


SociedadeBrasileira de Automitica (SBA)
XXV CongressoBrasileiro de Automitica - CBA 2024,15a 18 de outubro de 2024

of the multi-agent system by the agents interferes with the
system’s overall performance.

2. METHODS
2.1 Co-simulation

The co-simulation set up environment designed for the
current study considers a single DC bus which connects
five converters, as shown in Figure 1, being:

e A DC-DC Bidirectional converter (Bidi) responsible
for controlling the DC Bus voltage level within the
predefined value and to connect the battery to the
system [Zhang (2008)];

e Two Buck converters (PV) [Yasko (2018)] responsible
for controlling the solar panels;

e Two single phase inverters (Ldn, where n =
which feeds the consumers.

1,2)

Figure 1. The single DC bus with with the connected
converters.

The Figure 2 shows the system block diagram highlighting
the power and communication connections. The power

Figure 2. The block diagram of the system.

converters (PV, Consumer, and Bidirectional) are con-
nected through a DC bus. On the other hand, the agents
(Bidi, PVn and Ldn, where n = 1, 2) and the multi-agent
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system (MAS) are connected via data connection bus Fer-
nandes et al. (2024). Each converter has a communications
module which gives to it the ability to send and receive in-
formation, so they are considered agents [Fabio Bellifemine
and Greenwood (2004)].

In this scope, the setup may be escalated to many con-
sumer and photovoltaic converters as per the converters
are started in independent instances and, optionally, in
different computers. The communications network will be
affected by the data traffic increase proportional to the
addition of new converters, which would represent a bottle-
neck as the amount of converters grows. The lower layers
adopted protocol for the system is socket over TCP/IP,
with WiFi being the physical layer [Panek (2020)], in
which the agents communicate with the multi-agent sys-
tem.

The socket protocol works based on client/server archi-
tecture, where the client queries and the server replies.
Each PSIM solver instance is equipped with a dynamic
link library (DLL) written in C which is responsible for
implementing the communication protocol stack between
the client (PSIM) and the server (multi-agent system).
Once the client waits for the server to reply, the PSIM
simulation time is respectively impacted as shown in the
Subsection 2.3. The elapsed time taken from the client re-
quest and the server to reply is the round-trip time (RTT).
The Figure 3 illustrates the PSIM DLL logic flowchart.

Figure 3. PSM DLL block flowchart.

As a method to mitigate the data traffic congestion inter-
ference on the overall system performance, a throughput
test is realized on Subsection 2.3. It is convenient to dis-
cover the actual communication network capacity prior to
start parameterizing the simulator. The update frequency
shall be set according with the environment in which the
simulator is located. For the PSIM it’s been used a zero-
order hold (ZOH) block before the DLL block inputs set
with the discovered frequency.
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2.2 Multi-agent system

The Multi-Agent System (MAS) serves as the central or-
chestrator for the entire operational framework. It facili-
tates seamless communication among system components,
including agents and the MAS itself. Through message
exchanges, these entities share vital information and re-
quest parameter adjustments to optimize power supply in
accordance with predefined operational criteria. Figure 4
provides a visual representation of the MAS communica-
tion framework Fernandes et al. (2024).
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Figure 4. Multi-agent system communication framework.

The MAS application employs precise agent identification
using predefined tags carried by at the application layer
protocol [Panek (2020)], as per illustrated in the Figure 5.
In the same figure, the fields Val,, where n = 1, 2, and
3 carry measurements and commands to MAS and from
agents, respectively. The field Time Stamp carries the time
information regarding to the information carried.
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Figure 5. System communication protocol.

Agents, which are virtual entities residing within individ-
ual converters and mirrored within the multi-agent system,
play a pivotal role. Messages transmitted from agents to
the MAS typically entail measurements, while those in the
opposite direction carry commands. The former serve as
parameters for controlled sources or set points for control
algorithms implemented by the converters.

MAS assumes control over battery State of Charge (SoC)
management [Kesler et al. (2014)], leveraging voltage
thresholds set at 99.0% and 97.0% for upper and lower
limits. Upon surpassing these thresholds, the MAS dis-
patches reference updates to the PV agents, directing them
to either inject more power into the DC bus or reduce it,
depending on the prevailing conditions.
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Additionally, the MAS remains vigilant through continu-
ous receipt of socket queries from other agents, enabling it
to promptly detect events such as voltage sag. With each
query, the measurements relayed by agents are refreshed,
ensuring real-time monitoring. Unlike Consumer and PV
agents, the MAS operates autonomously in decision-taking
processes, further enhancing system efficiency and respon-
siveness.

