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Abstract—A frequency controlled three-phase induction generator  

(IG) system using ac–dc power converter is developed in this study. 

First, the indirect field-oriented mechanism is designed for the 

control of the IG. A novel fuzzy modeling is developed to determine 

the flux control current and the maximum output power of the IG 
according to the rotor speed and the desired terminal voltage of the 

IG. Experimental results are provided to show the effectiveness of 

the proposed IG system using the RFNN controller for the dc-link 

power control. Finally, the control performance of the dc-link 

voltage control using the RFNN is also discussed. 
Index Terms—induction generator (IG), recurrent fuzzy neural 

network (RFNN). 

I.INTRODUCTION 

In variab le-speed wind turbine driven IG system, there is an 

appreciable amount of fluctuations in the magnitude and 

frequency of the generator terminal voltage due to varying 

rotor speed which is governed by the wind velocity and the 

pulsating input torque from the wind turbine and the load. 

This is objectionable to sensitive loads. In [1], system-

identification experiments have been performed on a 

horizontal-axis wind turbine. In [2], a  rule-based fuzzy logic 

controller to control the output power of a PWM inverter 

used in a stand-alone wind turbine driven IG system. Fuzzy-

logic-based control is designed in [3] to optimize efficiency 

and enhance performance of wind generation system that 

uses a squirrel-cage IG and double-sided PWM converters. In 

[4], a sliding-mode control strategy is proposed to control the 

output power of IG and the stability at both min imum and no 

minimum operating regions are assured. The concept of 

incorporating fuzzy logic [5],[6] into a neural network has 

been grown into a popular research topic [7]–[9]. the fuzzy  

neural network (FNN) possesses both advantages; it 

combines the capability of fuzzy reasoning in handling 

uncertain information [5] and the capability of art ificial 

neural networks in learning from processes [10], [11]. The 

recurrent fuzzy neural network (RFNN), which naturally  

involves dynamic elements in the form of feedback 

connections, used as internal memories the function of the 

network can be interpreted using fuzzy inference mechanis m.  

The Electric frequency of the IG is controlled using the 

indirect field -oriented control mechanis m. An online train ing 

RFNN with back propagation algorithm is introduced as the 

tracking controller for the dc-link power. The effectiveness of 

the RFNN controller, a linear integral–proportional(IP) [14] 

control is also adopted as the tracking controller of dc-link 

power for comparison. The more realistic way  of control is to 

choose the dc-link voltage as the controlled variable. 

Therefore, a dc-link voltage control using the RFNN is also 

implemented the dynamic model of the indirect field-oriented 

control IG is derived. A novel fuzzy modeling for the rotor 

speed of the IG and the desired terminal voltage as the inputs, 

the flux control current and the maximum output power of 

the IG as the outputs is derived. Then, the tracking error of 

the dc-link power is regulated using a RFNN controller to 

result in the torque control current. A three -phase current 

controller under stationary reference frame is implemented to 

reduce the current harmonics and increase the power factor 

on the generator side to improve the efficiency of the 

generator. By using MATLAB software the frequency 

controlled IG system developed and simulated, and 

experimental results are given to verify the design of the 

proposed RFNN controlled IG system. 

 

II. INDIRECT FIELD-ORIENTED CONTROLIGSYSTEM 
 

The IG is controlled in a synchronously rotating reference 

frame with the d-axis oriented along the rotor-flux vector 

position decoupled control between the electromagnetic 

torque and the rotor excitation current is obtained. The 

machine model of an IG can be described in the 

synchronously rotating reference frame as fo llows: 

𝑉𝑞𝑠 = 𝑅𝑠  𝑖𝑞𝑠 + 𝑝𝜆𝑞𝑠 + 𝜔𝑒𝜆𝑑𝑠                          (1) 

𝑉𝑑𝑠 = 𝑅𝑠  𝑖𝑑𝑠 + 𝑝𝜆𝑑𝑠 − 𝜔𝑒𝜆𝑞𝑠                          (2) 

𝑉𝑞𝑟 = 𝑅𝑠  𝑖𝑞𝑟 + 𝑝𝜆𝑞𝑟 + (𝜔𝑒 − 𝜔𝑟 )𝜆𝑑𝑟            (3) 

𝑉𝑑𝑟 = 𝑅𝑠  𝑖𝑑𝑟 + 𝑝𝜆𝑑𝑟 −  𝜔𝑒 − 𝜔𝑟
 𝜆𝑞𝑟            (4) 

