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A field-orientation scheme is a typical control technique of induction motors to obtain sophisticated performance. The stator field-oriented control is less sensitive to parameter variations than the rotor field-oriented control. In addition, the estimation of the stator flux is more accurate than that of the rotor flux. Therefore, the stator flux system is considered a good choice for variable speed drives. However, the traditional configuration of the system includes four PI controllers which need effort in tuning. In this article, simple calculations are proposed such that the configuration and performance of the stator field-oriented control systems are improved by including only two PI controllers. In addition, with the aid of the machine phase axes, a simple procedure for the speed estimation target is suggested to effectively estimate the rotor speed of the machine with a direct estimation without any need for a PI controller or additional observers in the speed observer procedure. The obtained results confirm the effectiveness of the proposed control scheme.
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INTRODUCTION
A field-oriented control (FOC) is a common control technique used in induction motor drives. Using this technique, a high performance is obtained due to the torque, and the flux is controlled independently, similar to a separately excited DC motor. There are direct FOC (DFOC) and indirect FOC (IFOC). In DFOC, the calculation of the field vector is based on motor terminal variables, and in IFOC, there are estimations that include the slip frequency of the motor. Initially, the control schemes were established on rotor FOC (RFOC). However, calculations in rotor field orientation depend on rotor resistance and on inductances, which are varied by temperature and magnetic saturation, respectively. An alternative technique to RFOC is the direct stator FOC (DSFOC) because the estimation of stator quantities is more accurate than the estimation of rotor quantities. Also, the accuracy of estimation of the stator flux depends only on the stator resistance, and it is not affected by the inductances of the motor. However, the effect of variation of the stator resistance on the accuracy of estimation at low frequencies is considerable. Also, using a pure integrator in the estimation of the stator flux builds up a dc offset at low frequencies. In addition, there is a dynamic-coupling effect between the motor speed and the stator flux. Several solutions are proposed for these problems. Solutions to the problem of variation of the stator resistance are such as in Nagataki et al. (2020) and Bai-shan and Wen-qi, (2010), solutions to the problem of pure integrators are such as in Liu et al. (2007), Zhang and Dai, (2010), Man and Chen, (2011), and Luo et al. (2020), combined solutions to both problems are such as in Mitronikas et al. (2001), Mitronikas and Safacas, (2004), Lee et al. (2014), and Mei and Feng, (2014), and solutions to the problem of coupling effects between the motor speed and the stator flux are such as in Liu et al. (2007) and Amiri and Khaburi, (2012).
In the classical DSFOC scheme, there are four PI controllers, namely, a torque controller, a flux controller, and two current controllers, and tuning of these controllers represents a burden on the design of the control system. Because of the nonlinear nature of induction motor parameters, there are many attempts to replace the linear (PI) controllers with nonlinear controllers such as in Salvatore et al. (2007), Zhang et al. (2010), and Nguyen et al. (2020). However, all these control schemes suffer from the difficulty of design and the burden of calculations.
In this article, a simplified structure of sensorless DSFOC is proposed. In the proposed scheme, the torque and flux controllers of the classical DSFOC are replaced with simple calculations, and an improved procedure implemented by the author in the previous work (Hussien, 2020) for speed estimation is combined with the control system without any need for a PI controller in the sensorless speed methodology. Using these calculations leads to simplifying the design of the control scheme and obtaining a fast response to sudden changes. In addition, the transient current is limited to an allowable overload value of the variable-frequency drive, and the speed deviation is taken equal to a specified value. The proposed control scheme is validated by the results.
TRADITIONAL DIRECT STATOR FOC SYSTEM
The basic configuration of the DSFOC system is described in Figure 1. In this configuration, the stator voltages and the stator currents are used to estimate the stator flux vector. Then, the stator currents in the stator-flux frame, iqs(λ) and ids(λ), are estimated, where the subscript (λ) indicates the stator-flux frame. The differences between these currents and the corresponding reference stator currents, iqs(λ)-ref and ids(λ)-ref, are the inputs of two PI (current) controllers to produce the reference stator voltages, uqs(λ)-ref and uds(λ)-ref, which are used to determine the switching states of the PWM converter. To produce the reference stator currents, the differences between the reference speed (ωm-ref) and the motor speed (ωm) are the input of a PI (torque) controller, and the difference between the reference stator flux (λs-ref) and the motor flux (λs) is the input of a PI (flux) controller.
