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Abstract—Power Hardware-In-the-Loop (PHIL) simulation, 

allows the connection of a physical power component (e.g. 

Photovoltaic (PV) inverter) to a real-time simulated network. In 

this paper PHIL simulation is used for laboratory education in a 

systematic way for the first time. Four important topics for the 

understanding of power system operation are selected and 

laboratory exercises are designed respectively. The topics focus 

on the effects of increased integration of Distributed Generation 

(DG), namely power sharing between synchronous generators 

and DG, voltage control with On Load Tap Changer (OLTC) and 

DG, short circuits with inverter-based DG and microgrid 

operation. The exercises start from the operation of the 

traditional power system and gradually incorporate DG related 

topics that show both benefits and challenges. A hands-on 

approach is supported by the appropriate lab configuration 
consisting of two independent PHIL setups. The assessment of 

the laboratory exercises by the students is clearly positive 

underlining the value of PHIL simulation for power system 

education.  

 
Index Terms--Laboratory education-training, experiential 

learning, real-time Power Hardware-In-the-Loop simulation, 

distributed generation, frequency control, voltage control, short 

circuit studies, microgrids.  

I.  INTRODUCTION 

aboratory education provides a link between theory and 

real world offering valuable practical experience to 

students. The necessity to incorporate laboratory exercises in 

the power systems domain has been recognized since decades. 

In the last years, the wide-spread integration of DG and the 

on-going transformation of traditional power systems to smart 

grids demand new material in the power system curriculum. 

Accordingly, appropriate laboratory exercises need to be 

introduced. Several institutions have recognized this need and 

are contributing to laboratory education in this field 

[1][2][3][4][5][6]. 

Laboratory education on power systems is usually 

performed with simulation software [6][7] or less frequently 

with dedicated hardware setups [1][2][3][5]. On the other 

hand, laboratory education on power electronics and electric 

machines is typically performed with hands-on exercises using 
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physical models or real hardware, as the focus is on the 

component level. The limited use of real hardware on power 

system education is obviously due to the difficulty and cost of 

having a realistic power system setup in the lab (including 

generators, transformers, lines, loads, OLTC, DG inverters). 

As a result, small educational hardware setups usually perform 

specific functions and cannot be easily used for a wide range 

of experiments. 

Several decades ago, analogue transmission line models and 

miniature generators were used at universities and AC 

network analysers at utilities [8]. The emergence of computers 

and the development of advanced dedicated software packages 

allowed analysis, research and education in power systems 

based on digital simulation, due to its flexibility, possibility to 

create complicated models, friendly graphical user interfaces, 

low cost etc. Although this evolution opened new paths in 

education, it deprived the students from the physical 

understanding of phenomena and their familiarization with 

power system hardware [8][9]. 

Real-time Hardware-In-the-Loop (HIL) simulation is the 

connection of hardware equipment to a real-time simulated 

system (e.g. distribution network) executed in a Digital Real-

Time Simulator (DRTS) [10]. At Controller Hardware-In-the-

Loop (CHIL) simulation [11], a hardware controller is tested 

(e.g. controller of an inverter, relay) whereas at PHIL 

[12][13][14] a hardware power device is tested (e.g. inverter, 

motor). HIL simulation merges simulation and hardware 

testing providing hardware experience to the students while 

exploiting the advantages of digital simulation. The following 

features of HIL simulation are beneficial for educational 

purposes: 

• The students face a real-time system (like a SCADA), 

where they can perform actions and monitor the operation 

in realistic conditions. The flexibility, ease of modelling 

and designing test scenarios of digital simulation is 

maintained. 

• The connection of real hardware devices such as DG 

inverters, microgrids, relays can be realised, so students 

can see the operation of real apparatus. Measurement of 

actual magnitudes and control of the real devices is a 

valuable experience. 

• Components that are not available in the lab (e.g. OLTC, 

diesel generator) can be simulated in real-time and their 

interaction with hardware devices can be studied. 

• Challenging tests, such as faults, can be performed safely 

and conveniently in a real-time simulation environment 

without hazardous effects or equipment stress. The type, 

duration and location of faults can be easily modified by 
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the students, which would be difficult in a fully hardware 

setup. 

