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Abstract—After natural disasters, mobile containerized 

renewable energy-based Ad-hoc microgrids could be an 

emergency solution to maintain power supply to critical loads.  In 

this paper, a novel two-layer coordinated control for individual 

and networked Ad-hoc microgrids is proposed. The first layer 

deals with the internal coordination between RE and ESS to 

maintain a stable operation within an Ad-hoc microgrid by using 

bus frequency, thereby without communication links to reduce 

power consumption. When forming the networked Ad-hoc 

microgrids to a critical load with higher load demand, the 

regulations on the bus frequency from each Ad-hoc microgrid will 

result in instability. Therefore, a quasi-SoC balancing control 

strategy for the networked Ad-hoc microgrids is further proposed 

with only binary information exchanges to mitigate the 

interactions caused by the internal coordination control among the 

Ad-hoc microgrids. To verify the effectiveness of the proposed 

control approach, simulation results with Matlab/Simulink are 

presented.   

Keywords—microgrid, networked Ad-hoc microgrids, 

coordinated control, Quasi-SoC balancing control, natural disaster.  

 

I. INTRODUCTION 

Natural disasters, such as earthquakes, tsunamis, and 
hurricane, are the major causes of large-scale power outages 
around the world. For example, the earthquake and tsunami 
occurred in Japan in 2011 caused 2.6 million households were 
without power supply [1]. In August 2019, an earthquake in Java 
Island, Indonesia resulted in a 9-hour blackout affecting 21.3 
million 8620 customers including industries, mass rapid transit, 
and telecommunication system [2]. On 16th March 2022, the 
earthquake happened near Tokyo put more than 2 million homes 
in darkness [3]. Following the Turkey’s earthquakes on 20 Feb. 
2023, its southern province of Hatay has been plunged into 
complete darkness [4]. In 2021, a total of 367 major natural 
disasters occurred worldwide, affecting 127 countries and 
regions [5]. A resilient electrification system capable to deal 

with natural disasters is highly desirable and renewables-based 
scalable and resilient microgrids can be a key solution in this 
regard. After a disaster, the main grid may blackout and gensets 
are shut down for security reasons. In this situation, low-power 
portable containerized microgrids can provide an emergency 
solution so that during two or three days, electricity and/or 
portable water pumps can be provided to relieve the damaged 
area.  

Resilience and recovery in front of extreme grid faults are 
still a technical challenge for microgrids to deal with natural 
disasters. Several research works consider the microgrids 
operation, control, and energy management in normal operating 
conditions. However, microgrids performance during high 
impact low probability (HILP) events including natural disasters 
are not deeply investigated [6]. Recent works show that overall 
availability, robustness, and resilience of the power system can 
be enhanced via microgrids by a) service restoration [7], [8], b) 
reconfigurable network formulation [9], [10], c) robust control 
and flexible stability margins [11], and d) preventive self-
healing and adaptability to the hazard environmental conditions 
[12]. For instance, [13] investigates the ability of MGs for 
restoring electricity services through islanded operation in case 
of HILP events, using advanced Monte Carlo simulations along 
with Markov’s process on a standard IEEE-118 bus system. 
Similarly, [14] shows the enhanced resiliency of the power 
system to keep serving critical loads during extreme weather 
conditions via MG network formation.  

To maintain power supply to critical loads to avoid further 
losses of life, livelihoods, and services after natural disasters, 
Ad-hoc microgrids that are mobile, can be in situ deployed, and 
containerized to supply energy for emergency clinic support and 
clean water provision are a reasonable and feasible microgrid 
formation. The coordinated control for renewable energy 
resources (REs) and energy storage systems (ESSs) within an 
Ad-hoc microgrids is necessary to maintain a stable operation 
and to ensure a sustainable as well as a reliable power supply to 
the critical loads. Several coordinated control strategies for  
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state-of-charge (SoC) balance in a microgrid have been 
proposed [15]-[19] for centralized or distributed topologies by 
means of combining communication technology with 
hierarchical control. However, different from the existing 
studies in which only ESS units are considered, in the case of 
Ad-hoc microgrids, RE and ESS units are included in each Ad-
hoc microgrid. Thereby, two layers coordinated control 
strategies for REs and ESSs within an Ad-hoc microgrid and for 
the networked Ad-hoc microgrids which are connected to a 
critical load need to be further investigated to avoid interactions 
between the internal coordination for RE and ESS and high-level 
regulations for networked Ad-hoc microgrids. Moreover, in the 
contexts of natural disasters, coordinated control methods 
without communication links or with limited communication 
loads are challenges by considering the potential damages on 
communication facilities and power consumption limitations.   

