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Abstract: This paper suggests a combined novel control strategy for DFIG based wind power systems (WPS) under both nonlinear and unbalanced load conditions. The combined control approach is designed by coordinating the machine side converter (MSC) and the load side converter (LSC) control approaches. The proposed MSC control approach is designed by using a model predictive control (MPC) approach to generate appropriate real and reactive power. The MSC controller selects an appropriate rotor voltage vector by using a minimized optimization cost function for the converter operation. It shows its superiority by eliminating the requirement of transformation, switching table, and the PWM techniques. The proposed MSC reduces the cost, complexity, and computational burden of the WPS. On the other hand, the LSC control approach is designed by using a mathematical morphological technique (MMT) for appropriate DC component extraction. Due to the appropriate DC-component extraction, the WPS can compensate the harmonics during both steady and dynamic states. Further, the LSC controller also provides active power filter operation even under the shutdown of WPS condition. To verify the applicability of coordinated control operation, the WPS-based microgrid system is tested under various test conditions. The proposed WPS is designed by using a MATLAB/Simulink software.
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1  Introduction

Due to the significant growth of grid integrated renewable energy-based distributed generators (DGs), the power quality (PQ) and reliability (PR) aspects have become a major challenge [1,2]. Traditionally, from an economic point of view, constant speed turbines with self-excited capacitors and induction generators (IGs) are chosen [3,4]. Though the traditional turbines function well at steady-state conditions, during dynamic states,  a change in wind speed decreases the performance of the WPS. Therefore, to generate maximum power and to increase the durability of the WPS, DFIG based WPS are widely selected due to r high-power rating, improved damping operation, and requirement for lesser rating converters for integration [5,6]. The balanced grid performance is affected by using the non-linear/unbalanced load conditions such as inverters, SMPS, and chargers, etc. [7,8]. In unbalanced grid/distributed network conditions, the performance of WPS is affected because of the faltered electro-magnetic torque, change in rotor speed, and harmonic current injection. At that time, to protect the WPS from over voltage and current, it is necessary to disconnect the WPS from the disturbed network [9]. Due to the nonlinear load, the PQ and PR of the WPS are decreased by producing excess heating loss, decreasing the voltage quality, and increased power losses, etc. Therefore, the improvement of PQ and PR problems are considered as an important aspect of this study.

To overcome the PR issues, many researchers suggest various improved control methods for the operation of grid-connected double fed induction generator (DFIG) based WPS. From the literature, few important techniques such as the field-oriented control (FOC) or vector control (VC) approaches are widely applied for similar applications [10,11]. However, during the transient system conditions, the above-mentioned well-known strategies lag their performance due to the excess use of intricate decoupling methods and coordinate transformation. Moreover, these control strategies are also not concerned about the positive, negative, and zero sequence components. All these limitations will deteriorate the performance of the grid-integrated WPS. As a solution, to overcome the tuning problems and reduced the complexity in the control design of VC, novel direct torque control (DTC) [12,13], and direct power control (DPC) [14] approaches are proposed. As compare to the traditional FOC and VC, DTC and DPC strategies are much simpler and robust techniques to improve the PR operation. In recent days, to provide an enhanced operation, advanced DTC and DPC strategies are proposed for unbalanced DG integrated grid applications [15,16]. However, due to the use of hysteresis band regulator (HBR) and the use of switching tables, the advanced DTC and DPC strategies produce larger power ripples, which seriously deteriorate the DG performance. In [17], a predictive control technique is used to offer a fast-dynamic response. However, the predictive approach [17] was a comparatively complex control and faces difficulties during the implementation. In [18], a sliding mode approach (SMA) based control approach is suggested to regulate the DFIG based WPS. However, [18] is focused only on torque and reactive power regulation without considering the PQ enhancement of the WPS. An enhanced system design is projected in [19], to regulate both PR and PQ of WPS through a single controller design at the machine side. Undoubtedly, due to a single-loop control design, the implementation cost of the system is decreased to minimal value but rises the computational load and difficulty of the controller. In addition to that, if the generation is stopped then the complete system is stopped working and the demand for the load is not satisfied through the utility. Hence, it is essential to invent an optimal control solution to provide better PQ and PR aspects of the study.

To overcome the PQ issues, many researchers suggest various improved control approaches for the operation of grid-connected DFIG based WPS. In [20], to improve the PQ, a hypothetical control approach is proposed by using an instantaneous active and reactive power approach, similar to [21]. In [22], for reducing the complexity and computational burden, the power engineers calculated each of the current components through instantaneous power component definitions. However, due to the excess use of the decoupling and coordinate systems, the conventional PQ methods are incapable to detach the active and reactive current component in terms of positive and negative sequence components in a certain bound. In the DG integrations, due to the excess use of voltage source inverter and load, the performance of the WPS is exaggerated by the increased harmonic contaminations. As a solution, shunt active filter (SAF) based systems are one of the possible solutions for compensating the harmonics [23]. A similar type of SAF approach with the detailed working principle is proposed by considering different DGs and sensitive loads [24]. Still, the proposed approaches are designed by using the traditional αβ/dq transformation, which increases the circuit complexity and provides extra burden. From [25], it is analyzed that instantaneous power theory (IPT)-based control approaches are one of the best methods to regulate the SAF. However, the SAF performances are mostly based on the low pass filter (LPF) design such as analog and digital LPF. Due to the use of analog filters [26], the system generates excess harmonic output during reference component generation. In addition to that, the leakage of spectral components also affects the system stability for longer duration applications. To overcome the demerits of LPF, in [27–30] a digital-LPF based IIR/FIR filter is applied. However, the used IIR filter requires an additional feedback loop for obtaining appropriate reference signals, and limits the output responses within a certain value to decrease the stability. As an alternative, the FIR filter is used without requiring an additional feedback loop to generate the required reference signals. However, to rise the exactness and stability of WPS, the order of LPF may rises. The high order filter increases the stability, but it also increases the complexity and provides an additional burden to the system. Therefore, it is necessary to find an optimal solution to provide better PQ and PR aspects of the WPS by using a novel current decomposition technique with an increased level of selectivity.

