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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 

In this paper, the 68W/20V permanent magnet synchronous generator for aircraft application is discussed at the speed of 
9000rpm. The electromagnetic and thermal analyses of the machine are carried out using the software of finite element analysis 
(FEA). Finally, the overall performance such as Electromagnetic flux, voltage, current and Temperature of the analytically 
designed machine is compared with the results obtained from simulation and hardware analysis 
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1. INTRODUCTION   
The Indian aircraft project is now called the Light Combat Aircraft (LCA) in order to create an identity 

distinct from the Light Weight Fighter concept. In the early 1980s, India, knowing well that the Mig-21s, Mig-23s, 
and a variety of other aging Russian fighters composing a vast percentage of their air power would soon grow 
obsolete, decided to produce a new fighter to replace the MiG-21 "Fishbeds" legacy. The new aircraft would be of 
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indigenous design, and its development would fall under the care of India's own Aeronautics Limited. The aircraft 
that would spawn from the program was designated the Light Combat Aircraft and it would be one of the worlds 
lightest, yet most capable dedicated multi-role aircraft of all time [1] – [2].  

In LCA, 30 – 60 kVA generator provided electrical power supply for all electrical loads. If this power 
system fails, the backup power supply supports and is called integrated generator system (IGS) providing power 
supply for emergency loads such as cabin lighting, food preparation, gunshot and cockpit, etc. This IGS consists of 3 
electrical generators, namely permanent magnet synchronous generator (PMSG), Brushless synchronous generator 
(also called Main exciter) and Synchronous generator(also called main generator)being mounted on single shaft 
which is driven by aircraft engine gear box. The basic structure of IGS is shown in Figure 1 [3].The major problem 
in aircrafts to fix in this IGS is the available space in aircraft, which is just140 mm. Also aircraft engine rotating 
speed lies between 7000 rpm and 24000 rpm. So, it does not provide any external cooling arrangements at this 
dimension for high speed operations. Due to these reasons, much heat is produced in the main generator. 

Normally, PMSG is one of the machines used in the multi stage generator system for aircraft power supply. 
The main advantage of this machine is to eliminate slip rings & brushes. Also it has the advantages of high power 
density and better heat dissipation capability. Due to its self excitation capability, high PF & efficient operation is 
possible and the machine has the capability of overloading & handling full load at a very low speed operation [4] – 
[7]. During high speed operation, the Interior Permanent Magnet Synchronous Machine (IPSM) produces high 
torque [8]. The permanent magnets are made up of Neodium-Iron-Boron (NdFeB), Samarium Cobalt (SmCo) and 
Alnico [9]. NdFeB has high remanent magnetization and Energy product. SmCo has better thermal characteristics. 
Since NdFeB is a non radioactive material, it is suitable for both civil and military applications. But its thermal 
characteristics is poor when compared to SmCo. So it is not suitable for high speed operation. 
 
  
. 

 
 
 
 
 
 
 
 
 
 
 

 
 
Fig.1 Basic Structure of IGS system 
 

The above literature does not deal with PMSG operating to a specific dimension, speed and power 
rating. This work proposes the PMSG for aircraft applications with required dimension and high speed 
operations. The simulation analysis & prototype model of 68W PMSG are presented. The organization of the 
paper is as follows: section II deals with the design & model description of the PMSG. The simulation results 
of the proposed generator are given in section III. The experimental results are presented in section IV. The 
work is concluded in section V. 
 
2. DESIGN AND MODEL DESCRIPTION OF PMSG  

The basic mathematical expressions used for PMSG is given below based on [10].  
The RMS value of the fundamental component of the phase excitation voltage in PMSG is given by  

Eph1 = 4.44 f Nph Kw1 ΦPM (1)  
Where f, Nph and Kw1 are the electrical frequency of the generator, number of winding turns per phase and the 
fundamental harmonic winding factor respectively. Also ΦPM stands for the flux per pole due to the magnet. 
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The torque developed in the machine is  

Te = 3/2p [ λ iq + ( Ld - Lq ) id iq ] (2) 
 
Where p is the number of poles, Ld and Lq are d axis and q axis inductances respectively and λ is the 
amplitude of the flux induced by the permanent magnets of the rotor in the stator phases.  

Percentage of Armature Reaction MMF is given by 
 
            (     )   

                 (3)  
Where Iph is the phase current in amps, Ntc and Ncp are the number of turns per coil and number of coils per 
pole respectively and path is the number of parallel paths.  

The state vector form of the stator voltage equation is  
Vabc = Rs Is

abc + d λs
abc /dt (4)  

Where Rs is the stator winding resistance per phase, Iabc is the stator phase current, Vabc is the stator phase 
voltage and λabc is the Flux linkage.  

