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Executive Summary

The traditional electrical power system has been designed to operate with central, dispatchable
conventional power plants with synchronous generation (SG). These SG along with other control
assets (transformer tap changers, capacitors, reactors, phase shifting transformers, etc.) provide
the required Ancillary Services (AS) for stability and security of power grid. However, with the irrup-
tion of massive distributed renewable energy sources (DRESSs), displacing the traditional SG, this
situation is no longer valid being necessary the contribution of DRES to support the grid stability
and security. As a matter of fact, it is expected that this technological change increases the relative
AS costs from 5% in 2015 to 25% in 2020 [1]. This fact may represent an excellent opportunity for
DRES owners which may consider to invest on new technologies enabling their participation in fu-
ture AS markets. In spite of many AS are proposed in the specialized literature, this proposal fo-
cuses exclusively on the provision of Virtual Inertia (VI) and High-Frequency Power Smoothing
(HFPS) which are directly related to the minimization of grid frequency variations. On the one
hand, VI tries to emulate the behaviour of traditional SG just after a frequency excursion. On the
other hand, HFPS tries to smooth the output power of the DRES due to the uncontrollable nature
of the energy resource to mitigate frequency variations. For doing so, it is necessary to effectively
control the injected active power to the grid being necessary to incorporate energy storage in the
traditional DRES interfaces. Therefore, the objective of this proposal is to test in a Power Hard-
ware-in-the-Loop (PHIL) environment a new DRES interface incorporating in its DC bus the re-
quired Fast Energy Storage System (FESS) for providing VI and HFPS. To achieve this objective,
several devices are used which to be experimentally have validated operating individually and
jointly. Therefore, a series of tests will be designed to achieve the final objective in a safe and ro-
bust way.
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2 Research Motivation

The massive penetration of distributed renewable energy sources (DRES) in the electrical system
will bring a series of benefits such as the decarbonisation of electric power generation, energy in-
de-pendence of countries, a low impact on the environment compared to fossils energy sources
and increased of the system efficiency owing to generation and consumption will be in nearby
points of the network. However, the replacement of the generation based on fossil origin fuels by
the genera-tion of renewable origin not only imply a change of the primary energy source but also
of the electrical generation devices and their control which will signify a challenge to operate the
electrical system in a stable and efficient way with this new resources.

The traditional electrical power system has been designed to operate with central, dispatchable
conventional power plants with synchronous generation (SG). These SGs along with other control
assets (transformer tap changers, capacitors, reactors, phase shifting transformers, etc.) provide
the required Ancillary Services (AS) for stability and security of power grid. Concretely, the SGs are
able to provide almost inherantly inertia and a dispatchable power to the system. However, DRESs
replace the SGs by electronic-based generation which by itself is not able to provide inertia to the
system and the intermittency of renewable generation leads to the impossibility of generating a
dispatchable power. This causes two major problems among others. First, a significant decrease in
rotational inertia of the power system which may causes large frequency variations in case severe
disturbances leading to frequency instability and blackouts due to operation of islanding relays.
Second, the undispatchable nature of the primary energy source (PV or WP) produces continuous
variations of the injected power to the system which not only may cause frequency fluctuations but
also other problems like voltage flicker. In order to overcome these two shortcomings, the motiva-
tion of this work is to explore the provision of two ancillary services (virtual inertial(\VI) and high fre-
quency power smoothing (HFPS)) by advanced DRES interfaces incorporating a fast energy stor-
age system (FESS) into the DRES.

2.1 Objectives
The objective of the project is to test in a power hardware in the loop (PHIL) laboratory the pro-

posed VI and PHFS ancillary services of a DRES interface incorporating a FESS based on a su-
percapacitor controlled by a DC/DC converter according to the scheme shown in Fig. 1.

f DRES interface incorporating FESS )
- ™ T
FESS DC/DC COl‘]V:e___II(EI; 13 Grid
|
/ /
. J

Fig. 1. DRES interface incorporating FESS for providing ASs.

The specific objectives of the proposal can be summarized in the following points:

e Experimental validation of the capabilities of the DRES interface for providing VI and PHFS.
The design of the power electronic based hardware and the control algorithms requires an
experimental validation as a previous step of a real deployment in the distribution system
within a pilot project. In this sense, the use of PHIL platforms, where the behaviour of the
distribution network can be faithfully reproduced, may prevent design failures or a not-
expected behaviour which can be solved in an early design stage.
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¢ Analysis of the deviations with respect to the simulation results. Any deviation with respect
to the simulation results has to be carefully analysed. These deviation can be caused by
several reasons: (i) the model used in the simulations does not properly represents the ac-
tual device; (ii) the designed control algorithm has to be adjusted to consider some aspects
that usually are not considered in the initial simulations, e.g. communication delays; (iii)
practical issues aspects in power electronic based hardware prototypes dealing with EMC,
earthing conditions, etc. which may affect the performance of the device.

¢ Limitations of the proposed DRES interface. Only with an experimental validation it is pos-
sible to assess a technology. The analysis of deviations with respect to simulations will help
to identify improvements on the hardware and the control algorithms as well as define those
key parameters affecting the final performance of the device.

o Validation of the quantification methodology used for measuring the provided ASs. It is ex-
pected that the VI and HPFS functionalities will be incorporated as ASs in the new DRES
interfaces. Therefore, new business opportunities from new incomes due to this AS provi-
sion are expected. For this reason, it is required to define a metric to measure the contribu-
tion of any DRES interface as a previous step of defining its related economic price.

o Definition of a standardized testing methodology. This is a key issue for comparison pur-
poses of different technologies able to provide the envisioned VI and HPFS functionalities.
The testing methodology has to define as clear as possible: (i) testing scenarios for validat-
ing VI and HFPS in a separate manner; (ii) quantification metric of the ancillary service; (iii)
acceptance criteria used to assess that a given technology provides the VI of HFPS ASs.

2.2 Scope

In order to achieve the objectives set out in the previous subsection, it is necessary to have three
devices that are capable of reproducing the integration of a DRES into an electric power system.
The joint operation of these devices and their control is known as PHIL. The electrical connection
of the experimental assembly and the signals exchanged between them is shown in Fig. 2.

Local Controller Secondary Controller Local Controller

PV Emulation DRES interface Grid Emulation
i : P v, ) Q
Ipy ¢ ”"? @ ¢'i;ch'r'i;.5c ¢U~i v, i Vq-m'.d f grid
DC-Source DRES interface B2B Converter Laboratory
—] J_ ﬂ Network
A | et H I H ®
c 4@| T ™)
% y, L S \ y,
PV System Specimem Grid
Emulation under test Emulation

Fig. 2. Test setup involving the DRES interface and the PHIL platform.

A brief description of each component is described as follows:

o PV System Emulation. The primary energy source is emulated by a controlled DC source.
This source is provided by TU Delft and it allows local control or remote control by external-
ly providing setpoints. Among other functions, this device can reproduce the 24-hour power

TA User Project: xxx Revision / Status: draft 9 of 50
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profile injected by a plant PV. The energy delivers by the DC source is extracted from the
low voltage laboratory network in Delft. The DC source in directly connected to the DC bus
of the specimen under test. The current injected by the DC source is sent to the secondary
controller of the specimen under test.

e Specimen under test. This device consists of a voltage source converter (VSC) capable of
transforming the DC current provided by the PV plant in AC current in order to integrate the
PV plant into the electrical system. This is provided by the Universidad de Sevilla and it
contains all the coupling filters, measurement, communication and control equipments nec-
essary to perform an efficient DC/AC conversion. In addition, a DC/DC conversion is added
into this setup to integrate a SC into the DC bus of the VSC. As a novelty in this configura-
tion, the VSC and DC/DC converter are integrated into a single 4-branch power converter.
Three of these branches are used for DC/AC conversion and the fourth branch for DC/DC
conversion. This has allowed having a very compact specimen under test and the possibil-
ity of using a single control and communication board to operate both converters. The VI
and HFPS functionalities are incorporated into this device. In order to adequately provide
both functionalities, the control system requires the current injected by the DC source.

e Grid Emulation. The behavior of the electrical system will be reproduced by a back-to-back
(B2B) converter provided by TU Delft. This consists of an AC/DC /AC converter where it
primary side is feed from the laboratories' low voltage network (with a fixed frequency and
voltage) converting the AC current into DC current to convert back to AC current in a sec-
ondary side with a desired amplitude and frequency. In this way, the secondary side is able
to reproduce any disturbance, whether voltage or frequency, in an electrical system. This
side is connected directly to the AC side of the specimen under test.

