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ABSTRACT 

The paper deals with automatic reactive power control of an isolated wind-diesel hybrid power system. The power is 
generated by diesel engine and wind turbine as prime movers with electrical power conversion by permanent-magnet 
synchronous generator (PMSG) and permanent-magnet induction generator (PMIG) respectively. The mathematical 
model of the system developed is based on reactive power flow equations. The paper investigates the dynamic perform-
ance of the hybrid system for 1% step increase in reactive power load with 1% step increase in input wind power. 
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1. Introduction 

Large interconnected power systems supply power to a 
locality at large for the optimum utilization of the power 
sources. Due to the non-availability of constraints on the 
right of way of providing additional transmission lines, 
sufficient funds, and rapid growth in load with the de- 
velopments, the demand to provide power to all by large 
interconnected systems, especially in developing coun- 
tries like India, does not met. On the other side, the gap 
between demand and supply is also increasing day by 
day that has introduced the use of renewable energy 
sources in addition to conventional energy sources. The 
sources such as solar, wind, mini/micro hydro, etc. have 
been introduced extensively as renewable energy sources 
which contribute to environmental protection also. These 
types of systems are called as isolated hybrid power sys- 
tems. Normally diesel sets and wind turbines are con- 
nected with synchronous generators and induction gen- 
erators (IGs), respectively [1,2]. There are several ad-
vantages of induction generators [3,4], but the perform- 
ance of an induction generator is poor in terms of voltage 
regulation as it needs a magnetizing current from the 
source for the purpose of excitation which reduces both 
the power factor and efficiency of the induction generator  

[5]. The application of PMIG improves the power factor, 
voltage regulation and efficiency [5]. In PMIG, perma- 
nent-magnets are inserted in the conventional rotor of an 
induction generator. Various models and their applica- 
tions [6-11] have been discussed to analyze the steady 
state performance of the PMIG. A d-q reference model 
for a PMIG has been described in [7]. The impedance 
model based on a conventional per phase equivalent cir- 
cuit with per unit parameters has also been investigated 
[5,9,10] to know the performance of the PMIG. The re- 
active power flow equations based modeling of PMIG is 
very essential as it can easily be extended for the multi 
-machine systems. The PMSG is connected with the die-
sel set to avoid the need of automatic voltage regulator 
(AVR). The diesel generator acts as a local grid. 

Various Flexible AC Transmission System (FACTS) 
devices, such as switched capacitors, SVC, and STAT- 
COM, are available which can supply fast and continu- 
ous reactive power [12-16]. A switched capacitor bank is 
a good alternate to provide reactive power required by 
the induction generators in the grid connected systems. If 
there is an excess reactive power generated by the ca- 
pacitors, it will be absorbed by the grid but in an isolated 
system, the load and the induction generators need the 
reactive power. Under varying condition, the mismatch 
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between generation and consumption of reactive power 
may not lead to surplus of reactive power. The surplus of 
reactive power may cause high voltage spikes in the sys- 
tem, that can cause damage to the equipments connected 
and on at that instant. The switching capacitors may be 
an option if under any conditions of generation/load of 
the hybrid system, the problem of the surplus of reactive 
power may not arise. In general, a variable source of re- 
active power is needed to eliminate mismatch between 
generation and consumption of reactive power. The STAT-
COM [12] employs a voltage source inverter (VSC), 
which internally induces inductive or capacitive reactive 
power as required and is also advantageous [12] than that 
of SVC.  

First the system state equations are derived from real 
and reactive power balance equations of the system. A 
voltage deviation signal is used by STATCOM controller 
to eliminate the reactive power mismatch in the system. 
The integral square error (ISE) criterion is used to evalu- 
ate the optimum gain settings of the controller parame- 
ters. Finally, the transient responses of the hybrid system 
are shown for 1% step increase in reactive power load 
with 1% step increase in input wind power. 

2. Mathematical Modeling of the Wind-Diesel 
Hybrid Power System 

A wind-diesel hybrid power system with STATCOM 
considered for study is shown in Figure 1. The real and 
reactive power balance equations of the system under 
steady state conditions are given by 

PMIG PMSG LP P P                (1) 

PMSG com L PMIGQ Q Q Q             (2) 

Due to disturbance in load reactive power LQ , the 
system voltage can change that results an incremental 
change in reactive power of other components. The net 
reactive power surplus is PMSG com L PMIGQ Q Q Q     , 
and it will change the system bus voltage which will 
govern by the following transfer function equation, see 
Equation (3) [17].  

