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Abstract: The increased level of penetration of wind generators into modern power system has significant effect on network 
operation. The time varying nature of wind speed has significant effect on performance of wind generator, therefore efficient 
mechanism for stabilizing the output of the wind generator is very much needed. Self-excited induction generators (SEIG) already 
existing in the network are sensitive to wind speeds. In this paper, a new method for voltage control of SEIG utilizing reactive power 
enhancing capabilities of doubly-fed induction generator (DFIG) is simulated and its effect on the network is analyzed for varying 
wind speeds. The choice of placing DFIG adjacent to SEIG or at another bus is also addressed in this paper with simulation results. 
The results show that this method of utilizing the reactive power capabilities of DFIG enhances voltage stability of SEIG as well as 
system stability. 
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1. Introduction  

The injection of wind turbine generating unit 
(WTGU) into passive distribution networks has 
become a common practice in recent times. The 
variable nature of wind shows a significant effect on 
generator behaviour as well as connected load, which 
is to be thoroughly examined before integration. The 
injection of WTGU model in load flow analysis has 
been studied in numerous works [1, 2]. Since the level 
of WTGU penetration into distribution system is 
increasing day by day, the model of asynchronous 
machine is still of interest if we can assess reactive 
power output accurately. In many of the cases, 
generator models are considered assuming that 
generator output power matches with machine rated 
power, which is not achieved practically. Many 
models like P-X model are proposed to handle this 
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issue [3]. Detailed analyses of different WTGU 
models are discussed in Refs. [4-6]. Eminoglu et al. [7] 
introduced a novel non iterative method of incorporating 
wind turbine into distribution system with some 
simplifications. Butler [8] introduced a 3-  load flow 
for shipboard power systems handling multiple 
sources. The work done in the above literature 
concentrated on incorporating DG into load flow with 
an assumption of constant output power at rated 
voltage. Since the input parameter wind is variable in 
nature, it has significant effect on the generator 
characteristics and hence on the system into which it 
is injected. Only few attempts [9, 10] are made to 
study the effect of scenarios like under excitation of 
the generator, reactive power handling capabilities of 
WTGU and their effect on the integrated system. 

In DFIG system, the generator can be used to 
deliver or expend reactive power through 
magnetization provided by the rotor-side converter 
[11]. Clearly, this could further enhance the effect on 
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power system stability due to increased level of wind 
generators penetration, moreover, if this could be 
possible without extra cost. However limited efforts 
were made to study the impact of reactive power 
control mode of DFIG on the power system. DFIGs 
are getting to be more generally utilized because of 
their progressed reactive power and voltage control 
capacity. DFIGs make utilization of power electronic 
converters and are, in this way, ready to regulate their 
own reactive power keeping in mind the end goal to 
work at a given power factor and to control the grid 
voltage [12]. On the other hand SEIG which already 
exists in network does not have this nature of self 
regulating both voltage and reactive power during 
varying wind speeds and fault conditions. This is 
because, voltage build up of machine depends upon 
value of capacitance connected across stator terminals 
which supplies necessary reactive power for the 
machine to self-excite. The value of capacitance to be 
connected depends upon generator speed which varies 
during wind speed and fault conditions. At a point 
when voltage control necessity is beyond the ability of 
SEIG, voltage stability of a grid will be influenced. 
Many methods are proposed in this context for voltage 
control of SEIG, but each method has its own pros and 
cons. The proposed methods are discussed in detail 
and compared in Ref. [13]. A DFIG installed into a 
network having SEIG can supply the reactive power 
requirement of SEIG retaining its generating 
capability and also increases system stability. 

The investigation with DFIG in distribution system 
application in this context of reactive power control 
mode has no enough significance in literature. In this 
paper an attempt is made to study issues like influence 
of under-excited SEIG on network and reactive power 
handling capabilities of DFIG when added to network. 
For this a new methodology of resenting DFIG in 
terms of its equivalent capacitance is proposed to 
study the reactive power handling capabilities of 
DFIG and its ability to stabilize SEIG, thereby 
improving the network stability. 

