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A Meshed Hybrid Microgrid Configuration With
Unified Power Quality Conditioner
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and Mahesh K. Mishra™, Senior Member, IEEE

Abstract— The distribution grid is under major transformation
due to the increasing dependency on renewable energy resources
(RESs) and electric vehicle (EV) charging stations. For accommo-
dating such sources and loads in an existing ac distribution system
without violating the voltage and current quality limits, various
strategies, such as modifying the control methodologies and
structural reconfiguration of the grids, are identified as suitable
options. The power electronic converters play a significant role
in integrating these features to the distribution grid. A unified
power quality conditioner (UPQC) is a preferred choice to control
the quality of both currents and voltages. In this article, the
operation of a meshed hybrid microgrid is realized using UPQC.
The dc link of UPQC is used to form a low voltage dc (LVdc)
line. This LVdc line is connected parallel to the low voltage ac
(LVac) lines. The loads and distribution generation units are
integrated to ac and dc lines using power electronic converters.
The improved performance during adverse operating conditions
shows the superior reliability of the proposed system. In addition,
the analysis verifies the enhanced capability of the proposed
system in accommodating new dc loads to the existing system.
Both simulation and experimental results are demonstrated to
evaluate the performance of the proposed system.

Index Terms— Battery energy storage systems (BESSs),
meshed hybrid microgrid, power quality, unified power quality
conditioner (UPQC).

NOMENCLATURE
PCC  Point of common coupling.
RESs Renewable energy sources.

BESS Battery energy storage system.
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PV Solar photovoltaic system.

EV Electric vehicle.

LVac Low voltage ac.

LVdec  Low voltage dc.

i Bus number, where i € {1,2,...,n—1,n}.

Ve DC link voltage of unified power quality condi-
tioner (UPQC).

Vi LVac grid terminal voltage.

Vi Voltage injected by UPQC series converter.

Vi LVac PCC voltage.

Pret Net dc load power in LVdc grid.

S,ev—i EV dc—ac converter rating.

Pgy—; EV load power.

S,pv—i PV dc—ac converter rating.

Ppy_; PV active power.

Sr—m Faulty PV or EV dc-ac converter rating.

Syc—i  Healthy PV or EV dc-ac converter rating.

Pc_; Healthy PV or EV dc—ac converter active power.

S —rat Total rating of PV and EV dc-ac converter.

Pp UPQC shunt converter active power.

Py LVac load active power measured at PCC.

Py—;  DC load power.

I. INTRODUCTION

N CONVENTIONAL ac microgrid, the integration of

distributed generation (DG) units, EVs, and BESSs, is a
challenging task. Various power conversion stages are neces-
sary for safe and reliable integration of these sources and loads
to the ac microgrid [1], [2], [3]. Conventionally, the PV-based
DGs and BESSs are connected to the ac grid with the help of
dc—ac and dc—dc converters [4]. Various type of loads such as
EVs, office, and household appliances internally require LVdc
and need different types of power conversion stages to connect
with ac grid. The power electronic devices introduce various
concerns in the distribution grid, such as current and voltage
harmonics [1]. Voltage rise is another issue that frequently
occurs due to the reverse power flow in grids with high
renewable penetration [5]. The load and generation hosting
capacity of an existing ac system is limited by the voltage limit
violations and overloading of existing components [6], [7].
Therefore, improved methods are necessary to accommodate
the extra loads and sources. The architectural modification
of the conventional microgrid structure is a promising solu-
tion for addressing these issues. Hybrid ac/dc microgrids
offer higher flexibility for the integration of DGs, EVs, and
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other loads, as they offer both ac and dc voltage levels
for interconnection [8]. Recently, meshed hybrid microgrids
are gaining prominence with improved reliability for power
supply [9], [10]. It has been shown that the interlinking power
electronic converters are necessary to form meshed hybrid
configurations.

In [11] and [12], the application of a PV system for power
quality improvement has been proposed. However, such PV
system fails to adequately maintain the LVac grid voltage
during the voltage disturbances (such as grid voltage sag,
swell, unbalance) due to environment dependency of PV active
power. Also, large support of reactive power by PV con-
verter may result in curtailment of the active power of PV
source [13], [14].

Conventionally, the distribution static compensator
(D-STATCOM) is used to provide the harmonic and reactive
power support to the distribution system [15]. The dynamic
voltage restorer (DVR) is used for protecting the distribution
system from grid voltage variations [16]. The UPQC combines
the services of both DVR and D-STATCOM, and they are
employed for providing features such as voltage support to
voltage sensitive load and current harmonic compensation,
respectively. Recently, capabilities of the UPQC for PV
integration at dc link is explored [17], [18], [19]. The PV
at the UPQC dc link supports active and reactive power
to the ac grid. Moreover, due to the lack of a BESS, the
UPQC shunt converter cannot achieve bidirectional active
power flow. The open-UPQC configuration uses separate dc
link capacitors [13]. In this configuration, the PV source
is connected to the dc link of shunt compensator. This
protects the voltage-sensitive loads and eliminates various
load unbalance conditions in a distribution system. In [14]
and [20], the UPQC configuration with the integration of
BESS and PV systems to the common dc link is analyzed
under different operating scenarios. The configuration
presented in [20] and [21] shows the performance of UPQC-
based PV-BESS system in maintaining the power quality
standards during PV power variations and grid voltage
sag/swell.

