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Abstract: An optimal power routing (OPR) scheme between and within interlinking converters (ICs) in unbalanced hybrid AC–
DC microgrids to minimise the power imbalance factor at the point of common coupling, active power losses, and voltage
deviation indices for microgrids in grid-connected operating mode is proposed in this study. These goals are achieved through a
multi-objective optimisation model by optimal distributing of mobile loads between available charging stations and at the same
time, OPR within three phases of three-phase four-lag AC/DC converters. Numerical results obtained from implementing the
proposed method on the modified IEEE 13-bus system, as an unbalanced hybrid microgrid, and IEEE 34-bus test system, as an
unbalanced distribution system, demonstrate that proposed OPR algorithm is successful to satisfy the optimisation goals. For
this purpose, four case studies are defined and studied to demonstrate the unique features of the proposed OPR comparing
with other power routing schemes. In addition to simulation results, the OPR scheme between ICs is realistically implemented at
Florida International University smart grid testbed to show the effect of the power routing on energy losses reduction.

௑Nomenclature
A coefficient matrix
APLIc active power losses index for cth case study
APLImax maximum APLI among all case studies
A
~

c
normalised APLIC

Ave Vi
k average voltage magnitude of three phases at ith

bus
B vector of upper bands
D number of the buses connected to ICs
f i(X) ith objective function
I j

k current of kth phase of jth line
I j

max maximum current for each phase of jth line
k, m phase indicators in a three-phase system (a,b,c)
L number of transmission lines
MOIc microgrid operating index for cth case study
MOImax maximum MOI among all case studies
M
~

c
normalised MOIC

N number of buses in the system
PIFIc power imbalance factor index for cth case study
PIFImax maximum PIFI among all case studies
P
~

c
normalised PIFIC

Pd
k, Qd

k active and reactive power set point for kth phase of
dth ICs

Pd
ref, k, Qd

ref, k reference active and reactive power for kth phase
of dth ICs.

Pd
Opt, k, Qd

Opt, k optimum active and reactive power set points for
kth phase of dth ICs.

Pd
min, Pd

max minimum/maximum active power limit for each
phase of dth ICs

PTd total active power of dth ICs
PTd

min, PTd
max minimum/maximum total active power limit for

dth ICs
Pi

k + jQi
k injected complex power from the kth phase of the

ith bus to the grid
Qd

min, Qd
max minimum/maximum reactive power limit for each

phase of dth ICs
QTd

min, QTd
max minimum/maximum total reactive power limit for

dth ICs
r number of objective functions

Rj
k resistance of the jth line

S
k complex power of kth phase at the PCC

S
⌢ average complex power at the PCC
S̄ average of the absolute power at the PCC
Vi

k voltage of kth phase of ith bus
Vi

min, Vi
max minimum/maximum voltage magnitude at ith bus

Vref reference voltage
VIFi voltage imbalance factor at ith bus
VDIc voltage deviation index for cth case study
VDImax maximum VDI among all case studies
V
~

c
normalised VDIC

wi weighting factors for the ith objective optimisation
X set of decision variables
Yih

km admittance matrix element between kth phase of ith
bus and mth phase of hth bus in the system

Yih
abc admittance matrix between ith and hth buses

Other symbols are defined in the text as they
appear.

1௑Introduction
Owing to the high penetration of distributed energy storage
systems, renewable energy resources and different types of DC
loads in microgrids, there are AC and DC buses in microgrids
which form hybrid AC–DC microgrids [1]. This type of microgrid
has been studied in literature from different points of view such as
power flow algorithms, optimal dispatch, and control issues [2–6].

In hybrid AC–DC microgrids, the connection of AC and DC
systems is possible through interlinking converters (ICs), therefore,
several control schemes have been proposed for these ICs aiming
at optimal DC load sharing between ICs or improving voltage
quality as described in [7, 8], respectively. However, in most cases,
due to unbalanced load conditions in the AC system, the microgrid
is operated in unbalanced conditions [9]. Generally, there are two
types of hybrid AC–DC microgrids; the first one includes one
single DC bus connecting all DC loads and generations where this
bus is linked to the AC system by one or several ICs. The second
type is the situation where there are several separate DC buses in
the system that each one is connected to the AC system by its own
IC. In both types of hybrid AC–DC microgrids, unbalanced three-
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phase loading conditions would make major problems for optimal
operation of the microgrid.

