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Executive Summary

This report summarizes the work done in regard of the testing of the Power Electronics Device
(PED), which is the main object for the Work Package 2 (WP2) of the RESOLVD project. This last
deliverable of the WP reports the performance of the PED under various laboratory tests. The
aim of these tests is to validate the performance of the PED so it can be integrated in the pilot of
the project, in the frame of the work to be done in the WP5.

The tests address the functionality of the various power electronic modules of the PED. These
include the front end inverters (AC-DC power electronic modules) and the Double Active Bridge,
(DAB converters), each one integrating a battery pack (the lithium-ion and lead-acid ones).

In particular, 15 tests are carried out, classified in two main categories:

e Tests related to the PED’s hardware components. Under this category, the included
tests refer to the validation of inner functions and processes in the PED so it can work in
stable a secure manner from an electrical perspective.

o0 TO1. Input filter pre-charge. This test refers to the start-up process of the DAB
while connected to a battery at one of its ends.

o0 TO02. Hardware validation (at maximum power). This test refers to the electrical
and thermal stability of a DAB converter while exchanging its rated power
connected to a battery.

0 TO03. Active DC-Link pre-charge. This test refers to the correctness of the process
of charging the DC-link of the front-end power inverters of the PED, using energy
from the connected batteries.

o0 TO04. Battery voltage control validation. This test refers to the validation of the
control loops programmed in the DAB converters to control the voltage of a
battery while this is being charged.

0 TO05. Droop control validation. This test refers to the validation of the effectiveness
of the control algorithm managing the power exchanged by each DAB converter
while operated simultaneously.

0 TO06. DC-Link bus pre-charge. This test refers to the correctness of the process
of charging the DC-link of the front-end power inverters of the PED, using energy
from the main grid.

o TO07. Active rectifier mode validation. This test refers to the correctness of the
controller in charge of maintaining constant the voltage of the DC-link of the front-
end power inverters of the PED.

o0 TO08. Inverter mode validation This test refers to the correctness of the controller
included in the front-end inverters of the PED, in charge of regulating the
magnitude of the currents exchanged at the grid side.

e Tests related to the PED’s service provision. Under this category, the included tests
refer to the validation of the provision of services by the PED at its connection point. For
this tests, the PED is operated under three control modes: Grid Mode, Island Mode and
Recovery Mode. The reader is referred to Section 4 for the description of each operating
mode.

PED under Grid Mode

o TO09. Follow active and reactive power setpoints.

o0 T10. Current balancing. This refers to the service of balancing the current flowing
through each of the three phases of the grid and from the connection point of the
PED.

0 T11. Reactive compensation. This refers to the service of compensating reactive
power flows at the grid connection point of the PED.

0 T12. Harmonic mitigation. This refers to the mitigation of current harmonics at the
grid connection point of the PED.
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PED under Island Mode
o0 T13. Check grid forming functionality according to voltage and frequency
setpoints. This refers to the service of acting as a voltage source, so forming a
grid, in case there is a mains failure.

PED under Recovery Mode
0 T14. Check the functionality of the PED for charging lead-acid battery.
0 T15. Check the functionality of the PED for discharging lead-acid battery. Battery
capacity nameplate validation.

Each of the tests are reported in a structured manner in Section 3. In particular, for each test, the
following information is provided: 1. Name of the test; 2. Objective definition; 3. Related Use Case
/ KPI1, when applicable; 4. Brief description of the test. Description of different scenarios, if needed;
5. Input and output data; 6. Graphical results; 7. Discussion.

Also, easing the integration tasks envisaged in the WP5, this report emphasizes in the operation
modes and control logics drawing the software managing locally the PED, i.e. the Intelligent Local
Energy Manager (ILEM). The ILEM, as the interface between the PED and the control system in
charge (e.g. SCADA), manages exogenous control setpoints sent by the grid operator and
translates them into control actions to be performed in a coherent manner by the different
components of the PED. lts function is, thus, crucial for a stable operation of the PED and, as
such, its logics are revised in this deliverable.

The main conclusions of this deliverable are:

e The PED hardware electrical stability and functionalities are successfully tested on a
laboratory environment. The power electronic modules shown stable performance while
operating at maximum power, also while in transient states such as pre-charging the DC-
link at the start up process. The different controllers embedded into the PED for battery
voltage management and DC-link droop control have been validated.

e The PED capabilities in regard of the provision of services at its connection point to the
main grid are successfully tested. In particular, the following functionalities are checked:
the capability of following active and reactive power set-points; the provision of grid
current balancing, reactive power compensation and current harmonics mitigation; the
capability of grid forming as well.