The outcomes of the paper can be summarized as 
follows: 

(1) Power flow model (PQ-Model) for SEIG and 
DFIG are developed. 

(2) Enhancing the low voltage ride through 
capability of SEIG already existing in the network with 
adjacent DFIG. 

(3) Reactive power flow model of DFIG is 
developed to study its capabilities and effect on the 
distribution system. 

(4) Cost effective solution for voltage control of 
distribution system without additional equipment. 

The rest of the paper is organized as follows: 
Section 3 describes power flow modeling of SEIG, 
DFIG and reactive power control mode of DFIG; 
Section 4 presents optimal location of DG units for 
minimum power loss and minimum voltage deviation 
using genetic algorithm; Section 5 addresses the effect 
of SEIG and DFIG on power system during varying 
wind speeds; Section 6 explains the effect of reactive 
power control mode of DFIG on bus voltage and 
power loss of the network along with under excited 
SEIG; Section 7 gives the conclusions. 

2. Modeling of WTGU for Power flow 
Analysis 

In this paper two types of generators with different 
performance characteristics are considered. One is the 
SEIG which is sensitive to varying wind speeds and 
draw reactive power, other is DFIG which can 
withstand variation in wind speed and has the ability 
to produce reactive power. The power flow models of 
these two generators are discussed below. 

2.1 Self-Excited Induction Generator 

When a capacitor bank is connected across stator 
terminals of induction machine driven by a prime 
mover, say wind turbine, it acts as a generator. From 
literature it is observed that voltage build up is very 
much depending upon magnetizing reactance and 
excitation capacitance connected across the machine, 
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which is decided by the value of generator speed and 
load resistance [14]. So, minimum capacitance 
requirement of SEIG for different wind speeds is to be 
calculated for analysing power flow characteristics. 
The load is kept at 1 p.u (full load), as the generator is 
made to operate at full load in most of the conditions. 
The minimum capacitance requirement for a given 
wind speed is calculated by following equations: 
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In this section the point of interest is to study the 
nature of voltage build up in SEIG when the wind 
speed is varying. So, capacitor value is fixed which is 
equal to capacitance required during rated speed. The 
minimum capacitance requirement per-phase at 
different generator speeds is shown in Table 1. 

From results it is observed that as generator speed 
increases capacitance value required for generator to 

self-excite decreases. As long as reactive power 
requirement of SEIG is satisfied it generates power at 
rated voltage or else the SEIG falls into under excited 
region and fails to build voltage. The corresponding 
active and reactive power output of the generator is 
calculated using Eqs. (6) and (7) respectively. 
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In actual scenario, the value of capacitor bank 
connected across SEIG is fixed. So, reactive power 
should be supplied externally for the machine to reach 
its voltage build up requiremnts. In this paper a new 
method of suppling reactive power from DFIG for 
voltage control of SEIG is proposed and its effect on 
the network is analysed in following sections. For a 
fixed excitation capacitance value, the performance 
charecterstics of SEIG at different wind speeds are 
presented in Table 2. 

 

Table 1  Capacitance requirement of SEIG for different generator speeds. 
Wind speed 
(m/s) 

Generator speed 
(rads/s) 

Minimum capacitance 
(μF) 

12 157.5 68 
10 133 83 
9.5 125 90 
9 117 98 
8 102 106 
 

Table 2  Performance of SEIG at different wind speeds. 

Wind 
(m/s) 

Generator 
speed 
(rad/s) 

Speed 
(p.u) 

Vt 
kV (per phase) 

Excitation 
capacitance 
(p.u) 

Pe 
(MW) 

Qe 
(kVAr) 

12 157.5 0.9 1.36 1.0 0.65 23 
10 133 0.85 1.00 1.0 0.27 3 
9.5 125 0.8 Voltage collapse 1.0 -- -- 
9 117 0.75 Voltage collapse 1.0 -- -- 
8 102 0.7 Voltage collapse 1.0 -- -- 
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The generator speeds presented in Table 2 are the 
steady state generator speeds and it varies during the 
transient state (period before satisfying the reactive 
power requirement of SEIG). From the results it is 
observed that with fixed capacitance and reducing 
wind speed, generator fails to excite when wind speed 
is below 10 m/s and leads to voltage collapse. In 
addition, at under excitation the generator acts as a 
reactive load on bus to which it is connected and tries 
to draw reactive power from the network. 

