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Abstract: The increasing penetration of renewable generators can be a significant challenge due to
the fluctuation of their power generation. Energy storage (ES) units are one solution to improve
power supply quality and guarantee system stability. In this paper, a hybrid microgrid is built
based on photovoltaic (PV) generator and ES; and coordinated control is proposed and developed to
achieve power management in a decentralized manner. This control scheme contains three different
droop strategies according to characteristics of PV and ES. First, the modified droop control is
proposed for PV, which can take full utilization of renewable energy and avoid regulating output
active power frequently. Second, to maintain the direct current (DC) bus voltage stability, a novel
droop control incorporating a constant power band is presented for DC-side ES. Third, a cascade
droop control is designed for alternating current (AC)-side ES. Thus, the ES lifetime is prolonged.
Moreover, interlinking converters (ICs) provide a bridge between AC/DC buses in a hybrid microgrid.
The power control of IC is enabled when the AC- or DC-side suffer from active power demand
shortage. In particular, if the AC microgrid does not satisfy the reactive power demand, IC then acts
as a static synchronous compensator (STATCOM). The effectiveness of the proposed strategies is
verified by simulations.

Keywords: coordinated power control; droop control; hybrid microgrid; interlinking converters (ICs);
static synchronous compensator (STATCOM)

1. Introduction

Recently, distributed generation (DG) has attracted more attention due to the perceived
advantages of easy integration of resources, high energy utilization efficiency, flexible installation
location, and low power transmission losses [1,2]. Therefore, DG penetration in the main grid has
gradually increased, and may potentially be a future trend in electric power system development [3].

As an effective carrier of distributed energy, a microgrid consists of various DG units, energy
storage (ES) devices, energy conversion devices, protections, and load monitoring devices. These DG
units always possess a higher degree of controllability and operability compared to conventional
generators [4-6]. Resulting from these features, a microgrid could play a critical role in maintaining
the stability of the electrical networks [7-9]. Among various DGs, photovoltaic (PV) generator has
emerged as major DG source in power grids [10].

The power supply quality of an alternating current (AC) microgrid is significantly influenced
by intermittence and fluctuation of the distributed power. Moreover, a number of AC-distributed
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resources are connected to the microgrid through a multi-stage conversion controller, which lowers
the system efficiency to some extent [11-15]. As an alternative to an AC microgrid, a direct current
(DC) distribution microgrid has several attractive features and is developed in [16,17]. First, the DC
microgrid allows easier integration of DGs, requiring lower conversion stages. Second, the power
quality is enhanced as the harmonic distortion and synchronization issues are inherently eliminated.
Especially, the complexity of its control system is greatly reduced when compared with the AC
system. The DC microgrid has a low installation and operation cost. However, DC microgrid has
a potential disadvantage in that it is not suitable for the rural low voltage networks due to their large
line resistance.

For a DC microgrid powered by PV generator and battery, the AC adaptors of common portable
electronic devices could work properly through reasonable selection of control parameters. However,
for a single AC or DC microgrid, a multistage conversion is needed due to the different AC/DC
types of DGs and loads. The complexity is increased and the efficiency is reduced. To facilitate the
integration of AC- and DC-type loads, hybrid AC/DC microgrid architecture has been extensively
investigated [18-23]. On one hand, the DC and AC type loads are directly fed by the DC- and AC-side
microgrid, respectively. On the other hand, the interlinking converter (IC) provides bidirectional energy
transfer between the DC and AC subgrids, depending on their individual supply demand conditions.
Meanwhile, the plug-and-play function is realized by controlling the power electronic converters.

This paper focuses on power control strategies of a hybrid microgrid in islanded mode. In a previous
study, the master-slave control method is adopted in [24], which requires the communication between
the master and slave controller. The master node is still a single point-of-failure. There have been
some other power flow management methods based on communication [25,26]. In [25], a centralized
controller is proposed to generate a compensation signal of primary layer. Thus, an accurate and
optimized power exchange between two subgrids is provided. In [26], a three-level hierarchical control
for parallel ICs between AC bus and DC bus in a hybrid microgrid is presented. The bus voltage
deviation caused by the droop control in the primary control level is restored, and proportional current
sharing is accomplished. However, the external communication would increase the investment cost
and reduce reliability and expandability of the system.