The PV- and BESS-based UPQC systems have the potential
to create the dc distribution system parallel to the existing
ac distribution system. Such configuration can accommodate
more loads and provides power routing between LVac and
LVdc buses. This article proposes a meshed hybrid microgrid
configuration using UPQC, PV, EV, and BESS. An analysis
has been done to show that the proposed UPQC configuration
accommodates more loads and RESs in comparison to the
existing system.

In comparison with traditional UPQC-based hybrid micro-
grids, the meshed hybrid microgrids with UPQC present
several distinct advantages.

1) The meshed hybrid microgrids with UPQC maintain a
balanced and sinusoidal voltage at LVac PCC. It also
mitigates harmonic and reactive currents drawn by LVac
load currents, enabling the grid to provide balanced
sinusoidal currents at unity power factor.

2) UPQC facilitates centralized control of reactive power
within the LVac grid. The LVac grid voltage is main-
tained within grid code limits either with peak PV power
injection or EV loading.
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3) It ensures reliable operation in the event of a failure in
the dc—ac converter of the PV/EV DG system.
4) Increases the utilization of PV/EV dc—-ac converter.

This articleis organized as follows. The system config-
uration is described in Section II. The proposed power
management algorithm is explained in Section III. Various
power converter control strategies are explained in Section IV.
Section V contains the performance analysis focusing on
the loading capacity of the distribution system. The simu-
lation and experimental results are provided in Sections VI
and VII, respectively. Section VIII provides conclusion to this
article.

II. SYSTEM CONFIGURATION

A conventional LVac microgrid configuration with UPQC
is shown in Fig. 1(a). In this configuration, the BESS is
connected at UPQC dc link using a dc—dc converter. An LVac
grid is considered with a number of PV-based DG sources, and
EV charging stations are connected at different LVdc buses.

The configuration of the meshed hybrid microgrid is shown
in Fig. 1(b). The dc link of UPQC is extended parallel
to the LVac line. The BESS connection remains same as
shown in Fig. 1(a). The PV-based DGs are connected to
the LVdc line at their original locations through the dc—dc
converters. Similarly, the EV and dc loads are connected at
their locations through the dc—dc converters. The EV and
PV dc-ac converters are interlinked between the ac and dc
distribution lines at their original location. The presence of
dc—ac converters at various locations enable to form multiple
meshed loops in the distribution grid.

The BESS maintains the dc link voltage of the UPQC
while supplying the power losses in the UPQC. Moreover, the
BESS exchanges active power with the LVdc grid to ensure
a constant dc link voltage. For realizing it, the BESS also
supplies losses in the LVdc line.

The proposed meshed hybrid network consists of two par-
allel grids to exchange active power between the LVac and
LVdc grids. Moreover, the UPQC allows bidirectional active
power flow and control of reactive power in the meshed hybrid
microgrid. The UPQC in support of reactive power ensures that
DG dc—ac converters are utilized for active power exchange.
The DG converter can exchange active power between LVac
and LVdc grids to maintain the far-end LVac bus voltage within
grid code limits. Moreover, the performance of PV and EVs
connected at the LVdc grid remains unaffected during faults
or maintenance of any DG converter.

In this article, the UPQC performs multiple roles. It main-
tains the LVac PCC load voltage within grid code limits
during any voltage disturbance. It also maintains grid currents
balance, sinusoidal and at unity power factor by supplying
the reactive and harmonic components of load current. Also,
the energy storage at the dc link of UPQC allows exchange
of active power with the LVac grid based on requirements.
Furthermore, a meshed hybrid microgrid with UPQC provides
multiple paths for power flow between LVac and LVdc grids.
The UPQC manages the active power flow between the LVac
and LVdc grids during peak PV generation, high-EV loading,
and DG converter failures. Since the UPQC provides the
reactive power demands of the LVac loads, reactive power
from the DG converters connected between the LVac and LVdc
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buses can be set to O increasing the utilization of the DG
converters.

III. PROPOSED POWER MANAGEMENT ALGORITHM

The power management algorithm is used to serve the
following objectives: 1) maintain grid currents balanced and
sinusoidal at unity power factor; 2) active power routing
between LVac and LVdc line during peak load/generation sce-
narios; 3) maintain LVac PCC voltage magnitude at nominal
value; and 4) control active power exchange between LVac
and LVdc lines during dc—ac converter failure conditions.
The UPQC series converter maintains the LVac PCC voltage
magnitude despite the disturbance in grid voltage. Moreover,
the shunt converter of UPQC allows LVac loads to draw the
balanced and sinusoidal component of current at the unity
power factor from the grid. This converter also provides har-
monics, unbalanced, and reactive components of load current.
Furthermore, dc—ac converters connected between LVac and
LVdc grids can exchange the active power.