e The lead-acid battery pack performance and energy storage capacity has been checked.
The energy storage capacity while discharged applying a constant current phase (0.2C)
followed by a constant voltage phase to extract all available energy from the pack, is 15.1
kWh. The process takes 5.3 h. The battery pack, while also charged under the constant
current — constant voltage charge method (and the constant current phase is at 0.15C
rate), consumes 19.2 kWh, in a 6.7 h process. Thus, the energy efficiency of the pack
results around 78.4%. The information provided by these tests are essential for the proper
management of the battery while integrated in the pilot of the project.
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1. Introduction

This report summarizes the work done in regard of the testing of the Power Electronics Device
(PED), which is the main object for the Work Package 2 (WP2) of the RESOLVD project. This last
deliverable of the WP reports the performance of the PED under various laboratory tests. The
aim of these tests is to validate the performance of the PED so it can be integrated in the pilot of
the project, in the frame of the work to be done in the WP5.

The tests address the functionality of the various power electronic modules of the PED. These
include the front end inverters (AC-DC power electronic modules) and the Double Active Bridge
converters (DC-DC converters), each one integrating a battery pack (the lithium-ion and lead-acid
ones).

Also, easing the integration tasks envisaged in the WP5, this report emphasizes in the operation
modes and control logics drawing the software managing locally the PED, i.e. the Intelligent Local
Energy Manager (ILEM). The ILEM, as the interface between the PED and the control system in
charge (e.g. SCADA), manages exogenous control set-points sent by the grid operator and
translates them into control actions to be performed in a coherent manner by the different
components of the PED. Its function is, thus, crucial for a stable operation of the PED and, as
such, its logics are revised in this deliverable.

The whole performance of the ILEM will be tested once the PED is integrated in the pilot of the
project, so it needs communication with the rest of the actors of the RESOLVD solution (i.e.
distributor SCADA and the management cloud platform managing the whole network). The tests
included in this deliverable, as commented above, are related to the functionalities of the PED
triggered by a exogenous control action that will be sent by other actors of the RESOLVD solution
once integrated in the pilot.

Following contents succinctly states the objectives of the report and its structure.
1.1. Objectives
The main objective of the report is

e to summarize the works done in regard of the testing of the functionalities of the PED in
a laboratory environment.

The specific objectives are

¢ to evaluate the performance of the front-end inverters of the PED while providing services
related to the grid power quality improvement, i.e. reactive power management, current
harmonics compensation and phase load balancing;

o to evaluate the performance of the double active bridge (DAB) converters while charging
and discharging the batteries embedded into the PED;

e to evaluate the performance of the control algorithm coordinating the two DABs of the
PED while charging and discharging the two battery types at the same time;

e to validate the nameplate capacity of the lead-acid battery pack (the capacity of the
lithium-ion pack was already reported in deliverable 2.3).

1.2. Report structure

Section 2 lists all performed tests and links them with the case studies defined for the RESOLVD
project in the frame of WP1. Section 3 reports the assumptions, basis and input data for each of
the tests and plots the obtained results. Finally, section 4 emphasizes the main conclusions of
the work.
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2. General description of functional tests for the PED

Table 1 summarizes the High Level Use Cases (HLUC) for the RESOLVD project involving the
PED. From these use cases, it can be derived that the PED is required to exchange active and
reactive power at the point it is connected to the grid. It should also provide services related to
grid power quality improvement (e.g. current harmonics compensation and load balancing). So at
the end, different functionalities of the PED are exploited. Some of them refer to the management
of the batteries (along with the associated dc-dc power converters) and some to the capabilities

of front-end grid inverters.

Table 1 Summary of the High Level Use Cases (HLUC) for the RESOLVD project involving the PED.

Use case

Comments

HLUCO1: Prevention on congestion
and over/under voltage issues
through local storage utilization and
grid reconfiguration.

In this UC, the PED would exchange power during few hours (e.g.
peak consumption hours) continuously with the grid for line
congestion mitigation.

HLUCO02: Voltage control through
local reactive power injection.

In this UC, the PED might be required to exchange reactive power
with the grid. This means that no battery is needed in this case.

HLUCO3: Improving power quality
and reducing losses through power
electronics.

In this UC, the PED will compensate current harmonics and phase
unbalances at its point of connection. As for the HLUCO02, no
battery is needed to do so.

HLUCO4: Local storage utilization
to reduce power losses.

In this UC, the idea is to manage energy storages optimally so as
to reduce power flows within the grid, this way reducing involved
distribution power losses. An example of application could be to
store locally excess PV during central hours of the day, when
demand is not high enough, and then use it when needed.

HLUCO5: Self-healing after a fault.

In this UC, the PED would be required to act following an
exogenous command to ensure the continuity of supply to
customers nearby.

