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Abstract-This work is giving an approach of comparison between 

different commonly used methods to evaluate investigations of 
generation units in electrical grids. State-of-the-art simulation 
tools are utilized for pure numerical simulation, while physical 

laboratory tests are conducted as a data reference and validation. 
Introducing the established Power Hardware in the Loop (PHIL) 
method, all results are compared one to each other. This 

composite simulation technique (PHIL) features advantages in 
terms of setup and simulation flexibility, while its overall 
validation is up for discussions. This validation is heavily 

dependent on the quality of the used equipment conjoined with 
the chosen experiment of interest. Profound know-how in the 
field of control technique, system theory and measuring method 

is necessary to obtain clean, useful results out of a valid PHIL 
simulation. While every method has its advantages in use, time, 
costs and applicability, it is of importance to know when to use 

which domain (software or hardware) in order to get the 
intended answers to arising questions. As a validating case study, 
a low voltage grid with different grid impedances and two small 

scale generators connected to two different nodes each is 
simulated. Thereby, the reactive power control is under 
examination and the results of the different methods are 

compared one to each other. 
 

INTRODUCTION 

Entering the field of advanced simulation technologies and 

testing methods, different issues have to be considered in 

their evaluation and applicability for the targeted experiment. 

Various important aspects such as economic viability and size 

ratios are influencing the way of implementation and usability 

test method, but they are not part of the discussion hereby. 

Aside of this there is always the practical and simple aspect 

of asserting that an applied test method is mapping well the 

physics, the original conditions, their constraints and/or 

boundaries of the conducted experiment.  

This contribution is targeting investigations of systems in 

the domain of electric systems focusing on low voltage grid 

applications. One discussed aspect is the reactive power 

control for PV inverters, which is currently required and 

tested according to actual standards [3]. 

In the beginning of the main part of this publication the 

motivation of the selected use cases and the justification for a 

further investigation is given. This is followed up by an 

introduction of the working tool of the software simulation is 

described in such way that a validation of this software 

referring to the use case is given in a correct way. This pure 

simulation of a well-defined test system including the 

description of all key components is constituted followed up 

by the simulation results of well-chosen of applications.  

DIFFERENT TECHNICAL METHODS OF TESTING – DESCRIPTION 

OF THE SYSTEM UNDER TEST 

Making the loop for an inherent validation from pure 

model simulation to the physical experiment and finally to the 

PHIL simulation requires a well-selected test system for the 

purpose of comparison. 

Choosing an appropriate test system, which is combines 

many relevant receivables for low voltage grids and which is 

related to actual problems of interest for distributed network 

operators (DNOs), marks a challenging process.  

In this work a combination between a simple grid topology 

and therein integrated generators is picked because of various 

reasons. The in-depth knowledge of PV inverters - acting as 

generators in these systems – permits us to run all intended 

investigations in a correct way. On the one hand a proper 

block model of the control system must be implemented for a 

correct numerical simulation on the other hand a hardware 

device in combination with a proper DC source (PV array 

simulator) is needed. 

The test system consists of a regular 3 phase grid (3L-N), 

in which determinative components as grid impedances and 

generators (PV inverters) are connected at different points of 

common coupling (PCC). In this particular case no loads are 

considered and integrated in the model, because this is not 

relevant for the particular ambition of the experiment.  

This test setup is a meant to be a trial field for various 

scenarios, which are of interest and which have to quantified 

and verified within research activities. Especially the different 

control algorithms of the power factor, which can be set at PV 

inverters nowadays, have varying impact on the status of the 

grid and its interconnected components.  

According to the actual standard the role of small scale 

distributed generators (small wind turbines or PV systems) is 

redefined in such a way as those given generation units have 

to make their own contribution to the beneficial status of the 

grid. These proceeding have already been successfully 

introduced a couple of years ago for large-scale wind power 

generation plants and similar to that the guidelines and 

standards adopt for medium and small-scale distributed grid-

connected feeders [5].  