The major aspects of the study are presented as follows.

1.    Detailed mathematical modeling of grid integrated DFIG based WPS is proposed for non-linear/unbalanced load applications.

2.    To reduce the complexity in design and decrease the computational burden of the system, two novel coordinated control model is proposed as the machine side converter (MSC) and the load side converter (LSC) control approach.

3.    To provide a continuous power supply and appropriate converter operation, an improved MPC controller is selected to develop the MSC controller for appropriate voltage vector generation and offer better power reliability operation.

4.    To mitigate the harmonics obtained by the non-linear load, a novel current decomposition and MMT-based LPF is selected to develop the LSC controller for better PQ operation.

5.    Due to the above-coordinated control approach, the LSC converter can perform as a SAF even during the shutdown condition of WPS.

2  Overall Wind Power System Modeling

The complete structure of the proposed DFIG based WPS is illustrated in Fig. 1. The dc-motor with two blades is connected to the DFIG through a gearbox, to provide an increased torque during lower speed action. As demonstrated in Fig. 1, the rotor winding of WPS is linked to the utility through two back-to-back voltage source converters (VSCs) such as MSC and LSC, and the stator winding is directly connected to the grid. The LSC is connected to the point of common coupling (PCC) through an interfacing inductor (Li), to protect the system from transient conditions. In this proposed approach, a non-linear/ unbalanced load is connected to the PCC, to illustrate the PQ aspects of the system. To offer better PR and PQ aspects of WPS, the control strategy of the proposed approach is divided into two sections as MSC control and LSC control. In the MSC approach, the MPC technique is used to regulate the real power of the machine and offer better PR operation. In the LSC approach, the MMT-based strategy is developed to mitigate the system nonlinearity and offer better PQ operation. Both of the proposed control strategies are interlinked with each other to offer a coordinated operation.
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Figure 1: Overall system diagram of the DFIG based WPS

Before discussing about the proposed control strategy, it is essential to develop the detailed mathematical modeling of the undertaken DFIG based WPS. The block diagram and the phasor diagram of the DFIG model are illustrated in Fig. 2. The derived mathematical expressions of DFIG is presented as follows.


Vs,dq=RsIs,dq+dΨs,dqdt±ωeΨs,dq(1)


Vr,dq=RrIr,dq+dΨr,dqdt±(ωe-ωr)Ψr,dq(2)

where Vs, dq and Is, dq are the dq stator voltage and current components, Vr, dq and Ir, dq are the rotor voltage and current component, Ψs,dq and Ψr,dq are the stator and rotor dq flux linkage respectively. The last term of Eqs. (1) and (2), ωeΨs,dq and (ωe-ωr)Ψr,dq are the electromotive force-velocity of stator and rotor respectively. ωe is the electro-mechanical angle of DFIG, Rs is the stator resistance and Rr is the rotor resistance. To obtain the stationary frame response of the DFIG, the ωe becomes 0. The related Ψs,dq of the DFIG can be represented as.


Ψs,dq=LmsIs,dq+Lm(is,dq+ir,dq)(3)


ψr,dq=LmrIr,dq+Lm(Is,dq+Ir,dq)(4)


Ψm,dq=Lm(Is,dq+Ir,dq)(5)

Lms=Ls-Lm,Lmr=Lr-Lm
 where Lm, Lms, and Lmr are denoted as the mutual inductance, stator mutual inductance, and rotor mutual inductance of the DFIG respectively. Rs is disregarded and Ψs,d is supposed to be static. Therefore Ψs,d=ψ̄s, and Ψs,q=0. The vector representation of Is, dq, Ir, dq and Ψm,dq are signified as Īs, Īr and ψ̄m respectively.
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Figure 2: Block and phasor diagram of DFIG model
 

ψ̄s=LmsĪs+LmĪr=Lm(Īs+Īr)-LmĪr(6)

Substitute Eq. (5) in Eq. (6), Eq. (6) can be derived as.


ψ̄s=Lsmψ̄mLm-LmĪr(7)

The electrical torque ‘Te’ becomes


Te=32p2LmLms(ψs,qIr,d-ψs,dIr,q)=-32p2ψ̄sIq,r(8)

By using the complex conjugate of stator flux (ψs*), the Te can be obtained as.


Te=-32pIm(ψs*Is)(9)

The complex power (S) of the system can be computed as.


S=P+jQ=32Is*Vs(10)

where P is the real power and Q is the reactive power of the system. Is* and Vs is the conjugate of stator current and voltage component of the stator. By analyzing the above mathematical equations, the MSC and LSC control approaches are designed.

3  Control Approach

To control the proposed DFIG based WPS, two control structures are required as MSC and LSC control approaches. The detailed explanations related to the proposed control approaches are presented in the following sections.

3.1 MSC Control Approach

In this proposed approach, the MPC technique is selected to accurately forecast the requirement of real and reactive power demand of load and grid. After the accurate forecasting, the desired voltage vector is chosen by using the optimization cost function with properly tracking the forecasting value and the reference value. By neglecting the Rs, the relationship between the voltage (Vs) and flux (ψs) of the stator can be derived as.


Vs=j32ωeψs(11)

By using Eqs. (3)–(5), the stator current ‘Is’ can be computed as.


Is=λ(Lmrψs-Lmψr)(12)

where λ=1-Lm2/LmsLmr. By using Eqs. (11) and (12), the stator complex power as expressed in Eq. (10) can be computed as.


s=j32p2λωe[Lmr|ψs|2-Lm(ψr*ψs)](13)

By analyzing Eq. (13), the real and reactive power component is computed as.


