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1. Introduction

The strong growth of Distributed Generation (DG) systems installed on Low Voltage (LV)
electrical power networks (with a typical power range of 1 to 400 kW) has emphasized the
need to perform preliminary tests before they are put into service to check their efficiency
and validate Power Quality (PQ) functions. Typically, these tests are made on DG system
prototypes and entail high experimental cost and effort. In addition, it is often very hard to
perform significant tests in a short time because DG systems use renewable energy sources,
like the wind or sun that are not always available. A hybrid approach, using Hardware in
the Loop (HIL) simulation, has turned out to be an effective tool for the evaluation of these
systems and various methods have been proposed in the literature, where Hardware in the
Loop (HIL) simulation refers to a system in which parts of a pure simulation have been
replaced with actual physical components.

Hardware in the loop simulations (HILS) are not new, but have been used extensively for
controller assessment for a long time. The aerospace industry has been using this technique
ever since software became a safety critical aspect of flight control systems. More recently,
however, a combination of several factors has led to a sharp increase in its use, principally
the reduced cost and greater availability of HILS products and the intense pressure to
reduce development time and costs.

HIL simulation is now used more and more to develop new components and actuators in
many fields. Vehicle component evaluation, drive control assessment, power electronics and
electric grids, servo control and robotics, railway traction systems for trains and subways
and educational applications can all be cited. More recently, HIL simulations have also been
used to test distributed generation systems, e.g., to validate control algorithms or Maximum
Power Point Tracking (MPPT) strategies. Generally, these HIL techniques are limited to
control applications, i.e., there is only signal coupling between the hardware and the virtual
system. This approach, even if it is very useful during the control design stage, presents
some deficiencies when it is used to develop electrical drives for renewable low power
energy generators.

In these systems, it is very important to evaluate the interactions between the electrical drives
and the mechanical components in order to avoid dangerous working conditions and,
moreover, to estimate precisely the system’s energy efficiency. In particular, this parameter is
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134 Renewable Energy

an important variable in a renewable energy plant because these systems are quite expensive
and a small increase in global efficiency can drastically reduce the payback time. For this
reason, different kinds of HIL simulations can be used to meet these requirements.

2. HIL simulation concepts for Distributed Generation systems

DG systems can present different topologies, but a wide number of them require that a static
power converter be efficiently connected to an LV network or that active power with a
stable voltage and frequency is provided. Indeed, the power converter interface can perform
different functions:
¢ Compensation of reactive power (with or without storage elements).
e Compensation of negative sequence components and components with different
frequencies for the current.
e Compensation of voltage sags, micro interruptions and interruptions (with storage
elements).
DG sources can rely on both renewable and non-renewable sources, such as wind turbines,
photovoltaic generators, small hydro, fuel cells and gas powered combined heat and power
(CHP) stations. Figure 1 shows a simplified schematic of a complete DG system.
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Fig. 1. The simplified architecture of a generic Distributed Generation (DG) system.

The Electrical Drive constitutes the main subsystem of a renewable DG system and the
major development effort is often concentrated on this part. An electrical drive can be
decomposed into several subsystems: the control software, the power electronics set, the
electrical machine and the mechanical load to move (Fig. 2). Typically, a dedicated control
board implements the control software and supplies the switching commands to the power
electronics converter. Measurements of all the power parts are inputs for the controller
board.

Power Electrical Mechanical
Electronics Machine Load/Gen.

\ Measut emen/

Process Control

Switching
signals

Fig. 2. The Electrical Drive structure.
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In a traditional computer simulation, all of these parts are simulated in the same simulation
software environment and, in order to reduce the computation time, simple models and
other simplifications are considered (e.g., the sampling period of the control is often
neglected). This approach is not always accurate enough to allow a real-time
implementation of the control without other intermediate steps. HIL simulation could be a
very useful intermediary step: one of the simulated parts can be replaced by its hardware
component in order to take into account the real constraints in the simulation loop (Fig. 3).

