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Abstract 

New developments in AC-excited motors, specifically the Brushless Doubly-Fed Induction Machine  

(BDFIM), which combines the best synchronous and induction motors, have been produced. Some 

applications like BDFIM are due to its indirect control features and demand for fractional-rated power 

converters. The variable-speed drive system described in this study is based on a fractional-order 

unidirectional converter and a Brushless Doubly-Fed Induction Motor (BDFIM) combination. Let's 

say you want to be able to anticipate harmonic currents with any level of accuracy. In that instance, 

you must consider how voltage distortions and grid impedance affect power converters wired into the 

grid. Any in-depth analysis of the system could get complicated if the current harmonics vary in a 

nonlinear manner as a function of the values of these parameters. In the Brushless Doubly-Fed 

Induction Machine (BDFIM) control system, the parameters that can be measured directly are Uph 

and Iph. A weak grid can experience torque ripple of the sixth order and voltage distortion due to 

harmonic current from a diode rectifier, which can impact both the machine and the grid. The study 

suggests a harmonic control loop to stop harmonic currents from entering the device or the grid, 

lessening the damage caused by harmonic currents. By creating a new equivalent circuit, this study 

analyses the effect of harmonics on the system and suggests a direct harmonic control strategy. The 

simulation has done for a Brushless DC Motor with an ANFIS controller using MATLAB/Simulink 

software. 

 

Keywords: BDFIM, ANFIS, Uni directional converter 

 

I.Introduction 

Due to the absence of brushes and slips, the Brushless Double-Fed Induction Machine (BDFIM) has 

good dependability and minimal maintenance costs [1]-[4]. Moreover, compared to typical slip ring 

doubly fed induction machines, BDFIM offers numerous additional benefits, such as a more compact 

mechanical gearbox and enhanced low voltage ride-through (LVRT) capability [5]-[9]. Typically, 

these machines are utilized for electric vehicle applications spanning broad torque and speed ranges. 

Contrary to typical DC machines, the operation of BLDC machines requires an electronically switched 

commutator as a converter circuit. A Brushless Double-Fed Induction Machine (BDFIM) features two 

three-phase windings in the stator and one three-phase winding in the rotor. This permits the regulation 

of the machine's speed and the extraction of power from the rotor, both of which are feasible with a 

slip ring doubly supplied machine. The BDFIM also called a self-cascaded machine, is an electrical 

machine with two stator windings that each include three phases. The windings are housed in the stator, 

the stationary component of the device, and the rotor, which is connected to the shaft and does the 

actual rotating, is the moving part. The BDFIM contains two windings: one is connected to the grid, 

and the other is to the rotor. This is a setup for two-way energy transfer between the grid and the rotor. 

Due to this, the Brushless Doubly Fed Induction Machine  has earned the mark "doubly fed." The 

BDFIM has two windings, a rotor winding and a control winding. The rotor winding is the primary 

power source of the machine, and the control winding is used to modify the torque generated by the 

rotor winding. This means that the control winding can change and adjust the torque output of the 

machine. This is an essential feature of the BDFIM and is the basis of the control scheme. This machine 

uses a rotor current that is induced by the power winding. This rotor current is controlled by the control 
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scheme proposed in the study. The rotor current produced by the BDFIM's power winding regulates 

the motor's functioning. The motor's speed and torque can be adjusted with this rotor current. The PW 

and CW subsystem equations were written in two synchronous reference frames, one for each pole-

pair distribution. This results in two equations, one for each synchronous reference frame, describing 

the dynamics of the currents in the two rotors separately.  The electromagnetic torque is determined 

by the synchronous angle' between the two reference frames, the current and flux in each subsystem, 

and the total amount of energy flowing through the system. To build a torque-control method for CW-

rotor fluxes, it was necessary to have control over this synchronous angle. The complete analysis of 

the synchronous steady-state operation of the BDFIM (Brushless Doubly Fed Induction Machine) was 

presented by Williamson et al. [9]. An accurate mathematical model was produced because of this 

analysis, which was founded on a generalized harmonic analysis of the BDFIM. If sinusoidally 

distributed windings are considered, the BDFIM model developed in [10] is equivalent to the steady-

state version of the vector model presented in [4]. This work is a potent tool for understanding the 

