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ABSTRACT A multifrequency microgrid (MFMG), which has different frequency voltages and currents on
the multifrequency (MF) bus can be constructed based on the superposition theorem, orthogonal power flow
theory, and frequency selective power transmission criteria. It is a unique system where different frequency
powers are present on the bus and all active powers maintain orthogonality by flowing simultaneously
through a conductor without mixing. Due to the uncertainty and intermittency of renewable sources,
an energy storage system (ESS) needs to be installed with MFMG to maintain stability and reliability. The
ESS will be charged/discharged based on different frequency active power imbalances in the MF bus. Due
to the presence of different frequency voltages and currents on the MF bus, the integration of ESS with
MEMG is challenging but not yet discussed in any literature. In this paper, an architecture of MFMG is
proposed with ESS. It is found that different new power imbalance cases arise in MFMG due to different
frequency sources and loads, which are not present in traditional microgrids. Here, active power balancing
conditions for all power imbalance cases are defined for grid connected and islanded modes. An algorithm is
proposed to coordinate the ESS and different renewable sources to balance different frequency active power
demands in MFMG for optimum power generation through communication under a cooperative framework.
The framework is created based on the assumption that any load prefers to take power from the nearest
source to minimize the power loss and cost. Different source load pairs are categorized based on the physical
distance by different frequencies and accordingly the algorithm is structured. Finally, a Matlab simulation
of a sample 9 bus MFMG is performed to validate the algorithm and all results are presented.

INDEX TERMS Active power management, DC/MF converter, energy storage system, frequency selectivity
power flow, multifrequency microgrid, power imbalance case, orthogonal power flow, source-load pair.

NOMENCLATURE BESS  Battery variables.
Subscripts: F Filter variables.
B Capacitor bank variables.
S, L Source, Load variables. f Frequency.
diff ,var  Difference between load and source e Error.
side variables. ref Reference value of variables.

b Multifrequency bus variables. T Total value of variables.

G Grid variables. new New value of variables in changed

GF Grid forming converter variables. condition.

GFE Grid feeding converter variables. av Maximum available value of variables.

GI Grid interactive converter variables.

Symbols:
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approving it for publication was Ehab Elsayed Elattar . Py s 1 TOtalfth frequency load power at MF bus.
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Pp_r_qiyy  Total f h frequency power difference at
MF bus.

Pry Load power of x”” bus.

Pg;, Source power of x™ bus.

Py f™ frequency power segment of source power
of x bus.

Ps._pess  Source power segment of x” bus for battery.

Ppess—f f th frequency battery power segment.

Vo f™ frequency voltage at MF bus.

Acronyms:

DL Domestic load.

EV Electric vehicle.

ESS Energy storage system.

GI Grid interactive.

GCF Gain crossover frequency.

IL Industrial load.

MFMG  Multifrequency microgrid.

MF Multifrequency.

MT Micro turbine.

PID Proportional integral derivative.

PV Photo voltaic.

PWM Pulse Width Modulation.

socC State of charge.

SOH State of health.

TF Transfer function.

wT Wind turbine.

I. INTRODUCTION

The current power system confronts several new challenges
related to load growth, quality of power, and integration of
renewable sources. Microgrid solves these problems by con-
necting the local loads with renewable sources without major
construction and can support the main grid by active and
reactive power to improve power quality [1]. A microgrid can
be operated in grid connected or islanded mode depending
upon the availability of the grid [2]. To increase the reliability
and stability of microgrids, different types of storage systems
are integrated [3].

Multiple frequency elements are overlapped on the MF bus
of MFMG as shown in Fig. 1. MFMG is formed based on
three basic concepts named superposition theorem, orthogo-
nal power flow theory, and frequency selectivity criteria [4].
This system permits several independent load source interac-
tions to occur simultaneously on a single transmission line
with different frequency channels. Orthogonal active power
flow theory conveys that if two elements in a circuit are tuned
to a certain frequency which is different from the rest of the
system then they can create an active power channel without
hampering other elements of the system [5]. Several active
power channels can be created on a single conductor if differ-
ent frequency elements are employed. At the load side, each
active power channel can be identified and users can consume
power selectively from the desired channel or source [6].
MEMG has multiple other advantages and new features over
conventional microgrids. As multiple operational frequencies

VOLUME 10, 2022

DCMG ACMG MFMG

"NaNANANANN

" WANAYNAYNNNNY

-200 :
0 0.05 0.1 0.15 0.2
Time (Sec)

=4

Voltage (V)

FIGURE 1. Bus voltage of DC, AC and Multifrequency microgrid [4].
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FIGURE 2. Coordinated power management architecture of MFMG.

are present on the MF bus, decoupled power control can be
implemented which gives a higher degree of flexibility and
functionality [7]. In the modern power system, the number of
DC loads is increasing rapidly. System efficiency is increased
in MFMG by omitting the AC/DC transformation which is
required for DC loads [8]. Transmission capacity is increased
without changing the thermal capacity of the conductor by
superimposing different frequency currents on the same wire
keeping the voltage level same [9]. Different power com-
panies can send different types of power categorized upon
source-load distance, cost, reliability, availability, and power
quality through multiple frequency channels present on the
MF bus. The MFMG load side converter has the ability to
convert any other frequency available active power of the
MF bus to load frequency active power. So MFMG loads
can consume several frequency active powers simultaneously
from the MF bus. Due to this unique advantage, for any
MEMG a new power market can be designed where different
active powers are differentiated by using different frequency
channels. Without any new construction, a more competitive
power market structure can be formed [6]. For this firstly,
a proper different frequency active power balancing strategy
is needed for the MFMG system.

