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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 

Wireless Power Transfer (WPT) has been used to transfer small amounts of power over small distances to run smartphones, RFID tags, 
smart watches and even biomedical implants without any electrical contact. A popular application for this is the wireless charging of electric 
and hybrid electric vehicles. However, designing systems to send large amounts power over large distances while maintaining appreciable 
efficiency is hard to do. In this paper, an overview of a typical WPT system has been given. Simple design equations have been given to 
calculate inductance, capacitance, power, quality factor and coupling coefficient to optimise coil design for electric vehicle application. 
Further, a comparison has been made between the popular coil shapes and the effects of the change of coil parameters like number of turns, 
pitch and inner and outer radius on efficiency of the coil has been studied. 

 Keywords: Wireless Power Transfer, Electric Vehicles, Design Optimisation, Coil Shapes, Quality Factor, Coupling Coefficients. 

1. INTRODUCTION 

Inductive Wireless Power Transfer is the use of time-varying magnetic fields to transfer power over short and 
medium distances to electric loads. It was first used by Nikolai Tesla in the early 20th century and has since been 
developed prominently over the past three decades in research labs around the world [1]. It has been used 
prominently to transfer power to consumer electronics like smartphones, electric toothbrushes and in audio 
systems of Apple iPhones [2]. WPT has also been used experimentally in biomedical implants where 
pacemakers have been powered using WPT technologies [3], [4]. RFID tags used in prisons and ID cards for 
identification use WPT systems to gather information from tags and other remote sensors [5]. WPT has been 
viewed as a viable alternative in consumer goods and in other applications like wireless sensor nodes as it 
reduces the need for wires, decreases the size required for charging apparatus in consumer goods and reduces 
the risk to users due to electrical shocks In certain applications like biomedical and RFID, where size is a big 
concern, the use of WPT has helped engineers reduce the size of the devices [6]. 
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Recently, research has been going on in the use of WPT to transfer energy to static and dynamic Electric 
Vehicles [7], [8]. Wireless charging of electric vehicles can increase the ferry range of the vehicles and reduce 
the size of battery packs, thus reducing the cost of the whole system. In this regard, Wang et. Al., has produced a 
very efficient method for wireless transfer of power to stationary vehicles [9]. Research teams at universities 
like KAIST, Auckland University and the California PATH program have made a lot of headway in the wireless 
charging of dynamic vehicles [10], [11], [14]. They have transferred power at various power levels and 
frequencies at efficiencies as high as 85% over distances of up to 1m. India is one of the largest importer of oil 
in the world, which it cannot afford to remain so, given the economic and environmental constraints. Electric 
scooters are popular in the Indian markets, and it is only a matter of time before electric cars swarm the Indian 
auto market too. The wireless charging of electric vehicles will make them more popular as it gives the user 
portability and quick charging. The policy of electric vehicle progression has increased in the past few years in 
India. 

Among all the WPT technologies, the use of resonant inductive WPT has been seen to be the most 
efficient to transfer power at medium distances to EV‟s. The use of a resonance topology increases the coupling 
between the coils and reduces the need to transfer power with higher current. Additionally, the power transfer 
method must be as efficient as possible to reduce losses and to deliver the required power to the vehicle. In this 
paper, the procedure for design of resonant WPT has been outlined and comparisons have been made between 
the various shapes of coils for WPT systems. Different parameters have been changed in each coil to find the 
optimum size and shape of the coil for a WPT system. 
2. Overview of Standard WPT System 

 

Fig 1: Structure of a Typical WPT System 

Any wireless power transfer system can be broadly divided into two parts- the transmitter and the receiver.A 
WPT system needs an input power which can be given power from either AC or DC sources. In case of AC 
sources, the input power is first rectified. The rectifier stage may also contain a Power Factor correction module. 
The rectifier stage provides controlled power to the rest of the system. The next stage is a boost converter that 
boosts the DC voltage to a higher value as required by the receiver stage. For boost ratios less than 1.5, 
switching losses are less in Z source converters as compared to conventional converters [12]. Hence the use of Z 
source network can also be employed. The inverter stage consists of a full-bridge switching network that 
converts the DC waveform into a high frequency square wave. The frequency chosen is high to increase 
efficiency and decrease losses in the transmitter stage.This stage converts the High Frequency Square wave 
output of the inverter stage to High Frequency Sine wave using passive components capacitors and inductors. 
The frequency is matched in both the transmitter and receiver stage to increase the efficiency of power 
transferred. The incoming AC power from the pick-up coil is converted into DC again to charge the battery. 