𝑇𝑒 =
3𝑃

4

𝐿𝑚

𝐿𝑟
 𝑖𝑞𝑠𝜆𝑑𝑟 −  𝑖𝑑𝑠𝜆𝑞𝑟                        (5) 

Where p is the differential operator, Vds and Vqs are the d,q 

axis stator voltages, Vdr and Vqr are the d,q axis rotor 

voltages,ids and iqs are the d,q axis stator currents, Rs and Rr 

are the stator resistance and rotor resistance, 𝜔𝑒and 𝜔𝑟are the 

electricangular frequency and rotor angular speed, 𝜆𝑑𝑠and 

𝜆𝑞𝑠are the d,q axis stator flux linkages, 𝜆𝑑𝑟 and 𝜆𝑞𝑟are the d , 

q axis rotor flux linkages, P is the pole numbers, Te is the 

electromagnetic torque, while 𝐿𝑚 and 𝐿𝑟are the mutual 

inductance and rotorinductance, respectively. 

The rotor currents can be represented using the rotor fluxes 

and stator currents as follows: 

𝑖𝑞𝑠 =
1

𝐿𝑟
 𝜆𝑞𝑠 −

𝐿𝑚

𝐿𝑟
 𝑖𝑞𝑠  6  

𝑖𝑑𝑠 =
1

𝐿𝑟
 𝜆𝑑𝑠

 −
𝐿𝑚

𝐿𝑟
 𝑖𝑑𝑠   7  

 

Substituting (6) and (7) into (3) and (4) yields  

 

𝑝𝜆𝑞𝑟 + 
𝑅𝑟

𝐿𝑟
 𝜆𝑞𝑟  −

𝐿𝑚

𝐿𝑟
𝑅𝑟 𝑖𝑞𝑠 +  𝜔𝑒 − 𝜔𝑟

 𝜆𝑑𝑟 = 0 (8) 

𝑝𝜆𝑑𝑟 +  
𝑅𝑟

𝐿𝑟
 𝜆𝑑𝑟

 −
𝐿𝑚

𝐿𝑟
𝑅𝑟

 𝑖𝑑𝑠  −  𝜔𝑒 −𝜔𝑟
 𝜆𝑞𝑟 = 0 (9) 
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If the electric angular frequency in (8) is controlled in the 

following form: 

𝜔𝑒 =  𝜔𝑟 + 
𝐿𝑚  𝑅𝑟 𝑖𝑞𝑠

𝐿𝑟𝜆𝑑𝑟
                            (10) 

then,𝜆𝑞𝑟  = 𝑒𝑥𝑝
 − 

𝑅𝑟
𝐿𝑟

 
                                       (11) 

And𝑝𝜆𝑑𝑟 +  
𝑅𝑟

𝐿𝑟
 𝜆𝑑𝑟

 −
𝐿𝑚

𝐿𝑟
𝑅𝑟

 𝑖𝑑𝑠  = 0     (12) 

 

Since all the motor parameters in (11) and (12) are positive, 

the stability of the system can be guaranteed. Consider the 

steady state condition; the following equations can be 

obtained: 
𝜆𝑞𝑟  = 0 ,𝑝𝜆𝑑𝑟 = 0        (13):  𝜆𝑑𝑟 = 𝐿𝑚  𝑖𝑑𝑠      (14) 

Thus, the rotor flux in the d-axis can be controlled 

using 𝑖𝑑𝑠.The torque (5) can be simplified to  , 

𝑇𝑒 =
3𝑃

4

𝐿𝑚
2

𝐿𝑟
𝑖𝑑𝑠 𝑖𝑞𝑠 = 𝐾𝑡 𝑖𝑞𝑠         (15)     

Where,𝐾𝑡 =  
3𝑃

4

𝐿𝑚
2

𝐿𝑟
𝑖𝑑𝑠 ,is a constant. 

 
Fig 1: System configuration of frequency controlled IG system. 