In the literature, several studies have focused on these issues
especially in the islanded operating mode of microgrids. For
example, in [9], a dynamic power routing strategy has been
proposed for islanded operating mode of a type one unbalanced
hybrid AC–DC microgrids to maximise the loadability at the
distributed generations (DGs') buses. The proposed supervisory
controller utilises an optimal power flow algorithm to minimise the
microgrid load shedding in islanded operating mode. Numerical
results verified the success of this method for maximising the
loadability at generation buses. However, the second type of hybrid
microgrids, with several independent DC buses, and microgrids in
grid-connected mode have not been studied in this reference.

The voltage profile enhancement along with load sharing
among DGs through a supervisory control scheme has been studied
in [10, 11]. As proposed and verified in [10], compensation of
unbalanced voltage and harmonics in the system is possible
through a hierarchical control scheme using multiple current loop
damping strategies in islanded microgrids. In [11], a novel control
scheme is proposed for islanded microgrids with several
dispatchable DGs to improve the performance of the microgrid by
effectively compensating the negative-sequence currents of the
unbalanced loads. However, none of the mentioned references
consider the operation of the unbalanced microgrid in its grid-
connected mode, where the droop control could not be
implemented for sharing power among ICs. In [12], droop-
controlled ICs are used to extend the autonomous power-sharing
among DGs in both AC and DC systems and manage the power
flow among different AC and DC resources. However, the optimal
operation of this system under unbalanced load condition has not
been investigated in this research. The coordination between DGs
operation in both islanded and grid-connected modes of microgrid
operation have been proposed in [13] where a complementary
microgrid central controller is used to deploy secondary and
tertiary control layers for DGs. This method is aimed to achieve
seamless transitions between two operating modes using the
cooperation of voltage and current and voltage controlled voltage
sources inverters.

In [14], the voltage unbalance has been compensated in an
islanded microgrid using a virtual output impedance method by
measuring the negative-sequence voltage and current of DERs to
find the voltage reference and tune the constant gain of closed-loop
control. In [15], a robust control strategy for a grid-connected
microgrid under unbalanced load condition was introduced using
an adaptive Lyapunov control mechanism to mitigate the negative-
sequence current due to unbalanced load conditions. A control
scheme for unbalanced grid-connected microgrids was proposed in
[16], which is based on the correction strategy to guarantee the
voltage balance at the point of common coupling (PCC) by
compensating the negative-sequence loads’ currents.

In [17], the authors have proposed a supervisory control scheme
for ICs aiming at increasing the microgrid's loadability at the PCC
in grid-connected mode. The proposed method sets the active and
reactive power bias factors for all three-phase ICs in such a way
that keeps the power balance at the PCC. However, it does not
optimise the system for this power balancing and just devotes the

power imbalances to different phases of the ICs based on their
capacities. Besides keeping the power balance at the PCC,
numerical results in this reference demonstrate that the voltage
deviations (VDs) at different busses are improved and grid losses
are decreased due to keeping the power balance at the PCC. In
[18], a two-step hierarchical power routing scheme for ICs in
unbalanced hybrid AC–DC microgrids was proposed; in the first
step, the optimisation tries to find an optimal power routing (OPR)
within ICs to minimise the power losses in the system. At the
second step, the proposed algorithm in [17] is used to keep the
power balance at the PCC. However, the proposed hierarchical
structure minimises the objective functions (OFs) sequentially not
using a multi-objective optimisation algorithm.

To enhance the existing techniques for the optimal operation of
unbalanced hybrid AC–DC microgrids in the grid-connected
operating mode, in this paper a multi-objective optimisation model
is proposed to minimise the PIF at the PCC, active power losses,
and VD indices in a microgrid considering all operational
constraints. In this model, the power routing is not only between
three phases of each three-phase ICs, but also it is between
different ICs in the microgrid. It means that the proposed scheme
considers the load shifting between ICs during the optimisation
process.

For this purpose, the rest of this paper is organised as follows.
In Section 2, the single-phase control model for three-phase ICs is
presented. The proposed OPR algorithm is described in Section 3.
Section 4 is devoted to defining case studies and numerical results.
Finally, the conclusions are presented in Section 5.

2௑Control models of interlinking converters
Usually, a three-phase IC is operated as asymmetric converter
where all three-phase loadings are the same and the same switching
pattern is deployed for three phases considering phase shifting
between three phases. However, it is possible to operate a converter
unsymmetrically. It means that different phases could have
different loading indices due to the system requirements. For the
asymmetric operation of three-phase converters, we should replace
them with four-lag converters in four-wire AC systems or we can
use three-phase three-lag converters when Δ/Y transformers are
implemented [9]. Therefore, we can model a three-phase converter
as three single-phase converters as shown in Fig. 1. In both
symmetric and asymmetric control models, we can use different
techniques for active and reactive power of the converter including
PQ control, droop control, and V/F control method. Since we are
studying a grid-connected microgrid, we consider the PQ control
strategy for our ICs [19].

