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Abstract: This paper presents a novel non-singular fast terminal sliding mode control (NFTSMC) based on the deep flux weakening switching point tracking method in order to improve the control performance of permanent interior magnet synchronous motor (IPMSM) drive systems. The mathematical model of flux weakening (FW) control is established, and the deep flux weakening switching point is calculated accurately by analyzing the relationship between the torque curve and voltage decline curve. Next, a second-order NFTSMC is designed for the speed loop controller to ensure that the system converges to the equilibrium state in finite time. Then, an extended sliding mode disturbance observer (ESMDO) is designed to estimate the uncertainty of the system. Finally, compared with both the PI control and sliding mode control (SMC) by simulations and experiments with different working conditions, the method proposed has the merits of accelerating convergence, improving steady-state accuracy, and minimizing the current and torque pulsation.
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1  Introduction

Interior permanent magnet synchronous motor (IPMSM) has merits concering simple structure, flux density and strong coercivity of neodymium-iron-boron permanent magnet [1]. IPMSM has a stronger load-carrying capacity than surface-mounted permanent magnet synchronous motor (SPMSM) because of the uneven air gap field distribution [2]. In addition, a wider speed range can be obtained by adopting the flux weakening (FW) control strategy. Thus, IPMSM is widely used in engineering fields such as aerospace, rail transit, and intelligent robots [3].

Common FW control strategies include the formula calculation method, lookup table (LUT), gradient descent, and negative d-axis current compensation [4]. The formula calculation method [5] is highly dependent on the motor parameters, and the control performance of the system decline in the case of system disturbance, such as parameter perturbation. The LUT method [6] completely depends on a large amount of experimental data, and it is not universally applicable for motors with different types and parameters. The current gradient descent method [7] analyzes the relationships between torque change direction and the position relation of limited voltage circle to correct the current of the d-q axis. However, the steps of calculation are complicated and tedious. The negative d-axis current compensation method [8,9] is simple, and the control system has better robustness because it does not depend on the motor parameters. When the voltage inverter is saturated, FW control is completed by applying compensation to the d-axis current.

At present, the PI algorithm has become the mainstream method for FW control because of its simple algorithms and mature technology. The PI algorithm is a linear control method that is widely used in motor control. However, IPMSM is a nonlinear system with various uncertainties, such as internal disturbance caused by high-speed and unmodeled dynamic excitation caused by deepened coupling of the d-q current regulator, which may affect the control performance of the system [10]. Eliminating PI control disturbances is difficult to due to its limitations, such as integral saturation, which is unsuitable for applying high-performance occasions [11].

Many advanced nonlinear control theories have been applied in IPMSM high-performance in recent years. For example, model predictive control (MPC) [12], optimize feedforward control [13], neural network control [14], and so on. A single MPC controller with a brand-new linearization method was designed to tackle the strong coupled nonlinear IPMSM mathematical model [12]. A novel modification of the optimal torque control for IPMSM was adopted to optimize the control performance with time-varying parameters [13]. A feedforward neural network controller was adopted to solve the finite control set model predictive control (FCS-MPC) [14]. To some extent, the above control algorithms [12–14] depend on the known mathematical model and the system’s nominal model and can be considered model-based control theory. However, IPMSM is a complex, nonlinear and time-varying system that has unavoidable parameter perturbations that are difficult to be modeled and measured. Thus, the above algorithms have some limitations in engineering applications.

To reduce the dependence on motor parameters, sliding mode control (SMC) has become a hot topic vis-a-vis the FW control of IPMSM. An SMC controller was designed to replace the PI controller in the voltage closed-loop [15], which accelerates the dynamic adjustment rate when the voltage inverter is saturated and enhances the anti-disturbance ability of the control system. An SMC controller based on the anti-integral saturation regulator [16,17] not only enhances the system’s robustness, but also improves the current tracking performance and inhibits the torque ripple. The SMC speed controller based on the new sliding mode reaching law [18,19] was adopted to optimize the sliding mode switching performance, weaken chattering and improve the control performance of the system. However, for conventional SMC, the convergence of the system error is exponential asymptotic, and it cannot converge to zero in finite time. Therefore, the key technologies in FW control research are how accelerating the convergence of speed, improve the steady-state control accuracy, and enhance the disturbance resistance of the control system.