Based on the reference frame theory, stator voltage  
equations in dq synchronous reference frame are  

 
Vs

d = Rs isd + dλs
d/dt –  ωe λs

d (5) 
Vs

q = Rs isq + dλs
q/dt + ωe λs

q (6)  
Where Vs

d and Vs
q are the dq axis stator voltages, i sd and isq are the dq axis stator currents, λs

d and λs
q are the 

dq axis stator Flux linkages, Rs is stator resistance and ωe is the electrical speed in rad/s.  
Flux linkage equations are  

λs
d = Ld isd + λm                 (7) 

 
 

λs
q = Lq isq (8)  

Where Ld and Lq are dq axis inductances and λm is the permanent magnet Flux linkage.  
Total mass of the machine in Kg is given by  

Mtot = Mts + Mcs + Mir + Msr + Mm + Mcon (9)  
Where Mts is Mass of the stator teeth in kg, Mcs is Mass of the stator core in kg, Mir is Mass of the rotor iron in kg, 

Msr is Mass of the rotor shaft, Mm is Mass of the magnet in kg and Mcon = Mass of the conductor in kg.  
Total loss of the machine in watts is calculated as  

Ltot   = Lcop + Lcore + Lteeth + Lfri (10)  
where Lcop isThree phase copper loss in watts, Lcore is Core loss in watts, Lteeth = Stator teeth loss in watts and Lfri is 
Frictional & windage loss in watts.  

The theoretical design of the generator is carried out by standard design equation available in [11] – [12] 
and RMxprt software tool. Based on this the theoretical design values listed in the following table 1.  
         Table 1: Design Parameters 

 Parameter Value 
   

 Rated Power, (W) 68 
   

 Rated DC Voltage, Vdc (V) 20 
   

 Phase Current, Iph (A) 3.53 
   

 Stator Outer Diameter, ods (mm) 108 
   

 Rotor Outer Diameter, odr (mm) 78.6 
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 Length of the Air gap, Lg (mm) 0.7 
   

 Speed, N (rpm) 9000 
   

 Number of Slots, S 9 
   

 Number of Poles, P 8 
   

 Power Factor 0.88 
   

 Total Losses, (W) 21.25 
   

 Temperature, (ᵒC) 30 
   

 Efficiency, (%) 85.6 
   

 
3. FINITE ELEMENT ANALYSIS OF PMSG  

Finite element analysis is an effective simulation tool for analyzing complicated structure with non-linear 
elements. Normally electromagnetic analysis of the electrical machines is carried out using finite element software 
like SPEED, FLUX, MagNet, Motor Solve, etc. These tools act as intermediator between analytical calculation and 
prototype model for the purpose of reduced cost and improved performance. In this analysis simulation work was 
carried out using MagNet software which is used to see the visual effect of flux linkage, flux density, voltage, 
current and ohmic losses. 

 
3.1 Magnetic Analysis  

Software used to solve this problem is MagNet 7. This is used to carry out electromagnetic analysis of a 
generator. MagNet software coming under Finite element analysis package and this software developed Infolytica 
Corporation. Boundary used in this problem is closed boundary, so problem formulation is based on vector potential 
with magneto dynamic computations. Also Number of nodes is 43367, Number of edges is 128595 and Number of 
faces is 101331. The FEM based 2D design of voltage on no load condition is shown in Figure.3. 

 In the preprocessor step the generator was designed based on analytical design values. After the design 
completion, machine stator and rotor core were filled with hiperco 50A(cobalt iron alloy) steel and windings were 
filled with copper material. In this problem the size of the meshes is 2 mm for entire generator includes stator and 
rotor. Also the shape of mesh is triangular, because it will give accurate result when compared to other mesh shapes. 
If the size of mesh is reduced below 2 mm, the overlap will occur between meshes and not able to get output 
properly. The calculation time of the generator can be increased by increasing number steps fixed in the software. 
The number of steps fixed to solve this problem is 10.  

The developed PMSG will provide power to the main exciter field windings and the Generator Control 
Unit (GCU) electronics. In the preprocessor step the generator was designed based on analytical design values. The 
PMSG has 9 stator slots and 8 rotor poles with concentric winding at the stator and the rotor uses the ferrite 
permanent magnets. The PMG is designed to supply a power of 68 W, 20 V DC at 9000 rpm to meet the 
requirements of the main exciter stator field. The magnets are mounted in such a way that the leakage flux is 
minimized and the working flux is maximized. Vanadium Cobalt Steel is used for stator/rotor laminations with 0.35 
mm thickness. The simulation model of the proposed generator cross sectional view of PMSG is shown in the 
Figure 2. 