2.2 Doubly Fed Induction Generator 

The model of DFIG used in this paper is steady 
state model [15, 16] which is independent of d-q 
reference frame. It reduces the complexity in drawing 
the characteristics of DFIG and this model resembles 
the exact behaviour of DFIG. The two inputs required 
for the model are stator voltage and wind speed. The 
rotor voltage, stator and rotor power equations are 
given in Eqs. (8)-(16). Solving Eqs. (8) to (10) gives 
the value of Vr, Is and Ir. Placing the values of stator 
and rotor currents and voltages in Eqs. (11) to (16) we 
can obtain the performance characteristics of DFIG at 
different wind speeds. 

rrmssmssss IjXIXXjRV φφψ ∠−∠++=∠ ))((     (8) 
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The relation between stator and rotor voltage is 
given by: 

      (10) 

The real and reactive power output of the grid side 
VSC reaching the point of common coupling (PCC) is 
given by: 
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The real and reactive powers of the induction 
generator are given from the following equations: 

))(( *
sss IVrealP =         (13) 
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The total active and reactive power output of DFIG 
is 

rse PPP +=             (15) 

rse QQQ +=             (16) 

From the above equations total power output and 
rotor voltage of DFIG obtained for different wind 
speeds are presented in Table 3. 

From Table 3, it is observed that, unlike SEIG, 
DFIG generates power even at wind speed of 8 m/s. 
This is achieved by controlling the frequency of 
voltage and power injected from rotor side. The power 
factor obtained at different wind speeds is close to 
0.99. This shows that model developed is constant 
power factor model which can be easily injected into 
power flow studies. 

2.3 Method for Voltage Control of SEIG 

In DFIG, presence of back to back converter 
configuration makes it capable of controlling reactive 
power output. From literature it is clear that reactive 
power output of DFIG depends on rotor side converter 
current limit. Since power electronic converters used 
for power control are capable of withstanding currents 
up to 150% of rated value [11], the reference of rotor 
side converter current is changed depending on 
reactive power requirement. To achieve this 
analytically a new term “K” is introduced in the 
performance equations of DFIG. The value of Ir in Eqs. 
(9) and (10) is replaced by new term Ir,new as given in 
Eq. (17). The value of “K” is changed in incremental 
steps of 0.05 between 1.0 and 1.5 until reactive power 
output matches with reactive power requirement of 
SEIG. The value of reactive power is converted into the 

s
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Table 3  Performance of DFIG at different Wind speeds. 

Wind speed (m/s) Generator speed (rads/s) Pe (MW) Qe (kVAr) 
8 102 -0.22 9.03 
9 117 -0.26 10.2 
9.5 125 -0.31 13.4 
10 133 -0.34 -19.3 
12 157.5 -0.64 -23.9 
14 188 -1.07 -18.4 
16 212 -1.5 -69.53 
 

 
Fig 1  Flow Chart for reactive power control mode of DFIG. 
 

equivalent capacitance using Eq. (18). Ir,new, which 
resembles the reference value of rotor side converter 
current, is varied until equivalent capacitance value 
matches the required capacitance. The maximum 
reactive power output (Qmax) of rotor side converter is 
limited by Eq. (19). The algorithm for deriving 
equivalent capacitance of DFIG is explained in Fig. 1. 
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)(/ 2
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The value of equivalent capacitance of DFIG 

obtained is added to the fixed capacitance value 
connected across SEIG. The value obtained in Table 4 
is added to fixed excitation capacitance of 68 μF. The 
value obtained at different speeds is equal to minimum 
capacitance value required for self excitation given in 
Table 1. This shows the validation of proposed model 
and SEIG generates power at rated voltage. 

The results show that by increasing current limit of 
rotor side converter, reactive power produced increases 
and hence enhances the capabilities of DFIG. As wind 
speed reduces, rotor side converter is made to draw 
current from the utility grid and injects more reactive 
currents on stator side and thus equivalent capacitance 
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Table 4  Equivalent capacitance of DFIG during reactive power control mode at different wind speeds. 