Real-time CHIL simulation has been used numerous times 

for educational purposes [15] in domains such as, control 

systems [16] and machine drives [17]. Concerning power 

system education, CHIL simulation has been mostly applied 

for protection system studies, such as in [18], where a 

commercial hardware relay was tested at different types of 

faults on a real-time simulated network, as part of a university 

course. An interactive platform to assess advanced distribution 

automation on smart grids for educational purposes was 

implemented in [19], where the users could incorporate 

protective algorithms and automation solutions (such as 

adaptive protections and reconfiguration methods to optimize 

the grid). In [6] real automation infrastructure (SCADA, 

controller etc) was connected to a simulated PV inverter and 

R-L-C circuit to perform anti-islanding detection tests for the 

training of lab personnel. Real-time simulation without 

connection of hardware devices (i.e. not HIL) was used in [18] 

for student projects on frequency control, flexible AC 

transmission systems, voltage stability, transient stability and 

was proposed in [20] for education on protection coordination 

studies with multiple fault scenarios. 

The potential of PHIL simulation for lab education 

however, has been much less explored, as it is a newer and 

more complex technique than CHIL (amplification is 

necessary and stability/accuracy needs to be ensured). PHIL 

simulation allows the investigation of complex interactions 

between physical power apparatus and simulated systems in a 

realistic way, thus promoting the transition from component 

testing to system testing. 

In this paper, PHIL simulation is employed for the first time 

for hands-on laboratory education on important topics of 

modern power systems and its value as an educational tool is 

demonstrated. Section II provides an overview of the 

laboratory exercises including organizational matters, learning 

objectives, topics and methodology. Four laboratory exercises 

are described in Section III accompanied by a description of 

the laboratory of the National Technical University of Athens 

(NTUA). A preliminary, simplified version of these exercises 

with limited use of PHIL simulation for demonstration only, 

was reported by the authors of this paper in [21]. Section IV 

reports the student feedback. Section V concludes the paper. 

II.  OVERVIEW OF THE LABORATORY EXERCISES 

A.  Experiential education 

Experiential education is a philosophy according to which 

educators engage their students directly to the object of 

knowledge and later on to a focused reflection relative to that 

engagement in order to increase knowledge, develop skills, 

clarify values, and develop their capacity to contribute to their 

communities. According to the philosopher and educational 

reformer John Dewey [22], learning is promoted not through 

books and lectures, but is left to emerge during the elaboration 

of the experiences of students themselves. Students are 

encouraged to get personally involved in projects, experiments 

etc and during that involvement they are “internally enforced” 

to learn them. This educational approach has been described 

as “learning by doing”.  

In 1984 Kolb [23] suggested a four-stage learning cycle to 

describe what is happening during the transformation of the 

experiences. According to that cycle the initial concrete 

experience is being elaborated and reflected upon (reflective 

observation) in order for the learner to reach an abstract 

conceptualization, which is the third stage of the learning 

cycle. That abstract concept is being applied in real life 

situations (active experimentation) so that a new concrete 

experience emerges which is elaborated and reflected upon 

and so on. Kolb’s cycle has been used in engineering 

technology courses [24], where usually lab exercises are 

incorporated into engineering courses [25].  
In the following sections, the laboratory exercises 

performed in the framework of two basic, undergraduate 

courses on Electric Energy Systems Analysis (5 credits each at 

the European Credit Transfer and Accumulation System 

(ECTS)) taught at the School of Electrical and Computer 

Engineering of NTUA are presented, taking into account the 

four-stage experiential approach of Kolb’s cycle. It should be 

noted that the authors do not claim that experiential education 

can by any means replace class lectures, but it can very well 

complement and support the educational process.  

B.  Learning objectives, selected topics and methodology 

Τhe main learning objectives of the laboratory exercises 

are: 

• Understanding fundamentals of power system operation. 

• Understanding important contemporary issues due to the 

integration of DG: technical challenges, benefits and 

perspectives. 

• Familiarization with hardware components including 

measurement and control. 

To achieve these objectives the laboratory exercises start 

from the fundamentals of traditional power system operation, 

integrating gradually DG related topics in order to assist the 

students to understand the transition of the traditional system 

to the more complex decentralized environment. The selection 

of the topics which is described next is in line with the 

learning objectives. 

During the classroom lectures the students are taught 

fundamentals of power system operation, such as primary 

frequency control (synchronous generators - droop control), 

voltage control (capacitors, OLTC) and short circuit analysis 

(synchronous generators induction motors/generators models, 

asymmetric conditions). The challenges of DG integration 

have been superficially addressed in the two basic courses, 

while they are taught in detail in later elective courses. During 

the experiments, the DG integration topics are offered to the 

students directly in the lab (concrete experience) without in-

depth theoretical knowledge. In particular, voltage rise as the 

main technical constraint for DG integration in rural 

distribution networks, DG contribution to faults and the 

operation of microgrids are topics of particular interest, since 

several non-interconnected medium and small size islands are 

operated in Greece. 