A permanent magnet synchronous motor (PMSM) directly 

coupled to the IG is adopted as the prime mover to simulate 

the operation of the wind turbine. The wind pattern could be 

easily programmed using the PMSM servo drive. The 

variable-frequency variable-voltage power generated by the 

IG is rectified to dc power by a PWM converter that also 

supplies lagging excitation current to the IG. The generator 

power is controlled using indirect field-oriented control with 

three-phase current control in the inner loops. The ind irect 

field -oriented mechanis m consists of a ramp  comparison 

current-controlled PW Mac–dc power converter, a coordinate 

translator including a unit vector generator ,and a dc-link 

power control loop using RFNN. The machine flux is 

controlled in an open loop by control of the ids current. In 

nominal conditions, the rotor flux is set to the rated value for 

fast transient response. Moreover, a diode with a battery in the 

dc-link is used for the startup excitation of the IG. In Fig.1,

is the position of the rotor; 𝑖𝑑𝑠
∗  istheflux controlcurrent; 𝑖𝑞𝑠

∗ is 

the torque control current; θe is the electric angular angle; T ris 

the time-constant of the rotor; ωsl is the estimated slip speed;

, ,  are the three-phase command currents; va,vb are the a,

-phase voltages; ,  are the a, -phase currents; , , are 

the PWM control signals ;  is the dc-link current; is the 

dc-link voltage; is the dc-link power; is the command of 

the dc-link power;  is the desired terminal voltage; is 

the maximum output power of the IG;  η is the efficiency of 

the PWM converter which is 90%. The IG used in this drive 

syste m is a three-phase connected four-pole 7.5-kW 120V/54 

A2000 rpm type. The parameter soft he drive model at the 

nominal condition are Rs=0.17Ω, Rr=0.05Ω, Ls=0.0062 H,  

Lr=0.0064 H, Lm=0.0061 H  (16) 

The operating characteristics shown in Fig.2 are obtained 

using the current controlled in direct field-oriented IG system 

with constant load as shown in Fig.1.Though with the same 

flux control current in the IG threshold be an output voltage 

proportional to the rotor speed, the difference of output 

voltage at different rotor speeds is not obvious. 

 
2(a) maximum-output-power to speed characteristic 

 
2(b)flux-control-current to terminal-voltage characteristic. 

III. FUZZY MODELING 

The variable-speed wind turbine driven IG systems are 

highly resonant, nonlinear and time-varying dynamics. 

Moreover, there is an appreciable amount of fluctuations in 

the magnitude and frequency of the generator terminal 

voltage due to varying rotor speed, which is governed by the 

wind velocity and the pulsating input torque from the wind 

turbine and the load. Therefore, a novel fuzzy modeling is 

developed to determine the flux control current and the 

maximum output power of the IG accord ing to the rotor 

speed and desired terminal voltage of the IG using the 

knowledge embedded in the characteristic curves shown in 

Fig. 2(a) (b). According to the operating characteristics of the 

IG shown in Fig. 2(b), the characteristics of flux control 
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current to terminal voltage are seldom influenced by the 

Variations of the rotor speed under current controlled indirect 

field-oriented mechanism. Therefore, considering the 

possible parameter variations of the IG, a novel fuzzy control 

rule using the desired terminal voltage  as the linguistic 

variable in the antecedent part and the flux control current  

as the variable in the consequent part is derived first. The 

proposed membership functions shown in Fig. 3(a) can be 

described by the following equations: 

 
 

 
Fig 3 (a): Membership functions of desired terminal voltage  

 

 

 
Moreover, a novel defuzzification method is designed as 

follows to determine the flux control current: 

 
The linguistic values, membership functions, fuzzy control 

rules and de fuzzificat ion of the proposed fuzzy modeling are 

chosen as follows: 

Linguistic values: 

Positive Big: PB, Negative Small: NS, Positive Medium: 

PM, Negative Medium: NM; Positive Small: PS, Negative 

Big: NB, Zero: ZE. 

Membership Functions:  

Depending on the special applications and the preference of 

the user, many types of membership functions can be 

selected. In this study, the triangle-shaped functions are 

chosen.Fig.3(b) is the membership functions for rotor speed 

ωr;Fig.3(c) is the membership functions of flux control 

current ;Fig.3(d) is the membership functions of the 

maximum output power of IG . 
 

 

TABLE 1 : LINGUISTIC RULE TABLE 

 

 
Fig 3 (b): Membership functions of rotor speed 𝜔𝑟  

 
Fig 3 (c): Membership functions of rotor speed i*ds 

 
Fig 3 (d): Membership functions of rotor speed  

Construction of Fuzzy Rules 

According to the operating characteristics shown in 

Fig.2(a), the linguistic rules for the fuzzy modeling of the 

IG, which are the “IF–THEN” forms, are formulated and 

listed in  Table I. The rotor speed   𝜔𝑟  and the flux control 

current  are the linguistic variables in the antecedent parts. 