Wind speed 
(m/s) 

Generator speed 
(rad/s) 

Rotor side converter 
current 

Equivalent capacitance 
(per phase) 
(μF) 

Capacitance 
(p.u) 

12 157.5 Ir,new = Ir, 10.2 0.15 
10 133 Ir,new = Ir 15.5 0.23 
9.5 125 Ir,new = 1.24Ir 22.56 0.32 
9 117 Ir,new = 1.45Ir 30.3 0.43 
8 102 Ir,new = 1.48Ir 37.4 0.55 
 

value increases. 

3. Optimal Location of WTGU 

The planning of power system in the presence of 
WTGU is very important and it depends on technology 
being used, number and capacity of units and more 
importantly location of the unit. In this paper, the test 
system considered for analysis of proposed method is 
IEEE 33 bus radial distribution system [4] given in Fig. 
2. 

The integration of wind turbine (WT) has influence 
on system voltage profile, power loss and stability   
of the system which is to be carefully evaluated [17]. 
The allocation of WT in inappropriate locations can 
lead to effect opposite to the desired. Many methods 
are proposed for optimal location of distributed 
generators [17-19] in distribution system. Before 
location the size of WTGU is taken as 1.5 MW each 
and wind speed of 8-14 m/s is considered in this work 
and required parameters of WTGU are given in 
Appendix. In this paper, genetic approach is used to 
find optimal location of the WT. Since the size of WT 
is considered as 1.5 MW in the analysis, the fitness 
function is to be derived for optimal location of wind 
turbines. The fitness function is selected to reduce 
power loss and cumulative voltage deviation. The 
fitness function for optimal location of WT is 
determined as: 

CVDWQWPWF vlqlp *** ++=     
(20) 

The active and reactive power losses are obtained 
from load flow program. Because of limited use of 
matrix operations, the forward and backward sweep 

method is selected for load flow in this paper. 
Convergence occurs when calculated source voltage in 
the backward sweep corresponds to specified source 
voltage. The cumulative voltage deviation resembles 
the deviation of bus voltage from specified (1 p.u) 
value is given by Eq. (25). 

)( DGoldinewi PPP −=         (21) 

)( DGoldinewi QQQ −=       (22) 

busbusloss riP *2=           (23) 

busbusloss xiQ *2=            (24) 

∑
=

−=
n

i
iVCVD

1
)1(        (25) 

where Wp, Wq, Wv are objective function weights of 
active power loss, reactive power loss and voltage 
deviation such that: 

1=++ vqp WWW  

The selection of proper weighting values depends  
on priorities and experience of the system planner [20, 
21]. For the problem discussed in this paper, priority 
 

 
Fig. 2  IEEE-33 bus radial distribution system. 
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is given to minimum voltage deviation compared to 
active and reactive power loss. Considering the 
previous reports [20-22] more weight is given for 
minimum voltage deviation (0.55) and then for active 
power loss (0.35) and finally reactive power loss (0.1). 
The main constraints in load flow analysis are power 
loss constraint and voltage constraint given as: 

 P< P LossDG with Loss  

 Q< Q LossDG with Loss  

bus_maxbusbus_min VVV <<  

Single point binary cross over and polynomial 
mutation is adopted in this paper. Two WT generators 
are considered in this paper, one acting as SEIG and 
the other as DFIG both of 1.5 MW. Two scenarios are 
considered one of which is, when two generators are 
connected at different buses and the other is when two 
generators are connected at same bus. The results 
obtained from genetic algorithm approach for optimal 
location of generators in both scenarios are shown in 
Table 5. All the voltage values tabulated in section IV 
and V are per unit (p.u) values. 

