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Abstract

The integration of renewable energy sources (RES) into minigrids presents challenges related to
grid stability, load balancing, and efficient energy utilization. Interconnected minigrids, when
managed effectively, can maximize RES power utilization, and provide better load support thus
enhancing power system reliability. However, achieving seamless power flow between these
minigrids requires some creative approaches towards solutions. Back-to-back converters play a
huge role in managing power flow within interconnected minigrids. By enabling bidirectional
energy exchange, these converters enhance power flow management which entails improving
reserve capacity utilization and keeping the frequency in both the minigrids within acceptable
range. In this study, the model system comprises two standalone minigrids, each with its own
RES, and loads, interconnected to the AC bus via back-to-back converters. A global droop control
scheme is applied to manage the power sharing between the interconnected minigrids. The key
parameters being monitored are the active power (P) and the frequency (f) and the performance
of the back-to-back converters proposed is validated through MATLAB/Simulink simulations and
the results compared based on these scenarios: the two minigrids interconnected with the back-
to-back converters without global droop control scheme to a global load, and the two minigrids
interconnected and operating with global droop control to the global load. The study resulted in
the system model maintaining a stable frequency of 60Hz corrected down from 60.3Hz and
60.05Hz during the solar generation dip and a reduced peak ROCOF of 4Hz/s down from 7Hz/s.
Load demand also shared equally with each minigrid supplying 0.5 pu active power, contributing
to an enhanced power flow management system for interconnected AC minigrids by leveraging
back-to-back converters and droop control.
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1.0 Introduction

The global energy landscape is undergoing a significant transformation driven by the urgent
need to mitigate climate change and reduce dependence on fossil fuels. Renewable energy
sources (RES) such as solar, wind, and hydropower have emerged as pivotal elements in pursuing
a sustainable and environmentally friendly energy system. According to the International Energy
Agency (IEA), renewable energy accounted for nearly 30.2% of the world's electricity generation
in 2023, a figure expected to rise in the coming decades (International Energy Agency, 2023).
This shift towards RES integration is essential for reducing greenhouse gas emissions and
achieving global climate goals for net-zero emissions. However, the large-scale integration of RES
into power grids presents challenges, including grid stability, load balancing, and efficient energy
utilization. Unlike conventional power plants, RES are often intermittent and decentralized,
leading to difficulties in maintaining a stable and reliable power supply. The variability in power
generation from renewable sources necessitates innovative solutions to ensure a balanced and
stable grid. This is where minigrids—localized grids that can operate independently or in
conjunction with the main power grid—come into play. Interconnected minigrids, where
multiple minigrids are connected to each other, can further enhance power system reliability by
enabling power sharing and load balancing (Stringer, 2008). Minigrids are increasingly being
deployed in both developing and developed regions. In Africa, for instance, minigrids powered
by RES are being used to electrify remote and rural areas not connected to the main grid,
offering a decentralized approach to energy distribution that enhances energy security and
resilience. This is made possible through various programs such as the Africa Minigrids Program
(AMP) by United Nations Development Programme (UNDP) (UNDP, 2025). In more developed
regions, minigrids are being integrated into urban infrastructure to support smart cities and
enhance grid reliability. Therefore, we can derive multiple benefits from these minigrids
including but not limited to: continuous supply- free from outages caused by Extreme weather,
ageing, physical attacks, and cyberattacks to the nation’s electricity infrastructure (Mo, 2019),
Despite these benefits, the integration of multiple minigrids poses additional challenges,
particularly in ensuring seamless power flow between interconnected minigrids. Advanced
control strategies and power management systems are required to address these challenges
(Mohamed, et al., 2008) (Monesha, et al., 2016) (Rathor & & Saxena, 2020). Since the modelling,
design and planning requirements are different from conventional fuel-based systems, which
most people are already aware of (Zerriffi, 2011), appropriate design is crucial. Poor design leads
to reduced longevity for the minigrids. Given the varying operational behaviors of loads and
generation, it is also important to identify the minigrid modes of operation which is a challenging
task (Cagnano, et al., 2020).