The proposed power management algorithm flowchart is
shown in Fig. 2. The operation of the system shown in
Fig. 1(b), can be classified into two modes: 1) normal oper-
ation in which all the converters are working based on their
ratings, and 2) converter fault operation where some dc-ac
converters became faulty during the operation. The active
power reference for PV/EV dc—ac converters and UPQC shunt
converter are calculated in each mode of operation. Net load
active power (Ppe) on the LVdc line is obtained as follows:

Poet = D _(Pev-i + Pac—i — Pev_i) ()
i=1
where Pgv_;, Ppv—_;, and Py —; are the ith EV, PV, and dc load
power, respectively. The each mode of operation are explained
in Section III.

A. Normal Operation

In this mode of operation, all the dc—ac converters are
working in normal condition and a satisfactory operation is
observed. Total power rating of EV and PV dc—ac converters
(S;—rar) 1s given as follows:

n
S =D (Srev_i+ Spv_i) 2)
i=1
where S,gy_; and S,py_; are EV and PV dc—ac converters
rating, respectively. The dc—ac converters of PV and EV share
active power with the grids based on the P, obtained from (1).
Furthermore, UPQC supplies reactive power requirements of
LVac loads so that the grid current is balanced and sinusoidal at
the unity power factor. Therefore, the reactive power reference
of PV/EV dc—ac converters is set to zero in the proposed
work. However, this converter can support reactive power in
case there is a specific requirement. However, it will lead to
a reduction in active power from the converter.

If P, is positive, then the overall power demand in the
dc grid exceeds the available generation capacity. If Py
is negative then the generation capacity within the dc grid
from sources like solar PV, EV is greater than the power
demand. When P, is O, it signifies a perfect balance between
generation and consumption within the dc grid.

2491
PCCL |
77777777777 o AT
LvAC | |
Grid Series |
converter } Loads
~ ~|
\
\

~
EX T
loads

Shunt

converter J

(a)
T ——— 1
® P PCC]
[ AT —— AT oo
I }
|
LVAC I Series | (Meshed Meshed oy
Grid } converter } loop loop
I ~) ™ } Y, =
| = = 0 I 4
\ = =
|
|
|
|

AMA AN A
VW W

LVDC Line B I DC

Fig. 1. System configuration. (a) UPQC connected conventional ac micro-
grid [20]. (b) Proposed UPQC enabled meshed hybrid microgrid.

Si_rat Obtained from (2) is greater than or equal to |Ppel,
then the active power for ith dc—ac converter of PV and EV
are given as follows:

Pnet x5 PV—i
Ppy_; = —Sr rt l
—Tral
Pt X S EV—i
Phyi=—g——— (3)
t—ralt

where PJy,_;, and Pj_; are the active power reference of PV
and EV dc—ac converters, respectively.

If S;_rat < |Puet|, then ith dc—ac converter of PV and EV
exchanges maximum active power from the grid and these are
given as follows:

*
Ppy_; = Srpv—i

*
PEV—i — OrEV—i- (4)

The shunt converter of UPQC exchanges the balance active
power from the grid to meet the excess power requirement at
the LVdc line. Therefore, active power reference for the UPQC
shunt converter (P},) is given by

P;S = Pnet - Stfrat- (5)

In this condition, excess power due to high loading on LVdc
line is routed from LVac to LVdc line via UPQC shunt
converter. Therefore, LVac line voltage profile improves during
generation or peak load.

B. Converter Fault Operation

In this mode of operation, the meshed hybrid microgrid
is operated with a faulty PV/EV dc—ac converter. Then the
active power is shared between ac and dc grids using healthy
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Fig. 2. Flowchart for power management.

PV/EV dc—ac converters. Therefore, the ith PV/EV converter
active power is given by

Pnet X SrC—i
St—rat - Sr—m

where P!_, is the PV/EV dc—ac converter active power
reference, S,c_; is apparent power rating of PV/EV dc—ac
converter, and S,_,, is the apparent power rating of the faulty
dc—ac converter of PV/EV at mth bus. The faulty PV/EV
converters are disconnected from the operation. The healthy
PV/EV dc—ac converters share the active power based on
their power rating.

If the total power rating of the healthy dc—ac converter
is less than | Py|, then the active power reference for UPQC
shunt converter using (1) and (2), and S,_,, is given by

PZ; = Pnet - (Stfrat - Srfm)~ (7)

P&k,i = ) if |Pnet| = Stfrat - Srfm (6)

Therefore, the proposed meshed hybrid microgrid configu-
ration with UPQC maintains the continuity of active power
exchange after the removal of the faulty dc—ac converter.
Moreover, this capability is not possible in the conventional
configuration of microgrid as shown in Fig. 1(a). In the
proposed configuration, individual PV/EV dc—ac converter
works as both source and load.