The maximum output power of IG is the linguistic 

variable. 

De fuzzification: 

The central of area (COA) method is impl e m e nte d to result 

in the output. 

 
IV. RECURRENT FUZZYNEURALNETWORK 

 

A four-layer RFNN as shown in Fig.4, which comprises 

the input (the I laye r ), membership (the  layer), rule (the 

layer) and output layer (the o layer),is adopted to implement 

on line dc-link power control in this study. Moreover, z
-
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1
represents a time delay and the output of the RFNN is 

recurrent to the input layer through a time delay. 

 
Fig. 4. Structure of four-layer RFNN. 

The signal propagation and the basic function in each 

layer of the RFNN are introduced as follows: 

Layer1: input layer 

Each node I in this layer is denoted by π, which multip lies 

the input signals and outputs the result of product. The net 

inputs and the net output are represented as 

 

Wherex
1
i represent the inputs, : 

N; denotes the number o f iterations;𝜔𝑜𝑖  are  the recurrent 

weights for the units in the output layer;y
0
4isthe output of the 

RFNN. 

Layer 2: Membership Layer 

In this layer, each nodej in this layer performs a membership 

function. The Gaussian function is adopted as the 

membership function. For the jth node 

 
Where mij and σij are, respectively, the mean and the standard 

deviation of the Gaussian function in the jth term of the  ith 

input linguistic variablexi
2
 to the node of layer 2,and is the n 

total number of the linguistic variables with respect to the 

input nodes. 

Layer 3: Rule Layer 

Each node k in this layer is also denoted by π .For the k
th 

rule 

node. 

 
Wherex

3
jrepresents the jth input to the nodes of layer 3; 𝜔𝑗𝑘

3  

the weights between the membership layer and the rule layer, 

are designed to be unity; l = (n/i)
i
is the number of rules with 

complete ru le connection if each input node has the same 

linguistic variables. 

Layer 4: Output Layer 

The single node o in this layer is labeled with ∑, which  

Computes the overall output as the summation of all input 

signals 

 
Where the connecting weight  is the output action strength 

of the  o the output associated with the th rule𝑥𝑘
4  represents 

the kth input to the nodes of layer 4;  Is the control effort . 

The online learn ing algorithms of the parameters , mij , σij 

and 𝜔𝑜𝑖 can be found in (22). To show the effectiveness of the 

RFNN with small ru le set, the associated fuzzy sets with 

Gaussian function for each input signal are divided into N 

(negative), Z (zero), and P (positive) three membership 

functions. Therefore, nine linguistic ru les are formed for two  

inputs. Moreover, the COA method is also used for 

defuzzificat ion to result in one output. Thus, the RFNN has 

two, six, nine, and one neurons at the input, membership, rule 

and output layers, respectively. In addition, in order to obtain 

the best transient performance of the IG system, the learning-

rate parameters of the RFNN are set to be 

 
V. DESIGN AND EXPERIMENTATION 

 
The block diagram of the PC-DSP coprocessor 

control computer for the RFNN controlled IG system is 

shown in Fig.5. The fuzzy modeling and RFNN are realized  

in a PC. Two of the three-phase command currents  and 

are sent to the power converter using digital/analog(D/A) 

converters. The current controlled PW Mac–dc power 

converter is implemented using IG BT switching  

components with a switching frequency of 15 kHz. In the 

main program, parameters and input/output (I/O) 

initialization are processed fi rst . Then, the interrupt intervals 

for the ISRs are set. After enabling the interrupts, the main  

program is used to monitor control data. The ISR1 with  

0.05ms sampling rate is the interface program between 

Pentium and DSP. The ISR1 first through D/A converters. 

The ISR2 with 2 ms sampling interval is used for reading 

the rotor position of the IG from encoder, executing the 

fuzzy modeling, reading dc-link voltage and current from 

analog/digital (A/D) converters, online training of the 

RFNN, executing the RFNN controller, and writing -axis  

and q-axis command currents to the DPRAM. The 

subroutine in the DSP performs the integ rat io n of rotor flux  

angular speed and the coordinate transformation, and then 

writes the resulted three-phase command currents to the 

DPRAM. 
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Fig.5. Coprocessor computer control IG system 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Fig.6. Flowcharts of RFNN controlled IG system. 

