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Abstract: In this paper, position sensorless control system of permanent magnet synchronous linear motor (PMSLM) based on sliding mode observer (SMO) with an improved phase-locked loop (PLL) is studied. Firstly, according to the mathematical model, a SMO is designed for sensorless control PMSLM drive. Thereafter, an improved PLL is proposed to tackle the imperfection of data overflow existed in the traditional PLL. The designed SMO incorporating with the improved PLL can be effectively suppress the pulsation of the estimated position and hence the chattering of the derived electrical angular velocity. At last, simulated and experimental results are presented to verify the effectiveness and feasibility of the position sensorless control system.
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1  Introduction

Permanent magnet synchronous linear motor (PMSLM) has attracted wide attention due to its simple structure, small size, high positioning accuracy and greater overload capacity. In addition, compared to traditional PMSM drive system, PMSLM drive system performs higher efficiency since it can directly achieve linear mechanical motion without using intermediate transmission. Therefore, it has been actively developed in high-precision machine tools, automation control systems and robotics [1–4].

With regard to PMSLM drive, the real-time position of mover is generally required, which can be obtained using a costly position sensor. However, in some special applications, mounting the position sensor is not feasible, which is resulted from the susceptibility of position sensor to high temperature, vibration, as well as humidity installation accuracy. As such, sensorless control techniques have gained ever-growing concern, including flux observation method [5], position detection method based on high frequency signal injection [6–9], fuzzy adaptive method [10–12], and nonlinear observer-based position/speed estimation method [13–15].

Among various nonlinear observers, sliding mode observer (SMO) is highly favorable for sensorless control of PMSLM drive due to its desired dynamic response and strong anti-jamming capability [16–20]. Nevertheless, caused by the limited capacity of digital processor, the obtained mover position/speed inevitably performs pulsation, degrading the control performance to some extent. In general, there are two solutions to acquire smooth estimated signal of speed. On the one hand, low-pass filter can be used to suppress high-order harmonics of the estimated position signal, and then smooth speed can be obtained by means of differential operation. However, the use of low-pass filter will lead to a non-negligible delay of the system response. On the other hand, phase-locked loop (PLL) scheme is effective to settle the cumulative error of estimated speed. In this scheme, a closed position angle loop is constructed to further correct the estimated speed, where the estimated position angle is the reference and a feed-back position angle obtained from estimated signal of speed is introduced. Nevertheless, the use of traditional PLL could result in the issue of data overflow. Since the introduced feed-back position angle is obtained by integral operation of the estimated speed, a large chattering of the estimated speed would cause the data overflow of the feed-back position angle, especially at the start-up stage. Thus, an additional control algorithm is usually desired to assist in starting [20].

In this paper, PMSLM drive using position sensorless control method based on SMO is studied. In particular, to tackle the imperfection of data overflow existed in tradition PLL, an improved PLL scheme with a novel structure is developed. Comprehensive simulated and experimental results are presented to verify the effectiveness of the proposed algorithm.

2  Mathematical Model of PMSLM

In the dq coordinate, the flux and voltage equations of PMSLM drive can be constructed as


[ψdψq]=[Ld00Lq][idiq]+[ψpm0]
(1)


[uduq]=[Rs00Rs][idiq]+ddt[ψdψq]+ωe[0−110][ψdψq]
(2)

where ψd and ψq are dq-axes fluxes; ud and uq are dq-axes voltages; id and iq are dq-axes currents; Ld is direct-axis inductance and Lq is quadrature-axis inductance; Rs is stator armature winding resistance; ψpm is permanent magnet flux amplitude; electrical angular speed ωe = πv/τ, v is the mover speed and τ is the pole pitch.

