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A B S T R A C T   

This work investigates the performance of a community microgrid (C-μGrid) in an islanded mode of operation. A 
control structure has been developed, which focuses on transient stability of the primary controllers (PCs) of 
individual distributed energy resources (DERs) in the community, and also when the DERs work in tandem to 
balance load and generation. This approach shows a method for decoupling the state vectors of a highly coupled 
system, so that the system parameters can be regulated separately with accuracy, speed and stability. This work 
also demonstrates a technique for analysing and minimizing the impact of communication delays, which may 
exist between two controllers at different hierarchies. Besides, our analysis shows that power transferred between 
the multiple buses of a C-μGrid causes voltage variation that is different from traditional power distribution. 
Accordingly, a power transfer method has been proposed. These aforementioned control designs have been 
modeled for a C-μGrid structure that forms part of a modified IEEE 13 bus system, and simulated in real-time 
using OPAL-RT. A comparative analysis has been performed between DER voltage references provided by 
traditional optimal power flow (OPF) and our proposed method of power transfer. The simulation results show 
stable system operation during normal condition, and post delay recovery, when our developed control and 
power transfer methods are used. However, certain combinations of voltage references provided by OPF de-
stabilizes the PCs and degrades the quality of power injection into the grid. These results have been utilized to 
characterize the functional requirements of a C-μGrid Central/Distributed Controller.   

1. Introduction 

DERs are essential alternatives to fossil fuel in our effort towards 
obtaining clean energy. An architecture in which DERs are managed to 
operate in both grid-connected mode and islanded mode is referred to as 
a Microgrid [1–3]. Microgrids provide sustainability and resiliency to 
the utility grid [4,5] by enabling a high penetration of DERs. However, 
the implementation and operating cost of microgrid is high, rendering a 
trade-off between cost and reliability. 

Urban areas are major consumers of electricity that are characterised 
by limited space, and hence distribution cables are often underground. 
As a result, urban power distribution networks remain immune to low 
frequency high impact events at the transmission level. This poses an 
opportunity for the distribution network to isolate itself from the 
transmission system, and form a network of microgrids leveraging the 
existing distribution infrastructure (Fig. 1). Such a structure is called C- 
μGrid, which helps in reduction of typical microgrid costs and 

limitations (e.g, space) by sharing cost and resources [6,7]. Some 
existing C-μGrid projects around the world, comprising different load 
carrying capacities and combinations of DERs, are reported in [8–10]. 

C-μGrid comprises multiple stakeholders with unique operation and 
management objectives, where the control objectives of individual DERs 
vary during grid-connected mode and emergency islanding mode. 
Hence, a hierarchy of control protocol is essential for achieving the 
common goals of sustainability, resiliency and cost [11]. At the lowest 
level in this hierarchy, primary controllers (PCs) regulate the power 
electronic converters of DERs locally. At the next level, a secondary 
C-μGrid central/distributed controller (C-μGrid-C/D-C) is required to 
provide set-points to these PCs for optimizing control objectives that 
encompass generation and load balance, battery management with 
provision for emergency, and decision to connect or isolate from the 
main grid. This controller must communicate with a higher tertiary level 
controller, which is a distribution management system [12]. 

In the existing literature, different algorithms for designing the C- 
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μGrid-C/D-C have been proposed, with a focus on energy management 
and trading [13–15]. These studies analyze the business aspect of power 
sharing by the multiple microgrids such that the cost of power transfer is 
optimized. These studies, however, are based on assumptions of tran-
sient and steady-state stability of the PCs. This is predominantly because 
there exists extensive research on design and stability of PCs for parallel 
operation of DERs [16,17]. However, these designs cannot be extrapo-
lated to the C-μGrid concept because the loads and DERs are shared 
among multi-points of coupling instead of a single point of common 
coupling (PCC). Therefore, voltage and angle are no longer the common 
global variables, rendering popular methods like P − δ,Q − V droop 
[18–20] ineffective. Besides, because of the physical distance between 
the multiple microgrids and loads, the C-μGrid-C/D-C must rely on 
communication infrastructure for receiving measurements from the 
system and sending control actions to the PCs. This poses possibility for 
signal degradation due to communication latency, thereby impacting 
the transient stability of a C-μGrid. 