IV. CONTROL OF POWER CONVERTERS

Several power converters are configured in the meshed
hybrid microgrid. The control diagram of the proposed con-
figuration is shown in Fig. 3. The explanation of UPQC
converters, BESS dc—dc converter, PV, and EV dc—ac con-
verter are given in this section.

A. UPQC Converters

There may be several nonlinear loads connected at the LVac
grid. The control algorithm calculates the harmonic current
components as well as reactive and unbalance currents, and
these LVac load current components are supplied by the UPQC
shunt converter. Also, any harmonics and disturbance in source
voltage are compensated by the series converter of UPQC.
The UPQC shunt and series converters control strategy are
explained as follows.

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 13, NO. 2, APRIL 2025

1) UPQC Shunt Converter: The primary control objective
of the UPQC shunt converter is to supply the reactive and
harmonic power of LVac load. The active power exchange is
also facilitated through this converter as a secondary require-
ment. This converter works as a current-controlled device.
An instantaneous symmetrical component theory (ISCT) [22]
is used for power sharing at the LVac and LVdc grids. The
reference currents (i, i}, and i, ) to share the active
power by the UPQC shunt converter are given as follows:

Idaa = 2 ol 2 2 Py
aa

(UIJZI) + (U;Zl) + (%1)

+
i;ahz T N\2 Uj_blz n ZPL*)
(”ml) + (vlbl) + (vlcl)

l-* — vltl P* (8)
dac D

(vﬁ;l)z + (Uﬁl)z + (vltl)z

where v,*al, U;;l’ and vltl are the fundamental components of
positive sequence voltage of three phases at LVac PCC, and
P}, is the dc power reference of UPQC shunt converter. P
in (8) is derived from (5) and (7) during normal and fault
operations, respectively.

The UPQC shunt converter reference currents (i}, ij,;
and i}, .) to share the reactive and harmonic component of
LVac load currents are given as follows:

ot
lal
T2 T2 N2 Py
(vlul) + (vlbl) + (Ulcl)
ot
Ib1 P,
T \2 T\2 T2
(vlal) + (Ulbl) + (”m)
U[+ I
C
P )
T2 T2 T 2
(vlul) + (vlhl) + (vm)
where P, is the average load power measured at PCC. iy,
ivp, and iy are instantaneous LVac load currents measured at
PCC.
The UPQC shunt converter reference currents (if; ,, i, and
i) using (8) and (9) are given as follows:

- .
Liha = Uva —

ok .
Lanp = Uvb —

L% .
Laghe = Uve —

+
v
l"* — i] _ lal Pl _ P*
e TR I A
Ighp = Ivp — 3 Vi 3 5 (Pv — Pp)
(UIZI) + (Ulzl) + (vltl)

+

i = e — Dlet (Pv—P3).  (10)

(vfél)z + (”;21)2 + (”;1)2
The hysteresis-based current controller is used to control the
UPQC shunt converter [22]. This controller generates the
pulses by comparing the actual currents of the UPQC shunt
converter with the reference currents obtained from (10) of the
UPQC shunt converter.

2) UPQC Series Converter: The series converter is used to
maintain the PCC voltage balanced and sinusoidal at nominal
value during the grid voltage disturbances like sag/swell,
unbalanced, and harmonics. This converter maintains the PCC
voltage for grid voltage sag/swell by exchanging the active
power from the dc link [23]. The series converter absorbs
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Fig. 3. Overall control diagram of the meshed hybrid microgrid.

the active power during grid voltage sag conditions from dc
link and supplies the active power to the dc link during grid
voltage swell conditions. Moreover, the active power exchange
is directly controlled by BESS to maintain dc link voltage
at the desired level. The appropriate reference three-phase
voltages are generated for the series converter to maintain
the PCC voltage at the desired level. The explanation for
the voltage reference of the series converter is given as
follows.

The LVac grid terminal voltage (v,) is expressed in (11)
as the sum of fundamental positive sequence components and
harmonic components of voltage. The grid terminal voltage is
written as follows:

(a1

where v, is the fundamental positive sequence component
of LVac grid terminal voltage, and its harmonic voltage
component is v, . The fundamental positive sequence com-
ponent of series converter voltage is vy. The balanced
three-phase voltages are maintained at PCC by the UPQC
series converter. Hence, the reference voltage (V,*) at PCC
with the help of Kirchhoff’s voltage law (KVL) is expressed as
follows:

vt = vtl + Utrcsl

Vi = Vg, + Vi,. (12)

The fundamental positive sequence component of terminal
voltage is expressed as V¢, = V,,/é;,. Assume that the refer-
ence voltage is maintained at the PCC, which is expressed as
Vi = V;£0. The voltage injected by the UPQC series converter
is expressed as Vg, = Vy, Z¢y,. By incorporating these in (12)
can be rewritten as follows:

Vi, =V =V

Vil = VL0 —V, L5, (13)

Solving (13) for voltage magnitude V; and phase angle ¢,
are given as follows:

vy, ::i:V,]\/KLi- 1 — 2K cos§,, (14)
and
b; = tan S0 (15)
fi= cosd, — K

where K is the ratio of V; and V;,. The positive and negative
values of Vj; indicate the reference during voltage sag and
swell, respectively. §;, is the phase angle of the fundamental
positive sequence of grid terminal voltage.