P=32p2λωeIm(ψr*ψs)(14)


Q=32p2λωe[Lmr|ψs|2-LmRe(ψr*ψs)](15)

Eqs. (14) and (15) illustrate that the stator’s real and reactive power output and depends upon the stator and rotor flux component. Generally, the stator flux is developed by using the constant grid frequency at 50 Hz and constant amplitude. Therefore, the real and reactive power developed from the machine depends upon the rotor flux, which is regulated by Vr, dq as described in Eq. (2). Based on the above concept, the MPC regulator requires to compute all the Vr, dq vectors based on the real stator power component. Before it is used for pulse generation, the voltage vector diminishes the cost function as illustrated in Fig. 3.
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Figure 3: MSC control diagram

The time derivate of Eqs. (14) and (15) becomes


dPdt=32p2ωeλ[Im{Vr*ψs}+ωsRe{ψr*ψs}-λRrLmIm{ψr*ψs}](16)


dQdt=-32p2ωeλLm[Re{Vr*ψs}-ωsIm{ψr*ψs}-λRrLmRe{ψr*ψs}+λRrLm|ψs|2](17)

By canceling the rotor and stator resistance of Eqs. (16) and (17), the derivative of power becomes


dPdt=32p2ωeλLm[Im{Vr*ψs}+ωsRe{ψr*ψs}]=FP(18)


dQdt=-32p2ωeλLm[Re{Vr*ψs}-ωsIm{ψr*ψs}]=FQ(19)

It can be analyzed from Eqs. (18) and (19) that the mathematical modeling of DFIG can be developed by using the real and reactive power component as a state variable and the Vr, dq as an input respectively. By using the instantaneous power based on discrete-time responses, the next sampling responses of both active and reactive power (Pt+1 and Qt+1 ) can be estimated as.


Pt+1=Pt+FpTsample(20)


Qt+1=Qt+FQTsample(21)

where Tsample is denoted as the sampling time instant of the DFIG based WPS. After estimating the appropriate power requirement, the second step is to calculate the possible effects of the different Vr, dq, which is achieved due to different speeds and chosen one by diminishing the subsequent cost function (CF).


CF=Min.k=(P*-Pt+1)2+(Q*-Qt+1)2(22)

The complete MSC control approach is demonstrated in Fig. 3. As indicated in Fig. 3, by using the above mathematical equations the MSC controller is designed. For better understanding, the MSC controller is separated into three sections such as speed regulator, MPC controller, and reference power generation. In this proposed approach, for reference speed (ωr*) generation, perturb, and observer (P&O) based maximum power algorithm (MPA) is used. By relating ωr* with the (), the speed error of the sytem is generated. to produce the speed error of the system (ωe). ωe is passed through a PI controller to produce the reference real current component (Id*). A detailed explanation about the PI controller parameter selection is presented in the following LSC control approach section. For better power regulation, the reference reactive power component is taken as zero (Iq*=0). From the Ir, RYB, the actual real (Id) and reactive (Iq) component of the rotor current is computed by using RYB/dq transformation. After generating both real and reactive components, the real (Ide) and reactive current (Iqe) error are generated. By using the Ide and Iqe, the reference rotor current (Ir) is generated. Is and Vs are traced from the DFIG based machine. By using the grid voltage (Vg, RYB) and fundamental dc components from the LSC control approach (Īp and Īq), the reference real and reactive power (P* and Q*) are computed. The obtained input parameters such as (Ir, Is, and Vs) being used as input to the MPC controller with all possibility of rotor voltage vectors for the appropriate forecasting of Pt+1 and Qt+1. By combining Pt+1, Qt+1, P* and Q*, the total power is passed to the cost function block for the estimation of voltage vectors, and the minimum cost function voltage vector is passed to the next sampling instant. It is analyzed from the traditional switching table-based real power regulation technique (STAPR) [9–13] that the voltage vectors are selected according to the predeclared switching table. Therefore, the traditional strategy does not guaranteed the appropriate real and reactive power generation. To overcome the above demerits, in this proposed approach MPC controller is used to compute all the possible voltage vectors in every sampling instant. Therefore, the MPC-based strategy guaranteed optimum performance during both steady-state and dynamic state conditions.

3.2 LSC Control Approach

The LSC control approach is separated into two sections. The first section is proposed for a simpler control design by reducing the design complexity and computational burden, and the second section is proposed for an appropriate dc component extraction concept through a novel mathematic morphological technique (MMT) by reducing the harmonic and non-linearity current.

3.2.1 Advanced Ip-iq Approach (A-Ip-Iq-C)

The traditional Ip-Iq control (T-Ip-Iq-C) approach is designed by using a 3φ current input signal (IRYB). Generally, the T-Ip-Iq-C approach is only used for the 3φ 3W system. In addition to that, the control approach extracts only fundamental phase information by eliminating the actual amplitude and phase information of 3φ voltage signal (VRYB). Therefore, the T-Ip-Iq-C is lagging its performance during actual real and reactive power in a real microgrid system. To overcome the demerits, in this proposed approach, an advanced Ip-Iq control (A-Ip-Iq-C) approach is proposed for reducing the design complexity as well as the computational burden of the system. Due to the proposed technique, the LSC controller design also eliminates the αβ/dq transformation and inverse transformation technique.

In the A-Ip-Iq-C approach, during the 1φ current tracking, the 1φ voltage is unit amplitude sinusoidal component like (VR= sinωt). The detected current is signified as follows.


I=∑n=1∞2In sin(nωt+φn)(23)

As per the PQ theory discussed in [7], the real current component (Ip) is determined by the product of the actual voltage and the current component. Likewise, the reactive current (Iq) component is determined by the product of actual voltage and current component with π2φ delay. The Ip and Iq component computation formula is presented in the following sections.