All statements in this document are referring to 

examinations on the low or medium voltage side (LV, MV), 

to which those DG components are connected and for which 

the referred standards are composed [6]. The most commonly 

implemented control strategies in state-of-the-art PV inverters 



connected to the low voltage grid are listed up in the 

following (see Fig. 1): 

 fixed power factor (absolute, relative set-value) 

 cosφ(P) control 

 cosφ(U) control 

 Q(U), Q(P) 

 dynamic control (free programmable) 

 

 Qset

Δu

 

Fig. 1.  Typical Q(U) diagram of a PV inverter with the characteristic 
sections (dead band, linear and saturation region). 

Issues for investigations of the grid status are ranging from 

grid voltage stability and capacity utilization of the affiliated 

transformers and can be expanded depending on the 

complexity of the system under test.  

Going from complex calculations of the grid behavior and 

interactions in-between components over to very basic tests, 

it is obvious that the feasibility is given in such a way that 

well-defined and reproducible conditions can be guaranteed. 

These simple but verifiable conditions are required for 

generic experiments like tests according to applicable 

standards.  

Many profiles (modifications on the grid voltage or 

frequency) are pre-defined in standards and they help to get a 

reference for the test sequences, which must be run, 

characterized and validated with the different simulation 

methods. The more simple the system gets and the more 

precisely all system parameter can be captured in analysis, the 

more significant the statement will turn out. 

By the help of high precision power analyzers and 

oscilloscopes the power flow and the raw signals can be 

captured with an effectual high accuracy, which is crucial for 

a subsequent attempt of characterization. 

In the following main part of this contribution the sections 

are structured as follows: beginning with a description of the 

simulations methods, chapter II focusses on the description of 

simulation environment of the numerical approach (A) 

followed by the specification of the hardware experiment (B) 

and finally a power hardware-in-the-loop (PHIL) simulation 

is presented (C). Chapter III is structured in the same way as 

chapter II and 2 different use cases are compared one to each 

other using the output of the numerical (A), the hardware (B) 

and the PHIL (C) simulation. Finally various scenarios on the 

grid behavior of the use cases are discussed and conclusion 

are constituted related to the feasibility of the simulations. 

A. Numerical Simulation 

The pure software simulation is set up in MATLAB 

Simulink, which is a common platform for simulations of 

electrical systems.  

Fig. 2 is showing the block diagram of the simulated three-

phase low voltage grid with five different PV inverters 

connected. Depending on the type of investigation each 

inverter can be run actively (marked in color) in the Simulink 

model or is seen as inactive (no color), thus not relevant for 

the dedicated use case. 

The full flexibility of a real grid is implemented within the 

simulation, which means that each phase can be exited in a 

free programmable way, which is important to run real 

measured voltage profiles. At the other side the phase 

voltages can be changed in a coinstantaneous way, which 

features voltage changes of all phases at the same time and 

can be used for well-defined voltage dips, modifications in 

magnitude and frequency according to standards. 
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Fig. 2.  Block diagram of the three-phase low voltage grid with two active 

generators connected; active generators: Inv1 or WR1 at ‘node a’ (InvLa1) 

colored in red; Inv2 or WR5 at ‘node b’ (InvLb1) colored in orange. 

The reactive power control of state-of-the-art PV inverters 

can be modeled in such a way that the creation of a set point 

value out of the signal measurement (voltage) is driving the 

output current to the preset Q values. Many different 

arithmetical methods (moving average, evaluation in blocks, 

exponential filtering calculation,) are implemented, checked 

for function and compared one to each other. 
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Fig. 3.  Block diagram of the implemented Q(U) controls in various PV 

inverters. 

In the following an averaging control strategy is applied for 

both inverters, which is taking a moving mean value of the 

last moving 32 periods as the set point of the control. Hereby, 

the averaging time is set to 32 cycles (640 ms) and the 

maximum ΔQ/Δt is chosen to be 200%/s, which is a 

reasonable value and seen as a default setting (see Fig. 3). 



A set of nonlinear equations (1) (2) and (3) is 

characterizing the grid behavior and the characteristic curve 

determining the nature of the simulation [7], as  

 

 Q=g(U), (1) 

 
 U=f(Q,P), (2) 

 
 with ΔU ≈ (PR+XQ) / UN 

2
. (3) 

 

The different grid impedances (ZaL1,2,3,N and ZbL1,N) in Fig.2 

are implemented in such a way that the applied powers have a 

significant impact on the grid voltage levels. This 

consideration arises from experiences based on measurements 

in the field but also from analysis of the voltage rise due to 

given impedance values of low voltage cables. Another 

criterion taken under consideration is the selection of 

impedances according to a certain value, which is available in 

hardware in order to get valid comparison results between 

software, hardware and PHIL simulations. 

