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ABSTRACT With the increase in power installed from distributed generation sources (DGS), many problems
have appeared following the utilisation of novel topologies and structures. Higher-level controllers for the
safe operation of power grids with a high penetration of DGS must be developed. This task becomes difficult
as the size and complexity of modern power systems have increased. The development and testing of these
systems under strict human supervision controlling each step of the testing procedure is no longer viable.
This paper presents a comprehensive integrated platform based on an HIL emulator for the development
and testing of electric power systems rich in DGS. Essentially, DGS is considered a controllable black-
box system. A detailed calculation of the power references for an arbitrary DGS is shown. The paper
also describes the utilisation of enhanced Python scripting which was designed to load all network-related
data, start the emulation, collect the data, and generate reports. Furthermore, fully developed controller
built-in oscilloscope functionality is introduced. The incorporated oscilloscope facilitates non-intrusive
DGS controller data acquisition and analysis, reducing the need for external measurements. The proposed
framework was verified by a case study in which a grid topology consisting of 26 nodes was emulated on
parallel CHIL infrastructure. Four active and twenty-two passive nodes were instantiated and their reaction to
a distribution network grid faults was examined. DGS converter control was executed in external controllers
outside of the dedicated HIL environment. All DGSs were governed by different control strategies, regarding
maximisation of active/reactive power production, minimisation of the active/reactive power oscillations,
adjustable positive/negative components ratio, or without any limitations under voltage disturbances. Real-
time experiments confirmed the usefulness and flexibility of the proposed framework concept.

INDEX TERMS Distributed power generation, emulation, hardware-in-the-loop simulation, power control.

NOMENCLATURE DAA Data acquisition and analysis.
API Application programming interface. DG Distributed generation.
CHIL  Controller hardware-in-the-loop. DGS Distributed generation source.
CI/CD  Continuous integration and delivery. DGC  Local controller for distributed generation.

DSP  Digital signal processor.
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EPS Electric power systems.

GCC Grid-connected converter.

12C Inter-integrated circuit.

IDE Integrated development environment.

HIL Hardware-in-the-loop.

HLC High-level control.

JTAG Joint test action group.

PIL Processor-in-the-loop.

PLL Phase-locked loop.

PR Proportional-resonant.

PV Photovoltaic.

SIL Software-in-the-loop.

SPI Serial peripheral interface.

ST Scripting tools.

UART Universal asynchr. receiver-transmitter.

USB Universal serial bus.

AP, AQ Active and reactive power oscillation
amplitude.

frwm PWM frequency.

Laamp-Icamp ~ Amplitude of phase currents.

Tiim Limit of phase current amplitude.

if,p, i(’m Positive current component references
in rotating dq coordinate system.

Ui ign Negative current component references
in rotating dq coordinate system.

ifl v i q Positive/negative current component
in rotating dq coordinate system.

K,Di-Dg  Multiplication coefficients in equations.

kbps Kilobits per second.

kp, kg Adjustable ratio between positive and
negative power components.

Mbps Megabits per second.

S",P", Q"  Apparent, active and reactive reference
power.

uZ » uy q Positive/negative voltage component in
rotating dq coordinate system.

Udp, Ugp Positive voltage component in rotating dq
coordinate system.

Ugn, Ugn Negative voltage component in rotating dg
coordinate system.

Varuum Number of variables.

Variength Length of variables [Bytes].

I. INTRODUCTION
Electric power systems (EPSs) are experiencing significant
transformation imposed by the increase and diversification
of power consumption and by the necessity of modernisa-
tion of power generation facilities. Following the changes in
demand and supply subsystems, the transmission and distri-
bution networks must be augmented with new technologies
that enable efficient and safe power transfer. Power electronic
devices play a central role in this process.

The development of EPS containing power electronic
devices has traditionally been a challenging process. It will
become even more complicated in the future owing to the
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necessity for the fast and reliable development of new power
devices and control concepts. The strong competition in
the electrical energy market and ecological urgency has put
designers of EPS under pressure, as they have to develop
reliable and flexible power systems for different applica-
tions. Design, prototyping, and validation of the applica-
tions over a wide range of operating conditions and power
ratings are time-consuming processes. EPS are very com-
plex to manage, and their complexity is growing owing
to the presence of distributed generation sources (DGS).
Therefore, a framework that facilitates the rapid develop-
ment and testing of DGS and its interaction with EPS is
necessary.