 

First, operating conditions of the rotor speed, i.e., 1000 rpm, 

with the flux control current i
*

ds38-Aand20-Ωloads are tested. 

First, the experimental results of the IP controlled IG system 

at 1000rpm due to the step command of ,as shown in 

fig.7. Which is obtained from mult iplying η of the converter 

with the output of the fuzzy modeling ,are discussed for 

the comparison of the control performance. Since the IG 

system is an online artime- varying system, the gains of the 

IP controller for the dc-link power tracking are obtained by 

try and error in order to achieve good transient and steady-

state control performance at different operating con di t ions  of  

the I G. Th e res ul te d g ains ar e  = 0.5,  =10 at 1000rpm 

for the dc-link power tracking. 

 

 
Fig. 7. (a)Experimental results of the IP dc-link power controlled IG system 

at 1000 rpm rotor speed 𝜔𝑟 (b) torque control current i*qs, (c) command 

P*
dcand dc-link power Pdc. (d) dc-link voltage Vdc. (e) dc-linkcurrentidc.(f) 

terminal voltagevab. 

 

From the experimental results, sluggish dc-link power 

tracking are obtained for the IP controlled IG system due to 

the weak robustness of the linear controller. 
The experimental results of the RFNN controlled 

IGsystemat1000rpmduetothestep command of are shown 

in Fig.8. 
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Fig. 8. (a)Experimental results of the RFNN dc-link power controlled IG 

system at 1000 rpm rotor speed 𝜔𝑟 (b) torque control current i*qs(c) 

command P*
dc and dc-link power Pdc (d) dc-link voltage Vdc(e) dc-link 

current idc.(f) terminal voltage vab. 
 

From the experimental results, excellent dc-link power 

tracking responses can be obtained for the RFNN controlled 

IG system owing to the online training of the RFNN. 

Moreover, the robust control performance of the p roposed  

RFNN controlled IG system at different operating conditions 

is excellent. Therefore, large torque control current is resulted 

only for the first 0.5s as shown in Fig.8(b). On the other 

hand, for the IP controlled IG system, large torque control 

currents are resulted as shown in Fig.7(b) due to the poor 

tracking control capability of the IP controller. However, 

large estimated slip speed ωsl is also resulted for high torque 

control current. Thus, after the coordinate transformation, the 

resulted  of the IP controlled IG system is almost the same 

as the resulted  of the RFNN controlled IG system. 

Next, some experimental results for the simulat ion 

of the Vary ing wind turbine speeds are provided. The 

experimental results of the RFNN controlled IG system at the 

condition of step changes of rotor speed, i.e., 550, 950, and 

1200 rpm, for the command tracking of are shown in 

Fig.9. 

 
Fig.9. Experimental results of RFNN dc-link power controlled IG system at 

step-command changing of rotor speed: (a) rotor speed 𝜔𝑟 and torque 

control current i ,(b) dc-link voltage Vdc and dc-link current idc, and (c) dc-

link power command P  and dc-link power Pdc. 
 

From the experimental results, the robustness of the RFNN 

controlled IG system is excellent for the continuous changing 

of operating condition. 

Finally  results of the RFNN controlled IG system for dc-link 

voltage control at 1000 rpm with 20Ω load and 33.33Ω load 

are shown in Figs. 10and 11, respectively. 
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Fig.10. Experimental results of the RFNN dc-link voltage controlled IG 
systemat20Ω load:dc-link voltage command V  and dc-link voltageVdc 

 
 
Fig.11. Experimental results of the RFNN dc-link voltage controlled IG 

system at 33.33Ω load dc-link voltage command V  and dc-link voltageVdc 

 

From the ex p eri m e ntal  results shown in Figs.10 and 

11,favorable dc-link voltage control responses due to the 

step command of V
*
dc also can be ac hiev e d using the RFNN 

controller at various load conditions. 

 

VI. CONCLUSION 
 

Fuzzy modeling is proposed to obtain the desired 

flux control current and maximum output power of the IG at 

different operating conditions. A  RFNN was proposed to 

control the dc-link power of the IG system at various rotor 

speeds. The RFNN was also proposed to control the dc-link 

voltage at various load conditions. The effectiveness of the 

proposed control scheme has been confirmed by some 

experimental results. In addition, the control performance of 

the proposed RFNN controlled IG system is robust with 

regard to parameter variat ions at different operating 

conditions of the IG. 
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