Using this control method, the switching activates within the
converter is controlled in such a way that the converter output
satisfies active and reactive power according to its assigned PQ
references as shown by (1) and (2).

Pd
k = Pd

ref, k (1)

Qd
k = Qd

ref, k (2)

Therefore, optimal tuning of PQ references will result in optimal
operation of hybrid AC–DC microgrids as we will describe in the
next sections. It should be mentioned that other control techniques
like droop or V/F control methods are more appropriate for
islanding operation mode of microgrids.

3௑Proposed OPR scheme
The flowchart of the proposed OPR method is shown in Fig. 2 for
ith operation interval. As it can be seen in this figure, the flowchart
contains an optimisation algorithm which uses the system model
and unbalanced power flow calculations during the optimisation
process to optimise the operation of the system by routing the
power between and within ICs.

The flowchart starts with updating the system model for the ith
operating interval. It means that all forecasted renewable
generations, load estimation and electric vehicles (EVs) charging

Fig. 1௒ Control models of three-phase AC/DC converters
(a) Symmetric model, (b) Asymmetric model
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requests are collected to modify the microgrid model for the
upcoming operating interval. Afterward, a modified PSO algorithm
tries to solve a multi-objective optimisation model aiming at
minimising the power imbalance factor (PIF) at the PCC, active
power losses and VD index. The output of this optimisation is
optimum PQ references for each phase of ICs in the system.

The ICs in this system are used by charging stations (CSs) to
charge EVs. Therefore, to meet the optimisation output, an
effective EV re-routing mechanism is required. As it can be seen in
the flowchart, after PSO convergence, the output is sent to an agent
for real-time management of en-route EVs. In [20], authors have
proposed a cognitive price-based strategy for real-time
management of en-route EVs which can motivate the EVs’ owners
to go to determined CSs based on the system requirement. Since
this topic is out of the scope of this paper, here in this work we
assume that optimal load sharing between ICs is doable using an
effective re-routing mechanism as described in [20].

3.1 Multi-objective optimisation model

As mentioned before, in this problem there are three OFs to be
optimised simultaneously. Therefore, a multi-objective
optimisation model is needed. A multi-objective optimisation
model is used for an optimisation problem with several OFs which
may contradict each other. For this kind of optimisation problems,
the concept of Pareto optimality can help to find an optimum
solution for the problem. If this solution exists, it provides an
efficient solution which means that it cannot be improved for one
any of the OFs without having a negative effect on other OFs [21].
Generally, a multi-objective optimisation model can be written as
follows:

min F(X) = ( f 1(X), f 2(X), …, f r(X))

Subject to: AX ≤ B
(3)

There are several solution methods for this problem such as the
weighted-sum method, game-theoretical techniques etc. Between
all these methods, the most common method is the weighted-sum
method [22], where it uses weighting factors wi  to combine all
OFs as a single OF shown by the following equation:

min F(X) = w1 f 1(X) + w2 f 2(X) + ⋯ + wr f r(X)

Subject to: AX ≤ B
(4)

Choosing appropriate weighting factors for OFs is one of the most
important issues in this method. These factors are selected based on
the importance of each OF and usually, the trial and error method is
deployed in this regard.

In this paper, three OFs are defined for the optimisation
problem and the weighted-sum method is used to solve the
problem. The OFs are defined as below:

1. f 1(X) = Active power losses index (APLI)
This index is defined as total active power losses by

transmission lines within the microgrid and is calculated by the
following equation:

APLI = ∑
j = 1

L

∑
k

Rj
k

I j
k 2

(5)

2. f 2(X) = VD index (VDI)
The VD index is defined by (6).

VDI = ∑
i = 1

N

VDIi
2 (6)

where the VD index at ith bus of the system VDIi  is defined by
(7) as the maximum value of VD from the reference voltage
magnitude (e.g. 1 pu), between three phases.

VDIi = Vi
k − Vref

max (7)

3. f 3(X) = Power imbalance factor index (PIFI)
To keep the power balance at the PCC, the PIF should be

minimised at this point, therefore, the PIFI is defined by (8) which
shows the maximum deviation of complex power between three
phases from their average value.