Ip=I× cosωt=∑n=1∞12In{cos([n+1]ωt+φn)+ cos([n-1]ωt+φn)}Iq=I× sinωt=∑m=1∞12In{sin([n+1]ωt+φm)- sin([n-1]ωt+φn)}}(24)

By accumulating Eq. (2) in the matrix, it can be represented as.


[IpIq]=[Ma]×I(25)

where M32=[cosωtsinωt]T and ‘n’ is the phase numbers of related voltage and current components. M32 is multiplied with the instantaneous current component (I), to generate the instantaneous real and reactive current component as presented in Eq. (25).

The dc-components of Ip and Iq are denoted as Īp and Īq respectively and it is detected through the dc-component extraction approach as illustrated in Eq. (26). However, in this proposed approach, to optimally select the dc component, the MMT technique is adopted. The corresponding equation is presented below.


[ĪpĪq]=[12In cosφn12In sinφn](26)

As illustrated in Eq. (26), Īp and Īq are computed by using the fundamental current signals. By appropriately selecting the Īp and Īq, the real and reactive power of the DFIG can be regulated. As Eq. (26) only contains the fundamental component, the performance of the DFIG based wind power system is not affected by any harmonic component. From Eq. (23), the fundamental current can be calculated as follows.


In=2In cos(ωt+φn)=2(12In cosφn cosωt-12In sinφn sinωt)=2(Īp cosωt-Īq sinωt)(27)

From Eq. (27), the matrix (Mb) is obtained for computing the phase currents from the fundamental current. By which the proposed controller knows the actual real and reactive current component through the phase currents without any conversion devices. The related equations are presented below.


In=Mb[Īp]T(28)

where Mb=[2cosωt-2sinwt].

By considering the fundamental and phase sequence voltage and current component, the proposed A-Ip-Iq-C approach has decreased the complexity and computational burden of the system by eliminating the 3φ/1φ transformation. The proposed A-Ip-Iq-C approach of the LSC is illustrated in Fig. 4. As it is shown, the instantaneous voltage and current of load and grid are sensed by using three-phase VI measurement blocks. After sensing the current parameters of respective load (Il, RYB) and grid (Ig, RYB), the respective currents are passed through Eq. (25) (Ma), to generate the real and reactive components of load and grid (Ilp, Igp, Ilq, and Igq) respectively. The obtained real and reactive components of load and grid are equated with each other to generate the error in real (Ipe) and reactive (Iqe) components respectively. To generate the appropriate real current component (Ia), it is necessary to regulate the dc-link voltage of the respective inverter. As demonstrated in Fig. 4, the instantaneous dc voltage of the capacitor (Vdc) is related to the reference Vdc (Vdc*), to compute the error voltage (Vdc, e) component. The voltage error is regulated through a PI controller to produce the appropriate real current component for the actual real power component. The PI control constraints are computed mathematically by using the open-loop and closed-loop transfer functions. For better analysis, the proposed test system stability results are compared with the conventional test system stability results in [9] and presented below.
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Figure 4: Proposed A-Ip-Iq-C approach for LSC

In Fig. 4, the dc-link voltage regulation block diagram is illustrated by using the actual and reference dc-link capacitor (Cdc) voltage rating. The real output current (Ia) response of the PI regulator is represented in time domain analysis form and can be represented as.


Ia(t)=KPVdc,e(t)+KI∫Vdc,e(t)dt(29)

where KP is the proportional gain, and KI is the integral gain. From Eq. (29), the PI regulator transfer function is derived as.


GPI(s)=KP+KIs(30)

As shown in Fig. 4, the open-loop GPI(s) and closed-loop HPI(s) transfer function of the PI regulator is represented as.


GPI(s)=(KP+KIs)(1Cdcs)(31)


HPI(s)=(1Cdc)×(KPs+Kis2+KPCdcs+KICdc)(32)

As shown in Eq. (32), HPI(s) is a second-order system and the denominator must be in the form of (s2+2ξωis+ωi2). From Eq. (32), the damping ratio (ξ) and bandwidth (ωi) of the system are derived as follows.


2ξωi=KPCdc⇒KP=2ξCdcωi(33)


ωi2=KICdc⇒KI=Cdcωi2(34)

The constraints of the PI regulator are computed by sensing the actual and reference voltage component. To confirm the stability, the frequency response of GPI (s) at unlike bandwidth (BW=ωi) is indicated in Fig. 5. The linear connection between the stationary and dynamic system performance is obtained by using the damping ratio (ξ) value within 0.3–0.8. Fig. 4 shows that at ωi=325 rad/s, the controller produces a linear response related to other ωi values. By using ωc=325 and Cdc=24000μF, the KP and KI values are calculated as 0.95 and 458 respectively. The computed PI parameter value-based closed-loop transfer function output response is compared with the conventional PI control parameter value responses [28].