In addition, PMSLM electromagnetic force Fe can be expressed as


Fe=3π2τ(ψdiq−ψqid)=3π2τ[ψpmiq+(Ld−Lq)diq]
(3)

In order to facilitate the establishment of PMSLM flux observer and the magnetic pole position estimation model, the PMSLM voltage and flux mathematical model under dq coordinate system is transformed to αβ coordinate system by 2r/2s transformation, as


[uαuβ]=[Rs00Rs][iαiβ]+ddt[ψαψβ]
(4)


[ψαψβ]=[L1+L2cos⁡2θeL2sin⁡2θeL2sin⁡2θeL1−L2cos⁡2θe][iαiβ]+ψpm[cos⁡θesin⁡θe]
(5)

where ψα and ψβ are αβ-axes fluxes; uα and uβ are αβ-axes voltages; iα and iβ are αβ-axes currents; θe is the electrical angle; two variables inductors [L1 L2] = [(Ld + Lq)/2 (Ld − Lq)/2].

Surface mounted PMSLM is of concern, in which manner, direct-axis inductance Ld and quadrature-axis inductance Lq are approximately equal. Then L2 ≈ 0, (5) can be simplified to


[ψαψβ]=L1[iαiβ]+ψpm[cos⁡θesin⁡θe]
(6)

Substituting Eq. (6) into Eq. (4), it can be obtained as


[uαuβ]=[Rs00Rs][iαiβ]+Lddt[iαiβ]+ωeψpm[−sin⁡θecos⁡θe]
(7)

with


[eαeβ]=ωeψpm[−sin⁡θecos⁡θe]
(8)

where eα and eβ are the αβ-axes components of back-EMF.

3  PMSLM Sensorless Control

3.1 Design of Sliding Mode Observer

Based on the mathematical model of PMSLM, SMO can be established to estimate the position of the mover. In principle, the SMO is designed in accordance with the errors between sensed and estimated currents. Then, using the mentioned current errors along with the outputs of SMO, the back-EMF of the motor could be obtained. Thereafter, speed and position can be estimated on the basis of the back-EMF.

According to (7), the stator current state equation can be derived as


ddt[iαiβ]=−RSL[iαiβ]+1L[uαuβ]−1L[eαeβ]
(9)

In order to construct a SMO, the estimated current is defined as


i^s=[i^αi^β]T
(10)

Then, the sliding surface is selected as


s=i^s−is=0
(11)

Typically, the sliding mode observer can be designed [16,17] as


{di^αdt=−RsLi^α+1L(uα−zα)di^βdt=−RsLi^β+1L(uβ−zβ)
(12)

with


{zα=ksgn(i^α−iα)zβ=ksgn(i^β−iβ)
(13)

where zα and zβ are the switching functions and k is a constant. In general, the value of k should be properly selected to compromise between the stability and convergence speed of SMO. In this paper, the following adaptive law is employed for the determination of k, as


k=λψpm|ω^e|
(14)

where 
ω^e
is the estimated electrical angular velocity and λ is a constant, typically in the range of 1.5 to 2 [18].

Comparing (9) and (12), it can be confirmed that, when the estimated currents are identical with the sensed currents, zα and zβ are in essence equivalent to the back-EMF. While, zα and zβ perform the high frequency pulse forms due to the switching feature as shown in (13). Therefore, by the use of low-pass filter, the back-EMF 
e^α
and 
e^β
can be easily extracted from zα and zβ, as


{e^α=ωcs+ωczαe^β=ωcs+ωczβ
(15)

where ωc is the cut-off frequency of the low pass filter. Then, according to estimated back-EMF, the electrical angle 
θ^eu
can be readily estimated using arctangent function, as


{θ^eu=arctan−e^αe^β,θ^e⊂(−π2,π2)θ^eu=π+arctan−e^αe^β,θ^e⊂(π2,3π2)
(16)

Besides, a compensation of the phase delay resulted from the use of low-pass filter is required. For the low-pass filter with the cut-off frequency of ωc, the phase delay Δθ can be calculated by


Δθ=arctanωωc
(17)

As a result, the further estimated position angle can be obtained as


θ^e=θ^eu+Δθ
(18)

3.2 Improved PLL

When the position angle is estimated, the electrical angular velocity can be easily derived by differential operation. Nevertheless, due to the limited capacity of digital processor, the pulsation is inevitably existed in the estimated position angle, in turn resulting in the chattering of the derived electrical angular velocity. To avoid this phenomenon, low-pass filter can be applied to further smooth the estimated position angle and hence the electrical angular velocity, whereas it further causes a non-negligible delay of the system response.

