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AC/DC hybrid micro grid system (HMGS) is designed with renewable
energy sources (RES) and battery energy storage system (BESS) with unique
control schemes, interfaced with multi terminal interlinking converters
(ILCs). This ILC operates on droop control scheme to guarantee
bidirectional power sharing to AC/DC sub grids. The power sources in
AC/DC sub grids like PV, Fuel cell, BESS are controlled by advance control
methods for maximum power extraction with power quality. A three-level
control structure is designed for optimal energy management system (EMS).
The first level confirms the power balance in AC/DC sub grid with
autonomous bidirectional power transfer via ILC in islanded mode. The
second level tracks the batteries state of charge (SoC), based on the
minimum and maximum SoC the battery operates for charging and
discharging. The third level gives the power redundant capability for critical

loads connected in AC/DC sub grid for DC system and single-phase system.
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1. INTRODUCTION

Various components in micro grid (MG) are discussed with a conventional droop control for AC/DC
hybrid micro grids system (HMGS) with an unique protection system [1]. For renewable energy sources (RES)
integrated in HMGS, a strategic model is designed for defining the probabilities for delivering active and
reactive power [2]. A review paper discusses in detail about the control techniques for AC/DC
HMGS [3]. Small signal model is developed for back to back converters and equally valid for large connected
MG [4]. An algorithm is designed with adaptive model and predictive control to maintain the operational costs
and improve the system efficiency with a unique energy management system (EMS) [5]. A hierarchical
structure is designed for control of DC bus voltage, to increase the reliability and efficiency with primary,
secondary and tertiary controls [6]. Improved particle swarm optimization is used to improve the system
dynamics with master and slave controls for RES with interlinking converter (ILC) connected to MG [7].

A detailed analysis on DC-MG is elaborated for energy saving in DC distribution system [8].
Stability issues while sharing optimal power through AC/DC grids and restoring the frequency by
highlighting the stable and unstable droop gains in root locus are discussed [9]. A dual droop control is
suggested with virtual synchronous machine for reducing the impact of circulating currents and the
harmonics generated due to connection of anti-parallel diodes is analyzed [10]. The control scheme is derived
for battery energy storage system (BESS) and wind energy for optimal usage in MG [11]. A novel scheme is
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designed for hybrid AC-DC MG for optimal power transfer with six switch AC/DC converter combined with
DC/DC unidirectional full bridge converter [12]. Load sharing in MG with parallel connected inverters is
discussed with the communication link based control [13]. A decentralized technique is designed for islanded
mode of MG for uniformly power sharing and improve the overall power quality [14]. A droop based control
scheme is designed to control the frequency and voltage for off-grid MG [15].

In the current trends DC system is also treated as main grid with huge power delivering capacity
with an advantage of power injection to load and grid. With the tremendous outcomes of bidirectional power
converter for AC/DC grids which is ILC, the use of distributed generation (DG) and energy storage system
(ESS) are interconnected with multi-port ILC to form a reliable, robust and efficient MG. ESS performance
depends on the state of charge (SoC). Hence, the goals with ESS can set for the performance of MG.
Clustering the bidirectional power flow, SoC, maximum power point tracking (MPPT) a hierarchical control
scheme can be designed for optimal power flow with robust and redundant power in MG.

2. AC/DC HMGS MODELLING AND CONFIGRATION

The proposed AC/DC HMGS is connected with multiple ESS and DG which are interfaced with
multi-port ILCs for demand-based power flow in the sub grids. During islanded mode the grid power is
disconnected from utility power supply via automatic or static transfer switch (ATS/STS). The proposed
control schemes uniformly distribute power with optimal power management. This hierarchical scheme
tracks the complete EMS of MG. DC MG can be controlled with DC bus voltage and battery SoC status. The
primary, secondary and tertiary control levels are summarized as:
— Bidirectional power flow in AC/DC sub grids by voltage and frequency droop controls
— Continuous tracking of ESS and DG like batteries, photovoltaic (PV), wind
— Universal power sharing in multiple interconnected MG based on load demand

The importance of DC distribution system is discussed for household applications is discussed
in [16]. Voltage and current control scheme are designed for DC nano grid with different scenarios and the
major benefits [17]. The possibility of interconnecting single phase ILC and three phases ILC in HMGS is
described in [18].