In this work, we have highlighted the vulnerabilities of a C-μGrid in 
islanded mode of operation and proposed a control approach for 
improved system performance. The contributions of this work are: 1) 
Design methods for voltage and current controllers so that those are 
stable against load variation while ensuring fast response and quality 
signal injection; 2) A technique for incorporating the impact of delays, 
between the PCs and C-μGrid-C/D-C, into the control analysis, and 
minimize its impact on the transient stability of a C-μGrid; 3) A pro-
cedure for evaluating the power transferred from source to sink, as a 
function of increased loading, by considering the dynamics of the 
renewable energy resources. This is essential for determining the 
receiving end voltage profile. These design methods have been tested in 
a C-μGrid that forms part of a modified IEEE-13 bus system. A detailed 
model of this system has been simulated in a real-time testbed using 
OPAL-RT.  

Fig. 1. An overview of distribution network with provision for C-μGrid.  Fig. 2. Overview of control parameters of individual DERs.  
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ẋ4k

⎤

⎥⎥⎥⎥⎥⎦
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0 0

− 1
Cfk

[ 1
Lfk

+ 1
Li

]
0 0 ω εma−k

LfkCfk

Ri

CfkLi
0

0 0 0 1 0 0 0

0 −ω − 1
Cfk

[ 1
Lfk

+ 1
Li

]
0 0 0 Ri

CfkLi

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1k

x2k

x3k

x4k

x5k

x6k

x7k

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

− Rfk

CfkLfk
0

0 0

0 − Rfk

CfkLfk

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
u1k

u2k

]

(1)  

vdk−i =
(
sLfk + Rfk

)

s2LfkKVP − s
[
esτ −

(
RfkKVP − LfkKVI

)]
+ RfkKVI

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

sKVP + KVI 0 0 0
0 −sωCfk 0 0
0 0 s 0

0 0 0 sesτ

sLfk + Rfk

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

v∗dk−i

vqk−i

id−i

vd−inv

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)   

O. Dutta and A. Mohamed                                                                                                                                                                                                                    



Fuel Communications 18 (2024) 100105

3

2. C-μGrid structural design 

The structural layout of a C-μGrid entails a design approach that 
ensures stability for both individual microgrids, and when multiple 
microgrids work in tandem to share loads. In this section, a hierarchy for 
the PCs of the C-μGrid in islanded mode and their design have been 
proposed, along with the determination of stability margins. This C- 
μGrid consists of N number of buses with K number of DERs. Fig. 2 shows 
the connection of the kth DER to the ith bus. In the absence of a grid and 
other power sources, this DER must maintain the voltage at that bus and 
its connected buses, while supplying the loads. Thus, the control design 
must ensure stability of frequency, voltage and current within a wide 
variation of loads. In conventional methods, both the voltage and cur-
rent controllers are designed by considering only the inverter filter as 
the plant to be controlled. However, the following analysis demonstrates 
the vulnerability of the bus voltage to filter design, while that of the 
current to the equivalent impedance seen by the inverter at the PCC. 

2.1. Design of voltage controller (VC) 

In a C-μGrid, due to small XR ratio, the transfer of power from one bus 
to another is primarily dependent on voltage difference between the 
buses. Hence, considerable accuracy in tracking reference signals is the 
primary feature of the VC. The measured 3 − ϕ voltage (vi) across the 
filter capacitor (Cf ), after Park Transformation, is regulated by the VC by 
modulating the filter current (if−d/q). The direct-axis (vd−i) and 
quadrature-axis (vq−i) voltages are functions of the load current (id/q−i), 
and the inverter output voltage (vinv). Besides, vinv depends on the DC 
voltage (Vdc) of a DER, which varies with the state of charge in a battery 
or solar irradiace in a PV system. Thus, the states, input, output and 
control variables of the system in Fig. 2 are defined as follows and the 
corresponding state equation is shown in (1). 

vd−i→x1 and y1, ẋ1 = dx1/dt = x2, vq−i→x3 and y2, ẋ3 = dx3 /dt = x4, 
ifd→u1, ifq→u2, Vdc→x5, id−i→x6, iq−i→x7. 

The system dynamics represented by (1) show that the regulation of 
vd/q−i is a multiple input multiple output (MIMO) control problem. Fig. 3 
illustrates the block diagram for controlling vd, while a similar approach 
has also been adopted for vq. The multiple inputs for controlling vd are 
the reference signal (v∗d), vq across the filter capacitor, the current 
through the load impedance at the ith bus (Ri + jωLi), and vinv. Here, 
plant of the VC is the filter circuit |Rf + sLf |, and the control signal is i∗f−d. 