[ Software Simulation J

¥

{ HIL tests ]
Hardware
implementation

Fig. 3. Electrical Drive design procedure.
Different kinds of HIL simulations can be considered:

e Signal level HIL simulation, where only the control board is tested and the other
parts are simulated in real-time. This kind of HIL simulation has very often been
employed in aerospace and automotive applications for the assessment of
controller boards (Fig. 4).

e Power level HIL simulation, where the control board and the power electronics
converter are evaluated and the electrical machine and the mechanical load are
simulated (Fig. 5).

e Mechanical level HIL simulation. In this case, the whole drive (control, power
electronics and electrical machine) is tested and the mechanical part is simulated

(Fig. 6).

Each of these simulations can be used to test a DG electrical drive, although obviously
highlighting different aspects and problems.

2.1 Signal Level HIL simulation

In a Signal Level Hardware in the Loop Simulation, only the controller board (which
contains the process control) is tested (Fig. 4). The other parts (power electronics, machine
and mechanical load) are simulated in real-time. The simulation system must manage the
inputs and outputs of the controller board under test. A second controller board is thus used
to simulate in real-time the power parts of the system. Specific signal conditioning is
required to impose the same inputs and outputs as imposed by the power parts. This
method can be called “signal level HIL simulation” because only signals are used at the
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interface between the system under test and the simulation environment. This kind of HIL
has very often been employed in aerospace and automotive applications for the assessment
of controller boards.

System Simulation
under test environment
Real-time
control < > .
simulation

Fig. 4. Signal Level HIL simulation.

2.2 Power Level HIL simulation

In a Power Level HIL simulation, the actual controller board and the power electronics
converter are evaluated. The other parts (electrical machine and mechanical load) are
simulated. The simulation system must impose inputs and outputs for the power electronics
and the controller board under test. The simulation environment is generally composed of a
second power electronics set (electric load) and a second controller board (real-time
simulation) (Fig. 5).

System Simulation
under test environment
Power N Electronic Real-time
control |« K > «—> . .
converter N U load simulation
A A

Fig. 5. Power Level HIL simulation.

2.3 Mechanical Level HIL simulation

In this case, the whole drive (control, power electronics and electric machine) is tested and
the mechanical part is simulated. The simulation system must impose mechanical inputs
and outputs on the electrical machine under test. Moreover, measurements on the
mechanical part have to be sent to the controller board under test. Another electrical
machine (load machine) is often used as a controlled mechanical load. It is supplied by a
second power electronics set (load supply). A second controller board (real-time simulation)
is required to control the load machine and to send fictitious mechanical "measurements" to
the controller board under test (Fig. 6).
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Fig. 6. Mechanical Level HIL simulation.

3. Real Time modeling concepts

The implementation of real time models of controlled devices is a well-known problem but
becomes a more difficult challenge when the time constraints are very narrow. The
simulation models should satisfy different requirements:
e precision and reliability to represent physical system behavior;
e a simple mathematical structure to allow for fast numerical integration and easy
software implementation;
e astandard structure for the model equation in order to obtain a more flexible and
easily configurable simulation platform.
An Object Oriented approach is typically followed to meet these characteristics during the
implementation of emulation models, making it possible to improve the emulator flexibility.
Each part of the complete system has been considered as a single object with inputs, outputs
and internal states. In this way it is very simple to reconfigure the simulation system
without changing the hardware and software structure.

3.1 Signal Level Modeling

i](l'l-l) I V(n) i2(n_1)

i1(n) @ ng i5(n)
DC bridge E} CZ Inverter

v(n-1) v(n-1)

Fig. 7. Example of an Object-Oriented integration procedure for the DC Stage.

In signal level real-time modeling, the smallest bound is the time step necessary to
implement the high dynamic behavior of the power electronics stage. This time step is very
small (typically 10-100 ps), so it is necessary to make a great effort to develop suitable
models.
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However, a suitable choice for input/output object signals makes it possible to extend the
Object Oriented approach during the simulation phase in order to improve the simulation
speed because each object can be integrated separately and in a parallel way.