2.8 Results

A test experiment has been established to assess the
throughput of the communications link, replicating typ-
ical data traffic within the co-simulation environment. It
consists of two computers: one running the socket clients
(SClient), and the other, the socket server (SServer), as per
detailed in Table 1. The computers are connected by WiFi
local network. A packet consisting of 480 bytes was sent
by the clients and another one of 220 bytes was returned
from server to each individual client repeatedly, 200 times,
being the data throughput evaluated at the end as the total
average.

Table 1. Hardware infrastructure.

Name System IP Address
. Intel(R) Core(TM) i5-2450M

SClient CPU @ 2.50 GHz 192.168.15.8
th .

SServer 11 Intel(R) Core(TM) 5~ g, 160 15 5

1135G7 @ 24GH=z

Each test block was repeated by 5 distinct clients simul-
taneously to the socket server. The test was repeated for
the update rates according to Table 2.

Table 2. Socket/TCP/IP throughput evalua-

tion.
Sample Rate Throughput Perc Con-
(SR)(Hz) (kbps) Avg Perc (%) gestion(%)
800 218 1,896 100
100 172 232.9 87.9
50 218 28.9 37.3
10 201 0 1.0

The Sample Rate (SR)(Hz) is tested seeking the mini-
mum Perc Congestion(%) observed. The Avg Perc (%)
column indicates the percentage where the client Wait-
ing Time (WT) is greater than the inverse of Sample
Rate (SR), which reduces as low as the SR also reduces.
The Equation 1 describes the Avg Perc (%) column cal-
culation. Negative results have been set to zero since it
indicates that in the average the communication system
experienced small congestion and therefore have been dis-
regarded.

AvgPerc = (

W
2 — 1) %100 % (1)

SR

The Table 3 shows a sample of actual simulation sessions
running in different SR, where the first column identifies
the SR for the respective simulation session. Each simu-
lation session sample has a begin and an end time stamp
registration expressed in s. The columns Simulation time
(ST) (s) and Actual time (AT) (s) represent the times-
tamps recorded by the simulator and the real-world time
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Table 3. Simulation time delay at different SR.

Sample Rate  Simulation Actual time Delta

(SR)(H?z) time (ST)(s)  (AT)(s) (ms) Ratio
800 Begin 0.18625 0.967431 ST 1.25  12.56
End 0.18750 0.983142 AT 15.7
100 Begin 0.530 0.153695 ST 10 10.73
End 0.540 0.261012 AT 107.3
50 Begin 0.840 0.428062 ST 20 8.59
End 0.860 0.599804 AT 172
10 Begin 2.20 0.892934 ST 100 8,32
End 2.30 1.724819 AT 832

clock (physical time) recorded by the Python command
line tool prompt at the beginning and end of each session
sample, respectively. The physical time is generated by
the socket client. As depicted in Table 3, a discernible
difference exists between physical time (Actual time (AT)
(s)) and simulation time (Simulation time (ST) (s)). The
relation between the ST and AT is presented in the column
(Delta (ms)). The round-trip time (RTT) gets larger when
the update time from agents to the multi-agent system is
faster. It denotes the communication system performance
being affected somehow when the SR gets faster. Not
only network conditions degradation may interfere on the
simulator but also computing processing capacity.

Non real-time simulators may faithfully reproduce a power
system behavior depending on the time required by the
simulation platform to complete the computation of state
outputs for each time-step [Pulok and Faruque (2015)].
If it can be done shorter than the real world time clock,
the simulation is said real time (RT), otherwise it is non-
real-time (NRT). In the Ratio column of Table 3, it is
evident that the values greater than 1 signify a noticeable
relationship between AT and ST. This indicates that in
these particular scenarios, PSIM has exhibited a non-real-
time (NRT) behavior [Pulok and Faruque (2015)].