The three devices are based on power electronics converters with different characteristics: con-
version levels, connection filters, switching frequencies, resonance frequencies, switching tech-
niques, control strategies, etc ... Therefore, the joint connection of these equipment is complex be-
cause the iteration between them can damage them. A series of tests, which will be described in
section 4, have been designed to validate the correct operation of each equipment individually.
Next, the operation of the devices is validated in pairs and, finally, the full experimental assembly
with the three equipments is tested to fulfill the proposed objectives.

3 State-of-the-Art

As previously stated, the constant replacement of conventional SG with electronic-based genera-
tion resources such as photovoltaic (PV), wind power (WP) plants causes two major problems
among others. First, a significant decrease in rotational inertia of the power system which may
causes large frequency variations in case severe disturbances leading to frequency instability and
blackouts due to operation of islanding relays. Second, the undispatchable nature of the primary
energy source (PV or WP) produces continuous variations of the injected power to the system
which not only may cause frequency fluctuations but also other problems like voltage flicker. In or-
der to overcome these two shortcomings, this proposal explores the provision of two ancillary ser-
vice by advanced DRES interfaces incorporating a FESS:

e Virtual Inertia (VI). Recently, numerous methodologies have been proposed [2],[3],[3] in or-
der to make DRES, particularly Wind Turbine Generator (WTG) exhibit virtual inertia. In
fact, some of them have already been implemented in commercially available WTG [5].
These methodologies mainly focus on altering the rotational speed of the WTG to provide
an inertial response. However, this approach provides an inertial response that depends on
the operating point of the WTG and causes additional stress on the mechanical parts of the
WTG [6]. In the case of DRES without rotating masses (e.g. PV), it has been suggested to
operate them below their Maximum Power Point (MPP), so that some additional active
power can be provided in under-frequency events [7]. Although this approach is effective
due to the ability of PV control systems to move very fast from one operating point to an-
other, it forces the DRES to operate continuously (or for very long periods) with curtailed

TA User Project: xxx Revision / Status: draft 10 of 50



ERIGrid GA No: 654113 01/11/2015

power, decreasing the respective revenues. The proposed approach envisions enabling all
DRES to provide controllable inertia by adding a FESS (a super-capacitor bank) controlled
by a dedicated DC/DC converter. This solution will report benefits to both WTG and PV be-
cause a reduction of the mechanical stress and operation without curtailment can be ob-
tained respectively.

e High Frequency Power Smoothing (HFPS). Power smoothing is becoming a significant is-
sue in case of large DRES penetration in weak power grids. For this reason, grid operators
limits the active power ramps (AP/At) in the grid codes which determines the minimum
technical requirements of connection [2],[8]. This problem is usually faced by two possible
strategies. In the first category, short-term storage systems, such as super-capacitors [9],
batteries [10], flywheels, superconducting energy storage, and fuel cells are used for mini-
mizing the effect of power fluctuations [11]. The second category includes advanced control
algorithms trying to minimize the output power variations. In case of WPG the kinetic ener-
gy of the inertia control [12] and the pitch angle control [13], can be used for power smooth-
ing. However, the mitigation of the power fluctuation is achieved on a range of power varia-
tions depending on the rather slow time constants of the mechanical/hydraulical controllers.
In addition, and unfortunately, this control strategies are no longer valid in case of PV gen-
eration.

However, and in spite of these contributions, to the knowledge of the members of this user group
some gaps can be found in the state of the art. On the one hand, it has to be considered that the
business model associated to these ASs has to be carefully analysed to check their profitability.
For doing so, it is required to estimate the AS cost. Therefore, it is necessary to develop a metric
to properly quantify the provided AS and, after that, to transform this technical parameter into
an economic cost. On the other hand, there are no standardized testing protocols to check the
capability of providing ASs of these new DRES interfaces. The proposal will elaborate on this to
facilitate the deployment of this technology.

TA User Project: xxx Revision / Status: draft 11 of 50
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4 Executed Tests and Experiments

As mentioned above, a series of tests will be carried out individually, in pairs and grouping the
whole set so that in a robust and safe way we are able to connect the three power electronics de-
vices and achieve the proposed objectives. The following describes the unitary tests carried out on
each device, the progressive integration between the different devices until all of them are fully in-
tegrated to provide the auxiliary services of inertia and HFPS.

41 TestPlan

4.1.1 Unitary Tests

The devices provided by TU Delft are commercial equipment that guarantees its correct operation
safely. Therefore, the individual tests performed on these devices are ignored in this document be-
cause they were only performed to verify their proper functioning. Individual tests performed on the
specimen under test and provided by USE are detailed below. This is the fundamental device since
it contains the control strategies developed by the research team to provide the ASs. Voltages and
currents generated by the DRES interface are recorded using an oscilloscope provided by TU
Delft.

1. Open Loop of the AC/DC converter

AC/DC converter is connected to a three-phase resistive load defining perfect sinusoidal signals for
the modulation of the voltage source converter. The DC voltage of the VSC must be controlled by
an external DC voltage source (0-730 Vdc).

2. AC/DC converter working in Grid-Feeding mode and connected to grid through a trans-
former

The AC/DC converter works as a STATCOM controlling the DC voltage of its DC bus and “reactive
current (id)’. The low voltage side of the transformer is connected to the AC side of AC/DC con-
verter and the high voltage side is connected to the LV grid of the laboratory in Delft.

3. AC/DC converter working in Grid-Feeding mode and connected directly to grid

The AC/DC converter works as a STATCOM controlling the DC voltage of its DC bus and “reactive
current (id)”. The AC/DC converter is connected to the LV grid of the laboratory in Delft.

4. Open Loop of the DC/DC converter
The DC/DC converter is connected to a resistive load defining a constant signal for the modulation
of the converter. The resistor is connected to the low voltage side of the DC/DC converter and an
external DC voltage source (0-730 Vdc) must control the high voltage side of the converter.

5. Current controller of the DC/DC converter with resistor
The current control loop of the DC/DC converter is tested controlling the current circulating by a
resistive load. The resistor is connected to the low voltage side of the DC/DC converter and an ex-
ternal DC voltage source (0-730 Vdc) must control the high voltage side of the converter.

6. Current controller of the DC/DC converter with supercapacitor
The current control loop of the DC/DC converter is tested charging and discharging the SC. The

SC is connected to the low voltage side of the DC/DC converter and an external DC voltage source
(0-730 Vdc) must control the high voltage side of the converter

TA User Project: xxx Revision / Status: draft 12 of 50
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7. Voltage controller of the DC/DC converter with supercapacitor and DC bus of the
AC/DC converter

The voltage control loop of the DC/DC converter is tested to control the voltage of the DC bus in
the AC/DC converter. The SC is connected to the low voltage side of the DC/DC converter and a
DC bus of the AC/DC converter is connected in the high voltage side of the DC/DC converter.

8. Open Loop AC/DC converter. Voltage Controller DC/DC converter

AC/DC converter is connected to a three-phase resistive load defining perfect sinusoidal signals for
the modulation of the voltage source converter. The voltage control loop of the DC/DC converter
controls the voltage of the DC bus in the AC/DC converter.