DC/AC

DC/AC

Ad-hoc MG #1

AC/DC

AC/DC

Ad-hoc MG #n

 
Fig. 1.  Networked Ad-hoc microgrid case-study scenario. 

  

In this paper, a novel two-layer coordinated control for 
networked Ad-hoc microgrids is proposed. The first layer deals 
with the internal coordination between RE and ESS to maintain 
a stable operation within an Ad-hoc microgrid by using bus 
frequency as the regulation signal, thereby without 
communication links. When forming the networked Ad-hoc 
MGs, the regulations on the bus frequency from each Ad-hoc 
microgrid may result in instability. Therefore, a quasi-SoC 
balancing controller for networked Ad-hoc microgrids is 
proposed to mitigate the interactions caused by the internal 
coordination control among the Ad-hoc microgrids. At the 
second layer, only binary information exchanged is needed with 
light communication load and low power consumption.  

The paper is organized as follows. Section II introduces the 
configuration of the networked Ad-hoc microgrids. Section III 
presents the control strategy for a single Ad-hoc microgrid. 
Section IV introduces the proposed coordinated control strategy 
for the networked Ad-hoc microgrids to provide sustainable 
power supply to the critical loads against natural disasters by 
achieving quasi-SoC balancing among the Ad-hoc microgrids.  
Simulation results are shown in Section V in order to evaluate 
the feasibility of the proposed. Section VI concludes the paper.  

II. NETWORKED AD-HOC MICROGRIDS CONFIGURATION 

A photovoltaic (PV)-ESS-based networked Ad-hoc MG 
case-study scenario is shown in Fig. 1. Since Ad-hoc microgrids 
are expected to supply to the critical loads for at least three days 
where the utility grid is damaged after nature disasters, the Ad-

hoc microgrids will operate in autonomous mode. Each Ad-hoc 
microgrid composes of PV panels and ESS units and is mobile, 
can be in situ deployed. For a small clinic or a water purify camp, 
one Ad-hoc microgrid could be used. However, for a clinic or a 
water purify station with larger capacities, multi-Ad-hoc 
microgrids need to be interconnected to form the networked Ad-
hoc microgrids to ensure an adequate power supply.     
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Fig. 2.  Control strategy for a single-phase Ad-hoc microgrid 

 

During daylight, the ESSs in an Ad-hoc microgrid, which 
operates as a grid-forming unit, can operate in charging or 
discharging mode to maintain power balance between the PV 
panels and local loads and supply to the critical loads during the 
power outage. To prevent operation failure of ESSs, coordinated 
controllers are required for the PV and ESS units within an Ad-
hoc microgrid and then within the networked Ad-hoc microgrids 
respectively to maintain not only an adequate but also a reliable 
power supply.  

III. CONTROL STRATEGY FOR A SINGLE AD-HOC 

MICROGRID 

Fig. 2 shows the overview of the control strategy for a single-
phase Ad-hoc MG. As observed, the power stage consists of a 
two-leg single-phase inverter connected to a DC link, loaded by 
an Lf - Cf filter and an RLC load, and connected to the utility grid 
by means of a power line. A voltage reference signal composed 
of a constant voltage magnitude reference and the phase output 
from the second order generalized integrator (SOGI) 
synchronous reference frame-based PLL (SRF-PLL) is used. 

Since an Ad-hoc microgrid operates in islanded mode after 
the natural disasters, the power exchange among RE units, ESS, 
and loads should be balanced inside the Ad-hoc microgrid in 
order to keep the stable operation. Therefore, a coordinated 
power control strategy is used based on the SoC of ESS, power 
available from the PV panels, and the power demand [20], [21]. 
In order to keep the minimum power consumption and reliable 
operation, communication-less control strategy is employed by 
using frequency as a bus-signal for the coordinated control. 
Therefore, only local measurements, which indicates a 
decentralized control manner, are needed for power distribution 
among Ad-hoc microgrid elements. 
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Fig. 3.  Proposed control strategy for the networked Ad-hoc microgrids. 