Back-to-back (BTB) converters, which facilitate bidirectional energy exchange, are crucial in this
context. A BTB converter is basically a rectifier, and an inverter interfaced using a DC link
capacitor hence it is an AC-AC converter (Ojha, et al., 2013) (Carlsson, 1998). These converters
manage power flow and help maintain frequency stability and optimize reserve capacity
utilization (Anon., 2004).
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Researchers have addressed minigrid interconnection in various structures and control
topologies most similar to those used for microgrid interconnection. An optimal energy
management strategy for multi-energy multi-microgrid (MMG) networks was discussed in
(Zhong, et al., 2022), focusing on minimizing operation costs and carbon emissions. The strategy
includes day-ahead and intra-day phases to handle uncertainty effects of RES generation and
load demands. A hierarchical stochastic energy management system was proposed for operation
management of interconnected microgrids in (Bazmohammadi, et al., 2019). At the upper level,
a central entity is responsible for coordinating the operation of minigrids while at the lower-
level, a decision-making approach based on chance-constrained model predictive control is
adopted for local operation management of each minigrid considering various sources of
uncertainties. A Distributed Model Predictive Control (DMPC) scheme was presented to optimize
the power flow management of microgrids in smart grid environment in (Xu, et al., 2013).

This study investigates the use of BTB converters in interconnected minigrids to enhance power
flow management. The use of BTB converters in interconnected minigrids can enhance power
flow management, particularly when combined with droop control strategies that adjust power
output based on local frequency and voltage deviations. This decentralized approach simplifies
system operation and reduces reliance on a central controller, making it suitable for scalable and
flexible minigrid systems.

Section Il of the paper focuses on modeling two standalone AC minigrids and designing the BTB
converters to interface each minigrid to a medium voltage AC bus. Section lll focuses on
implementing the control strategies for each converter including the global droop control
scheme to maintain frequency stability and optimize power sharing as well as simulation
scenarios. Section IV presents the simulation results obtained from MATLAB/Simulink, whereas
section V gives the conclusions and recommendations.

2.0 Methodology

2.1 Minigrid model

Each minigrid consists of a PV array model that accurately represents the PV cells’ V-I
characteristics considering the temperature and irradiance effects. Series and parallel
connection of PV modules to match the inverter's DC voltage input rating. A boost converter is
utilized to achieve the DC voltage of 1000V required by the PV’s inverter as the PV gives out
about 650V at maximum power point. The PV array is arranged in 190 parallel strings to achieve
a current of 1554A at MPP and in 19 series strings to achieve a voltage of 650V. This
arrangement provides a capacity of about IMW from the PV array at MPP of 1000W/m? and
temperatures of 25°C.
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Table 1. Array module parameters used.

Parameter Value
Maximum power 355.01wW
Open circuit voltage, Voc 51.9v
Short-circuit current, Isc 8.68A
Voltage at maximum power point, Vmp 43.4V
Current at maximum power point, Imp 8.18A

Array type: User-defined;
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Figure 1. PV Array characteristics

Figure 1 shows the characteristics output from the PV array with the modules arrangement in
the format mentioned above. At MPP the voltage output is 651V and current 1554.2A ending up
with an output power of 1011780W =1MW at 1000W/m?.

The inverters were modelled as three-phase VSIs rated at 1MVA each, implementing PWM
modulation and LC filters connected to the output to attenuate harmonics. The local loads were
modelled as fixed capacity loads of 500kW on Minigrid 1 and 100kW/ 20kVAr on the second one.
Each minigrid was interconnected to the other via back-to-back converter was modelled using a
3-phase rectifier and an inverter with a DC link capacitor interfacing the two. The rectifiers were
modelled using a universal bridge from the Simulink library with thyristors as the power
electronics devices used for switching, all rated a 1IMVA. The inverter was modelled using a 2-
level converter, model type: switching function. The back-to-back converter were followed by an
LC filter to attenuate the harmonics generated by the converters.
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Figure 2. Minigrid Model used

Figure 2 shows the minigrid modelled in Simulink environment with the PV as the generation and
the back-to-back converter for the interconnection to the second minigrid. The minigrid side
AC/DC converter (local converter) regulated the DC link voltage while the global MVAC bus
DC/AC converter (global converter) regulated the power exchange between the local minigrid
and the rest of the system via the droop control. The conventional droop control achieves the
synchronized state between the two minigrids and collectively controls the global AC bus.
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Figure 3. The two minigrids interconnected with global loads.
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Figure 3 shows the complete interconnection of the two minigrids to the global loads. Each
minigrid was interfaced with the common AC bus via a 480/600V transformer rated 1IMVA. The
global loads are modelled as three with fixed capacities of 200kW, 300kW/ 10kVAr and 500kW/
100kVAr bringing the total global load to 1000kW/110kVAr.

2.2 Control strategies

2.2.1 Control of the Solar PV

The solar PV was controlled via the boost converter to extract the maximum power at the
different irradiance and temperature levels. The control scheme applied was based on the
Perturb and Observe technique for maximum power point tracking.