From Table 5, the best location when generators are 
connected at different buses (scenario 1) is at 8 and 29. 
The minimum voltage obtained is 0.9612 at bus 18 
and power loss is reduced to 98.26 kW. The power 
loss and minimum voltage in the base case of the 
system is 211 kW and 0.9036 at bus 18 respectively. 
When two generators are connected at same bus 
(scenario 2), the best location obtained is bus 6. The 
minimum bus voltage obtained is 0.9561 at bus 18 and 
total power loss is 110.6 kW. Losses in scenario 2 are 
more compared to Scenario 1 because, when two 
generators are placed at same bus, the loss at this bus 

increases thereby influencing overall losses. Even 
though power loss at generator bus is high compared 
to base case, overall power loss decreases. The rest of 
the analysis is done by keeping the bus location fixed 
which is obtained from genetic algorithm. 

4. Results 

Since aim of the paper is stabilizing existing SEIG 
systems, DFIG used for voltage control can be 
installed in two ways i.e. to connect DFIG at bus other 
than SEIG bus and second is at bus in which SEIG is 
already connected. The optimal location of wind 
turbines in both scenarios is determined as given in 
the previous section. 

4.1 Scenario1 

In Scenario 1, generators are connected at bus 8 and 
29 in order to get optimal power flow solution with 
minimum power loss and maximum bus voltage. The 
SEIG is placed at bus 8 and DFIG is placed at bus 29 
as shown in Fig. 3. When wind speed reduces to the 
value of 12 m/s and the minimum bus voltage is 
0.9364 at bus 18. The voltage at bus 8 is 0.9594 and at 
bus 29 is 0.959. The total power loss is 106 kW. But 
when speed is further reduced to 8 m/s the scenario 
changes completely and SEIG starts to draw reactive 
power from the grid in order to maintain its generating 
capability as indicated in Fig. 3. 

The minimum bus voltage falls to 0.8970 which is 
less than base case because, when wind speed is less 
than the base speed reactive power is drawn (Qdrawn) 
by SEIG form grid for voltage build up . The value of 
reactive power drawn is given by Eq. (26). The value 
of Xc Required in Eq. (27) is given in Table 1. 

 

Table 5  Optimal location of DG in scenario 1 and scenario 2 from GA. 

Scenario Optimal locations 
(bus) Min voltage Min voltage bus Voltage at DG bus Power loss (kW) 

No DG -- 0.9036 18 -- 211 

Scenario 1 8 and 29 0.9612 18 0.9816, 
0.9807 98.26 

Scenario 2 6 0.9567 18 0.9878 110.6 
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Fig. 3  Reactive power flow during scenario 1 for different wind speeds. 
 

DrawnCbusdrawn XVQ /2=         (26) 

BasequiredDrawn CCC XXX −=
Re       (27) 

SEIG at bus 8 tries to draw a reactive power of 325 
kVAr which can be obtained from Eqs. (26) and (27) 
to maintain its generating capability. The voltage at 
bus 8 is 0.9272 and at bus 29 is 0.9281. The power 
loss reaches to 191.8 kW which is nearer to the base 
case as shown in Table 6. In this case the buses 7 to 
18 are highly affected and it leads to drop in entire 
system as shown in Fig. 4. In general practice SEIG is 
isolated from the system to protect it from voltage 
drop. But by proposed method, stability of the system 
can be enhanced without disconnecting SEIG as 
explained in following sections. 

4.2 Scenario 2 

For scenario 2, both wind turbines are to be 
connected at bus 6 as shown in Fig. 5. At rated wind 

speed of 14 m/s, minimum bus voltage is 0.9561 at 
bus 18. The voltage when both wind turbines are 
connected at bus 6 is 0.9876 and total power loss of 
the system is 110.6 kW. When wind speed reduces to 
12 m/s, minimum bus voltage is 0.95 at bus 18 and 
voltage at bus 6 is 0.967. 

When wind speed reduces further to 8 m/s, 
minimum bus voltage falls to 0.902, but voltage at 
wind turbines connected bus (bus 6) is 0.9485 as shown 
in Fig. 6. Though SEIG draws a reactive power of 325 
kVAr, voltage of wind turbines connected bus is close 
to specified limit because DFIG is connected adjacent 
to the SEIG which is capable of injecting active power.  

The total power loss of the system increases to 210 
kW. The power loss at bus 6 is high which causes 
increase in overall power loss given in Table 7. 