HLUCO06: Power management in

For the PED, manage an intentional island means to ensure the
security of supply for the customers connected to it. So in other
words it performs the balancing between generation and demand
thus exchanging the required power at all time. Addressing the
mismatch between typical consumption and PV generation
profiles, the PED would be required to exchange power
continuously with the grid during several/few hours.

intentional and controlled-island
mode.
HLUCO7: Detection and

interruption of unintentional
uncontrolled island mode.

In this UC the PED would be required to eventually exchange
power with the grid just during a short time. Thus, requirements for
the PED derived from this UC are not as stringent as for other UCs.

The analysis of the use cases suggests a list of tests for the PED. These tests are grouped in two
categories: tests related to PED’s hardware components and tests related to the PED’s service
provision. A list of the tests envisaged under each category is offered in the following.

Tests related to the PED’s hardware components

TO1
TO2.
TO3.
TO4.
TO5.
TO6.
TO7.

. Input filter pre-charge

Hardware validation (at maximum power)
Active DC-Link pre-charge

Battery voltage control validation

Droop control validation

DC-Link bus pre-charge

Active rectifier mode validation
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e TO08. Inverter mode validation

Tests related to the PED’s service provision

e PED under Grid Mode (see Section 4 for the description of this operation mode)
o0 TO09. Follow active and reactive power setpoints.
o0 T10. Current balancing
o T11. Reactive compensation
0 T12. Harmonic mitigation
o PED under Island Mode (see Section 4 for the description of this operation mode)
0 T13. Check grid forming functionality according to voltage and frequency
setpoints.
e PED under Recovery Mode (see Section 4 for the description of this operation mode)
0 T14. Check the functionality of the PED for charging lead-acid battery.
o0 T15. Check the functionality of the PED for discharging lead-acid battery. Battery
capacity nameplate validation.

Each of the tests are reported in a structured manner in Section 3. In particular, for each test, the
following information is provided:

1. Name of the test.

. Objective definition.

. Related Use Case / KPI, when applicable.

. Brief description of the test. Description of different scenarios, if needed.
. Input and output data.

. Graphical results.

N OO o0 B~ W DN

. Discussion.

10
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3. Tests report

This section reports the results for each of the tests listed in Section 2. Tests related to hardware
components are included in section 3.1. Tests related to the provision of services are included in
section 3.2.

3.1. Test related to PED hardware components

This section reports the results for tests TO1 to T08. These tests refer to the electrical stability of
power electronic modules, including front end inverters and DABs.

PED hardware. Power electronic modules validation. DABs.

TO1. Input filter pre-charge

Objective definition

The aim of this test is to validate the stable behaviour of the DAB converter while in the transient state
characterized by the connection process of a battery to one of its DC ports. Once the battery is connected
the dc-link of the DAB converter is pre-charged by the battery. The dynamic behaviour of this process is
checked in this test. In a synthetic phrase, the objective of the test is to validate the input filter pre-charge
transition.

Test description

The test is done following the DAB pre-charge operation. First, contactors Kmainoc- and Kpehoe (as shown
in the figure below) are closed. Then, after 2 seconds, contactor Kmainoc+ is closed and Kpcnoe is opened.

Test configuration

Kinainne+}

Z Tpae

o—T—0
2,2 uH 2,2 uH

150 @

150 W
Bat 120 pF 120 pF

— KpchDCZ Uin — ~
Kunainpe: |

Z 2,2 uH 2,2 uH

o—l—o o—D—/ —0 0 YYY ¢ Le-NYY\—o

Results

A EEEESEREE MadG1 194 (o} 274 545mA
' T g

Legend: I, — blue — 5 A/div ; U;, — magenta — 50 V/div

Conclusions

The input filter pre-charged is verified with a limited inrush current of 2 A for a battery of 256 V. These
numbers are within admissible levels for a proper operation of the DAB.

11
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PED hardware. Power electronic modules validation. DABs.

T02. Hardware validation (max power)

Objective definition

Validation of the hardware at maximum power.

Test description

DAB converter is delivering its maximum power in open loop.

The battery is connected to one of the DC ports of the DAB converter (voltage Uy, in the figure below).
At the other end, an external DC source controls the DC-link (voltage Uy, in the figure below) and drain
the power given by the battery to the grid.

Test configuration

Battery Lis filter Cin filter Full bridge HF transf Full bridge Cou filter Low filter DC/AC Grid

= iy I | | T 1 L mmd
L mm—!?‘—@ @t G = o s

DAB module

P

Results

Legend: U, — magenta — 50 V/div ; I}, — green — 25 A/div

Conclusions

This test shows the current shape at the output of the high-frequency transformer (green line) and the
voltage at the battery terminals (magenta line). The battery considered for this test is the lead-acid one.
This battery has a lower voltage (around 240 V) compared to the lithium-ion pack (around 400 V). This

12
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PED hardware. Power electronic modules validation. DABs.