 

A. Relationship between SoC and frequency 

As aforementioned, frequency is used as a bus-signal and a 
mathematical relationship is created to link the SoC variation 
with the bus frequency, as shown below [20], [21].  
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= + −


                   (1) 
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of  is the original bus frequency. SoCoMPP is the SoC start point 

with the maximum power point tracking (MPPT) control at the 

PV side. maxf  is the maximum frequency deviation and 

maxSoC  is the maximum SoC deviation. It can be derived from 

(1), when SoC increases, bus frequency f increases with the 
designed ratio. Therefore, bus frequency f can be used to indicate 
the SoC variations. 

B. Relationship between SoC and frequency 

A relationship between bus frequency and PV output current 
is created by using the following equations [20], [21]. 
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           (4) 

It can be derived from (3) and (4), when SoC is below 0.8, 
the power generation of PV systems follows MPPT algorithm. 
When SoC is equal to or larger than 0.8, the PV output decreases 
according to the bus frequency. Since the bus frequency is 
changing according to the SoC, PV output links to SoC 
variations. Thereby, the variations of bus frequency can be 
measured to indicate the SoC changes, and then to further 
regulate the PV outputs in islanded operation to maintain a stable 
operation and to ensure a sustainable as well as a reliable power 
supply to the critical loads.   

IV. COORDINATED CONTROL STRATEGY FOR NETWORED 

AD-HOC MICROGRIDS 

In case of a large capacity critical load demand which cannot 
be covered by only one Ad-hoc microgrid, for instance a water 
purify station, the networked Ad-hoc microgrids is necessary. In 
order to maintain both stable operation with the coordinated 
control between PV systems and ESSs within a single Ad-hoc 
microgrid and among the networked Ad-hoc microgrids, the 
above-presented coordinated control method needs to be further 
improved to achieve the coordinated SoC control and to avoid 
the potential instability caused by the simultaneous bus 
frequency regulation of the interconnected Ad-hoc microgrids. 
A Quasi-SoC balancing control is proposed in this paper to 
maintain the stable and coordinated operation for the networked 
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Ad-hoc microgrid, as shown in Fig. 3. The control strategy for 
the PV panel interfaced inverters maintains the same as the one 
in Fig. 2. However, the controller for the ESS units is improved 
with an adaptive virtual impedance loop which is linked with 
their SoC values. The proposed controller aims to regulate the 
virtual resistance of the Ad-hoc microgrids according to their 
SoC respectively (VR1*i1 = VR2*i2), thereby regulating the output 
power from each Ad-hoc microgrid. 

A. Charging mode 

The maximum power charging and quasi-SoC balancing 
control with only binary data communication link with 
insignificant power consumption is employed in the charging 
mode with the following control principles:  

• the smaller the SoC, the larger the charging current, and 
the smaller the virtual resistance 

• the larger the SoC, the smaller the charging current, and 
the larger the virtual resistance 

The voltage raise caused by the virtual resistance can be 
restored by using a high pass filter to maintain power quality as 
shown in Fig. 3. 

B. Discharging mode 

In the discharging mode, the quasi-SoC balancing control is 
used with the following control principles: 

• the smaller the SoC, the smaller the discharging current, 
and the larger the virtual resistance 

• the larger the SoC, the larger the discharging current, 
and the smaller the virtual resistance 

In addition, a hysterics/delay is used to avoid interaction and 
frequent mode transition between charging and discharging 
modes.   

V. SIMULATION RESULTS 

In order to verify the effectiveness of the proposed control 
strategies for networked Ad-hoc MGs. The simulation model is 
developed based on Fig.3 in Matlab/Simulink. The simulation 
model is composed of two paralleled Ad-hoc MGs and a 
common load. Each Ad-hoc MG consists of a set of PV panels 
and a battery bank. The control parameters of simulation model 
are shown in the Table I. Clinic Mata Kuta in Lombok, 
Indonesia, is selected as the study case in this paper. The load 
profile is a combination of a typical clinic load profile with the 
maximum capacity of Clinic Mata Kuta.  