Figure 4. Flowchart for P & O algorithm

Figure 4 shows the flowchart for extracting maximum power from the PV panel based on the
Perturb and Observe MPPT algorithm.

2.2.2 Control of PV inverter
The PV inverter is controlled to maintain a DC side voltage of 1000V and AC output of 1000V gwvs.

URL: https://ojs.jkuat.ac.ke/index.php/JAGST 170
ISSN 1561-7645 (online)
doi: 10.4314/jagst.v25i4.10




Journal of Agriculture Science & Technology JAGST SPECIAL ISSUE, 165 - 186

Figure 5: Control scheme for PV inverter.

From Figure 5, the control scheme has Vdc_ref set to 1000V dc. With a modulation index of 1,
the output AC voltage is about 1000V ac. The nominal primary voltages are specified as the local
load RMS line voltage.

2.2.3 Control DC/AC (local) side converter

The DC/AC side converter, which is a rectifier, is controlled to produce and maintain a DC voltage
of about 1000V to be fed to the inverter side of the back-to-back converter. The control scheme
follows the one shown in fig. 5 only that the nominal primary voltages were specified as the LC
filters RMS line voltage.

2.2.4 Control of the DC/AC (global) side converter

The AC side converter (global converter) is responsible for the power exchange between the
minigrid and the rest of the network and is collectively controlled by all the global converters via
droop control on the global sides. The global converter needed to export or import power
depending on the status of the minigrid’s local frequency. The power-sharing between the global
converters depends on the power setpoints and loads on the AC bus, as shown in the next bit.

f=f-—- kf(Pmeas — Pg)

(1)
V=V,—- kv(Qmeas - QS)

With the frequency droop set to 1%, and to achieve equal power sharing between the two
minigrids, the power and voltage setpoints, Py and Qg were set to 0.5pu. The final P-f and Q-V
droop equation becomes:
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f=1— 0.01(Pypqs — 0.5)

V=1- 0.04(Qeqs — 0.5)

Figure 6. Droop control scheme

Figure 6 shows the droop control scheme as realized from equation 2 using control system
toolbox on Simulink environment.

Figure 7. Global side converter control
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From figure 7, the complete control scheme for the back-to-back converter’s global side
converter is realized. The generated f and V values from equation 2 shown as [freq] and [Vout]
on the control scheme in figure 6, are fed to the measurements and voltage regulator blocks.
These blocks are used to generate the dg axis values which are then used to generate the
reference voltages for the PWM generator. Lastly the pulses from the PWM generator are used
for switching functions on the global side converter.

Table 2. Simulation model parameters

Parameter Symbol Value
Nominal frequency Fo 60 Hz
Nominal MVAC bus voltage Vo 600V
Nominal DC link voltage Vdc 1000
Frequency droop coefficient Kt 1%
Voltage droop coefficient Kv 4%

2.2.5 Simulation and results

After modelling, the system was independently simulated in two scenarios for comparison and
evaluation of the droop control strategy as applied on the back-to-back converters. With the
primary parameters for analysis and evaluation being the frequency and active power, the
frequency deviation and Rate of Change of Frequency (ROCOF) indices were used for frequency
monitoring.

Frequency deviation is the maximum deviation of the system’s frequency from the nominal
value, in this case 60Hz. This gives us an overall sense of how much the system frequency
fluctuates. The deviation is obtained by using the subtract block to get the difference with the
nominal value. The output from that was then passed through the absolute block to get only
positive values.

ROCOF measurement is critical for high-renewable low-inertia power grid as it is an important
indicator of frequency stability. The ROCOF measures how quickly the frequency changes in Hz/s.
For a high value, the ROCOF indicates a rapid imbalance between generation and load, a sign of
potential instability. The formula for ROCOF can therefore be taken as:
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where t is the time stamp and f(t) is the frequency at time t. This was obtained from the
derivative block from Simulink library.

Figure 8. ROCOF and Frequency Deviation connection

Figure 8 shows the connection to obtain the ROCOF and Frequency deviation indices which were
logged for further analysis in the data inspector or via MATLAB commands.

The simulation was done with the interconnected minigrids set with droop control scheme
disabled to get a reference point for comparison. The second scenario droop control was
enabled. This was all conducted with the intermittencies of solar generation simulated through a
varying irradiance to the solar PV array. The irradiance was set to vary from 1000W/m? to
750W/m? and then back to 1000W/m? at 0, 1 and 2 seconds, respectively. This was however not
instantly varied but ramped up and down via a scenario set up using the signal editor function in
Simulink.
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Figure 9. Irradiance Ramp scenario

Figure 9 shows the scenario set up on the signal editor in Simulink to ramp up and down the
solar irradiance between 1000W/m?to 750W/m?

