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 A B S T R A C T

Microgrids (MGs) can work either connected to or disconnected from the main grid, and seamless transition 
between modes is essential for reliable operation. Even though centralised secondary controllers are the obvious 
choice to resynchronise MGs with the main grid, and to control their power exchange, decentralised multi-
agent secondary controllers have been proposed recently because they simplify the communication system 
required. However, aspects such as communication delays and implementation details have not received 
enough attention. This paper describes an improved decentralised multi-agent secondary controller based on 
consensus to resynchronise a MG with the main grid and control the power exchange afterwards. The effects 
of communication delays between agents and the potentially dangerous active power transients required to 
synchronise the MG were studied by small signal stability analysis and numerical simulations. The paper 
shows that both problems can be addressed with a systematic design of the decentralised secondary controller 
combined with derivative droop primary controllers. Results were validated in a real MG consisting of four 
15 kVA power converters, electrical lines and loads, a 75 kVA grid emulator, and an industrial communication 
infrastructure. The proposed algorithm has been validated in a large system consisting of 69 buses, which 
includes seven grid-forming converters and primarily resistive lines. Additionally, the algorithm has been tested 
in scenarios with limited available energy from the converters and taking into account the control of the voltage 
amplitude difference between the microgrid and the main grid.
1. Introduction

Microgrids (MGs) are an effective solution to facilitate the integra-
tion of renewable energy sources (RESs) and distributed generators
(DGs) in electrical networks. A MG is a small-scale power system 
that can operate connected to the main grid or as an island [1]. The 
transition between these two modes is essential and must be carried 
out seamlessly with accurate synchronisation and avoiding undesired 
transients [2].

A DG placed at the point of common coupling between the mi-
crogrid and the main grid (PCC) can be used to control voltage and 
frequency at that point to synchronise the MG [3]. However, this 
solution is not always practical, and alternatives have been sought in 
the literature for some time. For example in  [4], the angle difference 
between the grid and the MG at the PCC is forced to be zero before 

∗ Corresponding author.
E-mail address: atomas@comillas.edu (A. Tomás-Martín).

reconnection using a central proportional-integral (PI) controller that 
calculates the frequency set point for all Grid-forming VSCs (GFo-VSCs) 
in the microgrid. A centralised control approach is the most com-
mon alternative so far [5]. However, with the current development 
of DGs and smart grids, conventional centralised controllers may be 
replaced by multi-agent decentralised controllers, which can simplify 
the communication infrastructure. One of the most common techniques 
for decentralised control is consensus-based control [6], where each 
independent agent acts based on the information received from a lim-
ited number of neighbours. Consensus algorithms have recently gained 
attention for applications in AC and DC MGs [7,8].

A consensus-based cooperative synchronisation between a micro-
grid and the main grid was proposed by Sun et al. [9]. In [10], this 
idea was further improved by means of an additional low-pass filter
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(LPF) that smooths the synchronisation transient. A similar approach is 
presented by Li et al. [11], but, in this case, using sliding mode voltage 
and current controllers. Recently, in a previous work of the authors 
of this manuscript, a method based on a saturator was proposed [12]. 
With this method, synchronisation speed is limited to prevent unwanted 
power oscillations in the MG. A decentralised algorithm to synchronise 
MGs based on droop-controlled DGs is presented by Khan et al. [13], in 
which one DG is in charge of the synchronisation. Even though these 
works already presented the main ideas to resynchronise MGs, none 
of these references considers implementation aspects nor the effect of 
delays in the communication between DGs. However, communication 
delays between agents affect the stability of multi-agent algorithms, as 
shown in [14]. The authors of that reference calculate the maximum 
delay compatible with a stable secondary controller. This limit depends 
on the properties of the communication graph between agents and 
has already been explored in [15], although the analysis neglected the 
effect of the controllers of the DGs. In this regard, Coelho et al. [16] 
proposed an extension of the small-signal model of a MG with a multi-
agent secondary control that includes constant communication time 
delays. It was found that, by increasing the time delay, some specific 
system eigenvalues approach the imaginary axis. A similar eigenvalue 
analysis was conducted by Chen et al. [17] to determine the stability 
boundaries of a consensus-based secondary control in the presence of 
communication delays, for a DC MGs.

The effect of communication delays in the MG stability has been 
analysed for an adaptative triggered consensus algorithm [18]. How-
ever, none of these works was focused on synchronisation controllers, 
which have specific problems such as active power transients. More-
over, in these works, the power flow between DGs is always addressed 
from the secondary controller point of view, overlooking the capacity 
of primary controllers to limit active-power transients.

Shahab et al. [19] highlight the importance of sensor noise in 
consensus algorithms, in addition to communication delays. This study 
was later expanded to consider the effect of additive Gaussian noise and 
time-varying stochastic delays [20]. In that work, it was shown that 
DGs may receive incomplete or imprecise information from neighbours 
due to the fading caused by multi-path propagation. However, these is-
sues are out of the scope of this work since a reliable protocol (TCP/IP) 
among agents is used and adequate data integrity is guaranteed.

In this paper, a multi-agent secondary controller for resynchronising 
MGs formed by GFo-VSCs with the main grid is proposed, analysed and 
then implemented and validated in a laboratory. The proposed con-
troller is also capable of imposing the required active-power exchange 
between the microgrid and the main grid, once the resynchronisation 
takes place. This paper focuses on the implementation aspects of this 
controller, which were not addressed in previous references. More 
precisely, the effect of communication delays is modelled and explored, 
together with the active-power flow between DGs during the synchro-
nisation process. A detailed small-signal analysis is used to assess the 
impact of communication delays, while active-power transients are 
studied by using a simplified model of the power flow. These tools are 
subsequently used to design a synchronisation controller that guaran-
tees the stability of the MG and limits the active-power flow during 
the synchronisation process. This paper demonstrates that active-power 
flows can be greatly reduced by using a derivative droop controller. In 
fact, a conventional but carefully designed PI controller, together with 
the derivative droop, is enough to satisfy all the requirements.

The main features of the proposed controller are validated by sim-
ulations in MATLAB/Simulink [21], and in a laboratory consisting of 
four 15 kVA power converters (acting as DGs). The main contribution 
of this paper compared to the state-of-the-art work is highlighted in 
Table  1. The main contribution of this proposed algorithm is its ability 
to significantly reduce active power transients during synchronisation, 
specifically by minimising the peak’s absolute value. It achieves this by 
integrating the design of the PI controller with the derivative droop 
on the primary control of grid-forming converters. Additionally, the 
2 
Table 1
Comparison of existing approaches for synchronising MGs. ‘‘C’’ means 
‘‘consensus-based algorithm’’, ‘‘SSA’’ ‘‘small-signal stability analysis’’, ‘‘P’’ 
‘‘method to reduce active power during transients’’, ‘‘D’’ ‘‘communication 
delays considered’’ and ‘‘Lab’’ ‘‘experimental validation’’.
 Reference C SSA P Synch. method D Lab 
 [4] PI + LPF  
 [5] MPC ✓  
 [13] ✓ Fuzzy logic control  
 [9] ✓ ✓ PI control  
 [10] ✓ ✓ PI + LPF  
 [11] ✓ Integral control  
 [12] ✓ ✓ PI + saturation  
 This paper ✓ ✓ ✓ PI + deriv. droop ✓ ✓  
PI: proportional-integral, LPF: low-pass filter, MPC: model predictive control

Fig. 1. Electrical and control system diagram of the MG studied in this work. 
Four DGs with a decentralised secondary controller.

algorithm addresses practical implementation challenges, such as com-
munication delays and laboratory validation, factors often overlooked 
in existing approaches.

