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Considering the sensorless control of PMSM drives, a novel observer for improving the estimation perfomance is proposed in this paper. An Adaptive linear neuron (ADALINE)-based feed-forward harmonic compensation block is integrated into the classic PLL, which together form an ADALINE-PLL. Firstly, given a general input, the estimation error of a classic PLL is analytically investigated. It is shown that the estimation error contains several distinctive harmonics, which are related to the PLL non-linear structure and input harmonics. These harmonics are able to pass through the loop-filter and appear in the estimated phase and frequency as extra ripple. In light of the estimation error harmonics, the ADALINE-PLL is used for suppression of undesired harmonics. Secondly, the superior perfomance of ADALINE-PLL, compared to PLL, is verified through simulations in several different conditions. In case of acoustic noisebased or EMF-based PMSM sensorless control, the observer input signals contain several harmonics, which can easily distort the estimation performance if not properly repressed. As the result, the positive impact of ADALINE-PLL on the estimation performance is studied in details.

I. INTRODUCTION

Phase-locked loop (PLL) is one of the widely-used control blocks in modern power electronics applications, including grid-tied converters, uninterruptible power supplies (UPS), and sensorless control of electric drives. PLL is mainly used for estimation of phase and frequency of the input signal. Each PLL comprises a loop filter (PI regulator for instance), a voltage-controlled oscillator (VCO) realized by an integrator, and a sinusoidal feedback path. The input signal is multiplied by the sinusoidal output of VCO, this signal is then passed through the loop filter and again fed to the VCO for the loop to be closed [START_REF] Karimi-Ghartemani | Enhanced phase-locked loop structures for power and energy applications[END_REF].

For grid synchronization purposes, where the grid frequency fluctuations are strictly limited, a feed-forward term equal to the nominal grid frequency is added to the estimated frequency and this structure is called synchronous reference frame PLL (SRFPLL). Although SRFPLL has rapid response with low settling time, phase jump at start-up and extra harmonics at the estimated values are observed within its performance.

Consequently, enhanced version of the classical PLL and SRFPLL, known as EPLL, is proposed by which the mentioned problems are approached [START_REF] Ghartemani | Problems of startup and phase jumps in PLL systems[END_REF]. It is to be mentioned that, SRFPLL and EPLL cannot be used in sensorless control of electric drives. The reason for that is the input signal frequency, which is directly linked to the rotor speed, varies in a wide range which is beyond the lock-in range of SRFPLL (or EPLL). Consequently, the classical PLL is widely used in such applications.

PLL showcases its peak performance when the input is a pure sinusoidal signal, but it is nearly impossible in real case scenarios (due to the noise, sampling error, etc.). As the result, elimination of the input signal harmonics are essential. Harmonic elimination using passive filters is considered unacceptable in most applications since there would be amplitude attenuation and phase lag in the processed signal. Therefore, finding an alternative way is of paramount importance.

Frequency synchronization of grid-tied converters, while the voltage is highly distorted, is realized by using a multi resonant frequency-locked loop [START_REF] Rodríguez | Multiresonant frequency-locked loop for grid synchronization of power converters under distorted grid conditions[END_REF]. Adaptive linear neuron (ADALINE)-based filters, also known as LMS filters, are shown to be a promising alternative with rapid response and without amplitude attenuation. For a grid voltage with so many harmonics, ADALINE filter is used and each harmonic with its actual amplitude is extracted [START_REF] Dash | An adaptive linear combiner for on-line tracking of power system harmonics[END_REF]. Application of ADALINE in active power filters and smart grids with the purpose of fundamental frequency extraction are also reported in [START_REF] Abdeslam | A unified artificial neural network architecture for active power filters[END_REF], [START_REF] Han | On Using ADALINE Algorithm for Harmonic Estimation and Phase-Synchronization for the Grid-Connected Converters in Smart Grid Applications[END_REF].

In a permanent magnet synchronous motor (PMSM) sensorless control, ADALINE is used for elimination of estimated Back Electromotive Force (EMF) harmonics [START_REF] Zhang | ADALINEnetwork-based PLL for position sensorless interior permanent magnet synchronous motor drives[END_REF]. Moreover, in a 5-phase PMSM, the PLL is thoroughly replaced by an ADALINE-based observer for rotor position estimation enhancement [START_REF] Nguyen | Adaline Neural Networks-based sensorless control of five-phase PMSM drives[END_REF].

Sensorless control of PMSM drives using the machine output acoustic noise is reported in [START_REF] Malekipour | A closed-loop pmsm sensorless control basedon the machine acoustic noise[END_REF]. The inputs to the observer (PLL), in this method, are extracted using a band-pass filter-based signal processing algorithm in such a manner to have the least amount of harmonics. But, there exist extra harmonics in the estimated values which are attributed to the nonlinear structure of PLL.

