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Abstract. Renewable energy sources are being increasingly used as distributed 

generators in rural and remote areas for the electrification. These distributed 

generators configuration a micro grid and supply power to the local patron. 

Micro/mini hydro power and wind plants are the two of the well liked 

configuration of the renewable energy sources, being installed in some 

countries.  Micro or Mini hydro power plants utilize synchronous generators, 

whereas, modern wind power plants utilize doubly fed induction generators. To 

amalgamate micro hydro turbine steer synchronous generator in micro or mini 

hydro power plants and wind turbine driven DFIG in wind power plants, the 

study of parallel operation of a synchronous generator and a doubly fed 

induction generator is needed. Proper control program needs to be altered for 

their adequate parallel operation. This paper has employed the conventional 

voltage and frequency control methods for the synchronous generator and a 

stator flux oriented vector control technique for the doubly fed induction 

generator. Conventional Proportional Integral (PI) controllers have been 

designed to study some of the pointer issues in the parallel operation of the SG 

and the DFIG; these include frequency and voltage control, proper load sharing 

between the generator and unity factor operation of DFIG. PI controllers, unity 

power factor operation of the DFIG are not shielded. However, it provides 

adequate frequency and frequency control. 

Keywords: SG, DFIG, Parallel operation of two machines, arbitrary reference 

frame. 

1   Introduction 

Electrification of rural areas, specifically those which are remotely located, is a 

challenging task in the under developed as well as developing countries. 

Electrification of such far-off places, through national grid extension, is not 

financially feasible due to high cost of the investment in the construction of 

transmission system and increased power loss in the line. Hence, generation of 

electricity from locally available energy sources is the best option in rural and remote 

areas for the electrification [3, 4].  

Conventional fossil fuel based power plants are not economical at smaller ratings 

and these are not environment friendly. Hence, renewable/non-conventional sources 

are being increasingly used as the distributed generators, forming part of micro grids. 

Micro/mini hydro and wind power plants are two of the well liked forms of the 

renewable energy sources [1]. In order to supply power to the remotely located areas, 

micro grids are being developed interconnecting various renewable energy sources. In 

a micro grid, the available sources of electricity have to be integrated to supply the 

local loads. 

Distributed generations and, located close to the loads, diminishes flows in the 

transmission network and, hence, diminishes the system loss. Furthermore, the 

existence of generation, close to demand, increases service grade as seen by the end 

patron. The development of micro grids, engaging such sources, can contribute to the 

depletion of emissions and the mitigation of climate changes [7].  

Generally, micro/mini hydro power plants utilize synchronous generator and 

modern wind power plants employ doubly fed induction generators [10]. To utilize 

the advantages of micro grids, small sources of electricity have to be integrated.  
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Hence, for the amalgamation of the micro/mini hydro power and wind power, it is 

necessary to study the parallel operation of the synchronous generator and doubly fed 

induction generators.  

 

1.1 Wind Energy Conversion Systems (WECS) 

 

Turbines have to be more mechanically robust than differentr designs, because of 

the higher structural loads involved. With a fixed speed WECS, it may be necessary 

to use aerodynamic control of the blades to optimize the whole system performance, 

thus introducing additional control systems, complexities, and costs. These turbines 

have to be more mechanically robust than other designs, because of the higher 

structural loads involved [9, 11]. 

 

Another advantage is that variable speed turbines also allow the grid voltage to be 

controlled, as the reactive power generation can be varied [9]. The rotational speed of 

a wind turbine is fairly low and must therefore be adjusted to the electrical frequency. 

The major drawbacks of variable speed systems are that the built-in power electronics 

are sensitive to voltage dips caused by faults and/or switching [14]. 

 

1.2 Variable Speed Wind Turbine with DFIG or SG/PMSG 

Synchronous generators or permanent-magnet synchronous generators can be 

designed with multiple poles, so that there is no need for gearbox. The power 

electronic equipment has to be designed for the full power rating of the generator. 