To overcome this drawback, decentralized control strategies without communication are
preferable. Autonomous operation of a hybrid microgrid is investigated in [15] and extended in [20,27].
Firstly, reference [15] proposes a droop control strategy for controlling the ICs by a normalized
bidirectional droop scheme. Proportional active power sharing can be enforced based on ratings.
However, the principle proposed in [15] causes the continuous action of IC during any slip DG or
load power variations, leading to more power loss. In [27], an ES system is linked to the DC terminal
of the IC, and proper charging and discharging of ES is demonstrated. In [20], an efficient power
flow control scheme is presented for hybrid microgrid with progressive energy flow tuning. It allows
energy flow across the IC only when one subgrid is over-loaded and the other subgrid is light-loaded.
Moreover, reference [28] proposes a fully decentralized control to achieve local power sharing (LPS)
in an individual AC or DC network, global power sharing (GPS) throughout AC/DC networks
and storage power sharing (SPS). The intended outcome is to activate as few power converters as
possible, in order to avoid their operating losses. Although the various conditions are well designed,
the associated mode switching among LPS, GPS, and SPS is slightly complex and easy to lose stability.
Moreover, it should not be ignored that both the AC- and DC-distributed generators are treated as
ideal power source, which does not consider the characteristics of DGs in [15,20,27,28].

There are also some models and control methods that involve integrating the actual distributed
resources. Typically, a model of a hybrid microgrid is studied in [29] based on the Wind-PV-ES units.
The equivalent circuit of the whole system is developed in both isolated and grid tied modes. However,
the operating principle of an IC is not practical to coordinate both of the subgrids. References [30-32]
propose a control strategy of Vg /Vpc droop and P/Vpc anti-droop control strategy for PV panels.
It avoids frequent energy fluctuation and improves the quality of output voltage, but does not take
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into account the coordination control of multiple DG units. For the optimal operation of hybrid
microgrid [33,34], a simple algorithm is developed to determine the required sizing of generating units
and the associated storage capacity in [33]. However, it requires the state of charge information of the
battery in real-time.

In this paper, a coordinated power control paradigm is proposed in a hybrid microgrid by
considering the characteristics of DG units and designing the effective principle of an IC. The potential
advantages are summarized below:

(1) Power flow control is realized in a fully decentralized manner.

(2) To harness the maximum power of PV units, a modified droop control is proposed.

(3) To prolong the lifetime of ES, a novel droop control incorporating a constant power band
is presented.

(4) To improve the system efficiency, an effective principle of an IC is developed to coordinate both
AC and DC subgrid microgrids.

This paper is organized as follows: in Section 2, this work starts with a hybrid microgrid
architecture based on PV and ES. In Section 3, the Vpc/V ac droop control strategy and its combination
with P/Vpc droop control are presented, as well as their characteristics. Then, the strategy of the IC is
introduced in Section 4. Simulation results with these control principles are shown and discussed in
Section 5. Finally, Section 6 presents the conclusions.

2. System Structure

Figure 1 shows a hybrid microgrid formed by an AC microgrid and a DC microgrid.
Each microgrid has its own PV sources, storages, and the same of type loads grouped together
in order to minimize the amount of power conversion. PV sources of DC system are connected to a DC
bus through a DC/DC boost converter, while the storage device is linked by a DC/DC buck-boost
converter [11]. On the other hand, the PV and storage generation of AC system are connected to AC
bus through a cascaded DC/DC/AC converter [34-36].

Interlinking Converter

DC AC BUS

ﬁa. B, ﬁ AC

Photovoltaic  Energy Storage Devices Photovoltaic Energy Storage Devices

Figure 1. Hybrid microgrid configuration with energy storage (ES) and photovoltaic (PV) units.

