g2c + kp f 2(vp

g2a − v
p
g2b)

(vp
g2a)2 + (vp

g2b)2 + (vp
g2c)2

(P∗
mv2 + Ploss)

(16)

where v
p
g2a, v

p
g2b and v

p
g2c, respectively are fundamental pos-

itive sequence MVAC-2 voltages of respective phases. The
power factor control constant kp f 2 = 0, since there is no
reactive power transfer. These reference currents are used with
PWM controller to generate converter switching pulses.

C. ST DC-DC CONVERTER
The control block diagram is given in Fig. 5(c). For both
ST-1 and ST-2, dc-dc converters are operated to transfer re-
quired power between MVDC and LVDC links. The sym-
bol ‘i’ indicates terms related to ith ST (i =1, 2). The volt-
age is maintained at a constant reference value for LVDC-1
and LVDC-2 links by the respective dc-dc converters. A PI

TABLE 2 Simulation Parameters

controller generates a phase angle reference (δ∗
dc−dci) from

the error generated by the comparison of reference LVDC-i
voltage (V ∗

lvdci) and corresponding measured value (Vlvdci).
The PI controller gains are selected using symmetrical op-
timum method to obtain the appropriate phase angle output.
Maintaining this phase angle difference between MVDC and
LVDC side converter switches ensure the power flow and
voltage control [35].

D. ST LV CONVERTER
A block-diagram is given in Fig. 5(d). The ST-1 and ST-2
LV converters are controlled similar to a grid forming voltage
converter [2]. The reference rms LV voltage (V ∗

lvi) at nominal
frequency ( fnom) is used to generate the three-phase sinusoidal
(v∗

lvi−abc) voltage as given by,

v∗
lvi−a = V ∗

lvi

√
2 sin(ωnomt )

v∗
lvi−b = V ∗

lvi

√
2 sin(ωnomt − 2π/3).

v∗
lvi−c = V ∗

lvi

√
2 sin(ωnomt + 2π/3) (17)

The reference three-phase voltages are maintained at the re-
spective LVAC buses by the PWM controller.

E. BESS DC-DC CONVERTER
The power references are generated according to the mode of
operation as shown in Fig. 5(a). During mode-1, the BESS
charges from grid-1 to maintain the necessary SoC. During
peak load shaving operation, based on the availability of
energy, the grid-1 is supported from BESS. During reverse
power flow control mode, as per requirement and availabil-
ity, power is transferred from grid-1. In sag operation, the
BESS supports the LVAC-1 load as per the algorithm shown
in Fig. 3. Based on the charging/discharging power reference
(P∗

bess) given in (3), (6) and (12), the controller generates
the reference angle (δ∗

bess) as shown in Fig. 5(e). This angle
is maintained between MVDC-1 and BESS side converter
switches which ensures the required power exchange between
BESS and MVDC-1 bus [34].

V. SIMULATION RESULTS
Simulation is conducted in PSCAD software and the parame-
ters are shown in Table 1 and Table 2. Three cases are simu-
lated in this paper.

Fig. 7 shows the operation with BESS support during peak
loading on the grid-1. Till t = 10 s, the ST-1 and ST-2 MV
converters supply their own LVAC loads. At t = 10 s, the
loading on LVAC-1 bus is increased beyond the Ppeak−lim.

VOLUME 2, 2021 321



V M AND KUMAR: OPERATION OF MESHED HYBRID MICROGRID DURING ADVERSE GRID CONDITIONS

FIGURE 7. Simulation results for peak load shaving operation. (a) MVAC-1
voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages. (d) ST-2 MV
converter currents. (e) Dc link voltages. (f) Different active powers.

The BESS is available for discharge and supports the LVAC-1
loads and Fig. 7(a) and (c) show the MVAC-1 and MVAC-2
voltages, respectively. Fig. 7(b) and Fig. 7(d) show the ST-
1 MV and ST-2 MV converter currents. The MVDC-1 and
MVDC-2 voltages are shown in Fig. 7(e). In Fig. 7(f), differ-
ent active powers are shown.

In the second case shown in Fig. 8, the reverse power flow
control operation is exhibited. At t = 10 s, the PV output
power increases and LVAC-1 loading is low during this time.
The ST-1 absorbs the active power from grid-1 and since
BESS is not available in this condition, power is transferred
to the grid-2 through MVDC line. Fig. 8(a) and (c) show the
MVAC-1 and MVAC-2 voltages, respectively. The ST MV
converter currents are shown in Fig. 8(b) and (d) for ST-1 and
ST-2, respectively. The ST-1 MV converter currents increase
due to extra power absorption. Fig. 8(e) shows MVDC link
voltages of ST-1 and ST-2 and MVDC-1 voltage increases
above nominal value to control the power transfer. Fig. 8(f)
shows PV, ST-1 MV and MVAC-1 active powers. The MVAC-
1 active power remains nearly constant due to the increased
absorption by ST-1 MV converter thereby avoiding reverse
power flow. Fig. 8(g) shows the ST-2 and MVDC active pow-
ers.