2.1. Design of photovoltaic system

Load shedding for domestic users is quite common in rural areas, the scheme is developed for load
management for PV system for maximum power utilization [19]. Sun irradiance and temperature are the
main dependents for maximum PV power output, due to variations in both PV system is considered to be
nonlinear. The voltage and current capacity of PV system depends on arrangement of cells in series and
parallel. Figure 1 shows the PV system with DC/DC converter and its control. Number of modules connected
in series is given by (1).

14
Mgeries = 0.5 4= 1)

Vmax

Where Mseries is modules in series, V. is voltage at inverter input, Vimax is maximum voltage from MPPT. The
number of modules connected in parallel is given by (2).

Piny
Mparallel =0.5 (_) (2)

Pstring

DC link voltage feeding the inverter is given by (3).
Vdc P 2\/5 * Vphase (3)

Vpnase IS RMS value of inverter output voltage. PV current is given by (4).

q(UsolartRseries*!series) .
Usolar+Rserie*iseries
~1)- (4)
Rparallel

Ly = Ipy — ip * <e( AvT

Where Iy is current by PV, igh is photocurrent, i, is diode saturation current, Usoiar PV panel voltage, isolar is
output current of PV cell, Rs series resistance, Ryar parallel resistance, A is diode ideality factor, T is panel
operating temperature in K°, V is Boltzmann constant (1.38*102%) JK'%, g is electron charge (1.602*1019).
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Figure 1. PV system with DC/DC converter with its control
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2.2. Modelling of BESS

Two most famous varieties of batteries are lead-acid and lithium-ion. BESS provides a major power
contribution in MG or DC power. The charging and discharging of batteries provide an option to the MG to
sell the surplus power to utility grid or for electric vehicle (EV) charging. With the EMS tool the power
balance and imbalance can be tracked. Whereas battery management system (BMS) can monitor the SoC,
depth of discharge (DoD), each cell voltage, life, temperature and connected battery strings. The threshold
values are defined for control and operation of BMS. The activation of fuel cell, super capacitor is designed
based on the deficient of SoC to provide backup power for BESS connected loads. Figure 2 shows the
bidirectional DC/DC converter with charging/discharging control and also SoC based control. The battery
mathematical equation depends on voltage source and its internal resistance. Battery voltage is given by (5).

Vbat = Vbat—int - Rint * Ibat (5)

During the state of battery charging

Cmax —bat

(Cmax—bat (Abat—ch)) (6)
(Cmax—bat - Cba.t)

Vbat-int = Vbat—open — Xpat (C ) * Ipat—ch — Xpat [

max—bat — Cbat
—Bbat*Cbat
* Cbat + Abate

During the state of battery discharge

Cmax—bat ) £ (7)
—C bat—dis
max—bat bat
(Cmax—bat(Abat—ch))

(Cmax—bat + 0-1Cmax—bat)

Vhat—int = Vbat—open — Xpat (C

—Bbat*Cbat
- Xbat [ ] * Cbat + Abate

Where Vhatopen IS Open circuit voltage of battery, Xy is the polarization constant, CpaiS current capacity of
battery in Ah, lbach, lnardis IS battery current during charging and discharging respectively, Cpa and Cpat-max are
not equal due to various constraints. Apatch, Abar-dis are binary values. Agy is amplitude of the exponential term.
The capacity of battery is known from (8).

Cpar = flbatdt (8)

Whereas SoC of battery capacity is defined by (9).

S0Cyg, = —at )

Cmax—bat

The modeling of battery where SoC is considered as state variable. The battery discrete time is given as (10).