Another way is the use of PLL. In principle, the purpose of this scheme is to construct a closed position angle loop for the sake of further correction for the estimated speed. An additional position angle obtained from estimated signal of speed is introduced to function as the feed-back value of the closed loop, while the estimated position angle from SMO serves as the reference. By the closed loop, the pulsation of the estimated position angle and hence the chattering of the derived electrical angular velocity can be effectively suppressed.

The imperfection of the traditional PLL is data overflow. Typically, the estimated position angle from SMO is in the range of [0, 2π], while the feed-back position angle is obtained by means of integral operation of estimated speed, and is normally in the range of [0, oo). In this manner, if a large chattering of the estimated electrical angular velocity occurs (especially at the start-up stage), the data overflow of the additional position angle will be resulted, namely exceeding the range of [0, 2π].

[image: images]

Figure 1: Principle of traditional process of accumulating operation

One approach is to further process the estimated position using accumulating operation, as shown in Fig. 1, where 
θ^e(n−1)
means the previous sampling period, 
θ^e(n)
is the current sampling period, 
θ^e′(n)
represents the resulting position after processing and a is a factor to force 
θ^e′(n)
within the feasible range. Obviously, the data overflow issue could take place if the estimated position cannot track the actual one, which is so since the presence of a.

In order to solve this problem, an improved PLL is proposed in this paper, as presented in Fig. 2. Both the estimated and feedback position respectively modulo 2π to ensure the feedback one within the range of [0, 2π]. The principle is shown in Fig. 3, where 
θ~e(n)
is the current feed-back position, 
θ^e(n)
is the current estimated position, and 
Δθ^e′′(n)
is the final resulted information in relation to the position that is used to obtain the estimated electric angular velocity through PI controller. Due to saving of additional variable a, the aforementioned problem will not take place any more.
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Figure 2: Structure of improved phase locked loop (PLL)
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Figure 3: Principle of improved process

3.3 Sensorless Vector Control System

Fig. 4 shows the block diagram of PMSLM sensorless control system based on flux observer. The following steps are required.

Step 1. Transform the sensed currents and voltages on the abc frame into the αβ frame by Clark transformation;

Step 2. Estimate the position angle and hence the speed of the mover by means of SMO;

Step 3. Calculate d- and q-axes currents from currents on the αβ frame using Park transformation;

Step 4. Acquire the reference of q-axis current applying the outer speed controller and the reference of d-axis current is set to 0 to implement id = 0 control scheme;

Step 5. Obtain the commands of α- and β-axes voltages, synthesize the reference voltage using SVPWM, then output the corresponding PWM signals to inverter.

4  Simulation Results

In order to verify the validity of position sensorless control system of PMSLM based on SMO, the traditional and improved phase-locked loop algorithms are simulated in Matlab/Simulink. Main parameters of PMSLM are shown in Tab. 1. The initial load torque is set as 200 N and changed to 500 N at 0.3 s. In addition, DC voltage is 500 V, given motor speed is 2 m/s and PWM frequency is set as 10 kHz.
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Figure 4: Block diagram of permanent magnet synchronous linear motor (PMSLM) sensorless control system based on sliding mode observer (SMO)

Three-phase armature current, dq-axes currents and the electromagnetic force waveform under abrupt change of load are shown in Figs. 5–7, respectively. As seen in Fig. 5, three-phase sinusoidal currents can be obtained. Under pre- and post-step-change conditions, the peak values of currents are 2A and 5A, respectively, which are consistent with the value of q-axis current shown in Fig. 6. In addition, d-axis current maintains the value of 0A, ensuring minimized copper loss of the drive system. Moreover, the electromagnetic torque can immediately track the load command, as presented in Fig. 7.

The estimation of the pole position is evaluated and presented in Figs. 8 and 9. From Fig. 8, it is confirmed that the estimated position (theta-est) can perfectly track the actual position (theta-real) with a negligible tracking error, regardless of the load change. Meanwhile, since the fact that the waveform of estimated position in essence oscillates along that of the actual position, some spikes with the amplitude of 2π or −2π occur when the actual position passes through the peak value (2π), as depicted in Fig. 9. Overall, by using SMO in conjunction with the improved PLL, a precise position observation can be obtained, resulting in the outstanding performance of the system.