In this context, four topics are selected for the laboratory 

exercises: 

  i) Parallel operation of synchronous generators - parallel 

operation with DG 
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  ii) Voltage control of distribution networks - contribution of     

DG 

  iii) Short circuit studies - contribution of power electronics 

interfaced DGs 

  iv) Microgrid operation and control 

 The methodology applied is a hands-on approach combined 

with experiential learning, when possible. Four laboratory 

exercises are grouped in two sessions with a duration of 50 

minutes each. The students are divided in eight groups of five 

or six students and during a laboratory session each group 

attends successively the tests at the two work benches 

available, thanks to the double PHIL setup (described in 

Section III.A). The laboratory sessions are carried out during 

the weekly two 2-hour blocks of the course. At the end of each 

laboratory session, the students are asked to fill in short 

reports based on measurements and reply to simple numerical 

exercises which account for 10% of the course mark. 

After each experiment, suitable questions on real problems 

are posed to facilitate understanding, taking into account the 

student's existing knowledge (reflective observation). Guided 

conversations with the students or direct instruction, when 

considered necessary, lead to new concepts (abstract 

conceptualization). On this ground new experiments are 

performed (active experimentation and new concrete 

experience). The reports at the end of the session aim to reflect 

the laboratory experience (reflective observation). 

III.  DESCRIPTION OF THE LABORATORY EXERCISES 

A.  Laboratory Infrastructure 

A low voltage single-phase microgrid is operated at the 

Electric Energy Systems laboratory of NTUA that comprises 

PV panels (1.1 kWp), a small wind turbine (1.7 kW), battery 

energy storage (lead acid: 60V, 250Ah, 3.3 kW), controllable 

loads and a controlled interconnection to the local low voltage 

grid. The battery bank, the PV generator and the wind turbine 

are connected to the AC grid via fast-acting DC/AC power 

converters. The converters are suitably controlled to permit the 

operation of the system either interconnected to the low 

voltage network (grid-connected), or in stand-alone (island) 

mode, with a seamless transition from the one mode to the 

other. The loads of the microgrid include 15 kW of 

controllable resistive loads, 2.5 kVAr of controllable inductive 

loads and additional lighting appliances and a motor. Three 

additional PV inverters are operated (2kW, 2.5kW and 3kW 

respectively) which can be connected to the microgrid. The 

individual inverters and the microgrid are used as the 

hardware components of the PHIL experiments at the 

laboratory exercises and for research purposes.  

Moreover, two additional microgrids are operated (3-phase 

and 1-phase). A SCADA system has been developed to 

monitor and control the laboratory components using a 

programmable logical controller, several meters, cards etc. 

The laboratory is equipped with three PV simulator units, two 

AC grid simulators (i.e. power amplifiers) and three industrial 

protection relays. A flexible power electronic platform 

comprising three DC/DC converters and a DC/AC converter is 

programmable in Matlab/Simulink software. Moreover, ten 

intelligent load controllers (embedded systems equipped with 

analog and digital inputs/outputs, TCP/IP connectivity and 

load switches) enable the implementation of multi-agent 

systems. The schematic diagram of the laboratory is depicted 

in Fig. 1 and a more detailed description can be found in [26]. 

 

 
Fig. 1. Schematic diagram of the laboratory infrastructure 

 

The DRTS contains several processing cards operating in 

parallel, as well as various analog and digital inputs and 

outputs. Dedicated software is used to design the electric 

circuit, control parameters in real-time, monitor simulation 

variables etc. The connection of a hardware power device (e.g. 

inverter) to the DRTS, namely PHIL simulation, is possible 

via a suitable power interface, which comprises an 

amplification unit and sensor. The voltage of a specific node 

from the simulation is amplified and applied to the hardware 

device and the sensor measures the current of the hardware 

device and sends it back to the simulation to close the loop 

[12]. This procedure is not straightforward as the time-delay 

introduced in the closed loop can lead to instability and also 

deteriorates the accuracy of the experiment. Therefore, a 

stability analysis (theoretic or/and dynamic simulation) is 

necessary before performing the PHIL experiment and 

appropriate protection schemes must be applied (software and 

hardware). A low pass filter is inserted on the feedback current 

in order to achieve stability, however reducing the accuracy 

[13]. Using the shifting impedance method [14] part of the 

software impedance is transferred on the hardware side in 

order to achieve stability without compromising the accuracy 

(applied in Section III.C). It must be noted that the 

understanding of these PHIL related issues by the students is 

not in the scope of the laboratory exercises, although the 

interfacing method is briefly explained (i.e. voltage 

amplification, current measurement). 