[image: Figure 1]FIGURE 1 | Typical DSFOC system.
The stator flux vector in the stationary reference frame is estimated as follows:
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where λqs and λds are q-axis and d-axis components of the stator flux linkage in the stationary reference frame, respectively, uqs and uds are the stator-voltage components, iqs and ids are the stator-current components, θλ is the angle of the stator flux linkage, and Rs is the stator resistance.
PROPOSED DIRECT STATOR FOC SYSTEM
In the proposed control system, the reference currents iqs(λ)-ref and ids(λ)-ref are estimated by simple calculations without dependence on PI controllers, dissimilar to a typical DSFOC system. The configuration of the proposed system is shown in Figure 2. The calculations of the reference currents are as follows:
[image: Figure 2]FIGURE 2 | Proposed DSFOC system.
Calculation of the reference D-axis current (ids(λ)-ref)
In the stator-flux frame, the relationship between the stator flux (λs) and the stator current ids(λ) is expressed as follows (Krause et al., 2002):
[image: image]
where Ls is the stator self-inductance and Lm is the magnetizing inductance.
The stator flux λs can be controlled by the current component ids(λ). The task is to find an appropriate relationship of the reference current ids(λ)-ref instead of dependence on the PI controller. An appropriate expression, proposed by this work, is obtained by assuming that λs is directly proportional to ids(λ). Thus, the reference current ids(λ)-ref can be taken as
[image: image]
where ids(λ)-AOL is the allowable overload value of ids(λ) and the value of λs is estimated using Eq. 3.
Calculation of the reference Q-axis current (iqs(λ)-ref)
In this work, instead of tracking the reference motor speed (ωm−ref), an allowable deviation from this speed (Δωm-AD) is tracked. The current iqs(λ)-ref is estimated as follows:
The motor torque (Te) can be given by (Krause et al., 2002)
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where P is the number of pole pairs.
At a certain value of the stator flux (λs),
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where the torque Te can be given by
[image: image]
where TL, Bm, ωm, and J are the load torque, friction coefficient, motor speed, and inertia, respectively.
Thus,
[image: image]
Thus, the change of speed (Δωm) can be controlled by the current component iqs(λ). By assuming that Δωm is directly proportional to iqs(λ), an appropriate expression of iqs(λ)-ref is obtained, without dependence on the PI controller, as follows:
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where Δωm-AD is an allowable deviation of the motor speed from the reference speed and iqs(λ)-AOL is the allowable overload value of iqs(λ).
Current limits
There is an allowable overload current (is-AOL) of the variable-frequency drive. This value can be 150% for 1 min. To limit the stator current to this value, the values of ids(λ)-AOL and iqs(λ)-AOL are estimated as follows:
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The priority is given to the reference current ids(λ)-ref over the current iqs(λ)-ref because the establishment of the flux leads to maximum torque per ampere during the dynamic performance, thus minimizing the current iqs(λ).
PROPOSED SPEED-ESTIMATION PROCEDURE FOR THE SENSORLESS DIRECT STATOR FOC SYSTEM
It is mainly obvious from the presented algorithm of DSFOC for the adopted IM that its procedure is fully dependent on the knowledge of the speed signal required for the field-oriented scheme.
Due to the issues associated with the need for a mechanical speed sensor such as the maintenance problems and the high cost required and other issues of reliability, it is important to assure the implementation of the proposed DSFOC system with a more sufficient sensorless speed observer (Kumar and Goyal, 2018; Sun et al., 2021; Kumar et al., 2022). Hence, to attain this target, a high-performance sensorless speed-estimation procedure is handled in this article with the aid of the suggested senseless algorithm implemented by the author in the previous work (Hussien, 2020). The suggested sensorless scheme is considered with the aid of the machine phase axes with a simplified algorithm without any need for any extra observation methodologies or PI controllers in the process of the speed observer.