The Table 4 presents a trial examining the scalability of
the system as the number of clients increases in a SR basis.
The column labeled Avg Perc (%) indicates performance
metrics for varying numbers of socket clients, denoted by
CLn where n ranges from 1 to 9. The column labeled Auvg
Perc (%) follows the same logic as previously described
in Equation 1, where negative results were zeroed once it
indicates that in the average the communication system
experienced no or small congestion.

The data illustrates that as the SR increases, the system
exhibits signs of congestion. For instance, at an SR of
800 H z, only one client is capable of congesting the system.
It is crucial to note the stochastic nature of communication
networks, so, trends become significant. Notably, in the
case of a 10 Hz SR, there is a noticeable trend impacting
the system as the number of clients reaches nine.

At the tested co-simulation environment the primary con-
trol works with the most recent received reference. In case
the update delays, each converter will behave differently,
as follows:

e Bidi:
- PV continues to supply power to the DC Bus

since the last received reference causing the bat-
tery to overcharge surpassing the SoC 100% limit
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and leading Bidi Conv to lose control upon the
DC Bus voltage;

- PV is not supplying power to the DC Bus since
the last received reference, which leads the Bidi
Conv to lose control upon the DC Bus voltage at
30% SoC due to battery discharge;

e Cons: the last received update is DC bus voltage
used by an internal controlled source to generate the
simulated DC Bus voltage, so it will remain supplying
internal DC Voltage until the next update to be
received without further drawbacks;

e PV:

- the last received reference was to supply power

to the DC Bus of a given amount - the battery
eventually will get charged and the SoC will

surpass 100%;

- the last received reference was to supply zero
power to the DC Bus, in this case the battery
continues to discharge until it it gets to the
critical SoC level;

- In either above cases, the elapsed time without
updating to PV Conv that could bring instability
to the system depends upon the internal system
dynamics, such as load demand and battery ca-
pacity.

For obtaining numerical data to be used in the design
of the converters adopted in the system, the operating
parameters are listed in Table 5, and Table 6. The param-
eters were defined, for simplicity, in terms of single-phase
inverters used to supply consumers with 127 V4o from a
bus voltage of 180Vp¢.

In order to contextualize, a regular co-simulation section
is presented. The Figure 6 shows a Bidirectional simulator
result in which MAS has been updated at 800 Hz SR. The
events a and b illustrate actions taken by MAS whenever
the thresholds are surpassed, either up or downwards.
Event a in Figure 6a points out the battery voltage (Vbatt)
sinking bellow the lower threshold, 71 curve (97.0 % SoC),
and the respective reaction upon the PV current (Ipv)
going up due to MAS command at instant 2.3 s. Similar
behavior may be seen in event b, when the Vbatt surpasses
the upper threshold, Th curve (99.0% SoC), and the Ipv
curve diminishes at 2.9 s due to MAS command. As the Ipv
decreases, the battery voltage gradually declines toward
the predefined SoC operational range while continuously
powering the loads.

The Figure 7a shows the Bidirectional converter bus and
battery voltages highlighting the events a and ¢ in a co-
simulation session result. An extreme situation has been
forced, the battery capacity has been deliberately reduced
with the aim of provoking an abnormal behavior on the
Bidirectional converter control. As the battery voltage
grows beyond the upper SoC limit, the DC Bus control
algorithm is not able to keep the DC Bus voltage under
control. Event a shows the exact instant when a change in
the bus voltage happens. Updates from the PV converters
arrive at Bidirectional one, in 10 Hz SR scenario, lasting
0.7 s as per highlighted by the event b in the Figure 7b.
As may be observed in Figure 8, the events previously
illustrated impact the PV converters graphs based on
their own time scale, is 0.1s. It is important to notice
that all converters are simulated with the same time step
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Table 4. System performance is a SR basis and number of clients.