This paper presents a novel NFTSMC method based on deep flux weakening switching point tracking. It achieves fast and accurate tracking of reference speed and improves the robustness of the IPMSM drive system. The main contributions of this paper are summarized as follows:

     i)  This method that combines NFTSMC with FW control is presented to improve the speed response of the IPMSM in flux weakening region. It has the features of both NFTSMC and FW control. More specifically, while the FW control based on deep flux weakening switching point tracking expands the actual speed range, the NFTSMC based on extended sliding mode disturbance observer (ESMDO) accelerates speed convergence, improves steady-state accuracy, and minimizes the current pulsation and torque pulsation.

    ii)  The mathematical model of MTPV control is simplified. The deep flux weakening switching point is obtained by analyzing the relationship between the torque and the voltage drop curves.

   iii)  The NFTSMC speed controller is designed based on the input and the output, which reduces the dependence on motor parameters.

    iv)  ESMDO estimates the unknown part of external disturbances. It is added to the input of the NFTSMC speed controller as a feedforward compensation item.

2  Mathematical Model of IPMSM

Ignoring stator core saturation, eddy current, and hysteresis loss, permanent rotor magnet without winding damping winding and mutual leakage inductance between stator windings, stator voltage equation of IPMSM in the d-q reference can be described as [20]:

{ud=Rsid+Lddiddt−ωeLqiquq=Rsiq+Lqdiqdt+ωe(Ldid+ψf)(1)

where id, iq are d-q axis stator currents (A); ud, uq are d-q axis stator voltages (V); Ld, Lq are d-q axis stator inductance (H); ψf is permanent magnet flux linkage (Wb); Rs is stator resistance (Ω); ωe is the electric angular velocity (rad/s).

In steady-state operation, the stator voltages can be approximately simplified as:

{ud≈−ωeLqiquq≈ωe(Ldid+ψf)(2)

The motor operation should meet the following requirements:

{is=id2+iq2≤ilimus=ud2+uq2≤ulim(3)

where is, us denote stator current and stator voltage; ilim, ulim denote limited current and limited voltage.

FW control consists of three processes: maximum torque per ampere (MTPA) control, constant power control, and maximum torque per volt (MTPV) control.

Fig. 1 presents the d-q-axis current trajectory diagram of FW control.
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Figure 1: The d-q-axis current trajectory diagram of FW control

2.1 Maximum Torque Per Ampere (MTPA) Control

When the actual motor speed is lower than the nominal speed, the current trajectory of MTPA runs along the curve OA in Fig. 1. The electromagnetic torque remains constant during motor acceleration. In the d-q reference, the equations of electromagnetic torque and stator current are [21]:

{Te=32np[ψf+(Ld−Lq)id]iqis=id2+iq2(4)

Constructing Lagrange function from Eq. (4), the stator current of d-q axis can be obtained as [22]:

{id=−ψf+ψf2+4(Ld−Lq)2iq22(Ld−Lq)iq=(8Teψf3np)+(8Teψf3np)2−4[ψf2−4(Ld−Lq)2][(4Te3np)2−ψf2]2[ψf2−4(Ld−Lq)2](5)

where np denotes the pole number (pairs); Te denotes the electromagnetic torque (N⋅m).

2.2 Maximum Torque Per Volt (MTPV) Control

The current trajectory in the shallow flux weakening region runs along with the curve AB in Fig. 1. The motor’s actual speed is higher than the nominal speed, and the method of adding a negative d-axis current should be adopted to avoid saturation of the voltage inverter.