( chPc (ts)Ts) P is(’-L )Ts

S0CsEss(ty+1) = S0Cpess (i) + u hc . ——dek (10)
BESS,r Ndis*CBESS,r

Where Peh, Puis is battery power charging and discharging, men, nais efficiency of charging and discharging,

Caess,r is rated stored battery capacity in kWh.
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2.3. SOC battery control

Control of charging and discharging of BESS using a micro controller is discussed in [20]. DC-DC
bidirectional converter is used for injecting and absorbing power in BESS. The control scheme is shown
below in Figure 2. Based on the difference in between nominal and reference DC voltage the result is fed to
proportional integral (PI) controller. In the inner loop control Pl output decides the status of
charging/discharging. The condition decides the charging of battery when the nominal DC voltage is higher
than reference voltage, forcing to generate negative current reference at outer loop. The change in duty cycle
directs the current flow from DC bus to BESS, in the inner current loop this behavior is considered as battery
charging. Due to load burden on DC bus, as a result decrease in DC bus voltage with respect to reference
voltage, a positive current reference is generated. This leads to dispatch power to loads and behavior is
considered as battery discharging.

Tba

Vit h = e

1

@»Iil—» PI |—>| PWM
DC/DC Bidirectional Control

Toar SoC Based Control
SoC based lbat_rgr
Charge/Discharge

Figure 2. Bidirectional DC/DC converter with bidirectional control and SOC based control for BESS

"' DC/DCBidirectional Converter |
J

In MG continuous monitoring and control of SoC of BESS is essential. lpar minimum and maximum
ranges can be set for charging and discharging of battery. Iy is compared with reference values which are fed
to PI controller for generating signals for current flowing.

min < SoC < max (11)
Pbat N Ppat—n

<l 6 <-bat=n 12

Vbat bat Vbat ( )

Where Ppacn is battery rated power, kWh and Vpa: nominal voltage.

2.4. Interconnecting BESS AC power grid with ILC

A new proportional control method is discussed which uses the AC frequency to track the live
power for power balancing during nonlinear loads for BESS and RES sources connected to MG [21]. A
review article discusses the contributions of ILC in MG for power exchange due to load demand [22]. The
demand and significance of BESS is making power system more reliable during overloading conditions.
These are integrated with AC system. The real time SoC of battery is taken from BMS by coulomb counting
method. The DC voltage from DC bus and frequency from AC system is used to obtain current reference in
outer control loop. This scheme provides any variation in loads will drastically vary frequency and power
transfers from battery. Battery DoD is identified by its stored charge. Based on the voltage variations limits
the power delivering can be identified.

F‘ref—ac - Fac SoC (Vref dc Vdc) (13)

V¢ is DC bus voltage of BESS. The (13) uses battery Charge for knowing the variations in battery
voltage due to load variations. BESS should be capable of delivering power at higher SoC% to loads and
absorb power during below the threshold value of SOC%. For instance, the battery discharges
simultaneously, which is connected to load if load increases the frequency will decrease. From (13) fall in
frequency impacts on higher SoC battery making to deliver power to loads. Battery in charging mode, while
loads are increased the voltage of battery decreases. Battery string with higher SoC% will transform the
voltage fluctuations into minor change in frequency hence less power is delivered to refill the battery.
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Similarly, smaller SoC% undergoes large frequency variation and power will be injected to BESS for
sufficient charging.

2.5. Modelling of fuel cell

Few fuels used in the process of electrochemical for generating energy are hydrogen, hydrocarbons,
oxygen flows and methanol. Fuel stack are assembled of multiple cells connected in series. Types of fuel cell
are phosphoric acid, molten carbonate, solid oxide, polymer electrolyte membrane and alkali. The anode
which behaves as electrode to help for separating the hydrogen gas molecules into electrons and protons.
Figure 3 shows the chemical reaction of fuel cell, the final each cell voltage depends on activation, ohmic and
concentration losses.