Sample Rate Cl1 Avg Cl2 Avg Cl3 Avg Cl5 Avg Cl6 Avg Cl7 Avg CI8 Avg CI9 Avg
(SR)(H=z) Perc (%) Perc (%) Perc (%) Perc (%) Perc (%) Perc (%) Perc (%) Perc (%)
800 1,059
100 45.8 53.3 143.3
50 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 5. List of parameters used in the unidi- Vbus (V)
rectional converter. 200
Parameter Unit Value ::g
Input Voltage(Vo) Volt 270.0
Output Voltage (Vs) Volt 180.0 170
Output current (Io) Ampere 4.5 160
Voltage Ripple % 0.1 150 : : : : :
current Ripple % 20 28.5 29 205 30 30.5
Maximum input power WP 270 Time (s}
Switching frequency kHz 10 (a) Voltages.
. . 1 IPV(A)
Table 6. List of parameters used in the bidirec- 85
tional converter. ‘s
Parameter Unit Value 7'?
Input Voltage(Vo) Volt 144.0 6.5
Output Voltage (Vs) Volt 180.0 )
Output current (Ip) Ampere 9.0 28.5 29 Timzeg.ss 30 30.5
Voltage Ripple % 0.1 (s)
current Ripple % 20 (b) Bus current based on the PV generation.
Maximum input power W 270
Switching frequency kHz 10 Figure 7. Bidirectional converter curves.
Vbatt (V)  Th Tl MAS_Ref (A) IPV (A)
180 5 ‘
b 4
160 a
,,,,,,,,,,,,,,,,,, L / B
140  femssssssssamnnin s g S
2 2.5 3 3.5 4 1
Time (s) 0 | i \ i
(a) Voltages. 3 3.2 34 - 3.6 3.8 4
Ibatt (A) Iid (A) ime (s)
= (a) PV1 current output.
Py A———
0 [ I MAS_Ref (A) IPV (A)
5 5 .
2 2.5 3 3.5 s ¢
Time (s) 3
2
(b) Currents. 1
0 : : :
Figure 6. Bidirectional converter curves at 800 Hz SR. 3 3.2 34 3.6 3.8 4
Time (s)
parameter?,, tha.t has been set to 2.5 us. The BldlI.‘eCtIOIlal (b) PV2 current output.
converter is 7 times faster than PV one, even with both Vbus (V)
converters set with the same time step. The same event, 190
registered on the Bidirectional converter graph at 29.3 s, 185
Figure 7a, is registered in PV graph, Figure 8c at 3.8s, 180
based on each individual converter time stamp. The 1PV 175
curve shown in Figure 7b illustrates the current reference 170

received from MAS which is applied to the controlled
current sources responsible for the bus continuity strategy
on the co-simulation scenario [Fernandes et al. (2024)].
The curves TPV in the figures 8a and 8b show the PV
converters output result at the co-simulation session, and
the curves M AS_Ref in the same figures illustrate the
output control reference received from MAS along the co-
simulation session.

ISSN: 2525-8311

Time (s)

(c) PVs 1 & 2 votages.

Figure 8. PV converters curves.
3. CONCLUSION

As seen in the co-simulation scenario under consideration,
the data link throughput did not emerge as the predom-
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inant factor. Referencing Table 2, it becomes apparent
that even at a sample rate (SR) of 10 Hz, there was no
significant congestion observed on the link. Furthermore,
at this sample rate, the throughput ranked only third in
terms of speed.

The estimation about the simulator final capacity in the
current scenario, according with Table 4, shows that for
lower sample rates (SR) more agents are comported in the
system as the Avg Perc(%) results in zeros. The 10 Hz
SR case is able to support until nine clients (agents), on
the other hand, for 800 Hz SR only one client is enough
to stress the communications link. Instability has been
observed in the studied co-simulator with sampling rates
(SR) falling below 10 Hz. This sluggish SR significantly
impacted the performance dynamics. Specifically, the Pho-
tovoltaic (PV) converter took too long in increasing power
injection due to the slow update rate. Consequently, the
bidirectional converter struggled to maintain stability in
the DC bus voltage, primarily due to prolonged battery
discharge times between updates. As a mitigating action,
the battery capacity could be increased in case lower sam-
ple rates than the ones used here are needed, making
the 10 Hz SR the one which better suits the current co-
simulator operation.

The PSIM simulator shows a non-real-time behavior, as
per showed previously in this work. In case the commu-
nication links present congestion and the communication
among system elements get longer, the final result, even
with the faster SR tested here, will be slightly affected.
This fact motivates the authors to plan the development
of the same co-simulator using real time digital simulator
(RTDS), or similar, as future works. Also it is intended to
improve the MAS in order to expand the simulator’s ca-
pacity to a greater number of agents having a clearer view
of the communications network impacts on the simulator.
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