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The paper presents a new solution for supply of boilers with electrical
energy in the order to achieve autonomy from electrical grid. The paper
presents the experimental system implemented in the university lab,
the components and implementation in Matlab-Simulink for simulation.
As a result of numeric simulation performed, the experimental bench
has been achieved. The problem of power quality, especially the THD
factor, affects the sensitivity of equipment at perturbations. In achiev-
ing of these systems, the authors propose that the electrical part of the
supply system for building appliances must satisfy the EN 50160 stan-
dard, having the main voltage parameters and their permissile devia-
tion ranges at the customer’s point of common coupling in public low
voltage (LV), under normal operating conditions.
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1. Introduction

The need to introduce several ‘environment friendly’ installations (like micro-
turbines, fuel cells, photoelectric installations and other advanced technologies for
distributed generation) have determined an increase in the interest for distributed
generation, particularly for local (‘on-site’) generation. Introducing environment
friendly installations implies the implementation of two concepts: distributed ener-
gy resources (DER) and renewable energy sources (RES). In fact, DER concept
encompasses three main aspects, whose focus is set on the electrical standpoint:

- Distributed generation (DG), which is local energy production from various types
of sources [1,2]. Distributed generation has emerged as a key option for promot-
ing energy efficiency and use of renewable sources as an alternative to the tradi-
tional generation.

- Demand response (DR) that is energy saving brought by the customer participa-
tion to specific programmes for reducing the peak power or the energy consump-
tion [3, 4]. Demand response (DR) implies not only satisfying the consumer’s elec-
tric energy demand, but ensuring any form of energy demanded by the consumer
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(heat, air conditioning, etc.) also, at any moment and in the specific quantities ne-

cessary to the consumer.

- Distributed storage (DS): local energy storage with different types of devices [5].
In the case of a residence, implementing the DER concept consists of achieving

the system for energy production on the basis of the convenient association of

three key ideas:

e combined production of heat and power, from the same fuel, in the same

system, resulting in a so-called Combined Heat and Power system (CHP system);

e simultaneous use of more sources of energy (fossil fuel, sun, geothermal

sources etc) and their integration in a system;

 placing the cogeneration installations as close to the final consumer as possible

and dimensioning them so that they may offer the amount of heat and electricity

necessary for the consumer, resulting in a local system for producing electric and

thermal energy, in the specific quantities necessary to satisfy the useful energy

needs of each consumer at any given moment in time.

2. Energy supply solutions for buildings

To satisfy the demand for electric energy of the residence, the following
systems may be used:

Centralized energy producing system. In this case, the residence is connected
to the electricity grid. The thermal energy demand for heating the residence or for
cooling the air in the residence must be ensured with a system which contains
equipment installed in the residence. This system includes a conventional conden-
sing boiler (with 90% thermal efficiency) providing heat for space heating and
sanitary uses (hot water), and a conventional compressing refrigerator which sup-
plies cold for air conditioning (Error! Reference source not found.).
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Figure 1. Centralized energy producing system.
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Where: Egrid- the quantity of electricity consumed from the grid; Qb- the heat
produced by the boiler.
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Decentralized energy producing system. In the case of the decentralized sys-
tem, two solutions are applied for the supply with electricity: On-grid (or open)
system or Of-grid (or “isolated”) system. This system (Figure 2) includes also a
condensing boiler fueled with hydrogen or natural gas that provides the heat for
space heating and sanitary uses (hot water) and where the power supply for boiler
operation is ensured by the fuel cell and inverter. The hydrogen production is poss-
ible by reforming the natural gas or water electrolysis. The second solution, com-
pared to other applications, consists of hydrogen production by water electrolysis
from photovoltaic panels.
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Figure 2. DER solution for the energy supply of boiler
3. New solution of the energy supply of building

The concept of this system is to get the energy supply using fuel cell technol-
ogy and hydrogen production by renewable sources. The hydrogen production can
be made using electrolyses with reversible PEM fuel cell powered by photovoltaic
panels. The hydrogen produced by the reversible PEM fuel cell (electrolyser) during
summer provides the necessary stock for the cell to function the longest period of
time possible, e.g in winter season. Electricity production is achieved with a hydro-
gen powered fuel cell. To adapt the DC electricity into AC is necessary DC -DC
boost converter and inverter( fig.3). The system has two subsystems namely
thermal and electrical.