It is obvious that this approximation is acceptable only if input/output object signals change
slowly. Signals that satisfy this requirement are the state variables of each subsystem. Figure
7 shows the proposed procedure for the connection between two power converters of a DG
system (Fig. 1). The presence of a capacitor on the DC bus makes it possible to decouple the
integration of the two power converter models.

Another big problem that is typical of this HIL simulation is the high sampling speed
necessary in order to acquire control board switching commands. In order to decouple the
acquisition time of the switching state and the integration, the average values of the
switching functions are often used instead of the actual values. Different averaging methods
are presented in the literature, according to the simulation requirements, especially in the
emulation of system faults. An interesting averaging law is presented in (Bucca et al. 2006),
where a two level inverter has been modeled using a dedicated acquisition board with two
counters. In fact, the output voltage vector of the two-level inverter depends on the DC bus
voltage value and on the gate signal sequence only (Fig. 8).

The counter increment is a gate signal function (Table 1) and the mean values of the d and q
components of the output voltage space vector could be obtained using Equation (1).

010 AQ 110
011 100
D
901 101
Fig. 8. Output voltage vectors for a two level inverter.
Gate signals swd sw(q increment
000 0 0
001 -1/2 —\3/2
010 -1/2 V3/2
011 -1 0
100 1 0
101 1/2 -\3/2
110 1/2 V3/2
111 0 0

Table 1. Counter increments.
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where:
e Nis the number of gate signal samples during an integration step;
e swq(n), swq(n) are the n-th values of the counters according to Table 1;
e  Vpcis the value of the DC bus voltage.

Because this voltage is typically used as an input of electrical machine models that are
written on a dq axis, this averaging method reduces the number of calculations, with a
remarkable improvement in the simulation speed.

3.2 Power Level Modeling

Power level HIL simulations have problems similar to Signal level HIL, because the time
boundaries depend on the same electrical components.

A big problem in a Power level HIL simulation is that it is necessary to decouple the
dynamics of an electronic load from the power electronic converter. Typically, this
simulation has been used in DG HIL simulations to test the PV field controller in order to
also evaluate the power converter efficiency.

A typical schematic of an HIL power level test bench is shown in Fig. 9.

Control
board

Converter RLC
under || filter
test

Controlled
- inverter

Fig. 9. Schematic of Power level HIL test bench.

A three-phase RLC filter connects the hardware under test with the controlled converter.
The filter decouples the operation of the converter from the hardware under test and
reduces the ripple introduced by the switching operations of the controlled inverter. In this
configuration, the currents drained in each branch of the filter can be regulated by
controlling the output voltages of the inverter in order to track the references computed by
the real-time simulation.
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A critical step in the realization of this test bench is the measurement of the voltages
generated by the converter under test, because these voltages represent the inputs for the
real-time simulation. A way to overcome this problem is to estimate these voltages by
acquiring the switch signal in a way similar to the signal level HIL test bench, but this
structure depends on the control electronics of the converter under test. In fact, the platform
interface has to be specifically customized based on the characteristics of the signals that
drive the switch gates. In addition, these signals may not be available in industrial
converters.

The easiest solution if the gate signals cannot be used is to measure the average voltage of
the converter output directly. The voltages are scaled and reduced to a signal level by means
of suitable sensors (e.g., hall sensors) that provide galvanic isolation, and then they are
averaged over a simulation period. The main advantage of this technique is that the voltage
used in the real-time simulation is reconstructed from the power signal instead of the gate
signal in order to include switching non-linearity and improve the HIL test bench
standardization.

3.3 Mechanical Level Modeling

In a mechanical level HIL simulation, the presence of a real electrical drive removes the very
small time step boundaries of signal level and power level HIL simulations and introduces
new boundaries that depend on mechanical dynamics (2).

dw
T =T +]—, 2

where Ty, is the electromagnetic torque, T; is the load torque and ] is the equivalent inertia.
Equation (2) shows that the electrical drive used to emulate the mechanical load should
supply not only the load torque but also the inertial torque, which could present high values
and dynamics. To satisfy this requirement, it is necessary to use a high performance drive,
which is not very simple to implement and control.