The goal of this research is to propose solutions to these
problems. An integrated platform for the emulation and effec-
tive testing of control algorithms for modern DGS and their
interaction with the grid is described in this paper.

The proposed testing framework consists of the following
integral components:

« higher-level DGS control structures providing black-box
functionality,

« management system for extensive testing of various
scenarios,

« software for data acquisition and evaluation,

« integrated development environment for complex
EPS containing not only passive but also DGS
nodes.

The proposed framework is designed by the expansion,
generalisation and integration of current state-of-the-art solu-
tions which are summarised in Section 2. The contributions
of this study can be outlined as follows.

1) A control scheme for a grid-connected converter (GCC)
that secures the safe production of truly arbitrary
power/current profiles in accordance with the con-
verter’s ratings during nominal conditions and con-
ditions with grid faults. This control scheme enables
the GCC to be addressed and utilised as a control-
lable black box system. It is beneficial for the devel-
opment of higher-level control structures, and enables
the handling of the GCC only by its references. Thus,
no insight into GCC operation from grid operator side is
needed. The control scheme is suitable for non-islanded
operation modes, where GCC is a grid-following unit.
The black-box functionality is a unique and original
contribution of this study.

2) Guidelines for the development and testing of
higher-level control structures are prepared together
with a set of fully developed novel tools for data
acquisition and analysis.

3) The EPSs rich in DGS can be analysed using emula-
tors. The scope of applicability of emulators within the
proposed framework is demonstrated in a case study by
the emulation of a network with 26 nodes. The 4 nodes
were active and 22 nodes were passive. This serves
as a proof of the proposed framework concept.
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Il. RELATED WORKS

A. INTEGRATED DEVELOPMENT ENVIRONMENTS

Various integrated development environments or frameworks
are available for the development of modern DGS control
structures. Their performances, advantages, and disadvan-
tages are discussed briefly in this subsection.

Simulation tools such as MATLAB/Simulink, PSPICE,
and PSIM are suitable for the development of control algo-
rithms in power electronics and for transient analysis, but
they are not optimised for the simulation of systems consist-
ing of a large number of passive power system nodes (e.g.
EPS rich in DGS) or for highly nonlinear power electronic
devices. Although, DigSILENT, PSS, NEPLAN, and ETAP
can be used for the modelling of large EPS, they lack the
bottom-up approach, that is, they do not include models of
power electronic devices with sufficient precision [1]. If the
number of power electronic components is very high, these
tools are of limited use. Simulations save space and funds
compared to physical laboratories, but do not offer a real
development environment. To make the control design and
test closer to real laboratory conditions, a simulation plat-
form called software-in-the-loop (SIL) is utilised [2]. This
approach proves to be of low fidelity even though a con-
troller and a plant are simulated in a single device and the
integrity of input/output signals is not critical. The same
conclusion can be drawn for the processor-in-the-loop (PIL)
testing procedure, used to verify the actual control software
implemented in a dedicated processor controlling a virtual
plant prototype [3].

Scaled-down hardware setups are widely accepted alter-
natives to traditional simulation tools [4], [5]. Their main
advantages are operating conditions that are often almost
identical to the conditions under which the application will
operate once it is installed. However, this approach has sev-
eral disadvantages. The time necessary for setting up the
environment is quite long. The environment is not flexible
if a parameter changes are required. The safety of the testing
personnel is often compromised. Most notably, the scalability
of these setups is limited.

HIL systems eliminate the disadvantages of scaled-down
platforms through their scalability, operability, and safety
[6], [7]. The HIL system emulates the power stage in real time
with extremely high fidelity [8]. It enables the testing of faults
that are dangerous for the equipment and humans if they are
induced in full-size or scaled-down setups. The repeatability
and reconfigurability of the tests with the HIL are easy. If the
system contains nonlinear elements such as power electronics
devices, the emulation time step must be below 1us. Typical
2-and 3-level PE topologies can be emulated even at 0.5us,
thus qualifying this technology as a powerful development
environment for EPS systems [1], [9], [10].