The current trajectory in the deep flux weakening region runs along the curve BC in Fig. 1. The MTPV control is suitable for the motor, which meets the requirement of (ψf/Ld)<ilim. Ideally, the motor speed can be further improved, but it cannot reach point C in practical applications. The current trajectory under control of MTPV is a curve connected by the limited voltage and the tangent points of the torque hyperbola. In other words, the line of the minimum voltage point is required to generate the maximum torque. The solution equation is:

∂Te∂id⋅∂us∂iq−∂Te∂iq⋅∂us∂id=0(6)

Substituting Eqs. (2)–(4) into Eq. (6) yields

Ld2(Ld−Lq)id2+ψfLd(2Ld−Lq)id+Ldψf2−(Ld−Lq)Lq2iq2=0(7)

The expression of the d-axis current can be obtained as:

id=−ψfLd+−ψfLq+Lq2ψf2+4Ld2(Ld−Lq)2iq22Ld2(Ld−Lq)(8)

3  Optimization of Deep Flux Weakening Control

3.1 Negative D-Axis Current Compensated Method

When the motor is running, the saturation of the output voltage of the inverter is judged by constructing a voltage closed-loop. When us≤udc/3, voltage inverter is not saturated and the current compensation value of the d-axis is 0. When us>udc/3, the voltage inverter is saturated. From Eq. (2), the d-axis current should be compensated by the saturation degree of the inverter so that the actual output voltage is less than the limited voltage. The regulating ability of the current regulator can be restored, and the motor can operate normally in the constant power region by taking the above measures. From Eq. (3), the compensation value can be expressed as:

{ud2+uq2≤udc/3,idm=0ud2+uq2≥udc/3,idm<0(9)

where idm is the value of d-axis current, which is output by PI.

3.2 The Principle of Determination of Deep Flux Weakening Switching Point

The conventional d-axis negative compensation method usually sets point E (id_set=−ψf/Ld) as the switching point. Fig. 2 presents the current trajectory diagram of negative d-axis current compensation.
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Figure 2: The d-q axis current trajectory diagram of negative d-axis current compensation

The current trajectory moves leftward from point A to point B. If setting point E as a switching point, the actual current cannot reach point B, resulting in a narrow speed regulation range. It can be seen from Fig. 2 that, in order to reach point B and expand the speed regulation range, the torque curve at point B is tangent to the limited voltage. From Eq. (2), ωe is regarded as a constant coefficient, then the change curve of torque and the decline curve of fixed voltage can be considered as functions of id and iq. The deep flux weakening switching signal is constructed by calculating the angle between the direction of torque change and the direction of voltage drop.

According to Eq. (4), the direction of torque change is written in matrix form

T=[TdTq]=[∂Te∂id−∂Te∂iq]=32np[Ld−Lq00Lq−Ld−ψf][iqid](10)

Substituting Eq. (2) into Eq. (3) yields

us2=(ωeLqiq)2+ωe2(Ldid+ψf)2(11)

To obtain the decline direction of voltage, a new voltage change function is designed by id and iq as:

F=(ωeLqiq)2+ωe2(Ldid+ψf)2(12)

Combining Eqs. (2) and (12), the direction of voltages decline is written as a form of matrix

U=[UdUq]=[∂F∂id∂F∂iq]=[0ωe2Ldψf]+[2(ωeLd)2002(ωeLq)2][idiq](13)

According to Eqs. (10) and (13), the switching signal is constructed as:

cos⁡θ=[TdTq]T[UdUq]‖T‖⋅‖U‖(14)

where θ is the angle of torque change vector and voltage drop vector (rad). The state of flux weakening operation is determined by the value of θ [23]. When θ<π/2 and cos⁡θ>0, the operation state of the motor is in the shallow flux weakening region; When θ>π/2 and cos⁡θ<0, the operation state of the motor is in the deep flux weakening region. With the increase of speed, the value of θ increases gradually and cos⁡θ decreases continuously. When θ increases to π/2 and cos⁡θ decreases to 0, the switching point between shallow and deep flux weakening is obtained. At this time, the torque change vector and voltage drop vector are perpendicular to each other; furthermore, the motor’s operation state switches from constant power FW control to MTPV control. Since the d-axis current cannot continue to decrease, the reference q-axis current can be reduced to obtain a higher speed.