The stability of the proposed approach is analyzed through different responses like frequency responses, impulse responses, and step responses respectively as indicated in Figs. 6a–6c respectively. Fig. 6a shows that the compared bode plot results of the proposed and conventional approach. During the proposed approach, it is observed that the phase margin and gain margin of the proposed system are 91.8∘ and 11 dB respectively, and the phase margin and gain margin of the conventional system are 51.33∘ and 3 dB respectively. As per the European Space Agency [24], the standard stability phase margin and gain margin of the system must be greater than 60∘ and 10 dB respectively. By analyzing the standards and frequency response result as indicated in Fig. 6a, the proposed approach guarantees more stability as compared to the conventional approach during any transient conditions. To give more clarity about the stability of the proposed approach, in this study, further two additional responses like impulse and step responses are presented in Figs. 6b and 6c. In the presented Figs. 6b and 6c, it is shown that the settling time and rise time of the proposed system is lesser than the conventional system results. Therefore, for obtaining an appropriate real power current component, it is proposed to operate the WPS through the proposed PI regulator.
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Figure 5: Frequency response of GPI(s) by using different bandwidth value
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Figure 6: Stability responses of proposed and conventional system (a) Frequency response (b) Impulse response (c) Step response

After generating Ia from the proposed PI regulator, it is related to the IPe for producing the actual IP component. In the proposed approach, the Iqe is identical to the actual Iq component. To lessen the non-linear current component, the obtained Ip and Iq are passed through the dc-component extraction method based on MMT. By using the proposed MMT, the system can generate Īp and Īq. Secondly, to obtain a pure current component (ĪRYB), it is passed through Mb block. To produce the reference current signals (IRYB*) for the LSC operation, the obtained dc component ĪRYB is further compared to Ig, RYB.

3.2.2 MMT Approach

MMT method is suggested for the appropriate real and reactive DC extraction. The design MMT model is illustrated in Fig. 7. MMT method depends upon the set theory and by using this theory the fundamental component is separated into two different sets. By using a shaping component (SC), one of the derived sets is tracked by other sets. ‘SC’ is used as a moving space, which moves among the signals combined with the space samples, and tracked useful signals/exact features of the sampled signals [28]. To operate the MMT, two important methods like corrosion and expansion are widely chosen. Based on the important methods, other complex methods like opening, closing, top-hat transform is selected for the modeling of MMT [29]. By analyzing the above methods, the most popular methods like corrosion, dilation, opening, and closing methods are chosen. The detailed mathematical explanation related to the MMT approach is described in the following sections.
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Figure 7: MMT method control diagram

To design the MMT approach, two sets like input current component F(k) and the SC G(s) are selected. The used domains of the selected sets are DF={a0,a1,a2,…,ak} and DG={b0,b1,b2,…,bs}, where k must be greater than s and both are used as integers. The dilation and corrosion of F(k) by G(s) are derived as.


Y(k)=(F⊕G)(k)= max{F(k-s)+G(s),0≤(k-s)≤k, s≥0}(35)


Y(k)=(FΘG)(k)= max{F(k-s)+G(s),0≤(k-s)≤k, s≥0}(36)

In the proposed MMT technique, F is considered as the real and reactive input current components. From Eqs. 35 and 36, two resultant equations like opening and closing operations are developed.

The opening of ‘F(k)’ by SC ‘G(s)’ is expressed as.


Y(k)=(F∘G)(k)=(FΘG)⊕G(k)(37)

Similarly, the closing of F (k) by G(s) is expressed as.


Y(k)=(F⋅G)(k)=(FΘG)⊕G(k)(38)

The important aim for selecting the opening (∘) and closing (⋅) operators is to smoothen the sharp limits and blocks the thin spaces in the respective real and reactive current components [27,28]. As illustrated in Fig. 7, two dissimilar filters like open and close filters are placed in a cascade arrangement with different orders. During numerical variation, there is a problem that occurred in open-close/close-open filters due to the extension of the open form and opposing extension of the close form respectively. Thus, the output response of the open-close filter is small and the close-open filter is large. As per the illustration in Fig. 5, to reduce the harmonics/non-linearity in the current signals, the two developed filters are joined in a cascaded manner by forming a novel filter design with the average of the open-close/close-open transform [28]. By using iterative methods, the design process of the filter is possible. .

Let Ym is the output of MMT at level ‘m’, and Gn is the ‘SC’ at level ‘n’. The new MMT filter is derived as.


Ym=(Gn-1∘Gn)∙Gn-1+(Fn-1∙Gn-1)∘Gn-12(39)

At n = 1, F0 = F is the input current signal. Till the error between the output signal (Ym) and its previous value (Ym −1) is minimum, the iteration process is continued. The relation between Ym and Ym −1 can be derived as.


∑lYn(l)-∑lYn-1(l)〈τ(40)

where τ is denoted as the threshold value. In the proposed approach, the important role of MMT is to obtain the dc real and reactive current component. SC uses a filtering space to cancel the increased order signals. The performance and accuracy of MMT are operated by an appropriate selection of ‘SC’. The outline of ‘SC’ maybe a trio, sphere, and flat line. In this proposed method, SC is chosen as a flat line with the level of ‘n+2’ at n-level.

4  Result Analysis

To justify the proposed MSC and LSC control approach need for the DFIG based WPS during nonlinear/unbalanced load conditions, different test conditions are presented in this section. Further, to give a clear idea about the improvement percentage (IP) of the proposed method, the obtained results are compared with the traditional STDPC [28] results. In this proposed approach, a 20 kW rated power-based WPS is designed and the performances of the WPS are studied during both steady-state and dynamic state conditions. At last, a comparative table is presented to show the improvement percentage of the proposed controller.

4.1 Testing the Performance of WPS by Using Traditional STDPC [28]

A Similar 20 kW rating of WPS performance is tested by using the traditional STDPC [28] technique. During the testing, the WPS is attached to a non-linear/unbalanced load. Generally, the sensitive load decreases the system performance drastically. By using the traditional STDPC approach, the undertaken WPS is tested at constant wind speed, without wind speed, fall in wind speed, and unbalanced load conditions respectively. Each test condition is undergone through non-linear load applications. Figs. 8a and 8b shows the current results and respective harmonic contained during different test conditions. Fig. 8a(i) shows the nonlinear load current and its rating is constant 12A in all of the test conditions. By using STDPC and at constant wind speed (10.6 m/s), the generated grid current (24A) and stator current (38A) from a 20 kW WPS as illustrated in Figs. 8a(ii,iii). Similarly, without wind speed, the WPS cannot able to produce power. Therefore, the stator current becomes zero, and the grid current around 12A is supplied to the sensitive load for satisfying the load requirement as illustrated in Fig. 8a(iv). Further, at a fall in wind speed, the grid current is gradually increased and the stator current is gradually decreased as illustrated in Figs. 8a(v,vi).
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Figure 8: Output responses (a) Current responses of load, grid and stator (b) Harmonic current results of load, grid and stator (i) Non-linear load current (ii) Grid current during constant wind speed (iii) Stator current during constant speed (iv) Grid current during without wind speed (v) Grid current during fall in wind speed (vi) Stator current during fall in wind speed (vii) Grid current during unbalanced load (viii) Stator current during unbalanced load

