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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 

Squirrel-cage induction motor (SCIM) is used as generator to a great extent for micro hydropower applications due 
to their robustness, brushless construction, low cost, reliability, rare maintenance, and availability in a wide power 
range. Squirrel-cage induction generator (SCIG) normally requires excitation capacitors to build up the terminal 
voltage from residual magnetism. However, for rated and stable voltage and frequency operation, selection of an 
appropriate size of excitation capacitor is crucial. This paper presents the efficiency evaluation of an SCIG with 
different excitation capacitors to supply three-phase and single-phase resistive loads. A 1.5-kW three-phase SCIM 
was selected as the SCIG driven by a 3-kW three-phase SCIM as a prime mover. The shaft speed was controlled by 
a variable speed drive (Yaskawa A1000) with an incremental encoder for the speed feedback. Shaft torque was 
obtained from a torque sensor (TRB-2K) installed in between the two machines. Parameters of the SCIG were 
determined by DC, no-load, and locked rotor tests, then the required excitation capacitance was calculated. For 
three-phase operation star connected SCIG was excited by the capacitors in star connection to supply a three-phase 
resistive load. For the single-phase operation, the delta connected SCIG was excited with so-called C2C 
configuration. 
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1. Introduction 
 
      In most of the developing countries, one of the popular methods of rural electrification is from micro-hydro 
power generation systems (MHPGS). Such kind of MHPGS’s operate in a stand-alone mode for isolated 
communities, for which construction of high voltage transmission line is not financially and geographically practical 
and are independent of utility grid systems.  Small hydro systems are divided between a mini (less than 1000kW) 
and micro (less the 100kW) systems with respect to the power generation capacity [1]. In MHPGS, the kinetic 
energy from the water stream directed by penstock rotates the turbine connected to the generator to convert the shaft 
power into useful electrical energy. 
   Consequently, Squirrel-cage Induction Motor (SCIM) is the subject of this research. The primary reasons for 
supporting induction generator for wind and hydropower generation are its robustness and brushless construction. 
Other main reasons are its low cost, reliability, rare maintenance, no separate DC excitation and availability in a 
wide range, from a few kilowatts to a few megawatts [2]. Another unique property of the induction machine is that 
unlike synchronous machine, induction machine operates at variable speed. However, poor voltage and frequency 
regulations and low power factors are the drawbacks of induction generator. The major reasons of variable voltage 
and frequency are the variable rotor speed, value of the electrical load and the size of excitation capacitors. The 
selection of an appropriate size of excitation capacitance is an important part of the design for stable and constant 
output voltage and frequency. However, research studies are still in progress in order to resolve the lack of 
regulations of dynamic voltage and frequency of the self-excited induction generator (SEIG) system.  
      In this paper, three-phase induction generator (IG) supplies power for both three-phase and single-phase loads. 
However, single-phase IG can be used under SEIG system but arrangement and selection of excitation capacitors 
tends to make the system complex. Furthermore, three-phase induction motor (IM) is cheaper as compared to a 
single-phase IM [3]. In addition, to achieve a balanced system for higher efficiency in single-phase C2C SEIG, it is 
vital to assure the correct direction of the rotation of the machine associating to the phases to which C and 2C 
capacitors are connected. It is feasible to find out the right direction of rotor rotation from the machine windings. 
However, it is possible to have an incorrect rotation, if the windings are labelled wrongly. Therefore, it is possible to 
make sure that the phase is balanced by measuring the balanced power output or balanced phase current for each 
phase [4, 2, 3, 5]. Hence, the main objective of this study is to evaluate the efficiency of the three-phase and single-
phase C2C SEIG system under balanced condition. 
 
2. Experimental Setup and Methodology  

 
      A 1.5/2 kW/HP, three-phase, 230/380 V, 6.4/3.7 A, 50/60 Hz and 1430 RPM squirrel-cage induction generator 
(SCIG) driven by a 3/4 kW/HP, three-phase, 230/380 V, 11.6/6.7 A, 50/60 Hz IM as prime mover.  
A Yaskawa AC drive is used to vary the speed of prime mover to emulate the turbine of the hydropower system. 
The shaft speed from incremental encoder type speed sensor is given to the AC drive for closed loop speed control. 
The speed of the motor is adjusted around the rated speed to study the effect of the turbine speed variations. The 
input mechanical power is calculated from the torque measured by the torque sensor installed in between the two 
machines. The performance of the three phase and single phase C2C system is studied for various excitation 
capacitors under various load conditions. Equation 1 is used to calculate the efficiency of the system. 
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2.1. Three-phase SEIG from three-phase IG and magnetization curve  

      The three-phase SCIG with the star connection was excited by connecting the capacitors to supply three-phase 
resistive load at 380 V as shown in the Fig. 1(a). Magnetization curve shown in Fig. 1(b) reveals the operation of the 
IG, which is obtained from the no-load test of the machine. During the no-load test, the reactive power consumed by 
the machine is used to calculate the excitation capacitor as this is the approximate reactive power required by the 
generator from the capacitor bank at full load condition. Induction generator depends on residual magnetism for 
self-excitation. This magnetism in the iron core generates a small voltage, which causes a capacitive current flow, 
also called delay current. Then the terminal voltage will be gradually developed. This cycle of mutual (current and 
voltage) improvement is repeated until the iron core is saturated [6, 7]. 
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Fig. 1. Three-phase SEIG (a) experimental setup; (b) magnetizing curve of the induction generator[3]. 

 
2.2. Single-phase C2C SEIG from three-phase IG  

      For the 220 V single-phase load, the SCIG with the delta connection was excited with so-called C2C 
configuration. Following the single-phase C2C configuration, it is essential to determine the correct size of the 
capacitors (C1 and C2 = 2C1) in order to fulfil the required reactive power to achieve successfully balanced 
excitation. Equation (2) is keenly important which correlates the output power of the generator and the required 
excitation capacitor, C1. 

ω1C2
gV3loadigVgenP  (2) 
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Fig. 2. Single-phase C2C SEIG (a) experimental setup; (b) schematic with phasor diagram. 
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