Regardless of the number of ICs, their role is to provide bidirectional energy transfer between two
sides, depending on their prevailing internal supply-demand conditions [15]. Furthermore, a hybrid
microgrid can be tied to the AC main grid through an intelligent transfer switch. This switch would
stay on under a normal grid-connected mode. If the main grid is strong with sizable capacity, the
supply-demand power balance of hybrid microgrid can be guaranteed by the main grid. When a fault
is sensed in the main grid, the transfer switch would turn off, forming an autonomous hybrid
microgrid [27].

For the islanded mode of hybrid AC/DC microgrid, control strategies and power management
schemes are the critically important tasks. The power management strategies determine the output
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active and reactive powers of DG and ES units, and control the voltage and frequency at the same time.
Details of the strategies for the different types of DGs and ES units are explained in next section.

3. Proposed Power Control Strategy of Hybrid AC/DC Microgrid

In this Section, a control strategy based on the Vpc/V ac droop and its combination with P/Vpc
droop control method is proposed for power management. Then, the control structures of PVs and ES
units are discussed in details.

3.1. Vpe/V ac Droop Control (Droop-1)

The Vpc/V ac droop control principle is based on the specific characteristic of islanded microgrids,
which differs significantly from the conventional power system. In a microgrid, the DG unit is generally
linked to the AC bus through the power electronic converter with a DC-side capacitor, as shown in
Figure 2.

Lorim L

Z/0=R+ jX

i o
" oad i V20

Figure 2. Microgrid architecture for one distributed generation (DG).

If the generated power and absorbed power becomes unbalanced, the DC-side capacitor voltage
Vpc of the power sources would change. According to Figure 2, the Vpc can be mathematically

derived as follows:

C dr = iprim —ipc 1)

where iprim and ipc present the current of prime sources and input terminal in inverter, respectively.
From Equation (1), Vpc is used as the trigger for power changes.

Furthermore, the line parameter of the low voltage microgrid is mainly resistive. Assuming that
the line inductance is neglected, the active and reactive powers from one unit can be expressed as
follows [37]:

_ VacV V2
P = R cosd =z 2)
Q=—"Vsing ©)

where V5 is the amplitude of the inverter output voltage, V is the common bus voltage, ¢ is the
power angle, and R is the line resistance. P and Q are the output active and reactive powers of
a DG, respectively.

According to Equation (2), the active power P depends on the voltage amplitude V zc, unlike in
transmission grids where the reactive power is linked with the voltage amplitude [37].

Therefore, the relationship between Vpc and V 5c can be constructed to change the active power,
which forms the basis of the new Vpc/V ac droop control:

Vac = Vacnom + " (Vbc — VbCnom) 4)

where V Ac nom and Vpc nom are the nominal voltages of the AC- and DC-sides of the power converter,
respectively. Note that a slight change of V 5c results in a change of the transmitted energy from DG
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to the common bus. m is the slope of the Vpc/V ac droop. Vac and Vpc are the AC- and DC-side
voltages of the power converter, respectively.

The plot illustrating the new Vpc/V ac droop control is depicted in Figure 3. With this controller,
the microgrid voltage is changed by detecting changes of Vpc, and the supply-demand balance is
achieved without changing output active power P. Generally, frequent power changes are avoided,
and no communication for the primary control is required. The tolerated voltage deviation from
its nominal value is effectively used. Moreover, both controllers take the specific characteristics of
an islanded AC microgrid into account, such as the lack of inertia, resistive lines, and high share of
distributed generators.

\
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i |
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| |
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|

|
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0.8 Vicwom 1.‘2 Ki]}u)
Figure 3. Schematic diagram of the new Vpc/Vac droop.