Here only magnified figures are illustrated and the detailed explanation related to the undertaken conditions is provided in the following sections. At last, during an unbalanced load condition, the utility current is slightly increased to balance the non-linear load current. The respective stator and grid current outputs are demonstrated in Figs. 8a(vii,viii). Undoubtedly, as per the undertaken test condition, the controller performs accordingly. However, it is observed from the illustrated figures that the output current responses are not linear. Due to the non-linear nature of the grid and stator current, the system performance is affected badly. The non-linear nature of output waveforms shows that the traditional control approach is not enough competent during any transient conditions.

Moreover, to get more clarity about the performance of the traditional STDPC approach, in Fig. 8b the harmonic contained of the output waveforms are calculated by using Fast Fourier transform (FFT) technique. At first, the harmonic contained in the non-linear load is computed and found that it contains 32.18%. By using the traditional strategy, at constant wind speed, Figs. 8b(ii,iii) illustrates that the non-linear contained grid current and stator current is computed as 4.98% and 3.23% respectively. Similarly, without wind speed and non-linear load application, Fig. 8b(iv) illustrates that the non-linearity contained in the grid current is computed as 4.182%. During the fall in wind speed, Figs. 8b(v,vi) illustrates that the non-linearity contained in the grid and stator current is computed as 4.35% and 2.978% respectively. During unbalanced load conditions, Figs. 8b(vii,viii) shows that the harmonic contained of grid and stator current is computed as 3.98% and 3.12% respectively. From the harmonic analysis results, it is found that the harmonic percentage is very high as per the international IEEE-1541 limits. Due to the excess non-linearity contained in the output results, the PQ of the WPS is affected badly. Therefore, by analyzing the dynamic real-time conditions, there is a requirement to design an appropriate control strategy for the improvement of PQ/PR of the renewable integrated microgrid system.

4.2 Testing the Performance of WPS by Using the MSC and LSC Control Strategy

To test the performance of grid integrated WPS, it is undergone through different case studies like constant wind speed, without wind speed, gradually fall in wind speed, and unbalanced load condition. To show the effectiveness of the proposed MSC control approach, the power reliability conditions are illustrated by properly adjusting the real and reactive power flow. In addition to that, to show the effectiveness of the proposed LSC control approach, the power quality conditions are illustrated by compensating the generated harmonics. The corresponding test cases are presented in the following section.

Scenario-1: The test scenario is operated at constant wind speed (10.6 m/s). In this case, a 6.1 kw rating of the non-linear load is used to test both the PQ and PR aspects of proposed WPS. The respective wind speed (10.6 m/s) and nonlinear load current (12A) output results are demonstrated in Figs. 9(i,ii). Generally, the non-linear load affects the system performance by injecting the harmonic current. In the proposed approach, through LSC control the harmonic currents are compensated and improved the PQ. Similarly, MSC control regulates real and reactive power flow, to improve power reliability performance. To regulate the speed of the machine at a constant value (1750 rpm), P&O based MPA is chosen [23].

As per the proposed approach, the LSC generates appropriate harmonic current quadrature to the generated non-linear current as demonstrated in Fig. 9(iii). Due to the appropriate harmonic current generation at the LSC, the WPS has achieved a linear grid and stator current as 24A and 38A respectively. The corresponding current results are illustrated in Figs. 9(iv,v). The proposed WPS also achieved linear stator voltage as indicated in Fig. 9(vi). In this proposed approach, the nonlinear load power rating is set at 6.1 kW as illustrated in Fig. 9(vii). As the WPS rating is higher (20 kW) than the load demand (6.1 kW), the total power is transferred to both load and grid from the machine. Due to the system losses, the WPS generates 18.30 kW power from stator winding as demonstrated in Fig. 9(viii). Fig. 9(ix) illustrates that the LSC generates around 696.22 W power from the rotor winding of the machine. Therefore, the total power generated from the machine is computed as 19.1 kW. As the load demand is lesser than the generation, after feeding the load demand, the rest power around 12.871 kW power is transferred to the grid as illustrated in Fig. 9(x). Due to the appropriate power flow to the load and grid, it can be analyzed that by using the proposed MSC control strategy the WPS easily achieved the appropriate power reliability condition. Along with, to confirm the PQ conditions of the proposed WPS, the obtained current results are passed through FFT analysis. In the FFT analysis, the total harmonic distortion percentage of load current is 32.18% as illustrated in Fig. 9(xi). By using the proposed LSC control strategy, Figs. 9(xii,xiii) illustrates that the THD% of the grid and stator current is decreased significantly as 1.25% and 0.56% respectively. The obtained current harmonic contained values lie in between the desirable specified IEEE-1541 standard values. Therefore, it is proposed to run the real-time microgrid system with the proposed MSC and LSC control approach.
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Figure 9: Output results (i) Wind speed (ii) Load current (iii) LSC current (iv) Grid current (v) Stator current (vi) Stator voltage (vii) Load power (viii) Machine real power (ix) LSC real power (x) Grid real power (xi) THD of load current (xii) THD of grid current (xiii) THD of stator current

Scenario-2: This test scenario is operated without wind speed conditions. Due to the absence of wind, the stator power of the machine becomes zero. Similar to the above scenario, in this test scenario also the power quality and reliable operation are tested in the absence of WPS. In this test scenario, the load demand is set to 6.6 kW real and 1.2 kVar reactive power.