B. CONTROL STRUCTURES
In most cases, an advanced control structure is applied
with the HIL simulation. A brief overview of the control
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structures for GCC is presented in this subsection. Phase-
locked loops (PLLs) and their derivatives are necessary to
ensure an accurate estimation of the grid voltage data under
nominal and subnominal grid conditions.

A comprehensive overview of different synchronisation
solutions for grid connected converters was proposed in [11].
PLLs with improved transient stability during grid faults
are given in [12], [13], while PLLs based on enhanced
second-order generalised integrators are given in [14], [15].

In addition, many different current control loop solutions
have been developed, most of which are based on symmet-
rical component extraction [11], [16], discussing tuning of
parameters [17], as well as dynamic and tracking perfor-
mance to directly control the injected current [18]. Further-
more, active and reactive power production and utilisation
have been extensively analysed in recent years. Microgrid
inverters strong coupling together with accompanying non-
linearities is discussed in [19]. The analysis of simultaneous
inverter currents quality enhancement together with power
oscillations minimisation during unbalanced grid faults is
shown in [20], [21]. Different prioritization strategies for
active and reactive power generation desired by grid operators
are given in [22]. The control scheme presented in Section 4
builds on the ideas proposed in these contributions.

The main goal is to enable the production of arbitrary
power/current profiles under various working conditions
which in turn would render the GCC a controllable black box
unit. The arbitrary power/current references can be forwarded
to a GCC unit, which would produce them up to the maximum
ratings of the converter values. This feature is of fundamental
importance for the establishment of a flexible and safe envi-
ronment for testing high-level control functions.

C. MANAGEMENT OF TESTING PROCEDURES

EPSs have been developed and tested under strict human
supervision. Each step of the corresponding procedure is ini-
tiated by a direct command given by the user. The necessity of
extensive test reiteration and the increase in complexity have
led to the employment of software tools for semi-automated
or automated text execution and environmental manipulation.
Consequently, the development of application programming
interface (API) libraries is necessary [23]. API libraries offer
user-friendly functions that interact with the system under
development. They enable modifications in both the power
stage and the control structure. Software routines are used
to manage testing procedures. The commands from users,
expressed through the API functions, can be bundled together
within scripts. Scripting, previously used almost exclusively
for pure software development, has recently been used in the
development of EPS. The Python programming language has
been recognised as a highly useful tool for script development
employed to manage testing procedures [24]. It can be used
in the form of plug-in modules, drastically decreasing the
development time for scripts and testing itself [25]. Python
scripting has become almost synonymous with extensive,
semi-automated, and repeatable testing of large and complex
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systems. An example of a Python script proposed in this paper
which illustrates the DGS control testing scenario, is shown
in Fig. 1.

Script start

( Load (pre-drawn) schematic )
e

v
( Compile and load model to HIL emulator )

Set: Dig / analog feedback signals
grid voltages (desired profile)
PV panels (desired shape), ...

Y

( Start simulation and controller

Schematic component
= = arameter change
Sequence of desired profiles of’ P - S

- controller references (Prer, Qqer,...) (e.g grid filter values)
- grid voltages

- PV panels irradiance / temperature

- PE components state

L 2
- Acquire data
- Plot data

- Analyze data (FFT, power, overshoot,...)
- Make (file) report

Test ended

Yes
( Stop simulation and controller )

k2

FIGURE 1. Proposed GCC control testing script.

D. DATA ACQUISITION AND ANALYSIS

Data acquisition and analysis are integral parts of the pro-
posed integrated framework. A large amount of data must
be collected in real time with high sampling rates from both
the power stage and control platform. Hence, data acquisition
routines must be effective, and their impact on the standard
operation of the controller should be minimised. The analysis
of the collected data must be straightforward and comprehen-
sive. Although there are several open-source routines which
can be used for the design of software for data acquisition and
analysis [26], surprisingly, only a few solutions are commer-
cially available [27]. In addition, guidelines on how to make
efficient custom solutions are seldom found in the literature.

