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Abstract

In this paper, an extended model of induction machine is developed to provide a simple 

method for power ow analysis of Induction Generator (IG) for application as Distributed 

Generation (DG) in distribution network. The power ow analysis allows for ease of 

computation of the reactive power requirement of the induction generator for subsequent 

compensation using static compensator devices (shunt capacitors) to relieve the network 

of unnecessary reactive power demand from IG. The power ow analysis algorithm is 

combined with AC power ow algorithm (PFA) and particle swarm optimization (PSO) 

for IG integration in distribution network. The objective is to minimize network power 

loss. The PFA computes the objective function while the PSO is employed as a global 

optimizer to nd the global optimal solution. The shunt capacitor locally provides the 

reactive power required by IG. The results of the algorithm, when tested on a standard 33-

bus distribution network, show substantial reduction in power loss and overall 

improvement in network voltage prole.
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Background to the Study

Wind driven Induction Generators (IGs) are becoming common sources of Distributed 

Generation (DG) in distribution systems. This IG-based DG supplies real power and in 

turn absorbs reactive power from the system. It is therefore necessary to properly model 

this source for effective integration into the distribution network. An IG is, in principle, an 

induction motor with torque applied to the shaft, although there may be some 

modications made to the machine design to optimize its performance as a generator [1].

 IGs are extensively used in many applications due to their simple construction and the 

ease of their operation. They are more appropriate for some renewable energy 

applications than synchronous generators because of their lower cost and higher 

reliability [2]. Several studies have been conducted on the integration of IG-DG in 

distribution networks. In [3] an analytical technique for optimal placement of wind 

turbine –based DG in primary distribution systems with the objective of real power loss 

reduction is presented. The characteristics of wind turbine generation are represented by 

an analytical expression that is used to solve the DG sizing and placement problem. A 

PSO-based technique for optimal placement of wind generation in distribution networks 

is presented [4]. Optimal multiple DG placement using adaptive weight PSO is presented 

in [5]. Generators of type producing real power at a rate proportional to consuming 

reactive power from the system are also considered. However, in [3-5], the reactive power 

compensation of the IG was not considered. The source of reactive power for IG is the main 

grid. The result of which is low power loss reduction and voltage prole improvement for 

the network. It is normally required that the IG is provided with var compensator (e.g. 

shunt capacitor) at their point of common coupling (PCC) to provide up to 95% of the 

required  compensation. 

To address this issue, this paper presents a technique for steady state and power ow 

analysis of IG. This technique employed the sequence equivalent circuit based on phase 

frame analysis using matrix equations [6], to compute the reactive power required by IG. 

The proposed algorithm is combined with AC power ow algorithm (PFA) and PSO for 

simultaneous integration of IG-DG.The proposed IG algorithm is used to iteratively nd 

the required slip that will force the real part of the computed complex output power of the 

generator to be within some small tolerance of the specied output power. The AC PFA 

software is used to compute the objective function while the PSO is employed as a global 

optimizer to nd the global optimal solution. The shunt capacitor is used to provide the 

reactive power requirement of the IG locally. The imaginary part of the complex power 

obtained from proposed IG algorithm solution is the required reactive power of IG. The 

appropriate size of shunt compensation capacitor (SCC) to be located at the IG location is 

thus, based on this value. The proposed algorithm is found to be effective for simultaneous 

integration of IG and shunt capacitor when tested on 33-bus benchmarking network. The 

results show substantial reduction in power loss and overall improvement in the network 

voltage prole due to network decongestion, with the shunt capacitor providing above 

95% compensation. 
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Modelling of IG and Problem Formulation

In principle, IG can be simply seen as an induction machine with torque applied to the 

shaft. The extended model of induction machine as generator for power ow analysis and 

for subsequent network integration is presented in this paper. This involves the steady 

state and power ow analysis of IG based on phase frame analysis using matrix equations. 

The developed model based on general mathematical expressions (see Appendix 

'A'fordetail derivations)for the phase frame analysis of induction machine is presented in 

this section. The method used to compute the required slip and the objective function 

formulation of this study is also presented. 

Induction Machine Model 

The sequence line-to-neutral equivalent circuit of a three-phase induction machine is 

shown in Fig. 1.

