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Abstract—This paper presents the automatic reactive power control of isolated wind–diesel hybrid power systems having a 
permanent-magnet induction generator for a wind energy conver- sion system and a synchronous generator for a diesel 
generator set. To minimize the gap between reactive power generation and demand, a variable source of reactive power is used 
such as a static synchronous compensator. The mathematical model of the system used for simulation is based on small-signal 
analysis. Three examples of the wind–diesel hybrid power system are considered with different wind power generation capacities 
to study the effect of the wind power generation on the system performance. This paper also shows the dynamic performance of 
the hybrid system with and without change in input wind power plus 1% step increase in reactive power load. 
Index Terms- Permanent-magnet induction generator (IG) (PMIG), static synchronous compensator (STATCOM), synchro- 
nous generator (SG), wind–diesel hybrid system. 

I. INTRODUCTION 
Large interconnected power systems provide power to the community at large for the optimum utilization of the available power 
sources. However, due to the non availability of sufficient funds, constraints on the right way of providing additional transmission 
lines and rapid growth in load result in unfulfilled demand, particularly in developing countries like India. Also, the gap between 
demand and supply is increasing day by day. To reduce the gap, the sources such as solar, wind, mini/micro hydro, biogas, 
etc.  have  been  introduced extensively as nonconventional energy sources that also con-tribute to environmental protection, along 
with other alternative sources. Some of the communities/areas, where grid supply is not available, have been benefited by having 
these sources as a parallel operation with existing diesel generator units [1]–[8]. At present, the bulk of the power generated from 
wind, small hydro, etc. is pumped to the grid also. These systems are known as isolated hybrid power systems. The diesel engine with 
SG ac as an isolated grid and the operation of wind turbines with IGs are in parallel to meet the demand of the isolated community 
[9], [10]. However, the performance of an IG is poor in terms of voltage regulation as it requires a magnetizing current from the 
source for excitation [9], [11], [12]. This decreases both the power factor and efficiency of the IG [13]. 
The  power  factor, voltage regulation, and  efficiency can be improved by the use of PMIG [13]. In PMIG, permanent magnets 
are incorporated in the conventional rotor of an IG. To analyze the steady-state performance of the PMIG, various models and 
their applications have been discussed in [13]– [20]. A d–q reference model for a PMIG has been described in [15]. The 
performance of the PMIG using an impedance model based on a conventional per-phase equivalent circuit with per- unit parameters 
has also been investigated in [13] and [16]. The modeling of PMIG is very important which can easily be extended for the 
multi machine systems as given in [19] and is considered in this paper. There may be balance in the generated and absorbed 
reactive power by the system having SG, IG/PMIG, and load.  

 

Fig. 1.   Single line diagram of an isolated wind–diesel hybrid power system 

The imbalance may cause severe problems in the system. Hence, a variable source of reactive power is required to eliminate 
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mismatch between the gen- eration and consumption of reactive power. Various flexible- ac-transmission-system devices, such as 
switched capacitors, static VAR compensator, and STATCOM, are available which can supply fast and continuous reactive power 
[21], [22]. The STATCOM [21]–[24] employing a voltage source converter (VSC) that internally generates inductive or capacitive 
reactive power as required is considered in this paper. The system state space model based on small signal is derived for an isolated 
wind–diesel system with STATCOM. Simulation studies of the system having different sizes of wind turbines with IG and PMIG are 
carried out. The integral square error (ISE) criterion is  used to  evaluate the optimum gain settings of the controller parameters 
of the STATCOM. Finally, the transient responses of the hybrid system are also shown both for IG and PMIG for the step increase in 
reactive power load (1% to 10%) with and without step change in input wind power. 

II. MATHEMATICAL MODELING OF HYBRID POWER SYSTEM 

A wind–diesel hybrid power system with STATCOM con- sidered for study is shown in Fig. 1. The real and reactive power  
balance  equations  of  the  system  under  steady-state conditions are 

PPMIG/IG  + PSG  = PL                      (1) 

2..................LPMIGCOMSG QQQQ   
Due to disturbance in load reactive power ΔQL, the system voltage may change which results in an incremental change in reactive 
power of other components. The net reactive power surplus is ΔQSG +ΔQcom +ΔQPMIG/IG − ΔQL, and it will change the system 
bus voltage which will govern by the following transfer function equation: 