Regarding the undesired harmonics appeared within the estimated values in PMSM sensorless applications, this paper integrates an ADALINE-based harmonic compensation block into the PLL (ADALINE-PLL). The proposed ADALINE-PLL ensures that the unwanted harmonics in the estimated values are conspicuously alleviated and thus the estimation performance is improved (without filtering or manipulating the input waveforms).

In sensorless control applications and as the estimated speed (frequency) and position (phase) are fed to the coordinate transformation blocks, existence of extra harmonics (extra ripple) leads to the d-axis misplacement and thus the performance degradation. It is worth mentioning that passing the estimated values through a low-pass filter might seem to be a way to suppress the harmonics, but this method slows down the overall current and speed loop dynamics (or could even make the overall system unstable).

This paper is organized as follows: Section II reviews the fundamentals of PLL and ADALINE-based filtering. Following that, Section III describes the structure of the proposed ADALINE-PLL. In Section IV, the performance of ADALINE-PLL is compared with that of conventional PLL topologies in two scenarios (EMF-based and acoustic noise-based sensorless controls). Finally, the conclusion is provided in Section V.

II. FUNDAMENTALS

A. PLL Operation

Considering a general PLL shown in Fig. [START_REF] Karimi-Ghartemani | Enhanced phase-locked loop structures for power and energy applications[END_REF] with the input and output signals respectively given in (1), (2): V out = cos (ωt + φ)

V in = A. sin (ω in t + φ in ) (1) 
the error term is obtained as shown in ( 3), containing a high-and low-frequency term. Amplitude, frequency, and phase for the input signal are respectively denoted by A, ω, φ in and the estimated output frequency and phase are respectively defined by ω and φ.

Error = A 2 sin ((ω in + ω) t + (φ in + φ))
High-f requency

+ A 2 sin ((ω in -ω) t + (φ in -φ)) Low-f requency (3) 
Considering the linearized model and in the steadystate condition, during which the estimated values have reached the actual ones, the error term can be simplified as:

Error = A 2   sin [2 (ω in t + φ in )] e2ω + ∆φ dc   (4) 
where there are a dc term, which is eliminated by the loop filter, and a sinusoidal term, which has double the input frequency and is the most important issue in classical PLL. The sinusoidal term is not diminished through the loop filter and appears in the estimated values as extra ripple [START_REF] Karimi-Ghartemani | Enhanced phase-locked loop structures for power and energy applications[END_REF].

In the actual nonlinear PLL model, even if the input is a pure sinusoidal signal without any distortion, the output contains odd harmonics of the input (among which only the harmonic orders of 1, 3, and 5 are dominant). Given (3) and as the result, the error term always carries even-order harmonics of the input (2 nd , 4 th , and 6 th ).

Such a scenario is shown in Fig. [START_REF] Ghartemani | Problems of startup and phase jumps in PLL systems[END_REF], where the input is a pure sinusoidal signal with the frequency of 200Hz and the output and error signals (in the steady-state condition of PLL) are shown. As expected, the output Considering an input with multiple frequency components, the interaction of input and output yields a distorted error which highly contaminates the estimated values (frequency and phase). Therefore, without input filtering, an ADALINE-based harmonic elimination block is integrated into the PLL by which the undesired error harmonics are suppressed and the estimation performance is improved.

B. Adaptive Linear Neuron (ADALINE)-Based Filtering

Considering a periodic input signal with any arbitrary waveform and a given Fourier series as:

f (t) = f dc + ∞ n=1 (a n sin (nωt) + b n cos (nωt)) (5)
The input can be linearly decomposed into the sum of multiple terms shown as [START_REF] Widrow | 30 years of adaptive neural networks: perceptron, madaline, and backpropagation[END_REF]:

f (t) = W T .X ( 6 
)
where W is the matrix of coefficients, also called the weights matrix, and X denotes the input defined as follows. 

W T = α dc α 1 β 1 • • • α n β n (7) 
X =          1 sin (ωt) cos (ωt) . . . sin (nωt) cos (nωt)          (8) 
By using a recursive algorithm, like the Least Mean Square (LMS), the coefficient matrix is continuously updated until its actual values match the actual coefficients of the signal Fourier series (until a one-to-one correspondence is reached). A learning rate (µ) is also included in the LMS algorithm by which the speed of convergence is determined. The value of learning rate is assigned using trial and error in each condition, but must always be positive and lower than unity (0 < µ < 1) to make sure that the system serves as a stable, non-linear negative feedback loop. The update rule for the coefficient matrix is given in [START_REF] Malekipour | A closed-loop pmsm sensorless control basedon the machine acoustic noise[END_REF] where k denotes the instance of calculation, d represents the estimation error of ADALINE (given in [START_REF] Widrow | 30 years of adaptive neural networks: perceptron, madaline, and backpropagation[END_REF]), and o(t) is the ADALINE output [START_REF] Widrow | 30 years of adaptive neural networks: perceptron, madaline, and backpropagation[END_REF]. The overall configuration of an ADALINE is also illustrated in Fig. (4).