After observing the IM’s flux angle of the stator side, θλ, using Eq. 4, the corresponding angular speed of the reference frame, [image: image], is realized aided with the differentiation step of the flux-angle. However, the direct differentiation for the flux angle will cause the corresponding speed to be noisier, and as a result, it will attain a bad performance for the proposed DSFOC system of IM drives. Therefore, a more effective solution to eliminate this high noise effect is suggested as in Eq. 15 to develop a high-performance sensorless control system as follows:
[image: image]
The quantities ‘X’ and ‘Y’ represent the flux-angle’s, θλ, triangular components.
Based on the proposed DSFOC procedure, the slip angular slip-speed, ωsl, is realized as
[image: image]
where
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Here, the symbols Lr and Rr represent the rotor self-inductance and resistance, respectively.
Aided with Eqs. 15, 16, the associated estimation of the mechanical rotor speed is obtained as
[image: image]
RESULTS AND DISCUSSION
The simulation results are obtained by MATLAB/SIMULINK (The MathWorks, 2022). Two different load types are used in the simulation: the load TL1 has a constant torque, and the load TL2 is a centrifugal load with a torque proportional to the square of the motor speed and has a rated torque at the rated speed of the motor. The allowable overload current (is-AOL) is taken equal to 1.5 pu, and the allowable deviation of the motor speed (Δωm-AD) is taken equal to 2 rpm. The data of the system are listed as shown.
 | 
[image: ]The results with TL1 equal to 1.0 pu and stepped changes of the reference speed are shown in Figure 3. Figure 3A shows that the reference speed is tracked, and the deviation of speed is about 2 rpm with a good tracking between the estimated speed response and its corresponding actual level. Figure 3B shows that the stator current is limited during the transient periods to about 1.5 pu. Also, Figure 3C shows that the electromagnetic torque is limited during the transient periods to about 1.5 pu and −1.5 pu, corresponding to acceleration and deceleration, respectively. A similar performance in the case of the load TL2 is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Results of the proposed control system with TL1 equal to 1.0 pu and stepped changes of the reference speed.
[image: Figure 4]FIGURE 4 | Results of the proposed control system with TL2 and stepped changes of the reference speed.
The results with TL1 equal to 1.0 pu and ramped changes of the reference speed are shown in Figure 5 including the operation under the low-speed region. As shown in Figure 5A, the speed is changed from 1,600 rpm (high-speed region) to 500 rpm and then followed by a ramp change from 500 rpm to 100 rpm (low-speed region). The reference speed is tracked, and the validity of the suggested speed estimation methodology is confirmed as shown in Figure 5A. The corresponding current and torque are shown Figures 5B,C,respectively.
[image: Figure 5]FIGURE 5 | Results of the proposed control system with TL1 equal to 1.0 pu and ramped changes of the reference speed.
During the dynamic performance, the values of current and torque are far from the maximum limit (1.5 pu) because of the small difference between the reference speed and the motor speed. Figure 6 shows the results with the stepped change of TL1, after approaching the steady state, from 1.0 pu to 0.5 pu at a time equal to 3.0 s. The results show no disturbance in the motor speed, and a fine speed control is achieved with a close correlation between the estimated rotor-speed response and its corresponding actual level. This confirms the observability and controllability of the speed-estimation procedure for the adopted simplified DSFOC system of IM drives.
[image: Figure 6]FIGURE 6 | Results of the proposed control system with TL1 are stepped changed from 1.0 pu to 0.5 pu at a time equal to 3.0 s.
CONCLUSION
Using the direct stator flux-oriented control (DSFOC) in variable speed drives is motivated by the accuracy of the estimation of the stator flux and little dependence on the machine parameters. The conventional configuration of the DSFOC control scheme has four PI controllers: a torque controller, a flux controller, and two current controllers. Tuning all these controllers is not a simple task during the design of the control system. This article has suggested the replacement of two PI controllers by simple calculations, such that the final configuration of the system includes two PI (current) controllers. By these calculations, the transient current is limited to an allowable overload value of the variable-frequency drive. Also, a specified allowable deviation value of the motor speed from the reference speed is used in the proposed calculations for all speeds. In addition, a simple topology to efficiently predict the mechanical speed of IM has been handled and investigated for a sensorless drive system based on the DSFOC algorithm. The results of the proposed control system show excellent speed control and dynamic performance including the operation under the low-speed region. Moreover, the speed observer simply has not required any extra observers or controllers in the estimation procedure which has assured the cost-effective properties of the presented drive system.
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