The transition from a demonstration lab to a hands-on lab is 

described next. The lab is equipped with the two prevailing 

technologies of power amplifiers: a linear amplifier and a 
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switched-mode amplifier. In this way it is possible to perform 

either a single PHIL experiment with two hardware power 

devices connected to different network nodes, or two 

independent PHIL experiments, each with its own simulated 

network and hardware power device. For educational purposes 

the latter configuration is employed, as it allows two 

independent experiments to be performed at the same time. 

Apart from the two amplifiers and two hardware power 

devices (i.e. inverters), it is also necessary to run two 

independent network models in the one DRTS rack controlled 

by two PCs. The aforementioned double PHIL configuration is 

illustrated in Fig. 2. Two independent PV simulator modules 

are connected to the DC side of the PV inverters, as the active 

power of the PVs needs to be controlled from different PCs. 

Modern PV inverters with advanced functions are used, which 

allow access to the user (e.g. to send a reactive power set-

point, set a specific droop characteristic, curtail the active 

power) from the dedicated software of the manufacturer.  

 

 
Fig. 2. Lab infrastructure for the hands-on training of students: Double PHIL 
configuration 

 

B.  Parallel operation of synchronous generators – integration 

of DG 

A simple network consisting of two synchronous generators 

(including prime-movers, governors and automatic voltage 

regulators), distribution lines and a load is provided in the 

DRTS. The students change the active power of the load at the 

DRTS software and measure the active power of each 

synchronous generator and the operating frequency (steady-

state and minimum or maximum value). 

An actual PV inverter replaces the one synchronous 

generator and is connected to the simulated network in the 

DRTS (PHIL configuration shown in Fig. 3). The irradiation 

from the PV simulator is increased and the students note the 

increase in the system frequency (concrete experience). A 

problem-based learning approach is applied based on the “50.2 

Hz problem”, which was noted in 2011. According to the 

standards at that time, the DGs had to disconnect at frequency 

values exceeding 50.2 Hz, meaning that in this case, several 

GWs of PV generation would be simultaneously disconnected 

from the network affecting system stability [27]. The students 

are asked to solve this problem and comment on how DG can 

participate to primary frequency control (reflective 

observation). The students are led to the solution of applying a 

P(f) droop characteristic at the PV inverter similar to 

conventional generation (abstract conceptualisation).  

Next the P(f) droop characteristic of the PV inverter is 

activated (required by recent standards [28], shown on the 

right side of Fig. 3). The active power of the simulated load is 

decreased (step) and again the active load is shared between 

the synchronous generator and the DG (active 

experimentation). The active power of the PV inverter with 

and without droop control is shown together with the system 

frequency in Fig. 4 and Fig. 5, respectively. From the results it 

is clear that the decrease of the active power of the physical 

inverter based on its droop characteristic leads to an improved 

frequency response compared to the operation without droop 

control (Fig. 5). It is understood that in cases of low load and 

high DG production the active power of the DG is controlled 

without the need of a communication network. 

 

 
Fig. 3. Parallel operation of a synchronous generator, hardware PV inverter 
and storage with virtual inertia (PHIL simulation) 

 
Fig. 4. Active power of the hardware PV inverter with and without P(f) droop 
control 

 

Moreover, the capability of inverter-based DG and storage 

to compensate the reduced rotational inertia of the power 

system due to the increased DG integration is demonstrated 

making use of the “virtual synchronous generator” concept 

[29]. Accordingly, a storage system emulates the rotational 

inertia of synchronous generators following equation (1). The 

storage system is simulated in the DRTS and its active power 
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during the PHIL test is shown in Fig. 6. The improved 

frequency response at dynamic conditions is shown in Fig. 5.  

dt

d
kP
istorage

ω

=
                   (1) 

 
Fig. 5. Frequency without P(f) control, with P(f) control of the hardware PV 
inverter and combination with virtual inertia provided by the storage system  
 

 
Fig. 6. Active power of the storage system providing virtual inertia 
 

The experiments are designed, so that the students are 

actively involved, e.g. they set the P(f) droop parameters of 

the PV inverter via its software interface, experiment with 

different gains of the inertia emulation (ki) and change the load 

in the DRTS and the irradiation in the hardware PV simulator. 

Moreover, the students measure the active power of the 

hardware PV inverter and the system frequency with a power 

analyser and the active power of the synchronous generator 

and frequency in the DRTS. At the end of the exercise, they 

are asked to provide a report based on the measurements, i.e.: 

to calculate for the given test-case (synchronous generator and 

PV operating with droop control) the power sharing and 

frequency and compare with the experimental results. 