9. Grid-Feeding connected to grid through a transformer AC/DC converter. Voltage Con-
troller DC/DC converter.

The voltage control loop of the DC/DC converter controls the voltage of the DC bus in the AC/DC
converter. The low voltage side of the transformer is connected to the AC/DC converter and the
high voltage side is connected to the LV grid of the laboratory in Delft. The current control loop
(currents id and iq) of the AC/DC converter is tested.

10. Grid-Feeding connected to grid AC/DC converter. Voltage Controller DC/DC converter.

The voltage control loop of the DC/DC converter controls the voltage of the DC bus in the AC/DC
converter. The AC/DC converter is connected to the LV grid of the laboratory in Delft. The current
control loop (currents id and iq) of the AC/DC converter is tested.

4.1.2 Integration test of the experimental setup

The following describes the tests performed when two or more devices are involved in the experi-
mental setup. The objective of these integration tests is to gradually incorporate the joint operation
of the equipment involved in the final experimental setup.

1. Integration of Grid Emulation and DC/AC converter of DRES interface
This test consists of connecting Grid Emulation to DRES interface.

e Objective: AC/DC converter is controlled as a STATCOM (Control of the DC voltage and
AC current id) and grid emulator generates a three phase balanced 50 Hz AC-voltage.

o Electrical installations: A contactor is used to connect and disconnect both devices.

e Previous tests before connecting both devices: The output of Grid Emulation is connected
to the input of the contactor. The output of the contactor is connected to resistors. A three
phase balanced 50 Hz AC-voltage is generated by Grid Emulation. The interconnection fil-
ter selected for grid emulator is a LCfilter. The initial voltage is set to 50 Volts rms phase-
neutral and its value is increased progressively. The maximum current delivered by Grid
Emulation is set equal to 5 A. If voltages are properly generated, the contactor provided by
TUDelft can be closed to feed the resistors. After closing the contactor, recording the volt-
ages measured by the oscilloscope and monitoring the voltages measured by the DSP and
CCS. Check that the measurements of the oscilloscope and the CCS are similar (rms, se-
quence, frequency, waveform etc ...). Voltages and currents are recorded through an oscil-
loscope provided by TU Delft and their harmonic spectrum is analyzed to review the proper
operation of the grid emulator. Especially be attentive to low order harmonics and switching
ones of the grid emulation (it is assumed to be 16 kHz).
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¢ A simulation using Matlab Simulink is made emulating both devices to faithfully reproduce
the behavior of grid emulator and DRES interface in a simulation environment.

2. Integration of PV emulator and DC/AC converter of the DRES interface

This test consists in connecting PV emulator as a current source to DRES interface working as a
STATCOM.

e Obijective: DC/AC converter of the DRES interface is connected to the low voltage laborato-
ry network controlling reactive power injected and the DC link voltage. Active power inject-
ed to the grid is provided by PV emulator which is connected to the DC bus of the DC/AC
converter.

o Electrical installations: A contactor among DRES interface and the low voltage laboratory
network is installed to connect o disconnect the device from the grid. Moreover, a breaker is
connected among PV emulator and the DC bus to connect and disconnect it from the
DC/AC converter.

e Previous tests: Resistors are connected to the output of PV emulator which works as a cur-
rent source. The current supplied to the resistors is increased progressively. The objective
is to check the PV emulator behavior when the voltage at its terminal is higher than a max-
imum voltage limit defined for protection. At that moment, the control mode of PV emulator
should change from current control mode to voltage current mode to avoid overvoltages in
the system.

3. Integration of PV emulator, DC/AC converter of DRES interface and Grid Emulation

This test consists in connecting PV emulator as a current source to the DC bus of the DC/AC
converter into the DRES interface which operates as a STATCOM. In addition, the AC side of the
prototype is connected to the Grid Emulator which replaces the low voltage laboratory network
with respect to the previous test.

o Obijective: Grid Emulator is in charge to generate a controlled three-phase balanced 50 Hz
voltage. The AC side of the DC/AC converter is connected to the Grid Emulator in order to
control the reactive power injected into the Grid Emulator and the DC link voltage of its DC
bus. PV emulator is connected to the DC bus of the DC/AC converter injecting active power
which is evacuated to the Grid Emulator by the DC/AC converter.

o Electrical installations: A contactor among DRES interface and Grid Emulator is connected.
In addition, a transformer Yd5 is connected among Grid Emulator and DRES interface. Fi-
nally, a breaker must be connected among PV emulator and the DC bus of the DC/AC con-
verter.

e Previous tests: No previous tests are necessary.

4. Integration test of Grid Emulation, DC/AC converter and DC/DC converter of DRES
interface

This test consists of connecting Grid Emulator to the full-operating DRES interface. Ultracapacitor
will be in charge of controlling the DC link Voltage and the AC-DC converter will work to control the
current jd and iq. In addtion, a new controller will be in charge of maintaining the voltage of the
ultracapacitor within the technical limits.
e Obijective: Grid Emulator will generate a controlled three-phase voltage. EASY-RES Proto-
type will be connected to the Grid Emulator, with AC-DC and DC-DC operative, controlling
reactive power injected and the DC link voltage.

TA User Project: xxx Revision / Status: draft 14 of 50



ERIGrid GA No: 654113 01/11/2015

e Electrical installations: A contactor among AC-DC converter and Grid Emulator must be in-
stalled. Moreover, a transformer Yd5 is connected among Grid Emulator and DC/AC con-
verter.

e Previous tests: The ultracapacitor must be charged to a safe value in order to have enough
capacity to charge and discharge it.

5. Integration test of PV emulator, DC/AC converter and DC/DC converter of DRES inter-
face

This test consists of connecting PV emulator as a current source to the DRES interface. The DC
bus will be controlled by the DC/DC converter and the AC/DC will inject active and reactive power
to the low voltage laboratory network.

e Objective: The AC/DC converter is connected to the low voltage laboratory network and the
ultracapacitor to the DC bus of the AC/DC converter through DC/DC converter. The AC/DC
converter controls the active and reactive power injected to the grid and the DC/DC con-
verter the voltage level of the DC bus. In addition, the PV emulator is connected to the DC
bus of the AC/DC converter. In this way, the active power injected by PV emulator must be
evacuated by the AC/DC converter to avoid overloaded the ultracapacitor.

e Electrical installations: A contactor among AC-DC converter and Grid Emulator must be in-
stalled. Moreover, a transformer Yd5 is connected among low voltage grid and DC/AC con-
verter. Finally, a breaker must be connected among PV emulator and the DC bus.

e Previous tests: The ultracapacitor is charged until 120 V.

4.1.3 Provision of auxiliary services corresponding to Inertia and HFPS

The previous tests have served to verify the correct operation and the control implemented of each
of the equipment used in the assembly in an individual and joint way. Once its correct operation
has been verified, it is ready to propose the tests that allow us to validate if the DRES interface is
able to provide the auxiliary services of inertia and HFPS.

1. Active power injected from the UC emulating a specific inertia and HFPS request

PV emulator acts like a current source injecting active power into the DC bus of the DC/AC
converter. This power is evacuated by the DC/AC converter of the DRES interface into the grid
emulator which generates a three-phase balanced voltage. The UC is connected to the DC bus of
the DC/AC converter thorugh the DC/DC converter which is in charge to control the DC voltage of
the DC bus.

o Obijective: If the power injected by the PV emulator is evacuated by the DC / AC converter,
the system is in steady-state. If there is any difference between both powers, the ultraca-
paci-tor will take care of this difference to fulfill the power balance. However, the UC may
assume this mission for a limited time since its energy is limited. This is the specific case of
provision of inertia and HFPS through the DRES interface where a power is required to the
UC during a certain time, thus differing the power of the DC / AC converter with respect to
the PV emu-lator. The objective of this test is to progressively subject to different imbalanc-
es between the power of the AC / DC converter and the PV emulator to find the operating
limits of the UC. That is, how much power and for how long the UC can deliver power re-
specting its technical operating limits.

o Electrical installations: A contactor is installed among DRES interface and grid emulator.
Moreover, a breaker must be connected among PV emulator and the DC bus of the DC/AC
converter.