3.1. Thermal subsystem
To achieve the experimental model of the micro-generation system, three
modules are used: a thermal condensation boiler for the heating of residential

buildings, a fuel cell together with its operation module and a heat conver-
ter/exchanger, with its connection/separation elements.
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The boiler [6] is a low emission high performance condensing wall boiler using
natural gas or LPG that can generate a maximum heat of 24kW for residential
space heating and domestic hot water. Hot water for heating is produced using a
heat exchanger (aluminum laminated exchanger) that uses efficient water vapor
condensation in the flue gas alongside with an advanced electronic control system
for a high level efficiency.
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Figure 3 .The electrical and thermal schemes for the experimental energy system.

The boiler is equipped with a modulating gas valve, a fan flue gas exhaust, a
variable-speed combustion air intake, an insulated combustion chamber and an
igniter device. It is also fitted on its heating circuit with a variable-speed circulating
pump, an expansion vessel, a safety valve, pressure and temperature sensors and
a safety thermostat. The main characteristics of the gas condensing device are
presented in Table 1.

The thermal connection between the fuel cell and the boiler is done by the
heat exchanger which aims to recover some of the heat produced during the fuel
cell operation. The recovered heat is reflected in the inlet temperature of the DHW
boiler, and reduces the thermal load of the boiler. The thermal circuit of the fuel
cell is connected on the cold water inlet (CW) of the boiler, through separation
valves so that DHW production can be achieved with or without preheating the
cold water.
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Table 1. Boiler - Technical specifications[6

Technical specifications P max Pmin
Thermal power, kW 25,2 7,5
Methane gas consumption, N m3/h 2,67 0,79
Methane gas supply pressure, mbar 20 20
Efficiency, % 99,5 97,5
Heating setpoint, °C 20-90
Heating circuit min/max pressure, bar 0,8 3
DHW temperature setpoint, °C 40 65
Supply voltage/frequency, V/Hz 220/50
Max absorption power, W 130

3.2 Electrical subsystem

Electrical subsystem contains three elements namely as Proton Exchange
Membrane (PEM) fuel cell, boost converter and inverter. The design of the electric
scheme was achieved starting from the necessity of the micro-generation system
to be completely autonomous from the point of view of the electric energy supply.

3.2.1. PEM fuel cell

The experimental cogeneration unit type FC-42 [7], is designed to be supplied
with pure hydrogen at the anode and air at the cathode (Figure 3). The unit is
cooled with water in a closed circuit and can be used in a temperature range of
50/70 ° C depending on the minimum configuration of the PEM fuel cell.

The characteristics of the PEM fuel cell are shown in the following Table 2

Table 2. Characteristics of the PEM fuel cell [7]
Operating temperature °C <70
Maximum Current A 30
Open circuit voltage Vv 42
Nominal voltage Vv 24
Minimum voltage Vv 20
Nominal power w 720
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3.2.2 Devices for adapting the voltage at residential use

The main electric scheme of this micro-generation system is presented in Fig-
ure 3. A DC / DC converter between the fuel cell and the isolated grid of the resi-
dence, a single-phase inverter with output voltage Vout 230V, 50Hz were used in
order to convert the DC voltage of the fuel cell to the requirements of residential
consumption (boiler supply).

To satisfy the power quality, the electrical systems in this case must meet the
requirements of EN 61000 series.

Correct equipment operation requires the level of electromagnetic influence
on equipment to be maintained below certain limits. Equipment is influenced by
disturbances on the supply and by other equipment in the installation, as well as
itself influencing the supply. These problems are summarized in the EN 61000 se-
ries of EMC standards, in which limits of conducted disturbances are characterized.
Standard IEC 038 [8] distinguishes two different voltages in electrical networks
and installations:

« supply voltage, which is the line-to-line or line-to-neutral voltage at the point of
common coupling (PCC), i.e. main supplying point of installation

« utility voltage, which is the line-to-line or line-to-neutral voltage at the plug or
terminal of the electrical device

On the user’s side, it is the quality of power available to the user’s equipment
that is important. The EMC standards concern the utility voltage, according to IEC
038, while EN 50160 deals with the supply voltage. The differences between these
voltages are due to voltage drops in the installation and disturbances (see Table 3)
originating from the network and from other equipment supplied from the installa-
tion.