To avoid this problem, a different approach can be used, as proposed in (). In particular, the
DG power source presents a low dynamic speed variation due to a high damping factor and
inertia, so it is possible to modify the mechanical emulator control of the electrical drive
from torque to speed control. In this way, the mechanical model could be reduced to a
quasi-steady-state model by considering the DG power source speed as a constant during
the integration step. This is possible because the integration model step is very small
compared with the mechanical time constants, due to the previous considerations.

Using this approach, the acceleration torque can be calculated by subtracting the load power
(P1) from the available mechanical source power (Ps) and dividing the result by the actual
speed. The load power is measured by the electrical drive to take into account all the
mechanical losses in the power train.

The new speed reference (wref) for the electrical drive that emulates the DG power source is
calculated by dividing the acceleration torque by the system equivalent inertia, as is
indicated in (3) and (4) and represented in Fig. 10.
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Fig. 10. Calculation of the new speed reference.

The proposed approach simplifies the modeling of high inertia loads, making it possible to
test control strategies under dynamic conditions, while avoiding the measurement of load
acceleration. Moreover, it is possible to use a less sophisticated electrical drive, control board
and emulation board, thus reducing the test bench cost.
A different approach was proposed in (Kuperman and Rabinovici, 2005), where the
simulation of load variation was introduced by adding a virtual load signal to the output of
the electrical motor controller. Even though this approach is very interesting, it is very
difficult to implement it, because it is necessary to modify the controller software.

4. Experimental results

In the following sections, some experimental results using different HIL configurations are

presented.
Motor
Rated power at 50 Hz 370 W
Rated torque 1.3 Nm
Rated speed 2820 rpm
Rated current 1.7 A
Starting current 4.56 A
Power factor 0.83
Starting Torque 3.9 Nm
Rotor inertia 3.5 x 104 kgm?
Nr. of pole pairs 1
Statoric phase resistance 246 Q
Rotoric phase resistance 16.1 Q
Magnetizing inductance 1.46 H
Electrical Time constant 1.62 x 103 s
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Converter
Input voltage single-phase 180-240 V
Output power 750W, 150% overl.1 min.
Output voltage 0-230 V
Power switches IGBT

Table 2. Emulated Converter and Motor characteristics.

4.1 Signal Level HIL simulation

An example of a real-time emulator hardware structure for signal level HIL simulations is
presented in Fig. 11. The HIL test bench emulates an asynchronous drive with the
characteristics indicated in Table 2. The electrical drive used for the test was a Technosoft

induction motor drive with a control board based on TMS320F240 DSP.

Control
Board

PWM PWM
signal signal
Depace Interface
Boards e Board ]
speed and Encoder and
current

current signals

Digital control signal s

Fig. 11. Signal level HIL test bench architecture.

A dSpace system (ds1006 board based) was used to integrate the electrical drive models,
acquire the PWM signal and generate speed and current signals. A dedicated interface
board was used to adapt the analogue signal levels and generate the encoder signals.

Enc 1
—

0-100kHz
r
Speed
——— |
— V/Hz
0-10V

Preset

v
|

—

C

Fig. 12. Encoder emulation.
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The encoder signal generation was done using a Voltage/Frequency converter and two
digital counters (Fig. 12). The basic idea was based on the observation that if the counter
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chips have been initialized to 0 and 1, respectively, the output 2nd bit signals are square

signals with a /2 phase

shift.

Fig. 13 shows the phase current and speed signals acquired by the control board for different
speed transients. The induction motor was controlled using close loop field oriented control.