T02. Hardware validation (max power)

makes it as the preferable battery to test the behaviour of the DAB at maximum power, because it implies
the application of higher current. As shown in the graphical results, the current at the terminals of the high
frequency transformer (current I, ) presents a triangular shape with a peak value around 100 A. The power
provided by the battery is

P =Upy  Ipar = Upae - I, - Iy = 236 - 47.6 - 2.25 = 25 kW,
being r, the transformation ratio of the high frequency transformer. The developed power is as expected,
25 kW, and the converter shown an stable electrical and thermal operation.

PED hardware. Power electronic modules validation. DABs.
T03. Active DC-Link pre-charge

Objective definition

Validation of DC-Link pre-charge, always done by the DAB converter with the higher voltage (Upg; - 1)

Test description

DAB converter pre-charges the DC-link up to 770 V using the first full bridge (battery side) synthetizing
an increasing square voltage waveform (shifting the PWM signals). The second one only acts as a rectifier
through its diodes.

Theoretically, the maximum output voltage should be the battery voltage multiplied by the transformer
ratio (about 520 V). However, the semiconductor parasite capacitors of the second full bridge allow an
increase of the DC-link voltage. These are charged when diode current is zero, adding this extra energy
stored when the AC current direction changes.

—rYYY\o

La

Cr

)

Test configuration

Battery Lin filter Cin filter Full bridge HF transf Full bridge Cou filter Lou filter DC link

_l_ Z'ZMH_T_ p—¢ —de D—iID—lZ'zuH I
w2 HeHoHeH £ Hmp! £

DAB module

D

Bus
Precharge
control

Results

The DC-link is pre-charged up to 770 V in about 15 s.

Conclusions

Although it is slower than when it is done from the AC side, this strategy can be used when the inverter
cannot manage the DC-link, under Island and Grid modes.
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PED hardware. Power electronic modules validation. DABs.
TO04. Battery voltage control validation

Objective definition

Validation of the battery charge and discharge at constant current, limiting the current (at constant

voltage) when the battery is close to fully charge or discharge (maximum and minimum voltage
respectively).

Test description

To conduct this test, an external AC/DC source keeps energised the DC-Link as the inverter would do.
Then, the battery control manages the current up to a fixed value. Therefore, when the battery is near to
the charge or discharge limits, the control algorithm saturates the current and keeps the voltage constant.
Test configuration

Battery Lin filter Cin filter Full bridge HF transf Full bridge Cou filter Lou filter DC/AC Grid
22 20 1205 220 DC
=+ e = 1 EHA@ R B = o 8
AC
T
DAB module
D
| lirafo
el Power
Ubat Bat Voltage
Control
Control DC Mode DC
[ selector

Results

Voltaje (V)
[+ [
=

)
2

)
2

15 . ; : ; : ;
<10 ]
1=
g
o 5 1

0 I . I . I .

i 2000 4000 6000 8000 10000 12000
Time (s)
Charge
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PED hardware. Power electronic modules validation. DABs.

T04. Battery voltage control validation

250 T T T T T
240 1
= ]
£23ﬂ
=
S 220 1
=
210 1
Qm 1 1 1 1 1
0 2000 4000 G000 8000 10000 12000
Time (s)
0 T T T T T
— =5 1
<
5-10 ]
3
'15 ‘r—‘—'—“‘—'—‘— T
-20 ! ! : * *
0 2000 4000 G000 8000 10000 12000
Time (s)
Discharge

Conclusions

The battery voltage control is able to manage the battery charge and discharge. It limits the voltage and
decreases the current when the SOC is close to the limits, fully charged or discharged.

15
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PED hardware. Power electronic modules validation. DABs.
T05. Droop control validation — Primary, Secondary & Tertiary

Objective definition

Validate the primary, secondary and tertiary modes of the droop control algorithm. The primary mode
determines the power setpoints sharing under a suddenly load change, it means defining which battery
reacts faster. The secondary mode modifies the power setpoints to restore the DC-link voltage. The
tertiary mode defines the battery power sharing when the DC-link voltage is restored.

Test description

DAB converter is managing the DC-link voltage through the droop control algorithm. Then, it is observed
how the power sharing ratio behave under a load perturbation, dynamically and in steady state.