{cos⁡θ>0,iqm=0cos⁡θ<0,iqm<0(15)

The q-axis current can be designed as

iq=iqo+iqm(16)

To further simplify the control algorithm, the relationship between compensation value of q-axis current and idm is designed as [24]:

{iqm=ε(ido+idm−id_set)ε=LdψdLqψq(17)

where ε is the gain of compensation correction for q-axis current. Substituting Eq. (17) into Eq. (16) and combining Eq. (8), the reference d-q axis current in the deep flux weakening region can be designed as:

{iq=iqo+LdψdLqψq(ido+idm−id_set)id=−ψfLd+−ψfLq+Lq2ψf2+4Ld2(Ld−Lq)2iq22Ld2(Ld−Lq)(18)

where ido presents the reference current of d-axis output by MTPA; iqo presents the reference current of q-axis output by the speed controller. Fig. 3 shows FW control’s block diagram is based on switching point tracking.
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Figure 3: The block diagram of FW control

4  NFTSMC Speed Controller

To avoid integral saturation of PI and chattering problem of SMC, a second-order NFTSMC speed controller is designed to improve the performance of IPMSM, and an ESMDO is designed to estimate the unknown disturbances.

4.1 Designed of NFTSMC Speed Control

The equation of electromagnetic torque Eq. (4) can be described as:

Te=32np[ψf+(Ld−Lq)id]iq=32npψextiq(19)

where ψext=ψf+(Ld−Lq)id can be considered as active flux [25].

The mechanical motion equation of IPMSM is:

dωedt=npJ(Te−TL−Bωm)(20)

Substituting Eq. (19) into Eq. (20) yields

dωedt=3np22Jψextiq−BJωe−npJTL=γiq+ξωe+F(21)

where TL is load torque (N⋅m); J is a moment of inertia (kg⋅m2); B presents damping coefficient (N⋅m⋅s); ωm is the mechanical angular velocity (rad/s); γ is the gain of q-axis stator current to be designed; ξ=B/J; γ=3np2ψext/2J; F is the total perturbation of uncertainty.

To accelerate speed transient response and improve steady-state control accuracy, an NFTSMC speed controller is designed. From Eq. (21), the control law of speed controller can be designed as:

iq∗=ω˙e∗−ξωe−F+ucγ(22)

where ωe∗ denotes the reference value of ωe; uc is feedback control law of NFTSMC to be designed.

Substituting Eq. (21) into Eq. (22) yields

ω˙e∗−ω˙e+uc=0(23)

Define the state error of the controller as:

e=ωe∗−ωe(24)

Then, the state variable is defined as e˙1=e2=ωe∗−ωe and e˙2=e˙=ω˙e∗−ω˙e.

Selecting a second-order NFTSMC surface as below [26]:

s=e1+αe1g/h+βe2p/q(25)

where α>0; β>0; g, h, p and q are positive odd numbers; 1<p/q<2; g/h>p/q.

s˙=e˙1+αghe1g/h−1e2+βpqe2p/q−1e˙2=e2+αghe1g/h−1e2+βpqe2p/q−1e˙2(26)

Choose the exponential reaching law as:

s˙=−η1sgn(s)−η2s(27)

where η1 and η2 are both positive numbers.

Theorem 1: For the rotational speed error Eq. (24), chosen Eq. (25) as the sliding mode surface and Eq. (27) as reaching law, then the system state will converge to zero in finite time.

From Eqs. (26) and (27), the feedback control law of the NFTSMC is obtained as below:

uc=qβpe22−p/q⋅(1+αghe1g/h−1)+η1sgn(s)+η2s(28)

Proof: Selecting Lyapunov function candidate to be

V=12s2(29)

The derivative of V is:

V˙=s[e2+αghe1g/h−1e2+βpqe2p/q−1e˙]=s[e2+αghe1g/h−1e2+βpqe2p/q−1⋅(−η1sgn(s)−η2s−qβpe22−p/q(1+αghe1g/h−1))]=s[e2+αghe1g/h−1e2−e2(1+αghe1g/h−1)+βpqe2p/q−1(F^−F−η1sgn(s)−η2s)]=s[βpqe2p/q−1(‖F~‖−η1sgn(s)−η2s)]≤βpqe2p/q−1((‖F~‖−η1)‖s‖−η2‖s‖2)(30)

Due to 1<p/q<2, 0<p/q−1<1, p>q, p and q are odd numbers, we can obtain e2p/q−1>0. Due to β, η1 and η2 are positive numbers, chosen η1≥‖F~‖ yields Eq. (30) V˙≤0.