BDFIM and is beneficial for tasks involving static performance analysis and machine design, 

especially when combined with the analysis approach created by the same authors [12,13]. However, 

as the model does not capture the machine's transitory behaviour, it cannot be applied to control the 

machine. A method for analyzing the behaviour of electrical systems is known as a generalized 

harmonic analysis. It entails dissecting a signal into its frequency constituents and then examining each 

separately. This makes it possible to examine the system's behaviour in more depth. The excitation 

sources for the two stator windings and the shaft load govern the BDFIM operation. The electromotive 

force of the Power Winding (PW) and the electromagnetic torque can be modulated by adjusting the 

amplitude, phase, and frequency of the converter's output voltage. At super-synchronous speeds, power 

is delivered from the source to the motor via the two stator windings. A chopper circuit may be 

employed to implement the drive mechanism. Applications where this method could be useful, include 

driving fans and pumps; however, it could potentially cause issues in a weak grid. The PW voltage 

may drop, and more harmonic currents will be introduced into the power grid. It is also describing the 

structure of the BDFIM drive system, which is based on a unidirectional converter. Unidirectional 

converters are electrical power converters that allow power to flow in only one direction, from the 

input side to the output side. Harmonic currents are distorted voltages caused by electrical currents 

with frequencies greater than the fundamental frequency. Torque ripple of the 6th order of frequency 

will result from harmonic currents entering the machine and the grid in the presence of a weak grid. 

 
 Fig 1: Structure of the BDFIM drive system with a unidirectional converter and ANFIS  control. 

While diode rectifiers do assist in keeping costs down, the harmonic currents they generate grow in 

direct proportion to the system's power. PCC voltage can cause problems in a low-voltage grid setting. 

Due to their impact on the electrical grid, the rectifier and BDFIM must be carefully studied and their 

harmonic currents correctly regulated. Conventional controllers integrate with a different control 

algorithm to get better control action.  

 

1.1 Statement of the Problem 

When it comes to variable-speed generators and drives, the brushless doubly fed machine (BDFM) is 

quite appealing because of its potential use in applications such as powering fans and pumps. However, 

a diode rectifier allows harmonic current to enter the device. Voltage distortion and a 6th-order 

frequency torque ripple are the results of a poor grid..In this study, the ANFIS controller has been used 

for the Brushless Doubly Fed Induction Machine (BDFIM) drive system as it can help regulate the 
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harmonic current generated by a diode rectifier, allowing the system to operate with a lower frequency 

torque ripple and reduce voltage distortion. In a weak grid, the traditional control method can also be 

used to adjust the harmonic equivalent impedance of the machine system to prevent harmonic currents 

from being injected into the machine or the grid. 

 

1.2 Objectives of the study: 

Using the ANFIS controller, the harmonic control loop is implemented, which speeds up the coordinate 

transformation calculation. This work makes significant contributions in two areas:  

1) it proposes a complete circuit model of the BDFM drive system, including a unidirectional converter 

and grid impedance, to analyse harmonic distribution characteristics;  

2) it improves the control method to regulate the system harmonic distribution characteristic by altering 

the machine harmonic equivalent impedance via the selection of the PW current and voltage as the 

effective control parameters. 

II. Harmonic Amplitude Calculation of Uncontrolled Rectifier’s Output Current: 

 
Fig 2: Unidirectional converter (Uncontrolled Rectifier) 

Consider fundamental component 

ua = Esinωrt…..(1) 

ub = Esin(ωrt −
2π

3
)…..(2) 

uc = Esin(ωrt −
4π

3
)…..(3) 

The harmonic expression of terminal voltage of the rectifier’s DC side udis 

ud=udo = ∑ ud(k), kϵN…….(4) 

Where  udo and ud(k) are the DC and kth harmonic components of ud.  suppose  the AC and DC side 

reactance corresponding to ud(k) are 𝑍𝑠(𝑘) + 𝑍𝑜(𝑘), the rectifiers output current id,which can be 

calculated as 

id =Ido+∑ Id(k), kϵN………(5) 

Ido=
𝑢𝑜

𝑅𝑜
, Id(k)=

ud(k)

𝑍𝑠(𝑘)+𝑍𝑜(𝑘)
…...(6) 

Z0(k), the rectifier’s DC-side corresponding reactance to ud(k), can be given as 

𝑍𝑜(𝑘) = 𝑅𝑜 + 6𝑘ωr𝐿𝑜𝑗……. (7) 

The proposed control structure is shown in fig 3. 