A. Simulation results of an Ad-hoc microgrid supplying a 

critical load 

Fig. 4 shows the simulation results of an autonomous 
operated single-phase Ad-hoc microgrid supplying a critical 
load. It’s assumed that the natural disaster causes a power outage 
for three days, the designed single-phase Ad-hoc MG, which 
consists of a 30kWp PV panels and a 60kWh ESS with the 
minimum 20% SoC limit, operates as the solo power source to 
maintain stable power supply to the clinic Mata Kuta for three 
days. Fig. 4 (a) shows the power outputs from the PV panels 
during the three days. Fig. 4 (b) shows the load profile and Fig. 
4 (c) shows the SoC of the ESS during the three days. It can be 

seen that the battery and PV system can maintain stable power 
supply during the outage. Even though the PV output is limited 
on the third day, the ESS continuously discharges to supply the 
load demand and remains above the 20% minimum SoC limit. 

TABLE I. CONTROL PARAMETERS OF SIMULATION 

 
Parameters 

Value 
 Description 

ESS 

inverter 

Vdc DC Voltage 400 V 

Lf Filter Inductance  0.4 mH 

Cf Filter Capacitance 3.3 µF 

Cbat Capacity of ESS 130 AH 

PV 

inverter 

Lif Inverter side Filter Inductance  0.2 mH 

Cf Filter Capacitance 3.3 µF 

Lgf Inverter side Filter Inductance  0.1 mH 

Controller 

(ESS) 

kpv Voltage proportional term 0.01 

kiv Voltage resonant term 3 

kpi Current proportional term 0.0025 

kpPLL PLL proportional term 32.5 

kiPLL PLL integral term 438.3 

ωHPF Bandwidth of HPF 5 rad/s 

k1 Virtual resistance (charging) 5.5 Ω 

k2 Virtual resistance (discharging) 0.1 Ω 

Controller 

(PV) 

kpi Current proportional term 0.003 

kii Current resonant term 0.03 

kpPLL PLL proportional term 32.5 

kiPLL PLL integral term 438.3 

Secondary 

kpω_inv Sync. proportional term for ω 1e-4 

kiω_inv Sync. integral term for ω 5e-4 

kpE_inv Sync. proportional term for E 10 

kiE_inv Sync. integral term for E 20 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.  Simulation results of an Ad-hoc microgrid supplying a critical load for 
three power outage days. (a) power outputs from the PV panels; (b) load profiles; 
(c) SoC of the ESS. 
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(a) 

 
(b) 
 

 

(c) 

 

(d) 

Fig. 5.  Simulation results of the networked Ad-hoc microgrids supplying a 
critical load for three power outage days without the proposed quasi-SoC 
balancing control. (a) power outputs from the PV panels; (b) load profiles; (c) 
SoC of the ESS units; (d) d-axis current outputs. 

 
(a) 

 
(b) 

 

 

(c) 

 

(d) 

Fig. 6.  Simulation results of the networked Ad-hoc microgrids supplying a 
critical load for three power outage days with the proposed quasi-SoC 
balancing control. (a) power outputs from the PV panels; (b) load profiles; (c) 
SoC of the ESS units; (d) d-axis current outputs. 

B. Simulation Results of the Networked Ad-hoc Microgrids 

Supplying a Critical Load without the Proposed Quasi-

SoC Balancing Control 

Fig. 5 shows the simulation results of the parallel connected 
Ad-hoc microgrids supplying a critical load without the 
proposed method. It can be seen that the ESS units and PV 
systems can maintain stable power supply during the outage in 
this case. However, it needs to be noted that instability may 
occur without the proposed coordination control if an increased 
frequency regulation ratio is employed. As observed in Fig. 5 (c), 
the SoC values of the two ESS units of the interconnected Ad-
hoc microgrids are maintain in parallel. It is because that the 
direct current outputs (Iod) of the interconnected Ad-hoc 
microgrids are the same as shown in Fig. 5(d). The Ad-hoc 
microgrid #2 with smaller initial SoC has to be shut down firstly 
once it is out of power, which may result in operation fault 
caused by the overload of the remaining Ad-hoc microgrid #1.   
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C. Simulation Results of the Networked Ad-hoc Microgrids 