It completes the proof.

Substituting Eq. (28) into Eq. (22), we can obtain the total control law iq∗ of the speed controller as:

iq∗=ω˙e∗−ξωe−F+qβpe22−p/q⋅(1+αghe1g/h−1)+η1sgn(s)+η2sγ(31)

Fig. 4 presents the schematic diagram of the NFTSMC speed controller.
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Figure 4: The schematic diagram of NFTSMC speed controller

4.2 Extended Sliding Mode Disturbance Observer

The ESMDO can estimate the uncertainty of the system by measuring the input and output of the actual system. It provides not only practical feasibility for the technical realization and practical applications in motor control. The variable is defined as x=ω^e−ωe, and Eq. (21) is redescribed as:

{dω^edt=γiq+ξω^e+F^+usmodF^dt=G⋅usmo(32)

where ω^e is the observed value of ωe; F^ is the estimated value of F; G>0 is the gain of sliding mode observer; usmo is the control law of the sliding mode observer.

Combining Eqs. (21) and (32) obtains the equation:

{x˙=ξx+F~+usmodF~dt=G⋅usmo−ℜ(t)(33)

where F~=F^−F; ℜ(t)=dF/dt is the rate of change for F.

Select the speed error as the sliding mode surface:

s1=x=ω^e−ωe(34)

Choose the exponential reaching law as:

s˙1=−η3sgn(x)−η4x(35)

where η3>0, η4>0.

The control law of the sliding mode observer can be obtained from Eqs. (33) to (35):

usmo=−ξx−η3sgn(x)−η4x(36)

Theorem 2: The error x converges to zero in finite time if one chooses Eq. (34) as the sliding mode surface, and the gain of ESMDO is designed as η3≥‖F~‖.

Proof: Selecting Lyapunov function candidate to be:

V1=12s12(37)

The derivative of V1 is:

V˙1=s1s˙1=x(ξx+F~+usmo)=x(F~−η3sgn(x)−η4x)=xF~−η3xsgn(x)−η4x2≤xF~−η3xsgn(x)≤‖x‖(‖F~‖−η3)(38)

Chosen η3≥‖F~‖ yields V˙1≤0.

It completes the proof.

Substituting Eq. (36) into Eq. (32), the total disturbance estimation expression is:

F^=G∫(−ξx−η3sgn(x)−η4x)dt(39)

Substituting Eq. (39) into Eq. (31) yields

iq∗=ω˙e∗−ξωe−F^+η1sgn(s)+η2s+qβpe22−p/q⋅(1+αghe1g/h−1)γ(40)

To weaken the chattering of the system due to the sgn function, the continuous saturation function H(s) is used to replace the sign function, and its functional form is designed as follows [27]:

H(s)=s|s|+σ(41)

where σ>0. Fig. 5 represents the block diagram of NFTSMC based on deep flux weakening switching point tracking of the IPMSM drive system.
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Figure 5: The block diagram of IPMSM drive system

5  Simulations and Experiments

To verify the feasibility and effectiveness of the proposed method, this section demonstrates the comparative analysis results of simulations and experiments.

5.1 Simulations Results

MATLAB/Simulink simulation is used to build a motor model compared with PI, conventional SMC, and NFTSMC. Table 1 represents the parameters of IPMSM. The drive system parameters of PI, SMC and NFTSMC are listed in Table 2.
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Case 1: Graded speed regulation condition

The load torque is set as TL=20Nm, and the load torque is appropriately reduced to TL=14Nm as the speed increases in the process of FW control operation. Settings of the motor are listed in Table 3.
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Figs. 6a–6c demonstrate the simulation comparison results of speed, torque, and d-q axis current controlled by PI, SMC, and NFTSMC; Figs. 6d and 6e show the observed value of x=ω^e−ωe and the observed value of the total disturbances controlled by SMO and ESMDO.
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Figure 6: Simulation results of PI/SMC/ NFTSMC with graded speed regulation condition