3. Design of a WPT System 

Nomenclature 
 

L              Inductance 
N              Number of Turns of Coil 
Din            Inner Coil Diameter 
Dout          Outer Coil Diameter 
w             Width of Conductor 
p              Pitch of Coil 
C             Capacitance 
f               Frequency 
M             Mutual Inductance 
 

Vo             Output Voltage/Secondary Coil Voltage 
P              Power 
Q             Quality Factor 
k             Coupling Factor 
Ro           Outer Radius of Coil 
Ri                  Inner Radius of Coil 
Sw                Conductor Diameter 
Io              Output Current/Secondary Coil Current 
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3.1 Inductance 

 

Fig 2: Cross-sectional view of Circular Coil 

The self-inductance of coils can be calculated using the Wheeler approximations for flat spiral coils [13]. The 
formula however is invalid in cases where the coil has few turns and when the pitch is much smaller than the 
coil diameter. In both these boundary conditions, the inductance is very low and hence not suitable for WPT 
applications. Knowing the value of inductance of a coil is important in the design of a resonant topology. The 
inductance of a single layer helical coil is given by 

L = N2 (Dout – N (w + p))2    X   39.37                                                      (1) 
           (16Dout) + 28N (w + p)      106 
3.2 Capacitance 

The capacitance of a coil depends upon the number of turns and the pitch of the coil. The relative permittivity 
and the diameter of the conductor also affects the capacitance of the coil. The value of capacitance becomes 
harder to calculate as the number of turns increases due to adjacent winding capacitance. However, the 
capacitance of the coil is small and of the order of a few pF and its effect on the design of a resonant topology is 
less. In general, the capacitance of a coil can be calculated as 

C =1/(2πf)2L                                       (2) 
3.3Mutual Inductance 

When two coils are under mutual inductance, the coupling coefficient, k, determines the strength of coupling 
between the coils. The coupling coefficient can range from 0 to 1, where 1 is perfectly coupled and 0 is no 
coupling. When k is between 0.5 and 1, the system is said to be tightly coupled.  

 

Fig 3: Mutual Inductance of Coils 

In general, the output voltage on the secondary side of the WPT system is given by  
        𝑉𝑉𝑜𝑜 = 𝑗𝑗𝜔𝜔𝑀𝑀𝐼𝐼                      (3) 

Therefore, the mutual inductance can be found by using the formula, 
    𝑀𝑀 =𝑉𝑉𝑜𝑜/𝜔𝜔𝐼𝐼                                          (4) 

The output current can be calculated by using the formula 
                                    𝐼𝐼o = 𝑉𝑉𝑜𝑜/𝑗𝑗𝜔𝜔𝐿𝐿2 = 𝑀𝑀𝐼𝐼1/𝐿𝐿2                                      (5) 

3.4 Power 

The power delivered to the receiver is the product of the formulas obtained above for the output voltage and 
current. It is given by, 

                      P = 𝜔𝜔𝐼𝐼12 𝑀𝑀2/𝐿𝐿2                                          (6) 
As can be seen, the maximum power that can be delivered is dependent largely on the mutual inductance 
between the two coils and the primary side current. The transmitted power also depends upon the operating 
frequency. Therefore, for a given coil design, power transmission can be increased by increasing the operating 
frequency or the coupling factor. The effects of these and using a larger current has been studied in the later 
sections. 
 
3.5 Frequency 
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