V(s) =   [ )]()()()( sQsQsQsQ LPMIGcomSG      ........3 

where KV and TV are the system gain and time constant, respectively. All the connected loads experience an increase with the 
increase in voltage due to load voltage characteristics 
as shown in the following: 

D v
L   ........4 

The composite loads can be expressed in exponential voltage form as       

Q q
cL V1 ........5 

The load voltage characteristics DV can be found empirically as                 

D V =
 L


  = q. 
0
L
0

....................6 

In (3), KV = 1/DV , and TV is the time constant of the system which is proportional to the ratio of the electromagnetic energy stored 
in the winding to the reactive power absorbed by the system. An IEEE type-1 excitation control system as shown in Fig. 2 is 
considered for the SG of the hybrid system with saturation neglected; therefore, the state transfer equations are 

 
Fig .2. IEEE Type-1Excitation control system  
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The small change in voltage behind transient reactance ΔEq(s) by solving the flux linkage equation  for small perturbation is given 
as follows: 
 

E '
q (s) =     

G

		[    K 1    E )(sfd   +    K 2    V(s)]........10 

Where 

K 1 =  X dd X/'   ;     K 2  = [ ( X dd X' ) cos ] / X d   and 

 

dddoG XXTT /''  

 
Fig. 3.   Approximate equivalent circuit of PMIG 

 
Fig. 4.   STATCOM configuration: (a) Schematic diagram and (b) equivalent circuit 

The small change in SG reactive power in terms of state variables is given by 
 

 )()()( 4
'

3 sVKsEKsQ qSG   ........11 

Optimum gain settings of STATCOM for different hybrid power systems 
Where  
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dXVK '/cos3   
 

dXVEK '/]2cos'[4   

 

Fig 5.  Transfer Function Block Diagram of the Wind-Diesel System 

 
Fig. 6.   Transient responses of the system (W-D with IG) for 1% step increase in load, with no change in input wind power 

Wind-Diesel System Data(W-D) Constant Slip 
K P                       K I  

Variable Slip 
K P                  K I  

W-D1 39                     5090 31                  5000 
W-D2 53                     6727 43                  6636   
W-D3 70                     10899 68                  10700 
   
W-D1 37                     6181   36                  6000 
W-D2 52                     8363     51                   8181    
W-D3 68                     14434 66                   14242 

TABLE 5.1             
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Equation (11) expresses ΔQSG(s) of (3) in terms of system state variables ΔEq(s) and ΔV (s). Similarly, ΔQPMIG(s) can be 
expressed in terms of system state variables as given hereinafter.  For small perturbations, the reactive power absorbed by PMIG, 
ΔQPMIG(s), in terms of generator terminal voltage and generator parameters can be written as: 
                               

)12).......(()( 5 sVKsQPMIG   

 
Fig. 7. Transient responses of the system (W-D with PMIG) for 1% step increase in load, with no change in input wind power 
 
Where 

 

 

 

 
Similarly, for change in input wind power, the reactive power absorbed, ΔQPMIG, in terms of generator terminal voltage, slip, and 
generator parameters  can be written as 
 

 
Where 
 

 
 

 
Where 
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If XC is infinite, then PMIG behaves like an IG. 
Finally, in (3), the term left is ΔQcom(s) i.e., the deviation in STATCOM reactive power, which can be expressed in terms of 
system state variables as given hereinafter. The STATCOM is based on a solid-state synchronous voltage source that is analogous to 
an ideal synchronous machine which generates a balanced set of three sinusoidal voltages, at the fundamental frequency, with 
rapidly controllable amplitude and phase angle. It consists of a VSC, a coupling transformer, and a dc capacitor as shown in Fig. 
5.6. The real current of the STATCOM is negligible and is assumed to be zero. Control of reactive current is possible by variation of 
δ and α as shown in Fig. 5.7. Here, δ is the phase angle of the system bus voltage V where STATCOM is connected, and α is the 
angle of the fundamental output voltage kVdc of the STATCOM. The magnitude of the fundamental component of the converter 
output voltage is kVdc, where Vdc represents the voltage across the capacitor. The reactive power injection to the system bus has the 
form 

21....).........sin()cos(2   VGKVVBKVBKVQ dcdcdcCOM  

The system bus voltage V is taken as the reference voltage, and therefore, the angle δ is zero. Also, G is negligible as G + jB 
represents the step-down transformer admittance. Therefore, considering the value of G and δ to be zero, (21) can be written as 
   