The simulation comparison results are summarized in Table 4. For intuitive comparison, the comparison data of Table 4 is graphically processed to obtain Fig. 7.
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Figure 7: The comparison of speed relative error rate

From Figs. 6a and 7, and Table 4, NFTSMC has better steady-state control accuracy than PI and SMC. When the reference speed changes from 2000 to 4000 r/min at 0.8 s, NFTSMC takes 0.18 s to reach steady-state, and the relative error rate of speed is only 0.02%. PI and SMC take 0.20 s to reach steady-state, and the relative error rate of speed are 0.15% and 0.02%. NFTSMC improves the dynamic response rate by 10%. When the reference speed changes from 4000 to 6000 r/min at 1.2 s, NFTSMC takes 0.3 s to reach reference speed, and the relative error rate of speed is only 0.01%. PI and SMC take 0.36 s to reach steady-state, and the relative error rate of speed is 0.10% and 0.08%. NFTSMC improves the dynamic response rate by 8%. In general, the NFTSMC speed controller can accelerate the dynamic convergence of speed in the flux weakening regions and further minimize the steady-state error of speed.

Figs. 6b and 6c demonstrate that the torque and d-q axis current waveform of NFTSMC are more stable, with smaller pulsation and better transient stability performance of the motor. It further shows that NFTSMC can effectively improve the control performance of the motor drive system.

Figs. 6d and 6e demonstrate that the unknown disturbance and the speed observed by ESMDO is more accurate than that observed by SMO. This shows that the performance of ESMDO is better than SMO.

Case 2: Uniform acceleration condition

Setting the reference speed as a slope function to simulate uniform acceleration condition. Figs. 8a–8c demonstrate the simulation comparison of speed, torque, and d-q axis current controlled by PI, SMC, and NFTSMC; Figs. 8d and 8e show the observed value of x=ω^e−ωe and the observed value of the total disturbances controlled by SMO and ESMDO. Figs. 8f–8h demonstrate the THD analysis of phase current. Fig. 8i demonstrates the d-q axis current trajectory. The comparison results of Fig. 8a are listed in Table 5.
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Figure 8: Simulation results of PI/SMC/NFTSMC with uniform acceleration condition
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From Fig. 8a and Table 5, there is no significant difference in the speed response rate of three methods with uniform acceleration, but the control accuracy of NFTSMC is significantly better than PI and SMC. Combined with Figs. 8a, 8d, and 8e, the unknown disturbances are estimated quickly by ESMDO to ensure that NFTSMC can effectively reduce chattering and improve the robustness of the drive system.

Figs. 8b and 8c demonstrate that the torque and current pulsation of PI are the largest and the convergence performance is the worst in the motor operation process. NFTSMC has the most stable d-q axis current and torque, and the pulsation of NFTSMC is the smallest. The simulation results show that the NFTSMC speed controller performs better transient steady-state control.

Fig. 8i demonstrates the current track diagram of NFTSMC. It is shown that the simulation current track conforms to the theoretical track of FW control. The d-axis current value of the deep flux weakening switching point is about –48A, far greater than the value of conventional settings, which verifies the correctness and effectiveness of the proposed method.

From Figs. 8f–8h, the THD value of phase current for PI is about 9.27%, and the THD value of phase current for SMC is about 6.38%. The THD value of phase current for NFTSMC is only 2.21%. The phase current of NFTSMC is much smoother. It means that the current harmonics of NFTSMC are smaller than PIs and SMCs. The comparison of THD analysis for phase current indicates that the drive system of NFTSMC has better control performance.