08

06r |

04 [

A

||| |

ot M

Current
o

08
0

real motar
emulated | ]

*. r }N‘ fl- h
TRIRE

|

L L L L L
100 200 300 400 600

L L L L
BOO 700 8OO 900 1000

M® of samples

a) Phase current

1

Current

la real motor | 4
la simulated

. L L . .
0 100 200 300 400  s00

L . L L
00 700 800 800 1000

N® of samples

c) Phase current

speed [rads)

Speads [rad's|

140

120

100

real motor
amuated

niflirinci

L
(1]

L
a0

n
3

s " n L 1 n
400 500 &0 00 & SO0 1000

M* ol sarmglhy

v
real motor
ernglaled |J
redarancs

d) Speed

30 400 &S0 e V00

B0 800 1000
M* ol samplis

Fig. 13. Comparison between real motor acquisition and emulated system acquisition of
phase current and speed for different speed transients.

It is interesting to note that the real transients and emulated transients are very similar.
There was a little difference in the first speed acquisition (Fig. 13b), but it was practically
limited to the less significant bit of the digital acquisition. This difference was principally
caused by the absence of any additional conditioning stage between the encoder emulation
board and the control board and was more significant at low speed (comparing Fig. 13b-d).

4.2 Power Level HIL simulation
A power level HIL simulation of a PV field was performed. A typical configuration for a

photovoltaic (PV) generator is shown in Fig. 14.
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Fig. 14. Configuration of emulated PV field.

Normally a set of PV modules is series and parallel connected to form a PV multiple module
or PV subfield, with suitable rated voltage and current. The PV subfield is then connected to
a DC-DC converter. It is also possible to connect individual PV strings to their own DC-DC
converters. The PV generator can work either in a grid connection mode or in stand alone
operation without a storage system, thanks to a suitable control strategy. When a
photovoltaic system works in the grid connection mode, a MPPT control technique is
implemented in order to extract the maximum electrical energy from the PV panel.

Using the HIL test bench, a DC/DC converter for a PV field with a Perturb and Observe
MPPT algorithm was tested. The behavior of a SHELL SQ8 PV panel was emulated. Fig. 15
shows the behavior of a SHELL SQ8 PV panel for different irradiance levels and
temperatures.

30 ‘ ‘ ‘ ‘ 1 sof
I l—s-s00wim? 1 M |=—T1=330k
40F |[—$=300W/m? 1 4oL [—T=360K
ik 1 sl
30 E 30}
3 1 25t
20 20
15 s
10 0
5 5
0 0

0 5 0 is 2 0 s 10 is 20
Fig. 15. SHELL Q8 PV V/I characteristics.

The implemented P&O algorithm operates by periodically perturbing (i.e., incrementing or
decrementing) the array terminal voltage and comparing the PV output power with that of
the previous perturbation cycle. If the PV array operating voltage changes and the power
increases (dP/dVpy>0), the control system moves the PV array operating point in that
direction; otherwise the operating point is moved in the opposite direction. In the next
perturbation cycle, the algorithm continues in the same way.

A common problem in P&O algorithms is that the array terminal voltage is perturbed every
MPPT cycle; therefore when the MPP is reached, the output power oscillates around the
maximum, resulting in power loss in the PV system. This is especially true in constant or
slowly-varying atmospheric conditions, but also occurs under rapidly changing atmospheric
conditions (in this case the perturbation direction can be wrong).
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There are many different P&O methods available in the scientific literature. In this case, a
modified P&O algorithm was adopted in which the perturbation amplitude of the PV
operating point has a constantly variable magnitude. The magnitude of the perturbation is a
function of the power variation necessary to reach the target.
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Fig. 16. a) 1 kW PV subfield I/V output characteristics during start up phase (I=20A => 5V;
V=300V=>5V) b) I/V characteristics during start up phase of MPPT control.
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Fig. 17. 1 kW PV subfield I/V output characteristics when variable step P&O algorithm is
used (I=20A => 5V; V=300V=>5V), a) during power discharging (from 1000W to 400 W) and
b) during power changing (from 400 W to 1000 W).