W k+1 = W k + X k .µ.d k (9) 
d (t) = f (t) -o (t) (10) 
Knowing the input frequency components, ADALINE synthesizes the input waveform at its output by making the error equal to zero (through its iterative algorithm). Consequently, ADALINE can be used as an iterationbased filter for extracting any desired component from the distorted input. 

III. ADALINE-PLL

The overall configuration of an ADALINE integrated into a PLL is shown in Fig. [START_REF] Abdeslam | A unified artificial neural network architecture for active power filters[END_REF]. The ADALINE-PLL operates as follows:

• Regarding the input signal, undesired frequency components in the PLL error are firstly obtained. • Reference signals (the matrix X), having frequencies equal to the PLL error harmonics, are fed to the ADALINE. Therefore, ADALINE outputs the reference signals.

• ADALINE error (d) is fed back to the system for the loop to be closed. ADALINE error contains all the PLL error harmonics except those generated at the ADALINE output. • An appropriate learning rate is chosen for making sure that the filtering process is accomplished with acceptable transient speed and accuracy.

• The scaled version of ADALINE output is used and fed forward to the PLL error, by which the desired harmonics are actively compensated. • The coefficient k is added at the output of the feed-forward path by which the amplitude of the generated signal is scaled and the level of harmonic suppression in the PLL error is controlled accordingly.

• Depending on the level of PLL input harmonic contamination, the coefficients k and µ must be chosen in a trial-and-error manner to achieve the best performance. • An important design criterion is that the ADALINE convergence speed must be conveniently faster than that of PLL, in order to make sure that the ADA-LINE learning rate transient does not negatively impact the estimation speed of PLL. • Given each dominant harmonic within the PLL error, an ADALINE must be used; therefore, in case the error contains several distinctive harmonics, multiple ADALINEs should be paralleled to make sure the impact of each individual harmonic is properly compensated. In the following section, the effectivity of using ADALINE-PLL is investigated in different scenarios.

IV. SIMULATION RESULTS

Throughout this section, firstly the ADALINE-PLL performance is inspected in a condition where the input is heavily contaminated with low-order harmonics. This scenario (Scenario I) is included in the paper to represent the cases like grid voltage or EMF waveforms (in modelbased PMSM sensorless control) with extra low-order harmonics.

In the second scenario (Scenario II), the disseminated acoustic noise of a PMSM is captured and given the algorithm proposed in [START_REF] Malekipour | A closed-loop pmsm sensorless control basedon the machine acoustic noise[END_REF], two orthogonal speed-dependent signals are extracted which are the PLL inputs. The PLL inputs in this condition (in contrast to Scenario I) do not contain the undesired low-order harmonics, yet the estimated values and PLL error still contain the detrimental even-order harmonics. Consequently, the ADALINE-PLL is used and its superior performance, compared with the classical PLL, is shown.

A. Scenario I: Input With Low-order Harmonics -Representing the Grid Voltage or EMF Waveforms

Assuming a system with a per-unit voltage equation as below:

V in (t) = sin (200πt)+0.33 sin (600πt)+0.2 sin (1000πt) (11) the fundamental component is at 100Hz and there are the third and fifth harmonic orders, at 300Hz and 500Hz, added as distortions.

Given the closed-loop transfer function of a PLL, given in (12), the characteristic equation represents a second-order system with the parameters defined in (13).

P LL (s) = K p s + K i s 2 + K p s + K i (12)        K p = 2ξω F ω 2 F 4 ⩽ K i ⩽ ω 2 F ω F = 2πf F 0 < ξ ⩽ 1 ( 13 
)
where ξ is the damping ratio and f F is the fundamental frequency of the PLL input signal. The loop filter acts as a low-pass filter (LPF) and the high-frequency distortions in the input cannot pass through, however, odd multiples of the fundamental frequency are appeared in the output waveform (discussed earlier) as given in (14).

V out = A 1 sin (200πt)+A 3 sin (600πt)+A 5 sin (1000πt) (14) As the result, the error is obtained as follows.