IIl. CONFIGURATION OF THE PROPOSED FRAMEWORK
All the tools and methods presented in the previous section
must necessarily be integrated for the successful application
of any effective testing framework. The outline of the pro-
posed framework for the development and testing of modern
power systems and their control is shown in Fig. 2.
Distributed generators (DG) are connected to a distribution
network with an arbitrary topology. In this study, the DG is
emulated together with the primary energy sources (PV, wind
turbine, etc.). They are connected via three-phase inverters to
the AC distribution network. Each DG is controlled by a local
controller for distributed generation (DGC), which measures
analogue variables and generates control signals for the
power stage. The entire power stage was implemented inside
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FIGURE 2. General outline of framework: DG - distributed generation,
DGC - local controller for distributed generation, DAA - data acquisition
and analysis, ST - scripting tools, HLC - high level control.

the HIL emulators [28]. For the experiments in this study,
the control code was generated by MATLAB/Simulink and
executed on a dedicated digital signal processor (DSP) [29]
that was connected to the HIL system.

Data from the emulator and DGC were logged and anal-
ysed using data acquisition and analysis (DAA) tools, which
will be explained in Section VI.

This framework structure enables the comprehensive
development and testing of high-level control (HLC) func-
tions. The HLC receives the necessary data from the power
stage and the local controllers. Moreover, HLC generates
control actions to be executed either by operations in the
power stage of the DG or by DGC. HLC can initiate network
reconfiguration and define new power references (e.g. new
operation points of the DG). Finally, scripting tools (ST) are
implemented in the proposed framework. ST enables auto-
matic system manipulation and testing, which significantly
accelerates the development process. The details of the ST
are provided in Section V.

The control algorithms implemented in the DGC must
provide a black box functionality for all operation modes
of the DG. This functionality is described in the following
section.

IV. HIGH-LEVEL CONTROL AND BLACK BOX
FUNCTIONALITY

A. TOPOLOGY AND CONTROL STRUCTURE

The general hardware structure with the recommended con-
trol strategy for a single DG unit is shown in Fig. 3. Black box
functionality serves primarily for the human EPS operator.
The EPS operator handles DG only by using the references
of the DG without any particular knowledge of its detailed
operation.

It should be emphasised that the grid-following opera-
tion of the GCC unit under non-islanded grid conditions
is assumed. Hence, the GCC takes the power/current refer-
ences generated internally, set by the grid operator or gen-
erated by higher-level control functions and executes them
in accordance with the converter’s ratings and current grid
voltage conditions. Control structures suitable for operation
in islanded microgrids are a subject of further research.
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The energy from the primary source (a PV string, wind
generator, or energy storage system) is supplied to the grid
via a three-phase inverter. The power stage contains DC/AC
filters and a transformer with a Dy windings connection
to prevent the propagation of zero-voltage components to
the grid. The ugp. voltages are supplied into a PLL unit
with an extractor to obtain the positive and negative grid
voltage components uZZ, as well as the estimated grid volt-
age frequency w and angle 8. The PLL unit is based on a
dual second-order generalised integrator [14]. It is capable of
rejecting or mitigating the effects of frequency disturbances
such as phase jumps or voltage harmonics. The proposed
algorithm is very important for comprehensive DG control,
as it possesses a wide range of ride-through capabilities. This
means that the structure in Fig. 3 is capable of handling
different grid disturbances in a satisfactory manner, and at
the same time, it will not be disconnected from the grid. Both
the active power reference P" and reactive power reference Q"
are defined by the HLC. Under standard operating conditions,
P’ is obtained as the output of the DC-link voltage control
loop, and Q" can be defined by different mechanisms, for
example by the grid codes or by the local reactive power
requirements. The current references i, p are calculated using
the estimated grid voltage vector characteristics MZZ and with
the required P" and Q”. The current references and their
measured values were then fed into proportional-resonant
(PR) controllers. Different current controllers can be applied
here but PR controllers have been applied as they have an
excellent performance-to-complexity ratio [30].

Dy U,
Energy C L =
Source J %—@—@—l
| Gate signals
SV
modulator
1 duﬁ . iam |
lag
PR abe/af
regulators |« - 4 | Uabe
T abe/ap |
Ui o L]
o pr | Yap
Acti 1
ﬂi)t\lh‘/l eC(l))rcl)t‘;(l)? J References Sequence
" calculation U™ extractor
PLL

1 r
Reactive power | Q . and limitation | g
flow control |

FIGURE 3. The structure of advanced controller for distributed generation.