Supplying a Critical Load with the Proposed Quasi-SoC 

Balancing Control 

Fig. 6 shows the simulation results of the parallel connected 
Ad-hoc microgrids supplying a critical load with the proposed 
quasi-SoC balancing control. It can be seen that the ESS units 
and PV systems can maintain stable power supply during the 
outage. As observed in Fig. 6 (c), the SoC values of the two ESS 
units of the interconnected Ad-hoc microgrids are progressively 
converged in both charging and discharging modes by 
regulating the virtual impedance and current outputs thanks to 
the proposed quasi-SoC balancing control. As observed in Fig. 
6 (d), the direct current outputs (Iod) of the interconnected Ad-
hoc microgrids are different as they are dynamically adjusted 
depending on the regulatable virtual resistances and the SoC 
values of the Ad-hoc microgrids.  

VI. CONCLUSIONS 

Two-layer coordinated control strategy for single and 
networked Ad-hoc MGs are proposed in this paper to maintain 
stable and sustainable power supply to the critical loads after 
natural disasters. A quasi-SoC balancing control is proposed for 
the networked Ad-hoc microgrids to achieve the coordinated 
SoC control and to avoid the potential instability caused by the 
simultaneous frequency regulation. Simulations results validate 
the effectiveness of the proposed control methods.  

ACKNOWLEDGMENT 

This work was supported by Tech-IN project (Granted by 
Danish Ministry for foreign affairs and supported by Danida 
Fellowship Centre Under grant #20-M06-AAU); 
www.energy.aau.dk/tech-in. 

REFERENCES 

[1] The Guardian, “Tsunami, earthquake, nuclear crisis – now Japan faces 
power cuts”, https://www.theguardian.com/world/2011/mar/13/japan-
tsunami-earthquake-power-cuts   

[2] The Jakarta Post, “Millions affected by major blackout to be compensated: 
PLN”, available online: 
https://www.thejakartapost.com/news/2019/08/05/millions-affected-by-
major-blackout-to-be-compensated-pln.html  

[3] CBS NEWS, “Deadly earthquake in Japan knocks out power to millions, 
prompts brief tsunami advisory”, available online: 
https://www.cbsnews.com/news/japan-earthquake-tsunami-advisory-
fukushima-tokyo-power-outages/  

[4] The Eastern Herald, “Turkey’s Hatay Province Without Power Due To 
Earthquake”, https://www.easternherald.com/2023/02/21/turkeys-hatay-
province-without-power-due-to-earthquake/  

[5] 2021 Global Natural Disaster Assessment Report, 
https://www.preventionweb.net/publication/2021-global-disaster-
assessment-report; Accessed: Feb. 2023.  

[6]  Panteli, M., Pickering, C., Wilkinson, S., Dawson, R. and Mancarella, P. 
(2017). Power system resilience to extreme weather: Fragility modelling, 

probabilistic impact assessment, and adaptation measures, IEEE 
Transactions on Power System, 32, 3747–3757 (2017). 

[7] Che, L., Khodayar, M. and S., M. (2014) “Only connect: Microgrids for 
distribution system restoration, IEEE Power and Energy Magazine, 12(1), 
70–81. 

[8] Xu, Y. and Liu, W. (2011). Novel multiagent based load restoration 
algorithm for microgrids, IEEE Transactions on Smart Grid 2(1), 152–
161. 

[9] Ren, L. Y., Qin, Y. Y., Wang, B., Zhang, P., Luh, P. B., and Jin, R. F 
(2017). Enabling resilient microgrid through programmable network. 
IEEE Transaction on Smart Grid 8(6), 2826–2836. 

[10] Chen, C., Wang, J., Qiu, F., and Zhao, D. (2016). Resilient distribution 
system by microgrids formation after natural disasters, IEEE Transaction 
on Smart Grid 7(2), 958–966. 

[11] Che L. and Shahidehpour, M. (2014). DC microgrids: Economic 
operation and enhancement of resilience by hierarchical control, IEEE 
Transaction on Smart Grid 5(5), 2517–2526. 

[12] Pashajavid, E., Shahnia, F., and Ghosh, A. (2017). Development of a self-
healing strategy to enhance the overloading resilience of islanded 
microgrids, IEEE Transaction on Smart Grid 8(2), 868–880. 