Additional questions aim to explain why DG droop control is 

mainly used for over-frequency and not so often for under-

frequency events. 

C.  Voltage control of distribution networks - integration of 

DG 

The students are already familiar with the theory of 

conventional voltage control approaches, such as the use of 

capacitors and OLTC and the effect of the active and reactive 

power of the load on the voltage, as shown in equation (2). 

load

lineline

V

XQRP
V

⋅+⋅
≈∆                     (2) 

 Fig. 7 shows the overall setup for the second experiment. A 

hardware PV inverter and a load bank (Load 2) are connected 

to a weak distribution network fed by a transformer equipped 

with an OLTC. As a transformer with OLTC is not available 

in the lab it is simulated in the DRTS via PHIL simulation. An 

additional load (Load 1) is inserted in the real-time simulation. 

 
Fig. 7. Voltage control by DG, OLTC and centralised coordinated control 
(PHIL and CHIL simulation) 

 

Conventional voltage control is applied first without the 

presence of the PV inverter and the simulated load (Load 1). 

The OLTC controller employs line-drop compensation, i.e. it 

estimates the voltage at the end of the feeder based on the 

measured voltage and current on the secondary side of the 

transformer. The hardware load (Load 2) is gradually 

increased, leading to a voltage drop below the lower threshold 

of the OLTC. The OLTC changes the tap position in order to 

bring the voltage within the desired range. 

 Next, the physical PV inverter is connected at the end of the 

long feeder and the OLTC gets deactivated. The students 

control the active power of the PV simulator by changing the 

irradiation for a given I-V curve via its software environment. 

While keeping Load 2 low, they steadily increase the active 

power of the PVs from zero to nominal and observe the 

voltage rise occurring at the inverter’s terminal (concrete 

experience). The students try to solve this overvoltage 

problem, which is one of the main challenges faced by the 

integration of DG in rural distribution networks (reflective 

observation). 

Extending equation (2) to include also generation the 

students understand the effect of reactive power absorption by 

the PV inverter on the voltage rise (abstract 

conceptualization). The students send reactive power 

absorption set-points to the PV inverter (until minimum 

cosφ=0.8) via its software interface, monitor the voltage and 

validate its effect (active experimentation). Then a reactive 

power vs. voltage droop curve is implemented (i.e. Q(U) 

shown in Fig. 7) locally in the inverter’s control, as required 
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by recent standards [28], and the experiment is repeated with 

similar results. The need for DG to support the grid by 

providing ancillary services is highlighted (as also shown at 

the exercise in Section III.B). Additional solutions are 

discussed, which can also be derived from equation (2) (i.e. 

grid reinforcement, DG active power curtailment). 

Another series of experiments involves the use of the 

OLTC. The OLTC gets activated and regulates the voltage at 

the end of the feeder, while the PV inverter operates at unity 

power factor. A large load (Load 1 in Fig. 7) is now connected 

to the network and the resulting active power flow is shown in 

Fig. 7 (the reactive power is not shown for simplicity as it 

weakly affects this experiment). Obviously, the previous 

simple line-drop compensation estimation is not valid due to 

the presence of Load 1, therefore the voltage at the end of the 

feeder is measured and sent to the OLTC controller. Fig. 8 

shows that the OLTC manages to reduce the overvoltage at the 

PV inverter’s bus, however it generates a higher under-voltage 

at the bus of Load 1. The necessity of a coordinated operation 

of existing voltage control appliances (e.g. OLTC) and 

modern devices (e.g. PV and storage inverters) is noted. More 

complex interactions of OLTC and DG [14] can be used.  

An optimal coordinated voltage control scheme is applied 

next, where a central controller measures the active and 

reactive power at all nodes and sends reactive power set-points 

to the PV inverter and tap changing commands to the OLTC. 

The objectives of the optimization problem are the 

minimization of the voltage deviations, number of tap changes 

and line losses. A hardware controller, executing the 

optimization algorithm, exchanges signals with the DRTS (i.e. 

CHIL) and the hardware PV inverter. The implemented setup 

is shown in Fig. 7. 

 
Fig. 8. The PV production raises the inverter’s voltage (V4) which is then 
decreased by the OLTC, however reducing further the voltage of Load 1 (V3).  
 