B. CALCULATION OF POWER REFERENCES

If the current controllers provide the desired tracking perfor-
mance for the current references, the DG unit can achieve a
wide range of functionalities and operation modes. Funda-
mentally, the management of reference values must be imple-
mented in the control structure. It secures safe power/current
production and handles instantaneous voltage excursions.
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Moreover, disturbance mitigation features must be imple-
mented for the DG unit for active disturbance cancellation.
By expanding the apparent power S formula given by (1), the
expressions in Tables 1 and 2 can be derived [31].

A

Sr — Pr + lQr
— (eiwluzq + e*iwfugq)(efiwtizg* + eiwtigg*). (])

Tables 1 and 2 (all tables are given in Appendix) show the
current references calculated from the given power references
P" and Q" and instantaneous grid voltage components MZZ.

The references listed in Table 1 enable the mitigation
of oscillations. This is important for systems in which the
DC-link capacitor size is the fundamental hardware design
feature. The smaller and thus the cheaper the capacitor, the
higher the oscillations in the DC-link voltage caused by
the oscillating power component. As oscillations in reactive
power do not degrade the operation of the DG unit, they
can remain uncontrolled. For some voltage profiles, the mit-
igation of reactive power oscillations results in lower cur-
rent amplitudes when compared with the regime in which
only reactive power oscillations are controlled. For these
voltage profiles it is advantageous to control the reactive
power oscillations while the active power oscillations remain
uncontrolled [22].

Table 2 gives expressions for the production of power
with an adjustable ratio between the positive and negative
power components. In this case, the power oscillations are not
controlled but on the other hand, a flexible AC voltage control
can be implemented. It is important for microgrids and for
low- and medium-voltage grids. Therefore, the expressions
listed in Table 2 are of great practical importance.

Neither the references in Table 1 nor the references in
Table 2 can secure limited phase currents under disturbance.
To meet the converter’s current ratings, these references must
be recalculated taking into account the limit values. These
references are initially calculated using either Table 1 or
Table 2, but if the inverter’s control estimates that the phase
currents are above the limit value [j;,, overcurrent protec-
tion is triggered and the DC unit is disconnected from the
grid.

Table 3 (see Appendix) is equivalent to Table 1 and con-
tains recalculated power references that would result in the
phase current being exactly at its defined limit j;,,. Different
formulas can be used depending on the phase current to be
limited or the power oscillations to be mitigated. Table 4 is
equivalent to Table 2 and contains recalculated references
which can be used to secure safe power and current pro-
duction with a set ratio between positive and negative power
components. Details of the equations given in Table 3 and 4
can be found in [22].

Any power and current profile of practical importance for
arbitrary grid conditions can be safely implemented using
the expressions in Table 3 and 4. The DG unit governed by
the control scheme in Fig. 2, based on references from the
tables in this section, can ride through any random distur-
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bance. Furthermore, the DG unit has the ability to implement
auxiliary services that mitigate the effects of disturbances
and help to restore the nominal operating conditions of the
grid. DG unit with this kind of control acts as a black box
system for superior human EPS operators. It should be
emphasized that the proposed environment does not offer
solutions for grid energy management, load-balancing, and
similar problems but rather enables the development of those
solutions.

V. SCRIPTING TOOLS

The HIL technology provides comprehensive automated test-
ing under all possible operating conditions. Unlike conven-
tional DGS hardware, the HIL platform offers API functions
that directly interact with the emulator and can also inter-
act with the controller being tested. The generic scenario
of testing using a scripting approach is shown in Fig. 1.
Implementation details of scripting technology are provided
in this section.

The functions of the API library enable the model to be
loaded into the HIL emulator with the desired adjustment of
digital and analog pins. The operation of all emulated power
sources can be set up online, such as their parameters, phase
angles, and higher harmonics. Furthermore, the current state
of power electronic devices or contactors can be controlled
during runtime. The user is able to capture signals in the
emulated model to a very long buffer as powerful FPGA
technology is usually used with the emulator. Any desired
data analysis or report can be performed during testing or at
the end of the test.

An illustration of the script-testing tool is presented in
Fig. 4. The upper part of the script editor panel is the text
editor responsible for the manual writing and editing of the
Python scripts. The console panel in the bottom part displays
the output from the user’s script. The example in Fig. 4 shows
the grid voltage frequency sweep. The desirable flag, pass or
fail can be delivered after the test, and particular details are
generated in a separate log file. In this manner, a powerful
script testing tool is obtained that simplifies and automates
the entire testing procedure.