3.0 Results
3.1 Droop control disabled

Figure 10. Overall results at the PCC with droop disabled.
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Figure 10 shows the PCC voltage, frequency and Power, both active and reactive, with the droop
control strategy disabled. The dip in voltage and active power is because of the varied irradiance
between one and two seconds. The irradiance being reduced led to the MPPT control adjusting
the duty cycle for the boost converter to extract maximum power at the ramped down
irradiance.

3.2 PCC power

With the reduction in the irradiance, the maximum active power generated by the solar PV array
was about 760kW as noted from figure 3.1. Thus, the total global power supplied was reduced to
about 920kW. This can be shown mathematically as:

Minigrid 1 has a local load of 500kW, hence it can supply the global load with 500kW at
full irradiance and about (760 - 500) = 260kW at 750W/m? irradiance.

Minigrid 2 has a local load of 100kW hence it can supply the global load with 900kW at
full irradiance and about (760 — 100) = 660kW at 750W/m? irradiance. This therefore
brought the total capacity to 920kW at the reduced irradiance.

Reactive power was not affected as much since unlike active power majorly derived from the
solar array, reactive power is derived from the inverters which were still capable of producing
the reactive power even during the irradiance ramp down.

3.3 PCC frequency

The frequency was affected the most by the dip in irradiance since it is directly influenced by the
active power. For low inertia power systems like the renewable based generations, there is not
enough inertia in the system to damp any oscillations arising from sudden dips or demands in
load. Observing the period between 0.5s and 2.5s the frequency oscillations arise because of the
active power contributions not being coordinated, leading to imbalances. They persisted up to
about 4 seconds due to lack of damping mechanisms like inertia or droop control before
eventually dying down, characteristic of an underdamped power system.
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Figure 11. PCC Frequency deviation from nominal value with droop disabled

Figure 11 shows the frequency deviated obtained from the absolute value of (fmeasured -fo) With
the nominal frequency, fo being 60Hz. The frequency deviation follows the PCC frequency plot
with the major oscillations seen during the transient irradiance drop period of 0.5s to 2.5s. The
stable deviation is at about 0.3Hz which corresponds to a PCC frequency value of 60.3Hz without
droop. The highest deviation was at the startup of the power system when the solar array tried
to reach steady supply to match the connected loads. The second largest deviation was at
around 2.5s when the irradiance finally went back to 1000W/m? with a deviation of 0.5Hz. This
follows the imbalance that occurred between the generation and loading and the low inertia
available to dampen the sudden decrease and increase in generation from the solar array.
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Figure 12. Rate of Change of Frequency with droop disabled.

Figure 12 shows the Rate of Change of Frequency (ROCOF) with the droop control disabled. The
ROCOF shows the frequency stability suffers the most during the transient irradiance dip from
0.5s to 2.5 seconds.

3.4 PCC voltage
The voltage showed a dip during the 0.5s - 2.5s irradiance dip. This was due to the imbalance
between the generation and load.

3.4.1 Minigrids power contribution
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Figure 13. Active power supply from Minigrid 1(Red) and Minigrid 2(Blue)

Figure 13 shows the Power contributions from both minigrids with the droop control disabled.
The power is shared unevenly between the two with minigrid 2 (Blue), having to supply more
power because the smaller local load allows it to supply more compared to minigrid 1 which has
a significantly larger local load. The oscillations seen during the transient dip in irradiance shows
that there is low inertia available to provide the support needed to stabilize the output from the
minigrids supply. The output eventually reaches a more stable point shortly after the irradiance
ramps up to 1000W/m?.

3.5 Droop control enabled.

URL: https://ojs.jkuat.ac.ke/index.php/JAGST 179
ISSN 1561-7645 (online)
doi: 10.4314/jagst.v25i4.10




Journal of Agriculture Science & Technology JAGST SPECIAL ISSUE, 165 - 186

Figure 14. Overall results at the PCC with droop enabled.

Figure 14 shows the overall results at the PCC after droop control scheme was enabled on the
back-to-back converters, specifically on the DC-AC (global) side inverter. The irradiance was still
ramped down to 750W/m? at 0.5s and back up to 1000W/m? at 2.5s.