Fig. 1: Sequence equivalent circuit

This circuit applies to both the positive and negative sequence networks. The value of the 

load resistance (RL) for each sequence is given by [6]:

      (1)

The positive sequence slip is given as:

      (2)

Where;		 	 	 	 	 	

n is the synchronous speed	 	 	 	s 

n is the rotor speedr 

While, the Negative sequence slip is given as below:

   

      (3)

The input sequence impedances for the positive and negative sequence networks are 

determined from Fig. 2 as:

      (4)

 

Vm

+

-

Vs

Rs jXs

Ym

jXr Rr

Is Ir

Vr RL

+

-

+

-

)(

))((

iiii

iiii
iii

XrXmjRLRr

jXrRLRrjXm
jXsRsZM






Extended Model of Induction Machine as Generator for Application in Optimal Induction... | pp. 65 - 77

I. Musa, et al Page | 67



Where;

i = 1 for positive sequence	 	 	 	 	

i = 2 for negative sequence

The input sequence admittances for the positive and negative are given by:

     (5)

The input phase complex powers and total three-phase input complex power can be 

computed from equation (26) - (29) see appendix 'A'.

The above machine model is extended for use in IG with the value of slip been negative. 

This means that the generator will be driven at speeds higher than the synchronous speed. 

The generator is modeled with the equivalent admittance matrix (16)appendix 'A'. The 

power ow analysis of IG presented in appendix 'A' is implemented in MATLAB and 

interfaced with MATPOWER AC power ow algorithm and PSO.

	

Computation of Slip

In DG placement problem, the discrete variable representing the DG sizes are the output 

power of the IGs. The slip values for the IGs are not known. The goal here is to literatively 

nd the value of slip that will force the real of the complex output power to be computed 

for the generator using (1) – (29) appendix 'A' to be within some small tolerance of the 

specied output power. In this study a tolerance value of 0.001 is used[6]. 

The procedure is presented in the implementation ow chart of Fig. 2 and summarized 

below;

Step 1: assume initial values of the positive sequence slip and change in slip

Step 2: obtained the new value of the slip and compute the input shunt admittance 

matrix (16) appendix 'A’

Step 3: from line-to-line voltages compute the stator currents, equivalent line-to neutral 

voltages and the output complex power (3-phase)

Step 4: compute the error as, Error=P - Pspeecied computed

Step 5: If the error is negative, increase slip else reduce slip

Step6: repeat steps 2 to 5 and check for convergence 

Step 7: if convergence is achieved, return the computed complex power

Step 8: the imaginary part of the computed complex power represents the reactive 

power required by induction generator. 

i
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Fig. 2: Flowchart for the calculation of induction generator reactive power requirement

Objective Function Formulation

The goal is to minimize the system network power losses by simultaneously integrating 

an optimal size IG-based DG and shunt capacitor at optimal locations. Connection of an 

IG- DG unit to a bus is modeled as a negative P and positive Q load. The objective function 

is computed using MATPOWER AC power ow [7].

The objective function to be optimized can be written as [8]:

Minimize      (6)

where L is the total number of branches, P is the total real power loss in the network, Loss is L k

the power loss at branch k, is the active power ow injected into line l from bus I and

is the active power ow injected into line l from bus j. Equations (7), (8) and (9) show 

power, voltage and line current constraints, respectively. 

           (7)
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max

ijij II      (9)

Where P is the real power generation at bus i and P  is the real power demand at bus Gi  Di

I.  , are the lnlower and upper bounds on the voltage magnitude at bus i.I  is the ij

current between buses i and j and     is the maximum allowable line current ow in 

branch ij.

Particle Swarm Optimization

PSO is a population based stochastic optimization technique based on the behaviour of 

swarms. This algorithm has been successfully applied to solve various nonlinear 

optimization problems [9]. The swarm is made up of a number of individuals (or particles) 

with positions in d dimensional space expressed as X= (x , x , x …..x ), where i is the i i1 i2 i3 id

particle number. The particles move within the search space with a velocity V= (v , v , i i1 i2

…..v ) and with memory of their previous best position, p , together with the group best id best

position g until an optimal or near optimal solution is reached. The velocity and position best
thof each particle i at the k  iteration are given by:

       (10)

       (11)

k
where rand  rand are uniform random numbers between 0 and 1, v  is the current velocity 1, 2 

of a particle at iteration k and X  is the current position of particle i at iteration k.pbest  is the id i

previous best position of individual i and gbest  is the global best of the group at iteration k. k

c  and c  are weighting functions that pull each particle towards pbest and gbest. w  is an 1 2 k

inertia weight factor that controls the movement in the search space by dynamically 

adjusting the velocity and can be computed as:

       (12)

Where, w  and w  are the minimum and maximum weights respectively, and k, k are min ma x max  

the current and maximum allowable iteration numbers. The particle velocity and position 

are conned within the interval     and    respectively.

