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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

This paper investigates the benefits of directly coupled and inversely coupled inductors compared to the conventional uncoupled 
inductors. The coupled inductors using two phase interleaved boost DC-DC converter is used for high power and high 
performance applications. The advantages of the coupled inductors interleaved boost converters include increased system 
efficiency, reduced core size, current ripple reduction. The focus is to develop useful design equations for the operation of the 
interleaved boost converters under continuous conduction mode (CCM). The effects of the direct and inverse inductors has a key 
benefit of converter performance parameters such as inductor ripple current, input ripple current, which should be less than 4% of 
its nominal value of the input current for the longer life span of fuel cell and achieving stable CCM operation. The inductors are 
modeled in Matlab® Simulink to simulate and evaluate the performance of the DC-DC boost interleaved converter with proper 
design procedure of directly coupled, uncoupled and inversely coupled inductors for fuel cell applications having maximum 
output power of 1kW, 28.8 V and 35 A at the output voltage of 120 V. 
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1. Introduction 

Renewable energy sources is an environmentally friendly and an interesting research field due to the mitigating 
of the fossil fuels, which causes global warming. There are many sources of renewable energy such as Wind, Solar 
Photovoltaics and fuel cell. Hydrogen can be used as an input source of energy to the fuel cell to generate electrical 
energy. Fuel Cell is one of the promising solutions to the mentioned problems i.e. using an efficient method to 
utilize their energy to high system efficiency, zero carbon emission, and low audible noise [1]. Polymer electrolyte 
membrane (PEM) fuel cells are widely used in transportation, stationary power generation and portable devices due 
to their simple construction and low temperature operation, which can be used at room temperature. The output of a 
PEM fuel cell is an unregulated low voltage with the open circuit voltage of approximately 1 V/cell and decreases 
with the increase of load current. The fuel cell output voltage is stepped up by connecting a DC-DC boost converter. 
The output current of the fuel cell have current ripples ( FCI∆ ), which should be less than 4 % of the input current to 
maintain the longer life time operation [2]. 

The boost converter transforms the low input power to high, which can be used for high power applications such 
as electric vehicles, air craft and transit bus systems [3, 4]. There are two main drawbacks associated with the 
conventional boost converter: 1. a high duty ratio is needed to obtain the required output voltage, which produces 
extremely high losses in the semiconductors devices due to their parasitic effects and 2. Conventional boost 
converters cannot achieve a high voltage gain due to the parasitic resistances and inductances that leads to produce 
high voltage drops across it [5]. 

By using interleaved boost converter instead of conventional one, the system voltage can be stepped up and lower 
current and voltage ripples can be achieved at the output of the converter. Moreover, using interleaved boost 
converter compared to the conventional one reduces the size of the storage devices such as inductors and capacitors. 
The interleaved boost converter having coupled inductors ensures reduced current ripples where the coupling 

coefficient is 
2

1
L

LK =  [6-9]. 

In this paper, the focus is to develop useful equations of interleaved boost converter under the continuous 
conduction mode operation (CCM). A complete simulation based comparison of directly coupled, uncoupled and 
inversely coupled inductors connected to the interleaved DC-DC boost converter for fuel cell applications. The 
coupled inductor effects the performance parameters such as inductor ripple current, input ripple current, minimum 
load current and output ripple voltage [10]. The uncoupled inductor needs bigger core size as compared to the 
coupled one but the flux is more in the former one where the flux is much reduced in the inverse coupled inductors 
as compared to the direct coupled. The design of the uncoupled, direct coupled and inverse coupled inductors are 
compared with the coupling coefficient -1< K <1 using the Matlab® Simulink. 

 
Nomenclature 

Vfc          Fuel cell output voltage (V) 
Vo          Output voltage (V) 
D                     Duty ratio 
L1, L2                Self-Inductance (H) 
Lm                   Mutual Inductance (H) 
Lk                    Leakage Inductance (H) 

              fs                      Switching frequency (Hz) 
             S1, S2                Switches 
             Co                     Output capacitor (F) 
             Ro                     Output resistor (Ω) 
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2. System configuration     

Fig. 2 shows the circuit diagram of the uncoupled interleaved boost converter. The converter source voltage from 
the fuel cell is VFC with L1 and L2 are self-inductances connected in parallel. The switching frequency fs of MOSFET 
switches S1 with diode D1, S2 with D2 are connected in series. The output capacitor Co is connected in parallel to the 
load Ro. 
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Fig. 1. Circuit diagram of uncoupled inductor of interleaved boost converter 

When switch S1 is ON, the diode 2D  is in reverse biased and the inductor current 1Li  is increased. When S2 is 
OFF, the diode 1D  is in forward biased and the inductor current 2Li is reduced where stored energy in the inductor is 
transferred to the output. The fuel cell output current FCI  given to the converter as input has phase difference with 
the in the switching frequency fs is called interleaving operation. 

Duty ratio D and the input ripple current FCI∆  are given by: 

   
o

fc

V
VD −= 1                                                                                                                                                  (1) 
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FC −=∆                                                                                                                                    (2) 

where sf the switching frequency, the inductor L and output capacitor C0 increases the rated output power in 
parallel operation when K=0. The characteristic waveforms of the converter is shown in fig.3 operated in different 
stages of duty cycles. 
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3. Design of coupled inductor 

The uncoupled interleaved boost converter have separate inductors connected in parallel when the two magnetic 
cores are connected in one is called coupled inductor. The coupled inductor for used to reduce the ripple 
current FCI∆ with the coupling coefficient of K. 
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