In the post-processor analysis, the magnetic flux distribution of the machine is obtained and this flux 
distribution is shown at no load condition in the Figure 2. In that Figure, the flux density is uniformly distributed 
within the core of the machine. The maximum value of the flux density is 2.72 Wb/m2 at 9000 rpm and these values 
are approximately equal to the theoretical designed values. The maximum flux density is concentrated on the edges 
of the poles. From this flux plots, the leakage of flux is very less. 



	 Deepak Arumugam  et al. / Energy Procedia 117 (2017) 385–392� 389
 Deepak Arumugam, Premalatha Logamani, Santha Karuppiah, Bharathi Thangaraj  / Energy Procedia 00 (2017) 000–000   5 

Fig. 2 Cross Sectional View of PMSG and Magnetic Flux Distribution during no load  
 
The voltage waveform of the unloaded PMSG at 9000 rpm is shown in the Figure 3. From the waveform, it 

is observed that the induced voltage is sinusoidal and the maximum voltage at no load condition is 17.28 V at 9000 
rpm and this value is approximately equal to the theoretically designed values. In Figure 3, the flux linkages in all 
the 3 phases at no load condition are purely sinusoidal. The maximum value of flux linkage is 0.0037 Wb 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Voltage on no load condition at 9000rpm and Flux Linkages in All 3Phases  
As shown in Figure 4, when a machine is connected to a 3.5 Ω resistive load through a diode rectifier 

circuit, we get dc voltage and dc current. The maximum dc voltage that is obtained across the load is 20.040 V as 
shown in Figure 5. The maximum dc current that is obtained through the load is 3.5 A at 9000 rpm as shown in 
Figure 5. These values are approximately equal to the theoretical values mentioned in the design table. 
 
 
 
 
 
 
 
 
  

Fig. 4 Machine connected with Resistive load 
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Fig. 5 DC voltage and DC current during load condition at 9000rpm  
  

3.2 Thermal Analysis  
The overall thermal analysis of the machine is carried out using the ThremNet software. This analysis is used 

to evaluate the overall temperature generated and total heat flow in the machine and find out the main sources of 
heat.  

In this section, the designed machine using the MagNet software is directly implemented or coupled with the 
ThermNet software. Figure 6 shows the total heat formation of the machine at 9000 rpm and the maximum 
temperature is 27.76◦C. From the Figure 6 we conclude that the temperature is high at conductors. The total heat 
flow in the machine at 9000 rpm is shown in the Figure 6. 
 

 
Fig. 6 Temperature and Total Heat flow at 9000rpm 

 
4. Hardware Results 

 
The proto type model of the 68 W / 9 slots / 8 poles PMSG is shown in the Figure 7. It consists of induction 
generator, PMSG mechanical coupling and resistive load. Here induction generator act as prime mover rotating at 
1500 rpm and mechanical coupling provide 6:1 speed ratio. 
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Fig. 7 Prototype Model of PMSG 
 

The output voltage and current characteristics of the PMSG is shown in the Figure 8. From the waveform it 
is observed that the voltage is slightly reduces when load increases similarly current curve keeps on increasing when 
load increasing. 

Fig.8 Load voltage and Current  
The temperature of the generator is measured by temperature indicator in various parts of the 

generator. The thermal plots of the PMSG are shown in the Figure 9. These plots drawn between temperature 
VS load and temperature VS speed. It is observed that the temperature value not crosses more than 32ᵒC full 
load condition and 9000 rpm. The maximum temperature is concentrated at stator core and conductors. 

Fig.9 Temperature Plot 
 

The overall performance of PMSG is compared with simulation and hardware results and it is given 
in the following Table 2. 

 
Table 2: Performance Comparison of PMSG  

 Parameter Simulation Hardware 
    

 Voltage in V 20.040 19.7 
    

 Current in A 3.5 3.42 
    

 Temperature in ᵒC 27.28 32 
    

 
From the above table it is conclude that the performance of the PMSG is good for both simulation 

analysis and experimental validation at high speed operation with required dimension. 
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V. CONCLUSION  

 
In this paper, a 68W/20V PMSG is designed and simulated at the speed of 9000rpm for multi stage 

generator system which provides Efficient and safe operation of the Aircrafts. The Electromagnetic field 
analysis of the PMSG machine is analyzed to determine its electromagnetic flux, voltage and current using 
MagNet software. The temperature and heat flow of the machine is obtained by thermal analysis using 
ThermNet software. After the analyses, the results have shown that the overall performance of the PMSG is 
better and efficient at high speed conditions. This kind of efficient generator is most commonly used in 
Aircraft, Marine industries and fly wheel energy storage applications.  

The performance of the inverted permanent magnet synchronous generator for aircraft application will 
be studied in the future. 
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