¢ Previous tests: The ultracapacitor must be charged until a specific value.
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4.2 Standards, Procedures, and Methodology

This section defines the operation protocol of subsection 4.1.2 and 4.1.3 which involves two or
more devices in the experiment setup. These operation protocols must be made in a safe way to
validate each control strategy which will be defined in the next subsection for each device. The op-

eration

1.

protocol of each test is defined below:

Integration of Grid Emulation and DC/AC converter of DRES interface

Operation protocol to operate both devices:

1.

2.

w

10.

11.

12.

Maximum current and maximum DC voltage allowed in DRES interface is set equal to 10 A
and 200 V respectively. This is defined in the controller of the DRES interface
A three phase balanced 50 Hz and 50 Volts rms phase-neutral AC-voltage is generated by
Grid Emulation. The maximum current allowed in Grid Emulation is set equal to 10 A.
Contactor provided byTUDelft is closed.
Voltages generated by Grid Emulator are checked in code composer studio (CCS) (rms,
sequence, frequency etc..). This is the local software controller of the DRES interface.
Precharge of the DC bus of the DRES interface. For this purpose, an internal contactor of
the DRES interface named Kp is operated until the DC voltage achieves a value of 100V.
At that moment, Kp is opened and contactor Kg is closed which connects directly the DRES
interface to the Grid Emulation. DC Voltage value should be around 122 V in the DC bus.
All measurements are reviewed in CCS.
A setpoint of 175 V for the DC voltage and 0 Amps for id are consigned to the DRES inter-
face.
At that moment, control signals are sent from the CCS to the DRES interface to track the
references. Oscilloscope monitors the currents injected by the DRES interface. Specially,
the transient interconnection must be registered by the oscilloscope. If a fault appears in
CCS by overcurrents, two actions can be made:

o Increase the overcurrent limits. For this voltage level, the maximum value should be

15 A in Grid Emulation and DRES interface.

o Setpoint of DC-Voltage is reduced to 150-160 V and then increasing to 175V.
If DRES interface is not connected to Grid Emulation with the previous actions, a trans-
former could be added between both devices.
If DRES interface is connected to Grid Emulation, current id must be progressively injected.
Maximum 5 A. Register the steady state currents in the oscilloscope.
Analyze the harmonic spectrum of the currents injected into the network. These should con-
tain fundamental frequency for low order harmonics and 10 kHz for switching frequencies.

This test should be repeated to 100V, 150 V and 230 V in Grid Emulator. The maximum value
defined and setpoint of each voltage are collected in this table:

Grid Grid DC/AC DC/AC DC/AC DC/AC DC/AC
Emulator Emulator converter | converter converter | converter | converter
AC Voltage | AC Maximum | Maximum DC- DC- Maximum /d
Phase- Maximum DC current voltage voltage setpoint
Neutral current voltage (peak) precharge | setpoint
(peak)

100 V 15A 400 V 15 A 210V 350V 10 A
150 V 20 A 600 V 20 A 320V 525V 15 A
230V 25A 800 V 25A 500 V 730V 20 A

2. Integration of PV emulator and DC/AC converter of the DRES interface
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The protocol of this test is defined as follows:
A Resistor of 60 Q is connected to the output of PV emulator.

PV emulator must be configured as a current source.

The limits of PV emulator are set in 5 A maximum and 120 V maximum.

Increase the current toward the resistors until 2A achieving the maximum allowed voltage.

Check if the operation mode of PV emulator automatically changes from current mode to

voltage mode or if it disconnects.

e Simulation: A simulation is made emulating both devices. At first, PV emulator is emulated
as an ideal current source. However, a second simulation must be made considering all the
power electronics and filters of the PV emulator.

e Operation protocol to operate both devices:

The limits of PV emulator are set to 750 V and 6 A.

2. The DRES interface is connected to the low voltage laboratory network according to the
steps 5-9 defined in the previous test.

3. When DC link is controlled, and id injected is null, connect PV emulator to the DC bus with
0 A setpoint.

4. Then, the current of PV emulator is increased until 1 A. Check in CCS the current /q and
the currents monitored on the oscilloscope.

5. If the controller tracking is working in a good performance the current of the PV emulator is
progressively increased until 5A.

6. Finally, a setpoint of current /d is defined for the DC/AC converter and the current injection

is monitored in CCS and oscilloscope.

abrwd -~

3. Integration of PV emulator, DC/AC converter of DRES interface and Grid Emulation

Operation protocol to operate the devices:
1. A three-phase balanced 50 Hz and 50 Volts rms phase-neutral AC-voltage is generated by

Grid Emulation. A maximum current of 10 A is defined for the Grid Emulator.

2. Maximum current in DC/AC converter is set equal to 10 A. Maximum DC voltage equal to

200 V.

Contactor among Grid Emulator and DRES interface is closed.

Voltages are checked in CCS (rms, sequence, frequency etc..)

5. PV emulator is enabled as a current source with 0 A of setpoint. Technical limits for voltag-
es and currents are defined in 200 V and 5 A respectively.

6. Precharge of the DC/AC converter as described in the first test of this section. Close Kp un-
til the DC voltage is 100 V.

7. A setpoint of 175 V for the DC voltage and 0 Amps for id is defined for the AC/DC convert-
er.

8. At that moment, control signals are sent from the CCS to the DRES interface to track the
references. Oscilloscope monitors the currents injected by the DRES interface. Specially,
the transient interconnection must be registered by the oscilloscope. If a fault appears in
CCS by overcurrents, two actions can be made:

o Increase the overcurrent limits. For this voltage level, the maximum value should be
15 A in Grid Emulation and DRES interface.
o Setpoint of DC-Voltage is reduced to 150-160 V and then increasing to 175V.

9. If DRES interface is not connected to Grid Emulation with the previous actions, a trans-

former could be added between both devices.

il
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If DRES interface is connected to Grid Emulation, a 2 A current is progressively injected
from the PV emulator to the DC bus of the DC/AC converter. Check current /Id and Iq in
CCS and the currents monitored with the oscilloscope.

Then, a current id must be progressively injected. Maximum 5 A. Register the steady state
currents in the oscilloscope.

Analyze the harmonic spectrum of the currents injected into the network. These should con-
tain fundamental frequency for low order harmonics and 10 kHz for switching frequencies.

This test should be repeated to 100V, 150 V and 230 V in Grid Emulator. The maximum value

defined and setpoint of each voltage are collected in this table:
Grid Grid DC/AC DC/AC DC/AC DC/AC DC/AC PV
Emulator | Emulator | converter | converter | converter | converter | converter | emulator
AC AC Maximum | Maximum | DC- DC- Maximum | max |
Voltage | Maximum | DC current voltage voltage Id
Phase- current voltage (peak) precharge | setpoint | setpoint
Neutral (peak)
100 V 15A 400 V 15A 210V 350 V 10 A 3A
150 V 20 A 600 V 20 A 320V 525V 15A 5A
230V 25A 800 V 25A 500 V 730 V 20A 10 A

4. Integration test of Grid Emulation, DC/AC converter and DC/DC converter of DRES

interface

Operation protocol to operate the devices:

1.

A

o &

10.

11.

This te

A three-phase balanced 50 Hz and 50 Volts rms phase-neutral AC-voltage is generated by
Grid Emulation. A maximum current of 10 A is defined for the Grid Emulator.

The initial voltage of the ultracapacitor is set to 30 V.

Maximum current in DC/AC converter is set equal to 10 A. Maximum DC voltage equal to
200 V.

Contactor among Grid Emulator and DRES interface is closed.

Voltages are checked in CCS (rms, sequence, frequency etc..)

PV emulator is enabled as a current source with 0 A of setpoint. Technical limits for voltag-
es and currents are defined in 200 V and 5 A respectively.

Precharge of the DC/AC converter as described in the first test of this section. Close Kp un-
til the DC voltage is 100 V.