As per the load demand, Fig. 10(i) illustrates the load current output results as 12 A. The proposed DFIG based WPS is operated in a coordinated manner. Due to the coordinated/interlinked controller design, the proposed LSC controller generates the required harmonic current orthogonal to the produced non-linear load current as demonstrated in Fig. 10(ii). Therefore, the WPS achieves a linear 12A grid current as illustrated in Fig. 10(iii). The stator voltage results are demonstrated in Fig. 10(iv). From the obtained output current results, it is observed that the current responses are linear as compared to the traditional STDPC approach [12]. The desired output real (6.6 kW) and reactive (1.2 kVar) power demand of the non-linear load is illustrated in Figs. 10(v,vi). Due to the coordinate control approach, to meet the load reactive power requirement and compensating the harmonics, the LSC generates 0.1 kW real and 600 kVar reactive power as illustrated in Figs. 10(vii,viii), and the rest power is provided by the grid around 7.7 kW real and 0 kVar reactive power as demonstrated in Figs. 10(ix,x). Generally, the load active power demand is 6.6 kW only then the rest real grid power around 600W is converted to the reactive power through the LSC approach to meet the load reactive power demand (1.2 kVar). Therefore, the additional converter requirement is eliminated for further conversion of real to reactive grid power. In this scenario, the grid and LSC power results become ‘ −ve’ sign because the power is flown in the opposite direction. In this way, the proposed controller achieves the power reliability condition. Similarly, to achieve better power quality operation, the obtained currents are passed through FFT analysis. During the FFT analysis process, the load and grid current THD% is computed as 32.18% and 0.98% respectively, as illustrated in Figs. 10(xi,xii). As per the international standards, the computed harmonic percentage is much lesser than the traditional approach results. Therefore, it is proposed to run the real-time microgrid system with the proposed MSC and LSC controller approach.

Scenario-3: This scenario is tested with a fall in wind speed conditions. Similar to the above scenarios, in this test scenario also the power quality and reliable operation are tested. In this test Scenario, the load demand is set to 6.6 kW real power.

Fig. 11(i) shows that the wind speed is gradually decreased from 10.6 m/s. In this Scenario, to achieve 6.6 kW load power demand, the load current around 12A is illustrated in Fig. 11(ii). The dynamic conditions are illustrated in between 4 to 6 s time interval. Before 4–6 s, the WPS is operated at constant wind speed. Due to the proposed MSC and LSC control approach, the proposed WPS has achieved a linear grid and stator current as illustrated in Figs. 11(iii,iv). Fig. 11(iii) illustrates that the grid current is gradually increased due to the fall in wind speed, and Fig. 11(iv) illustrates that the stator current gradually decreases due to the fall in wind speed. Initially, due to constant and appropriate wind speed, the WPS is capable to generate the energy and fed both load and grid. However, due to the fall in wind speed, the grid supplies power to meet the load and machine requirement. Therefore, the grid current is gradually increased and the stator current is decreased. Due to the dynamic change in wind speed and machine performance, the rotor current is also affected and illustrated in Fig. 11(v). However, due to the proposed approach, the current waveforms become linear during the presence of a similar rating of non-linear load. Further, in this condition, the rotor  speed and reference speed are also decreased from its synchronous speed to sub-synchronous speed. The slip sign is also changed from ‘ −ve’ to ‘+ve’. The decreased in rotor speed is illustrated in Fig. 11(vi). The load demand is illustrated in Fig. 11(vii). During the fall in wind speed, the power is flown from the grid to load and machine. Therefore, the LSC real power is represented in the opposite sign as illustrated in Fig. 11(viii). Due to the grid supplies more power to meet the load requirement, the grid power also changed from ‘+ve’ to ‘ −ve’ as illustrated in Fig. 11(ix). Due to the proposed approach, during the fall in wind speed, the stator real power is decreased, and to compensate the harmonic and offer reactive power support to the load, the stator reactive power is gradually improved as illustrated in Figs. 11(x,xi). That indicates, the proposed WPS achieved better power reliability operating during the dynamic change in wind speed. Further, to test the power quality aspect of the study, the generated current results are passed through FFT analysis. From the FFT analysis, it is found that at the same 32.18% of harmonic load, the grid and stator current harmonic contained is decreased significantly to 1.59% and 1.19% respectively, as illustrated in Figs. 11(xii–xiv). This is very less as compared to the traditional STDPC approach. Therefore, it is proposed to run the real-time microgrid system with the proposed MSC and LSC controller approach.
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Figure 10: Output results (i) Load current (ii) LSC current (iii) Grid current (iv) Stator voltage (v) Load real power (vi) Load reactive power (vii) LSC real power (viii) LSC reactive power (ix) Grid real power (x) Grid reactive power (xi) THD of load current (xii) THD of grid current 
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Figure 11: Output results (i) Wind speed (ii) Load current (iii) Grid current (iv) Stator current (v) Rotor current (vi) Rotor speed (vii) Load power (viii) LSC real power (ix) Grid real power (x) Stator real power (xi) Stator reactive power (xii) THD of load current (xiii) THD of grid current (xiv) THD of stator current

Scenario-4: This scenario is tested with an unbalanced load condition. Similar to the above scenarios, the PQ operation is tested. In this scenario, the nonlinear load is converted to an unbalanced load. The load current result is illustrated in Fig. 12(i). To convert the sensitive load into the unbalanced load, one phase ‘R’ is detached by the circuit breaker in between 4.1 s −4.2 s. To compensate the unbalanced and non-linear situation, the proposed LSC generates harmonic and unbalanced currents as demonstrated in Fig. 12(ii). Due to the unbalanced load current, as shown in Fig. 12(ii) suddenly R phase of the LSC current is increased to balance the load current. During that period, the grid current also increases its amplitude as illustrated in Fig. 12(iii). The proposed MSC and LSC control approach does not hamper the machine performance. Therefore, the WPS generates constant stator voltage and current as illustrated in Figs. 12(iv,v). To check the power quality aspect of the study, the obtained current results are passed  through FFT analysis. From the FFT analysis report, it is clear that during 25.44% of harmonic current, the harmonic contained of grid and stator current becomes 1.28% and 0.78% respectively, as illustrated in Figs. 11(vi–viii). Therefore, it is proposed to run the real-time microgrid system with the proposed MSC and LSC controller approach.