In this AC voltage range (£5%), the DG units are actively dispatched as they operate at maximum
power point tracking (MPPT). This is particularly advantageous for DGs since their energy can be
used more efficiently. According to this rule, a PV generation of the DC-side in a hybrid microgrid,
which consists of the PV array, DC/DC converter, and local control, should operate in the MPPT mode
based on the perturb and observe (P & O) method [38,39]. On the other hand, the PV generation
system of AC-side consists of the PV array, cascaded DC/DC/AC converter, output filters, and local
control system. The front-stage converter adopts the MPPT method, while the second-stage utilizes the
newly proposed Vpc/V ac droop control. The overall control scheme of PV generation of the AC-side
is shown in Figure 4.

AC BUS

Figure 4. The overall scheme of the alternating current (AC)-side PV generator in hybrid microgrid.

For reactive power control of PVs in the AC-side, the Q-f boost method is adopted by considering
Equation (3) in a low-voltage hybrid microgrid [37]:

f=f+mQ-Q) ©)
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where f* represents the frequency reference value at a normal load, m is droop gain, and Q and Q* are
the output reactive power and its normal reference of a DG unit, respectively.

3.2. P/Vpc Droop Control (Droop-2)

When the Vpc/Vac droop control is adopted, the AC microgrid voltage is allowed to change
within a certain range. If the load changes dramatically, the DC capacitor voltage will exceed the
specified range, thus deteriorating the public bus voltage of AC microgrid. Hence, a new P/Vpc droop
control with a constant power band should be proposed. The active power P (or DC current Ipc) is
changed according to a droop with the microgrid DC voltage Vpc:

VDC = VDC,nom - kp (P - Pnom) (6)

where k;, is the positive droop coefficient and Pnom is the nominal value of the active power P.

The schematic diagram of the P/Vpc droop control strategy with constant power band is depicted
in Figure 5. In this figure, the constant power band is adopted within the allowable voltage deviation
(£5%). If the loads severely change, exceeding the acceptable voltage range, the P/Vpc droop control
strategy is enabled to share the load and maintain the microgrid voltage. When the output power
of the ES unit reaches its capacity limit, the maximum value of the power is controlled to ensure the
stability and security.

saturation
P/Va-Droop
constant power

P/Va-Droop

aturation

o
>

P, | P, P

Figure 5. Schematic diagram of the proposed P/Vp¢ droop control.

The proposed P/Vpc droop control strategy with a constant power band (Droop-2) is suitable for
a DC-side ES unit as shown in Figure 6. When the load change is small, the battery is controlled in
the constant power mode. It can avoid a battery charge and discharge frequently, so as to improve
the battery life. If the DC voltage exceeds the specified interval, the P/Vpc droop control is switched.
Then the active power sharing performance is obtained.

New P/Vie droop
control

Figure 6. The overall scheme of the ES unit on the direct current (DC)-side.
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3.3. Combination of Vpc/V ac and P/Vpc Droop Control (Droop-3)

The combination of two control principles Vpc/V ac droop control and P/ Vpc droop control is
introduced in order to utilize the advantages of both. With the Vpc/V ac droop control, the microgrid
voltage can be changed by detecting changes of Vpc, and supply-demand balance is achieved without
changing the active power P. It is possible because a relatively big difference between the obtained
and nominal microgrid voltages is allowed. By using the P/Vpc droop control, the active power P
can be changed when the constant power band is surpassed, increasing the power flexibility of the
microgrid and avoiding a voltage-limit violation. The obvious advantage is that by using these two
droop controllers, the output active power of PV or storage elements changes less frequently than that
in the case with only the P/Vpc droop control.