In order to study the impact of communication latency between the 
feedback signal for voltage measurement at the ith bus and the C-μGrid- 
C/D-C, a delay of time duration τ has been represented as e−sτ. The 
position of this delay in the block diagram of VC is crucial for proper 
analysis of its impact [21,22]. The delay affects the error between v∗d and 
vd, as well as vq and the load current. However, vinv is independent of 
this, and hence the delay block is positioned prior to the control signal 
(Fig. 3). The other feedback signal with transfer function K(s), from vd to 
i∗fd, is a provision for reducing any destabilizing effect of a delay. The 
transfer function of K(s) is system specific and therefore has been 
elaborated in Section 4.1, where a case study has been discussed. 

The coupling matrix pertaining to Fig. 2 is shown in (2), where the 
control objective is to reduce the coupling effect of the other inputs so 
that vd can accurately follow v∗d. If the plant transfer function of the 
system is G(s) and that of the PI controller is KPI(s), then the coupling 
phenomenon can be summarised as follows: 

vd = GKPI
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v∗d −

sωCf G
1 + GKPI

vq+

sG
1 + GKPI

id +
1

1 + GKPI
vinv, such that

lim
KPI →∞

vd = [I] ∗ v∗d + 0 + 0 + 0

(3)  

However, very high values of PI gains can make the system unstable, 
therefore, a compatibility between the filter parameters in G(s) and the 
gains in KPI(s) must be achieved. This is demonstrated with eigenvalues 
in Section 4.1. The VC provides current references, i∗f−d/q, to the current 
controller.  

Fig. 3. Block diagram of voltage control.  

Fig. 4. Block diagram of current control.  
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2.2. Design of current controller (CC) 

The CC is responsible for tracking the references provided by the VC 
and hence, its response time must be faster than that of the VC. Errors 
between i∗f−d/q and the current measurement signals if−d/q, after being 
transformed to their 3 − ϕ equivalent (Δif−abc), is passed through a PWM 
generator, which provides the necessary switching signals for operating 
the inverter. Thus, alteration of magnitude of Δif−abc presents amplitude 
modulation (ma), which fundamentally causes the exchange of energy 
between a DER and load or multiple DERs. 

A block diagram for controlling if−d is shown in Fig. 4, and a similar 
approach has been adopted for if−q. This figure shows that the CC takes 
into account the dynamics of the load impedance and filter capacitor, ⃒⃒
⃒sCf + 1

Ri+sωLi

⃒⃒
⃒, into the plant transfer function. The advantage of this 

method is that the PI gains (KIP and KII) can be tuned based on the size of 
each DER, so that the impact of load variation on system performance is 
minimized, without overdamping the system response. This ensures fast 
response of the CC and its stability over a desirable variation of loads, 
which is crucial for a C-μG in islanded mode. A saturation limit has been 
provided to the tracking signal so that the amplitude modulation is 
bound within its linear zone. 

The coupling matrix corresponding to Fig. 4 is presented in (4), 
which shows the dependence of if−d on the reference input (i∗f−d), 
measured quadrature axis current through the filter (if−q) and vinv. 
Similar to the VC, the control objective here is to reduce the coupling of 
if−d with inputs if−q and vinv, so that it can accurately track i∗f−d. Besides, 
the relative position of the eigenvalues pertaining to (4) and (2) is 
crucial for making the CC faster than the VC. 

2.3. Power transfer 

In a C-μG during its islanded mode of operation, the lack of rotational 
inertia due to absence of synchronous generators may cause faster 
voltage collapse/rise during power transfer. Thus, it is crucial to incor-
porate the dynamics of DERs, power electronic converters and their 
controllers into the conventional analysis for power transfer from a 
source to a sink. 

Similar to the previous discussions, a DER is connected to bus 
number i and this DER number is k. Bus number n is connected to the 
DER bus i and contains a load Zn. Then the voltage at the nth bus, due to 
power transfer by the kth DER is given by (5). The amplitude modula-
tion, ma−k, of the inverter connected to the kth DER is a function of the 
load current, based on our VC and CC design in Sections 2.1 and 2.2. 
Besides, the relation between Vi and ma−k follows a saturation non- 
linearity for a constant Vdc [23]. In the following equation, Zf and ψ f 
are the impedance and angle of the inverter filter, respectively. Zi−n and 
θ are, respectively, the impedance and angle of the the transmission line 
connecting bus i with bus n. ψ is the angle of the load Zn. ε is a constant 
that varies with the type of PWM generator used by the CC, such as 
square wave PWM or sinusoidal PWM and so on. 

