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Abstract

This paper evaluates experimentally the performance of a distributed secondary control strategy applied
to a hybrid ac/dc—microgrid in the event of common communication issues, such as communication loss
and communication delays. The two scenarios are tested on a 24kW hybrid ac/dc—microgrid laboratory-
scale prototype.

Introduction

In recent years, the popularity of microgrids has grown due to the numerous benefits they offer, such as
high reliability, flexibility and expandability [1,2]. A microgrid can be defined as a controlled small-scale
power system operated in islanded or grid-connected mode to facilitate the provision of supplementary
power and/or maintain a standard service [3]. The focus of the work presented in this paper is on islanded
microgrids. When a microgrid is disconnected from the main grid (islanded mode), the distributed gen-
erators (DGs) must regulate the voltage magnitude and frequency for the ac-DGs, and voltage magnitude
for the dc-DGs, to meet the corresponding grid requirements. Microgrids can be ac [4], dc [5] or hybrid
ac/dc [6], where both ac and dc power sources and loads are integrated within the microgrid. In this
work, the focus is on hybrid ac/dc-microgrids, as described in the next section.

As the numbers of DGs and agents in microgrids increase, a low-bandwidth communication network is
required to improve reliability and avoid single-point failures [6, 7]. Distributed control schemes have
proved to be more suitable than other approaches in maintaining high reliability and ensuring adequate
operation of secondary control strategies in microgrids with a large number of DGs (agents) [7,8]. A
distributed control strategy (DSC) requires a distributed communication network with distributed agents
performing the control actions in a cooperative fashion [9], i.e., without the need for a central controller
to reach a global objective. In this paper, the performance of the distributed secondary control strat-
egy proposed in [10] is experimentally tested and analyzed considering communication issues, such as
communication loss and delays.
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Fig. 1: A typical structure for a hybrid ac/dc-microgrid, with multiple ac-DGs, dc-DGs and ICs.

Hybrid ac/dc-Microgrids

According to the literature [6, 11], a hybrid microgrid consists of an ac-microgrid and a dc-microgrid,
connected via one or more power electronic converters capable of bidirectional power flow, called in-
terlinking converter (/C), that combines the benefits of ac- and dc-microgrids. The set of devices
comprising the hybrid ac/dc-microgrid are labelled as Ny = {1,...,n}, Ngo = {n+1,...,n+m}, and
Nic ={n+m+1,...,n+m+ g}, respectively. The general topology for the hybrid ac/dc-microgrid is
shown in Fig. 1. The objective of the IC is to control bidirectional transfer of active power between the
ac- and dc-sides, as well as providing reactive power on the ac-side to contribute to voltage regulation
if it is necessary. It is claimed that with hybrid microgrids it is possible to reduce the number of power
conversion stages and, thus, losses by up to 30% [12].

Distributed Secondary Control Scheme

As described before, this paper is focused on experimentally validating the behaviour of the distributed
secondary control strategy proposed in [10]. Specifically, performance of the control scheme against the
most typical communication issues is analyzed.

In this strategy, the standard power-voltage (P/V') droop controller [13] is considered as the primary con-
trol system in the dc-microgrid, and the standard (P/f) and (Q/V) droop controllers [14] are used as the
primary control systems in the ac-microgrid. As the frequency is a global variable in the ac-microgrid,
accurate active power-sharing is achieved in the ac-microgrid. On the other hand, the amplitude of the
voltages is a local variable. Thus, it is not possible to achieve both accurate power-sharing and voltage
restoration simultaneously for each DG on either side of the microgrid [8].

A global secondary control strategy for hybrid ac/dc-microgrids should restore the secondary variables
on both sides of the microgrid, and moreover, should ensure power-sharing between all ac-DGs and dc-
DGs. To achieve the latter objective, the power flowing through the /C must be adjusted. In the following,
distributed control mechanisms proposed in [10] for achieving these goals are introduced. These control
laws use peer-to-peer communication between dc-DGs, ac-DGs, and ICs.