2H, - 4H* + 4e~ (14)
The reaction follows the protons move forward towards cathode from electrolyte.

0, + 4H* + 4e” —> 2H,0 (15)
The fuel cell reaction is given as (16).

2H, + 0, + 4H* + 4e”~ — 2H,0 (16)
The stack voltage is given by (17).

Viec = Np¢ * Vi 7

2H, (0%
Polymer

_ electrolyte

membrane

|02 +4H* + 4e~ = 2H,0

2H,=> 4H* + 4e-

4e”

4e~

4

2H,0

Electrical
load

Figure 3. Basic diagram of fuel cell

2.6. Boost converter

The Figure 4 shows the circuit diagram of DC/DC boost converter with controller for boosting the
voltage to 370 V and 800 V. The voltage step-up depends on the duty cycle (D). In detail discussion on
power electronics converter is discussed with control method [23].

Vour = Zin. (18)

1-D

The output power is generated based on voltage droop as the change in load varies frequency, SoC, DC
voltage.

APgc—pa
AVdc—bat — —de=bat (19)

Int J Appl Power Eng, Vol. 12, No. 1, March 2023: 24-36



Int J Appl Power Eng ISSN: 2252-8792 a 29

Pdc

— L ®_> 1/1000

? ibal—ref

Vi MOSFET |—]| R [NVour —PPWM
PI PI
Vdc }
ibat

DC/DC Boost Converter ‘ + DC/DC Boost Converter Control

de-ref -

Figure 4. DC/DC boost converter with controller

2.7. Modelling of interlinking converter

ILC provides variety of features power transfer in AC/DC grids with control on active and reactive
power in the MG, reduced circulating currents, autonomous operation. Mathematical model on AC side is
given as (20):

dliny
Uilc = Vgrid + [ianfilter + Lfilter (T) (20)

where Ui is converter voltage, Vg IS grid voltage, liny iS inverter output current, Ryrer iS equivalent
resistance and Liier is filter inductance. ILC active and reactive power outputs is given as (21) and (22).

P =2 [Re(Vgria * Ir)] (21)

Q =2 [Im(Vygria * If)] (22)
LC filter during islanded capacitance, Cs is given as (23).

dy,
Cfilter (d_tc) = [filte‘r — lipaa (23)

Mathematical model of ILC can be given as (24).

Vi = Friter * Rrutter + Lritter (dlﬁl;er) Ve (24)
2.8. Energy management system

A review paper discusses the polices and regulations implemented for the transactive markets and
also for the load restoration in HMGS [24]. For a stable system supplying a redundant power increases the
dependence of continuous power. The power flow schematic is designed for EMS. Power balance equation as
an example is shown in (25) with PV and BESS as sources feeding AC/DC loads. Figure 5 shows the flow
chart for EMS.

va - lDloss = Fac-10ad + Pdc—load + Pbat (25)
Pioss is total power loss in MG.

Pgen—net = Pgen—tot - (P%loads + Ploss) (26)

Power flow diagram is designed with PV and BESS as main power source feeding AC/DC loads with the
conditions of SoC, battery charging/discharging status and overloading.
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Figure 5. Flow chart for energy management system

3. ASSEMBLY OF AC/DC HMGS

The assembly of AC/DC HMGS is shown in Figure 6. Harmonics are major concern in electrical
system, a harmonics-based droop control is designed for MG with multi power sources integrated with ILC
[25]. LCL and LC filters are placed to eliminate voltage ripples and reduce current harmonics with the power
quality. Large capacity capacitor is enforced at DC side to reduce the ripples. Phase locked loop (PLL) is
used to obtain frequency and phase angle from AC system. Using Clarke and park transformation output
voltages and currents are transformed into dg frame of axis and again applied with inverse Clarke and park
transformation for dq to abc transform to feed pulse width modulation (PWM) for ILC signals. Proposed
outer loop control is associated with converter power, frequency and DC voltage thus current references are
obtained. PI controller is used to generate current references, these current references are fed to inner control
loop basically current control segment. No reactive power at DC side hence iq.ref iS taken as zero.