In this paper, the MEMG architecture is formed based on
the assumption that all sources and loads are connected by a
single MF bus and each load prefers to take power from the
nearest source to reduce the power loss and cost. If the nearest
source power is not available then it can take the excess power
from all other available sources equally so that loads can
be operated in extreme situations. Each load-source pair is
operated in a distinctive frequency to differentiate that pair
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from rest of the system. As all sources and loads of MFMG
are connected by power electronic converters, this operation
is possible irrespective of the source and load frequency.
The MFMG power management architecture is presented in
Fig. 2. In this structure S and L; are operated as DC pair,
S> and L, are operated as 25 Hz pair and similarly, S, and
L, are operated as ‘n’ Hz pair. The logic behind the power
management is that the DC load (L;) should take power from
the DC source (S7). If DC source power is not available then
DC load will take power from other sources (S, S3, ...S,)
equally. An ESS is added to this MFMG to increase the
stability and reliability of the system. If total source power
(Z?Zl Py_s) is higher than total load power (Z}’»: VPr-1)
then the ESS will be charged and if total load power is higher
than total source power then ESS will be discharged and
maintain the active power balance in extreme conditions.
If this strategy is implemented in a traditional microgrid
for ‘n’ number of sources and ‘m’ number of loads then a
total (m * n) number of dedicated connections need to be
constructed. For MFMG, only one MF bus can connect all the
sources and loads to reduce the installation and maintenance
cost of the system.

The MFMG structure which is proposed in [4], does not
contain any ESS unit. The addition of ESS gives several
advantages and drawbacks to the MFMG system which are
not covered in any literature. The integration and operation
of ESS with MFMG are challenging as different frequency
active powers are present on the MF bus. A proper power
management strategy needs to be defined for ESS to maintain
the state of charge (SOC) level. An active power exchange
strategy between the ESS, different frequency sources, and
loads need to be proposed.

The architecture [4], converter [8], control strategies [4],
[10] of MFMG are already defined. ESS can provide voltage
and frequency support by storing/delivering active power
during peak supply/load scenarios in a microgrid [11].
ESS increases the stability and reliability of the system by
providing power balance in extreme conditions [12]. The
integration strategy of ESS with AC [13], DC [14], and
Hybrid [15], [16] microgrids are proposed in several works
of literature but the operation of ESS with MFMG is still not
explained in any literature. As MF bus contains different fre-
quency active powers so several new active power imbalance
cases happen by ESS integration which are not observed in
any traditional microgrid. All active power imbalance cases
need proper investigation and power balancing criteria need
to be defined for all cases. Considering all active power
balancing criteria, a proper active power balancing algorithm
should be proposed.

The major contributions of this paper are:

o An MFMG architecture is proposed with three different
frequency sources, loads, and ESS. The control strategy
of the ESS is explained to supply different frequency
active powers.

« Different new active power imbalance cases which occur
due to the integration of ESS with MFMG are properly
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discussed and the active power balancing conditions for
all these cases are defined.

« Based on the power balancing conditions, a cooper-
ative active power balancing algorithm is proposed
for MFMG with an ESS for both grid connected and
islanded modes.

o The performance analysis of the algorithm is done by
simulating a 9 bus MFMG in the Matlab Simulink envi-
ronment for different power imbalance cases.

In this paper, a proper literature review on the different
MF systems and active power control strategies of conven-
tional microgrids with ESS are conferred in Section II. The
active power imbalance problem of MFMG, different new
active power imbalance cases, and power balancing condi-
tions for islanded and grid connected modes are examined in
Section III. An algorithm is proposed to balance different fre-
quency active powers of MFMG with ESS for different power
imbalance cases in Section IV. The algorithm is verified by
simulation and all simulation results are shown in Section V.
Section VI concludes the paper.

II. LITERATURE REVIEW

Recently several researchers are working on the multifre-
quency system due to its unique nature which needs to be
highlighted. ESS becomes an integral part of the microgrid
system due to several advantages. The recent work on the
MF system and integration of ESS with traditional microgrids
are listed here.

A. LITERATURE ON MF SYSTEM

The superposition of DC and 50 Hz AC was first narrated
in [9] and the current and voltage limit were calculated for
each frequency. In modular multilevel converter [5], and
distributive power flow converter [17], the 50 Hz and its third
harmonic are separately controlled to achieve two different
functions. A smart transformer is proposed in [7] to attain MF
power transfer in a distribution system. The basic design and
concept of load side converter are conferred in [10], where
the converter behaves like a power filter to create frequency
selective power transmission in the MF system. The hardware
realization of the load converter is presented in [18] and how
the consumer can choose any frequency available power from
the MF bus is explained. The architecture and converters of
an MFMG are presented in [8]. The operation of the DC/MF
converter is explained in [6] as grid feeding, forming, and load
side converter of MFMG.

B. LITERATURE ON ESS

Research work regarding ESS integration and management
to a microgrid is emerging in recent years. Different energy
storage systems like battery [19], flywheel [20], and super-
conducting magnetic energy storage [21] are already reported
in the literature. In [22], [23] the size of ESS is opti-
mized considering reliability and resilience. Different control
strategies like centralized [24], cooperative [13], [25], [26],
coordinated [27], [28], PID controller based [29], [30], and
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TABLE 1. Comparison of proposed strategy with existing literature.

Bus 2

power selection between different frequency powers from

MF bus based on their needs.

fuzzy logic control [31] are reported to manage the active
power of AC microgrid with ESS. Different distributed [14]
and droop based [32] power sharing algorithms for ESS and
DC microgrid are proposed. The controlled architecture of
a hybrid microgrid with ESS is explained in [33]. In [15],
an autonomous power control strategy is described for hybrid
microgrid and ESS. For a cluster of microgrids and an ESS,
a cooperative power control strategy is proposed in [34], [35].
There is no literature that discuss the architecture and control
of MFMG with ESS. Next, a well-defined power balancing
algorithm of different frequency active powers is needed for
MFEMG with ESS. To understand the innovative contributions
of the paper with respect to the state-of-the-art, a comparison
table is presented in Table 1.

lll. ACTIVE POWER BALANCE PROBLEM OF MFMG

WITH ESS

The functioning of a microgrid primarily depends on its
architecture. First, the architecture of the MFMG with ESS
is introduced here. Based on the architecture, different active
power imbalance cases are investigated for grid connected
and islanded modes.