Where, VK  and VT  are the system gain and time 
constant. All the connected loads experience an increase 
with the increase in voltage due to load voltage charac-
teristics as shown below: 
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The composite loads can be expressed in exponential 
voltage form as 

1
q

LQ c V                 (5) 

The load voltage characteristics VD  can be found 
empirically as  
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In Equation (3) 1V VK D  and VT  is the time con- 
stant of the system which is proportional to the ratio of 
electromagnetic energy stored in the winding to the reac- 
tive power absorbed by the system. 

The small change in PMSG reactive power,  PMSGQ s , 
connected with the diesel engines, in terms of state vari- 
ables is given by: 

   1PMSGQ s K V s               (7) 
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Similarly  PMIGQ s  can be expressed in terms of 
system state variables as given below. The equivalent 
circuit of the PMIG is shown in Figure 2. The reactive 
power absorbed, PMIGQ , in terms of generator terminal 
voltage, slip and generator parameters can be written as 

     2 3PMIG IWQ s K P s K V s             (9) 

where 
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and 
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If CX  is infinity, then PMIG behaves like an IG. In 
Equation (12), the values of a, b, c and d are selected 
such that the effect of CX  is equivalent to the perma- 
nent-magnets in providing reactive power at different 
voltages.  

The STATCOM is based on a solid state synchronous 
voltage source that is analogous to an ideal synchronous  
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Figure 1. Single line diagram of the isolated wind-diesel hybrid power system. 
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Figure 2. Equivalent Circuit of PMIG. 
 
machine which generates a balanced set of three sinusoi-
dal voltages, at the fundamental frequency, with rapidly 
controllable amplitude and phase angle. The con- figura-
tion of a STATCOM is shown in Figure 3. It con- sists 
of a voltage source converter (VSC), a coupling trans-
former, and a D. C. capacitor as shown in Figure 3(a). 
The magnitude of the fundamental component of the 
converter output voltage is dckV , where dcV  repre- sent 
the voltage across the capacitor. The reactive power in-
jection to the system bus has the form: [18]. 

   2 cos sincom dc dc dcQ kV B kV VB kV VG        (14) 

The system bus voltageV is taken as reference voltage, 
therefore the angle, , is zero. Also G , is negligible as 
G jB  represent the step down transformer admittance.  

Therefore, considering the value of G  and   to be 
zero, Equation (14) can be written as 

2 coscom dc dcQ kV B kV VB           (15) 

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

com

Q Q
Q V

V



 

    
 

         (16) 

Substituting the value of partial derivatives from Equa- 
tion (15) in Equation (16), we get 

 
(a)  

 
(b) 

Figure 3. STATCOM (a) schematic diagram and (b) equiva- 
lent circuit. 
 

   4 5comQ s K K V s             (17) 

where, 

4  sindcK kV VB              (18) 

5 cosdcK kV B               (19) 

where, 
6

6

p
k


   and p , is the pulse number of the  

inverter with modulation index unity [18]. 
Using these equations, a simulation model of the sys-

tem has been developed and the transfer function block 
diagram of the system is shown in Figure 4. All data of 
the system are given in the appendix. 
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Figure 4. Transfer function block diagram of the wind-diesel hybrid power system. 
 
3. Results and Discussions 

The simulation results of the hybrid system have been 
carried out and the dynamic performance is presented in 
this section. The data of the hybrid power system are 
given in the Appendix. The performance index, , used 
in the parameter optimization for the isolated hybrid 
power system problem is based on of the ISE, which is 
given 

2

0

V dt


                 (20) 

By focusing on the square of the error function, the 
performance index penalizes both positive and negative 
values of the error. Therefore, the minimization of per-
formance index with respect to the known parameter will 
provide the best voltage performance of the system. The 
proportional and integral gains PK and IK of the STAT-
COM were optimized using Integral Square Error tech-
nique. 