In this study, the solution vector Xin d dimensional space can be expressed as
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Fig. 3: PSO Algorithm Implementation Flow Chart

This study is a four dimensional search space problem and the solution vector is formed as 

x x  x and x , where x  and x  are the DG locations and sizes (output) while x , x  represent 1, 2, 3 4 1 2 3 4

the DG reactive power demand and shunt compensation capacitor. The variables x  and x  2 4

are continuous variables. Due to the discrete nature of the practical IG-based DG and the 

shunt capacitors used in this study, a discrete variables constraint [10] is applied to the 

variables x  and x  These continuous variables are constrained to discrete unevenly spaced 3 4.

variables, using a pre-dened nite search list representing practical IG DG sizes in 

megawatts. The following PSO parameters are used in this study: w= 0.7, c  = c = 1.47 with 1 2 

a population size of 20. The PSO algorithm implementation ow chart is shown in Fig. 3  

Test Cases and Simulation Results

The proposed algorithm is tested on a 12.66kV 33-bus primary radial distribution network 

(RDN) the feeder is shown in Fig 4. The total substation load is 3.72MW and 2.3MVar, with 

system data as given in [11]. The base case power loss and reactive power loss in the system 

are 0.2112MW and 0.1432Mvar respectively. 

The test data for the set of IGs used in this study are extracted from [2] and [12] and their 

summaries are presented in the Tables V and VI (Appendix B). They are data (constants 

parameters) available from the manufacturers of induction machine or those obtained 

from the results of studies on parameter estimation of IGs as in [2]. 
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Fig. 4: Single line diagram for 33 buses radial distribution test system [11]

Two cases are considered in this study based on 100% load demand on the feeder network 

i.e. the total real and reactive loads given in Table I. The rst case considered in this study 

involves the integration of single IG distributed generator without shunt compensation 

capacitor. The second involves the simultaneous integration of a single generator and a 

xed shunt compensation capacitor. The capacitor size was set to vary between 150kVAr 

and 4050kVAr with a step size increment of 100kVAr [13]. All the cases are considered 

with respect to minimizing the total network real power loss. 

Table 1: Summary of Results Base Case (No Generation)

Test Case I and II

The rst case involves the integration of single IG distributed generator without shunt 

compensation capacitor. Results of the optimization process using PSO for this case are 

presented in Table II. The generator injects 2.0 MW and consumed 0.7607MVAr at bus 6. 

The second case involves the simultaneous integration of a single generator and a xed 

shunt compensation capacitor. Results of the optimization process using PSO for this case 

are also shown in Table II. The generator injects 2.3 MW, consumed 2.2396MVAr and 

compensated with shunt capacitor of 2.15MVAr at bus 6. The voltage prole of the 

network for both cases is shown in Fig. 5. The percentage MW and MVAr loss reductions 

considering both cases are shown in Fig. 6. The voltage prole of the original test network 

clearly shows that, nodal voltages are an issue under this normal loading condition.

 33- Bus RDN 

 lossMW  0.2112 MW 

 lossMVAr  0.1432 MVAr 

Min bus voltage 0.9038 pu 

Max bus voltage 1.000 pu 

 MWload  3.72 MW 

 MVArload  2.30 MVAr 
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Table 2: PSO  Results; 33-Bus RDN (Case i and ii)

Fig. 5: Voltage Prole for Single Optimal IG DG size at Optimal Location

It is evident from that the best loss reduction and voltage prole improvement is obtained 

with the connection of single DG and shunt capacitor of optimum sizes located at optimum 

locations (test case II). The shunt capacitor provided 96% compensation for the IG DG 

locally. This resulted in the relieved of the network and allowing for additional 

penetration of 0.3MW when compared with case I.