A setpoint of 175 V for the DC voltage and 0 Amps for id and iq is defined for the AC/DC
converter.

The DC/DC converter begins to control the DC voltage of the DC bus into the DC/AC con-
verter.

When the DC voltage reference is achieved, the DC/AC converter begins to inject the cur-
rent references id and iq defined in step 8.

Analyze the harmonic spectrum of the currents injected into the network. These should con-
tain fundamental frequency for low order harmonics and 10 kHz for switching frequencies.

st should be repeated to 100V, 150 V and 230 V in Grid Emulator. The maximum value

defined and setpoint of each voltage are collected in this table:
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Grid Grid DRES DRES DRES DRES DRES Ucap
Emulator | Emulator interface | interface interface | interface | interface initial
Voltage Maximum | Maximu Maximum | DC- DC- Maximum | voltage
Phase- current m DC | current voltage voltage | /d setpoint
Neutral (peak) voltage (peak) precharg | setpoint
e

100 V 15 A 400V 15 A 210V 350V 10 A 60V
150 V 20 A 600 V 20 A 320V 525V 15 A a0V
230V 25A 800 V 25A 500 V 730V 20 A 120 V

5. Integration test of PV emulator, DC/AC converter and DC/DC converter of DRES inter-

face

Operation protocol to operate the devices:

1.
2.

3.

The voltage and current limits of PV emulator are set to 750V and 6A respectively.

The DC/DC converter begins to control the DC voltage of the DC bus with a setpoint of
730V.

When the DC voltage is controlled, the AC/DC converter is connected to the grid injecting 0
A of current id and iq.

Then, the PV emulator is connected injecting 0 A into the DC bus of the AC/DC converter.
The current injected by PV emulator is increased until 1 A. This current is monitored in CCS
and oscilloscope.

If the current tracking and its waveform presents a good performance, the current injected
by PV emulator is increased until 5 A.

Finally, the current id injected by the AC/DC converter is increased progressively. Continu-
ously, the current is checked in CCS and oscilloscope.

Integration test of Grid Emulation, PV emulator, DC/AC converter and DC/DC con-
verter of DRES interface

Operation protocol to operate the devices:

IR

7.

Control DC bus voltage at VDC given in the chart

Grid emulator will operate at AC voltage reference given in the chart

Connect Cinergia as a current source with 1 A setpoint.

Set the UC voltage reference to VUC nominal as the given chart

DC bus limit is Vmin and Vmax are set according to the Chart values.

Start the current reference form the minimum reference to maximum current reference and
maximum pulse time for each test.

Verify system reference and record the waveform for each test to understand the test setup
limits.

Active power injected from the UC emulating a specific inertia and HFPS request

Operation protocol to operate the devices:

8.
9.
10.
11.
12.

TA User Project: xxx

Control DC bus voltage at VDC given in the chart

Grid emulator will operate at AC voltage reference given in the chart
Connect Cinergia as a current source with 1 A setpoint.

Set the ultra-cap voltage reference to VUC nominal as the given chart
DC bus limit is Vmin and Vmax are set according to the Chart values.
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13. Start the power reference form the minimum reference with minimum pulse time and step
by step increase it to maximum power reference and maximum pulse time for each test.

14. Verify system reference and record the waveform for each test to understand the test setup
limits.

4.3 Test Set-up(s)

4.3.1 Equipment and communication involved
The DRES interface is composed of the following equipments which are depicted in and Fig. 3 and
Fig. 4:
° e Ultracapacitor of 6 F and 160 V
o DC/DC converter to interconnect the the UC to the DC bus of the DC/AC converter. Rated
voltage 800 V and rated current 40 A.
o Inductive filter of DC/DC converter of 3 mH
o DC/AC converter of DC rated voltage equal to 800 V, AC rated voltage of 400 V and rated
current of 40 A.
o LCL filter for the AC/DC converter equal to 1.25 mH, 4 yF and 1.25 mH.
e Voltage and currents measurements using LV-25P transducers and HAS-50S tranducer re-
spectively.
¢ Internal contactors for connect, disconnect and precharge the different power converter of
DRES interface
e A digital signal processor (DSP) to register the analog measurements from the transducers,
implement the control strategies of the DC/DC and DC/AC converter and send the control
signals to the power converters.
¢ A PCB board which receives the analog measurements from transducers, adapts the sig-
nals to the DSP, contains antialiasing filters, the DSP and generate the PWM signal to the
power converters.
e Auxiliary devices to operate the DRES interface: power supplies, protection etc..
e A secondary controller to define the setpoints of the power converter and receive some
measurements from the power converter. This is connected to the DSP through a CAN
communication protocol.
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Parameter Value Description
- Sy 20 kWA Nominal Power.
Measurement  Type M. Range S. Range In 50 Hz Nominal Network frequency.
Vaabe Sinusoidal [=320V, +320V] [-5V, +5V] fi 20 kHz  Switching frequency.
Lgate Sinusoidal [~150-4, +1504] [—4V, +4V] Voane 400 V. Networt nominal AC voltage.
Ve Constant value. [0V, +1.312kV] [0V, +5V] Igabe 30 A Nominal AC current.
Vse Constant value. [0V, +320V] [0V, +5V] Voo 730 V. Nominal DC-link voltage.
Tse Constant value. [—150A4, +150A4] [—4V, +4V] Pse 5 kW Maximum SC power.
Vo 160 V Nominal SC voltage.
Isc 30 A Nominal SC current.

Fig. 4. Electrical and communication scheme of the DRES interface.

A picture of the DRES interface is shown in Fig. 5. The DC/DC and DC/AC converter are unified in
a device together with coupling filters, UC, measurements, auxiliary devices and PCB board in or-
der to compact both power converters. This allows to use a single electrical enclosure to assembly
the DRES interface.

PV emulator is a commercial device provided by Cinergia. It is composed of an AC/DC and DC/DC
converter capable of controlling the current or voltage of the DC/DC converter. An user interface is
also used to define the setpoints and the technical limits of Cinergia. This is implemented in a Host
PC which is communicated with the power converter via Ethernet standard.

Grid Emulation is a commercial device provide by Triphase. It is composed of two VSCs sharing a
common DC bus. This device allows to work as a source of AC current or voltage. Similarly to PV
emulator, an user interface is also used to define the setpoints and the technical limits of Cinergia.
This is implemented in a Host PC which is communicated with the power converter via Ethernet

TA User Project: xxx Revision / Status: draft 22 of 50



ERIGrid GA No: 654113 01/11/2015

standard.

Fig. 5. Electrical Enclosure of the DRES interface.

4.3.2 Control strategies

The different tests presented in section 4.1.1 are based on a series of control strategies that are
defined and referenced below for each device. Special attention will be given to the control imple-
mented in the DRES interface as they are the strategies designed by the research group.

1. Control strategies for DC/AC converter of DRES interface.

The control strategies of this power converter is made in dq coordinates. Specifically, the currents
id and iq injected into the PCC are controlled using the control strategy defined in [16]. From this
current control, several operation modes can be implemented in the power converter depending if
its dc voltage is controlled by itself or a second device.

e Operation mode: Grid-feeder current control id and iq

The DC voltage of the DC/AC converter is controlled by a second device. In this way, current id
and iq can be independently controlled by the DC/AC converter. These currents are related with
the powers injected into the PCC. Current id allows to control the reactive power injected into the
PCC and iq the active power. The control strategy is depicted in Fig. 6.
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Fig. 6. Block diagram of the current controller in dq coordinates for grid-feeder AC/DC converter.