A set of variable grid impedances in hardware is fully 

implemented into the AC side of AITs test laboratory and 

integrated into the measurement bus.  

Therefore the primary grid impedances ZaL1,2,3 and ZaN are 

set according to [3]. The secondary grid impedances ZbL1 and 

ZbN connected in-between ‘‘node a’’ and node-b is set to a 

certain value, which is almost double (see Table I and Fig. 4). 

TABLE I 

GRID IMPEDANCE SETTINGS (SOFTWARE SIMULATION) 

- Parameter of Impedances 

Name Location R () X () 

ZaL1,2,3 grid – node a 0.24 0.15 

ZaN grid – node a 0.16 0.10 

ZbL1 node a – b 0.50 1.00 

ZbN
 

node a – b 0.40 0.50 

The calculation of the grid status is done completely 

independent for all phases at the given time steps of 20 ms. 

B. Hardware Experiment 

For the execution of the adequate experiment in a classical 

laboratory environment challenges in a different way from 

problems in software simulation have to be overcome. The 

diversity ranges from the available laboratory equipment in 

its basic characterization on power electronic performance, 

over the implemented measurement system to the complete 

identification of the test stand. 

The entire laboratory is set up in a full linear mode, which 

means that both AC and DC simulators do not influence the 

device under test (DuT) by injecting nonlinearities in an 

uncharacterized way. This issue is easily written, but contains 

the need of very high quality equipment, which is expensive 

in costs and laboratory space. On the DC side a full linear, 

free programmable PV array simulator (PVAS3, AIT) 

consisting of linear MOSFETs controlled analogously 

(3.5 kHz bandwidth) is used fed by a linear supply stage 

(transformer stage). The grid simulation is performed by a 

linear, 4 quadrant, 3-phase amplification unit (PAS1000x3, 

SPS), which has the ability to source 10 kVA and sink about 

2-3 kVA permanently, depending on the operation mode and 

on the internal temperatures. All peripheral components used 

for the test setup are either fully integrated into the so-called 

main unit containing AC and DC switches, current and 

voltage measurement bus or assembled externally on a test 

bench (see Fig. 4). Those components are mainly 

reproductions in hardware of various grid impedances used 

for the simulation of variable grid impedance settings. The 

ohmic (R) and inductive (L) impedances are all calibrated and 

well-identified for a proper simulation in reality. 

The interconnection of the grid impedances between the 

grid simulation and the first dedicated point of connection is 

called ‘node a’ and the section containing an additional grid 

impedance is named ‘node b’ (see Fig. 2 and Fig. 4).  

The impedances in this hardware setup are comparable in 

its dimensions to the ones set in software for the numerical 

and the PHIL simulation with only minor deviations (see 

Table II). 

TABLE II 

GRID IMPEDANCE SETTINGS (HARDWARE SIMULATION) 

- Parameter of Impedances 

Name Location R () X () 

ZaL1,2,3 grid – node a 0.24 0.15 

ZaN grid – node a 0.16 0.10 

ZbL1 node a – b 0.53 1.025 

ZbN
 

node a – b 0.427 0.549 

This classical test setup is seen as the reference for all 

comparative tests, because it is implying direct response of 

the control algorithms of the connected PV inverters onto a 

clean, precise sinusoidal grid simulation. The current and 

voltage signals are inherently containing the impact of the 

implemented input / output filters, of all peripheral controls 

within the inverter(s), which may interfere in a non-intended 

way. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  Test setup of the laboratory with all hardware interconnections, 

DC/AC switches, grid impedances and measurement bus fully integrated in a 

‘remote controlled main unit’; manual setup of additional grid impedance 
(‘node b’) and extra power measurement channel. 