Controller for the ac-Microgrid

For the ac-microgrid, the secondary variables are the frequency (®;) and the amplitude (E;) of the volt-
ages, while the consensus variables are the active power in p.u. (#;) and the reactive power in p.u. (Q;).
Following the traditional approach, two ac-DSC are presented: the first one for active power-sharing and
frequency restoration, and the second one for reactive power-sharing and voltage restoration.

Firstly, the ac-DSC for active power-sharing and frequency restoration is given by:

0, = 0" + My iPac—i + Vi (13)
o = — (0, — ") — ZjeNac aij (Pac—i— Pac—j) — ZjeNdc a;j (Pac—i — Pac—j) (Ib)

for i € Ny¢, where P,._; is the instantaneous power generated by the j’h ac-DG € Ny, and Py._; is the
instantaneous power generated by the j# dc-DG € Ng..
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Fig. 3: Distributed secondary control for dc-microgrids (dc-DSC).

Secondly, the ac-DSC for reactive power-sharing and voltage restoration is given by:

E; = E* + Nac—i* Qac—i + Xi (2a)
piki = —Bi(Ei—E") = bi ).y aij(Qi—Q)) (2b)

for i € Nyc. The gains My._i, Njc—i < 0 are the primary droop gains, and 6;,p; > 0 are time constants. The
gains [3;,b; > 0 can be tuned to produce a compromise between voltage regulation accuracy and reactive
power-sharing accuracy. A block diagram of the distributed secondary control strategy for the ac-DGs is
shown in Fig. 2.

Although relatively similar control strategies have been studied before (see [15]), the key difference in
this work is that the active power consensus of ac-DGs is extended to dc-DGs (and later, to ICs). This is
reflected in the third term at the right hand side of (1b)], which illustrates the interaction between ac-DGs
and dc-DGs, and in next sections.

Controller for the dc-Microgrid
For the dc-microgrid, the secondary variable is the dc-voltage V;, while the consensus variable is the
p-u. power P;. Then, the dc-DSC for power-sharing and voltage restoration is
Vi=V"+Mc—i Pac—i+ @i (3a)
pidi=—Yi(Vi=V")—c; ZjeNdc aij (Pac—i — Pac—j) — ¢i ZjeNaC aij (Pac—i — Pac—j) (3b)
where i € Ny, Myc—; < 0 is the primary control gain, and p; > 0 is a time constant. The gains y; and ¢;

can be tuned to produce a trade-off between voltage regulation accuracy and power-sharing accuracy. A
block diagram of the dc-DSC is shown in Fig. 3.

Controller for the IC

The novel consensus-based DSC strategy for the ICs proposed in [10] (ic-DSC) is slightly different than
those used for ac-DGs and dc-DGs. The IC must regulate the power transfer between the two sides of
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Fig. 4: Distributed secondary control for /C.

the microgrid. This has to be realized seamlessly, and without affecting the power-sharing among the
DGs. To achieve this, the IC sends its own status (1: ON, 0: OFF) to the DGs in order to enable the
power-consensus between the two sides of the microgrid, while the I/C receives the power in p.u. being
generated by the ac-DGs (P,c) and by the dc-DGs (Pyc). Therefore, the power reference Py._, for the
single k" IC (k = n+m+ 1) is updated as

WP ==Y, Y aiaji(Pic—i— Pac—;) “4)
i€Nyc jE€NgC

where T; > 0 is a time constant. Note that the DGs communicating with the /C enter into the control
law (4). In this work, the sign convention is that Pi-_, > 0 if power flows from the dc-microgrid to the
ac-microgrid. A block diagram of the ic-DSC is shown in Fig. 4.

Communication Network

The communication network is crucial in a distributed control strategy [16]. To achieve an adequate
behaviour of the controller, all the agents must have a communication link with at least one other agent
[8,17]. A typical way to describe the communication network is through an adjacency matrix A = [g;}],
where the element a;; = 1 if DG; is communicating with DG ; otherwise a;; = 0 [17].

Experimental Tests

In this section, experimental test results for the hybrid ac/dc-microgrid are discussed. The experimental
results validate the performance of the control strategy against communication issues.