PIFI =
1
S̄

× max S
k − S

⌢

(8)

Fig. 2௒ Proposed OPR scheme
 

370 IET Gener. Transm. Distrib., 2020, Vol. 14 Iss. 3, pp. 368-378
© The Institution of Engineering and Technology 2019

 17518695, 2020, 3, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/iet-gtd.2019.0061, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



where

S
⌢

= 1/3 . ∑
k

S
k

(9)

S̄ = 1/3 . ∑
k

S
k

(10)

Hence, using the weighted-sum method and defining the problem
constraints, the OF for this problem along with all constraints are
presented by (11)–(19).

min OF = w1 × APLI + w2 × VDI + w3 × PIFI (11)

Subject to:

Pi
k + jQi

k = Vi
k ∑

h = 1

N

∑
m

Yih
km * Vh

m * (12)

∑
d = 1

D

∑
k

Pd
k = ∑

d = 1

D

PTd (13)

PTd
min ≤ ∑

k

Pd
k ≤ PTd

max (14)

QTd
min ≤ ∑

k

Qd
k ≤ QTd

max (15)

Pd
min ≤ Pd

k ≤ Pd
max (16)

Qd
min ≤ Qd

k ≤ Qd
max (17)

Vi
min ≤ Vi

k ≤ Vi
max (18)

I j
k ≤ I j

max (19)

Equation (12) shows the unbalanced power flow equations as
described in [23], where the admittance matrix of the microgrid is
obtained by (18).

Yih
abc =

Yih
aa

Yih
ab

Yih
ac

Yih
ba

Yih
bb

Yih
bc

Yih
ca

Yih
cb

Yih
cc

(20)

The load balance constraint is presented by (13) to make sure that
the total load before and after the power routing is the same while
the load could be transferred between ICs and also within three
phases of each IC. The maximum and minimum capacity limits for
active and reactive power of ICs are determined by (14) and (15),
respectively. In addition, the active and reactive power limits for
each phase of ICs, are reported by (16) and (17). Finally, the
voltage magnitudes of each bus and feeders’ currents should not
exceed their pre-defined limits as shown by (18) and (19). By
calculating the final active and reactive power values for each
phase of the three-phase ICs, the PQ references are updated and set
as below

Pd
ref, k = Pd

opt, k (21)

Qd
ref, k = Qd

opt, k (22)

Assuming that the re-routing mechanism is successful to manage
mobile loads, these reference values are sent to ICs’ controllers for
tuning their active and reactive power outputs.

3.2 Particle swarm optimisation (PSO)

Generally, PSO is a proper optimisation algorithm for power
system studies especially when non-linear power flow equations
are included in the optimisation problem [24]. The PSO can also be
implemented for solving multi-objective optimisation problems in
power systems [25], however, other optimisation algorithms such
as MOGA, NSGA, Taube search algorithms etc. could also be
deployed for this purpose. In this paper, because of using the
weighted-sum method, the multi-objective optimisation model is
actually converted to a single-objective optimisation problem,
therefore, the modified PSO algorithm can be considered as a good
choice for this optimisation problem because it is strong enough to
converge to an optimal solution over an acceptable solution time.

The modified PSO algorithm in this research is equipped with
band coefficients and variables’ direction control mechanisms
which accelerate the PSO to move toward the optimal point while
it does not lose the first feasible solution for the problem. The
detailed description of this modification was presented in [26].
Fig. 2 demonstrates the steps in the PSO algorithm in details. As
can be seen in this flowchart, the optimisation process is started by
generating the first population of the PSO and selecting variables’
values. Afterward, these values are set in the network model and
unbalanced power flow is executed to obtain the results which are
used to evaluate the OF. In each iteration, the global best is updated
based on the best solution of that generation. Considering the best
existing solution, variables’ speeds are determined and the new
generation of particles are created and this process continues until
one of the optimisation criteria are reached. The output of PSO
contains the optimum PQ references for each phase of ICs. The
challenging issue for PSO algorithm is to find appropriate
generation and population sizes which are different for each
application. In this study, we determine these values for each
system using the trial and error method. By finding the optimum
solution of OPR, the load management between ICs is doable by
the real-time rerouting mechanism.

3.3 Microgrid operating index (MOI)

Since the proposed OPR scheme includes a multi-objective
optimisation which tries to minimise several indices, and also to
compare the results of this method to the base study case and other
case studies with algorithms that just focus on some of the indices,
we can define the microgrid operating index (MOI) and its
normalised value M

~
c  as an indicator that reflects the microgrid

operating features as shown by (23) and (24).

M
~

c = MOIc/MOImax (23)

MOIc = A
~

c + V
~

c + P
~

c (24)

where in these equations

A
~

c = APLIc/APLImax (25)

V
~

c = VDIc/VDImax (26)

P
~

c = PIFIc/PIFImax (27)

Using this index, it is possible to compare different case studies
with different OFs. From this definition, it is obviously clear that
lower M

~
c for a case study shows the better performance of the

microgrid regarding the active power losses, VDs and PIF at the
PCC.