¢ Operation mode: Grid-feeder power control P and Q

As mentioned above, the id and ig current control allows to control the active and reactive powers
injected into the PCC. Fig. 7 shows this control strategy used in this mode of operation. In this
case, the DC voltage is also maintained by a second device.
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Fig. 7. Block diagram of the power controller in dq coordinates for grid-feeder AC/DC converter.

e Operation mode: Grid-feeder as a STATCOM

In this operation mode, the power controller controls its DC voltage and the current id or reactive
power injected in the PCC. This control strategy is represented in Fig. 8.
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Fig. 8. Block diagram of the DC voltage controller in dq coordinates for grid-feeder STATCOM of DC/AC
converter

2. Control strategies for DC/DC converter of DRES interface.

Similarly to the controller of the DC/AC converter, the control strategies of this power converter will
depends if the DC bus of the DRES interface is controlled by the DC/DC converter or a second de-
vice.

e Operation mode: Current control of the DC/DC converter

The DC voltage of the DC bus in the DRES interface is controlled by a second device. This corre-
sponds to the high voltage side of the DC/DC converter. The low voltage side of the DC/DC con-
tains the UC together its coupling inductive filter. In this way, a current controller can be imple-
mented to charge and discharge the UC controlling the current circulating through the inductive
filter. This control strategy is shown in Fig. 9.
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Fig. 9. Block diagram of the current controller for DC/DC converters.

o Operation mode: Voltage control of the DC/DC converter

The DC/DC converter is in charge to control the DC voltage of the DC bus of the DRES interface.
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The control strategy is based on a cascade control with an outer voltage control loop which pro-
vides de current reference to the inner current control loop defined in the previous controller. In this
way, the energy of the UC is used to maintain the DC voltage in the high side of the DC/DC con-
verter corresponding to the DC bus of the DC/DC converter. This control strategy is depicted in
Fig. 10.
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Fig. 10. Block diagram of the voltage controller for DC/DC converters.

3. Control strategy for UC voltage of DRES interface.

The voltage of the UC must be maintained within its technical limits (90-150 V for the UC of the
DRES interface) that avoid undervoltages or overvoltages that could damage the UC or a malfunc-
tion of the DRES interface. In this way, an energy source is required to absorb or inject the energy
necessary to keep the UC within these limits. This energy source can be the low voltage network of
the laboratories or the Grid Emulation. The UC connection to this source requires that both the DC
/ DC converter and the DC / AC converter be operational at the same time. The DC / DC converter
in voltage control operation mode and the DC / AC converter in power control mode. An active
power can be defined for the DC / AC converter in order to charge or discharge the UC. This power
is computed from a proportional controller applied to the error of a UC voltage reference and the
actual voltage of the UC. This controller is a proportional because the energy of the UC must have
certain freedom to provide the AS corresponding to inertia and HFPS. The control strategy of the
UC voltage is depicted in Fig. 11 representing the control strategy involved in each power con-
verter.
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Fig. 11. Block diagram of the UC voltage controller.
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4. Control strategy for PV emulator.

PV emulator is a commercial power converter accessible through a user interface where the
modes of operation of this device can bed defined. These are DC current control or DC voltage
control. In addition, the maximum allowed operating limits for the current and voltage provided by
the PV emulator must be defined. If any of these limits are reached, the PV is able to automatically
change its mode of operation so as not to exceed the limits imposed.

5. Control strategy for Grid Emulation

Grid Emulation is also a power converter composed of a back-to-back topology with two VSCs
sharing a common DC bus. One VSC is connected to the low voltage grid of the laboratory and it is
in charge to control the voltage of the common DC bus of both VSCs. Second VSC is in charge to
create an AC voltage at its terminal with a desired amplitude and frequency. An user interface is
used to define the voltages at the terminal of the second VSC.

6. Control of Zero current circulation

The connection of power electronics equipment with different control strategies, switching frequen-
cies, PWM techniques etc ... can lead to a malfunction of the system if certain measures are not
implemented. The most serious problem would be the zero current circulation if there is the possi-
bility of forming a current loop between the connection of the equipment and the low voltage net-
work of the laboratories [17]. To avoid this problem, the most feasible technique is to install a trans-
former with a delta connection that prevents zero current flow.

4.3.3 Monitoring aspects

The secondary controller of the DRES interface allows to monitor in real-time the voltage of the
UC, the voltage of the DC bus, the rms AC current and voltage of the DC/AC converter and the DC
current circulating into the UC. Moreover, an oscilloscope with four channels is used to measure
and record four measurements. These can be selected from these group of signals: abc current
injected to the PCC of the DC/AC converter, abc voltage of the AC/DC converter, DC current of the
UC and DC voltage of the UC. Finally, the local controller of the Grid Emulation is also used to rec-
orded currents, voltages and powers injected from the DC/AC converter to the Grid Emulation.
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4.4 Data Management and Processing

Measurements of each test defined in section 4.1 are recorded in an oscilloscope in two ways: a
csv file with the data of the 4 channels and an image of the oscilloscope screen. These data is ex-
tracted from the oscilloscope and recorded in a common cloud shared between TUDelft and Uni-
versidad de Sevilla. During and after each test, the signals monitored in the oscilloscope are ana-
lyzed to check if the tracking of references consigned to the controllers is being carried out proper-

ly.
5 Results and Conclusions

The results obtained of the most important tests defined in section 4.1 are discussed below. Due to
the large number of tests, devices and control strategies involved in these experiments, a table
identifying each of these aspects will be used at the beginning of each test discussion.

5.1 Unitary Tests
1. AC/DC converter working in Grid-Feeding mode and connected to grid through a trans-
former
DC/AC converter DC/DC converter Grid Emulation PV Emulator
X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X

The DC/AC converter is in charge of controlling its DC bus and the current id injected into the PCC.
A Dynb5 transformer with several tap ratios is connected among the DC/AC converter and the low
voltage network. These tap ratios are: 240/400 V and 360/400 V. The AC side of the converter is
connected to the low voltage side of the transformer. The setpoints of the DC/AC converter are 730
V for the DC voltage and a current id which is increased progressively until 20 A. The results for
the different tap ratios are depicted from Fig. 12-Fig. 14 in steady- and transient-state. The
steady-state represents the abc currents when the setpoint is defined in 20 A and the transient-
state represents the initial abc currents the initial DC/AC converter interconnection to the low volt-
age laboratory grid.

The results in steady-state for the different tests shown that the current reference of 20 A is
tracked. The current id must correspond to the peak of the currents in abc which are equal to 20 A.
However, the waveform of the currents is quite distorted due to the low frequency harmonics of the
laboratory network. This effect is increased because of the transformer. This is because the mag-
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netic package of the transformer used is of low quality amplifying the low voltage harmonics. The
transient connection shows a high current to control the DC bus until the controller acts and begins
to gradually reduce the current until the reference is reached. The current id set at the time of con-
nection is 0 A. Moreover, this high current at the time of interconnection is only limited by the in-
ductive part of the DC / AC converter coupling filter. This has been greatly reduced in the DRES
interface using an LCL filter so that the ability to inject reactive power through the AC / DC con-

verter is as high as possible.
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Fig. 13. Transient-state AC current with transformer tap ratio 240/400 V.
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Fig. 14. Steady-state AC current with transformer tap ratio 360/400 V.

2. AC/DC converter working in Grid-Feeding mode and connected directly to grid

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.

A transformerless connection is made the AC/DC converter and the low voltage laboratory net-
work. The control strategy and setpoints are identical to the previous test. The results are depict-
ed in Fig. 15-Fig. 16. The waveform is slightly improved compared to the case with interconnec-
tion transformer. However, the effect of low voltage harmonics is still present in the waveform of
the currents.
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Fig. 16. Transient-state AC current transformerless connection.
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3. Open Loop AC/DC converter. Voltage Controller DC/DC converter
DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.

The DC / DC converter controls the DC bus voltage of the DRES interface using the power of the
UC. The DC/AC converter is operated in open loop. This means that perfect sinusoidal control sig-
nals are provide by the user to the power converter. The AC output of the converter is connected to
a resistive load. The energy supplied to the resistors is extracted from the energy of the UC.