The width of the constant power band could be set according to the specific characteristics of the
power sources. For example, the width can be narrow for a battery, which can change its intake fuel
rapidly. In this way, the control capability of these sources are fully exploited. For less controllable
sources, such as PV array power generators, the width should be larger. In this paper, the PV generation
is always operating in the MPPT mode. In other words, the width is infinite in order to make full
utilization of the output power. This combined droop control is suitable for battery control on the
AC-side. The overall control scheme of the ES unit on the AC-side is depicted in Figure 7.

s )
AC Bus

o~ —
AN T = S

AN
Battery Cb:: SMJK} C | A
de )
Kks, JK]}SJJ 5,
Cuc

L,

de
Power  |-—-

|

S;‘S%

voltage
judge

New P/Vdc droop
control

abc/dg

Vdc-Vac droop control

e s

Figure 7. The overall scheme of the AC-side ES unit in hybrid microgrid.

4. Proposed Power Control Strategy for the Interlinking Converter

As a common bridge of connecting AC/DC buses in a hybrid microgrid, ICs play an important
role when the hybrid microgrid operates under varying generation and load conditions. Therefore,
designing the control mechanism and timing of energy transmission is the key to controlling the
IC. In this paper, the principle of minimizing power transfer between the sub-grids is designed to
guarantee the overall system efficiency.
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If one of the AC/DC sub-grids is capable of providing the load by itself while the other cannot
provide the demanded load fully, the active power control of the IC is activated. On the other hand,
another scenario is permissible whereby both sides are capable of individually charging the storages
without a triggering energy transfer. Therefore, operating losses of the IC are avoided, resulting in
a higher overall system efficiency. Regarding the reactive power, if the AC microgrid does not satisfy
the reactive power demand, the reactive power control for IC can operate as a static synchronous
compensator (STATCOM) to satisfy the demand. Thus, the Q-f droop control strategy can be applied
in reactive power sharing [37].

To realize the above scenarios physically in mathematical formulations, the appropriate amount
of charging power is first determined. When the active power flow of the AC/DC bus exceeds 80% of
the overall power capacity, the energy transmission indicator G(AC) or G(DC) is set as follows:

1 if Pacmax = Pac > 0.8Pac,max
AC) = ’ ’ 7
G (aC) { 0 otherwise @)
1 ifPDC max = PDC = 0-8PDC max
G(DC) = ’ ’ 8
(DC) { 0 otherwise ®)

where Pac and Ppc are the provided active powers by the AC-side and DC-side, respectively;
and PAc max and Ppcmax are the maximum active power demand of the two sides, respectively.
Equations (7) and (8) show that because one side has surplus energy, the energy transmission channel
between the two sides can be opened by the controller setting. So, the energy transmission indicator is
set as 1. Otherwise, when one side is not enough, the energy transmission channel is closed. The energy
transmission indicator is set as 0.

When one side has surplus energy, the other side cannot provide the load demand fully, the control
mechanism is just activated. Thus, the active power reference of the IC is described as:

ADC (PDC — O-SPDC,max) if G (DC) x G (AC) =1
Piret = § Aac (Pac —0.8Pacmax) if G (DC) x G (AC) =1 ©)
0 otherwise

where “ x”means the logical operator “AND”, Asc and Apc are the AC/DC transmission coefficients,
and (Ppc — 0.8Ppcmax) and (Pac — 0.8PAcCmax) indicate the actual power demand shortfall of the DC-
and AC-side microgrids, respectively. That is, Equation (9) shows that the IC needs to compare the
energy transmission of both sides, and then the active power Pj . can be fixed. In order to ensure
that the active power demand is not more than the maximum output active power on the other side,
the AC/DC transmission coefficients Ayc and Apc should be chosen as follows:

0~8PAC,max 7PAC

(Poc—0.8PpC,max ) +(0-8PAC,max—Pac)
0-8PDC,maX_PDC (10)

(PAC _O-8PAC,maX ) + (O-SPDC,max _PDC)

Apc =

Aac =

According to Equation (10), if the AC-side is capable of providing the active power demand fully
and has a great surplus, then the DC-side transmission coefficient Apc is given by:

(PDC — O-8PDC,max) << (O‘SPAC,max — PAC) and )\DC =1 (11)
Likewise, the AC-side transmission coefficient Apc is given by:
(Ppc — 0.8Ppc;max) >> (0.8Pac;max — Pac) and Aac =1 (12)

where “<<” is the mathematical operator “far less than”. The AC/DC transmission coefficients Apc
and Apc represent the transfer capability. A specific example is used here for further illustration. When
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the DC-side microgrid has 0.9 pu power flow of its maximum active power, the energy transmission
indicator G(DC) would be chosen as 1. Meanwhile, the AC-side microgrid has 0.2 pu power flow of
the maximum active power (G(AC) = 0). Then, active power control of the IC is activated, and the
DC-side transmission coefficient Apc = 0.6PAC max/ (0.1Ppc max + 0.6PACmax) < 1. Thus, it guarantees
that the IC power reference Pj yof = Apc X 0.1Ppc,max does not exceed the maximum available power
0.6PAC max from the AC-side microgrid.

When the AC microgrid does not satisfy the reactive power demand, the IC can act as a STATCOM.
Thus, the reactive power reference can be set by modified Equation (5) as follows:

Qe = Q"+ (f ~ ) 13)

where Qj ref is the reactive power demand of the AC-side in hybrid microgrid, and Q* is the rated
reactive power capacity of IC. f is the operation frequency of AC-side microgrid, which is collected by
a phase locked loop (PLL). The final control diagram of the IC is shown in Figure 8.

Figure 8. The final control diagram of the interlinking converter (IC).

5. Simulation Results

In order to verify the effectiveness of the proposed coordinated control strategy, the simulation
model of the hybrid AC/DC system has been built in Matlab/Simulink, and the layout is shown in
Figure 1. The hybrid system includes two ES units, one PV generation, and some AC type variable
loads in the AC-side microgrid, and has two PV generations, two ES units, and some DC type
loads in the DC-side microgrid. The parameters of the hybrid microgrid in this study are given in
Table 1. The simulation conditions of the four cases are configured by mimicking the actual operation
circumstances of the power system. Especially in the initial conditions, the microgrid operates at
no-load to set up a fundamental voltage. After the system is up and running, the PV and ES are turned
on. Various test conditions and associated results are presented and discussed below.

Table 1. Parameters of the hybrid system.

Parameters Values

Hybrid system capacity 20 kW

Rated DC bus voltage 700V
PV1/PV2 Rated Power (DC-side) 6 kW/6 kW

Battery b1 rated voltage/capacity (DC-side) 120 V/2.5 kW /120 Ah
Battery b2 rated voltage/capacity (DC-side) 120 V/2.0 kW /100 Ah

DC loads 7 kW
Rated AC bus voltage 380 V/50 Hz
PV1 Rated Power (AC-side) 3 kW

Battery b3 rated voltage/capacity (AC-side) 120 V/2.5 kW /120 Ah
Battery b4 rated voltage/capacity (AC-side) 120 V/2.0 kW /100 Ah
AC loads 5kW/1 kVar
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5.1. Case 1: Test of the Proposed Droop-1 Control Strategy for Photovoltaic

To verify the performance of the proposed Droop-1 control, the simulation model and control
scheme are established as shown in Figures 2 and 4. The AC load decreases by about 0.5 kW at
t=0.5 s, and increases by about 0.2 kW at t = 1.0 s. Figure 9 shows the output active power and AC
voltage waveforms of PV without Droop-1 control and with Droop-1 control, respectively. Figure 9a,b
shows that the output power of PV varies with the load change, and that the voltage is almost same.
When Droop-1 control is adopted, the acceptable voltage deviation (£5%) from its nominal value is
highly utilized. From Figure 9¢c,d, PV always works at the maximum power tracking point subject
to the slip load change. Thus, frequent power regulation is avoided, and the characteristic of PV is
fully considered.