The proportional and integral gains, PK and IK of the 
STATCOM were optimized and the optimized values of 

PK and IK were 7, and 1800, respectively. The transient 
responses of the wind-diesel hybrid power system for 1% 
step increase in reactive power load with 1% step in-

crease in input wind power are shown in Figure 5. 
It is observed from Figure 5 that initially as the load 

increases, the system voltage decreases. The decrease in 
voltage results in increase in the reactive power of the 
PMSG connected with the diesel set and STATCOM 
when PMIG is coupled with wind turbine. The decrease 
in voltage results in increase in reactive power of syn- 
chronous generator and STATCOM. The reactive power 
supplied by the PMSG and PMIG reduces as the system 
voltage deviation reduces as shown in Figures 5(b), (c). 
It has also been observed that the reactive power required 
by the load is finally fulfilled by STATCOM under 
steady state condition as shown in Figure 5(d). 

4. Conclusions 

The reactive power control of an isolated wind-diesel 
hybrid power system has been shown in this paper. A 
PMIG has been considered for the generation of electric 
power from wind turbine and PMSG is connected with 
the diesel set. STATCOM is used for providing variable 
reactive power required by the system. A complete dy- 
namic model of the system has been derived to study the 
effect of load disturbances and input wind power distur- 
bances. The dynamic performance of the system was   
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(a)                                                          (b) 

 

  
(a)                                                          (b) 

Figure 5. Transient responses of the wind-diesel system for 1% step increase in reactive power load with 1% step increase in 
input wind power, time vs (a) V , (b)  PMIGQ , (c)  PMSGQ , and (d)  comQ . 

 
investigated by optimizing the controller gains of the 
STATCOM using ISE technique. It has been observed 
that during dynamic condition the STATCOM eliminate 
the oscillations effectively with in 0.01 sec. caused by 
disturbances. As steady state condition reaches the STAT-
COM provides the additional reactive power required by 
the load. Some of the dynamic responses of the hybrid 
system have also been shown in the paper. 
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Nomenclature 

ME  = Electro-magnetic energy stored in the PMIG. 

ME  = Small change in the stored electromagnetic en- 
ergy of PMIG. 

,P IK K  = Proportional and integral controller gain of 
the STATCOM regulator, respectively 
  = Performance index. 

 PMIGP , PMIGQ  = Real and reactive power generated by 
wind turbine with PMIG 
 

System Parameters PMIG PMSG 

SGP  (p. u. ) - 0.6 

SGQ  (p.u. ) - 0.55 

qE  (p.u.) - 1.1136 

in   1.67 

dX  (p.u.) - 1.0 

IGP  (p.u. ) 0.6 - 

IGQ  (p.u. ) 0 - 

  % 90 - 

1 2r r  (p.u.) 0.19 - 

1 2x x  (p.u.) 0.56 - 

s % 4.0 - 

LP  (p.u. ) - - 

LQ  (p.u.) - - 

Power Factor 0.8 - 

 

PMSGP , PMSGQ  = Real and reactive power generated by 
diesel set with synchronous generator. 

LP , LQ  = Real and reactive power of load demand. 

PMIGS  = Apparent power delivered by the IG and PMIG. 

STATCOMQ  = Reactive power generated by STATCOM. 
V  = Incremental change in the voltage. 
  = Incremental change in the phase angle at a static 

synchronous compensator.  
, ,eq eq mR X X  = Equivalent resistance, equivalent reac- 

tance, and magnetizing reactance of the PMIG respect- 
tively 
s  = Slip of PMIG 
V  = System terminal voltage. 

R IE E jE   = Real and Imaginary parts of the E 
 = Performance index 
q = Exponent in the reactive power load voltage charac- 
teristic 

0V , 0
LQ  = Nominal values of the system voltage and 

reactive power of the load, respectively. 

Appendix 

The data of the wind-diesel hybrid power system are 
given below: 
 

Wind Capacity(kW) 
Diesel 

Capacity(kW) 
Load 

Capacity(kW) 

1500 1500 2500 

 
The data of the wind-diesel system are given as fol- 

lows: 

1 1.3K   , 2 0.444K  , 3 0.8651K   , 4 3.36K  , 

5 2.5K   . 

 
 