Fig. 17 represents the abc currents of the AC/DC converter circulating toward the resistors. The
setpoint defined for the DC bus is 730 V and the duty ratio defined for the open loop test is 0.9.
This figure shows a perfect sinusoidal signals according to the reference defined in the open loop
test. Moreover, this indicates that the DC voltage is constant and tracking the setpoint properly. A
bad tracking of the DC voltage will cause oscillation in the waveform of the abc currents.

Rms(C1) 624.757mA

Rms{C2) 680 .693mA

Normal

2ol Mol

Edge GHI| £ 0,14, 4

5ms/div |

Rms{C3) 665.392mA

~  Utility

Fig. 17. Steady-state abc currents injected from the AC/DC converter to the resistors in open loop test
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4. Grid-Feeding connected to grid through a transformer AC/DC converter. Voltage Con-
troller DC/DC converter.

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X

The DC/DC converter is in charge to control the DC bus of the DRES interface using the energy of
the UC. While the AC/DC converter controls the current id and iq injected to the grid with an inter-
connection transformer. The active power (iq) injected/absorbed to/from the grid is obtained from
the UC.

The tap ratio selected into the transformer are 240/400 V and 360/400 V. The results of this test
are shown from Fig. 18-Fig. 21 in steady- and transient-state. The voltage reference are set in
730 V and the current iq equal to 0 A and current id equal to 20 A. The tracking of the abc currents
is adequate although the waveform is distorted due to the low voltage harmonics of the network
and the coupling transform. Note that transient connection of the AC/DC converter is smoother
than in the previous cases. This is because the DC bus voltage is controlled by the DC/DC con-
verter before the interconnection of the DC / AC converter and it is not necessary to absorb energy
from the network to control this voltage.
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Fig. 18. Steady-state AC current with transformer tap ratio 240/400 V.
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Fig. 19. Transient-state AC current with transformer tap ratio 240/400 V.
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Fig. 20. Steady-state AC current with transformer tap ratio 360/400 V.
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Fig. 21. Transient-state AC current with transformer tap ratio 360/400 V.
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5.2 Integration test of the experimental setup

1. Integration of Grid Emulation and DC/AC converter of DRES interface

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X

The DC/AC converter is operated as a STATCOM connected to the Grid Emulation which gener-
ates a three-phase 50 Hz balanced voltage with different amplitudes. A DC voltage reference of
730 V is set to the DC/AC converter and a maximum current reference id of 15 A which is progres-
sively increased from 0-15 A. The Grid Emulation is defined with a 150 V rms voltage. Fig. 22 rep-
resents the abc current injected to the Grid Emulation from the DC/AC converter in steady-state. It
can be observed that the maximum value of the currents is 15 A corresponding with the maximum
current reference id. Therefore, it can be concluded that the tracking of the references is made in a
proper way. In addition, the power quality of the currents is significant improved with respect to the
tests where the DC/AC converter is directly connected to the low voltage laboratory network. This
is because the Grid Emulation generates perfect sinusoidal voltages at 50 Hz without any harmon-
ic content that affects its wave quality. The transient behavior of the current at the interconnection
time of the DC/AC converter are depicted in Fig. 23. Similarly to the rest of the tests where the DC
voltage is not controller by the DC/DC converter, a high current is absorbed by the DC/AC convert-
er in order to control the DC voltage to the desired setpoints. Once this voltage is controlled, the
current progressively declines until reaching the desired reference of id.
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Fig. 23. Transient-state AC current of DC/AC converter connected to Grid Emulation.
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2. Integration of PV emulator and DC/AC converter of the DRES interface

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X X

The DC/AC converter is operated as a STATCOM connected to the low voltage laboratory net-
work. The PV emulator is connected to the DC bus of the DC/AC converter injecting a progressive
current from 0 to 10 A. A transformer must be connected between DC/AC converter and grid to
avoid the zero current circulation as explained in section 4.3.2. A DC voltage reference of 730 V is
set to the DC/AC converter and a current reference id of 0 A which is progressively increased from
0-10 A. Fig. 22 represents the abc current injected to the network from the DC/AC converter in
steady-state when id is set to 0 and a DC current equal to 10 A is injected into the DC bus from the
PV emulator. According the voltage reference set for the DC bus, the active power injected from
PV emulator is 7.3 kW which must be evacuated by the DC/AC converter to the grid. The peak of
the abc current is equal to 13 A which represents an active power of 6.4 kW. The difference be-
tween the power of the PV emulator and the power injected by the DC / AC converter is due to the
internal losses of the converter itself. A second test increasing the current id from 0 to 10 A is de-
picted in Fig. 25. The current in increased with respect to the previous test because reactive pow-
er is injected to the network besides active power. The current waveform of both tests is distorted
because of the harmonic pollution in the low voltage network and the transformer.
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Fig. 24. Steady-state AC current of DC/AC converter with 10 A injected from the PV emulator.
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Fig. 25. Steady-state AC current of DC/AC converter with 10 A injected from the PV emulator and 10 A in
current id.
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3. Integration of PV emulator, DC/AC converter of DRES interface and Grid Emulation

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X X X

The DC/AC converter is operated as a STATCOM connected to the Grid Emulation which gener-
ates a three-phase 50 Hz balanced voltage with different amplitudes. The PV emulator is connect-
ed to the DC bus of the DC/AC converter injecting a progressive current from 0 to 10 A. A trans-
former must be connected between DC/AC converter and Grid Emulation to avoid the zero current
circulation as explained in section 4.3.2. A DC voltage reference of 730 V is set to the DC/AC con-
verter and a current reference id of 0 A which is progressively increased from 0-10 A. The Grid
Emulation is defined with a 150 V rms voltage. Fig. 26 represents the abc current injected to the
network from the DC/AC converter in steady-state when id is set to 10 and a DC current equal to
10 A is injected into the DC bus from the PV emulator. The power quality is improved with respect
to the previous test because of the voltages generated by Grid Emulation is a perfect sinusoidal
signal. The transient-state of these current at the interconnection time is depicted in Fig. 27.
Again, a high current is absorbed by the DC/AC converter in order to control the DC voltage which
is progressively reduced until achieving the current reference id selected. Note that during the in-
terconnection the PV emulator is disconnected from the setup. Once the DC voltage is controlled,
the PV emulator can inject DC current to the DC bus.
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Fig. 26. Steady-state AC current of DC/AC converter connected to Grid Emulation generating 150 V rms
voltage, PV emulator injecting 10 A to the DC bus and current id set in 10 A.
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Fig. 27. Transient-state AC current of DC/AC converter connected to Grid Emulation.
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4. Integration test of Grid Emulation, DC/AC converter and DC/DC converter of DRES
interface
DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X X
Control strategy PV emulator PV emulator Grid Emulation | Transformer

for UC voltage of
DRES interface.

Current source

Voltage source

Voltage source

X

The DC/AC converter is operated controlling currents id and iq injected into the Grid Emulation
which generates a three-phase 50 Hz balanced voltage with different amplitudes. The DC/DC
converter interconnects the UC to the DC bus and it is in charge of controlling the DC voltage
of the DC bus. A DC voltage reference of 730 V is set for the DC/DC converter and a current
reference iq of 0 A and id is progressively increased from 0-20 A.. Fig. 28 represents the abc
current injected to the Grid Emulation from the DC/AC converter in steady-state when id is set
to 20 and iq equal to 0 A. The Grid Emulation is defined with a 200 V rms voltage. The power
quality of the current are good because of the voltages generated by Grid Emulation are per-
fect sinusoidal signals and the DC/DC converter is able to control the DC voltage using the UC

energy.
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Fig. 28. Steady-state AC current of DC/AC converter connected to Grid Emulation generating 200 V rms
voltage, DC/DC converter controlling the DC bus with 730 V and current id set in 20 A.

Integration test of Grid Emulation, PV emulator, DC/AC converter and DC/DC con-
verter of DRES interface

5.