Primary control: ka = 3:Ks Secondary control: ts < 200 ms Tertiary control: r = 0.3

Pa* : Lithium power setpoint Pg* : Lead-acid power setpoint

Test configuration

Battery L filter Cn filter Full bridge HF transf Full bridge Cou filter Low filter DC link
P |
=+ MMT_@_@-&Q@ L {tom _|_~ﬂ’
T N
DAB module Variable
Load

D

hrafor

Ibats

Ubsts Bat Voltage Power
control 0¢ 3| Control
—3 Mode DC *
Toats™ selector Mode Poci
selector

Battery L filter Cp filter Full bridge HF transf Full bridge Cou filter Lous filter
__II= N m.—#.—@..—@.@-(i} #._'ﬂsm-'._.
T
DAB module

D

brato2

lbat2

Power

Ubatz Bat Voltage Control
J] control DC M oc — f o

¥ selector
loatz selector

Voltage U
Control DC "]
DROOP

T Tuasr

Results

Upat o= 346 V Upat g= 241V

Normal Edge CHI £ 8.90 A
2okls N Singla

50/ dhr
A “ i o N

N ot i g it S o g S

Upus — cyan — 20 V/div (700 V offset) Ipus — red — 5 A/div
Ipat o — green — 10 A/div Ipat 8 — magenta — 10 A/div
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PED hardware. Power electronic modules validation. DABs.
T05. Droop control validation — Primary, Secondary & Tertiary

Conclusions

When a power perturbation modifies the DC-link voltage, primary control reacts immediately slowing
down the voltage droop. Lithium battery primary droop factor is three times higher than the lead-acid one

then, it reacts faster. Secondary control readjusts the DC-link voltage. And tertiary control shares the
power need in terms of the defined ratio.

17
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PED hardware. Power electronic modules validation. Front-end inverter.
T06. DC-link pre-charge

Objective definition

At the time of starting up the PED, the DC-link of the front-end inverters of the PED should be pre-
charged. As a reminder, this DC-link interfaces the DC side of the front-end inverters of the PED with the
DAB converters. Pre-charge means that a contactor should be activated somehow, closing the circuit
between the grid and the DC link, thus a current will flow from the grid to the DC-link and the DC-link
voltage will increase till reaching a certain magnitude, that is suitable to trigger other phases of the starting
process of the PED. This test validates such DC-link pre-charge transition.

Test description

The test is done following the inverter pre-charge operation. First, contactor Kpenac is closed. Then, when
the DC link voltage reaches 620 V, contactor Kmainac is closed and contactor Kpenac is opened.

Test configuration

GBPC2506W Koctisc
25 4600V =
o ° | =0 O————{ }—
220 1250V 20 A
150 W : gg 3 1000 V
L8mi] _||< _||< _||< Upc @) | o
T 44 H H ! =4 A
490 uH ! 125A Iac
o—g——"o 19 G o
o 0 o YYVo ov] 19 o
0 O YYY\ o o(r o)

EMI filter 120 A
A\
o

1 pgtg L ATH

35 mm?

Results

When the pre-charge contactor relay is closed, the DC-link is connected to one of the phase of the
external grid through a 22 Q resistor and a monophasic rectifier. Then, the bus reaches 620 V in less
than 5 s (the speed depends on the grid voltage level).

Conclusions

The DC-link pre-charge is validated.

18
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PED hardware. Power electronic modules validation. Inverter.
TO07. Active rectifier mode validation

Objective definition

Validation of the inverter acting as an active rectifier, managing the DC-link voltage.

Test description

During this test, the inverter is focused on the DC side, managing the DC-link voltage at 800 V.

Test configuration

x3 L

DC link 3ph inverter L, filter C filter L, filter Main switch Grid

24 mF prpm " j: 50 uH
Tt T HEH™ LT e e

Inverter module [

D

D

Usus Current
Control AC

*
ILl

Bus Voltage
Usus Control DC

Results

The inverter is able to manage the DC-link voltage stable at 800 V.

Conclusions

The active rectifier mode is validated.
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PED hardware. Power electronic modules validation. Inverter.
T08. Inverter mode validation

Objective definition

Validation of the inverter connected to the grid, delivering some amount of current.

Test description

During this test, the inverter is focused on the AC side, managing the AC current.

Test configuration

X3
Grid AC/DC DC link 3phinverter L, filter

AC A ey . j: B
$HHH  HeHm b = o 8

DC

Cfilter L, filter Main switch Grid

D

Inverter module [

D

Usus |  Current
Control AC

I
-
'[ I

Results

The inverter is able to deliver currents to the grid, up to 36 Ams per phase.

Conclusions

The inverter can manage currents up to 36 Ams per phase per phase independently and control odd
harmonics up to the 11,
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3.2. Test related to the provision of services by the PED

This section reports the results for tests T09 to T15, all related to the provision of services by the
PED at the electrical system it is connected to. For some tests (tests T09 to T12), the power
electronic modules of the PED are switched to “Grid Mode” (see section 4). Under this control
mode, the PED can be managed to follow active and reactive power setpoints and provide
services related to the grid power quality improvement, i.e. current balancing, reactive power
compensation and current harmonic mitigation. For test T13, the front end inverters of the PED
are acting as a voltage source, so feeding an isolated grid. For tests T14 to T15, the PED is
operating under the “Recovery Mode”. This mode is useful to test the PED while in maintenance
actuations, for instance. For more description on Grid Mode, Island Mode and Recovery Mode,
the reader is referred to section 4.