In software engineering, continuous integration and deliv-
ery (CI/CD) is the practice of merging all developers’ work-
ing copies into a shared mainline several times a day, as well
as performing software releases in short cycles [32]. The
described environment is an excellent candidate that naturally
supports the CI/CD development approach.

The solution presented so far is highly flexible, but it can
be used by only one user at time. However, the possibility
of sharing expensive HIL equipment has been recognised
for a long time. Remote Internet access can be adopted in
a conventional laboratory [33], [34] but this is a rigid and
inflexible solution. The proposed HIL system, together with
scripting tools, can overcome these disadvantages by imple-
menting an embedded scope tool that enables convenient
web-based development. The software tool is presented in the
next section.
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Script editor
184 freq = freq + freq_step
185 hil.set_source_sine_waveform(name="Vgrid",rms=rms_nom, frequency=Ffreq,phase=phase_hom)
186
187 print "Please -press-enter-to-proceed.”
188 hil.wait_on_user()
189
190 print "Decreasing-frequency-to-48Hz..."
191
192 for §in range(e,40):
193 freq = freq - freq_step
194 hil.set_source_sine_waveform(na ria",rms=rms_nom, frequency=freq,phase=phase_hom)
195
196 print "Please -press-enter -to-pr
197 hil.wait_on_user()
198
199 print "Getting frequency-back -to-50Hz..."
200
201 for j in range(9,20):
202 freq = freq + freq_step
203 hil.set_source_sine_waveform(name="Vgrid",rms=rms_nom,frequency=Ffreq,phase=phase_hom)
204
205
206 pr sweep-demo - finished. -Please -press-enter-to-proceed.”
207 hil.wait_on_user()
208
209
21e

Adding 3rd harmonic...

Please press enter to proceed.

Adding 11th harmonic...

Please press enter to proceed.

Adding 25th harmonic...

Please press enter to proceed.

‘Adding 47th harmonic..

Harmonics demo finished. Please press enter to proceed.

Please press enter to proceed.
Increasing frequency to 52Hz...
Please press enter to proceed,
Decreasing frequency to 48Hz...

0...

Please press enter to proceed.
Running 5 cydes...
Starting capture....
Close plot window to proceed.

FIGURE 4. Developed script editor tool: an example of grid voltage
frequency sweep.

VI. REAL-TIME DATA ACQUISITION

The development of a control algorithm for a frequency con-
verter requires comprehensive data acquisition and visualiza-
tion. In the case of HIL simulators, this is usually provided by
powerful FPGA circuits with high computational resources.
However, data acquisition in this paper was not implemented
within the emulator, but rather in the DSP. The oscilloscope
embedded functionality is implemented into the DSP [29]
used at the same time for control and data acquisition. The
following subsections discuss the implementation details of
the embedded oscilloscope for the target DSP and host PC
applications.

A. BUILT-IN OSCILLOSCOPE HARDWARE

The built-in oscilloscope should consume as few hardware
resources as possible, considering the processing time, avail-
able controller memory and the number of occupied pins
used to communicate with the host PC [35]. The universal
serial bus (USB) is a standard connection from the host PC.
From the target DSP, there are several possibilities for com-
munication: parallel interface, JTAG, SPI, I12C and univer-
sal asynchronous receive-transmit (UART). Even at low-cost
DSP uses UART as the communication interface. Therefore,
UART was chosen as the final solution together with an off-
the-shelf USB/UART converter chip. It provides independent
full-duplex communication between nodes, which suits the
needs of the built-in oscilloscope. UART low data-flow speed
is significantly diminished nowadays, since the data is first
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packed in a converter placed near the DSP (i.e. at a short
distance which is noise resistant) and afterwards, the data is
transmitted to the host side.

B. BUILT-IN OSCILLOSCOPE SOFTWARE

The calculation of the data flow is shown in the following
example: For eight simultaneously observed DSP variables
varpy, and PWM frequency of converter fpyy = 20 kHz,
the desired data rate DR in bits/s can be calculated as:

DR = fpw