The rest of the paper is organised as follows. An overview of the 
application is presented in Section 2, together with the main control 
and modelling tools used in the paper. Then, the design of the sec-
ondary controller in the presence of communication delays is presented 
in Section 3. Subsequently, the power flow analysis is presented in 
Section 4. The analytical results are presented in Section 5 and the 
experimental validation in Section 6. The proposed algorithm has been 
validated in a large system consisting of 69 buses, which includes 
seven grid-forming converters and primarily resistive lines in Section 7. 
Finally, conclusions are drawn in Section 8.

2. Application overview

2.1. System description

Fig.  1 shows the electrical and control diagrams of the MG studied 
in this work. It can work either connected to (closing a contactor) 
or disconnected from the main grid. Generation in the MG consists 
of four DGs that are interfaced with the grid by using voltage-source 
converters (VSCs) with 𝐿𝐶𝐿 filters. The voltage at the connection point 
(𝑣𝑚𝑔) and the main grid voltage (𝑣𝑔) are measured remotely, and the 
angle difference between them (𝜃𝑑𝑖𝑓𝑓 ) is calculated and sent only to 
𝐷𝐺1. Each DG (𝐷𝐺𝑖) has a grid-forming controller consisting of an 
outer voltage vector controller, an inner current vector controller (both 
in 𝑑𝑞 coordinates), a virtual impedance, and frequency and voltage 
droops [22]. On top of these controllers, a secondary active power-
frequency controller is used to generate the output frequency set point 
for each DG. When the MG is connected to the grid, a secondary 
controller is used to control the power exchanged by the microgrid 
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with the grid. When the MG is working in island mode, the secondary 
controller seeks a consensus among the DG output frequencies and 
their share of active-power supply. In addition, when required, it syn-
chronises the MG with the main grid. This controller does not require 
centralised processing of information but only communication between 
neighbours [23,24].

Each DG is considered as an ‘‘agent’’ whose outputs (𝑃𝑖 and 𝜔𝑖 in 
the figure) are calculated based on its local measurements and the 
information received from its neighbours exclusively. The received 
variables are the filtered active power multiplied by the droop gain, 
𝑚𝑝𝑖𝑃𝑖 and the output frequency 𝜔𝑖, all in per unit values, for all agents 
except the leader. The leader receives a power set point or the voltage 
measurement of the grid, depending on whether it tracks the injected 
power (after synchronisation) or attempts to synchronise with the grid.

2.2. Graph theory and consensus algorithms for MGs

The topology of a MG can be explained with a graph 𝐺𝑟 = (𝑉 ,𝐸), 
where there are 𝑁 DGs (𝐷𝐺𝑖) at the vertices (or nodes) of the graph 
grouped in 𝑉 , and the edges of the graph, grouped in 𝐸, connect 
pairs of nodes. Each element of 𝐸 is represented by the pair of nodes 
connected by the edge (𝐷𝐺𝑖,𝐷𝐺𝑗). A connection between two nodes 
means that information travels between them, and although bidirec-
tional communication is possible in graphs, this paper assumes that 
information travels only from the first element of the pair to the second 
one. The use of bidirectional communication in the context of this 
paper is of interest for further research. In this specific situation, 𝐺𝑟
is called ‘‘digraph’’ or ‘‘directed graph’’, and it is commonly used to 
model directed communication among DGs. All nodes 𝐷𝐺𝑗 connected 
with 𝐷𝐺𝑖 are its neighbours. Some of them will inform 𝐷𝐺𝑖 while some 
others will receive information from 𝐷𝐺𝑖. The digraph is ‘‘simple’’ if no 
pair (𝐷𝐺𝑖,𝐷𝐺𝑖) belongs to 𝐸 and there are no multiple edges between 
nodes. For a more detailed explanation of graph theory, see [25].

2.3. Droop control and consensus final value

For each DG (𝐷𝐺𝑖) in the graph 𝐺𝑟, its droop control is formulated 
as [26]: 

𝜔𝑖(𝑡) = 𝜔∗
𝑖 (𝑡) − 𝑚𝑃 𝑖𝑃𝑖(𝑡) − 𝑚𝐷𝑖

𝑑𝑃𝑖(𝑡)
𝑑𝑡

, (1)

where subscript 𝑖 refers to the DG number, 𝜔𝑖(𝑡) is its output frequency, 
𝜔∗
𝑖 (𝑡) is its set point, 𝑃𝑖(𝑡) is the measured output power, 𝑚𝑃 𝑖 is the 
droop coefficient and 𝑚𝐷𝑖 is the derivative droop coefficient. To avoid 
noise amplification and unwanted interactions, the derivative droop 
is implemented as suggested in the literature [26], i.e., the angle of 
the output voltage space vector is imposed rather than the output 
frequency:

𝜔𝑖(𝑡) = 𝜔∗
𝑖 (𝑡) − 𝑚𝑃 𝑖𝑃𝑖(𝑡), (2)

𝜃𝑖(𝑡) = ∫ 𝜔𝑖(𝑡)𝑑𝑡 − 𝑚𝐷𝑖𝑃𝑖(𝑡). (3)

A directed tree in a digraph is a subset of nodes connected by 
directed edges without cycles. If the tree is rooted, there is a node 𝑖
designated as the root in which 
𝑑𝑖 =

∑

𝑗
𝑎𝑖𝑗 = 0 (4)

where 𝑎𝑖𝑗 = 1 if the pair (𝐷𝐺𝑗,𝐷𝐺𝑖) ∈ 𝐸 and 𝑎𝑖𝑗 = 0 if the pair 
(𝐷𝐺𝑗,𝐷𝐺𝑖) ∉ 𝐸. Therefore, the root node does not receive information 
from any other node. The value 𝑑𝑖 is called the ‘‘in-degree’’ of node 𝑖. If 
one can reach every node of the graph from a designated root following 
the directed edges, the tree is called ‘‘spanning tree’’.