4.3 Variation of Bus Voltages during Reactive Power 
Control Mode of DFIG 

When two generators are at different buses i.e., at 8 

Reactive power flow with proposed method 
during low wind speed 
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Fig. 4  Voltage profile for different wind speeds during scenario 1. 
 

Table 6  Performance of the system during different wind speeds in scenario1. 
Wind speed 
(m/s) Min bus voltage Bus number Voltage at WT  

bus at 8 
Voltage at WT  
bus at 29 

Power loss 
(kW) 

No DG 0.9036 18 0.9381 0.9289 211 
14 0.9612 18 0.9816 0.9801 98.26 
12 0.9364 18 0.9594 0.9589 106 
8 0.8970 18 0.9327 0.9281 191.8 
 

 
Fig. 5  Reactive power flow during scenario 2 for different wind speeds. 
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Fig. 6  Voltage profile for different wind speeds during scenario 2. 
 

Table 7  Performance of the system during different wind speeds in scenario 2. 

Scenario Min voltage Bus number Voltage at DG bus (6) Power loss 
(kW) 

Without DG 0.9036 18 0.9475 211 
14 m/s 0.9561 18 0.9878 110.6 
12 m/s 0.9240 18 0.9671 133 
8 m/s 0.9020 18 0.9485 210 
 

and 29 (Scenario 1), DFIG generates necessary 
reactive power of 325 kVAr and injects this power 
into network. The SEIG at bus 8 draws the reactive 
power of 325 kVAr to generate power at rated voltage. 
The processes of injecting and absorbing of reactive 
power from different buses take place autonomously 
as shown in Fig. 3. From Fig. 7, it is observed that 
minimum voltage is 0.9101 at bus 18, but voltage at 
SEIG connected bus (bus 8) is 0.9366 and voltage at 
DFIG connected bus (bus 29) is 0.9401. The losses are 
reduced to 168 kW, which is not very less compared 
to previous case because there is a high power loss 
both at bus 8 and bus 29 during power injection and 
absorption shown in Table 8. 

When the generators are connected to the same  
bus (scenario 2), the reactive power required by the 
SEIG is supplied by the DFIG locally as indicated in 
Fig. 5. From Fig. 8, it is seen that minimum       
bus voltage is 0.9194 at bus 18 and the voltage at bus 
6 is 0.955. The power loss is reduced to 160 kW 
where as it is 204 kW in previous case. The proposed 
method in both cases works well but each case has  
its pros and cons which are discussed in detail in 
Section 6. 

The comparison of both cases is shown in Fig. 9. It 

is observed that the voltage profile improvement in 
scenario 2 is more compared to scenario 1 because the 
reactive power required by the SEIG is supplied 
locally. 

5. Effect of Scenario 1 and Scenario 2 on 
Nearest Buses 

When SEIG is absorbing reactive power from 
network it shows a significant effect on bus to which 
WT is connected as well as on the buses nearer to WT 
connected. In this paper, an attempt is made to analyze 
the effect WT integration (scenario1 and scenario 2) 
on nearest buses. During Scenario 1 when wind speed 
reduces to 8 m/s, SEIG at bus 8 starts drawing reactive 
power from network. Along with bus 8, the other 
nearest buses 9, 10 and 11 experience a significant 
voltage drop which can be seen from Table 9. In 
contrast buses 5 and 7 do not experience much effect 
though they are nearer. The bus 6 is not influenced 
much, since it is connected to a lateral as it receives 
power from the DFIG connected at bus 29. When 
proposed method is applied, buses 9, 10 and 11 are 
highly benefited as compared to buses 5, 6 and 7. The 
buses nearer to bus 29, where DFIG is connected are 
also affected as shown in Table 9. 
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Fig. 7  Comparison of bus voltages during normal mode and reactive power control mode of DFIG (Scenario 1). 
 

Table 8  Performance of the system during different wind speeds for proposed method in scenario 1 and scenario 2. 