During the experiments the students measure the active-

reactive power, voltage-current (rms), vector diagram and 

waveforms of voltage and current (to see the phase shift and 

changes in the amplitude of the current) on the hardware PV 

inverter and the transformer voltage, the number of tap 

changes, voltage step and time-delay of the OLTC in the 

DRTS. The students report the influence of active and reactive 

power on the voltage at different R/X ratios of the lines (i.e. 

low voltage, medium voltage, high voltage lines) among other 

topics. In this way, the coupling of active power with voltage 

in networks with high R/X ratios (e.g. underground low 

voltage cables) is highlighted, contrary to networks with low 

R/X ratio (e.g. overhead high voltage lines) where the voltage 

is predominantly influenced by reactive power.  

D.  Short circuit studies- integration of DG 

These experiments show fundamental concepts of 

traditional short circuit analysis, but mainly focus on the 

behaviour of inverter-based DG (e.g. PVs, wind turbines with 

permanent magnet synchronous generators) during faults. 

 First, the students apply short circuits at different locations 

of a simulated low voltage distribution network in the DRTS 

and measure the resulting current. A hardware relay monitors 

and controls a simulated circuit breaker at the secondary of the 

transformer (Fig. 9). The students observe that as the location 

of the fault moves away from the transformer, the short circuit 

current flowing from the upstream network is decreased (due 

to the greater equivalent impedance) and the trip time of the 

hardware relay is increased. Also the voltage at the different 

buses is monitored during the short circuits. 

Prior to connecting the physical PV inverter to the network 

in a PHIL configuration, the location of the three-phase short 

circuit and of the PV inverter need to be determined, (i.e. 

chosen between buses 2,3,4 of Fig. 9), so that during the fault 

the voltage of the inverter bus drops to approximately 1/3 of 

its pre-fault value. The PV inverter is neglected in this 

approximate calculation, as its nominal power is small and its 

fault contribution is much smaller than the current drawn from 

the upstream network. The loads are neglected for the same 

reason. Having achieved this, the physical inverter is 

connected to the simulated network and a three-phase short 

circuit is applied, as illustrated in Fig. 9. 

 

 
Fig. 9. Short circuit testing of inverter-based DG (PHIL and CHIL simulation) 

 

The physical PV inverter operates at low power before the 

fault and its behaviour during the fault is recorded by an 

oscilloscope, as shown in Fig. 10b. The short circuit current is 

increased to approximately 3 times the pre-fault current in 

response to the voltage drop at 1/3 (concrete experience). This 

happens because the control algorithm of PV inverters is 

normally designed to maintain operation at fixed active power 

(and power factor) for a constant input from the DC side 

(reflective observation). The experiment is repeated with 

nominal power. Fig. 10c demonstrates that there is a limit at 

0 2 4 6 8 10 12 14 16 18
0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

time (s)

V
o
lt
a
g
e
 (

p
.u

.)

 

 

V4 (inverter)

V3 (load 1)

threshold

V2 (transformer)

R
sc

+jX
sc

Line 1

Simulation

Hardware

Line 2

Load Load

PV simulatorinverter

long line short line
1 2 3 4

relay

amplifiertrip/reclose current



0885-8950 (c) 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2016.2633201, IEEE
Transactions on Power Systems

 7 

approximately 1.3 times of the nominal current which does not 

allow a higher increase (concrete experience). It is concluded 

that the current limitation (typically below two times of the 

nominal current, depending on the manufacturer) is 

incorporated in the control algorithm of the inverter in order to 

respect the thermal limits of its switching devices (abstract 

conceptualisation). A second PV inverter of a different 

manufacturer is used and the experiment is repeated (active 

experimentation). It is noted that the inverters exhibit a partly 

different behaviour during the fault i.e. gradual increase of the 

current until the maximum value (Fig. 10c) or fast increase of 

the current until the maximum value and then gradual 

reduction. In this way, the students learn that the contribution 

of inverter-based DG depends on the pre-fault operating 

condition of the inverter, the voltage drop at its terminal and 

its specific control algorithm. The usual assumption in 

practical calculations of 1.5-2 times of the nominal current is 

tested [30]. An interesting analysis of the actual operation of 

inverter-based DG during faults can be found in [31]. 

 
Fig. 10. Short circuit behavior of the PV inverter at low power (b) and 
nominal power (c). The current limitation is visible. 