0 Lt 0100 LAY ‘.\HL ! At Sl
. BPBREHL IO HE
< 1] e |\|I\ Wl ot ‘H,‘ Al

- | II‘HI""L{'!”""‘1‘“”“”'“‘4{J!“"””_L““’"‘!‘lh“""1‘{‘”!"”’lm!!“"’4‘,‘”!»“"”{h“"””Jh““‘"‘!‘lh““"J‘!‘lvh""u{
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200 S O S— i ”’[ .|’| w‘. bk W i |‘I. .|‘||.. |

E T 1151 0 i

00 0?5 Time (s) ‘li 15 .4000 0?5 Time (5 1l 15
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Figure 9. Simulated results of case 1: (a) output power without Droop-1 control; (b) AC bus voltage
without Droop-1 control; (c) output power with Droop-1 control; and (d) AC bus voltage with
Droop-1 control.

5.2. Case 2: Test of the Proposed Droop-2 Control Strategy for DC-Side Microgrid

In this case, in order to test the performance of the proposed Droop-2 control method, the DC load
increases by about 1.5 kW at t = 0.5 s, and decreases by about 2.7 kW at t = 1.0 s. Two PV generations
(PV1 and PV2) on the DC-side operate in parallel with the MPPT control, and the proposed Droop-2
control method is performed on two battery units.

Figure 10a,b shows the output active power and DC bus voltage waveforms with the conventional
constant power control method. There is quite a large DC bus voltage deviation (£10.7%) when the DC
loads change. The obtained voltages exceed the voltage limits since no power flexibility is incorporated
in the control. Therefore, the proposed Droop-2 control controller is included in the next simulation.
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Figure 10. Simulated results of case 2: (a) output power without Droop-2 control; (b) DC bus
voltage without Droop-2 control; (¢) output power with Droop-2 control; and (d) DC bus voltage
with Droop-2 control.

From Figure 10c,d, the Droop-2 controller forces the voltage closer to the nominal value of 0.7 kV.
When the DC load increases at the time interval t € [0.5, 1.0], the proposed Droop-2 control strategy
detects the bus voltage, and the battery switches to droop control strategy in order to share the load.
The detailed results are shown with Vpc = 0.68 kV, Ppy; = 2.5 kW, Ppyy = 2.2 kW, Py = 2.0 kW,
and Py, = 1.8 kW. When the load decreases at the time interval ¢ € [1.0, 1.5], the results are obtained
with Vpc =0.69 kV, Ppy; = 2.5 kW, Ppy, = 2.2 kW, P,y = 0.6 kW, and Py, = 0.5 kW, and the voltage limit
violation is avoided. Therefore, the effectiveness of the proposed Droop-2 control method is verified.

5.3. Case 3: Test of the Proposed Droop-1 Control Strategy and Droop-3 Control for AC-Side Microgrid

To test the performance of the proposed Droop-1 and Droop-3 control, the AC load increases by
about 1.8 kW at t = 0.5 s, and decreases by about 2.2 kW at t = 1.0 s. The PV1 generation in AC-side
adopts Droop-1 control, and the proposed Droop-3 control method is applied to two battery units in
this case.

Figure 11a,c shows the output active power waveforms with the conventional constant power
control method and the proposed Droop-1 and Droop-3 control strategies, respectively. Compared
with Figure 11a,c reveals that PV1 generation keeps the constant power mode, while Batteries 3
and 4 operate in parallel to match changing the AC load. As can be seen in Figure 11d, the AC bus
voltage nearly maintains its nominal value, while a great voltage deviation (+16%) occurs as shown in
Figure 11b. Therefore, it is concluded that in the case of over-voltage or under-voltage, regulating P by
the P/Vpc droop control indeed benefits the microgrid control. It should be noted that when choosing
a smaller constant-power band, the microgrid voltage would be closer to the nominal value.

From this case, it is concluded that the Droop-1 controller obtains a stable operation of the hybrid
microgrid, avoids frequent power changes, and fully exploits the control capability of the power sources
by setting the constant-power band. At the same time, Droop-3 control guarantees power sharing
according to the ratings of the ES units and limits the voltage under no inter-unit communication.
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Figure 11. Simulated results of case 3: (a) output active power without Droop-1 and Droop-3
control; (b) AC bus phase voltage without Droop-1 and Droop-3 control; (c) output active power
with proposed Droop-1 and Droop-3 control; and (d) AC bus phase voltage with proposed Droop-1
and Droop-3 control.