22......................................................cos2 VBKVBKVQ dcdccom   

 
The flow of reactive power depends upon the variables V and α, and therefore, for small perturbation, the linearized STATCOM 
equation can be 

23..............................).........()()( 98 sVKSKsQcom    

Where 
24.........................................................sin10 VBKVK dc  

25............................................................cos11 BKVK dc  

Using these equations, a simulation model of the system has been developed, and the transfer function block diagram of the system 
is shown in Fig. 5.5. The transfer function block with K5 
is replaced by the transfer function block shown by dotted lines when change in input wind power is considered. 

III. TRANSIENT PERFOMANCE OF THE SYSTEM 

The simulation results of three examples of the hybrid systems W − D1, W − D2, and W − D3 are given in this section for the 
typical data given in Table 6.1 and 6.2. The optimum gain values of the STATCOM controller using the ISE criterion have been 
obtained as given in Table 5.1. It has been observed that the decrease in STATCOM size with the decrease in wind power 
generation in the hybrid power system may require higher gain values to offset the mismatch of reactive power under transient 
conditions. 
The transient responses of the systems W − D1 , W − D2 , and W − D3   when wind energy conversion system (WECS) uses 
IG for 1% step increase in load, ΔQL , and no change in input wind power are shown in Fig. 6. It has been observed that the 
peak value of the voltage deviation increases as the size of the wind turbine increases. The increase in reactive power load has 
been supplied by the compensator under steady- state conditions as shown in Fig. 6(d). The transient responses of the systems W − 
D1 , W − D2 , and W − D3  when WECS uses PMIG for 1% step increase in load, ΔQL , and no change in input wind power are 
shown in Fig. 7. Here, it has been observed that the peak value of the voltage deviation increases as the size of the wind turbine 
with PMIG reduces. 
The transient responses of the systems W − D1 , W − D2 , and W − D3   when WECS uses IG for 1% step increase in load, 
ΔQL , plus 1% step increase in input wind power, ΔPIW , are shown in Fig. 8. The increase in input wind power also increases the 
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reactive power demand of the IG, and therefore, fluctuations are more compared to Fig. 6, but the settling time of the responses 
remains the same due to the fast action of the  STATCOM in  controlling the  deviations. The  transient responses of the 
systems W − D1 , W − D2 , and W − D3 when WECS uses PMIG for 1% step increase in reactive load, ΔQL , plus 1% step 
increase in input wind power, ΔPIW , are shown in Fig. 9 

 

Fig. 8.   Transient responses for voltage deviations of W-D1 system without STATCOM when WECS uses PMIG for step load 
disturbances of (C1) 10%, (C2) 5%, and (C3) 1%. 

 

Fig. 9. Transient responses for voltage deviations of W-D1, W-D2, and W-D3 with STATCOM when WECS uses PMIG for 50% step 
load disturbances 

 It has been observed that, with wind input disturbances, the voltage deviations have similar trend as in the case of IG. 
However, it has more fluctuations in ΔQPMIG as compared to ΔQIG . During transient condition, both the SG and STATCOM 
provide the reactive power, but under steady-state condition, only STATCOM meets the reactive power demand of the system. 

                   W-D1 
Constants      IG                PMIG 

               W-D2 
      IG                       PMIG 

                W-D3 
      IG                         PMIG 

K1                    0.15            0.15  0.15                             0.15   0.15                             0.15 
K2                   0.7392        0.7932   0.7590                       0.7590   0.6737                     0.67374 
K3                  6.22178       6.221  5.9531                       5.95319   5.2842                       5.2842 
K4                  -7.8249      -7.824  -9.6627                     -9.6627  -8.082                       -8.082 
K5                   0.1016       -0.666  0.0861                      -0.6815   0.056                         -0.7116 
K6                   0.444          -0.444  0.4535                        0.4535   0.3034                        0.3034 
K7                   -0.0974      -0.865  -0.0828                     -0.8505  -0.0427                      -0.8103 
K10                 5.15286      3.36  4.59882                      3.10   3.56058                       2.5727 
K11                 -3.8347       -2.5  - 3.4260                     2.3099  -2.6522                      -1.9114 
KV                  0.6667         0.667  0.6667                      0.667   0.6667                         0.667 
TV                 5.43E-04     5.43E-04      5.43E-04                   5.43E-04         5.43E-04                    5.43E-04              
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Table 6.1  Values of constants W-D1, W-D2, W-D3 
 