4௑Numerical results
To compare the results of the proposed method by other methods
described in [17, 18], four case studies are defined in Table 1. As it
can be seen in this table, C1 to C4 stands for case studies 1 to 4,
respectively. C1 is the base case without any control and
optimisation algorithm. In case two (C2), only the power routing
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mechanism is deployed to remove the unbalances at the PCC using
a supervisory control scheme as described in [17]. This method
tries to devote the unbalancing value at the PCC to the ICs
regarding their capacities C3 is reflecting the results from the
proposed method in [18] which minimises the active power losses
and PIF at the PCC hierarchically. And finally, C4, which is the
proposed OPR method in this paper, uses the power routing
between and within ICs to minimise the active power losses, PIF at
the PCC and the voltage deviation index for all buses within the
microgrid.

All these case studies will be analysed through numerical
results by implementing these methods on the modified IEEE 13-
bus system as a highly unbalanced hybrid AC–DC microgrid.
Furthermore, to prove the capabilities of the proposed OPR scheme
in distribution systems, this method is also examined on the IEEE
34-bus system as an unbalanced distribution network. Finally,

Florida International University (FIU) smart grid testbed is studied
to show the effect of OPR between ICs in losses reduction in an
actual smart microgrid.

4.1 Modified IEEE 13-bus system

The modified IEEE 13-bus system is shown in Fig. 3. In [17], the
details of modifications have been reported and Tables 2–5 contain
data of this system. In this microgrid, CS1, CS2, and CS3 are CSs
with three-phase interlinking converters (IC#1, IC#2 and IC#3)
while CS4, CS5 and CS6 indicate CSs containing single-phase ICs.
In this paper, the system is modelled in DigSilent
PowerFactory2019, as a professional power system software [27,
28], and the DigSilent Programming Language is used to develop
all algorithms related to the four case studies. Figs. 4 and 5
demonstrate the active power losses and PIF of the system during a

Table 1 Power routing mechanism and OFs for case studies
Study Case Power Routing Mechanism Objectives (Minimising)

Within ICs Between ICs PIFI APLI VDI
C1- Base Case ✗ ✗ ✗ ✗ ✗

C2- [17] ✓ ✗ ✓ ✗ ✗

C3- [18] ✓ ✗ ✓ ✓ ✗

C4- Proposed OPR ✓ ✓ ✓ ✓ ✓

 

Fig. 3௒ Unbalance hybrid AC–DC microgrid [17]
 

Table 2 Loads data at 8 PM
Terminal Power factor Phase_A, kW Phase_B, kW Phase_C, kW
680 0.97 33.3 271.7 39.3
634-LV2 0.95 46.9 26.1 13.2
634 0.98 59.4 112.2 112.2
611 0.95 0.0 0.0 64.8
646 0.40 0.0 76.2 0.0
645-LV-1 0.44 6.6 0.0 0.0
DL1 0.87 1.9 7.4 13.1
DL2 0.87 0.2 0.7 1.3
DL3 0.87 2.4 9.2 16.3
DL4 0.87 1.7 6.6 11.7
DL5 0.87 0.6 2.4 4.2
671 0.87 215.4 215.4 215.4
611 0.90 0.0 0.0 91.2
634-LV2 0.81 40.5 29.4 30.0
634 0.81 79.7 59.8 59.8
645-LV-1 0.81 42.4 0.0 0.0
645-LV-2 0.81 0.0 46.1 0.0
646 0.87 0.0 75.8 36.9
652 0.83 66.4 0.0 0.0
675 0.88 241.7 33.9 144.5
692 0.75 0.0 0.0 63.1
680 0.97 33.3 271.7 39.3
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24-hour operation interval for C1 to C4. As can be seen in Fig. 4,
maximum and minimum active power losses are reported for C1
and C4, respectively. Fig. 5 shows that in C2, C3, and C4, the PIF
at the PCC is zero while in C1, the PIF is fluctuating between 23 to
27%. It is because of this fact that the OFs in C2, C3, and C4 are
aimed to minimise the PIF at the PCC.

To compare the voltage profiles in all case studies, in addition
to VDI which is used in the optimisation model, we can calculate
the voltage imbalance factor (VIF) by (28) for each bus of the

system to measure the unbalances between three phases in
unbalanced microgrids [29].

VIFi =
Vi

k − Ave Vi
k max

Ave Vi
k

× 100 (28)

Fig. 6 shows the VIFs at bus 671 of the system for all case studies. 
It can be seen that the VIF is fluctuating between 2 to 8% in C1
while it is <2% in C2, C3, and C4 over this 24-hour operating
interval. It means that in all proposed methods in C2, C3, and C4
the voltage profile of the system buses is improved. This fact will
be reported in detail when system indices are calculated.