5.4. Case 4: Test of the Proposed Control Strategy for Interlinking Converter and Overall Hybrid Microgrid

To verify the overall system responses, the proposed control strategy of the IC is applied. The AC
load increases by about 3.5 kW at t = 0.5 s, leading to an excess of the AC-side capacity. Furthermore,
the active power on AC-side decreases about 4.5 kW, and reactive power increases by about 1.0 kVar at
time ¢t = 1.0 s. Notice that the DC load has remained constant.

Figure 12a,b shows the load current and the AC/DC bus voltage waveforms with the proposed
control method. It can be seen that the bus voltages are close to the rated value. Then, the strong
voltage regulation ability is obtained. The active power and reactive power of all units in hybrid
system are shown in Figure 12¢,d. At the first stage t € [0, 0.5], all units operated with Ppy; = 2.5 kW,
Ppyy =22 kW, Pp; = 1.3 kW, and Py, = 1.0 kW on the DC-side. The active power control mechanism
of the IC is disabled, and thus operating losses are avoided. When the AC load changes att=0.5s,
exceeding the AC bus capacity, and the DC-side has power remaining, the IC is activated with
the power transmission Pj. = 2.0 kW, Qi. = 0 kVar, Ppy; = 2.5 kW, Ppyp = 2.2 kW, Py =23 kW,
and Py, = 2.0 kW on the DC-side. However, the AC-side PV1 controlled with the MPPT mode keeps
constant output power, and the Batteries 3 and 4 with Droop-3 controller have reached the capacity
limit. The detailed results are shown with Ppy; = 2.5 kW, P,z = 2.5 kW, Py = 2.0 kW on the AC-side,
as seen in Figure 12c,d. After t = 1.0 s, the active power is reduced to the capacity range of the
AC-side so that the AC/DC sides can meet the load demand and the active power control of the IC
is not enabled. As can be seen in Figure 12e, the transmitted power Pj. is 0. However, as the AC
microgrid cannot satisfy the reactive power demand, the reactive power control for the ICs is operated
as STATCOM. So the transmitted reactive power Qj. from DC-side is 1.0 kVar.

It is concluded that the IC is a key element of the AC/DC hybrid for energy transmission,
which not only can realize the transfer of active power and maintain the power balance of a hybrid
microgrid system, but also provide reactive power compensation and other functions.
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Figure 12. Simulated results of case 4: (a) the AC load varying current waveform; (b) DC and AC bus
voltage; (c) output active power of units on the DC-side; and (d) output active power of units on the
AC-side; (e) output active power and reactive power of IC.

6. Conclusions

This paper proposes an autonomous power flow control to coordinate distributed components
of a hybrid microgrid, consisting of ES units, PV generators, and interlink converters. The modified
Droop-1 control is presented for PV generators, which considers the specific characteristics of
generation units and avoids output power changes. No communication for the primary control
is required, and the allowable voltage deviation from its nominal value is effectively used.

Furthermore, to avoid voltage limit violation, a novel Droop-2 control strategy is implemented to
DC-side storage. Results show that proper power sharing and supply-demand balancing in islanded
microgrids are achieved without communication. Moreover, the combination (Droop-3) of two control
principles is introduced in order to obtain the advantages of both.

As a key element of a hybrid microgrid, an efficient control scheme of the IC is proposed with
progressive energy flow tuning. Results show that the developed control can operate autonomously
without fast communication links. It allows energy flow across the hybrid microgrid only when
one of two sides is over-loaded, avoiding the operating losses. Furthermore, the IC can operate as
a STATCOM to satisfy the reactive power demand. Finally, simulations results are provided to verify
the effectiveness and performance of the proposed control strategy.
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