System Parameters W-D1 W-D2 W-D3 
Wind  capacity (kw) 
Diesel capacity (kw) 
Load   capacity (kw) 
Base power (kw) 

1500 
1500 
2500 
2500 

1500 
1500 
2500 
2500 

1500 
1500 
2500 
2500 

IG 
).( upPIG  
).( upQIG  

 (%) 

).('21 uprr   

).('21 upxx   
S(%) 

(sec)'
doT  

dX (p.u) 
'

dX (p.u) 

 (degree) 

qE '  

qE  

 
0.6 
0.2906 
90 
0.19 
0.56 
-4 
5 
1 
0.15 
21.05 
0.9603 
1.1136 

 
0.5 
0. 242161 
90 
0.228 
0.685 
-4 
5 
1 
0.15 
26.75 
0.92564 
1.1108 

 
0.333 
0.161 
90 
0.25 
0.74 
-3 
5 
1 
0.15 
37.567 
0.838 
1.094 

PMIG 

(%)
'

'
(%)

).(
).(

21

21

s
xx
rr

upQ
upP

PMIG

PMIG





 

 
0.6 
0 
90 
0.19 
0.56 
-4 

 
0.5 
0 
90 
0.228 
0.685 
-4 

 
0.333 
0 
90 
0.25 
0.74 
-3 

SG 

).(
).(

upQ
upP

SG

SG  

 
0.4 
0.2 

 
0.4 
0.2 

 
0.4 
0.2 

STATCOM 

)(
)(
)(1

msT
msT
msT

d

  

 
10-50 
0.2-0.3 
1.67 

 
10-50 
0.2-0.3 
1.67 

 
10-50 
0.2-0.3 
1.67 
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IEEE type -1  system 

(sec),
(sec),

,

EF

AF

EA

TS
TK
KK

 

 
40,1.0 
0.5,0.05 
0, 0.55 

 
40,1.0 
0.5,0.05 
0, 0.55 

 
40,1.0 
0.5,0.05 
0, 0.55 

                                                   
Table 6.2 Values of constant /parameters W-D1,W-D2,W-D3 

Further tests have been conducted on the system for 5% and 10% reactive load disturbances as shown in Fig. 10. It has  
been  observed that  the  first peak  of  voltage  deviation increases,  but  the  settling  time  remains  the  same  as  less than 0.01 s. 
The transient study for voltage deviations of the W-D1 system when WECS uses PMIG without STATCOM has been carried 
out for different step load changes as shown in Fig. 11. It has been observed that the variations are large and the automatic 
voltage regulator (AVR) with SG is not able to maintain the voltage at the desired level. Therefore, STATCOM is necessary to 
eliminate the reactive power mis- match,  and  its  fast  action  stabilizes  the  responses  in  less than 0.01 s irrespective of the size 
of the disturbance. The transient responses for the voltage deviations of the W-D1, W-D2, and W-D3 for 50% step increase in 
the reactive power load are shown in Fig. 12. 

IV. CONCLUSION 

Reactive power control of isolated wind–diesel hybrid power systems has been investigated when WECS uses PMIG for power 
generation. The WECSs are interconnected to diesel generation-based grid for the enhancement of capacity and fuel saving. The 
system also comprises STATCOM for reactive power support during steady-state and transient conditions. A mathematical model of 
the system has been derived for investigating the dynamic performance of the system. For comparison of performance with the 
existing systems, WECS has also been considered with IG for power generation. Three examples of wind–diesel systems with 
different wind power generation capacities have been considered for study. It has been observed that the STATCOM effectively 
stabilizes the oscillations in less than 0.01 s, caused by disturbances in reactive power load and in input wind power. As steady-state 
condition is reached, the STATCOM provides the additional reactive power required by the system. It has also been observed that, 
as the unit size of the wind-power generation decreases, the value of the optimum gain setting increases. The W-D systems with 
PMIG have the added advantage of reduction in the size of the STATCOM but have comparable transient performance when W-D 
system uses IG for power generation. The PMIG also has higher efficiency than the IG. Therefore, PMIGs are very good options for 
W-D systems than IG. 
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