A. ARCHITECTURE OF MFMG

Unlike hybrid microgrid, MFMG has only one bus (MF bus)
where different frequency voltages are superimposed. The
connection of MF sources, loads, and ESS to MF bus is
presented in Fig. 3. Here, 0 Hz (DC), 25 Hz, and 50 Hz are
chosen as the base frequency of the architecture. All different
frequency sources and loads are connected to the MF bus by
power electronic converters based on the operating frequency
of the source or load. The grid is connected to bus 2 by an
AC/DC and DC/MF converter. The MF bus (bus 1) voltage is
chosen as 500V DC +100V 25Hz+230V 50Hz. One 100 kW
photovoltaic (PV) unit acts as the DC source in bus 3 and
is connected by a DC/DC and DC/MF converter. Two wind
turbines (WT) of 80 kW are chosen as 25 Hz sources in
bus 4 and connected by an AC/DC and DC/MF converter.
One of the WT’s converters behaves like a grid interactive
converter. A 60 kW microturbine (MT) consists of a turbine
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FIGURE 3. Architecture of MFMG with ESS.

and synchronous generator that behaves like a 50 Hz source
at bus 5 and is integrated into the MF bus by AC/DC and
DC/MF converter. All source data are taken from [36], [37],
and [38]. The closest load of the DC source is EV at bus 6.
So the EV load is operated as a DC load and connected by an
MEF/DC to DC/DC converter. In the same way, the industrial
load (IL) at bus 7 acts as a 50 Hz load and the domestic
load (DL) at bus 8 behaves like a 25 Hz load. The IL and
DL are non-sensitive loads and load shedding can be done.
The domestic load becomes almost double in grid connected
mode as the grid interactive source can supply the required
active power. A lithium-ion battery is chosen as the ESS due
to higher energy density, higher voltage capacity, and longer
life, and it is connected to bus 9. The rating of the battery
energy storage system (BESS) is 50 kW, 375 V, 0.8 kAh for
6 Hour. The BESS is connected to the MF bus by a DC/DC
bidirectional converter and DC/MF converter.

B. PROBLEM OF ACTIVE POWER BALANCE WITH ESS

Total active power supply and consumption should match
with each other in any electrical system to maintain the
frequency and stability of the system bus. A consumer in
the MFMG can choose any accessible frequency power from
the MF bus. With frequency selective active power trans-
mission, different active power imbalance situations are cre-
ated which are not present in traditional AC, DC, or hybrid
microgrid. From the architecture, it can be noticed that the
MF bus contains three different frequency active powers.
In a traditional microgrid only one frequency source or
load is present but in this MFMG, three different frequency
(DC, 25 Hz, 50 Hz) sources and loads are present. So several
new active power imbalance cases are evolved. In MFMG, all
sources are connected by power electronic interfaces. So any
frequency source power can be converted to required other
frequency power and sent to the MF bus. For any source-load
pair if the load power is higher then other available sources
can generate extra power to balance that load. To balance
different frequency active powers first, the active power
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difference of each source-load pair needs to be calculated.
Accordingly, different active power imbalance cases are
formed. For proper operation of MFMG and ESS, a different
frequency active power control and management algorithm is
necessary which should balance all active power imbalance
cases. In this paper, active power control problems are exam-
ined separately for islanded and grid connected modes.

1) ISLANDED MODE

MFEMG needs to be self-supported in terms of power in
islanded mode. Here the grid interactive converter behaves
like a grid forming converter and controls the MF bus voltage.
The different frequency active powers of MFMG are con-
trolled by grid feeding converters and ESS. For traditional
DC and AC microgrids with ESS, the condition for active
power balances are given in equation (1, 2). In a traditional
microgrid, the ESS power is equal to the difference between
the source and load power of that frequency.

Pgss = Pp_0-s — Pp—o-L (1)
Pgss = Pp_s50-s — Pp—s50-L 2)

In MEMG, the DC/MF converters are able to convert any
frequency active power to other frequency active power so
one single ESS unit can store different frequency active
powers by proper power conversion. Equation 3 presents the
active power balancing criteria for an MFMG system with
ESS which states that the ESS power should be equal to the
difference between the algebraic sum of different source and
load powers. ESS side DC/MF converter has the ability to
convert the ESS power to required difference active powers
and vice versa. Accordingly, if total source power is higher
than load power then the ESS is charged and if total load
power is higher than the total source power then ESS is
discharged.

n n
Ppss=Y Ppys—» Ppyi 3
f=1 F=1

For an MFMG with three different frequency (DC, 25 Hz,
50 Hz), the active power balance condition is,

Pgss = Pp_o-s +Pp_25_5 + Pp_50—5 — Pp—0-L
—Pp 251 —Pp_s50-L

As all sources of MFMG are connected to power electronic
converters so any frequency source side active power can
be converted to other frequency active power and the source
converter sends that to the MF bus as per load demand. The
source-load pair active power differences are presented in
equation (4) [39]. So the ESS power should be equal to the
different source-load pair active power differences.

Py ¢ aiff = Ppy—1 —Ppys forf =DC,25,50 (4)

n
Pgss = Y Pps—ay forf =DC,25,50 &)
f=1
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Based on different source-load pair active power differ-
ences, several new active power imbalance situations occur
in MFMG. In this paper, a sample MFMG is chosen (Fig. 3),
for which the active power balancing algorithm needs to
be defined. Total three source-load pairs are there and they
are operated in DC (PV, EV), 25 Hz (WT, DL), and 50 Hz
(MT, IL) frequency. The active power balance problem of an
MFEFMG without the ESS is already discussed and for three
frequencies (DC, 25, 50), total of six power imbalance cases
are defined in [39]. Here, it has been found that with the power
support of ESS, active power balance can be possible for two
more imbalanced cases where previously power balance was
not possible. A table (Table 2) is formed with the previously
shown six cases (Case2 - Case7) [39] and two new cases
(Casel, Case 8), which may occur in the islanding condition
of MFMG with ESS. For all these eight cases active power
balancing strategy should be different and accordingly, the
algorithm needs to be designed.