The series converter also supplies the required harmonic
component of voltage to compensate for the grid terminal
voltage harmonics. Therefore, voltage injected (v;i) by UPQC

series converter is given as follows:
* —_— o —
vf - vfl vtresl (16)

where v, is the source terminal voltage harmonic component.
Using (14)—(16), the UPQC series converter injected voltage
(v’}u, v;ib, and v;}{) references are given as follows:

v}z = \/EVf] Sin(a)t + ¢f1) — Vtaeeg

. 2w
v, =~2Vy Sm(“” +én - ?) ~ Uthey
" NG . 4
V. = 2Vf1 sin| o + ¢f1 - ? = VtCpeg - 17

These voltages are injected by UPQC series converter to
maintain PCC voltage at nominal value. The hysteresis-based
voltage controller is used to control the UPQC series converter.
This controller compares the actual voltages of the UPQC
series converter and its reference voltage using (17) to generate
pulses for the UPQC series converter.

B. BESS DC-DC Converter

The BESS dc—dc converter is connected at the dc link of
the UPQC converters. It supplies the power losses in the
dc grid and exchanges active power during LVac voltage
disturbances. The BESS dc—dc converter controls the dc
link voltage of UPQC. During voltage sag, the BESS dc—dc
converter supplies active power which is injected into LVac
grid to maintain the LVac voltage. During the voltage swell,
the UPQC needs to absorb the active power to maintain
the PCC voltage. In this case, the BESS absorbs the active
power.

Depending upon the power absorption or support from the
BESS, the current direction of the BESS converter will change
to maintain the dc link voltage of UPQC. It compares the
actual dc link voltage (V) with reference voltage (V) and an
error is generated. This error is passed through the proportional
and integral (PI) controller to generate the switching pulses for
the BESS dc—dc converter [24].

C. PV and EV DC—AC Converters

The dc—ac converters of PV and EV exchanges the required
active power with ac and dc grids. The ith bus dc—ac
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converter reference currents (i, ., i¥ ., and i’._;) to share
active power are given as follows:
+
= Via1—i pr
ca—i — 2 2 2 C—i
+ + +
(=)™ + (W) + (Viea—s)
+
P Uip1—i pr
chb—i — 2 2 25 C—i
+ + +
(V=)™ + (V=)™ + (vii—)
ot
o _ lel—i *
cc—i T PC—i (18)

(vl+a1—i)2 + (Ulzl—i)z + (”ztl—i)z
where v;%, ;. vt ., and v}, _; are ith bus positive sequence
component of voltages. P’_; is the reference active power
for ith bus of PV/EV dc—ac converter in each mode of
operation. The hysteresis current controller generates pulses
for PV/EV dc—ac converter to maintain the reference current
of respective converters.

V. LOADING CAPACITY OF DISTRIBUTION SYSTEM

The loading capacity of the distribution system is lim-
ited by the voltage variations due to the loading at various
buses [6]. The loads such as EV charging stations add extra
loading on the existing distribution systems. This section
investigates the impact of the EV charging stations penetration
on a conventional LVac distribution system and compares per-
formance with the proposed meshed hybrid microgrid system.
A conventional LVac distribution system is shown in Fig. 4,
the voltage at ith bus (V)_j) is given by

Vi =Vi— U +Iin1 + - + I Zym,
— (Ip—1 + Iz + - + In)Zym, 4

== (i + Lo + - + hZam; (19)

where Vj is the voltage at PCC and i varies from 1 to n.
I, Iin—1, . . ., Ity are load currents at respective buses. Z, is the
per-kilometer impedance and m,,, m,_1, ..., m; are the lengths
of each sections of the LVac line.

The voltage at ith bus is assumed as V|_; = V;_;/§; and at
PCC is V| = V;£0. For analyzing the voltage drops, the loading
on each bus is considered uniform without any generation.
In addition, a constant current absorption is considered at each
bus [25]. Therefore, I, = Iiy.1 = -+ = Iy = I;/Z¢;, where
¢, is the power factor angle. For the LVac grid, the R/ X ratio
is considered high [26]; therefore, Z; ~ R;. Considering the

equal spacing between buses, m,, = m,_; = --- = m| = my.
Hence, (19) is rewritten as follows:
Vlfi = V] — nR;m;Il — (n — l)lelll — e —ileZII. (20)
Further simplification of (20) leads to
Vi =Vi—- KK
Vieilsi = Vi — KoKy L1 L. (21)

Solving (21) gives V;_; as

Vi = \/VIZ + K2K21? — 2ViKyKyl cosgr.  (22)

Based on the loading, the voltage magnitude at each bus
changes. This leads to maximum voltage variations at the end
buses. A case study is considered for the voltage variation in
a multiple-bus LVac distribution system.
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Fig. 5. Bus voltage variations in conventional [20] and the proposed systems.