 

E.  Microgrid operation and control 

The laboratory microgrid described in Section ΙΙΙ.Α is used 

in a PHIL configuration (Fig. 11). At first, the microgrid [32] 

operates in grid-connected mode and the students note the 

active power of the PVs, wind turbine, storage and load of the 

microgrid from the SCADA developed at NTUA and also the 

active power flow at the secondary winding of the transformer 

in the DRTS (concrete experience). The key role of the storage 

system as the most controllable unit is highlighted and its 

applications, such as balancing the PV and wind turbine 

production, peak shaving, voltage control, self-consumption 

etc, are discussed. For the experiment it is assumed that the 

network or market operator requires a specific amount of 

active power from the microgrid as a controllable entity for 

technical (e.g. congestion, voltage violation) or economic 

reasons [33]. The students take the role of the microgrid 

operator which has to implement the required set-point by 

controlling the storage system and potentially the controllable 

loads. Based on measurements of the active power of the PVs, 

wind turbine, and load of the microgrid, the required active 

power of the battery inverter (absorption or production) is 

calculated, in order to achieve the required set-point (reflective 

observation). The set-point is implemented in the commercial 

battery inverter via software developed in-house (active 

experimentation). Fig. 12 shows the active power of the 

different components and the upstream network, where the 

set-point is received (at t=35s, the battery starts to absorb 

active power) followed by an irradiation reduction in the PV 

simulator (at t=67s, the battery decreases the absorption and 

starts to produce active power). The importance of different 

layers of control in the smart grid is explained (abstract 

conceptualization) accompanied with aspects of information 

and communication technologies. 

 
Fig. 11. Setup for microgrid experiments (PHIL simulation) 

 

 
Fig. 12. The students control the active power of the battery inverter to fulfil a 
set-point of 2 kW production from the microgrid. (The small deviation 
between Pset-point and Pgrid is due to the online approximate calculation by the 
students). 

 

Then a fault occurs at the transformer (in the DRTS at Fig. 

11) producing a significant voltage dip which forces the 

microgrid to switch to island mode. Subsequently, the battery 

inverter becomes the grid-forming unit. Τhe students have the 

opportunity to experience the seamless transition from grid-

connected to island mode by observing that both the PV 

inverter and the load of the microgrid remain connected 

(hardware load 2: lights on), however the load outside the 

microgrid is disconnected (hardware load 1: lights off). The 

capability of microgrids to improve the reliability and 

maintain the power supply during external disturbances and 

grid interruptions is illustrated.  

Island operation of the microgrid is examined next, where 

the voltage and frequency are defined by the battery inverter. 
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The students observe the active power balance and confirm 

that the battery inverter balances the difference between the 

production (PVs and wind turbine) and consumption. 

Moreover, the capability of the battery inverter to operate with 

droop control, similar to a synchronous generator, is 

explained. This is particularly useful when more controllable 

units (e.g. battery inverters) are connected to the same 

islanded microgrid (power sharing is achieved similarly to 

Section III.B [32]). The students learn that islanded microgrids 

are installed in remote off-grid locations, such as rural 

communities in developing regions etc. 

IV.  STUDENT FEEDBACK 

Questionnaires were prepared in order to get feedback from 

the students regarding the evaluation of the exercises and the 

student’s opinion on relevant matters. Questions 1 to 6 refer to 

the evaluation of the exercises and questions 7 to 10 to their 

opinion on important matters. The students are asked to 

provide a response from 1 to 5 using the Likert scale (1: I 

strongly disagree, 2: I disagree, 3: I am neutral, 4: I agree, 5: I 

strongly agree). Two open ended questions were also included 

concerning proposals for improvement and general comments. 

Each exercise is attended by approximately 50 students. The 

questionnaires were handed to the students at the end of both 

exercises, therefore about 95 questionnaires were received 

(96% of the participants provided feedback). The questions 

and the feedback of the students are shown in the upper part of 

Table I.  

 

TABLE I: RESULTS OF THE STUDENT SURVEYS 
Question: Mean Standard 

Deviation 

1) The topics of the laboratory exercise are 
interesting 

4.35 0.58 

2) The presentation of the laboratory exercise is 
adequate 

4.27 0.63 

3) The active participation and use of equipment by 
the students is encouraged 

4.03 0.95 

4) The laboratory exercise has helped me understand 
the operation of traditional power systems 

3.61 0.75 

5) The laboratory exercise has helped me understand 
the operation of modern power systems with 
distributed generation 

4.16 0.69 

6) The laboratory exercise is interesting (in overall)  4.23 0.63 

7) Real-time simulation is a useful educational tool 4.45 0.71 

8) The use of hardware equipment by the students is 
more interesting than a simple demonstration 

4.39 0.70 

9) The introduction of modern topics (distributed 
generation) increases my interest in the laboratory 
exercises and in the power system courses in general 

4.46 0.60 

10) The introduction of additional laboratory 
exercises in the power system courses is useful 