Vn = Znε ma−kVdc−k

ξk
,∀ n ∈ nk⊂N,

where, ξk =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Z2

f + ξ2
n + 2Zf ξncos

(
ψ f − ζn

)√
,

ξn =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Z2

n + Z2
i−n + 2ZnZi−ncos(θ − ϕ)

√
, i⊂N & i ∕= n

and ζn = tan−1
(

Znsinϕ + Zi−nsinθ
Zncosϕ + Zi−ncosθ

)

(5) 

The active power transferred from the kth DER to the load Zn can be 
represented by (6). The variation of active power with increment in load 
impedance, and the subsequent voltage profile is essential for 

Fig. 5. A modified IEEE 13-bus system with C-μGrid.  
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determining a stability margin. 

Pn = ε2Zn

(ma−kVdc−k

ξk

)2
cosζk,∀ n ∈ nk⊂N

where, ζk = tan−1
(

Zf sinψ + ξnsinζ
Zf cosψ + ξncosζ

) (6) 

This proposed power transfer method is called C-μG Power Transfer 
(CMPT) and Section 4.3 provides further details with specific case study. 

3. System under study 

In this work, a modified IEEE 13 bus system, illustrated in Fig. 5, has 
been used as case study. The system comprises four DERs, each having 
different active (Pk) and reactive power (Qk) sharing capacities, con-
nected to four different buses. The DERs along with some of the loads 
and buses of the 13-bus system constitute a C-μGrid. The C-μGrid can 
island itself from the main grid by opening the breaker between Buses 
671 and 632. Based on their power sharing capabilities, the DERs are 
provisioned to support the loads at their own buses and also the loads at 
other connected buses. Besides, these DERs can also island themselves 
from the C-μGrid, with their critical loads, in the event of failures. 

The 13-bus system is operated by a distribution management system, 
with functionalities like Distribution System State Estimation (DSSE), 
and Optimal Power Flow (OPF), that are utilized by a distribution sys-
tem operator (DSO) for providing reliable distribution services and 
coordinating with transmission system operator (TSO). Since the C- 
μGrid can island itself from the main grid, its resources must be managed 
using a secondary controller, which in this case is the C-μGrid Central 
Controller (C-μGrid-CC). C-μGrid-CC receives the states (voltage, active 

and reactive power) of some of the buses in the C-μGrid, and determines 
the voltage set points of the PCs. This work focuses on the design of the 
PCs and their stability limits, which forms the basis of the functional 
requirements for the secondary controller. 

4. Stability and sensitivity of controllers 

In this section, the control design methods from Section 2 have been 
applied to the C-μGrid in our aforementioned case study. The following 
analysis elaborates the stability and sensitivity of the controllers for 
DER1, that is connected to Bus. no. 611. Thus, k = 1, i = 611 and n =
684. Similar results have also been obtained for the other DERs. 

4.1. Voltage control and transient stability 

Fig. 6 shows the eigenvalues of the VC, represented by the coupling 
equation in (2), with τ = 0. These eigenvalues pertain to two sets of 
values for filters Rf1 and Lf1, and magnitude of the gains KVP and KVI 
have been increased from a minimum to a maximum. The figure shows 
that for Filter1 the eigenvalues shift to the left of the imaginary axis with 
increasing gains of KVP and KVI, however, the eigenvalues for Filter2 do 
not vary with the change in PI gains. Besides, the dominant eigenvalues 
corresponding to Filter2 are more stable than those of Filter1. Thus, 
Filter2 has been chosen for DER1 along with KVP = 2000 and KVI =
20000, such that vd−1 follows v∗d−1 and is decoupled from the other in-
puts without over-damping the system. 

When τ ∕= 0, magnitude oscillations occur at higher frequencies, 
which have been stabilised using LQR method [24] that resulted in K(s)
= 3.28s+ 0.4142. Fig. 7 shows that the magnitude of vd−1 transforms 
from increasing oscillations to diminished sustained oscillation with the 
introduction of K(s) in the feedback loop from vd−1 to i∗fd−1. 