 
(a) 
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(b) 

Fig 3 (a) control structure of the conventional method. (b) Simulink diagram of Proposed control 

structure. 

The BDFIM can operate in several modes, i.e., synchronous, cascade and induction modes [1]. The 

synchronous mode also called the doubly fed mode, is the best. When the CW frequency ω2 is set to 

zero, the natural synchronous speed of the BDFIG can be obtained, above which the rotor speed is 

called the super-synchronous speed, and below which is the sub-synchronous speed. When the rotor 

speed varies, to keep the PW frequency ωp constant, the value of ωc should be changed by 

ω2 = ω1 + ωr(P1 + P2) … … . . (8) 
The relation between the frequencies of PW, CW and the speed of the rotor is  

ωp = (P1 + P2) ωr - ωc……. (9) 

Where 

ωp=frequency of PW 

ωc=frequency of CW 

ωr=frequency of rotor speed 

ωp is regulated by controlling ωc without slip rings and brushes, and thus BDFIM can achieve variable 

speed constant frequency operation. ωp can be regulated as ω*p by varying ωc in stand-alone 

applications [16-17], the error between ω*p and ωp is processed by a PI controller with proportional 

and integral parameters kω-P and kω-I, and the output of the controller is used to regulate ωc. 

ωc = (kω−p +
kω−I

s
) (ω*p-ωp) ….... (10) 

Among different OSG-based PLL, inverse-park transform (Park-PLL) and second order generalized 

integrator (SOGI) restrain the performance under varying frequency and distorted grid voltage 

conditions [18]. When grid voltage contains dc offset and harmonics, a steady-state error occurs in the 

output signal of SOGI-PLL. The extraction of the fundamental component of the grid voltage is 

necessary synchronization in antagonistic conditions. The second-order generalized integrator-based 

phase-locked loop (SOGI-PLL) block can be used to obtain the orientation angle   and frequency ω 

of the fundamental positive voltage. In [19], a second order SOGI PLL with fourth-order transfer 

function is proposed. It has enhanced dc rejection and harmonic attenuation capability. In [21] A 

modified SOGI (MSOGI) PLL is presented in which consist of two-phase generator with a closed loop 

for dc offset and noise rejection. 

 
Fig 4 The Block structure of the MSOGI-PLL method. 

The general structure of MSOGI-PLL is shown in Fig. 4. 
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III. Harmonic analysis: 

As its name implies, the BDFIM typically runs in a synchronous mode where the speed of the shaft is 

only affected by the supply frequencies of the two stator windings. 

 
Fig 5: equivalent harmonic circuit 

In the circuit, the controlled current source Irec represents the rectifier, "ω " represents the circuit 

angular frequency, and the equivalent circuit mentioned in fig 5 refer to a circuit that models the 

behaviour of the Brushless Doubly-Fed Induction Machine  (BDFIM) drive system based on a 

fractional unidirectional converter. This circuit considers the unidirectional converter, a type of 

rectifier, and the impedance of the grid, which is the power system to which the BDFIM is connected. 

This circuit is used to study the harmonic distribution characteristics of the BDFIM. Harmonic currents 

are caused by the diode rectifier, which can flow into the machine and the grid under a weak grid, 

resulting in a 6th-order frequency torque ripple and voltage distortion. The harmonic equivalent 

impedance of the machine system can also be changed to change the harmonic distribution's features. 

This is denote lessen the effects of harmonic currents and stop them from entering the machine or the 

grid. When distributed loads are installed in off-grid locations and connected to the grid via separate 

small-capacity transformers, such as pumping units, the Point of Common Coupling (PCC) voltage 

will be affected by the load currents. Considering this, it is necessary to consider the grid impedance, 

which measures the grid's resistance to electric current. It may therefore be described as a delicate grid. 