The frequency set point for each DG in the MG can be calculated by 
solving the following differential equation: 
𝑑𝜔∗

𝑖 (𝑡)
𝑑𝑡

= −𝑐𝑓
∑

𝑎𝑖𝑗
[

𝜔∗
𝑖 (𝑡) − 𝜔∗

𝑗 (𝑡)
]

, 𝑖 ≠ 𝑘, (5)

𝑗∈𝑁𝑖

3 
where 𝑐𝑓  is the secondary control gain, controlling the speed of the 
secondary control and 𝑗 ∈ 𝑁𝑖 if (𝐷𝐺𝑗,𝐷𝐺𝑖) ∈ 𝐸. In other words, 𝐷𝐺𝑗
sends information (the value of 𝜔∗

𝑗 ) to 𝐷𝐺𝑖 and constants 𝑎𝑖𝑗 are the 
weights given to the edge (𝐷𝐺𝑗,𝐷𝐺𝑖). In this work, 𝐷𝐺1 takes the 
leader’s role.

Ref. [23] shows that the leader DG in a microgrid must be the root 
of a spanning tree of the digraph. The calculation of the frequency 
of the leader is addressed in Section 2.5 for resynchronisation, and in 
Section 2.6 for grid-connected mode. For practical reasons (e.g., more 
visibility of variables, possibility to change droops, etc.), the controller 
is implemented replacing the steady-state droop characteristic (1) in 
the consensus algorithm (5): 
𝑑𝜔∗

𝑖 (𝑡)
𝑑𝑡

= −𝑐𝑓
∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗
[

𝑚𝑃 𝑖𝑃𝑖 − 𝑚𝑝𝑗𝑃𝑗
]

− 𝑐𝑓
∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗
[

𝜔𝑖(𝑡) − 𝜔𝑗 (𝑡)
]

, 𝑖 ≠ 𝑘.

(6)

If the graph has a spanning tree, the DGs will eventually reach a 
consensus [23]: 
𝜔∗
1(𝑡 = ∞) = ⋯ = 𝜔∗

𝑁 (𝑡 = ∞). (7)

Therefore, the whole MG will reach the same frequency value in steady 
state. In this work, 𝐷𝐺1 (the one that receives the information from the 
point of connection to the main grid), will force the value of 𝜔∗

1(𝑡 =
∞). Fig.  2 shows a detailed diagram of the primary and secondary 
controllers implemented for each DG to manage active power.

2.4. Steady-state operation

In steady state, the frequency and frequency set points of all the DGs 
will be the same and using (1):
𝜔1(𝑡 = ∞) = ⋯ = 𝜔𝑁 (𝑡 = ∞), (8)

𝑚𝑃1 ⋅ 𝑃1(𝑡 = ∞) = ⋯ = 𝑚𝑃𝑁 ⋅ 𝑃𝑁 (𝑡 = ∞). (9)

which means that the pair 𝐷𝐺𝑖 and 𝐷𝐺𝑗 will work with the same output 
frequency and will share the power demand according to: 

𝑃𝑗 (𝑡 = ∞) =
𝑚𝑃 𝑖
𝑚𝑃 𝑗

𝑃𝑖(𝑡 = ∞). (10)

2.5. Synchronisation with the main grid

The synchronisation with the main grid is considered complete 
when the amplitude, phase and frequency of the voltages at both sides 
of the grid contactor are the same. In this paper, voltage amplitude 
differences are not addressed, although this topic is interesting for 
further research. Without loss of generality, 𝐷𝐺1 is also selected as the 
leader of the synchronisation process. 𝐷𝐺1 can change its frequency 
set point (𝜔∗

1) as [10]: 

𝜔∗
1(𝑠) = 𝜔∗

1,0 +

𝛥𝜔∗
1(𝑠)

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
(

𝐾𝑃𝑆 +
𝐾𝐼𝑆
𝑠

)

𝜃𝑑𝑖𝑓𝑓 (𝑠), (11)

where 𝑠 is the Laplace variable. To simplify the notation, the same 
symbol will be used for signals in the time and the Laplace domains 
(e.g., 𝜔∗

1(𝑠) and 𝜔∗
1(𝑡)). The constant 𝜔∗

1,0 is the frequency set point 
of 𝐷𝐺1 before switching the controller on, and 𝐾𝑃𝑆 and 𝐾𝐼𝑆 are 
the parameters of a PI controller. The term 𝜃𝑑𝑖𝑓𝑓 (𝑠) is the difference 
between the angles of the grid voltage space vector (𝑣𝑔(𝑡)) and the 
MG voltage space vector at the connection point (𝑣𝑚𝑔(𝑡)). Space vectors 
are defined using 𝑑𝑞 components on a synchronously-rotating frame 
(i.e., 𝑣(𝑡) = 𝑣𝑑 (𝑡) + 𝑗𝑣𝑞(𝑡)) and the angle difference is calculated as 
follows: 
𝜃 (𝑡) = 𝜃 (𝑡) − 𝜃 (𝑡) = ang(𝑣 (𝑡) ⋅

[

𝑣 (𝑡)
]′), (12)
𝑑𝑖𝑓𝑓 𝑔 𝑚𝑔 𝑔 𝑚𝑔
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Fig. 2. Primary and secondary controller of a DG. In (a), for any DG except the leader (𝑘). In (b), for the leader (𝑘 = 1 in this work). 
where 𝜃𝑔(𝑡) and 𝜃𝑚𝑔(𝑡) are the angles of 𝑣𝑔(𝑡) and 𝑣𝑚𝑔(𝑡) with respect to 
the 𝑑 axis, respectively. The symbol ′ indicates ‘‘complex conjugate’’. 
Note that (12) can be calculated in any reference frame since the angle 
between space vectors is not affected by the reference frame selection.

When the MG and the main grid are synchronised, 𝑣𝑔(𝑡) and 𝑣𝑚𝑔(𝑡)
will rotate synchronously and 𝜃𝑑𝑖𝑓𝑓 (𝑡) will be zero.

2.6. Tracking of power set points

The MG can follow active power set points by adding a PI controller 
to the power injected by the leader (𝐷𝐺1): 

𝜔∗
1(𝑠) = 𝜔∗

1,0 +

𝛥𝜔∗
1(𝑠)

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
(

𝐾𝑃𝑃 +
𝐾𝐼𝑃
𝑠

)

(𝑃 ∗
1 (𝑠) − 𝑃1(𝑠)), (13)

where 𝐾𝑃𝑃  and 𝐾𝐼𝑃  are the PI controller parameters, and 𝑃 ∗
1 (𝑠) is the 

active power set-point of 𝐷𝐺1. In steady state, the active power injected 
by the leader will be equal to its set point, and the output power of the 
rest of the DGs can be easily calculated with (10). Neglecting losses, 
the total power injected into the grid is: 

𝑃𝑔(𝑡 = ∞) =
𝑁
∑

𝑖=1

𝑚𝑃 𝑖
𝑚𝑃 𝑗

𝑃𝑖(𝑡 = ∞). (14)

If accurate power control is needed, the total power injected to the 
grid can be measured and sent to 𝐷𝐺1, to correct 𝑃 ∗

1 (𝑠) in (13).