In the third case shown in Fig. 9, the voltage sag operation
is analyzed. Fig. 9(a) and (c) show the MVAC-1 and MVAC-2
voltages, respectively and MVAC-1 voltage decreases after
experiencing a 40% sag. The ST MV converter currents are
shown in Fig. 9(b) and (d) for ST-1 and ST-2. The ST-1 MV

FIGURE 8. Simulation results during reverse power flow control. (a)
MVAC-1 voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages.
(d) ST-2 MV converter currents. (e) Dc link voltages. (f) PV, ST-1 MV and
MVAC-1 active powers. (g) ST-2 and MVDC active powers.

FIGURE 9. Simulation results during MVAC-1 voltage sag. (a) MVAC-1
voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages. (d) ST-2 MV
converter currents. (e) Dc link voltages. (f) Different active powers.
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FIGURE 10. Laboratory prototype. (a) Schematic diagram. (b) Photograph.

FIGURE 11. Experimental results during peak load shaving operation.
(a) MVAC-1 voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages.
(d) ST-2 MV converter currents.

converter currents increase to the maximum rating. Fig. 9(e)
shows MVDC bus voltages of ST-1 and ST-2. The MVDC-1
voltage decreases to transfer the demanded power from grid-2.
Fig. 9(f) shows different active powers. The ST-1 and ST-2
MV converter active powers are shown. The active power is
transferred from the grid-2 and since it reaches the maximum
transferable power, BESS is also activated to supply the re-
maining power as per the flow-chart shown in Fig. 3.

VI. EXPERIMENTAL ANALYSIS
In the experiments, MVAC voltage is 150 V (L-L), and LVAC
voltage is 110 V (L-L). Fig. 10(a) and (b), respectively show
the schematic diagram and photograph of the experimental
prototype. The experiment analysis shows all the cases de-
scribed in simulation analysis.

In the first case, the peak load operation is analyzed. Fig. 11
and 12 show the results for the peak load operation. The ST-
1 and ST-2 operate supplying the LVAC loads. The LVAC-
1 load increased beyond the predefined peak load limit, and
BESS supports the ST-1 loads. Fig. 11(a) and (c) show the
three-phase voltages of MVAC-1 and MVAC-2, respectively.
Fig. 11(b) and (d) show the MV currents for ST-1 and ST-2.
The load change is marked in the Fig. 11 and 12. The dc link
voltages are shown in Fig. 12(a). Different powers are shown
in Fig. 12(b). This shows that the BESS power support lowers
the peak demand on grid-1 and smooths the load curve.

In the second case, PV injection increase scenario is consid-
ered to show the reverse power flow case. Fig. 13 and 14 show

FIGURE 12. Experimental results during peak load shaving operation.
(a) DC link voltages. (b) Different active powers.

FIGURE 13. Experimental results during reverse power flow control.
(a) MVAC-1 voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages.
(d) ST-2 MV converter currents.

FIGURE 14. Experimental results during reverse power flow control. (a) Dc
link voltages. (b) PV, ST-1 MV and MVAC-1 active powers. (c) ST-2 and
MVDC active powers.

different waveforms. Fig. 13(a) and (c) show MVAC voltages
for ST-1 and ST-2, respectively. ST-1 MV currents increase
after the absorption of extra active power from PV source,
and it is shown in Fig. 13(b). ST-2 MV currents decrease due
to extra active power support from MVDC line as shown in
Fig. 13(d). Dc link voltages are shown in Fig. 14(a). MVDC-1
link voltage increases to facilitate the active power transfer.
Fig. 14(b) shows PV, ST-1 MV and MVAC-1 active powers.
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FIGURE 15. Experimental results during MVAC-1 voltage sag. (a) MVAC-1
voltages. (b) ST-1 MV converter currents. (c) MVAC-2 voltages. (d) ST-2 MV
converter currents.

FIGURE 16. Experimental results during MVAC-1 voltage sag. (a) Dc link
voltages. (b) Different active powers.

The MVAC-1 active power remains nearly constant even after
the PV power increase. Fig. 14(c) shows the ST-2 MV and
MVDC active powers. The reverse power control capability
shows the ability of the system to reduce the voltage rise
conditions.

In the third case, the MVAC-1 bus experiences a voltage sag
and ST-1 active power is supported by the ST-2 and BESS.
Fig. 15(a) shows the MVAC-1 voltages and the voltage sag
is visible in the waveform. Fig. 15(b) shows the MV cur-
rents. Fig. 15(c) shows the MVAC-2 voltages and Fig. 15(d)
shows ST-2 MV currents. Dc link voltages are shown in
Fig. 16(a) and the MVDC-1 voltage decreases to import active
power through MVDC line. Different powers are shown in
Fig. 16(b). The uninterrupted operation during voltage sag
improves the overall reliability of the system.

VII. CONCLUSION
This paper proposes operation of an MVDC interconnected
meshed hybrid microgrid configuration enabled by ST and
BESS during adverse grid conditions. The following advan-
tages 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 con-
trol 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 relia-
bility of power supply to the customer. The simulation and
experimental results verify the findings.
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