This study's analysis of grid impedance focuses on the effects of the weak grid and how they impact 

the effectiveness of the Brushless Doubly Fed Induction Machine (BDFIM) drive system. 
𝑃1

𝑃2
=

𝑓𝑝

𝑓𝑐
………. (11) 

Equation (11) shows the relationship between the active power and frequency of the two stators of a 

Brushless Doubly Fed Induction Machine (BDFIM) drive system. In the equation, P1/P2 represents 

the ratio of the primary stator's active power to the secondary stator's dynamic energy. The PW is a 

three-phase stator winding directly connected to the power line. It has a p1 pole-pair distribution, and 

most power flows through it. The CW is like the three-phase winding of the stator, except it is wired 

to the power converter. This winding is intended to alter the rotor's electromagnetic field. It has a p2 

pole-pair distribution. In contrast, fp/fc represents the ratio of the frequency of the primary stator to 

the frequency of the secondary stator. This equation is derived from the equivalent circuit of the 

BDFIM. 

𝑓𝑐 =
(𝑃1 + 𝑃2)

60
− 𝑓𝑝 … … . . (12) 

When the stator windings' pole pairs, p, are multiplied by the maximum speed, nr, a magnetic field is 

created. Generally, fp is a frequency related to the power grid. It is usually set to a constant value (the 

grid frequency), allowing for a direct connection between the power grid and the motor drive system. 

To prevent magnetic coupling, the pole-pair numbers (p1 and p2) of the power winding (PW) and the 

control winding (CW) are distinct. In an unregulated rectifier, the number of harmonic currents 

increases as the power output rises. These harmonic currents are introduced into the power grid and 

the device when the grid impedance is disregarded. We get an equivalent circuit, as shown in Fig. 5. 

ZMs (the machine's harmonic equivalent impedance) indicate the machine side of the circuit, which 

can be separated from the grid side. Since it is believed that the machine runs at a constant pace, Nr, 

the parameter ZM associated with the machine's harmonic circuits, can be determined by maintaining 
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a constant rotational speed. The controlled current source Irec represents the rectifier, The harmonic 

current contents in the machine and the grid are determined by the grid harmonic impedance and the 

harmonic equivalent impedance of the machine system. 

zM =
jωh Lmp(SCRr

′Rc
′′−ωh 

2a1)−ωh 
2Lmpa2

jωh a3+SCRr
′Rc

′′−ωh 
2a4

+Rp+ jωh Lmp … (13) 

The harmonic components with different orders generated by the diode rectifier may inject into the 

grid or machine. Their effects would be superimposed on each other such that the higher-order 

harmonics may be neglected or eliminated. Higher order harmonics are components of a waveform 

that have a frequency that is an integer multiple of the fundamental frequency. In this case, the higher 

order harmonics are 11th, 13th, and 17th. These higher order harmonics are so small that they can be 

neglected, and this study only considers the major 5th and 7th components which are the major parts 

relative to other harmonic components. The term ̇Irec is an equation that is used to calculate the 

harmonic equivalent impedance of the machine system. This equation is used to determine the 

harmonic distribution characteristics, which is important for eliminating the influence of harmonic 

currents. The equation is expressed as 

𝐼ṙec=√2𝐼𝑟𝑒𝑐ℎ cos(5(ωgt + ∅5) + √2𝐼𝑟𝑒𝑐 cos(7(ωgt + ∅7)……(14) 

Because of the interplay between the fundamental and harmonic magnetic fields in a weak grid, the 

harmonic currents flowing through BDFIM can generate an alternate torque. The fundamental 

component's value is sufficiently greater than the harmonic components that the torque ripple cannot 

be disregarded. As a multi-input device, the converter connected to the CW can be controlled to 

manage the PW's induction potential. 

The harmonic currents flowing into the grid will produce a corresponding voltage dip on the grid 

impedance. This voltage dip can indirectly affect the voltage (Uph) of the Brushless Doubly Fed 

Induction Machine  (BDFIM). The current (Igh) can be divided into two parts (Igh1 and Igh2) 

generated the uncontrolled rectifier (Irec) and the grid voltage (Eph). The current (Igh) can be 

controlled by regulating the grid voltage (Eph). The equivalent voltage (𝐸�̇�) in the system circuit is 

shown in Fig. 6. This voltage is the sum of the voltage generated by the uncontrolled rectifier (Irec) 

and the grid voltage (Eph).  