Because of this, in many standards of the EN 61000 series the equipment cur-
rent is an important parameter, while the load current is not relevant to EN 50160.

Table 3. Requirements for utility and supply low voltage
Requirements for utility low voltage

Supply voltage characteristics accord- EN 61000 series
ing to EN 50160 EN 61000-2-2 | EN 61000-2-2
5% 3rd, 6% 5th,5% 7th, 1,5% 6%-5 th, 5%-7 6%0-5 th, 5%-7

9th,3.5% 11th, 3% 13th, 0,5% 15th, th, 3.5%-11 th, th, 3.5%-11 th,
2% 17th . 1,5% 19th 0,5% 21th 3%-13 th, THDu 3%-13 th,
1,5% for > 23 th <8% THDu <8%

There are two sources of harmonics —one is from the inverter because of the
pulse-width-modulation and the switching — and the other is from the load. The
majorities of load are non-linear and generate harmonic currents when a purely

sinusoidal voltage supply (U; =\/§Ui sin(wt +g)) is provided. These harmonic cur-
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rents can cause harmonic component in the voltage because of the impedance
inside the voltage source. The output voltage of the inverter can be modeled as
shown in Figure 4a and can be written as:

Uy =U;, - ZX (€))

z z [

>
L > [ 1 >

@O % .

a. without Capacitance b. with filter capacity

Figure 4. Electrical circuit.

Assume the output current have harmonics described by equation

¥
i =\/§é I,sin(hwt +j ), then the amplitude of the h-harmonic voltage dropped
h=1

on the output impedance is: U, = \/Elh|Z(th)| and the fundamental component
of the output voltage is:

u :ﬁUiQH(M+g)- ﬁlﬂZ(th)|Siﬂ(Wt+j 1) &

Where: w-is the frequency, | , -is the initial phase of the harmonic order h

With rms value Uy = U2+ 12Z(jhw)f - 20, 4,|Z(jhw)|cos(j , +f +g)x

According to the definition of THD of the output voltage on inverter has:

¥
a 12z (itw)[
THD =42 x00% )

1rms

As a result, the THD is mainly affected by the output impedance at the har-
monic frequencies. Using simple filter capacity regarded as a part of the inverter,
the impact of the filter capacitor on the output inverter (Figure 4b) can be ana-
lyzed by the voltage divider equation:
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u, =u jhwC =y - 1 - =u, xH (jhw) 4)
. +Z(jhw) 1+ jhwC xZ ( jhw)
jhwC

If
. . 1 1
= H(ihw) = =
Z(jhw) = Rresults H(jhw) 1+ JhwRC " jm (5)
w,

(o]

The result is a low-pass filter with a unity gain for a wide range of frequen-
cies. If the w, =314rad/s results at fundamental component of the output

voltage is u, » 0.707x; . If the w, =3140rad/s result at fundamental com-
ponent of the output voltage is U, » 0.95x; .Result of numerical simulations, in

PSIM software [9], for a voltage source inverter with sinusoidal PWM and the a
low-pass filter influences on the utility voltage are shown in Figure 5a. The
harmonic frequencies obtained by FFT for supply and utility voltage are shown
in Figure 5b.

a. waveforms b. FFT
Figure 5. The utility voltage

4. Simulation of the whole electrical sub-system

4.1 Description of the models simulation

To simulate the whole electrical sub-system were created the Matlab-Simulink
blocks for all involved equipment (Figure6) . The simulation model of the fuel cell
[10] was adapted to the technical characteristics of FC-42/HLC. The DC output vol-
tage of the fuel cell was increased with the help of a boost converter. This voltage
was increased in the order to adapt to the input level of inverter. The AC output
voltage of the inverter must be 220V, 50Hz.
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Figure 6. The voltage-current and power characteristics of fuel cell and Simu-
link implementation

In modeling the electrical subsystem components we followed:

e to implement and obtain voltage-current and power characteristics of fuel cell
type FC-42 / HLC (Figure 6) ;

e sizing the boost converter for raising DC output voltage of the boost conver-
ter;

e Conversion of constant DC power to oscillating AC power;

e  Frequency of the AC cycles -- should be 50 cycles per second;

e Quality of the AC sine curve -- whether the shape of the AC wave is jagged or
smooth.