Tests related to the provision of services of the PED

e PED under Grid Mode
o TO09. Follow active and reactive power setpoints.
o T10. Current balancing.
o T11. Reactive compensation.
o0 T12. Harmonic mitigation.
e PED under Island Mode
o T13. Check grid forming functionality according to voltage and frequency
setpoints.
e PED under Recovery Mode
0 T14. Check the functionality of the PED for charging lead-acid battery.
0 T15. Check the functionality of the PED for discharging lead-acid battery. Battery
capacity nameplate validation.
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PED hardware. Services validation. Grid Mode.
T09. Active and Reactive power

Objective definition

Validation of the Grid Mode, delivering active and reactive power to the grid.

Test description

During this test, the PCS is fully integrated. Both batteries are managing the DC-link by means of each
DAB converter. And the inverter delivers the active and reactive power setpoints.

Test configuration

Battery Ly filter Cy filter Full bridge HE transf Full bridge Cou filter Lo filter DC link 3phinverter L, filter C filter L, filter Grid
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+htmH £ HEH@RM @& H £ Hmh- L o
L) =
DAB module Power Ic
reference
D

brato2

lbat2

Power

Ugay
- e o
Mode C Mode Poc2™

* selector
oar2 selector

Voltage
Control DC
DROOP

T Tuesr

Usus

Results

Zweml 1 T8 10w/ dy

Active power
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PED hardware. Services validation. Grid Mode.

T09. Active and Reactive power

Legend: Ugq g — magenta — 100 V/div ; Igrq g — red — 50 A/div ; Igrq s — cyan — 50 A/div ; Igrig 1 —
green — 50 A/div

YOKOGANA 4 Normal Edgo Line
Fel 7L futo

———
——
o

Reactive power
Legend: Ugq g — magenta — 100 V/div ; Iy g — red — 50 A/div ; I s — cyan — 50 A/div ; I 1 —
green — 50 A/div

Conclusions

The PCS is able to deliver active and reactive power up to 75 kVA, following a power setpoint change in
about 1 s.
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PED hardware. Services validation. Grid Mode.

T10. Current balancing

Objective definition

Validation of the power quality services under Grid Mode, balancing the current consumption of the load.

Test description

For this test, the PCS is fully integrated. Both batteries are managing the DC-link by means of each DAB
converter. The inverter measures the load currents and compensate the load unbalanced consumption.

Test configuration

During the test, a monofasic loal load of 11 kW is connected to the R phase.
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Legend: Ugq g — magenta — 100 V/div ; Igriq g — red — 100 A/div ; Igiq s — cyan — 100 A/div ; I 1 —
green — 100 A/div

Conclusions

The PCS is able to balance local unbalanced consumptions in about 200 ms.
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PED hardware. Services validation. Grid Mode.
T11. Reactive compensation

Objective definition

Validation of the power quality services under Grid Mode. Load reactive power compensation.

Test description

During this test, the PCS is fully integrated. Both batteries are managing the DC-link by means of each
DAB converter. The inverter measures the local load currents and compensate the reactive consumption.

Test configuration

During the test there is connected a trifasic loal load of 13.5 kVA and a PF of 0.8

Battery L, filter Cis filter Full bridge HF transf Full bridge Cou filter Lou filter DC link 3ph inverter Ly filter Cfilter L, filter Grid
T i = g T o = o
—|—_|_ m""r"‘-@""@""-@""'l""m _I_._Qi (550 44 T_m_-%
T
DAB module x3 Inverter module
D
D
o . I U, | 558
Usaer Bat Voltage
S Control DC Inductance
[ Iu* Load
Mode
selector
Battery L, filter C, filter Full bridge HF transf Full bridge Cou filter Lou filter
T e E T
—_IL— m_#_'_@._@.(;.@._#_m-._
T DAB module Reactive L
compensation
D [ compensation |
. [
pot? Power
Ubaz Bat Voltage
,E Control DC DC
Ioatz
Voltage U
Control DC =
DROOP
rT Tusus
Normal Eénl.n
LT T [ —

1!! i 'm‘"?‘.l'll'l“‘lﬁ“l!!ll]'[‘“!é ||i!l!!k|1 ]!
'H (l 'ﬁ!@ n‘")‘n'y‘»'u'\',’; !> I

Wittt

i i ium

Toom1 1 625,000
A
| f A / s
pe | ! Ml
e N M ¥
GRS Ly W : Y
1“-_|| w1 iy -'\_I:‘l..v W, |
Toml 1 625,000 1 Ome/ chy
{19 A —'-II A ' |l' A n.{ A
V¥ iy "N LR VY
) ol L | 1
¢ M W f J -
¥ ;) ' i

Legend: Ug;q g — magenta — 100 V/div ; I ;q g — red — 50 A/div

Conclusions

The PCS is able to significantly compensate the reactive consumptions of the local load.
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PED hardware. Services validation. Grid Mode.
T12. Harmonic mitigation

Objective definition

Validation of the power quality services under Grid Mode, compensating the harmonic consumption of
the load.