Table 1: Main parameters of the tested PMSLM
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Figure 5: Waveform of three phase armature currents. (a) Before enlargement; (b) amplified
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Figure 6: Waveform of d-q axes currents
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Figure 7: Waveform of electromagnetic thrust

In order to verify the effectiveness and feasibility of the improved PLL in terms of velocity estimation, Figs. 10 and 11 present the results obtained by traditional PLL and the proposed one, respectively. It is obvious that using both methods, the estimated velocity can track the actual one quickly. In addition, as seen in Fig. 10b, by virtue of the traditional PLL, the error between the actual and the estimated velocities ranges from −1.5 to 1.7 (m/s). Comparatively, the proposed PLL allows the resulting error within the range of −0.4 to 1 (m/s), as presented in Fig. 11b. In particular, at the start-up stage, serious bias of the estimated velocity with respect to the actual velocity can be observed when the traditional PLL is employed, while a considerable improvement can be obtained by applying the proposed PLL. In comparison, the proposed PLL performs a considerably better performance than the traditional PLL.

[image: images]

Figure 8: Waveform of estimated and actual position angles. (a) Before enlargement; (b) amplified
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Figure 9: Waveform of error between estimated and actual position angles
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Figure 10: Velocity estimation by traditional PLL. (a) actual and estimated velocities; (b) velocity error
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Figure 11: Velocity estimation by improved PLL. (a) Actual and estimated velocities; (b) velocity error
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Figure 12: Experiment rig. (a) Hardware control system; (b) PMSLM

5  Experiment Results

The experimental investigation is conducted to test the effectiveness of position sensorless control system of PMSLM based on SMO, as presented in Fig. 12. The Hardware control system is shown in Fig. 12a. The power inverter consists of three Infineon FF300R12ME4 modules. Furthermore, the machine’s stator currents and phase voltages are sampled by CAS6-NP and LV25-P from LEM, and then fed into a digital signal processor TMS320F28335, which is produced by TI. The real-time control code implemented in TMS320F28335 is developed with C language in the Code Composer Studio 6.0. The PWM frequency is set as 10 kHz, whereas the designed SMO is carried out with a frequency of 20 kHz. In particular, the actual magnetic pole position is sensed by using WTB1-0550-MM and extensively used for comparison with the estimated position. In addition, the PMSLM drive system is seen in Fig. 12b. By means of pulleys, a PMSLM is connected to some weights that serve as the load. The parameters of tested motor are the same as that in simulation.

The experimental results under the rated condition (mover velocity command of 2 m/s and load torque of 500 N·m) are shown in Figs. 13–15. As expected, three-phase sinusoidal currents are generated as presented in Fig. 13. Meanwhile, the actual pole position along with the estimated one is given in Fig. 14. It can be confirmed that the estimated position is entirely equal to the actual one, except the superimposed high frequency pulsation with an affordable amplitude. Similar pulsation exists in the estimated velocity shown in Fig. 15 as well. As aforementioned, the cause is limited capacity of the processor, and SMO is conducted with a frequency of 20 kHz in the experiment. Actually with the increase of this execution frequency, the amplitude of superimposed pulsation will decrease, accompanied with higher pulsation frequency.
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Figure 13: Experimental waveforms of three-phase armature current
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Figure 14: Actual and estimated position angles
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Figure 15: Actual and estimated velocities

6  Conclusions

In this paper, the position sensorless control system of PMSLM based on SMO is studied, and an improved PLL is proposed to tackle the imperfection of data overflow existed in the traditional scheme. A SMO is designed according to the mathematical model of PMSLM drive to achieve the position sensorless control, and the steps of the PMSLM position sensorless control are presented in detail. Simulation and experiment are conducted, and the results verify the effectiveness and feasibility of the proposed PLL. In particular, by the proposed PLL, the error between the estimated and the actual velocities can be significantly reduced even at the start-up stage.
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