3. Synchronisation controller design

3.1. Dynamic equivalent of the consensus algorithm

To understand the dynamic relation between the frequencies of DGs, 
the Laplace transform of the frequency set-point of 𝐷𝐺𝑖 in (5) must be 
calculated: 

𝜔∗
𝑖 (𝑠) = −

𝑐𝑓
𝑠

∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗𝜔
∗
𝑖 (𝑠) +

𝑐𝑓
𝑠

∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗𝜔
∗
𝑗 (𝑠). (15)

Notice that, in Fig.  1, only one DG sends information to any given 
𝐷𝐺𝑖 and that ∑𝑗∈𝑁𝑖

𝑎𝑖𝑗 = 1 (i.e., there is only one interconnection per 
DG). Therefore, (15) is simplified to: 

𝜔∗
𝑖 (𝑠) =

1
𝑠∕𝑐𝑓 + 1

𝜔∗
𝑗 (𝑠). (16)

This first-order system relates the frequency set points of connected 
𝐷𝐺𝑖 and 𝐷𝐺𝑗 and proves that frequency set points will not be uniform 
across the MG during transients. Moreover, if the transient response 
of (16) is slow, the performance of the secondary controller will dete-
riorate. The expression in (16) is used in the remainder of this work 
instead of (15) because the former is correct for the MG topology 
studied in this work.
4 
3.2. Modelling and effect of communication delays

If communication delays exist, each agent 𝑖 sees its neighbours’ 
frequency (the ones to follow) with a delay. Therefore, Eq. (16) must 
be written as: 
𝜔∗
𝑖 (𝑠) =

1
𝑠∕𝑐𝑓 + 1

𝑒−𝑠𝑇𝑑𝜔∗
𝑗 (𝑠)

⏟⏞⏞⏞⏟⏞⏞⏞⏟
𝜔∗
𝑗 (𝑠)

, (17)

where 𝜔∗
𝑗 (𝑠) is the frequency before applying the communication time 

delay 𝑇𝑑 between the two DGs (alternative models can be found in [27], 
for example). A large time delay can lead to an unstable consensus 
secondary control [14].

The graph structure is maintained throughout this study to simplify 
explanations because the choice of the graph affects the system dynam-
ics and its robustness against changes in communication delays [24]. 
In addition, even though small communication delays will not jeop-
ardise the stability of the consensus algorithm, its performance will 
deteriorate. In particular, for MGs formed by GFo-VSCs, delays greatly 
modify the power injection requested from each DG to synchronise the 
MG because the droop control of GFo-VSCs described in (1) guarantees 
that DGs share active-power disturbances proportionally to their droop 
coefficients, but only if the frequency set points of all the DGs are 
the same. However, in decentralised secondary controllers, this is only 
true when the steady state is reached. Consequently, if DGs temporarily 
have different frequencies (as is the case if communication delays are 
considered), the angle difference between nodes would also change 
temporarily, producing unwanted active power transients. These tran-
sients may lead to unwanted disconnections of DGs or protections 
tripping, although they can be reduced if changes in the synchronisa-
tion angle are made slowly. This issue has been tackled by limiting the 
rate of change of the frequency set point in [10], and by limiting the 
frequency change given by the PI controller in [12]. Alternatively, the 
PI controller speed can be adapted, leading to a more systematic design. 
In Section 4, a simple test case illustrates the mentioned consequences 
of communication delays on synchronisation dynamics by means of 
time-domain simulations of a simplified model. The usage of this model 
is introduced and justified in the following subsections.

3.3. Power exchanged between two DGs

The instantaneous power flow between two DGs (𝐷𝐺𝑖 and 𝐷𝐺𝑗) in-
terconnected by a mainly-inductive electrical line can be approximated 
as follows [6]: 

𝑃𝑖𝑗 =
𝑣𝑖𝑣𝑗
𝑋𝑖𝑗

sin 𝛿𝑖𝑗 ≈
𝑣𝑖𝑣𝑗
𝑋𝑖𝑗

𝛿𝑖𝑗 , (18)

where 𝑣𝑖 and 𝑣𝑗 are the modules of the DGs output voltages, 𝑋𝑖𝑗 is the 
impedance between them calculated for the nominal frequency, and 𝛿𝑖𝑗
is the angular difference between the DG output voltages. In practice, 
𝛿𝑖𝑗 is small and sin 𝛿𝑖𝑗 ≈ 𝛿𝑖𝑗 . If the line between DGs is not mainly 
inductive or its impedance is large, a virtual impedance can be used 
to adjust the output impedance of DGs [28].
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Fig. 3. Block diagram representing the dynamic model of the agent-based secondary controller applied in this work.
Differentiating (18) and assuming that the output voltage of the 
DGs, 𝑣𝑖 and 𝑣𝑗 , and the line impedances 𝑋𝑖𝑗 are constant, gives: 
𝑑𝑃𝑖𝑗

𝑑𝑡
=

𝑣𝑖𝑣𝑗
𝑋𝑖𝑗

(𝜔𝑖 − 𝜔𝑗 ). (19)

which means that steady state without power oscillations (i.e., 𝑑𝑃𝑖𝑗∕𝑑𝑡
= 0) is only reached if (𝜔𝑖 − 𝜔𝑗 ) = 0.

3.4. A complete model of the synchronisation process

Fig.  3 depicts the synchronisation controller, the droop control, the 
power flow equations between DGs, the secondary controller and the 
communication delay. This diagram will be used to design the synchro-
nisation controller, and each block within that diagram is explained in 
the remainder of this subsection using two DGs, namely 𝐷𝐺1 and 𝐷𝐺2, 
where 𝐷𝐺1 is the leader. Notice that 𝐷𝐺1 is the only agent that has 
access to the grid voltage measurements.

The output frequencies of the DGs can be calculated adapting (1) to 
𝐷𝐺1 and 𝐷𝐺2:

𝜔1 = 𝜔∗
1 − 𝑚𝑃1 ⋅ 𝑃1 − 𝑚𝐷1

𝑑𝑃1
𝑑𝑡

, (20)

𝜔2 = 𝜔∗
2 − 𝑚𝑃2 ⋅ 𝑃2 − 𝑚𝐷2

𝑑𝑃2
𝑑𝑡

. (21)

As the derivative droop has a very fast control action, one can assume 
that 𝑑𝑃𝑖∕𝑑𝑡 = 0. In addition, the power flow between 𝐷𝐺1 and 𝐷𝐺2
can be modelled by setting 𝑖 = 1 and 𝑗 = 2 in (18), yielding (if 𝛿12 ≈ 0): 

𝑃12 =
𝑣1𝑣2
𝑋12

sin 𝛿12 ≈
𝑣1𝑣2
𝑋12

𝛿12 = 𝐾12𝛿12, (22)

In Fig.  3, communication delays are modelled by using (17) with 
𝑖 = 2 and 𝑗 = 1.