Experimental System

The experimental system set up for the tests is shown in Fig. 5; the topology is shown in Fig. 5a and
the experimental rig is depicted in Fig. 5b. The ac-microgrid consists of three distributed generators
(ac-DGs), while the dc-microgrid consists of six distributed generators (dc-DGs). Only one IC is con-
sidered. Further details are presented in [18]. The arrows represent communication links among DG,
corresponding to the adjacency matrix A shown in Fig. 5c.

Two test scenarios have been implemented: (i) Test #1 considers the disconnection and re-connection
of two units (one ac-DG and one dc-DG) from/to the communication network (i.e., consensus strategy),
and (ii) Test #2 analyzes communication delays applied to the entire communication network. In the
following, the experimental results are discussed.

Test #1: Communication Loss

In this test, the base case corresponds to the scenario where all units are connected to the communication
network, as described in Fig. 6a. The base load condition is 6.0kW for the ac-microgrid (66.6% of its
nominal power) and 9.6kW for the dc-microgrid (64.0% of its nominal power), as shown in Table I. For
emulating the loss of communication links between DGs, units ac-DG; and dc-DG, are disconnected
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Fig. 5: Experimental hybrid ac/dc-microgrid. a) Topology. b) Experimental rig. ¢) Adjacency matrix.
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Fig. 6: Communication network for test #1. a) Normal operation. b) Communication loss operation.

from the communication network at t = 40s (see Fig. 6b), and then re-connected to the communication
network at ¢ = 240s (see Fig. 6a). The other DGs remain communicating for all the test.

Table I: Experimental ac/dc-microgrid, load conditions for test #1.

Load | kW  Load | kW  Load | VA

R 2.05 R4 2.05 Z 25+j1.2
R 0.00 Rs 2.05 Z 2.4+ 0.0
R3 1.37 R¢ 2.05 Z3 1.1+ 0.0

The total power generated in this test is shown in Fig. 7a. The test begins with all the control loops
activated; therefore, all the DGs are sharing both the active and reactive power, as shown in Fig. 7b and
Fig. 7d, respectively. As the load (in p.u.) on the ac-side is different to that of the dc-side, there is a
transfer of power through the /C, as shown in Fig. 7c.

As mentioned before, in ¢t = 40s units ac-DG; and dc-DG; are disconnected from the communication
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network. Therefore, the disconnected units stop performing power-consensus with the other units and
the distributed controllers only take care of the local variables regulation. Since the frequency is a global
variable on the ac-side, ac-DG; continues supplying the same amount of power, while dc-DG, severely
reduces the generated power (see Fig. 7b) due to now it focuses on regulating the local dc-voltage.
Results for the secondary variables are shown in Fig. 8. The power transferred by the /C also changes
when the units disconnected from the communication network stop performing power-consensus, as
shown in Fig. 7c.
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Several load steps are applied on both sides of the hybrid microgrid, as follows:

e t = 80s: load power in the ac-microgrid is increased to 8.4kW (93.3%).

e t = 120s: load power in the dc-microgrid is increased to 11.65kW (77.3%).



e = 160s : load power in the ac-microgrid is decreased to 6.0kW (66.6%).
e t =200s : load power in the dc-microgrid is decreased to 9.6kW (64.0%).

In all cases, the units connected to the communication network continue performing the power-consensus
task, while the disconnected units only regulate their local variables. The IC continues transferring power
between the sub-microgrids, helping to the ac-DGs to reach the power-consensus with the dc-DGs, and
vice versa. As soon as the units ac-DG; and dc-DG; are re-connected to the communication network,
at t = 240s, they participate in the power consensus and continue performing the secondary variable
regulation. Therefore, the proposed control strategy is validated against communication loss issues.