4.2. Current control and transient stability 

Eigenvalues corresponding to the CC for DER1, based on the coupling 
matrix in (4), is presented in Fig. 8. As mentioned in Section 2, the 
objective of the current control design is to minimize the impact of load 
variation on performance of the controller. Fig. 8a shows that the ei-
genvalues of DER1, with its nominal load, shift from an unstable zone to 
a stable one for increasing values of the gains KPI and KII. However, for 
the same KPI and KII gains, but with increased loading condition, the 
eigenvalues show unpredictable system behavior, as illustrated in 
Fig. 8b. Consequently, the gains have been incremented further so that 
the eigenvalues do not shift position by a considerable margin with 
varying loads, as demonstrated by Fig. 8c. This invariability of the 
eigenvalue positions with variations in the loading condition is essential 
for maintaining the relative response time of the CC with respect to the 
VC. Besides, the dominant eigenvalues pertaining to the CC are further 
left compared to that of the VC, thereby assuring faster response of the 
former compared to the latter. Accordingly, KPI = 40 ∗ 105 and KII =
108 ∗ 105, which generates step responses where ifd−1 tracks i∗fd−1 and is 
decoupled from the other inputs. 

4.3. Power transfer and steady-state stability 

This section demonstrates the steady-state voltage at bus no. 684 due 
to power transferred by DER1 from bus no. 611, based on the analysis in 
Section 2.3. In conventional power system, with increasing load de-
mand, power at the receiving end increases swiftly at first and then 
gradually until a maximum value is reached, which is followed by a 
gradual descent [25]. However, this phenomenon assumes a constant 
voltage source at the sending end, which is possible only if ma−1 is 
constant in (5). Fig. 9 shows the steady state voltage profile at Bus 684, 
with a constant ma−1, as a function of the active power transferred to the 
load with increasing load demand. However, ma−1 increases 

Fig. 6. Eigenvalues corresponding to voltage controller for different combi-
nations of proportional and integral gain. 

Fig. 7. Magnitude versus frequency plot for τ = 5 s.  
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non-linearly with increasing load demand, until the CC reaches its 
saturation limit, as shown in Fig. 10. Besides, DER1 is a battery, and 
hence Vdc−1 follows a discharge profile, as illustrated in Fig. 11. 
Accordingly, the actual receiving end voltage versus active power, for 
the same increase in load demand, has been demonstrated in Fig. 12. In 
this figure, Vdc−1 follows only the linear region of the battery discharge 
curve (Fig. 11) for 95 A discharge current. A comparison between Figs. 9 
and 12 shows that the power transferred for the same increment of load 
is more when the variation of ma−1 is taken into account. This causes 
voltage rise instead of a collapse, until the battery reaches its knee 
voltage. Thus, the power transfer between buses must be carefully 
controlled in C-μGrid. Unlike a droop controller, this problem cannot be 
alleviated by merely introducing virtual inertia into the control loop. 

This necessitates a C-μGrid-CC, which can estimate the optimum voltage 
set points for the PCs based on the states of the C-μGrid. 

5. Simulation results and discussion 

A detailed model of the system under study has been developed in a 
real-time set-up using OPAL-RT, and performance of the controllers has 
been evaluated during normal operating conditions and in the event of 
delay. In the following case studies, the system has been simulated with 
the C-μGrid operating in islanded mode. For each case study, the DERs 
receive direct axis voltage set points (v∗dk−i) using two different methods, 
1) Conventional OPF, and 2) The proposed CMPT method in Section 2.3. 
The quadrature axis voltage set points (v∗qk−i) are equal to zero, since 
these have been used to control frequency based on Synchronous 

Fig. 8. Eigenvalues of current controller by varying KPI and KII gains under different loading conditions.  

Fig. 9. Power transfer and voltage at the receiving end bus with constant 
amplitude modulation. 

Fig. 10. Variation of amplitude modulation with load impedance.  

Fig. 11. Discharge profile of battery.  

Fig. 12. Power transfer and voltage at the receiving end bus with non-linear 
amplitude modulation and DC voltage. 
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Reference Frame Phase Locked Loop (SRF-PLL). The DERs have specific 
maximum Pk and Qk capacities, reflecting the state of charge of batteries 
and irradiance received by PVs. 

5.1. Test cases: Case I 

In this case, the C-μGrid accommodates a total load of 2.43 MW and 
1.20 MVAr, along with VAr compensators of 0.7 MVAr. The v∗dk−i pro-
vided to the DERs using OPF and CMPT, along with the corresponding 
system performance are summarised in Table 1. Stability of the PC of 
DER1, due to v∗d1−611 provided by CMPT and PC design in Section 4, is 
shown in Fig. 13. The quality of voltage and current injected by DER1 at 
bus no. 611 is shown in Fig. 14. 

However, as shown in Table 1, the VCs of DER3 and DER4 fail to 
follow their respective v∗dk−i provided by OPF until the end of 15s 
(illustrated by the filtered signals in Fig. 15). 