To validate the results from each case study, here we focus on
the results for one operating interval and finally we will calculate
the system indices to compare the results from four case studies.
The numerical results are reported for 8 PM in details by Figs. 7–
13. Since the main goal in this study is to keep the power balance
at the PCC and to achieve this goal in C4 (the proposed OPR
optimisation model), we need to consider a high weighting factor
for PIFI as shown the following equation:

w3 >> w2, w1 (29)

In this study, and as shown in Fig. 8, the initial values for, PIFI,
VDI, and APLI are around 25, 18, and 160, respectively. In this
case, and to dominate the impact of PIFI on the final OF value, at
first we set w3 = 30 (the weighting factor for PIFI) while we
adjusted w2 = w1 = 1. Afterward, and by running the optimisation,
we observed that the PSO just minimises the PIFI and its effect on
the other indexes is negligible. So we gradually decreased w3 from
30 step by step, and run the optimisation receptively. Finally our

Table 3 Transformers data
Terminal i Terminal j HV, KV LV, KV Short-Circuit voltage, %
substation HV 650 115 4.16 8.06
645 645-LV-1 2.4 0.24 3
633-Gen 633 6.6 4.16 6
633 634 4.16 0.48 2.28
 

Table 4 Generation data at 8 PM
Terminal Controller Active Power, KW Reactive Power, Kvar Voltage, p.u

ext. Grid 650 Swing 1789.94 1170.09 1.00
DG 633-Gen P-V 839.25 406.47 1.04
PV 634–1 634-LV1 P-Q 75.77 0.00 —
PV 634–2 634-LV2 P-Q 49.32 0.00 —
PV 645–1 645-LV1 P-Q 13.96 0.00 —
PV 645–2 645-LV2 P-Q 25.98 0.00 —
 

Table 5 Lines data
From to Length, ft Rate, KA R1, Ω X1, Ω
634 634-LV1 200 0.68 0.0050 0.0021
634-LV1 634-LV2 300 0.68 0.0075 0.0032
684 652 800 0.165 0.2220 0.0795
692 675 500 0.26 0.0340 0.0420
632 633 500 0.68 0.0569 0.0719
632 645 500 0.92 0.1068 0.0845
632 671 2000 1.46 0.0117 0.0364
645 646 300 0.92 0.0641 0.0507
645-LV-1 645-LV-2 100 0.40 0.0030 0.0030
RG60 632 2000 1.46 0.0704 0.2187
671 680 1000 1.46 0.0352 0.1093
671 684 300 0.92 0.0641 0.0507
684 611 300 0.92 0.0694 0.0921
671 692 10 0.26 0.0007 0.0008
 

Fig. 4௒ Losses for four cases for 24 h
 

Fig. 5௒ PIF at the PCC for 24 h
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simulation results demonstrated that if the w3 = 20, by choosing
w2 = w1 = 1, the final OF could satisfy our expectations for
minimising the PFIF as well as reducing the VDI and active power
losses.

In this study, a core i7 CPU 3.40 GHz with 8 GB of memory
(RAM) computer is used for system simulation and running the
optimisation program. For the modified 13-bus system, we define
the population size and maximum generation size of the PSO by
150 and 40, respectively. We also determined these values using
the trial and error method. However, the difference is that at the
first, we selected very high values for both the population size and
maximum generation size by 400 and 250, respectively, and run the
PSO several times. The reason was to find an optimum solution
without considering the solution time (in this case the
computational time was around 197 s). Since decreasing the
population size and maximum generation size significantly reduce
the computational time, we set a 3% error for final solution while
we could decrease the solution time from 197 s (for the population
size and maximum generation size of 400 and 250, respectively) to
38.6 s for population size and maximum generation size of the PSO
by 150 and 40, respectively.

Numerical results show the algorithm is fast enough for this
application which tries to optimise the system for the next
operating interval. Fig. 7 shows the value of the OF during the
optimisation and Fig. 8 demonstrates the values of PIFI, VDI, and
APLI in this optimisation process. As it can be observed from these
two figures, minimising the PIFI is dominant to VDI and APLI and
it finally goes to zero at the 33rd iteration of the PSO. The general
trend of APLI and VDI shows that they are also decreasing but
they have some fluctuations before reaching their final optimum
values.