5.2 Experiments Results

To further test the effectiveness of the proposed method, the hardware-in-the-loop simulation (HILS) of IPMSM is carried out with DSP-TMS320F2812 and RT-Lab (OP5600) HILS platform. Fig. 9 shows the configuration diagram for the IPMSM drive systems.
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Figure 9: RT-Lab (OP5600) HILS experimental platform

Fig. 10 demonstrates the experimental results of PI, SMC and NFTSMC with graded speed regulation and uniform acceleration, respectively.
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Figure 10: The experimental results of PI/SMC/NFTSMC with different working conditions

Compared with both Figs. 6 and 8, the control performance of the experiments is slightly decreased. Besides, the current pulsation and torque pulsation are more obvious in the transient condition, but the basic trend and effect comparison is consistent with the simulation results. As is shown in Fig. 10 and Table 6, the THD value of stator current for NFTSMC is the smallest. In addition, the average speed error rate of PI is 0.2%, and the average speed error rate of SMC is about 0.16%, while the average speed error rate of NFTSMC is only 0.04%. It indicates that NFTSMC has a better control accuracy. The torque ripple of PI is 20.0%, and the torque ripple of SMC is 15.0%, while the torque ripple of NFTSMC is only about 10.7% which is the smallest. The speed loop controller’s current pulsation of q-axis output is the leading cause of the torque ripple. Because NFTSMC can accurately track the reference speed, the actual current pulsation of the d-q axis and torque pulsation is effectively minimized.
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6  Conclusions

This paper presents a novel NFTSMC based on deep flux weakening switching point tracking of FW control for IPMSM drive system. The deep flux weakening switching point is accurately obtained, and the NFTSMC speed controller is designed based on the input and the output to accelerate speed convergence. The unknown part of external disturbances is estimated quickly by ESMDO, which is fed back to the NFTSMC speed controller. The comparative analysis results of simulations and experiments indicate that the method proposed has excellent speed response. In addition, it can effectively minimize the current and torque pulsation, and the IPMSM drive system has better transient steady-state performance.
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Table 3: Starting settings of motor
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Table 4: Steady state results of speed with PI/SMC/NFTSMC

n*/(r/min) Convergence time/s Speed relative error rate'/%
1000 0.09/0.09/0.09 0.48/0.48/0.10
2000 0.49/0.49/0.49 0.27/0.22/0.05
4000 1.00/1.00/0.98 0.15/0.02/0.02
6000 1.96/1.96/1.90 0.10/0.08/0.01

Note: !Relative speed error rate represents the ratio of steady speed error amplitude of PI/SMC/NFTSMC
to reference speed.





OEBPS/Images/EE_22461-fig-10b.png
[Lh

N ™ | 164

i, “~

MTPA, FWI1 |MTT’V
204 [—-J 2 el %
R , -35A,,..,,‘ a R RO H.-35A
[i%
201;1;11 14Nm 7 | | 14Nm
| ¥ 4lsNmIoS | | | v i15Nm Lo A

;

7]

_> I

. L——  180ms 300ms

PHJ \ !J

EYN R :
;fooomnm o7 s ) 6000r/min.
N ' LY

o

e

(¢) The experimental results of NFTSMC






OEBPS/Images/EE_22461-fig-8a.png
T T T T 40
6000 - " T T
‘ 6005\‘ PI
5000 = = -PI 3 2 G . 30 - SMC i
Z 4000k SMC 6000 Possassunsnnnd - NFTSMC
E —-— NFTSMC s90s ! E T
= { 4
= 3000 5990 141 220
145 150 0 155 160 e
l 0 1.65 1.70 s
1000 - L
0 1 1 1 1 0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2:5
t[s] t[s]
(a) Simulation comparison results of speed (b) Simulation comparison results of torque

(c) Simulation comparison results of current

0.02 T T

T T 2000

—— SMO
- - - ESMDO

1000

e
<
T

x [r/min)]
e
(=]
S
unknown disturbance

0

-1000

o
(=]
T

1

-2000
002 L | -3000

1 1 1 1 1 1

-4000
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
t[s] 1[s]