Fig. 16 presents the V/I characteristics during the PV subfield start up simulation. The PV
subfield current starts from a null value with the maximum voltage value and reaches the
MPP in 30 seconds, with constant current ripple amplitude.
An instantaneous reduction in the PV subfield power from 1000 W to 400 W was simulated.
The MPP changes from 74V-13A to 69V-5,5A. Fig. 17 represents the algorithm behavior
during an instantaneous increase from 400 W to 1000 W. The MPP changes from 69V-5,5A to

74V-13A.
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4.3 Mechanical Level HIL simulation
Two different DG systems were emulated using an HIL mechanical level test bench.

e small CHP Generating Set
e  Small-scale hydropower generator

4.3.1 Small CHP generating set.

Small power CHP (Combined Heat and Power) generating sets, based on internal
combustion engines, are normally grid-connected and have a power range of 10 kW to 100
kW. These small CHP generating sets can be equipped with both diesel engines and gas
fuelled engines. The advantage of using combined heat and power generation is that the
global efficiency can be increased to 85 to 90%, which make them a very favorable solution
for Distributed Generation systems. The most convenient arrangement is to use an
asynchronous generator, even if it shows some drawbacks. In particular, it requires reactive
power for the excitation of its magnetic circuits and, in the case of failure of the mains, it
does not work in a stand alone mode to provide electrical power to the on-site ac load.
Conventional CHP sets work at a fixed speed in order to generate electrical power at a fixed
frequency, but they show low energy efficiency when they operate at partial load. An
improvement can be obtained by using a variable speed gas engine to drive the electrical
generator at a variable frequency. Operating the CHP set at a variable speed makes it
possible to achieve the highest energy conversion efficiency at any partial load of more than
20%, but it is necessary to use an AC/AC frequency converter in order to connect the
variable speed CHP set to the public grid.

The behavior of a variable speed CHP set can be further enhanced by introducing an
additional DC/DC static converter, in order to increase the amount of electrical power that
can be transformed into heat (dissipating electrical power on a resistor). In this way, a
control strategy with heating priority can meet a temporary high demand for heat, reducing
the production of electricity.

4.3.2 Small-scale hydropower generator

Hydroelectric generation has been well recognized as environmentally friendly and socially
beneficial for many applications, but large-scale hydroelectric plant developments have
become more and more difficult because of the shortage of undeveloped suitable sites and
concerns about global environmental protection. However, there are many sites where it is
possible to install a small-scale hydroelectric plant.

These systems normally adopt expensive Kaplan turbines that allow optimal control of the
water flow. In order to reduce plant costs in small-scale plants, it is preferable to use fixed-
blade propeller water turbines.

This choice can reduce the plant power efficiency because typically in traditional
hydroelectric power plants, the speed of the generating unit remains constant to keep it
synchronized with the grid, neglecting turbine discharge variation over time. Moreover, this
situation becomes critical in stand-alone operation mode, where keeping the speed of the
generation unit constant reduces the power plant efficiency drastically. In these cases, a
variable speed operation mode and maximum power efficiency operation point tracking is
welcome, but it presents numerous design problems regarding the definition of the
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hardware architecture and power management strategies. Such small-scale hydroelectric
plants generally use a PM synchronous machine as an electrical generator.

4.3.3 The HIL test bench

Each of these applications presents similar problems. In particular, it is very important to
evaluate the mechanical performance and, moreover, it is necessary to evaluate the global
efficiency (converter and motor) with a good approximation. This it is very difficult to do
using an HIL environment where the power converter is also emulated: the calculation
effort necessary to simulate the electrical drive characteristics and losses does not allow
simple and low cost real-time implementation.

Because of these considerations, mechanical emulation is the better choice. An example of
mechanical test bench hardware architecture is shown in Fig. 18, which includes:

e A motor drive, including an inverter controlled squirrel cage induction motor. This
motor was used to emulate the static and dynamic mechanical behavior of the DG
power source. An incremental optical encoder was used to feed back the speed signal
for control and emulation purposes.

e A DC motor was used to emulate the generator side of the DG system. The rated
parameters of the induction motor and generator are listed in Table I.