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X X X

TA User Project: xxx

The DC/AC converter is operated controlling powers p and q injected into the Grid Emulation
which generates a three-phase 50 Hz balanced voltage with different amplitudes. The DC/DC
converter interconnects the UC to the DC bus and it is in charge of controlling the DC voltage
of the DC bus. The PV emulator is also connected to the DC bus injecting a DC current and a
transformer is added among the Grid Emulation and DC/AC converter to avoid zero current cir-
culation. The active power injected by the PV emulator is selected as an active power setpoint
to the DC/AC converter. Moreover, an extra active power reference is added to the previous
power in order to charge and discharge the UC for maintaining within the technical limits.
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A DC voltage reference of 730 V is set for the DC/DC converter and a reactive power reference
is progressively increased from 0-7 kvar. The current reference selected for the PV emulator is
increased 1A step until 13 A. The maximum current represents 9.5 kW. Fig. 29 represents the
DC current injected by the PV emulator into the DC bus and the UC voltage evolution during
the test. It can be observed how the PV emulator is able to inject 1 A step until achieving the
maximum current of 13 A. This power is evacuated by the DC/AC converter and modified by an
additional term of active power to maintain the UC voltage approximately in a constant value as
reflected in Fig. 29. The good behaviour of these magnitudes indicate that the DC/AC convert-
er is working in a proper way because it is controlling its active power to avoid oscillation in the

UC voltage.

Rms(C1) 10.5309

Main = 125 k

A Rms(C2) 127.196

20s/div

Fig. 29. DC current injected by PV emulator (yellow) and UC voltage evolution (green)

6. Active power injected from the UC emulating a specific inertia request

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X X
Control strategy PV emulator PV emulator Grid Emulation | Transformer

for UC voltage of
DRES interface.

Current source

Voltage source

Voltage source
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X X X X

The DC/AC converter is operated controlling powers p and q injected into the Grid Emulation
which generates a three-phase 50 Hz balanced voltage with different amplitudes. The DC/DC
converter interconnects the UC to the DC bus and it is in charge of controlling the DC voltage
of the DC bus. The PV emulator is also connected to the DC bus injecting a DC current and a
transformer is added among the Grid Emulation and DC/AC converter to avoid zero current cir-
culation. The active power injected by the PV emulator is selected as an active power setpoint
to the DC/AC converter. Moreover, an extra active power reference is added to the previous
power in order to charge and discharge the UC for maintaining within the technical limits.

A DC voltage reference of 730 V is set for the DC/DC converter and a reactive power reference
equal to 0 kvar is selected. The current reference selected for the PV emulator is 13 A.

Inertia provision with a DRES consists of injecting/absorbing an extra active power to compen-
sate frequency deviation. This extra power is provided by the UC according to this expression:

Pac = Ppc T Puc

Where p,. is the power injected by the AC/DC converter, p,. is the power injected by the PV
emulator and p,. is the power injected by the UC. The references selected by the system are
the active power p,. and p4. Therefore, any difference between these will be assumed by the
ucC.

Frequency deviations can be seen as a fall or rise in frequency in the form of a step with a cer-
tain slope of fall or rise. In this way, the test consists of modifying the p,. reference power with
a step power increase of 3 kW with respect to p,.. This means that the UC has to provide the
rest of the power so that the power balance is fulfilled. The UC will be discharge and its voltag-
es will be reduced. Once the power pulse is finished, the p.. and p,4; are the same again. Next,
the control loop discussed in point 3 of section 4.3.2 acts to return the voltage of the UC to its
original value.

Fig. 30 represents the current and voltage evolution of the UC before, during and after a 3 kw
step of 3 seconds applied to the power of the DC / AC converter. It can be seen that at the be-
ginning of the test the current of the UC is 0 A and its voltage is constant. This means that the
Pac power is identical to p,.. When the power step is applied, the UC current acts in the same
way to fulfill the power balance. This leads to a reduction in the voltage of the UC until the
power step ends. At that time, p.; and p4. powers are identical again and the UC voltage con-
troller acts to gradually return it to its original value.
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Fig. 30. DC current injected by the UC (yellow) and DC voltage of the UC (green)

7. Active power injected from the UC emulating a specific HFPS request

DC/AC converter DC/DC converter Grid Emulation PV Emulator
X X X X
DC/AC converter | DC/AC converter | DC/AC converter DC/DC DC/DC
Grid-feeder cur- Grid-feeder Grid-feeder as a converter converter
rent control id power control P STATCOM Current control Voltage
and iq and Q of the DC/DC | control of the
converter DC/DC
converter
X X
Control strategy PV emulator PV emulator Grid Emulation | Transformer
for UC voltage of | Current source Voltage source | Voltage source
DRES interface.
X X X X

The DC/AC converter is operated controlling powers p and q injected into the Grid Emulation
which generates a three-phase 50 Hz balanced voltage with different amplitudes. The DC/DC
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converter interconnects the UC to the DC bus and it is in charge of controlling the DC voltage
of the DC bus. The PV emulator is also connected to the DC bus injecting a DC current and a
transformer is added among the Grid Emulation and DC/AC converter to avoid zero current cir-
culation. The active power injected by the PV emulator is selected as an active power setpoint
to the DC/AC converter. Moreover, an extra active power reference is added to the previous
power in order to charge and discharge the UC for maintaining within the technical limits.

A DC voltage reference of 730 V is set for the DC/DC converter and a reactive power reference
equal to 0 kvar is selected. The current reference selected for the PV emulator is 13 A.

HFPS with a DRES consists of injecting/absorbing an extra active power to compensate abrupt
variations of active power in the renewable energy sources. This extra power is provided by the
UC according to this expression:

Pac = Ppc T Puc

Where p,. is the power injected by the AC/DC converter, p,. is the power injected by the PV
emulator and p,. is the power injected by the UC. The references selected by the system are
the active power p,. and p4. Therefore, any difference between these will be assumed by the
ucC.

The test consists of modifying the DC current injected by the PV emulator with a current step of
3 A. Then, the UC acts to avoid this significant change in the ac power poured by the AC/ DC
converter to the grid. Specifically, the UC responds to the step by injecting or absorbing a pow-
er so that it becomes a ramp. In this way, the p,. power varies smoothly despite a large varia-
tion in the primary energy source.

Fig. 31 depicts the current and voltage evolution of the UC before, during and after a 3 A step
of 6 seconds applied to the current injected by the PV emulator. It can be observed how the
current of the UC responds as a ramp when the current step begins in the PV emulator. This
ramp acts during 2 seconds until a steady-state is achieved. When the step ends, a new ramp
is applied to prevent the p,. from changing abruptly as reflected in the UC current. The voltage
of the UC increases or decreases depending on whether it absorbs or injects current to soften
the power of the network.
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Fig. 31. C current injected by the UC (yellow) and DC voltage of the UC (green)
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5.3 Conclusion

The laboratory work carried out in the TUDelft facilities with the DRES interface developed by the
University of Seville has allowed the validation of all control strategies designed for this prototype
in a unified way. In addition, a safe and robust test protocol has been designed for the interconnec-
tion of the different electronic power equipment involved in the experimental setup. These tests
have been carried out in a successful way, allowing progress towards the final objective: provision
of auxiliary services HFPS and Inertia in a PHIL system. The tests corresponding to these services
demonstrate that the PHIL system can emulate the interconnection of a DRES to a power system
and use the UC energy to supply both services. Finally, this work has reinforced the collaboration
between both research groups that will lead to new work in the future.

6 Dissemination Planning.

The dissemination of the project results will be done in different domains. First, formal dissemina-
tion on at least one journal included in the JCR describing the testing procedure, the comparison of
experimental and simulation results and the performance of the accounting methodology designed
to quantify the contribution of DRES to VI and HFPS. This publication can be envisioned as the
seed to elevate the proposed testing procedure to an adequate standardization committee of IEC
or CIGRE. Second, it is proposed to disseminate this proposal through all the channels related to
the EASY-RES project: web page, twitter, newsletter, etc. Third, the proposal will be also included
in the personal web page of the researchers in ResearchGate and ORCID.
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