3.5. PI controller design

In this paper, open-loop frequency response techniques are used 
since they are well suited for high-order systems that include delays, as 
the one presented in Fig.  3. In that figure, the plant transfer function 
can be calculated as the equivalent system between the points labelled 
‘‘Plant input’’ and ‘‘Plant output’’. For the design, it was deemed ade-
quate to set the phase margin (𝜙𝑚) and the crossover frequency (𝜔0) 
of the open-loop system from which the parameters of traditional PID 
controllers can be calculated analytically [29].

4. Power flow characterisation and control

4.1. Explanation of the case study

In this section, the active-power flow between two DGs (from 𝐷𝐺1
to 𝐷𝐺2) is investigated by using numerical simulations to understand 
the effect of the communication delay (𝑇𝑑), and the phase margin 
(𝜙 ) and the crossover frequency (𝜔 ) of the angle-difference controller 
𝑚 0

5 
Table 2
Parameters used in the simulation study in Section 4.
 𝑣1 = 𝑣2 = 400 V 𝑍12 = 𝑗 ⋅ 2𝜋50 ⋅ 20𝑒−3 Ω  
 𝜔∗

1,0 = 𝜔∗
2,0 = 2𝜋 ⋅ 49.5 rad/s 𝜃𝑑𝑖𝑓𝑓 = 𝜋 rad (initial) 

𝑚𝑃 1 = 𝑚𝑃2 = 2 ⋅ 10−4 rad/s/W

described in Section 3. The parameters used in the numerical simu-
lation are written in Table  2. Calculations in the droop control have 
been carried out with and without the derivative term to highlight its 
importance. 

4.2. Characterising active power flow between DGs

(1) Effect of Phase Margin:
Figs.  4(a) and 4(c) show the synchronisation time and the peak 

of the active power flow between 𝐷𝐺1 and 𝐷𝐺2 when the MG is 
synchronised with the main grid, respectively. A constant time delay of 
𝑇𝑑 = 30 ms was considered. In both cases, the crossover frequency (𝜔0) 
was modified between 0.5 and 1.5 rad/s, and the phase margin (𝜙𝑚) 
was modified between 50 and 80 degrees. In Fig.  4(a), the synchroni-
sation time is calculated as the time needed to reach an angle difference 
(𝜃𝑑𝑖𝑓𝑓 ) smaller than two degrees. Clearly, the synchronisation time 
can be reduced by increasing the crossover frequency and reducing 
the phase margin, but this will also increase the active-power flow 
during transients. The crossover frequency can be reduced as much as 
needed; however, the phase margin should be kept within adequate 
margins to avoid unwanted oscillations. In summary, a compromise 
between synchronisation speed and transient active-power flows must 
be accepted.

(2) Effect of Time Delay: Fig.  4(e) shows the peak of active power 
needed to synchronise 𝐷𝐺1 and 𝐷𝐺2 with the main grid, for different 
values of the communication delay and the crossover frequency. The 
phase margin (𝜙𝑚) was set to 60 degrees. Clearly, the active power peak 
increases together with the communication delay and the crossover fre-
quency. Therefore, the design of the synchronisation controller should 
consider both the maximum expected communication delay and the 
maximum allowed active power peak. In this paper, since all the DGs 
are similar and there are no limitations in their primary energy source, 
the limit is established by the highest active power peak. From the 
analysis carried out in this section, it is clear that the active power 
peak during the synchronisation is the key issue to be considered in 
the synchronisation controller design. To reduce its impact on synchro-
nisation dynamics, the next section proposes a method to reduce this 
active power peak during the synchronisation transient.

4.3. Reduction of transient active-power peak

As shown in the previous section, the ability of the secondary 
controller to limit the power during transients is quite limited. A 
possible solution is to design the primary controller to react faster to 
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(a) Synchronisation time as a function of the open-loop 
phase margin and crossover frequency of the system. Stan-
dard droop.

  
(b) Synchronisation time as a function of the open-loop 
phase margin and crossover frequency of the system. Deriva-
tive droop.

 

 
(c) Peak of the active power transient between DGs as 
a function of the open-loop phase margin and crossover 
frequency of the system. Standard droop.

  
(d) Peak of the active power transient between DGs as 
a function of the open-loop phase margin and crossover 
frequency of the system. Derivative droop.

 

 
(e) Peak of the active-power transient between 𝐷𝐺𝑖 and 
𝐷𝐺𝑗, for different values of the communication delay (𝑇𝑑) 
and crossover frequency (𝜔0). Standard droop.

  
(f) Peak of the active-power transient between 𝐷𝐺𝑖 and 
𝐷𝐺𝑗, for different values of the communication delay (𝑇𝑑) 
and crossover frequency (𝜔0). Derivative droop.

 

Fig. 4. Fundamental study of the powerflow between two DGs.
Fig. 5. (blue) Active power peak needed for synchronisation and (black) 
synchronisation time, for different values of 𝑚𝐷 (dashed) Simplified and (solid) 
detailed MG model.
6 
changes in the angle of the connection point. In a traditional droop 
control scheme, this can only be achieved by increasing the droop gain 
or the virtual impedance. However, the droop gain is typically selected 
according to the active power-frequency requirements, while the virtual 
impedance should be carefully selected to guarantee adequate dynamic 
performance of the DG. The derivative terms of the droop in (20) and 
(21) give an additional degree of freedom [26].

To understand the effect of the derivative droop term, the results 
obtained for the standard droop in Fig.  4(a),4(c) and 4(e), were repli-
cated, including the derivative droop term, in Figs.  4(b), 4(d) and 4(f). 
A value of 𝑚𝐷 = 5.33 ⋅ 10−5 was used (the details of how this value 
was selected are presented in the following section). In the results, the 
synchronisation time remains almost unaffected, while Fig.  4(d) shows 
that the active power exchanged between DGs was halved. In addition, 
Fig.  4(f) shows that the effect of the delay is greatly reduced.
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Table 3
MG hardware and control parameters.
 System parameters
 𝑉𝑛 = 400 V 𝑓𝑛 = 50 Hz 𝑅𝑙𝑜𝑎𝑑 = 16 Ω  
 𝐿𝑙𝑖𝑛𝑒1 = 0.1 mH 𝐿𝑙𝑖𝑛𝑒2 = 0.4 mH 𝑅𝑙𝑖𝑛𝑒∕𝑋𝑙𝑖𝑛𝑒 = 0 
 𝐿𝑙𝑖𝑛𝑒3 = 0.092 mH 𝐿𝑙𝑖𝑛𝑒4 = 0.27 mH  
 DG hardware parameters
 𝐿𝑐 = 1.5 mH 𝐶𝑓 = 8.8 μF 𝐿𝑜 = 2.2 mH  
 𝑅𝑐 = 48 mΩ 𝑅𝑓 = 48 kΩ 𝑅𝑜 = 173 mΩ  
 𝑓𝑠𝑤 = 10 kHz 𝑓𝑠 = 10 kHz 𝐿𝑉 = 10 mH  
 Initial operating point
 𝑃𝑖 = 2.502 kW 𝜔∗