A. Case Study

In this study, a five-bus LVac distribution system is con-
sidered. For per unit (p.u.) calculation, the base voltage is
considered as 0.4 kV and the base power is considered as
100 kV-A. The nominal currents at each bus are considered
as 0.08 p.u., which leads to a minimum permissible voltage
(0.9 p.u.) at the farthest bus from PCC [27]. For the exper-
iment, extra dc loads are added to the LVac grid at 25%,
50%, and 75% of the nominal LVac loads in three different
cases. The voltages at each bus are plotted under respective
conditions in Fig. 5. For the proposed system, the dc loads
are added to the dc grid. The active power to the dc loads
is supplied through the active power exchange capability of
the UPQC shunt converter. Therefore, the voltages of ac grid
buses are maintained within the permissible limits after the
addition of dc loads.

Fig. 5 shows that when the loads are increased at each
bus by 25%, 50%, and 75%, the voltage at bus 1-bus 3
are violated in the conventional system. Moreover, with the
proposed system voltage at buses is maintained within grid
code limits. This shows that in distribution grids where the
R/ X ratio is high, active power exchange has a greater impact
on voltage compared to reactive power. The additional extra
loads draw more active power from the grid through the LVac
line which leads to under voltage at far-end buses in the
conventional system. This analysis shows that the proposed
distribution system where the high R/X ratio be utilized to
integrate additional dc loads such as EV charging stations to
the existing distribution system without violating the voltage
limits. The performance comparison is given in Table I. For
showing the benefits of the proposed system, its performance
is compared with respect to the conventional system against
various parameters.
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TABLE I
PERFORMANCE COMPARISON

Parameter Conventional System Proposed System
Utilization of DG converter rating Limited utilization as the DG converter operation Various power flow paths allow higher utilization of
(kVA) depends upon the PV power availability in [20], [28]. DG converter.

LVAC line loss

Higher line losses due to flow of both active and
reactive powers in LVAC line [20], [28].

Active power is possible through LVDC line and DG
converter leading to lower LVAC line losses.

Continuous power supply during Not possible [14], [20], [28] Possible
DG faults or service
Increase loading capacity Not possible [20], [28] Possible

Centralized control of reactive

Moderate [10], [14], [20]

Higher as compared to conventional system.

power
. Sag
TABLE II 2 M IAAA faYaVaYa¥a
SIMULATION PARAMETERS % o AAAXAANALLXXEAAAA
System Quantities Values T>° 'igg Jy\lv\ly"xx XXXX" JY\IY\X
LVAC grid voltage 400 V (L-L) = ) 400 (a)
LVDC grid voltage 1.2 kV 2 200 \/\A/\](\A/\A/\I(‘\/\A/\A/\A/\A/\'\/\/\A/\{
UPQC series Transformer ratio = 1 : 1, Sy.se= 50 kVA, Ly = 3 mH, & 0
converter Cy =20 puF, Rg =40 Q 'E -200 JY\/V\,Y\IY\IY JY\IY OO0O00!
UPQC shunt Sysn = S0 kVA, L1 = 2 mH, C, = 20 uF, R, = 40 -400 ®)
converter Q, Lso =1 mH S 120
PV DC-AC converter || S,pv =50 kVA, Cpoy = 2200 iF, Ly = 6 mH, 5 9 AARAAN
L1 = 68uH, Cpm1 =10 uF, Ra1 =1 Q 2 & OO0
EV DC-AC converter Srev =25 kVA, Cpca = 2200 pF, Ljf;,2 =4 mH, Z 120 ©
L =45 uH, Cppmo =15 uF, Rga =1 Q ~
g DR dma T I P N VaVaYaVaVAYaVaYaYaVaVaVaVatare
g0 YAYAYAYAYA YAYAYAYAYA YAYAY
5 25
VI. SIMULATION RESULTS S 250 > SASASA
~ 250
The meshed hybrid microgrid configuration with UPQC = 2 00000000000
. . . g . £ 0
having two-bus is used for the simulation studies. The EV E s DOOOOOO0O0EY JVVV\X
load and the PV source are connected to bus 1 and bus 2, “ zig © Serios comu D
respectively. In addition, dc and ac loads are considered on 0 | —
. . . . . . = Series conv.
LVdc line and LVac line, respectively. For simulation studies, £ %&&}_
three cases are considered and system parameters are given 2 Shunt cony. 2 ®
in Table II. The simulation parameters for UPQC are based 5 25
z LVDCload P = gV DC-AC conv. P
on [29]. The DG converter parameters are selected based [30], = _2‘5’ S
and PV and BESS are designed based on [14]. _ = D“'A’w?gv)")
The BESS model uses a bidirectional dc—dc converter to g 1 [ LVACgidP ~ T
increase the battery voltage to connect the common dc link z @ ) I
voltage of the UPQC. The BESS maintained the dc link 05 o ® T
Time (s)

voltage of UPQC and supply power losses in LVdc line.
However, BESS exchanges active power with the LVdc grid
to ensure a stiff dc link voltage.