3.5.1 PCC power

The PCC active power still suffers the same dip to about 920kW since there is no supplementary
source to supply the loads with active power like a battery energy storage system, ESS. The
reactive power remains unaffected since the inverters supply reactive power. The slopes present
at the power dips are however less steep because of the droop control measure to stabilize the
frequency deviations during the power dips.

3.5.2 PCC frequency

From figure 4.5, the frequency chart shows a significant improvement in the spikes that were
present with droop disabled, particularly during the transient drop in generation. The frequency
has been brought down to about 60.05Hz in the generation dip zone and to a stable 60Hz from
60.3Hz in the droop disabled simulation. The settling time after the disturbance is faster
compared to the previous case with droop disabled.
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Figure 15. Frequency deviation with droop control enabled.

Figure 15 shows the frequency deviation from nominal value taken as 60Hz at the PCC which
follows the frequency chart on figure 14 similar to the case of droop being disabled. There is
clearly a significant improvement from figure 11 which shows the frequency deviation with
droop control disabled. The remaining major deviations occur during the time the irradiation
starts to ramp down and up back to 1000W/m?. The P-f adjustment by a coefficient of 1%
resulting in an allowable deviation of 0.6 Hz from the nominal value. In this case the droop
control brought it down to 60Hz which is the system’s nominal value.
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Figure 16. Frequency deviation with droop enabled (Red) and without droop (Blue)

Figure 16 shows the comparison of the frequency deviation for both cases, for droop disabled
and when it was enabled. The droop control scheme brought down the deviation to near zero
during the non-disturbed period and significantly reduced the major oscillations in the irradiation
dip period.

Figure 17. Rate of change of frequency with droop enabled.
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Figure 17 shows the ROCOF index with the droop control enabled. The ROCOF has significantly
smaller oscillations compared to when droop was disabled. This highlights the improved dynamic
performance of the droop enabled on the global inverters in relation to frequency stability. The
highest ROCOF during the generation dip was about 7 Hz/s before droop control was enabled
which has been reduced to about 4 Hz/s after enabling droop control.

Comparison of ROCOF (With and Without Droop)
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Figure 18. ROCOF without droop (Blue) and with droop enabled (Red)

Figure 18 shows the comparison of the ROCOF for the droop enabled simulation and without
droop on a single plot. The rate of change of frequency has clearly been improved by the droop
control, producing a less erratic result, with lower peaks for the major oscillations that are
present on the droop disabled case scenario.
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3.5.3 PCC active power
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Figure 19. Active power from Minigrid 1 (Red) and 2 (Blue) with droop control enabled.

Figure 19 shows the active power supplied by both minigrid 1 and 2 with droop control enabled.
Compared to the results from the droop disabled case, the oscillations during the irradiance
reduction period. The power contributions are still uneven due to the local loads consumption
limiting even power sharing. When the irradiance goes back up and generation is now sufficient,
the active power from both minigrids now start to converge at 0.5pu which in this case means
they start to share the global loads, totaling to 1MW equally.

4.0 Conclusions

In this work, the proposed structure and power flow management system for two
interconnected AC minigrids using back-to-back converters and power transformers to form a
common AC bus have been formulated and evaluated in MATLAB/Simulink. The proposed
converters’ controller utilizes the droop control to manage the power flow between
interconnected minigrids and is implemented without any complex communication links
between the minigrids.

The study successfully demonstrates that minigrids can operate within prescribed frequency
limits while balancing the supply to the global loads. The system model maintained a stable
frequency of 60Hz corrected down from 60.3Hz and 60.05Hz during the solar generation dip.
The load demand was also shared equally with each minigrid supplying 0.5 pu active power.
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Model Validation

The simulation model was validated by verifying its consistency with droop control theory and
compliance with IEEE operational standards for inverter-based systems. With a frequency droop
coefficient of 1%, the expected steady-state frequency deviation is +0.6 Hz for a nominal
frequency of 60 Hz. Simulation results show that the system frequency was regulated close to 60
Hz and limited to approximately 60.05 Hz during solar irradiance transients, confirming correct
droop behavior. Peak ROCOF values were reduced from about 7 Hz/s to 4 Hz/s after enabling
droop control, demonstrating improved dynamic stability consistent with I[EEE Std 1547-2018
requirements for distributed energy resources. Furthermore, active power sharing converged to
equal contributions of 0.5 pu per minigrid under steady-state conditions, in line with IEEE Std
2030.7-2017 guidelines for microgrid controllers. These results confirm that the model
adequately represents practical interconnected AC minigrid behavior.
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