Fig. 9 shows the microgrid active power losses and loadability
for all case studies. As it can be seen in this figure, proposed OPR
scheme (C4) will result in the least active power losses and the
same loadability index comparing with C2 and C3. The distribution
of mobile loads for the first three case studies would be the same as
shown by Fig. 10 because in these cases we do not shift the loads
between ICs while in C4, the proposed OPR model optimises the
distribution of EVs between ICs. It can be seen that the number of
EVs for CS1 is increased significantly while it is decreased for
CS2, CS3, and SC5. CS4 and CS6 do not experience huge
differences. Fig. 11 represents the active power for each phase of
IC#1 as an example of three-phase ICs in the system. It is
obviously clear that except in C1, in other case studies this IC is
operated asymmetrically. It is because of this fact that the
asymmetric operation of this converter results in minimum PIFI at
the PCC (in this case PIFI is zero) and also improvement in the
system indices.

Fig. 6௒ VIF at bus 671 for 24 h
 

Fig. 7௒ OF values for each iteration of PSO
 

Fig. 8௒ Values of PIF, VDI, and APLI for each iteration of PSO
 

Fig. 9௒ Microgrid active power losses and loadability
 

Fig. 10௒ EVs distribution
 

Fig. 11௒ Active power of IC#1
 

Fig. 12௒ Microgrid losses for C1 and C4
 

Fig. 13௒ Voltage profiles for C1 and C4
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In addition to static simulations for this 24-hour operating
interval, quasi-dynamic simulations have been executed for this
operation interval to show the dynamic performance of the system
regarding the proposed OPR method in C4. Fig. 12 illustrates the
active power losses and Fig. 13 shows the voltage profile of all AC
buses in the system for the base case (C1) and the proposed
optimum case (C4). We simulated the power routing schemes
gradually to see the changes clearly.

As can be seen in this figure and also Fig. 9, the system loss is
decreased from 159 kW in C1 to 144 kW in C4. From Fig. 13, it
can be concluded that the optimum power routine scheme has
improved the voltage profile significantly. For example, the voltage
of bus 632-LV2 in C1 is <0.95 p.u. while it is in an acceptable
range in C4. To evaluate the best performance of the system
between these four case studies, we need to calculate the
normalised value of MOI M

~
c  for all case studies as shown in

Table 6. Since the lowest value reflects the better performance of
the system, following we can classify all case studies.

M
~

C4 < M
~

C3 < M
~

C2 < M
~

C1 (30)

This classification shows that C4, the proposed OPR method, has
the minimum microgrid operating. The second rank of this
classification is for C3, the hierarchical power routing scheme. C2,
the supervisory control method, has the third rank and C1, system
without any control and optimisation mechanism, has the biggest
system operating index among these case studies. Although both
supervisory control scheme and hierarchical power routing scheme
are successful to improve the operation of unbalanced hybrid
microgrids, the proposed multi-objective optimisation method
leads to best results for optimal operation of hybrid microgrids.

4.2 IEEE 34-bus test system

The proposed OPR method in this paper can be also implemented
in unbalanced distribution systems containing three-phase four-lag
ICs. To validate the capabilities of the proposed OPR scheme in the
distribution system, the IEEE 34-bus test system is selected as an
example of unbalanced distribution system [30]. In this system, we
need to locate some three-phase and single-phase ICs to the
system. For this purpose, we replaced three balanced loads at buses
840, 844, and 890 with three-phase, four-lag AC/DC converters.
Furthermore, the single-phase loads at buses 810, 820, and 856 also
replaced by single-phase AC/DC converters. The single line
diagram of the system along with all modification is shown in
Fig. 14. 

To optimise the system using the proposed OPR method, we set
the population and generation sizes of the PSO as 150 and 60,
respectively. Fig. 15 shows the values of OF from the first iteration
to the last one. 

The solution time for this case was 53.8 s which is still in the
acceptable range for this problem. As shown in Fig. 15, the OPR
scheme is successful to reduce PIFI from 8.29% in the first
iteration to 3.82% in the last iteration. It is also decreasing the
APLI and VDI from 423.14 KW and 0.62–420.84 and 0.53 p.u,
respectively.

Fig. 16 indicates the results of the optimisation for the
variables. It shows the active power set points for all phases of ICs
in the system before (Base case) and after (Optimal) the
optimisation. The results show that the optimisation is changing
these values in their optimum direction to meet OF requirements.