4.2. Result simulation

The result of numerical simulation the evolution of the output voltage and cur-
rent of the fuel cell are shown in Figure 7.

The voltage of fuel cell The current of fuel cell
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a) Voltage characteristic b) Current characteristic
Figure 7. The output voltage and current of fuel cell.

Voltage of the fuel cell was increased in three stages with boost converter and
the value obtained to output is shown in Figure 8.
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The voltage of DC link
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Figure 8. The voltage of DC link

The unfiltered and filtered voltage on the inverter output is shown in Figure 9
and 10.

The unfiltered voltage of load The unfiltered voltage of load (zoom)
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Figure 9. The unfiltered voltage on the inverter output.
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Figure 10. The filtered voltage on the inverter output.

5. Experimental system testing

A picture of the experimental system implemented in Dunarea de Jos
University laboratory is shown in Figure 11b.The first step in testing the system
was priming the fuel cell with hydrogen at a constant pressure (314 mbar) and
electricity from inverter with rectangular wave. The power, voltage and current of
the fuel cell is shown in Figure 11b.
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Figure 11. Test bench, power, voltage and current of fuel cell to boiler only

Experimental power quality of rectangular wave inverter with or without filter to
boiler supply is shown in Figure 12.

T~ ECOiHe 28400014 10:4 Liae. 50014 5020 1042
(»2239v (® 00a THE 279%
290 Vh2s 38 82v o« yhag 14y A s
G0A) I L H] W LES
‘ [T k1 (LTI K1
k1 ES

-Aill ‘
_290-.|= A W= +244 = +n B - ! .; ! ! NRRR .-
AMS THD CF WK 83
a Without low-pass filter
2 &FnHR MEINSAA RS fore
GH227 2w (> 00a

@
&
&

| PRIV ERTTIES TR

THE 18
Yt ] _— %2 YhOT 04x 0.9v g
3 . s
¥ \ -0
o .
o, i
B! En
b g
-0 e -
=370
tm BOMA Wle 13T D= 1 B ‘ N o T4 - . s 9 3 oJ o
RMS THD CF mE iEEE v A o R

b With low-pass filter
Voltage shape Voltage harmonics
Figure 12. Rectangular wave testing

Without low-pass filter for rectangular wave inverter, the boiler worked with in-
terruptions, requiring restart. Add low-pass filter to the boiler is working well.

6. Conclusions

The output impedance of an inverter plays an important role on the THD out-
put voltage. The fact that the output impedance of an inverter plays an important
role on the THD of the output voltage offers an alternative to improve the quality
of output voltage of an inverter. As a result, it is feasible to optimize the design of
the output impedance at high frequencies to minimize the THD of the output vol-

221



tage, without affecting the impedance at the fundamental frequency. The design of
the output impedance can be decoupled to meet two different requirements in the
frequency domain such, the output impedance at the fundamental frequency can
be designed to meet the requirements of the droop controller for proportional load
sharing and the output impedance at the harmonic frequencies can be designed to
reduce the THD of the voltage. In conclusion, the electrical part of the supply sys-
tem for building appliances must satisfy the EN 50160 standard, having the main
voltage parameters and their permissible deviation ranges at the customer’s point
of common coupling in public low voltage (LV), under normal operating conditions.

The electrical equipments, especially the inverter, must satisfy EN 61000 se-
ries of EMC standards having the main voltage parameters and their permissible
deviation ranges. Correct equipment operation (equipment with microprocessor)
requires the level of electromagnetic influence on equipment to be maintained be-
low certain limits given in particular by harmonic voltage.
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