1 1

(d) The observed value of x=@, -, (e) The observed value of total disturbances £





OEBPS/Images/EE_22461-fig-5.png
MTPA

SVPWM Inverter

+ 1/y

Ild/dtll






OEBPS/Images/EE_22461-fig-10a.png
30A 23A [16A

* o s
-20A[ m T4 .4
‘‘‘‘‘‘ S32A A

w
20Nm H N
: 14Nm'
M; N ¥ s28Nm T~ : : NV ooaNm L A
|- F ’ ~
o ’|<— A T =
wmi 6000rmin @7 ® ! //|L/6000r/min: T o, 7
. 200ms ! v / . v

30A 23A 16A )
ww N\ KN 16A

I
|
: MTPA| FWI | MTPV
w f g o "
JQOAE ""J-32A/ﬁ"“"{é < T ’_-\L) A
U S et O < 7. SR N T e AL oy 7

2N 1am I I 14N
i m
¥ 2.INm AN | | ~Na . 1Nm 1>
' | | » A4
= |
> 360ms iGOOOr/mm we/v & | 1T 6000r/min 1 ! we/
200ms L1 tY ,

(b) The experimental results of SMC





OEBPS/Images/EE_22461-fig-9.png
DSP
Controller

TMS320F2812

' OP5600

=G






OEBPS/Images/EE_22461-fig-8b.png
-Signal

20

Signal mag.

-20

2.2

1 1
2.225 2.235

Time (s)

2.215

1 1
2.24 2.245

[FFT analysis

0.8

0.6

0.4

Mag (% of Fundamental)

T T T T T

T T
Fundamental (200Hz) = 31.82 , THD= 9.27%

200 300 400

Frequency (Hz)

500 600 700 800

(f) The THD analysis of PI's phase current

1 1 1

2 205 559 2.225 23 2.235 2.24 2.245
Time (s)
P —
T T T T T T T
Fundamental (200Hz) ~ 31.8 , THD~ 6.38%
0.8 [~ -
=}
g 0.6 [~ |
=
5
[ e
S 0.4 _
=
2
= 02| -
0 100 200 300 400 500 600 700 800
Frequency (Hz)
(g) The THD analysis of SMC's phase current
o
A ] 50 - ' : - :
¥
L 0
)
“ 20l . 40 -
A \ . L A
22 2208 221 2218 222 2.228 223 2238 224 2245
Time (s)
iy T T T T B : ; 30 F i
Fundamental (200Hz) < 31.83 , THD- 2.21% g
= 02 -
H 20 g
2015
._ 0.1
= 10 - g
=
0.05
o | 0 . . . . L
0 100 200 300 400 500 600 700 800 -60 .50 .40 .30 .20 -10 0
Frequency (Hz) N
iy [A]

(h) The THD analysis of NFTSMC's phase current (i) The current trajectory of FW control






OEBPS/Images/table-1.png
Table 1: The parameters of IPMSM

Parameters Unit Values
Dc voltage/u,, \" 600
Rated speed/ny r/min 1900
Stator resistance/R, Q 2.75
Pole number/n, pairs 2

d axis inductance/L, H 0.004
¢q axis inductance/L, H 0.009
Magnetic flux/vy, Wb 0.12

Inertia/J kg-m* 0.029
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Table 6: Comparison of PI/SMC/NFTSMC control methods

Performance indicators  PI SMC NFTSMC
Torque error /Nm +2.8 +2.1 +1.5
Torque ripple'/% 20.0 15.0 10.7
Average speed error 0.2 0.16 0.04
rate*/%

THD value of phase 9.27 6.38 2.21
current/%

Notes: Torque ripple!: The ratio of torque error amplitude to the reference torque. Average speed error rate?: The average speed relative error
rate with different working conditions.
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Table 2: The parameters of control system

PI SMC! NETSMC
P =100 c=0.02 «=0.03
I1=10 ky=2 B =0.01

/ k, =30 plg=17/5
/ / g/h=15/3
/ / n, =25

/ / n, = 0.06
/ / G =200

/ / n; = 2500
/ / n, = 1.55

Note: ! The sliding mode surface and reaching law of
SMC: s = ce| +er, 5§ = —kisgn (s) — kns.
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Table 5: Steady-state results of PI/SMC/NFTSMC

Convergence time/s Speed relative error rate/%

1.50/1.50/1.50 0.03/0.018/0.001
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