For three-phase, four-wire dc—ac converter, the minimum
dc voltage across each capacitor should be 1.6-2.0 times
the peak ac side phase voltage to ensure satisfactory perfor-
mance [31]. In LVdc distribution grid, IEC 60038 standards
have set the limit for maximum LVdc voltage as 1500 V [32].
In this article, the LVac voltage is 400 V (L-L) for simulation
studies. Therefore, the total LVdc voltage is set at 1.2 kV (600
V across each capacitor).

In [32] and [33], a comprehensive analysis of the protection
and safety features in LVdc distribution grids is discussed.
Protective devices, such as fuses, dc contactors, and circuit
breakers, provide the necessary protection against overcurrent
and short circuits, ensuring reliable and safe operation. More-
over, the use of hybrid circuit breakers has been suggested
in the literature which integrates a mechanical breaker along
with a power electronic switch.

A. Grid Voltage Sag Operation

Fig. 6 shows the operation of the system during a symmetri-
cal grid voltage sag. The power sharing by EV and PV dc—ac
converter is based on their rating. Fig. 6(a) shows the grid

Fig. 6. Simulation results for grid voltage sag operation. (a) Grid voltages.
(b) Voltage at PCC. (c) UPQC series converter voltage. (d) LVac load currents
at PCC. (e) Grid currents. (f) UPQC series and shunt converter powers.
(g) LVdc load and dc—ac converter powers. (h) LVac grid and load powers.

voltage waveform, where a symmetrical voltage sag is created.
The LVac PCC voltages are maintained at nominal value
by UPQC series converter, as shown in Fig. 6(b). Fig. 6(c)
shows the voltage injected by the UPQC series converter. The
LVac load and grid currents are shown in Fig. 6(d) and (e),
respectively. The grid currents are balanced and sinusoidal
irrespective of LVac load nature. The UPQC series and shunt
converters power are shown in Fig. 6(f). The reactive and
harmonic powers are provided by the UPQC shunt converter,
and the active power supply by it is 0. The PV and EV dc—ac
converter supply active power to the grid based on their rating
and LVdc load power is shown in Fig. 6(g). The LVac grid
power is low during the grid voltage sag, and LVac load power
is shown in Fig. 6(h). During grid voltage sag, active power
absorbed from dc link as the LVac loads are at a fixed value.

B. Operation During High DC Loads

Fig. 7 shows high-dc load operation of a meshed hybrid
microgrid with UPQC. The high loading in LVdc grid and
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Fig. 7. Simulation results for high dc load operation. (a) Grid voltages.
(b) Voltage at PCC. (c) UPQC series converter voltages. (d) LVac load
currents at PCC. (e) Grid currents. (f) PV generation, EV, and PV dc—ac
converter powers. (g) Grid, LVac, and LVdc powers. (h) UPQC shunt and
series converter powers.

also, the EV and PV dc—ac converters are unable to support
the total active power requirement of the LVdc grid. The
remaining active power is supplied from the UPQC shunt
converter. The high dc loads lead to drawing non-sinusoidal
current from the LVac grid. The LVac currents are the currents
drawn by the LVac loads. The presence of non-linear loads
in the LVac network results in nonsinusoidal currents being
drawn. Therefore, these currents are not purely sinusoidal.
The UPQC shunt converter supplies the reactive, and harmonic
components of LVac loads so that the grid supplies balance and
sinusoidal currents. Fig. 7(a) shows the grid voltage waveforms
under normal operating conditions. The nominal voltage is
maintained at LVac PCC as shown in Fig. 7(b). The voltages
injected by the UPQC series converter are shown in Fig. 7(c).
The LVac load currents and grid currents are shown in Fig. 7(d)
and (e), respectively. When the high dc load occurs, EV and
PV dc—ac converter works as per their maximum power
rating, as shown in Fig. 7(f), and the UPQC shunt converter
draws the balance power from the grid, as shown in Fig. 7(h).

C. Operation During EV DC—AC Converter Failure

In this mode, the PV power generation is at a high level
and low-dc loading at the LVdc line. When the EV dc—ac
converter fails, the power from dc grid is routed to ac grid via
UPQC shunt converter. In Fig. 8(a), per phase grid voltage
waveform are shown. The UPQC series converter maintains
PCC voltage at the desired level as shown in Fig. 8(b). The
injected voltage of the UPQC series converter is shown in
Fig. 8(c). The grid current and LVac load currents are shown
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Fig. 8. Simulation results for EV dc—ac converter failure operation. (a) Grid
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currents at PCC. (e) Grid currents. (f) PV generation, EV, and PV dc—ac
converter powers. (g) Grid, LVac, and LVdc powers. (h) UPQC shunt and
series converter powers.

in Fig. 8(d) and (e), respectively. The active power flow from
UPQC shunt converter during EV dc—ac converter fails is
shown in Fig. 8(h). The LVac load and grid power are shown
in Fig. 8(g). The PV generation, PV dc—ac, and EV dc—ac
converters power are shown in Fig. 8(f).