The standard configuration of the test stand has 

implemented a fixed wire configuration for one 4-wire 



voltage/current measurement on each phase, thus 3 

independent possibilities of connection / power 

measurements. As depicted in Fig. 4, for this mutated test 

configuration an additional measurement channel (voltage / 

current) has to be set up in order to be able to perform a valid 

4-wire measurement at the unit at ‘node b’ (InvL1b). This 

involves at least a time consuming rewiring of some of the 

power and signal circuit compared to the standard 

measurement setup, one additional current transducer and one 

voltage probe. 

C. PHIL Simulation 

Transforming the previously described classical test setup 

into a valid PHIL simulation the following modifications 

have to be done. Every real time simulation requires a 

computing machine, which is able to solve the differential 

equations of the embedded test system (three-phase grid) 

within a sufficiently high time step including all sanctions 

necessary for data import and output (I/O) and other 

measures. In this work an 8 core machine (RT-LAB 

eMEGAsim, OPAL RT) is upgrading the laboratory setup 

featuring the capacity to compute systems. 

As a beneficial issue all impedances, which have to be 

constructed, calibrated and connected to the test setup as 

shown in the previous section, can be omitted because of their 

implementation in software. This is one of the huge 

advantages of PHIL testing since one can modify the 

topology of the impedances within the test system easily and 

in a free programmable mode.  

Therefore all impedances, which are implemented inside of 

the cabinet and linked to the measurement bus in a fixed way, 

do not have to be rewired when modifying their values. All 

standard impedances (node a) and additional cables (‘node b’) 

are set and covered by the software part of the PHIL 

simulation (see Table III). 

TABLE III 

GRID IMPEDANCE SETTINGS – IMPLEMENTED IN SOFTWARE 

 (PHIL SIMULATION) 

- Parameter of Impedances 

Name Location R () X () 

ZaL1,2,3 grid – node a 0.24 0.15 

ZaN grid – node a 0.16 0.10 

ZbL1 node a – b 0.53 1.02 

ZbN
 

node a – b 0.43 0.55 

 

In reality this involves the fact that the measurement bus 

(4-wire measurement) for the single PV inverter connected to 

‘node b’ (InvL1b) can be simplified drastically. The quite 

complicated internal modification of the measurement bus 

being able to capture the voltage and current at the wiring 

terminals, which is absolutely necessary for the classical 

hardware test, is now obsolete.  

Each amplifying stage is representing the electrical status 

directly at the clamps, therefore no additional modification 

from the standard test setup has to be done. In practice, all 

switches activating connecting variable grid impedances on 

all phases are just bypassed and each PV inverters is 

connected to its dedicated amplification stage.  

It is obvious that this MIMO approach limits the number of 

feeders connecting to the PHIL simulation to 3 units 

maximum, while at the classical setup previously described it 

is possible to connect all depicted inverters easily to the grid 

simulator. 

For this experiment only 2 PV inverters act as devices 

under test connected to two independent power interfaces (PI 

1 and PI 2). Both are implemented as ideal transformer 

models interfaces (ITM), which are well described in [1]. The 

current captured via high precision current transducers is 

embedded in the 4-wire measurement bus and serves both as 

 an input signal for the PHIL software calculation and 

 a measurement signal for the power evaluation by 

the connected power analyzers. 

 

Therefore, the introduced error using two different probes 

can be significantly reduced and the relative error is 

minimized at a stable operation for the PHIL simulation mode 

(see Fig. 5). 
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Fig. 5.  Block diagram of the structure of the PHIL test. The standard 

configuration of the AIT test setup can be used (no special setup for InvL1b 
necessary). 

The basic parameter for the implemented MIMO PHIL 

simulation are set to a time step of 50 µs, which is sufficiently 

high chosen in terms being able to evaluate the effects of a 

comparably slow control (reactive power). For the stability 

evaluations the well-applicable methods of the Nyquist 

criterion are sufficient and the cut-off frequency of the 

feedback filter is primarily set to 1 kHz determining the 

bandwidth [2]. These are quite conservative settings and to be 

found as appropriate for these simulations. 

Some tests were run with more aggressive, dynamic 

configuration (time step: 10 µs, BW: 2 kHz) to investigate 

issues of transient behavior, but stability could not be 

achieved at all times, because the margin is not sufficient for 

high dynamic grid voltage scenarios [4]. 