. _SoC Contral ———

Interconnected
BESS - a Utility Power Control.

\._._._.—‘

Figure 6. Proposed layout for AC/DC HMGS

4. CONTROLOFILC

The various methods of droop control are discussed [26]. The proposed control scheme for ILC
works on the generalized droop control. The ILC performs the power sharing upon the triggering pulse
defined from the AC frequency, DC voltage and converter power. The control scheme continuously monitors
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voltage with reference voltage, during the deficit of power in DC load side due to increase in loads, the
voltage on DC bus decrease which changes the DC power generated the additional power is shared from AC
source through ILC-1. This power is termed as positive and converter performance is a rectifier. Similarly,
change in AC load side causes change in system frequency, thus impact on DC voltage is also caused. The
deficit power in AC load side is shared from DC power sources via ILC-1. This power is termed as negative
and converter performance is an inverter. The mathematical model of control scheme is shown in (27).

MUge + APy — A3F — (AlUdc—ref + /12Pilc—ref - /13Fref) =0 (27)

Where A1, A2, A3 are modulating factors with 0.3, 0.007, 10 values respectively. The change in AC generation
due to load variation causing change in frequency is given by (28).

Zpac—gen = (2771) * AF (28)
Where x is frequency droop.

— Fmax—Fmin (29)

Pilc—ac

Fmax is maximum frequency, and minimum frequency is Fmin. The change in DC power generated by source
due to change in DC voltage is given by (30).

AV
ZPdc—gen = ydc (30)

Where y is DC voltage droop.

The Figure 7 shows the variation in loads causes the change in DC voltage and change in frequency.
The control scheme for ILC-1 is shown in Figure 8. The significance of this scheme is power is shared
autonomously and bi-directionally without any communication link. ILC-2 feeds the critical and non-critical
loads with single phase ILC. Voltage and current control are designed as outer and inner loop control as
shown in Figure 9.

Fﬂc“

Fas1

Fa 2

T >
Va2 Ve Ve

Figure 7. Effects of loads variations on voltage and frequency

.+ Inner current |
control

€ | |
w ;. ‘
To ‘

ILC-1
PWM
abe

Outer control
loop Live [ abe
dq0

Vb | abe
dq0

Figure 8. Proposed control scheme for ILC-1
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Figure 9. Proposed control scheme for ILC-2

5. SIMULATION RESULTS

The simulation is carried out in MATLAB/Simulink. The performance of AC/DC HMGS is
discussed with different DG and ESS sources, multi terminal VSC ILC-1 and ILC-2 for three phases 380 V,
50 Hz and single phase 110 V, 220 V, 60 Hz system with efficient control schemes to extract maximum
power with better power quality, double conversion converters are used for changing the frequency and
control of power, buck and boost converters serving as DC-transformers for 370 V, 800 V are used for
different voltage rated loads. Maximum battery SoC is set as 100% and minimum 25%, PV generates 5 KW
of power, fuel cell capacity is 10 KW, and BESS capacity is linear with loads by attaching the extra battery
strings. Linear loads connected with controllable switches, Separate buses on AC side and DC side are
arranged which are not shown in figure to avoid complexity. PV, BESS used on AC and DC grid differs with
parameter ratings, control and operating methods. The loads are segregated as critical and non-critical loads.
The analysis done is on selected loads for demonstration of ILC performance.