Future of wind turbine technology lies in PMSG [15, 13]. With the permanent 

magnet, high power densities can be achieved in a less space. Hence, the generators 

become much more compact with high efficiencies. Notable advantage is absence of 

gearbox and its acoustic noise.  

The cost of power converter can be high due to its large size and also the losses in 

the converter are large. One major advantage with this system is it’s well developed 

and robust in control [6]. 

The losses in the power electronic equipment can be reduced in comparison to 

power electronic equipment that has to handle the total system power as for a direct-

driven synchronous generator, apart from the cost saving of using a smaller converter 

[7]. In addition, the cost of the converter becomes lower. The schematic of DFIG with 

stator circuit connected to the grid while the rotor circuit is connected to a converter 

via slip rings is as shown in Fig.3. Doubly-fed induction generators (DFIG) are 

provided with three phase windings on the rotor and on the stator. They may be 

supplied with energy at both rotor and stator terminals [5]. 

 The back-to-back converter consists of two converters, i.e., Machine-Side 

Converter (MSC) and Parallel Grid-Side Converter (PGSC). Between the two 

converters a dc-link capacitor is placed, as energy storage, in order to keep the voltage 

variations (or 7 ripples) in the dc-link voltage small. With the machine-side converter 

it is possible to control the torque or the speed of DFIG and also the power factor at 

the stator terminals, while the main objective for the Grid-side converter is to keep the 

dc-link voltage constant. 

 

2   Machine Modelling of Synchronous Generator and DFIG Using 

Conventional PI Controllers 

In paralleling of a synchronous generator and a self excited induction generator 

(SEIG) was presented. As the rotor of the SEIG is short circuited, one cannot control 

the reactive power from the rotor side. When reactive power is controlled from the 

stator side of the induction generator, the power rating of the controlling circuit is 

higher. Ref presents a DFIG based wind farm in parallel with SG based generating 

station. It shows the control compatibility with the conventional power stations, to 

provide voltage support. Modern wind power plants utilize doubly fed induction 

generators (DFIG) and, hence to integrate the micro/mini hydro and wind power 

plants in a micro grid scheme, parallel operation of the SG and the DFIG is required 

to be studied. 

 

Detailed dynamic model of the synchronous and induction generators, their prime 

movers viz. hydraulic turbine and wind turbine and exciter have been utilized. For the 

synchronous generators, conventional voltage and frequency controls have been 
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considered. However, a stator flux oriented vector control technique has been used to 

control the reactive power of the DFIG. 

In this paper, the stator and rotor currents are assumed entering the machine for 

motoring mode and outgoing from the machine for the generating mode. This 

assumption implies that the active and reactive powers are positive for the motoring 

mode and negative for the generating modes, respectively. The air gap of the 

induction machine is considered to be uniform and it is assumed that the stator and the 

rotor fluxes are sinusoidally distributed. 

 

 
Figure 1: Schematic of Conventional DFIG wind system 

 

Figure 2: Equivalent circuit of doubly fed induction generator 

 

2.1. Induction Machine Modeling In ABC Reference Frame 

In abc reference frame, the stator voltage equation, can be written as  

Vabcs = [Rs] iabcs + pΨabcs   ------------- (1) 

The rotor voltage equation can be written as  

Vabcr = [Rs] iabcr + pΨabcr     ------------ (2) 

In the above equations 1 and 2, the various vector quantities (denoted with 

underscore) are defined as following: Vabcs = [ Vas Vbs Vcs]T 

 iabcs = [ ias ibs ics]T 

Vabcr = [ Var Vbr Vcr]T 

iabcr = [ iar ibr icr]T 

Ψabcs = [Ψas Ψbs Ψcs]T 

Ψabcr = [Ψar Ψbr Ψcr]T 

The stator flux linkages Ψ abcs = Ψ abcs(s) + Ψabcs(r) -------- (3)   and the rotor flux 

linkages Ψ abcr = Ψ abcr(r) + Ψabcr(s) -------- (4) 

The stator and the rotor voltages can be written as following: 

Vabcs =  [Rs]iabcs + p{[Lss]iabcs+ [Lsr]´ iabcr´}         ----------------    (5) 

The superscript ´ denotes the rotor quantities referred to stator side. 