Scenario-5: In this scenario, a comparative analysis section is presented to illustrate the importance of the proposed control strategy over the traditional STDPC strategy [28]. To show the improvement percentage (IP) of the proposed approach over traditional STDPC, a performance analysis table is presented by considering the THD% of grid and stator current in Tab. 1. The THD% of grid and stator current is computed by considering all of the above test conditions such as constant wind speed, without wind speed, fall in wind speed, and unbalanced load condition. By analyzing the proposed and traditional THD%, IP is computed for both grid and stator current results. Closely observing the IP results, overall IP is computed for both grid and stator current. It is found that the overall IP (OIP) for grid current is 71.25% and the OIP of stator current is 69.19%. It is observed that both of the OIP is almost equal to each other during steady-state and dynamic conditions. By analyzing the above results, the improved robustness and better accuracy of the controller are also checked. Therefore, it is suggested to implement the combined MSC and LSC controller for real-time microgrid system.
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Figure 12: Output results (i) Load current (ii) LSC current (iii) Grid current (iv) Stator voltage (v) Stator current (vi) THD of load current (vii) THD of grid current (xvii) THD of stator current
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5  Conclusion

In this proposed approach, a simplified and coordinated MSC and LSC controller approach is proposed for DFIG based WPS under sensitive load conditions. The important contribution of the paper is to use the MPC technique for appropriate switching pulse generation to operate MSC. Due to the proposed approach, the appropriate rotor voltage is selected according to the minimum cost function in every sampling instant. In addition to that, the design of the MSC controller avoids any switching tables, transformation techniques, and PWM techniques. Therefore, the proposed MSC approach improves the PR operation during both steady and dynamic state operations. On the other hand, the proposed LSC control approach is proposed for offering better PQ of the DFIG based microgrid system. MMT based LSC controller is used to extract the fundamental load current component. By using the LSC approach, the system able to improve PQ by compensating the harmonic component generated by the sensitive load. Further, in the shutdown condition of the WPS, the LSC controller also facilitate the active power filter operation by taking power from the grid. Therefore, the overall performance of the WPS is improved by using the coordinated MSC and LSC approach. The above obtained and analyzed simulated outcomes used as a basis of both MSC and LSC approach for the WPS on a real-time system application.
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Appendix

WPS: Maximum Power (Pm) = 20 kW, Wind speed = 10.6 m/s. Generator data: Apparent Power (Pa) = 5.69 kVA, Frequency (F) = 50 Hz, Stator and rotor turns ratio (Nr/Ns)=12, Stator Resistance (Rs) = 0.23 Ω, Stator Inductance (Lms) = 2.43 mH, Rotor Resistance (Rr) = 0.27 Ω, Rotor Inductance (Lmr) = 2.43 mH, Mutual inductance (Lm) = 85 mH, dc-link voltage (Vdc) = 380 V, Pole pair = 2, Sampling period = 100μs.
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Table 1: Performance analysis in between the traditional STDPC [28] and proposed approach

Performance analysis Table

Conditions THD %
of Load

At 10.62 m/s II,RYB:
Wind speed 32.18%

At 0 m/s II,RYB:
Wind speed 32.18%

Decreased I, ryB=
wind speed 32.18%

Unbalanced I, ryB=
load condition  25.44%

THDY of Grid Current

Traditional
STDPC [28]

I,r=4.98%

IgY:4.820/0
IgBZS. 1%
IgR:4- 182%

IgY:4.50/o
Igp=4.1%
Igr=3.98%

Ig Y:3.50/0
IgB:4.20/o
IgR:4-350/°

IgY:4.280/0
IgB:3.390/0

Proposed
MSC+LSC

Lr=1.25%

Ig Y= 1.18%
IgB:1.270/0
IgR:0.980/0

IgY:0.570/0
Iy5=0.87%
Igr=1.59%

IgY:1.380/0
IgB:1.410/0
IgR=1.28%

Ig Y= 1.15%
IgB:1.480/0

IP of
Grid

74.89%

75.51%
75.09%
76.56%

87.33%
78.78%
60.05%

60.57%
66.42%
70.57%

72.96%
56.34%
71.25%

THDY of Stator Current

Traditional
STDPC [28]

I,r=3.23%

ISY:3-170/°
ISB:3-280/°
ISR:()O/O

ISY:()O/O
I;3=0%
I,r=2.97%

ISY:2-340/°
13322.670/0
ISR:3-10/°

ISY:2-850/°
ISB:3-130/°

Proposed
MSC+LSC

I,r=0.56%

ISY:0-340/°
ISB:0-780/°
ISR:()O/O

ISY:()O/O
I;3=0%
Iir=1.19%

ISY:1-350/°
ISB:1-230/°
ISR:0-780/°

ISY:0.860/0
ISB:0-790/°

1P of
Stator

82%

89%
76%
0%

0%
0%
60%

42.33%
53.98%
74.83%

69.82%
74.80%
69.19%

Overall Improvement Percentage (OIP)
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