At t = 0 sec the AC gird generates 15 KW, the initial connected AC load is of 20 KW which is
evident to observe a 5 KW of power deficit due to which the frequency and DC voltage droops occurs,
dramatically activates ILC-1 to transfer power from DC grid of 5 KW to AC load. BESS at DC side with
higher SoC% shares the power to DC loads and also transfers the power to AC loads, as DC load of 10 KW
is turned on initially which is observed 4 KW and 6 KW power from PV and BESS is supplied. Att =1 sec
AC load of 5 KW is turned-on and no increment on DC load, the deficit power in AC load is injected by
ILC-1 through DC BESS. Similarly, t = 2 sec AC load of 3 KW is turned-on 2 KW of power is injected by
ILC-1 and 1 KW of power is injected by adding additional strings of batteries at AC grid. The PV power
generation in AC sub grid is connected to AC critical loads. Similarly, power from fuel cell is used for
charging the DC-grid BESS and serving power to DC critical loads. At t = 3 sec AC power generation is
boosted by attaching additional strings in BESS with capability for serving AC and DC loads. A DC-load of
5 KW is turned-on since the DC battery gradually discharges and the SoC level decreases and the control
schemes is designed as higher the SoC% of battery will serve the power to loads hence the change in DC
loads causes change in DC voltage and AC frequency forcing converter to share power from AC grid to DC
load. Similarly att = 4, 5 sec DC loads of 2 KWs is increased and power is shared from AC sub grid through
ILC-1. A control scheme is designed to charge the BESS during grid connected mode and in islanded mode if
BESS SoC reaches minimum, the power from fuel cell is connected to loads. During the time interval of
1-3 sec ILC-1 behaves as inverter with power as negative and for 3-6 sec ILC-1 behaves as rectifier with power
as positive. The Figure 10 shows the performance of ILC-1 as inverter and rectifier, also there are no major
differences in results as compared to only ILC connected to three phase system [27]. Figure 11 show the
frequency variations due to load changes. Figures 12 and 13 shows the AC and DC power of loads respectively.

The other case study for ILC-2, converter is connected with AC/DC critical and non-critical loads
with separate buses and control scheme, during the outages in AC/DC grid the power can be shared from AC
or DC power generating station to critical loads and also by load shedding the non-critical loads with a
bidirectional ILC-2. A double conversion converter is used for changing frequency. ILC has the capability of
injecting and observing power among themself during power requirements. PV generates around 5 KW
power which is supplied to DC load of 3 KW at t = 0 sec and the remaining 2 KW is supplied at t = 1 sec as
the load of 3 KW is turned-on, 1 KW of power is transferred from AC sub grid BESS. Att = 2 sec a DC load
of 3 KW is turned-on the power is transferred from AC sub grid through ILC-2 during this period of 0-3 sec
ILC-2 behaves as rectifier as shown in Figure 14. At t = 3, 4, 5 sec single phase AC loads with 5 KW, 2 KW,
2 KW respectively are turned on and AC supplies are disconnected. Battery strings at DC-side are added to
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share power to AC loads, during the period of 3-6 sec ILC-2 behaves as inverter shown in Figure 14. The
complete source power to AC/DC loads is shown in Figure 15. Figures 16-18 shows the voltages for PV, PV
boost converter and AC single phase voltage respectively. Similar work for optimal usage of RES has been
carried out based on linear programming optimized and solver based methods [28].

Power (kW)

0 1 2 3 4 5 6
Time (seconds)

Figure 10. Performance of ILC-1 as inverter and rectifier
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Figure 11. Frequency variations with change in loads
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Figure 13. Power through DC loads
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Figure 18. AC voltage

CONCLUSION
The efficient use of renewable energy sources in AC/DC hybrid micro grid interfaced with multi

terminal interlinking converter for autonomous bidirectional power exchange between AC/DC sub grids is
analyzed with a normalized droop control method forming an outer loop control with a simple mathematical
model using DC voltage, converter power and frequency. SoC based battery control and power sharing
among AC/DC loads is derived. Overall monitoring and power transfer for energy management system of
critical and non-critical loads with multi interlinking converters is analyzed with change of frequency.
Bidirectional DC/DC converters are used for automatic charging and discharging options.
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