RESULTS FROM THE DIFFERENT METHODS TO CARRY OUT 

INVESTIGATIONS ON AN ELECTRICAL CIRCUIT 

In the following the results of all applied methods 

(numerical, hardware and PHIL simulation) are presented. 

Exemplarily and due to a limited number of pages, only the 



behavior of the PV inverter connected to node a (InvL1a) is 

highlighted for comparison. 

One issue is common for basically all simulation methods: 

any modification of the magnitude and/or frequency of the 

grid voltage can be easily implemented and it is very 

beneficial that preset scripts and sequences can be 

programmed both in software (MATLAB code) or hardware 

(AC simulator control) in a reproducible way. 

D. Numerical Simulation - Results 

Fig. 6 shows the results from software simulation (step 

size: 20 ms). 
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Fig. 6.  Voltage modifications at InvL1a (‘node a’) - response of the reactive 
power control according to control algorithm model (Software simulation). 

 

Fast magnitude changes result in uncontrolled trajectories 

off the PQ characteristic curve. This effect is clearly visible in 

Fig. 6 looking at the sudden reaction of the grid voltage and 

at the forced reactive power. The over- and undershoot of the 

grid voltage represents the transient uncontrolled state, in 

which the reactive power control could not react in a proper 

way because the implemented reaction time is not sufficiently 

quick. 

For hardware and PHIL simulation this effect becomes 

even more clearly visible with respect to simulation accuracy 

and the accurate emulation of the behavior with the help of 

the depicted XY graph of P and Q (see Fig. 9 and Fig. 12). 

The software simulation results in a valid simulation result 

and emulates the response of the inverter(s) to a voltage 

modification well. Both rise times and final value correspond 

to the shown behavior of the hardware tests and the 

implemented control strategy in theory. 

E. Hardware Experiment - Results 

Fig. 7, Fig. 8 and Fig. 9 show the measurement results 

averaged at 200 ms from laboratory tests (full hardware 

setup). 
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Fig. 7.  Voltage modifications at InvL1a (node a) - response of the reactive 

power control according to control algorithm implemented (Hardware test). 
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Fig. 8.  Q(U) diagram of the voltage modifications (InvL1a) (Hardware test). 
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Fig. 9.  P(Q) diagram of the voltage modifications (InvL1a) (Hardware test). 

The trajectory of one single voltage jump (in both directions) 

is zoomed and the data are depicted in Q(U) and P(Q) plots. 



F. PHIL Simulation - Results 

Fig. 10, Fig. 11 and Fig. 12 shows the measurement results 

for the implemented PHIL test setup (ts=50 µs, BW=1 kHz).  
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Fig. 10.  Voltage modifications at InvL1a (‘node a’) - response of the 
reactive power control according to control algorithm (PHIL simulation). 
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Fig. 11.  Q(U) diagram of the voltage modifications (InvL1a) (PHIL 

simulation). 
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Fig. 12.  P(Q) diagram of the voltage modifications (InvL1a) (PHIL 
simulation) 

The behavior of the reactive power control of the 

inverter(s) is emulated in a sufficiently accurate way and the 

graph of the power measurement is basically identical for the 

hardware and the PHIL tests (see voltage and power 

measurement in Fig. 7 and Fig. 10). Only Minor differences 

in more dynamic conditions (transient phenomena of AC 

magnitude / DC irradiance within some ms), which are more 

challenging for an accurate PHIL simulation, could be 

detected (see the graphs at the Q(U) diagrams, Fig. 8 and Fig. 

11). 

CONCLUSIONS 

This work is giving a set of comparisons, how different 

simulation methods can be carried out for electrical systems 

with more than one generation unit connected.  

In general, the problem to be overcome at pure software 

simulations lie mainly in the modeling of the generators (PV 

inverters), which feature different control strategies for 

various set point values at the same time. Valid models can 

basically only be established with in-depth knowledge and 

run in real time, otherwise convergence can hardly be 

achieved. PHIL simulations get direct feedback from the 

device or system(s) under test including all input signals, 

control and power electronic circuits.  

This structured approach is executed for a low voltage grid 

with two generators connected at different nodes. While the 

classical hardware laboratory test serves as a reference for 

both for the software and PHIL simulation. 
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