Scenario Optimal location 
(bus) Min voltage Min voltage bus Voltage at DG bus Power loss (kW) 

No DG ------- 0.9036 18 --------- 211 

Scenario1 8.29 0.9101 18 0.9366, 
0.9401 168 

Scenario2 6 0.9150 18 0.9660 160 
 

 
Fig. 8  Comparison of bus voltages during normal mode and reactive power control mode of DFIG (Scenario 2) 
 

 
Fig. 9  Comparison of bus voltages during reactive power control mode of DFIG during scenario 1 & 2. 
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Table 9  Effect on neighbouring buses in scenario 1. 

DG name DG Bus Neighbouring Bus number Base case voltage Voltage at 8 m/s Voltage in the  
proposed mode 

SEIG 

8 5 0.9679 0.9677 0.9712 
 6 0.9495 0.9485 0.9547 
 7 0.9459 0.9436 0.9512 
 9 0.9260 0.9191 0.9344 
 10 0.9203 0.9134 0.9287 
 11 0.9194 0.9125 0.9234 

DFIG 

29 26 0.9475 0.9468 0.9534 
 27 0.9450 0.9447 0.9561 
 28 0.9335 0.9350 0.9439 
 30 0.9217 0.9254 0.9363 
 31 0.9176 0.9212 0.9322 
 32 0.9164 0.9203 0.9313 

 

Table 10  Effect on neighbouring buses in scenario 2. 

WT Bus Neighbouring Bus number Base case voltage Voltage at 8 m/s Voltage in the proposed 
mode 

6 

3 0.9829 0.9828 0.9845 
4 0.9754 0.9761 0.9780 
5 0.9679 0.9689 0.9715 
7 0.9459 0.9441 0.9524 
8 0.9323 0.9337 0.9441 
9 0.9260 0.9274 0.9410 
26 0.9475 0.9488 0.9532 
27 0.9450 0.9462 0.9506 
28 0.9335 0.9348 0.9401 

 

In the proposed method, bus 26 is highly benefited 
compared to other buses because it receives power 
from both SEIG and DFIG. In Scenario 2 when SEIG 
is acting as a reactive load, buses 3, 4 and 5 are not 
much affected. The influence is mainly on the buses 7, 
8 and 9 and voltages at these buses drop to low value 
as shown in Table 10. Since bus 6 has a lateral, the 
voltage of buses 26, 27 and 28 is also affected as 
shown in Table 10. During proposed mode of 
operation buses 5, 7, 8 and 9 are benefited much and 
voltage is within the specified limit. The voltage of 
the buses connected in lateral is also improved as 
shown in Table 10. In both scenarios it is seen that 
some bus voltages are still below the 0.95 p.u value. 
This is because the active power injected by both the 
generators is reduced due to reduction of wind speed 
and also converter rating for DFIG considered in this 
analysis is only 30% of total power rating. The bus 

voltages can be increased further by either increasing 
the number of generators or by increasing the rating of 
converters to 50% of generator rating [11]. As the 
rating of rotor side converters increases reactive 
power supplying capability of DFIG also increases [12] 
and is capable of supplying SEIG and network 
reactive power requirements. 

5.1 Results 

The injection of WT in both Scenarios has 
significant effect on network to which it is connected. 
The effect is mainly on voltage profile and power  
loss. 

5.2 Voltage Profile 

When wind speed starts reducing SEIG at bus 8 
reaches to state of voltage collapse and it tries to draw 
reactive power from network, making this a burden to 
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the system. In case of DFIG, it draws some additional 
power from network and produces active power at a 
rated voltage. This condition of reactive power load 
on network shows a negative impact on network. In 
practice when wind speed is less than cut in speed, 
SEIG is disconnected from a bus to avoid network 
voltage drop. But with method proposed, during low 
wind speeds DFIG changes its characteristics as a 
reactive source and supplies reactive power necessary 
by SEIG to encounter the voltage collapse. When 
wind is at rated value the voltage profile of the system 
is in stable region for both scenario 1 and 2. In the 
scenario 1 at wind speed of 8 m/s, buses nearer to 
SEIG bus are much affected and during proposed 
mode also buses nearer to bus 8 are highly benefited. 
There is no noticeable effect on buses nearer to DFIG 
in both the scenarios. In the scenario 2 when two 
generators are connected to same bus, during wind 
speed of 8 m/s voltage drop at WT bus is less 
compared to scenario 1 because DFIG is injecting 
active power. The effect on neighbouring bus voltages 
is also less compared to scenario1. 