Vabcr =  [Rs]iabcs + p{[Lrr]iabcr+ [Lsr]T iabcs} 

and the rotor voltage equation referred to the stator side is 

V’abcr = [Rr]´ iabcr´ + p{[Lrr]´ iabcr´ + [Lsr]´T iabcs}     -------------------- (6) 

 

2.2. Vector Control of DFIG 

 

In this technique, there are two outer loops. If the DFIG is in isolated 

operation, these outer loops, viz. the stator voltage loop to produce flux current and 

the frequency loop to control generator speed. If the DFIG is connected to the power 

grid, its active and reactive powers are controlled in closed loop by producing 

reference flux and torque currents in vector control. 

Let us consider d-q model of the DFIG in synchronous co-ordinates. 

Aligning the system coordinates to stator flux seems most functional, as, at least for 

the grid operation Ψs = Ψds + jΨqs is almost constant, since the stator voltages are 

continual in amplitude, frequency and phase. This is the basic assumption in the 

“stator flux oriented vector control” technique. In this paper, it is assumed that the 

total stator flux is oriented along the d- axis and stator flux along the q-axis is zero. 

Therefore, 

Ψs = Ψds or pΨds=0, and Ψqs = pΨqs=0      ----------  (7) 
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Figure 3: Vector control of DFIG with PI controllers 

2.3. Exciter Modeling 

 
In principle, the reactive power output of a synchronous generator (SG) may be controlled 

through its terminal voltage control, which in turn, is performed through excitation (current or 

voltage control). The voltage control quality depends on the exciter dynamics and the SG 

parameters. The basic function of an excitation system is to supply controlled direct current to 

the field winding of the SG as the output varies within capability of the generator. 

 
Figure 4: IEEE type-I Exciter 

 

 

3. Prime Mover Modeling 

In this work, a micro grid consisting of micro hydro turbine driving 

synchronous generator and wind turbine driving induction generator have been 

considered. The models of these prime movers, used in this work, are given below. 

3.1 A First Order Ideal Model of Hydraulic Turbine 

The water velocity in the penstock u is given as 

u = Ku G √H   ------------ (7) 

The turbine mechanical power Pm is written as, 

   Pm = KpHU           ------------- (8) 

 

Fig 5: A linear model of hydraulic turbine 

3.2. Hydro Turbine Control 

 

In an electric power system, consumers require uninterrupted power at rated 

frequency and voltage. To maintain these parameters within the prescribed limits, 
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controls are required on the system. Voltage is maintained through the excitation 

control of the generator and frequency is maintained by eliminating the mismatch 

between active power generation and demand. To maintain the constant frequency, 

governor is required for the generator. 

 

 
Fig 6: Block diagram of a micro hydro power plant 

 

3.3. Wind Turbine Modeling 

 

Uniformity and strength of the wind are dependent on location, wind mill 

height, and size of local terrain asymmetry. In general, wind air go along may be 

considered stormy. Wind speed increases with height and becomes more uniform. 

Designs with higher height/turbine diameter leads to more uniform flow and higher 

energy extraction. With constant energy conversion, the turbine power increases 

approximately in proportional with the cubic of the wind speed (u2) up to a design 

limit umax. Above umax (Prated), the power of the turbine is kept constant by 

governor control to avoid structural or mechanical over load. 

 

4. Parallel Operation of SG and DFIG 
 

The present thesis has explored the performance of the parallel operation of 

SG and DFIG, which will be useful in the integration of MHP and Wind power plants. 