VII. EXPERIMENTAL STUDIES

A prototype of the UPQC-based meshed hybrid system
is developed in the laboratory. The block diagram of the
prototype of the experimental setup is shown in Fig. 9.
The experimental setup consists of UPQC, BESS, and DG
converter. The UPQC has two dc—ac converters connected in
series and shunt with LVac grids. The series dc—ac converter
is connected with the LVac grid using an isolation transformer.
The shunt dc—ac converter is connected to the LVac load side.
The DG dc—ac converter is connected at bus 1, as shown in
Fig. 9(a). The BESS converter is connected to the common
dc link of UPQC converters. Bus 1 is formed by connecting
resistance R; and inductance L;. R4 ; is the LVdc line
resistance connecting between the dc link of UPQC and dc
link of the DG converter.

The experiments are conducted at the scaled-down voltage
and load. However, the nature of the connected loads and
sources are similar to the simulated grid scenarios. This allows
us to obtain experimental results similar to simulation results
for various load conditions such as grid voltage sag/swell,
power routing during high PV generation and/or peak EV
loading, and DG failure condition.

The LVac grid voltage is selected as 110 V (L-L). The
dc link voltage of UPQC is maintained at 310 V by BESS.
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Fig. 9(b) shows the picture of the hardware prototype. All
three cases shown in simulations are exhibited in experimental
analysis.

A. Grid Voltage Sag Operation

Fig. 10 exhibits the results for the grid voltage sag condition.
In Fig. 10(a), symmetrical grid voltage sag occurs as seen in
the waveform. The nominal voltage of 110 V is maintained
at PCC, as shown in Fig. 10(b). The series injected voltage
during the sag period is shown in Fig. 10(c). Fig. 10(d)—(h),
respectively, shows the load currents, source currents, dc link
voltage, DG currents, and shunt converter currents during
the operation. It is observed that the grid current is always
sinusoidal irrespective of the nature of LVac loads, which
is maintained by UPQC shunt converter. The load terminal
voltage is maintained constant during grid voltage disturbances
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Fig. 11. Experimental results for high-dc load operation. (a) Grid voltages.
(b) PCC voltages. (c) UPQC series converter voltages. (d) LVac load currents.
(e) Grid currents. (f) DC link voltage. (g) DG currents. (h) UPQC shunt
converter currents.

by the series converter. The DG converter transfers balanced
power between the LVdc and LVac buses.

B. Operation During High DC Loads

In Fig. 11, the load change scenario is exhibited. The
grid voltages, PCC voltages, UPQC series converter injected
voltages, load currents, grid currents, and the dc link voltage
are shown in the Fig. 11(a)—(f), respectively. The load change
is marked in the waveforms. The DG currents reach the
maximum rating as shown in Fig. 11(g). The extra dc load
is absorbed through the UPQC shunt converter as seen in
Fig. 11(h). The slight increment in the source current can be
noted at this point, as shown in Fig. 11(e).

C. Operation During DG DC—AC Converter Failure

Fig. 12 shows the experimental results when the DG
converter fails. The grid voltages and PCC voltages are
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Fig. 12. Experimental results during DG converter failure condition. (a) Grid
voltages. (b) PCC voltages. (c) UPQC series converter voltages. (d) LVac load
currents. (e) Grid currents. (f) DC link voltage. (g) DG currents. (h) UPQC
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maintained at the nominal value as shown in Fig. 12(a)
and (b), respectively. The series injected voltages are shown
in Fig. 12(c). During the fault condition or maintenance, the
DG converter is disconnected from operation. In this case,
the power exchanged by the DG converter becomes zero.
However, the remaining DG and UPQC shunt converters must
share the load power requirement. This results in more current
flowthrough these converters. The load power shared by the
faulty DG converter is provided through the UPQC shunt
converter. As shown in Fig. 12(d) the LVac load current
increases. The grid currents and dc link voltage are shown
in Fig. 12(e) and (f), respectively. The DG dc—ac converter
is disconnected after failure as shown in Fig. 12(g). At this
point, the faulty DG converter’s power from the dc grid is
supplied via UPQC shunt converter, as shown in Fig. 12(h).
The UPQC shunt converter currents are increased while the
grid current remains unchanged.

VIII. CONCLUSION

The operation of a UPQC-based meshed hybrid microgrid is
analyzed in this article. The meshed hybrid microgrid system
improves the load and generation hosting capacity of a con-
ventional distribution network by improving the voltage profile
of the LVac load buses. The system also provides a better
reliability during PV/EV dc—ac converter failure by routing
power between LVac and LVdc lines. The power supply is
distributed over multiple dc—ac converters. In addition, the
UPQC provides the voltage and current quality conditioning
services to the distribution grid. The simulation and experi-
mental results show the performance of the proposed system
under various operating conditions.
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