Error = A 1 -A 3 2 sin (400πt)+ A 3 -A 5 2 sin (800πt) + A 5 2 sin (1200πt) (15) 
It is observed that the error contains the 2 nd , 4 th , and 6 th harmonics of the fundamental frequency, which are passed through the loop filter and appeared in the estimated values. Waveforms of the input, output and PLL error are illustrated in Fig. [START_REF] Han | On Using ADALINE Algorithm for Harmonic Estimation and Phase-Synchronization for the Grid-Connected Converters in Smart Grid Applications[END_REF]. Moreover, FFT of these waveforms, certifying the analyses done in (11)-(15), are shown in Fig. [START_REF] Zhang | ADALINEnetwork-based PLL for position sensorless interior permanent magnet synchronous motor drives[END_REF]. Given Fig. [START_REF] Zhang | ADALINEnetwork-based PLL for position sensorless interior permanent magnet synchronous motor drives[END_REF], the harmonic at 200Hz in the PLL error is dominant, so the ADALINE is tuned at this frequency. The performance of PLL, SRFPLL, and ADALINE-PLL are compared and shown in Frequency estimation performance is also investigated in Fig. [START_REF] Widrow | 30 years of adaptive neural networks: perceptron, madaline, and backpropagation[END_REF]. There is a peak-to-peak ripple of 15Hz in PLL estimation, while it is reduced to around 2Hz in ADALINE-PLL (86% reduction). Performance of SRFPLL is also included in the figure and it is observed that ADALINE-PLL is able to compete with SRFPLL. It should be noted that SRFPLL, due to its structure, cannot be used in sensorless applications since the estimated frequency varies extensively, which is beyond the lock-in range of SRFPLL.

The phase estimation performance is compared in Fig. (11). It can be noticed that there exists a lowfrequency ripple in the PLL performance, while there is not any in the SRFPLL and ADALINE-PLL performances. Similar to the frequency estimation, ADALINE-PLL and SRFPLL have provided comparable performances in the phase estimation. A DC phase shift exists between the PLL and ADALINE-PLL estimated phases, which is attributed to the large frequency fluctuation existing in the PLL condition.

B. Scenario II: Acoustic Noise-based PMSM Sensorles Control

In the context of PMSM sensorless control, mostly a quadrature-PLL (QPLL) is used. Although QPLL inherently showcases a better estimation performance compared to PLL, there are still low-order harmonics appeared in its error and estimated values. Therefore, ADALINE-QPLL can be used as shown in Fig. (12). In this scenario, the term ADALINE-PLL referes to the integration of ADALINE into QPLL.

The disseminated acousic noise of PMSM in a condition with a high-frequency injected (HFI) voltage is investigated in [START_REF] Malekipour | A closed-loop pmsm sensorless control basedon the machine acoustic noise[END_REF]. It is shown that in the frequencydomain, in the proximity of the injected component, there are several sidebands with the frequencies directly related to the electrical fundamental frequency of the Given the FFT analysis, however the input does not contain any low-order harmonic (multiples of the fundamental component), there is a 3 rd -order harmonic appeared in the PLL output (at 450Hz) which results in the generation of the 2 nd -and 4 th -order harmonics in the error (at 300Hz and 600Hz). Consequently, the ADALINE is tuned for the component at 300Hz and the Figure ( 16) compares the estimation error for PLL and ADALINE-PLL conditions. In PLL case, there is a peak-to-peak ripple of around 0.3 • which is reduced to 

V. CONCLUSION

In acoustic noise-based (or even EMF-based) sensorless control of PMSM drives, a pair of quadrature signals are extracted and fed to the PLL (by which the rotor position is estimated). Even if the extracted signals are perfectly extracted not to be polluted with low-order harmonics, there would be low-order harmonics in the PLL error and accordingly in the estimated values.

Therefore, an ADALINE-based harmonic compensation block is integrated into the PLL structure (called ADALINE-PLL) with the aim of alleviating the undesired error harmonics and enhancing the estimation performance.

The fundamentals of PLL and ADALINE-based filtering are firstly reviewed, then the structure of ADALINE-PLL is presented. Finally, the estimation performance of PLL and ADALINE-PLL (considering PMSM sensorless control) are compared. It is finally verified that the undesired low-order harmonics, appeared in the PLL estimated values, are noticeably repressed when ADALINE-PLL is used.
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TABLE I PARAMETERS

 I OF THE STUDIED PMSM.

	Parameter	Value
	No. of Slots/Poles	9/6
	Rated Power	1600W
	Rated Speed	1500rpm
	d-/q-Axis Inductances 140µH/178µH
	Phase Resistance	97mΩ
	PM Flux Linkage	39.5mW b