Test description

During this test, the PCS is fully integrated. Both batteries are managing the DC-link by means of each
DAB converter. The inverter measures the local load currents and compensate the harmonic
consumption of the grid.

Test configuration

During the test there is connected the following momofasic non-linear load to one phase.
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Conclusions

Taking into account that the converter can manage odd harmonic currents up to the 11, the PCS is able
to significantly mitigate the harmonic consumptions of the local load.
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PED hardware. Services validation. Island Mode.

T13. Grid forming

Objective definition

Validation of the grid forming under Island Mode.

Test description

During this test, the PCS is fully integrated. Both batteries are managing the DC-link by means of each
DAB converter. The inverter manage the output AC voltage and frequency.

Test configuration

During the test, a monofasic loal load of 7 kW is suddenty connected and disconnected to the R phase.
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Conclusions

The PCS is able to manage the AC voltage and frequency under unbalanced perturbations of the load.
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PED hardware. Services validation. Recovery Mode.

T16. Lead-acid battery charge

Objective definition

Validation of the battery charge process under Recovery Mode.

Test description

During this test, the PCS is fully integrated. The inverter is managing the DC-link and DAB converter deal
with the charge process of the battery.

Test configuration

Battery L, flter C, ilter Full bridge HF transf Full bridge Cou filter Lo filter DC link 3ph inverter L, filter Cfilter L, filter Grid
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Conclusions

The charge process of the lead acid battery pack has been correctly performed. The DAB converter
correctly implements the two phases of the charge procedure for a battery pack, i.e. a first phase applying
constant current, followed by a second phase in which the voltage of the battery pack is maintained
constant.

The charge process ends at the point of reaching a minimum current, so a cut-off current, fixed around 3
A. The battery pack voltage at fully charged condition is 269 V. The phase at constant current was done
at 11.5 A approximately. According to the nameplate of the battery, this corresponds to 0.15C rate.

The energy consumed by the battery in this process is around 19.2 kWh and time employed is 6.7 h.
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PED hardware. Services validation. Recovery Mode.

T17. Lead-acid battery discharge

Objective definition

Validation of the battery discharging process under Recovery Mode.

Test description

During this test, the PCS is fully integrated. The inverter is managing the DC-link and DAB converter deal
with the discharging process of the battery.

Test configuration

This test is condcuted following a battery discharge at 0.2 C
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Conclusions

The discharge process of the lead acid battery pack has been correctly performed. The DAB converter
correctly implements the two phases of the discharge procedure for a battery pack, i.e. a first phase
applying constant current, followed by a second phase in which the voltage of the battery pack is
maintained constant.

The charge process ends at the point of reaching a minimum current, so a cut-off current, fixed around 3
A. The battery pack voltage at fully discharged condition is 211 V. The phase at constant current was
done at 15 A approximately. According to the nameplate of the battery pack, this corresponds to 0.2C
rate.

The energy provided by the battery pack in this process is around 15.1 kWh and the time employed is
5.3 h. The energy provided by the battery pack while discharged at constant current is 13 kWh and the
time employed is 3.7 h. The manufacturer specifies the capacity of the battery while discharged at
constant current. According to this, and at 0.2C rate, the storage capacity of the pack should be around
15 kWh. The difference between the tested performance (13 kWh) and the expected one (15 kWh) can
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PED hardware. Services validation. Recovery Mode.
T17. Lead-acid battery discharge

be associated to some degradation of the batteries at the time of writing this report, so after being utilized
them in the laboratory during the last months for development purposes.

Itis interesting to note that in the second phase of the discharge process (at constant voltage and reduced
current), the battery pack just provides the difference between 15.1 kWh and 13 kWh, so around 2.1 kWh.
This second phase takes the difference between 5.3 h and 3.7 h, so around 1.6 kWh. The reduced energy
provided by the battery while in this second phase of the discharge process, so while reaching low state
of charge (SoC) condition, is the reason why, in practice, the minimum admissible SoC is limited to a
relatively high value.