 One DG without shunt capacitor 

(Case I) 

One DG with shunt capacitor  

(Case II) 

Optimum bus 

location 

6 6 

MWs 

generated 

2. 0 MW 2.3 MW 

MVArs 

consumed 

0.7607MVAr 1.2006MVAr 

Shunt 

capacitor VAr 

- 1.15 MVAr 

 lossMW  0.1634 MW 0.117 MW 

 lossMVAr  0.1143MVAr 0.0852MVAr 

Min bus 

voltage 

0.9264 pu 0.9373 pu 

Max bus 

voltage 

1.000 pu 1.000 pu 

% power loss 

reduction 

22.62 % 44.57 %  

% 

compensation 

0% 95.8% 
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Fig. 6: Reduction in power losses: single optimal IG DG without &with shunt capacitor 

size at optimal location

The result of the power ow analysis of IG for the optimal IG DGs is presented in Table III. 

The variation of the slip at different iterations value for the optimal IG DGs is shown in 

Figs. 7 and 8. The positive sequence values correspond to the rated slip values for the 

optimal Dgs.  

Table 3: IG Algorithm  Results; Optimal DG Size 33-Bus RDN (Case i and ii)

The results presented in Table II differ slightly from those presented in [4] in which DG 

size was considered as a continuous variable. In this paper, the PSO algorithm uses a pre-

dened list of practical induction generator sizes (see appendix 'B') to dene the discrete 

DG size variable. The discrete step sizes are unevenly spaced. A comparison of the results 

obtained from the two algorithms (case 1) is as shown in Table IV. The foregoing 

discussions of the results have shown that the proposed technique is an effective tool for 

the integration of IG based DG.

 Complex power & Slips 

(Case I: without SCC)
 

Complex power & Slips 

(Case II: with SCC)

MW Computed
 

2.0 MW
 

2.30 MW

MVAr

 

0.7607 MVAr

 

1.2006 MVAr

Positive 

sequence slip

 

-0.0010

 

-0.0080

 
Negative 

sequence slip

2.0010

 

2.0080

 No of iterations 32 28

Extended Model of Induction Machine as Generator for Application in Optimal Induction... | pp. 65 - 77

I. Musa, et al Page | 74



Fig. 7: Slip versus Iterations of single optimal IG DG of output 2.0 MW

Fig. 8: Slip versus Iterations for single optimal IG DG of output 2.3 MW

Table 4: Comparison of PSO Results with those of [4]; Optimal DG Size 33-Bus RDN 

(case I )
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Proposed 

Technique

Bus 
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12

 

12

 

6

DG size 

MW

 

2.18

 

1.52

 

2

MVAr 

Consumed

0.691

 

0.592 0.7607

Power loss 

reduction

26.40% 22.61% 22.62%
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Conclusion

An extended model for a three phase induction machine as generator has been used in this 

study to demonstrate its application to induction generator integration in radial 

distribution network. The algorithm developed from MATLAB programming 

environment was interfaced with MATPOWER AC power ow and PSO algorithm for the 

integration of induction generator based distributed generation. The study unlike most 

previous studies has considered the simultaneous integration of IG DG and shunt 

compensation capacitor. The shunt compensation capacitor locally provided the reactive 

power requirement of the IG .Thus, resulting in the relieve of the network from 

unnecessary reactive power demand from the IG, improved network power loss 

reduction and voltage prole when compared with previous studies. Due to the unevenly 

spaced discrete nature of the variable representing the IG DG and the evenly step size of 

the shunt capacitors used in this study, a discrete constrained was implemented with the 

PSO algorithm to effectively handle the variables. The proposed algorithm was tested on a 

standard 33-bus benchmarking medium voltage radial distribution network. The results 

are obtained under 100% of normal feeder demand with two cases considered. In all cases, 

the proposed technique was found to be effective in solving the optimization. The best loss 

reduction and enhanced voltage prole is obtained with single optimally sized and 

located generators and shunt compensation capacitor. In addition, the use of extended 

model gives a realistic reactive power requirement of the IG thus, avoiding 

overestimation or underestimation of the technical benets of IG integration in 

distribution network.
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