Consequently, the ifd−3 and ifq−4 go through a delayed zero crossing 
resulting in the change of direction of P3 and Q4 delivered by DER3 and 
DER4, respectively. This causes additional power loss and increased 
harmonic injection, where THD of the 3 − ϕ current increases from 3% 
to 14% at these buses. Since the CCs of these DERs precisely track their 
respective references, inferior performance of the VCs can be attributed 
to the miscalculation of power transferred/received by DER3 from its 
adjacent buses. Although, the controllers eventually converge by 
adjusting the filter currents, the system becomes vulnerable. This is 
demonstrated by Fig. 16, where the load at bus 692 increases by 50% at t 
= 15s. This additional step changes drives P3 to zero when OPF set 
points are used, thereby under utilizing the battery. 

5.2. Test cases: Case 2 

In this case, the C-μGrid accommodates a total load of 3.08 MW and 
1.63 MVAr, with the voltage set-points as shown in Table 2 and a delay 
of 5s at the feedback signal for DER1. Fig. 17 shows that the voltage 
controller of DER1 fails to recover and track the OPF based reference, 
however, the controller rebounds within a couple of seconds for the 
CMPT based references. This also causes failure of the VC of DER2, while 
the other two DERs follow their respective references. As a result, the 

Table 1 
Case1: Under normal operating condition.   

DER No. Parameters OPF CMPT 

1|Bus 611 v∗d−1 (V) 4168.2 4164  
P (MW) 0.45 0.38  
Q (MVAr) 0.075 − 0.075  
Performance Stable Stable  

2|Bus 652 v∗d−2 (V) 4160 4160  
P (MW) 0.234 0.14  
Q (MVAr) − 0.35 − 0.378  
Performance Stable Stable  

3|Bus 692 v∗d−3 (V) 4160 4172.5  
P (MW) − 0.093 0.67  
Q (MVAr) − 0.28 0.158  
Performance Unstable Stable  

4|Bus 675 v∗d−4 (V) 4172.5 4172.5  
P (MW) 1.55 1.02  
Q (MVAr) 0.08 − 0.18  
Performance Unstable Stable   
Total Losses 0.29 MVA 0.22 MVA   

Fig. 13. Case 1: Performance of primary controllers of DER1 with V∗
d based on CMPT.  

Fig. 14. Case 1: 3 − ϕ voltage and current at Bus no. 611 based on V∗
d−1 

using CMPT. 

Fig. 15. Case 1: Performance of voltage and current controllers of DERs 3 and 4 
for OPF based set-points. 
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CCs of DERs 1 and 2 will eventually saturate, which will cause further 
miscalculation of power by the C-μGrid-CC. 

6. Conclusion and future work 

In this work, we have developed a control method for C-μGrids with 
an emphasis on transient stability of the system in islanded mode of 
operation. The proposed design achieves controller stability by decou-
pling the state vectors of a highly coupled system at different levels of 
the control hierarchy. Accordingly, parameters of the VCs have been 
tuned based on filter design, while the same for CCs have been tuned 
based on the variation of equivalent load at the DER buses. The design of 
VCs have also incorporated communication delays, whose impact on the 
system has been reduced using LQR method. Besides, the relative 
response time of the controllers, based on their hierarchy, have been 
included in the control design. Our analysis shows that power transfer 

between the multi-points of coupling causes voltage variation which is 
different from that of conventional power system. Accordingly, a power 
transfer method named as CMPT has been proposed, which encompasses 
all the dynamics of the DERs. 

The PC design has been tested in a C-μGrid structure in a modified 
IEEE-13 bus system, where the C-μGrid-CC provides voltage references 
to the PCs based on OPF and CMPT. The simulation results show that 
certain combination of voltage references, which are based on OPF, have 
a destabilizing effect on the system due to the miscalculation of power 
transferred between buses. CMPT based voltage references provide 
better stability under normal operating condition, and improved re-
covery in the event of delay. 

This aforementioned analysis sheds light on the functional re-
quirements of a C-μGrid-C/D-C. This C/D-C should be able to determine 
voltage references of the DERs considering accurate power transfer, DC 
output voltage of the DERs, provide room for system recovery during 
emergency, while balancing the cost with the benefits. Besides, the 
controller must have a fast response time so as to make real-time control 
decisions. Thus, the desired states of the system is known only qualita-
tively and not quantitatively, which makes a reinforcement learning 
based control algorithm with adaptive traits more suitable as the C/D-C. 
Our future work is development of a C-μGrid-CC and its evaluation in a 
cyber-physical testbed. 
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