Finally, comparing the total energy consumed by the battery in the charge process and the total energy

provided by it while in the discharge process, it can be concluded that the round trip efficiency of the
process is around 78.4%.
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4. Final notes on the Intelligent Local Energy Manager (ILEM)

The PED, as a system, is managed from exogenous signals and the local controller, so the link
between the PED and the rest of the world is the ILEM software. Figure 1 plots the operation
modes for the PED as programmed into the ILEM software. As can be noted, the final ILEM state
machine proposes three operation modes: Scheduled mode (state X2), Non-Scheduled mode
(state X1) and Local mode (state X4). This state machine slightly diverges from what was
presented in previous deliverable (deliverable 2.3) for this WP2. This is because to ensure an
optimal and easy integration in RESOLVD network environment (e.g. grid operator SCADA and
cloud management platform).

Under the Scheduled mode, the PED is governed by the cloud management platform, that
recurrently provides power schedules to be exchanged with the grid for the provision of various
services. While in Scheduled mode, the PED is not acting as a grid forming converter, so it does
not support an islanded grid.

Under the Non-Scheduled mode, the PED can act as a voltage or current source, so it can support
an islanded grid or following active and reactive power setpoints sent by the grid operator SCADA
and cloud management platform.

Finally, the Local mode is the one adopted for testing the different capabilities of the PED in the
laboratory environment. This is an operation mode reserved for testing and configuring the PED.
It may be useful for the final user of the PED while installed in the pilot of the project for
maintenance actuations.

The transitions among states or operation modes are carried out through the grid operator
SCADA. In Figure 1, it can be also noted the states from and to the user can switch. For instance,
to get into state X2 (Scheduled mode), the user should previously act into state X1 and apply the
SCADA “TurnOnScheduled” command. In addition, it can get to state X2 from state X4 and
applying, again, the command SCADA “TurnOnScheduled”.

( )
X2
X4
Non Scheduled
— -?ffﬁgﬁsmedm ==t SCADA TumOnLocal

X4 >—— X2 >——

Scheduled Mode E(a Local mode E(a

SCADA. SCADA. SCADA.
TumOnNonSchedued TumOnSchedued TumOnNonSchedued

——— SCADATUMONLOCA]  e——t—

X4 X1 X2 X1

. /

Figure 1 Operation modes for the PED as programmed into the ILEM software.

The performance of the ILEM while governing the PED, also its interaction with the SCADA and
the cloud management platform, is to be fully tested in the frame of WP5, once the PED is in the
pilot of the project.
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Each of the three operation modes of the ILEM is correlated to an operation mode of the power
electronic modules of the PED, which are Grid Mode, Island Mode and Recovery Mode. This is
explained in Figure 2.

Grid support enable

Island mode

Figure 2 Operation modes for the PED as programmed into the ILEM software. Correspondence to the operation modes
of the power electronic modules (Grid Mode, Island Mode and Recovery Mode).

As can be noted, while the ILEM is under the Scheduled mode (so it is receiving exogenous active
and reactive power set points), the front end inverters of the PED are under the Grid Mode. This
means, in practice, that the PED is acting as a current source, not as a voltage source. In other
words, the duty of maintaining a constant voltage and frequency of the network is not for the PED,
but for the main grid operator.

The front end inverters of the PED are also acting as a current source, but they also can act as a
voltage source, when the ILEM is operating the PED under the Non Scheduled mode. This means
that, in case of not receiving a table with the power schedules for the next 24 hours, but just
manual setpoints from the grid operator, the PED can exchange active and reactive power (power
electronics under the Grid Mode) or it can be commanded to form a grid itself (power electronics
under the Island Mode).

Finally, when the ILEM is operating the PED under the Local Mode (for maintenance actuations,
for instance), the power electronics of the PED can be configured either to Recovery Mode, Grid
Mode or Island Mode, so all functionalities can be easily validated.
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5. Conclusions

The main conclusions of this deliverable are summarized as follows:

The PED hardware electrical stability and functionalities are successfully tested on a
laboratory environment. The power electronic modules shown stable performance while
operating at maximum power, also while in transient states such as pre-charging the dc-
link at the start up process. The different controllers embedded into the PED for battery
voltage management and DC-link droop control have been validated.

The PED capabilities in regard of the provision of services at its connection point to the
main grid are successfully tested. In particular, the following functionalities are checked:
the capability of following active and reactive power setpoints; the provision of grid current
balancing, reactive power compensation and current harmonics mitigation; the capability
of grid forming as well.

The lead-acid battery pack performance and energy storage capacity has been checked.
The energy storage capacity while discharged applying a constant current phase (0.2C)
followed by a constant voltage phase to extract all available energy from the pack, is 15.1
kWh. The process takes 5.3 h. The battery pack, while also charged under the constant
current — constant voltage charge method (and the constant current phase is at 0.15C
rate), consumes 19.2 kWh, in a 6.7 h process. Thus, the energy efficiency of the pack
results around 78.4%. The information provided by these tests are essential for the proper
management of the battery while integrated in the pilot of the project.
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