[13] Liu, X. Shahidehpour, M. Li, Z., Liu, X., Cao, Y. and Bie, Z. Microgrids 
for enhancing the power grid resilience in extreme conditions (2017). 
IEEE Transaction on Smart Grid 8(2), 589–597. 

[14] Sedzro, K. S. A., Lamadrid, A. J., and Zuluaga, L. F. (2018). Allocation 
of resources using a microgrid formation approach for resilient electric 
grids. IEEE Transanction on Power System. 33(3), 2633–2643. 

[15] Y. Guan, J. M. Guerrero, J. C. Vasquez. “Coordinated secondary control 
for balanced discharge rate of energy storage system in islanded 
microgrids,” Power Electronics and ECCE Asia (ICPE-ECCE Asia), 2015 
International Conference on, 1-5 June 2015, Seoul, PP. 475-481.  

[16] X. Lu, K. Sun, Guerrero, J.M. Vasquez, J.C. L. Huang, “State-of-Charge 
Balance Using Adaptive Droop Control for Distributed Energy Storage 
Systems in DC Microgrid Applications,” Industrial Electronics, IEEE 
Transactions on, vol.61, no.6, pp.2804-2815, June. 2014 

[17] Kakigano, H.; Miura, Y.; Ise, T., “Distribution Voltage Control for DC 
Microgrids Using Fuzzy Control and Gain-Scheduling Technique,” 
Power Electronics, IEEE Transactions on, vol.28, no.5, pp.2246-2258, 
May 2013. 

[18] Chendan Li, Dragicevic, T., Diaz, N.L., Vasquez, J.C., Guerrero, J.M., 
“Voltage scheduling droop control for State-of-Charge balance of 
distributed energy storage in DC microgrids,” Energy Conference 
(ENERGYCON), 2014 IEEE International, 13-16 May 2014, Cavtat, pp: 
1310-1314. 

[19] Y. Guan, L. Meng, C. Li, J. C. Vasquez and J. M. Guerrero, "A Dynamic 
Consensus Algorithm to Adjust Virtual Impedance Loops for Discharge 
Rate Balancing of AC Microgrid Energy Storage Units," in IEEE 
Transactions on Smart Grid, vol. 9, no. 5, pp. 4847-4860, Sept. 2018. 

[20] SMA, Technical Information PV Inverters Use and Settings of PV 
Inverters in Off-Grid Systems, https://www.sma-sunny.com/wp-
content/uploads/2016/12/SB-OffGrid-TI-en-42.pdf  

[21] D. Wu, F. Tang, T. Dragicevic, J. C. Vasquez and J. M. Guerrero, 
"Autonomous Active Power Control for Islanded AC Microgrids With 
Photovoltaic Generation and Energy Storage System," in IEEE 
Transactions on Energy Conversion, vol. 29, no. 4, pp. 882-892, Dec. 
2014, doi: 10.1109/TEC.2014.2358612. 

 

 

 

1020

https://www.energy.aau.dk/research/research-groups/crom/research-and-projects/microgrid-technologies-for-remote-indonesian-islands-tech-in
https://www.theguardian.com/world/2011/mar/13/japan-tsunami-earthquake-power-cuts
https://www.theguardian.com/world/2011/mar/13/japan-tsunami-earthquake-power-cuts
https://www.thejakartapost.com/news/2019/08/05/millions-affected-by-major-blackout-to-be-compensated-pln.html
https://www.thejakartapost.com/news/2019/08/05/millions-affected-by-major-blackout-to-be-compensated-pln.html
https://www.cbsnews.com/news/japan-earthquake-tsunami-advisory-fukushima-tokyo-power-outages/
https://www.cbsnews.com/news/japan-earthquake-tsunami-advisory-fukushima-tokyo-power-outages/
https://www.easternherald.com/2023/02/21/turkeys-hatay-province-without-power-due-to-earthquake/
https://www.easternherald.com/2023/02/21/turkeys-hatay-province-without-power-due-to-earthquake/
https://www.preventionweb.net/publication/2021-global-disaster-assessment-report
https://www.preventionweb.net/publication/2021-global-disaster-assessment-report
https://www.sma-sunny.com/wp-content/uploads/2016/12/SB-OffGrid-TI-en-42.pdf
https://www.sma-sunny.com/wp-content/uploads/2016/12/SB-OffGrid-TI-en-42.pdf