From the table, it can be seen that the Case 1 has imbalance
situation of Pp—o—dgiff = 0, Pp—25—gif = 0, Pp—s0—ajy = 0.
For this situation, all different frequency loads in MFMG are
balanced by their paired sources. Still, the sources need to
produce extra power to charge up the BESS. Case 4 has a
power imbalance condition of Py_g—gyr = 0, Pp—25—gjf = 0,
Py _s0—aif > 0. Here DC and 25 Hz active power pairs
are balanced. The 50 Hz source reaches its maximum limit
and still cannot deliver the 50 Hz load power. So for this
case, the available sources (DC, 25 Hz) should produce extra
DC and 25 Hz active power equally. Source side converters
will convert those powers to the required 50 Hz active power
(Pp—s0—aifr ) and send that to the MF bus to maintain the active
power balance of the total system. For Case 8, the imbalance
condition is Pp_o_gif > 0, Pp—25_ajy > 0, Pp—_50—aify > O.
Here all sources of MFMG are at their maximum available
value, yet can’t fulfill the paired load demand. Here the excess
load power is produced by the ESS and different frequency
active powers got balanced. These two cases (case 1, case 8)
are not reported in any literature and accordingly, the power
balancing algorithm needs to be modified.

For islanded mode, a new control strategy is required where

o The MF bus voltage will be maintained by the grid
interactive converter.

« If total source power is higher than total load power
then ESS will be charged and the different source-load
pair active power mismatches will be supplied by other
frequency sources.

« If total source power is lower than total load power then
ESS will be discharged and the different source-load
pair active power mismatches will be supplied by other
frequency sources and ESS.

2) GRID CONNECTED MODE

In this mode, the grid controls the MF bus voltage. As the
price of storage power is higher than grid power, so the ESS
is never discharged in grid connected mode. The lithium-ion
battery should be operated in mid-SOC which is 20% — 80%
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TABLE 2. Different cases of active power imbalance in islanded mode of
the MFMG with ESS [39].

Casel | Pp_o—diff =0 Po—25-diff =0 Pp_50—diff =0
Case2 | Pp_0_diff > 0 Pp_25_diff = 0-Pb_50_diff =0
Case3 | Py_0—diff =0 Po_25-diff > O Pb—50—diff =0
Cased | Py _o_giff =0.Py_25_diff =0 Pp_50_diff >0
CascS | Py_g_diff > 0 Po_25_diff = 0-Pb_50—diff >0
Case6 | Pp_o_dgiff > 0-Py_25 diff > 0-Pp_50_diff =0
Case7 | Py _o_diff =0-Pp_25_diff > 0-Py_s50_diff > 0
Casc8 | Py_g_diff > 0 Po_25_diff > 0 Po_50—diff >0

for longer life and to maintain a good state of health [40].
The ESS will only be charged in grid connected mode and
if SOC reaches 80% then the ESS will be disconnected.
Here, the main objective of the developed control is to set
the active power reference of grid in a way that it balances
all source-load pair active power mismatches and charge
the ESS. The grid side converter converts the 50 Hz grid
power to different frequency required active powers and sends
those to MF bus for active power balance of MFMG. The
active power balance equation for grid connected mode is,

n
Pg = Zpbfffdijf + Pgss (6)
f=1
In this paper, the grid need to balance three different fre-
quency source-load pairs (DC, 25 Hz, 50 Hz) in the MFMG.
So the active power balancing condition becomes,

PG = Pyp_o—dgif + Pp—25—diff + Po—s0—diff + Ppess  (7)

For grid connected mode, a new control strategy is required
where,

o The MF bus voltage will be maintained by the grid and
grid interactive converter behaves like a grid feeding
converter.

« Different source-load pair active power differences and
battery power will be supplied by the grid.

o ESS will be charged and disconnected when SOC
reaches 80%.

IV. PROPOSED CONTROL ALGORITHM TO MAINTAIN
THE BALANCE OF DIFFERENT FREQUENCY ACTIVE
POWERS IN MFMG WITH ESS

In this section, a cooperative active power balancing algo-
rithm is explained to balance different frequency active power
imbalances for grid connected and islanded modes. The coop-
erative frame is formed based on the assumption that each
load prefers to take power from its nearest source.

A. COOPERATIVE ALGORITHM FOR ACTIVE POWER
BALANCE

An algorithm for cooperative control of the sources of MEFMG
is proposed under varying different frequency loads for grid
connected and islanded modes. The logic behind the algo-
rithm is that each load takes active power from its paired
source. If the active power of that pair is still not bal-
anced, then the load absorbs power from other available
sources equally. For islanded mode, if Ppy gy = O,
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FIGURE 4. Different frequency active power balancing flowchart for
MFMG with ESS.

then that source-load pair active power is balanced and the
source is available to generate more active power if required.
If Pp_y_ayy > 0, then that source-load pair active power
is not balanced, and to balance active power that load takes
power from other available sources equally. In grid connected
mode if Pp_r—gir > 0, then that pair load takes the required
power from the grid and the different frequency active powers
of the MFMG get balanced. The ESS is only charged in grid
connected mode. In islanded mode, if Psy > Prr then ESS
takes the extra source power to store. If Py > Pgsr then ESS
discharges and supplies the required load active power. The
flowchart for the proposed algorithm is conferred in Fig. 4.
There is a total of ten steps are there in the algorithm. The
algorithm works for both grid connected and islanded modes.
The main steps of the algorithms are,
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o Step 1: Check MFMG is operated in islanded mode or
grid connected mode -