𝑖,0 = 2𝜋50 rad/s  
 𝑄𝑖 = 0.027 kVAr 𝑣∗𝑖 = 400 V  
 MG topology and communication definition
 𝑎𝑖(𝑖−1) = 1 ∀𝑖 ≠ 1 𝑎𝑖𝑗 = 0 (∀𝑗 ≠ 𝑖 − 1) ∨ 𝑖 = 1

 Primary control parameters
 𝑚𝑃 = 2 ⋅ 10−4 rad/(s⋅W) 𝐾𝑃𝑉 = 0.12 𝐾𝑃𝐶 = 4.53  
 𝑛𝑄 = 1 ⋅ 10−4 V/VAr 𝐾𝐼𝑉 = 36.29 𝐾𝐼𝐶 = 10600  
 𝑚𝐷 = 5.33 ⋅ 10−5 rad/W 𝑇𝑐 = 1.5 ms  
 Secondary control parameters
 𝐾𝑃𝑆 = 0.0155 𝐾𝑃𝑃 = 2 ⋅ 10−5 𝑇𝑑 = 3.2 ms  
 𝐾𝐼𝑆 = 0.0062 𝐾𝐼𝑃 = 2 ⋅ 10−4 𝑐𝑓 = 30  

5. Further details of the case study and analysis

5.1. MG description and parameters

The MG presented in Fig.  1 was modelled in Simulink. The system 
parameters presented in Table  3 were used, where 𝐿𝑐 is the converter-
side inductance of the 𝐿𝐶𝐿 filter (𝑅𝑐 is its resistance), 𝐶𝑓  is the 
capacitor of the filter (𝑅𝑓  is its parallel resistance) and 𝐿𝑜 is the 
output inductance of the filter (𝑅𝑜 is its resistance). The switching 
and sampling frequencies are 𝑓𝑠𝑤 and 𝑓𝑠, respectively. A traditional 
reactive droop (𝑛𝑄) with a LPF was used for the reactive power [30]. 
The internal current and voltage controllers are standard and include 
PI controllers with d-q dynamics decoupling terms [22]. The gains of 
the current controller are 𝐾𝑃𝐶 and 𝐾𝐼𝐶 , and the gains of the voltage 
controller are 𝐾𝑃𝑉  and 𝐾𝐼𝑉 . In addition, a virtual impedance (𝐿𝑉 ) 
ensures adequate stability margins [31]. The information exchange 
between DGs is depicted in the left-top corner of Fig.  2.

For the LPF in (17), it was found that 𝑐𝑓 = 𝜔𝑏𝑤 ≥ 30 in (15) does not 
have a significative impact on the performance of the synchronisation 
controller, and this value was chosen for the implementation.

5.2. Effect of derivative droop term

Fig.  5 shows, in blue, the peak of the active power needed to 
synchronise the MG, and in black, the synchronisation time. Different 
values of the derivative droop term (𝑚𝐷) were tested (see the hori-
zontal axis). The results obtained for the simplified model presented 
in Section 3.2 are drawn with dashed lines while the values obtained 
with the detailed simulation are drawn with solid lines. Clearly, results 
are relatively similar. The active power peak is reduced by increasing 
𝑚𝐷 while the synchronisation time remains almost constant. This fact 
greatly simplifies the design of the derivative droop term, which can 
be selected before designing the secondary controller.

Fig.  6 shows the system eigenvalues of a linearised version of the 
complete MG model, when 𝑚𝐷 increases. The angle of the eigenvalue 
(ang(𝜆𝑖)) is placed at the vertical axis while the absolute value (abs(𝜆𝑖)) 
is placed at the horizontal axis, in a logarithmic scale. For each complex 
pair, only the one with a phase between 90 and 180 degrees is plotted. 
In this representation, all the system eigenvalues fit in a single plot, and 
critical eigenvalues can be easily spotted. Notice that a pair of complex 
eigenvalues is unstable if the angle is less than 90 degrees, while a real 
7 
Fig. 6.  Angle versus absolute value of the MG eigenvalues, for different values 
of 𝑚𝐷 (see the text for explanations).

eigenvalue (placed at 180 degrees) tends to be unstable when travelling 
towards −∞. The main eigenvalues are marked with numbers (from ⟨1⟩
to ⟨4⟩). The participation factor of each eigenvalue was calculated to 
understand to which variable it is linked to [30]. The eigenvalue ⟨1⟩
is real, and it approaches minus infinity when the 𝑚𝐷 increases. It is 
mainly related to the integral of the frequency, which is directly related 
to the output of the PI controller used to synchronise the MG.

The eigenvalue ⟨2⟩ is real, while ⟨3⟩ and ⟨4⟩ are complex. These 
eigenvalues are mainly related to the output of the measurement filter 
(i.e., they are strongly affected by the droop and its derivative).

From these results, it can be concluded that an adequate value of 𝑚𝐷
should guarantee that both ⟨3⟩ and ⟨4⟩ are placed in adequate positions.

Theoretically, the system eigenvalues are stable if 𝑚𝐷 ≤ 6.7 ⋅ 10−5

rad/W. To have a compromise between the location of ⟨3⟩ and ⟨4⟩
(damping factors of around 0.5), a value of 𝑚𝐷 = 5.33 ⋅ 10−5 rad/W 
was selected.

A zoom on the pair of complex eigenvalues related to the resonance 
of the 𝐿𝐶𝐿 filter is included in Fig.  6. Even though the phases of 
these eigenvalues are close to 90 degrees, these eigenvalues should be 
damped by the parasitic resistances of the DGs and the electrical inter-
connections, in a practical implementation [32]. Droop coefficients 𝑚𝑝
and 𝑛𝑞 are designed considering the nominal power of the converters, 
to have desired active and reactive power sharing of disturbances. In 
this work, all converters are the same size, so the droop coefficients are 
equal for all converters. The value of 𝑚𝑝 and 𝑛𝑞 can be designed with 
the procedure described in [33]. For example, 𝑚𝑝 is designed similarly 
to 𝑚 , with eigenvalue analysis.
𝐷
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Fig. 7. Pictures of the elements of the laboratory. (a) Line impedances, (b) AC busbars, (c) DC busbars, (d) 75 kVA VSCs, (e) 15 kVA VSCs, (f) real-time computers, 
(g) communication network switch, (h) single-board RIO and (i) two compactRIO.
6. Experimental validation

6.1. Laboratory description

The theoretical results of previous sections were validated in the 
laboratory facilities of IMDEA Energy (see Fig.  7). Four VSCs with 
𝐿𝐶𝐿 filters were used to emulate the DGs (marked in green as 𝐷𝐺1, 
𝐷𝐺2, 𝐷𝐺3 and 𝐷𝐺4). Meanwhile, the main grid was emulated with 
a 75 kVA VSC with an 𝐿𝐶𝐿 filter. The communication between DGs 
is implemented in a single-board RIO platform which takes all the 
information from the real-time PCs that control the VSCs, re-routes 
it, and sends it back to the selected real-time PCs. In this way, it is 
possible to define a communication graph and then implement it via 
the single-board RIO.