A small micro grid was formed by considering an R-L load which supplied by the 

parallel system. A three phase, 250 kVA, 400 V, 50 Hz, 4-pole, salient pole type 

synchronous generator driven by micro-hydro turbine and a three phase, 160 kVA, 

400 V, 50 Hz, 4- pole wound rotor induction generator driven by wind turbine, are 

considered to form a micro grid. The procedure for the control of active and reactive 

power sharing, voltage and frequency control are explained in the following steps: 

1) As the DFIG is driven by the wind turbine, the active power generated by the DFIG 

is limited by wind speed and is not fully controlled. The wind turbine data is given in 

Appendix A and by using equation (4) and (5), the optimum power output of the wind 

turbine is calculated by assuming the wind speed of 10m/s. This optimum power 

output of the wind turbine sets the active power reference PS* for the DFIG. 

2) To maintain the power factor of the DFIG as unity, the reference reactive power 

QS* is taken as zero in the vector control reactive power loop. The actual reactive 

power is calculated and compared with QS*. The error is processed through the PI 

controller and the output of the PI controller will be idr*. 

3) Similarly, the actual active power output of the and compared with the reference 

active power PS* calculated from step (1) and error is being generated. This error is 

given to the PI controller and the output of this PI controller is iqr*. 

4) In practical system, the rotor currents iabcr can be measured by using current 

sensors and can be converted into idr and iqr by using Park’s transformation. Now, idr 

and iqr are compared with idr* and iqr*, respectively, which are generated by the 

outer power loops and thus, the errors are generated. 

5) The rotor current errors are given to the PI controllers and after adding the coupling 

terms one can obtain Vdr and Vqr. These Vdr and Vqr can be injected into the rotor 

of the DFIG with the help of PWM inverter. In this work, ideal power electronic 

inverter is assumed and modelled as current controlled voltage source. Hence, by 

using Park’s transformation, Vdr and Vqr  are converted into three phase voltages and 

injected into the rotor circuit of the DFIG.  

6) The DFIG is supplying part of the active power demand and remaining active 

power to the load is supplied by the SG to keep the real power balance. To achieve 

this, (Pload - PDFIG) is given as reference to the servomotor (Fig 4.2) and it controls 

the SG to maintain the real power balance.  

7) The terminal voltage at PCC (point of common coupling) is maintained nearer to 

1pu with the IEEE type-I Exciter.  

8) In this paralleling scheme, the active power is being controlled from the 

synchronous generator side and the reactive power is being controlled from the DFIG 
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side without the use of any FACTS devices. Hence, the proposed control scheme is 

simpler and economic for the micro grids.  

 

 

5. Simulation Results and Discussions 

 
In this paper, parallel combination of SG and DFIG, considered as source of 

the generation and one R-L load have been considered to form a micro grid. A 3 

phase, 4-pole .50 Hz, 250 KVA 400V, wind turbine driven induction generator are 

considered in this work. The total generating capacity of the generators is 410KVA.  

A load of 307.5KVA (75% of the total generating capacity) is connected at the pcc 

(point of common coupling). A load power factor of 0.8 lag is considered. 

Hence, load KVA = (307.5 x 0.8) KW + j (307.5 x 0.6) KVAR 

        = (246+j184.5) KVA 

Entire simulation work has been carried out using MATLAB/SIMULINK 

The gains of the PI controllers designed using 75% of loading for the test system 

 

5.1. Synchronous Generator Circuit and Results 

 Fig.7. Synchronous Generator with Exciter System 

 

 Fig.7. Speed and Voltage characteristics of SG 
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Fig.8 Voltage and current of SG 

 

Fig.9 Synchronous Generator Characteristics 

 

 
Fig.10. SG I_01 and V_01 
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5.2. DFIG CIRCUIT AND RESULTS     

 
Fig.11. DFIG Exciter 

 

 
Fig.12. Double fed Induction Generator characteristics 
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