 
Fig 6:The harmonic equivalent circuit considering BDFIM as a voltage source. 

𝐼�̇�ℎ1 = 𝐼�̇�𝑒𝑐
𝑅𝑝+𝑗ωh𝐿𝜎𝑝

𝑗ωh𝐿𝑔+𝑅𝑝+𝑗ωh𝐿𝜎𝑝
…… (5) 

𝐼�̇�ℎ2 = −𝐸𝑝ℎ̇
1

𝑗ωh𝐿𝑔+𝑅𝑝+𝑗ωh𝐿𝜎𝑝
…… (6) 

To eliminate harmonics the currents should satisfy the equation 

𝐼�̇�ℎ = 𝐼�̇�ℎ1 + 𝐼�̇�ℎ2……… (17) 

The elimination of harmonic currents injected into the weak grid is further eliminated by using ANFIS 

controller. previously using Resonant controller has the drawbacks which shows relatively slow 

performance at the system start-up.  
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IV.SIMULATION RESULT ANALYSIS: 

4.1 Using R controller:  

 
Fig7: Simulation results of the MSOGI-FLL with an 11-kW diode rectifier load switched in the weak 

grid. 

 
Fig 8: The maximum CW voltages of the two control targets at different speeds 

4.2 Using ANFIS controller: 

FIGURE 9. Simulation results of the MSOGI-FLL with an 11-kW diode rectifier load switched in 

the weak grid 
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Fig 10: The maximum CW voltages of the two control targets at different speeds.

  
  Phase-A              Phase-B 

 
Phase-C 

Fig 11: FFT analysis of phases 

Table 1: THD Comparison between ANFIS controller and resonant controller: 

Parameter Using Resonant controller Using ANFIS controller 

Voltage of phase-a 0.27 0.15 

Voltage of phase-b 0.35 0.13 

Voltage of phase-c 0.34 0.09 

 When an 11-kW diode rectifier load is switched in a weak grid, as illustrated in Fig. 1, the 

simulation results of MOSGI-FLL (Modified Optimal Sliding Mode Grid Interface-Fractional Order 
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Loop) are displayed in Figs. 7 and 9. The MOSGI-performance FLL's can satisfy the controller's 

requirements, and the grid's impedance can no longer affect the stability of the system. This indicates 

that the THD (Total Harmonic Distortion) of the PCC voltage will not grow when the converter's 

output power increases, nor will the PCC voltage fluctuate greatly as the load power varies. 

Additionally, when the load changes rapidly, the essential elements of the PW voltages and currents 

will be precisely calculated, enabling the angle of the PW flux vector to be well tracked and the system 

stability to be preserved. Figures 8 and 10 depict the relationship between the maximum voltage 

amplitude of the uc and the bus voltage related to the two control goals at various speeds. Due to the 

growing amplitude of u*c at high speed, the capacity to regulate the rejection of harmonic currents 

flowing into the grid is constrained. When employing an ANFIS controller instead of a resonant 

controller, there is a greater harmonic reduction, which is visible when THD is compared. The ANFIS 

controller performs admirably in terms of tracking the sinusoidal reference signal and dynamic 

transient response. Compared to a resonant controller, the ANFIS controller responds more quickly. 

 

Conclusion: 
For loads that only need restricted range speed control, the BDFIM variable speed drive system based 

on a fractional unidirectional converter provides a wide range of application prospects. This research 

investigates the harmonic characteristics using a new equivalent circuit and suggests a direct harmonic 

control technique to address the impact of harmonics on systems. It is demonstrated that:  

a) The harmonic equivalent impedance of the machine system and the grid harmonic impedance dictate 

the harmonic current contents in the machine and the grid.  

 b) The nature of the bidirectional harmonic currents control between the weak grid and the machine 

is changing the harmonic distribution characteristics of the BDFIM driving system. 

This study's analogous circuit construction and control methodology are equally appropriate for 

distorted grids with numerous nonlinear loads. A future study will be conducted on the fact that in this 

operational setting, 

Tracking the sinusoidal reference signal and dynamic transient response are accomplished brilliantly 

using the ANFIS controller. The controller reacts more quickly than a resonant controller. 
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