Yes Then islanded mode confirmed and goto

step 4.
Ic=0 . )
No Then grid connected mode confirmed

and goto step 2.

o Step 2: Check the battery charging status as -

Yes Then charging off and dis-
Cpess > 80% connect battery and goto step 3.
No Then goto step 3.

o Step 3: Check the different frequency active power
differences between source-load pairs at MF bus
(Pp—f—var), calculate the reference current for grid side
converter and battery and goto step 10.

n
It dpt1Pofvar . P
c=————— lpgss = ——

Vb—50 Vb—0

o Step 4: Check the different frequency active power dif-
ferences between source-load pairs at MF bus and find
out the availability of battery power as-

Yes Then load shedding and

PEss > PBESS—max goto step 4.
No Then goto step 5.

o Step 5: Check charging or discharging mode of battery
as-

Yes Battery acts as load, in charging

mode and goto step 6.
PpEss > 0 L
No Battery acts as source, in dis-

charging mode and goto step 9.

o Step 6: Check the battery charging status as -

Yes Then charging off and discon-
Cagss > 80% n'ect battery and go for source
side control and goto step 5.

No Then goto step 7.
o Step 7: Check the different frequency active power dif-
ferences between source-load pairs and battery at MF

bus and goto step 8.

PgEss

Pp—f—var = Pp—f—1 — Pp—f—5 +

120404

VI.

) Kai Grid Connected mode
Kgp —& —3 PWM
s R o
Vs i\ Vs 6i e \

>— Switch
Islanded mode wie

/
K, I, 0
Gs L pwM & ¢ IG/l\
S

;b 0_var .
b 25 vary Cooperative K
By 50 vars Algorithm I GIR
Is af

.
Is n

FIGURE 5. Control strategy of grid interactive converter in grid connected
and islanded modes.

o Step 8: Check -

Yes This frequency source is at
max available value but can’t
fulfill the paired load demand,
so operated at max available
power and that paired load
takes excess power from other
frequency sources equally,
goto step 10.

Py var >0 I =I5 jav

No This frequency source fulfill
the paired load demand by not
reaching max avaiable power,
so it supply power to other
frequency loads and battery
then goto step 10.

Z?—] beffvar

* — J =

kf—h%+"—73——
BESS

+ n—x

o Step 9: Check the battery discharging status as -

Yes Then discharging off and dis-

connect battery and go for
Cpess < 20% )
load shedding and goto step 5.

No Then goto step 7.
o Step 10: Check for source and load power fluctuation -

Yes Total active

power is
Pp—f—S—var/Po—f~L—var =0
b—f—S var [ Pb f —L—var balanced.

No Goto step 1.

B. CONTROL STRATEGY FOR GRID INTERACTIVE
CONVERTER

The control strategy for grid side [39], grid forming [39], grid
feeding [39], and load side converter [4], [10] are already
explained. The grid interactive (GI) converter is a special
converter that acts as a grid feeding converter to supply active
power in grid connected mode and acts as a grid forming
converter to balance the MF bus voltage in islanded mode.
The control strategy of the GI converter is shown in Fig. 5.
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FIGURE 6. Control strategy of BESS.

According to the cooperative algorithm the output reference
current (I_ ) of the GI converter is calculated in grid con-
nected mode. To control the output current of the DC/MF
GI converter, the inner current loop of the average current
control method is applied. The current difference (Is_Gr—.)
is passed through a designed PI controller. The output of
the controller is sent to the pulse width modulation (PWM)
block to generate the switching signal. Here PWM control is
used as it has lower switching loss. In islanded mode, as the
grid becomes absent, the grid interactive converter behaves
like a grid forming converter and supports MF bus voltage.
Here, the output voltage (Vs_gr) of the DC/MF converter is
sensed and compared with the reference MF bus voltage (V).
The voltage error (Vs_gr—.) is given to a designed PI con-
troller to produce the modulating signal for PWM voltage
control.

C. CONTROL STRATEGY FOR BESS

In MEMG, the BESS is connected by a back to back converter
structure to control the active power flow of the battery. The
control structure of BESS is presented in Fig. 6. The DC/MF
converter controls the output current of BESS. Here average
current control method is applied and accordingly PI con-
troller design is performed. Here, the reference output current
(Iggss) is calculated from the cooperative control algorithm.
The actual output current (/pgss) is sensed and compared
with the reference current. The current error (Iggss—.) is
passed through the PI controller to generate the modulating
signal. A bidirectional buck-boost converter is adopted to
control the battery voltage. The voltage mode control strategy
is applied and suitable PI parameters are chosen for the
controller.

D. PI CONTROLLER DESIGN

First the modelling of DC/MF converter is executed. The two
operation modes of DC/MF converter is shown in Fig. 7.
By using inductor volt-sec balance and capacitor charge bal-
ance criteria, state space equations for each mode are derived.
Here all switches are considered ideal and the ESR of the
inductor is neglected. Next the small signal model of DC/MF
converter is formed and the required transfer function (TF) is
calculated for controller design.
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FIGURE 7. (a) Equivalent circuit of converter in DTg mode (b) Equivalent
circuit of converter in (1 — D)Tg mode.

TABLE 3. Controller parameters for different converters of MFMG.

Converter name Proportional Gain (K p) Integral Gain (K 7)in S T

Grid side Kgp =18 Kgp =36 Kg, = 84 RKg =626
Grid forming KGFP =1.2 KGFI = 45

Grid feeding Korpp = 187 KGgrp, = 345

Gidinteractive | Kgrp = 5. Kgry = 1.5 Kgr, = 1205 Kgrg = 25
BESS Kpp =183 Kp, =78 | Kg =165 Kg_ =175

The output voltage to input voltage TF of the converter is
defined as,
VoS)  RD(+SrC)/(R+r)LC
Vin(S)  SELC(R+r)+ S(L + rRC) + R
In this paper, a PI controller is designed for voltage mode
control. So output voltage (Vp) to duty cycle (d) TF needs to
be obtained.
Vo) RVi(1 4 SrC)/(R+ r)LC
ds)  SZLC(R+r)+S(L +rRC)+R

®

)
For average mode current control, the inductor current (/1) to

duty cycle (d) TF needs to be obtained.