Induction Motor DC Motor
Rated voltage 380 V Rated voltage 240V
Rated current 351 A Rated current 60 A
Rated Power 18.5 kW | Rated power 14 kW
Power factor 0.88
Rated speed 1465 rpm | Rated speed 1500 rpm
Wound D
connection
N° of poles 4 N° of poles 4

www.intechopen.com
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Fig. 18. Example of mechanical HIL test bench

e A desktop PC with a dSpace 1104 board that implements the DG power source model.
A dedicated interface board was used to acquire measurement signals from the field
and the motor drive and to transmit control reference signals from the dSpace board to
the motor drive.

e A passive load to dissipate the generated power.

4.3.4 Experimental results
According to the previous discussion, when simulating the gas engine of a CHP system, it is
necessary to evaluate the equivalent inertia and damping factor, along with the generated

power vs. rotational speed curve. In a gas engine, this curve is proportional to the throttle
valve opening.

www.intechopen.com



Hardware in the loop simulation of renewable distributed generation systems

149

Power (kW)

g
=TT 000

throttle valve(®o) -
ac

Fig. 19. Generated power vs. speed and throttle valve opening.

Fig. 19 represents the generated power vs. rotational speed for different throttle valve
openings (in percentage) for a 30 kW gas engine. In order to validate different control
strategies, it was also necessary to emulate the fuel consumption under different load
conditions. Fig. 20 shows the fuel flow in kg/h vs. speed and the throttle valve openings for

the same motor.

Fuel flow (kgh)

Throttle valve ("o b 100 Sieed frum)
2 Speed (rpm

Fig. 20. Fuel flow vs. speed and throttle valve opening.

J=4kg/m?
B=3]/(rad /s)

The estimated inertia and damping factor of the motor are indicated in (6).

6)

The fixed blade turbine of a small-scale hydropower plant can be modeled in the same way
as the gas engine. In this case, the turbine discharge (Q) and efficiency (1)) vs. speed are
obtained using the steady-state curves and these values are used in combination with the
turbine head (H) to calculate the available mechanical power (6). Table 4 shows the

parameters used.
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By = HQg-n
Rated power 3.2kW
Rated discharge 0.1 m3/s
Design head 52m
Rated Rotational Speed 180 rpm
Table 4. Hydro turbine technical data.
J=10kg/m*

B=50]/(rad /s)

()

(8)

The efficiency of the system depends on the opening of the distributing valve and the speed
as indicated in Fig. 21, and the turbine speed is considered to have a constant value during

the integration step (in this case it was set to 100 ms).

Fig. 21. Efficiency vs. turbine speed and distributing valve opening,.

Fig. 22 shows the generated power reference vs. time and the real generated power vs. time
using the hydropower turbine model, emulating a grid connection working mode. Fig. 13
compares the estimated generated power using the HIL hydropower model and the real
power dissipated on the resistive load of the test bench. The power reference was calculated
based on the load variations, while the generated power should also take into account the
plant losses. These losses produced the stationary difference between the generated power

and power reference.
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Posrn L]
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Fig. 23. Estimated generated power (from HIL test bench) and dissipated power on the
resistive load.

5. Conclusion

Hardware in the loop simulations (HILS) are a powerful method to test DG system
components, such as control system electronics, without connection to the real equipment
under control.

The use of this technique does, however, raise challenges, such as complex interfacing
requirements and the execution of an accurate equipment simulation that must operate in
real-time.

The increasing adoption of HILS has been driven by a number of factors, including the
ability to perform system testing before the complete system is available and to simulate
failure conditions that would be dangerous or expensive to create in a real plant.
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HILS is an important tool to reduce development time and ensure the safety and reliability
of DG components. The availability of cost effective tools to perform HILS should lead to an
increase in the use of this technique as a standard method to test DG components.
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