4.43 0.68 

Graduates feedback 

i) Real-time simulation is a useful tool for student 
dissertations 

4.75 0.43 

ii) The use of hardware equipment at a dissertation is 
more interesting/useful than pure simulation or 
literature review 

4.75 0.43 

 

A sample of the responses on the questionnaires is shown in 

Fig. 13 (questions 5,6 and 7). The students found the exercises 

overall interesting (55%) and very interesting (34%) (question 

6). They highly appreciated the use of real-time simulation for 

educational purposes (37% I agree, 55% I strongly agree - 

question 7) despite the complexity of the implementation 

(amplifiers, sensors etc). They were also satisfied with the 

level of their involvement and use of equipment (42% I agree, 

35% I strongly agree - question 3). Moreover, they prefer 

hands-on approaches compared to demonstrations (51% I 

strongly agree - question 8), they find the introduction of 

modern topics motivating (51% I strongly agree - question 9) 

and are very keen to participate to more laboratory exercises 

(53% I strongly agree - question 10).  

The lowest rating concerned the knowledge on the 

operation of the traditional power system (38% I am neutral - 

question 4) and will be considered for the exercises next year. 

The feedback about possible improvements and informal 

discussions led to the conclusion that it is useful to increase 

the duration of the exercises in order to allow more use of 

equipment by the students.  

Based on Kolb's theories, the more lab exercises are similar 

to real life situations, the more attractive they are to students, 

as shown in their answers in question 7. They were not 

satisfied with simple demonstration (question 8), probably 

because in that situation only stage 1 and 2 of Kolb’s cycle are 

visited (concrete experience and reflective observation), not 

necessarily leading to stage 3 (abstract conceptualization) and 

definitely not reaching stage 4 (active experimentation). On 

the contrary, performing experiments with the hardware 

equipment meant that they went through all stages of the 

Kolb’s cycle. Consequently, this experiment seems to have 

more significance to them, probably due to the involvement of 

more senses [34][35] and more complicated mental 

procedures, which indicates their active involvement.  

 

 
Fig. 13. Student’s feedback on questions 5, 6 and 7  

  

Another interesting educational aspect is that students 

become eager to use real-time HIL simulation/experiments for 

their diploma dissertations. Starting from 2011, ten 

undergraduate students have selected topics involving real-

time simulations at the Electric Energy Systems laboratory of 

NTUA. The main topics are: stability and accuracy in PHIL 

simulation, amplifier control for PHIL simulation, voltage rise 

mitigation by PVs (PHIL), control of hybrid off-grid systems 

(PHIL and CHIL), PV inverter controls development and 

testing (CHIL), coordinated voltage control of distribution 

networks (CHIL), demand response (CHIL) and real-time 

modelling of wind turbine for frequency control. In particular, 

the development of the PHIL facility was assisted by the 
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results of two dissertations on the real-time modelling in the 

DRTS and control of the switched mode amplifier. Since then, 

seven publications have been co-authored by students (one 

journal, four international conferences and two national 

conferences). The dissertations using real-time simulation 

account for almost 30% of the dissertations performed in 

hardware at the Electric Energy Systems laboratory.  

A questionnaire was distributed to the ten graduates and the 

feedback is shown at the lower part of Table I. The 

participants rated highly the use of real-time simulation for 

their dissertations (25% I agree, 75% I strongly agree - 

question i). They noted strong impact on their learning 

experience, appreciated the resemblance to real life conditions 

and the novelty of the approach. The main disadvantage noted 

was the additional difficulty/burden on the modelling phase, 

the need for well-trained supervisors and physical limitations 

of the equipment used. Moreover, the graduates find the 

hardware experience far more interesting and motivating than 

pure simulations and literature review (25% I agree, 75% I 

strongly agree - question ii). 

V.  CONCLUSION 

PHIL simulation can contribute to the debate between 

hardware and simulation advocates, by combining the 

advantages of both approaches. This work shows that PHIL 

simulation can assist to familiarize students with the hardware 

lab, while keeping the flexibility and modeling capability of 

digital simulation. 

The paper reports on hands-on laboratory exercises 

covering modern, DG related topics of power system 

operation performed at NTUA. PHIL simulation was applied 

to simulate the components that were not physically available 

in the lab and to study system-level interactions. A 

comprehensive double PHIL configuration was developed 

creating two lab benches for the students. Experiential 

learning was applied for the experiments. The students 

evaluated the exercises clearly positively and highly 

appreciated real-time simulation for their education. 

Moreover, they showed keen interest in the integration of 

modern topics to the lab exercises and in obtaining hands-on 

experience on actual devices. 
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