IL(S)  Vin(1+SC(r + R)/(R + r)LC
Ay  S2LC(R+r)+S(L + rRC) + R

(10)

Here loop shaping method is used for the PI controller designs
of voltage mode and average current mode control. The objec-
tive of the controller design is to maintain a decent phase
margin at the gain crossover frequency (GCF) to make the
total close loop system stable. The GCF of voltage and current
loop are chosen as 4 kHz and 30 kHz respectively based on
the switching frequency (100 kHz). Different PI controllers
for grid side, grid forming, grid feeding, grid interactive, and
BESS side converter are designed and the PI parameters are
presented in Table 3.

V. SIMULATION RESULT

A 9 bus MFMG with ESS as shown in Fig. 3 is simulated
in islanded and grid connected mode. All filters are designed
based on the assumption that a maximum of 10% ripple is
allowed in the capacitor voltages and 5% ripple is allowed
for inductor currents. The filter parameters are presented in
Table 6. Different active power imbalance cases are created
during different operation scenarios of MFMG. The simula-
tion results for all those cases are presented in this section
and effectiveness of the algorithm is evaluated with proper
analysis of each case.
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TABLE 4. Case study of 9 bus MFMG.

Source/ | Operating | Voltage | Maximum | Type of converter Bus
Load frequency capacity connected No.
Grid 50 Hz 230V - AC50/DC, DC/MF | 2
PV DC 300V 100 kW DC/DC, DC/MF 3
WT 25 Hz 150V 80 kW AC25/DC,DC/MF | 4
MT 50 Hz 230V 60 kW AC50/DC, DC/MF | 5
EV DC 110V 60 kW MF/DC, DC/DC 6
DL 25 Hz 230V 70 kW MF/DC, DC/AC25 | 7
IL 50 Hz 230V 80 kW MF/DC, DC/AC50 | 8
BESS DC 475V 50 kW MF/DC, DC/DC 9
Vavrp: 500 V DC + 100 V' AC 25 Hz (RMS) + 230 V' AC 50 Hz (RMS)

TABLE 5. Simulation parameters of MFMG.

Parameter value
Lg-r,Co—F 1.5mH, 750 F
Logr-r,Cgr-F ImH, 1000pF

LgrFE-F 1mH

Lp-r,CL-F 0.2mH, 400pF
Less—r,CBESS—F 0.5mH, 600uF
Cc-B,Ccr-B,CcrE-B,CBEss—p | 1000uF
CBr—0,CBr—50,CBL—25 1000pF

Total DC power requirement at Bus 6.
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FIGURE 8. Total DC (P;g), 25 Hz (P;7) and 50 Hz (P,g) active power
requirement in bus 6, 7, and 8.

A. ISLANDED MODE

In this mode, total load of MFMG should be supplied by the
sources and the battery as the grid is disconnected. Different
frequency loads prefer to take active power from their paired
source. If still more power is required then they take powers
from all other available sources and battery. As the loads are
variable so different active power imbalance cases are created
during different time of a day. All the sources and battery need
to be controlled properly to balance different frequency active
powers in those cases.

An electric vehicle (EV) charging station (DC), domestic
load (25 Hz), and industrial load (50 Hz) are connected to
buses 6, 7, and 8 respectively where the EV load is a sensitive
load. These three load profiles are presented in Fig. 8. It can
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FIGURE 9. Maximum available DC (Pg3_g, ), 25 Hz (Ps4_qy) and 50 Hz
(Ps5_qy) active power in bus 3, 4, and 5.

be noticed that all the loads vary as per their nature throughout
the day. At 00:00, the SOC of the battery reaches 20% so
the battery got disconnected. In 00:00 to 02:00, total load
(140 kW) becomes higher than total source (80 kW). In this
situation, some portions of the industrial and domestic load
are shredded. Industrial load is decreased from 60 kW to
20 kW and domestic load is decreased from 50 kW to 40 kW.
For all other times of the day, the MFMG is able to deliver
the total load power.

A PV source (DC), two WT sources (25 Hz), and one MT
unit (50 Hz) are connected in buses 3, 4, and 5 respectively.
In islanded mode, one of the wind turbines is working as grid
interactive source and balances the MF bus (bus 1) voltage.
Fig. 9 represents the availability of the sources throughout
the day. The MT unit is available throughout the day. The
PV source is only available in the daytime and creates the
maximum amount of active power between 10:00 to 18:00.
The availability of WT source depends upon the wind speed
and it generates variable active power throughout the day.

To meet the variable load demands of MFMG, the sources
need to be properly controlled. Here, the source side control
is implemented based on the proposed cooperative algorithm.
Four different active power imbalance cases are investigated
to verify the algorithm in the islanded mode of operation
of MFMG. The source side converters can create any other
required frequency active power from the source power.
Source power at bus 3 (DC), bus 4 (25 Hz), and bus 5 (50 Hz)
are presented in Fig. 10, Fig. 11, and Fig. 12 respectively
for different time of a day. It can be seen that between
02:00 to 10:00, the active power difference among different
source-load pairs are Py_o_qyf > 0, Pp_25-gyy = 0, and
Pp_s50—gijy > 0, which is the condition for case 5. For
this case, only the active power of the 25 Hz source-load
pair is balanced but the DC and 50 Hz source can’t fulfill
their paired load demand. So the DC (Lg) and 50 Hz load
(Lg) take the required 10 kW DC and 30 kW 50 Hz active
power from 25 Hz source (S4). For this condition, the battery
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FIGURE 10. Total DC power is converted to DC (Pg3_g), 25 Hz (Ps3_55),