Test #2: Communication Delays

In this test, a constant delay T, is introduced in the consensus terms of the controllers for analyzing the
performance of the controller against communication delays, as shown in (5)-(8). The tested cases are:

(i) base case (T = 0.0s),
(i) small time-delay (t; = 0.1s),
(iii)) medium time-delay (T4 = 0.5s), and

(iv) large time-delay (t; = 1.0s).

i = — (0 — ) + Wac—i + Wac—i (Sa)
WYac—i = — ZjENaC dij (Pacfi - Pacfj(t - Td)) (5b)
Yde—i = —ZjeNdc a;j (Pac—i — Pac—j(t —4)) (5¢)

Pifi = —Yi (Vi = V™) + Qac—i + Pac—i (6a)
Qde—i = —Ci ZjGNdC aij (Pac—i — Pac—j(t —q)) (6b)
Qac—i = —C; ZjeNHC aij (Pac—i — Pac—j(t —t4)) (6¢)
WP ==Y, Y aiaji(Pac—i— Pac—j(t —T4)) (7)

i€Nye jE€Ng.
PiXi = Bl E;i— E —b; Z]GN at/ (t_Td)) 3

The base load condition is 5.9kW for the ac-microgrid (65.5% of its nominal power) and 11.6kW for the
dc-microgrid (77.3% of its nominal power), as shown in Table II.

Table II: Experimental ac/dc-microgrid, load conditions for test #2.

Load | kW  Load | kW  Load | VA

Ry 2.05 R4 2.05 Z) 1.7+ j0.0
R 2.05 Rs 2.05 Z 2.4+ j0.0
R; 1.37 Rg 2.05 Z3 1.8+ 0.0

At ¢t = 0, since all the control loops are activated and the system is at steady-state, both ac-DGs and dc-
DGs are sharing the load power for all the studied values of T4, as shown in Fig. 9a-d and Fig. 11a-d for
active and reactive power, respectively, and the power is transferred through the /C as shown in Fig. 9e-h.
On the other hand, the secondary variables are also regulated within limits for all the studied values of 4,
as shown in Fig. 10a-d, Fig. 10e-h and Fig. 11e-h, for frequency, dc-voltage and ac-voltage, respectively.

A load step is applied in the ac-side between ¢ = 30s and ¢t = 60s. At t = 30s, loads Z; and Z3 are
increased to 2.9+ j1.4kVA and 2.8 + j1.4kVA, respectively. The initial power load condition is resumed
att =60s,i.e., Z; = 1.7+ j0.0kVA and Z3z = 1.8 + jO.0kVA.
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It can be seen that the control algorithm continues working correctly for all the studied values of t;: the
power consensus is achieved (see Fig. 9a-d and Fig. 11a-d for active and reactive power, respectively)
and the secondary variables are maintained within limits (see Fig. 10a-d, Fig. 10e-h and Fig. 11e-h, for
frequency, dc-voltage and ac-voltage, respectively). On the other hand, the power transferred by the IC
is adjusted to help maintaining the power consensus among DGs (see Fig. 9e-h).

Between r = 90s and ¢ = 120s, a load step is applied in the dc-side. At ¢ = 90s, loads R, and Rs on
the dc-side are disconnected, and the base load condition is resumed at r = 120s, i.e., Ry = 2.05kW and
Rs = 2.05kW. As in the previous case, the control algorithm continues working correctly for all the
studied values of 7.

It is worth noting that, despite the control algorithm reaches the steady-state condition after applying the
load steps at both sides of the hybrid ac/dc-microgrid, the transient response becomes more oscillatory
as the delay increases. Moreover, the overshoot of the transient response also becomes larger for long
delays. Therefore, the proposed control scheme is able to handle communication issues as communica-
tion delays; however, special attention has to be on the transient response in order to avoid surpassing
the operational limits of the DGs.

Conclusion

In this paper, the performance of the DSC strategy proposed in [10] in the presence of communica-
tion issues (communication loss and communication delay) was experimentally evaluated. It was shown
that the control strategy is capable of restoring the secondary variables while maintaining an accurate
power-sharing among the ac-DGs and dc-DGs when an agent is disconnected/reconnected from/to the
communication network. Moreover, the control strategy can operate even when a long time-delay is ap-
plied to the entire communication network. The experimental tests demonstrate an excellent performance
for the DSC strategy against common communication issues.
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