5.3 Power Loss 

When a WT is injected into network at optimal 
location the power loss decreased drastically. When 
wind speed is reducing, reactive power requirement of 
SEIG makes the system unstable and increases power 
loss. In the scenario 1 at wind speed of 8 m/s when 
SEIG at bus 8 is drawing reactive power, power loss 
at this bus is very high compared to power loss at bus 
29, increasing total power loss. During reactive power 
control mode when SEIG is drawing reactive power 
and DFIG supplying the reactive power, the power 
loss is more at both buses. In the Scenario 2 power 
loss is very high when SEIG is drawing reactive 
power without compensation, but when DFIG is 
supplying reactive power requirement locally, the 
power loss is reduced to a low value compared to 
previous scenario. It is concluded that power loss is 
considerably reduced in both the scenarios 1 and 2. 

6. Conclusion 

In this paper a new approach for voltage control of 
SEIG with reactive power handling capabilities of 
DFIG is modeled and tested on standard IEEE 33 bus 
system. Two possible cases have been considered for 
location of DFIG, one of which is connecting two 
generators at different buses and the other is connecting 
two generators at same bus. The effect on the system in 
both cases is thoroughly examined in this paper and it 
is observed that, generating capability of SEIG is 
enhanced from wind speed of 12 m/s to 8 m/s. The 
results show that during normal operation at rated wind 
speed, in scenario 1 voltage profile is improved and 
power loss in the system decreases. During proposed 
method of supplying reactive VAr’s to SEIG from 
DFIG, scenario 2 shows better performance both in 
voltage profile improvement and reduction of power 
loss. From results it is observed that proposed method 
demonstrates the reactive power handling capabilities 
of DFIG effectively. The choice placing two generators 
at same bus gives satisfactory results in case of voltage 
and power loss leading to overall stability 
improvement of the system. During normal operation, 
combination of two generators successfully aids 
voltage stability and reduces power loss of the system. 
During low wind speed or fault conditions also 
coordinated control between these two generators can 
protect the system from voltage drop and aid the 
network security without any additional equipment, 
thereby reducing the operating cost. The proposed 
method can also be extended to multi-machine power 
networks considering system faults. 
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Appendix 

Induction of Machine Parameters 

The parameters of the induction machine considered given below are taken from Ref. [16]. 
 

Wound rotor induction machine stator/grid voltage VS (r·m·s·L-L) 2,400 V 
Nominal power Pn: 2,250 hp * 746 VA 1.6 MVA 
Nominal phase voltage V (Per Phase) 1,368 V 
Nominal frequency (f) 50 Hz 
Stator resistance (Rs) 0.029 Ω 
Stator inductance (Lsl) 0.226/377 H 
Rotor resistance (Rr) 0.022 Ω 
Rotor inductance (Lrl) 0.226/377 H 
Mutual inductance (Lml) 13.04/377 H 
Inertia coefficient (J) 63.87 
Pole pairs (P) 2 
Pitch angle(β) 0 degree 
Data Nominal mechanical output power (Pnom) 1.5 MW 
Base power of the electrical generator (Sb) 2,250 hp 
Base wind speed (ωbase) 14 m/s 
Max. power at base wind speed (p.u. of nominal mech. power) 0.73 
Base speed (p.u. of base generator speed) 1.2 
Excitation capacitance (each phase) (C) 68 μF 
 

The parameters in Eq. (1) are given below: 

mrmrs XXXXXL ++= )(1  

mr XXL +=2
 

ms XXL +=3  
Genetic algorithm parameters [20]: 

The weights of the fitness function Wp = 0.35, Wq = 0.1, Wv = 0.55 

Crossover method: Single point cross over 

Population size = 100 

Crossover rate: 0.9 

Mutation rate: 0.035 

The line and load data of the 33 bus radial distribution test system are taken from Ref. [4]. The total system load is 3.715 MW and 

2.3 MVAr. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