50 Hz (Ps3_s0). and battery power (Ps3_ggss) by DC source (bus 3)
converter and sent to MF bus.
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FIGURE 11. Total 25 Hz active power is converted to DC (Pg4_¢), 25 Hz

(Ps4_25), 50 Hz (Ps4_50). and battery power (Pg4_ggss) by 25 Hz source
(bus 4) converter and sent to MF bus.

is at charging mode and takes the required 20 kW active
power from 25 Hz source (S4). Between 10:00 to 18:00, the
active power difference between different source-load pairs
are, Pp_o—aif = 0, Pp—25—aijf = 0, and Pp_50—qyf > O
(case 4). Here the active power of DC and 25 Hz source-load
pairs are balanced but 50 Hz source-load pair active power
is not balanced. So here, the 50 Hz load (Lg) takes equally
10 kw 50 Hz active power from the DC (S3) and 25 Hz
source (S4). The battery is at charging mode and takes 10 kW
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FIGURE 12. Total 50 Hz active power is converted to DC (Ps5_g), 25 Hz
(Ps5_>5), 50 Hz (Ps5_50), and battery power (Pg5_ggss) by 50 Hz source
(bus 5) converter and sent to MF bus.

equally from the DC (S3) and 25 Hz source (S4). Between
18:00 to 24:00, the active power difference among different
source-load pairs are Py_o_qgjy > 0, Pp_25_gyy > 0, and
Pp_s50—gif > 0, so case 8 happens. In this case, all sources
are at their maximum available limit but can’t fulfill their
paired load active power demand. In this condition, the DC
load (L¢) takes 20 kW DC power from the battery, 25 Hz
load (L7) takes 20 kW 25 Hz power from the battery and
the 50 Hz load (Lg) takes 10 kW 50 Hz power from the
battery. The battery is at discharging mode and sends 50 kW
active power to the MF bus (bus 1) for active power balancing.
At 24:00, the SOC level of the battery reaches 20%, so it is
disconnected from the MFMG. In this situation some portion
of the 25 Hz (L) and 50 Hz load (Lg) are shredded and
the active power difference among different source load pair
becomes Pp_o—qiyf > 0, Pp—25—gjy > 0, and Pp_s50—giy = 0
(case 6). For this case, the active power demand of 50 Hz
load (Lg) is fulfilled but DC and 25 Hz active powers are not
balanced. Here DC (Lg) and 25 Hz load (L7) take 20 kW DC
power and 10 kW 25 Hz power from 50 Hz source (Ss). All
source and load powers of MFMG are presented in Table 6.
The BESS is either in charging mode or in discharging
mode based on the operating scenarios. If total source power
of the MFMG is higher than load power (Zj'le Pp_r_s —
Z}’zl Pp_y 1 > 0) then BESS is charged. If total load power
is higher (Z}’Zl Py_y_s — Z}'Zl Py_y_1 < 0) then BESS is
discharged and provides the required active power for power
balancing. So for case 8, the BESS should discharge and for
all other cases, BESS should charge. In Fig. 13, the total
battery power (Ppgess = Ppess—o + Ppess—25 + PBEss—50) 1s
provided where total battery power is converted to different
frequency active powers by the BESS side DC/MF converter
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TABLE 6. Different source and load powers of MFMG in Islanded
condition.

Time | Psg | Psa | Pss | Pep | Pig | Pi7 | Pig | Py | Po
02 0 30 50 80 20 [ 20 80 0
24 30 9 50 170 4 30 50 150 20
6 30 EQ 50 170 [ 30 80 150 20
68 30 EQ 30 170 [ 30 50 150 20
810 | 30 EQ 50 170 [ 30 80 150 20
012 | 70 EQ [ 200 50 0 70 180 20
12-14_|_70 EQ a0 200 50 60 70 180 20
416 | 70 EQ 30 210 50 70 70 19 20
1618 | 70 9 50 210 50 70 70 19 20
1820 | 0 30 50 80 20 50 0 130 50
2022 | 0 30 30 50 20 30 & 130 50
2224 | 0 30 50 80 20 50 0 130 50
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FIGURE 13. Total active power exchange of the battery with
MF bus which contains three different frequencies

(Pgess = Ppess—o + Ppess—25 + PBess—s0)-

and sent to the MF bus (bus 1). It can be noticed that between
02:00 to 18:00, the battery is getting charged by taking 20 kW
power from the available sources. In between 18:00-24:00,
case 8 happens and BESS provides 50 kW active power to
the MF bus to create the active power balance condition.
At 22:00, the SOC level of the battery becomes 20% and it
is disconnected from the MFMG system.

The total active power of the sources at bus 3 (Ps3 =
Ps3_0 + Ps3-25 + Ps3-50 + Ps3—pEss), 4, and 5 is presented
in Fig. 14. Total source power of the MFMG is calculated
by adding the S3, S4, and S5 active powers. It can be noticed
from the result that the algorithm maintains the active power
balancing condition for islanded mode(Ppgss = (Ps3+Psa+
Pss)- (PLe+Pr7+Prg). So the proposed algorithm is working
precisely for islanded mode of operation of MFMG.

To verify the active power balance conditions, different
frequency incoming source active powers are measured and
compared with different frequency outgoing load active pow-
ers at MF bus (bus 1). Total DC (Pp_g_s = Ps3—0+ Ps4—0+
Pss_o + Ps3—pess), 25 Hz and 50 Hz power, which are
generated by different sources and received at MF bus is
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FIGURE 14. Total active power generation of the sources at bus 3 (Pg3),
bus 4 (Pg,) and bus 5 (Pg5) of the MFMG.
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FIGURE 15. Total DC (Pp_g_s), 25 Hz (Pp_35_s), and 50 Hz (Pp_sq_s)
active powers received at MF bus (bus 1) from different sources of MFMG.

shown in Fig. 15. It can be seen from the result that every
incoming frequency active power matches with that fre-
quency load power at MF bus. So, Py_o—s = Pre + PBESS—0,
Pp—25-5 = Pr7+ PpEss—25, Ph—50—s = PL8 + Ppgss—so and
Ps3 # Prg, Psa #= Pr7, Pss # Prg. So it can be concluded
from the results that if the MFMG maintains the active power
balance condition, then different frequency active powers get
balanced at the MF bus, so the conditions are well defined.