4.3 FIU smart grid testbed

The FIU smart grid laboratory system has been established with
required hardware and software for real-time operation of a small-
scale power system. This system includes four synchronous
generators along with four Synchro switches which make it
possible to synchronise the generators together or with the utility.
There are different types of DC and AC loads in this system. For
example, there are four programmable AC loads which can vary
from 0 to 3 kW. In this system, data acquisition systems are
implemented to monitor all nodes and branches of the microgrid.
The system data are available in [31]. This system is reconfigurable
and based on the case study, we can change the configuration of the
system. In this system, all measurements are collected remotely via
a TCP/IP connection at the supervisory control and data acquisition
SCADA) system which has been developed in LabVIEW, where it
is possible to monitor and control all the system equipment,
remotely. Fuses and intelligent electronic devices are used in this
system for protection purposes. Fig. 17 shows the FIU smart grid
test bed and Fig. 18 demonstrates the single-phase diagram of the
7-bus system which contains two synchronous generators and four
programmable loads. We consider these loads as CSs and we want
to show the effect of power routing between ICs on the system
losses.

In this platform, a dynamic data exchange (DDE) is activated to
transfer data between DIgSILENT PowerFactory (as the system
simulator and optimisation software), and LabVIEW (as the
SCADA system). Software interoperability in this study is shown
in Fig. 19 where the optimisation process controls the SCADA
through the DDE. Although system loads are voltage-dependent,
approximately each load step is around 248 W and each load has
ten steps. To run the optimisation, we consider that the charging
rate of each EV is 248 W and therefore, each CSs can serve from 0

Table 6 System indices at 8 PM
Study Case PIFIc VDIc APLIc M

~
c

(C1) 24.43 0.0673 159.4452 1.0000
(C2) 0.00 0.0261 159.0393 0.4618
(C3) 0.00 0.0252 156.2815 0.4515
(C4) 0.00 0.0192 144.9713 0.3982

 

Fig. 14௒ Modified IEEE 34-bus test system with six ICs
 

Fig. 15௒ OF values for IEEE 34-bus system
 

Fig. 16௒ Reference active power for all phases of ICs for base and optimal
scenarios
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to 10 EVs. To get the numerical results, we run the system in two
scenarios:

At the first scenario (Scenario 1), the total load of the system is
increasing from 5520 to 7446 W. The active power set points for
DG1 and DG2 are 1 and 1.5 kW, respectively. The distribution of
EVs at the beginning of this period (t = i) is shown in Fig. 20. The

loads gradually change in two steps to reach their final values at t 
= i + 1. S1 and S2 stand for step1 and step2 in Table 7. 

In the second scenario (Scenario 2), the system is run from
exactly the previous starting point but the same amount of load
increase occurs in the system by the different distribution of EVs
among ICs as shown in Fig. 21. 

Fig. 17௒ FIU smart grid testbed
 

Fig. 18௒ Single line diagram of the seven-bus test system at FIU
 

Fig. 19௒ Software interoperability at FIU smart grid
 

Fig. 20௒ Load distribution in Scenario 1
 

Table 7 EVs’ distribution in Scenarios 1 and 2
CSs Programmable loads distribution in Scenario 1 EVs distribution in Scenario 2

t = i S1 S2 t = i + 1 t = i S1 S2 t = i + 1
CS1 5 6 7 8 5 6 7 7
CS2 7 7 8 8 7 8 9 10
CS3 6 7 8 9 6 5 4 4
CS4 4 5 6 6 4 6 8 10
Sum 22 25 29 31 22 25 28 31
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The generation and load in both scenarios are shown in Fig. 22
and the differences between these values are indicated in Fig. 23
where the active power losses decrease from 789 W in Scenario 1
to 752 W in Scenario 2. The base distribution of EVs along with
their distributions in the two steps of load variations in both
scenarios is reported in Table 7. In both scenarios, the total number
of EVs is increasing from 22 (at t = i) to 31 (at t = i + 1) while the
EVs’ distribution between CSs is different. The optimal
distribution (Scenario 2) shows an increase in the number of EVs
in CS2 and CS4 while it decreases the EVs from CS1 and CS3
comparing with Scenario 1. This redistribution leads to 4.67% of
loss reduction in this system.

5௑Conclusion
In this paper, an OPR scheme between and within ICs was
proposed to minimise the PIF at the PCC, active power losses and
VD indices in the grid-connected mode of an unbalanced hybrid
AC–DC microgrid, where there are several independent ICs in the
system. The effectiveness of the developed algorithm was
confirmed through numerical results obtained from the simulation
of the modified IEEE 13-bus system as a highly unbalanced hybrid
AC–DC microgrid and IEEE 34-bus test system as an unbalanced
distribution system. Furthermore, to show the effect of the power
routing between CSs on the active power losses reduction, a
laboratory-based smart microgrid was established and examined.
Numerical results demonstrated that the proposed OPR scheme
was highly successful to minimise the OFs and smooth the voltage
profile within the system. Consequently, optimal operation of
unbalanced hybrid AC–DC microgrids would be possible when the
proposed OPR algorithm is implemented.
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