6.2. Experimental results

First of all, the delay between DGs was measured. using the real-
time PC1 (the one controlling 𝐷𝐺1 and 𝐷𝐺2). Fig.  8 shows a histogram 
representing the measurements of the communication time delay be-
tween 𝐷𝐺1 and 𝐷𝐺2. The delay has a stochastic component, similar to 
a normal distribution with a mean value of 3.2 ms. As shown in [27], 
the mean value can be used to analyse the performance of control loops 
if the delay is not too big.

Fig.  9(a) shows the experimental results obtained. Initially, the MG 
was operating as an island and 𝜃𝑑𝑖𝑓𝑓  was increasing steadily. At the 
instant ‘‘Sync’’, the synchronisation controller was activated. After this 
moment, the angle difference (𝜃𝑑𝑖𝑓𝑓 ) approaches zero and reaches the 
steady-state in ten seconds, approximately. The synchronisation process 
does not require an excessive value of active power thanks to the use 
of the derivative droop.

Once the MG was synchronised with the grid, the grid contactor was 
closed (at the instant ‘‘Close’’) and there is only a small transient in the 
active power and in the frequency (almost unnoticeable) because the 
MG and the main grid were accurately synchronised.

Finally, when the MG was connected to the main grid, a step change 
of 4 kW was applied to the set point of the MG active power (i.e., 𝛥𝑃 ∗

1 =
4∕4 = 1 kW for 𝐷𝐺1). The results show that all the DGs rapidly change 
their active power injection and follow the set point value, accurately.

The experimental results are compared in this section with two 
simulation models, one implemented using the Simscape Electrical 
toolbox in Simulink that includes the switching of converters and an 
own developed Simulink tool that includes an average modelling of 
the converters, described in [34]. Details on the models are included 
in [35]. Fig.  9(b) compares the experimental results with the results 
obtained from the switched and the averaged simulation models. The 
events of the test are the same as those used in Fig.  9(a). The figure 
8 
Fig. 8. Histogram of the experimental measures of the communication delay 
between 𝐷𝐺1 and 𝐷𝐺2 in the laboratory.

shows the active power output of 𝐷𝐺1, its frequency, and the angle 
difference (𝜃𝑑𝑖𝑓𝑓 ). Simulation and experimental results are very similar. 
However, in the experimental test (in blue), the power needed to 
synchronise the MG is slightly higher than in the theoretical models, 
probably because the real system has additional losses that were not 
considered in the simulation models (e.g., switching losses, etc.). Never-
theless, the shape of the transients was almost identical, indicating that 
simulation models are useful tools to predict the dynamic behaviour of 
the MG.

7. Large case study

This section describes the application of the proposed synchroni-
sation method to a modified version of the IEEE 69 test system to 
demonstrate the scalability of the proposed algorithm. One of the 
advantages of decentralised multi-agent control is that the control 
rules can still be applied to systems with more agents. Therefore, the 
same control will be applied in the large test system, only ensuring a 
spanning tree still exists. Fig.  10 includes the single-line diagram of the 
test system. The MG will be connected to the main grid (after synchro-
nisation) with a controllable switch connected at bus 33. For this test 
case, a communication time delay of 10 ms was considered between all 
converters. The synchronisation control structure and parameters are 
the ones used for the case with four converters.

The case study represents a radial distribution system that consists 
of 69 buses and 68 branches. The total system load is 3.802 MW 
and 2.694 Mvar. GFo-VSCs DGs 1–7 are connected at buses 1, 11, 
21, 31, 41, 51 and 61, respectively. The bases and parameters used 
for the test system and GFo-VSCs can be found in Table  4. Compared 
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(a) Experimental results. Resynchronisation and grid-
connected control modes. From top to bottom, active power 
(𝑃𝑖), frequency (𝑓𝑖) and angle difference (𝜃𝑑𝑖𝑓𝑓 ).

  
(b) Comparison of the switched model, the averaged model 
and the experimental results. From top to bottom, active 
power (𝑃1), frequency (𝑓1) and angle difference (𝜃𝑑𝑖𝑓𝑓 ).

 

Fig. 9. Comparison of the switched model, the averaged model and the experimental results.
Table 4
Parameters used for the simulation of the modified IEEE 69 bus test system.
 GFo-VSC
 𝑚𝑃 1 ⋅ 10−7 rad/(s⋅W) 𝑛𝑄 1 ⋅ 10−4 V/VAr 
 𝑅𝑓 0.048 Ω 𝐿𝑓 1.5 mH  
 𝐶𝑓 66.32 μF 𝑅𝑐𝑓 48 𝑘Ω  
 𝑅𝑐 0.048 Ω 𝐿𝑐 1.5 mH  
 𝐾𝑃𝑉 0.02 𝐾𝐼𝑉 0.2  
 𝐾𝑃𝐶 50 𝐾𝐼𝐶 500  
 𝐹𝑖 1 𝐿𝑃𝐹𝑐𝑜𝑛𝑠𝑡 0.01 s  
 Sec. control parameters and bases
 𝑐𝑓 1 𝑐𝑣 1  
 𝑓𝑏𝑎𝑠𝑒 50 Hz 𝑆𝑏𝑎𝑠𝑒 3 MVA  
 delay (𝑇𝑑 ) 10 ms 𝑉𝑛𝑜𝑚 = 𝑉𝑏𝑎𝑠𝑒 12.6 kV  
 𝛽 0 𝐵 1  
 𝑔1 = 1 𝑔𝑖 = 0 ∀ 𝑖 ≠ 1 𝑎𝑖𝑗 = 1 ∀ 𝑖 ≠ 1, 𝑗 = 𝑖 − 1
 𝜔𝑟𝑒𝑓 1 pu 𝑣𝑟𝑒𝑓 1 pu  
 𝐾𝑃𝑆 0.0155 𝐾𝐼𝑆 0.0062  
 Initial operation point (𝑖 ∈ [1 − 7])

 𝑃𝑖 532.54 kW 𝑄𝑖 374.82 kVAr  

to the laboratory case, the parameters of the inner controllers of the 
GFo-VSCs differ due to differences in the electrical elements of the 
system. The delay is increased to have a more realistic value for larger 
systems. However, it should be noted that the synchronisation control 
parameters remain the same to validate the plug-and-play nature of the 
proposed approach. The communication graph used for this test case 
study is radial, as the previous one, from DG1 to DG7. The default 
communication delay among converters is set to a constant value of 
10 ms. The delay is modelled using a third-order Padé approximation 
in linearised models.
9 
The synchronisation process is divided into the following stages:

1. Secondary control activation: At 𝑡 = 10 s, the secondary 
control is activated. This guarantees active-power sharing among 
converters.

2. Synchronisation starts: At 𝑡 = 30 s, the synchronisation control 
is activated. This changes the frequency set point of the leader 
DG.