B. GRID CONNECTED MODE

Here, the MFMG is simulated in grid connected mode and the
algorithm is verified. The grid should supply the active power
differences between different frequency source-load pairs and
the battery power. For the simulation purpose, the total grid
connected time cycle has been chosen as 24 hours. The grid
interactive converter works as a grid feeding converter. So,
the available active power at bus 4 doubles as both WTs are
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FIGURE 16. Output power of the grid side converter (Pg) which is
converted to different frequency active powers (Pg = Pp_o_diff +
Pp_25_diff + Pp_s0—diff + Ppess) and transmitted to bus 1.

available for sending power to the MF bus (bus 1). In grid
connected mode the domestic load is also increased as grid
power is cheaper than battery power. In this mode, the BESS
is only charged and is disconnected from MFMG when the
SOC level climbs 80%.

Simulation result with the different operating conditions
for grid connected mode is conferred in Fig. 16. Between
00:00-02:00, Pp_o—aiff = 20 kW, Pp_os_giy = 10 kW,
Pp_so—aif = 10 kW, and Pggss = 20 kW. So grid delivers a
total of 60 kW active power, which is converted to different
frequency active powers by grid side DC/MF converter and
sends that to MF bus. Similarly, between 10:00-16:00, the
grid generates 40 kW active power to balance the power
imbalance situation of MFMG. At 16:00, the SOC level of
the battery reaches 80% and the battery is disconnected.
From 18:00 to 24:00, the grid sends a total of 50 kW active
power, which is converted to 20 kW DC + 20 kW 25 Hz +
10 kW 50 Hz active powers. Here as per the proposed algo-
rithm active power balancing condition of MFMG in grid
connected mode (Pg = Z?:] Py_f_gig + PpEss) is main-
tained and grid can balance different active power imbalance
scenarios of MFMG. So, the algorithm works flawlessly in
grid connected mode. The performance comparison of the
proposed controller with other related work existing in the
literature i.e. [15], [32] is shown in Table 7. It can be
noticed that multifrequency operation is not possible with
other control strategies and the proposed controller drastically
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TABLE 7. Performance comparison of proposed controller with existing
literature.

References [15], [32]. This work.
Topology Droop control. Traditional P-Q control.
Modulating signal for PWM DC or AC. Multifrequency.
Multifrequency operation Not possible. possible.

Power imbalance cases solved Maximum four cases. Eight cases.
RiseTimcobe_f_S 0.022sec 0.036sec
RiseTimeobefffs 0.015sec 0.018sec
Peak overshoot of Vi, _ r_ g 12.5% 0.8%

Peak overshoot of Py, _ f—S 12% 0.6%

Steady state errorof V3, _ ¢ g 1.5% 0.2%

Steady state error of Py, _ f—5S 5% 0.2%

improved the peak overshoot and steady-state error response
of the system.

VI. CONCLUSION

In MFEMG, different frequency powers are superimposed on
the MF bus and the consumers have a special ability to choose
among the available powers alternatively at different time
frames. This frequency selective power consumption creates
variable active power demands at the load side and several
new active power imbalance situations develop. In this paper,
a new power management structure of MFMG is introduced
where several source-load pairs are operated at different fre-
quencies based on their distance. A cooperative control algo-
rithm is proposed for the sources and battery to get the active
power balance of the different source-load pairs. The perfor-
mance evaluation of MFMG with the proposed algorithm for
generation control of the sources and the control strategy of
BESS has been examined under different operating scenarios
in grid connected and islanded modes. Several active power
unbalance case studies have been conducted to present the
effectiveness of the algorithm in Matlab Simulink.

In islanded mode, it can be noticed that for each active
power imbalance case, the ESS is controlled in such a way
that total active power gets balanced between different fre-
quency sources and loads (Ppgss = Psr — Prr). In this
condition, each frequency incoming active power at MF bus
matches with that frequency load power (Py_o—y = PL_y —
PpEss—r). According to the algorithm, the ESS takes 20 kW
power between 02:00-18:00 and gives 60 kW power between
18:00-24:00 to maintain the active power balance in islanded
mode. At 24:00, the SOC level of the battery becomes 20%
and the battery gets disconnected from the MFMG between
00:00-02:00 and load shedding is done. In grid connected
mode it can be noticed that the grid maintains the active power
balance of MFMG by providing the required active powers
(Pg = Z}l:l Pp—_r_air + PpEss))- The grid sends 60 kW in
between 00:00-10:00, 40 kW in between 10:00-16:00, 20 kW
in between 16:00-18:00, and 50 kW in between 18:00-24:00
as per the algorithm and maintains the active power bal-
ance. In grid connected mode the ESS is charged between
00:00-16:00 and gets disconnected from the MFMG as the
SOC level reaches 80%. It can be concluded from the results
that the sources and BESS behave exactly as per the algorithm
rules. So the controllers are perfectly designed. The results
also indicate that the proposed algorithm balances the active
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power of the MFMG system for all eight power imbalance
cases. So the algorithm is properly drafted for grid connected
and islanded modes.

The work presented in this paper mainly focuses on the
active power balancing problem of MFMG with ESS based
on source-load pair distance. Different new power balanc-
ing algorithms of MFMG can be proposed in the future
based on the cost, reliability, or availability of the sources.
The basic concept of the paper can be applied to a cluster
of microgrids where some microgrids act as sources and
other microgrids act as loads. Sensitivity analysis of MFMG
is another important aspect that can be explored in the
future.
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