3. Closing the contactor: After the synchronisation, the control-
lable switch between the microgrid and the main grid is closed. 
This occurs when the synchronisation thresholds are met.

4. Increasing the active-power injection to the main grid: 10 s 
after the close of the contactor, the microgrid is asked to inject 
5.25 MW of active power into the main grid.

Fig.  11 shows the results of the simulation of the synchronisation 
process. Clearly, the results obtained are similar to those in the case 
of four grid-forming converters. The synchronisation implies an active 
power transient limited by the design of the proposed control, the angle 
difference is driven to 0 in a few seconds, avoiding big transients in 
the connection to the main grid, and the microgrid successfully injects 
power into the main grid after the connection with the selected active 
and reactive power sharing among converters. The key difference in 
this result is that the secondary control in islanded operation before 
the synchronisation maintains the frequency in its nominal value while 
guaranteeing active power sharing between converters.

7.1. Consideration of the voltage amplitude difference

The proposed algorithm is mainly designed to consider frequency 
and angle synchronisation because, in the studied scenarios, the voltage 
was very similar in the MG and the main grid. Therefore, the voltage 
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Fig. 10. Single-line diagram of the modified version of the IEEE 69 bus test 
system.

difference was not the main concern. However, to test the proposed 
algorithm in order to work in the case of a voltage amplitude difference, 
the algorithm must include another PI controller. Similarly to the 
proposed angle synchronisation, the voltage amplitude difference is 
tracked and controlled by a PI controller in the synchronisation angle. 
The proportional and integral control gains for this PI controller are 
1 and 20, respectively. The output of this synchronisation controller, 
initialised to 1 pu, is the voltage reference that the leader DG must 
track in its voltage secondary control. Note that this PI control must be 
deactivated when the MG is required to inject power to the main grid.

Fig.  12 includes the simulation results of including that PI con-
troller, compared to the previous case without it.

As shown in the figure, the performance of the algorithms is very 
similar, except for the voltage amplitude difference, controlled to 0 
during the synchronisation in case 2, and the reactive power transient 
that occurs in case 2 due to the control of that voltage difference. The 
small transient in reactive power at the moment of the connection is 
avoided in case 2 thanks to the voltage amplitude control.

7.2. Effect of the limitation of available primary energy resource

In this work, we have not modelled the primary energy resource 
of the converters. For the simulations, the converters are modelled 
as ideal controlled voltage sources. For the experimental setup, the 
IMDEA lab utilises an AC/DC rectifier as the primary source, con-
nected to the mains via a transformer with adjustable taps, which 
10 
Fig. 11. Simulation results of the synchronisation of the IEEE 69 bus test 
system to an infinite grid with the proposed control.

maintains a constant DC voltage when active power is injected from 
the converter into the AC grid. In any case, our hypothesis is that the 
primary resource and its control respond sufficiently fast that DC link 
voltage variations do not impose any barrier. However, the possible 
active power limitation imposed by the primary energy source grid-
forming converter must be considered for a realistic scenario. To prove 
the performance of the proposed algorithm, this section includes the 
consideration of this limitation. In this section, to achieve a larger 
active power peak and observe the limitation effect clearly, both gains 
of the proposed synchronisation PI control are multiplied by a factor 
of ten. The limitation of available energy from the primary resource 
is implemented by an active power limitation with a fast PI controller 
acting on the frequency of the converter when saturated, as described 
in [36].

The simulation results on the effect of this limitation are shown in 
Fig.  13.

As shown in the Figure, the active power peak of converter DG1 is 
reduced because it is not able to reach that power due to the limitation. 
This has the effect of slightly slowing the synchronisation because DG1 
(the leader) is unable to follow the frequency set point given by the 
PI controller until it is limited. Except for this detail, the performance 
of the control is very similar, validating its robustness to this transient 
limitation.
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Fig. 12. Voltage, reactive power and voltage amplitude difference (𝑉𝑔𝑟𝑖𝑑 −
𝑉𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑖𝑑) comparison between case 1 (no amplitude difference control) and 
2 (amplitude difference control).

All these results apply to a microgrid composed of grid-forming 
converters. In the case of including grid-following converters, the con-
sensus control can still be applied for the secondary control layer. Using 
the secondary control described in [6], the grid-following converters 
can be incorporated in the active and reactive power sharing of the 
control. However, they do not include consensus control on frequency. 
Including grid-following converters would have a similar performance 
to that of having only grid-forming converters, even reducing the 
active-power peak during the synchronisation transient because the 
grid-following units control their injected current.

In the event of the loss of a communication link, as stated in 
consensus theory, consensus cannot be guaranteed if no spanning tree 
exists in the communication graph. Since the synchronisation control 
includes a PI agent, synchronisation would still occur, but with worse 
performance in terms of active and reactive power sharing. Instead, 
there will be active and reactive power sharing between two different 
groups of converters, corresponding to the two connected subgraphs 
in the secondary control communication network. In this scenario, a 
meshed communication network is more robust, as it can still maintain 
a spanning tree in the event of losing a communication link, thereby 
ensuring active and reactive power consensus. The proposed algorithm 
can be applied seamlessly to meshed communication networks.
11 
Fig. 13. Effect on the limitation of available active power from the primary 
energy resource. The first zoomed region corresponds to the synchronisation 
transient, and the second zoomed region corresponds to the connection tran-
sient.

8. Conclusion

In this paper, a multi-agent secondary controller was proposed and 
investigated to synchronise MGs with the main grid. Two main effects 
of the communication delays have been studied: their impact on the 
system stability and on the active power required for the resynchro-
nisation. The delays were considered at the design stage of the PI 
controller so the transient response of the MG was adequate and a 
derivative term in the droop of DGs was proposed to reduce the active 
power peaks during transients. The main findings were validated by 
using numerical simulations and laboratory experiments performed in 
a realistic environment.

The analytical results showed that communication time delays can 
greatly affect the power needed to synchronise the MG. Although it 
was found that this effect can be reduced by using a faster secondary 
controller, a derivative droop term together with an adequate design 
of the secondary controller was proved to be a more effective strategy. 
In this way, it is possible to decrease several times the power needed 
to resynchronise the MG while making the system less dependent on 
communication time delays. The detailed small-signal model revealed 
the impact of the derivative droop term in different eigenvalues of the 
MG, and a trade-off between the damping of all of them was estab-
lished. The experimental results obtained in the laboratory were very 
similar compared to the numerical simulation results and only some 
small deviations in the power needed to perform the synchronisation 
were observed.

These results underscore the practical relevance of the proposed 
controller, demonstrating its robustness and applicability to real mi-
crogrids operating over industrial communication infrastructure with 
significant communication time delays.
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The proposed algorithm is validated in a large system of 69 buses 
with seven grid-forming converters and mainly resistive lines. The 
algorithm is also validated in the case of limited available energy 
from the converters and considering control of the voltage amplitude 
difference between the microgrid and the main grid.
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