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Abstract

:

This paper evaluates the performance of an inverter-fed nine-phase squirrel cage induction motor (SCIM) under faulty conditions. The induction motor’s stator core of the conventional National Electrical Manufacturers Association (NEMA) frame size of 90L has been rewound to accommodate coils that form the nine-phase windings. The prototyped nine-phase SCIM drive has been tested for transient and steady-state capabilities for well-conditioned and defective functioning. The open-phase-winding faults are caused by fuses opening during an imposed short circuit. The experimental results evidenced that the nine-phase induction motor drive can operate under faulty conditions while minimizing the gravity of defective functioning. This premise has positioned the nine-phase SCIM drive as a strong candidate in applications where fault tolerance is a must, and the motor may be required to continue operating temporarily under faulty conditions until maintenance is in effect.
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1. Introduction


Multi-phase drives provide various benefits over three-phase drives, including the following: high reliability, excellent torque density, reduction of power per phase, and higher fault tolerance [1,2]. These benefits, notably higher fault tolerance, make the multi-phase machines suitable for electric vehicle traction, airplanes, submarine propulsion, and any other applications that require high-power density and fault tolerance [2]. Additionally, there is excellent attentiveness to energy power generation setups having a higher order number of phases, most notably in grid- and off-grid-connected wind turbine systems [3]. As a traction motor, a nine-phase permanent magnet (PM) motor drive system was developed for an ultra-high-speed elevator that set a world record [4].



The expense and risk of service interruptions make reliable electric drives an absolute need in mission-critical industrial applications [5]. In the event of a short-circuit or open stator phase, multi-phase electric machines have the benefit of being able to start and operate with a tolerable reduction in performance [6,7]. Even though the aim is to prevent any induction motor failure, measures for achieving fault-tolerant functioning must be used if one does occur. A questionnaire survey was done to ascertain the industry’s requirements and expectations for reliability in power electronic drives [8]. The study included responses from several prominent semiconductor manufacturers and end users in the electric vehicle and utility power sectors, among others [8]. According to the analysis, the most fragile components were power semiconductor devices [8]. The principal stresses discovered were those generated by external factors and temporary and excessive load currents [8]. These must be considered when designing and operating power electronic systems.



Faults in power devices keep them in an on or off state [9]. To avoid a full loss of the drive, the power converter might disconnect the faulty phase and keep the current flowing in the remaining healthy phases while losing specific control abilities. Consequently, the electrical drive might be considered a whole different system after a malfunction due to the post-fault change in its design [9]. Component failure rates in induction motors, on the other hand, are generally about 38% of the faults pertaining to the stator, 10% to the rotor, 40% to the bearings, and the other 12% are unrelated [10]. Inverter or motor problems may cause the stator currents and voltages to become unbalanced, the line currents to be more distorted, the motor’s average torque to drop, the torque pulsations to increase, the overall system to overheat, and the efficiency to degrade [10].



Short-circuits in switches, stator windings, and stator winding short-circuit turns all occur frequently in motor drives [11]. However, in recent years, open-circuit fault tolerance has been the most extensively researched case, whereas other forms of fault have received less attention [11]. Fault-tolerant functioning in the presence of short-circuit defectiveness is much more onerous, and despite its frequent occurrence, it has yet to be given more academic scrutiny to date [11].



This paper discusses several failures that may occur with an inverter-fed, nine-phase SCIM drive. The faults include one open phase and two neighboring and non-neighboring open phases. It is worth noting that fast-acting fuses induced the open-phase faults. This paper is structured as follows. Section 2 of this paper provides a brief background on metal-oxide semiconductor field-effect transistor (MOSFET) switches and SCIM stator winding faults. In Section 3, the experimental measurement setup is presented and discussed, and the analysis of measured results for well-conditioned and defective functioning is reported in Section 4. Key findings are summarized in Section 5.




2. Background on MOSFET Switch and Stator Winding Faults


2.1. A MOSFET Disconnected Circuit


A MOSFET disconnected circuit defect does not instantly damage the power converter, but it may lead to other converter failures [10]. During the first half of a period, the phase current will be 0 A if just one MOSFET is open-circuited. The current will have a DC component, which will generate braking torque and uneven loads in the devices on one inverter leg. The frequency of the stator currents determines the pulsation frequency of the torque, which may cause mechanical issues like resonance. There will be twice as many pulses of torque as currents if one phase is open [10]. An analysis of a nine-phase SCIM drive operating with disconnected MOSFETs and open-phase defectiveness is reported in [12]. In the latter, the phase current was not entirely zero even if both MOSFETs of an inverter leg were disconnected, with the flyback diodes still in operation. As a result of the back electromotive force and flyback diodes of the disabled MOSFETs, the current may return to either the positive or negative dc-link, depending on the neutral point voltage [2,13]. The motor’s neutral point voltage will be affected, and the drive’s configuration will be continually commuting because of the uncontrolled current. In situations where the drive is operating below its peak post-fault rating, flyback diodes have limited impact [9]. Greater values of the load torque or fault detection latency exacerbate this decrement in performance; however, the experimental findings in [13] show that it only affects a tiny portion of the total functioning. Because of the flyback diode stator currents, torque generation is marginally reduced, and copper losses are increased.




2.2. MOSFET Short-Circuit Defectiveness


A MOSFET short-circuit defect, in contrast to an open-phase one, may result in the failure of the failed MOSFET as well as the remaining MOSFETs and other circuit components due to the excessive and uncontrolled current that is generated. Detection periods for short-circuit failures are often much shorter than for open-circuit failures [14,15]. Depending on whether the upper or lower MOSFET failed, the phase voltage is locked to the DC-link bus voltage when it shorts out (lower MOSFET failed). The stator currents can only be restricted by the stator resistance because of the DC component in the voltage.



Using a rapid action fuse in series with each switching device, inverter leg, or phase winding to induce a disconnected-circuit scenario is recommended in [16,17,18,19] to reduce short-circuit current. As with open-phase defectiveness, the drive should be controlled by the remaining healthy phases. The study of a short-circuit failure in a nine-phase SCIM drive is reported in [20]. Using a balanced short circuit following a short-circuit defect of the converter or the motor is recommended as a post-fault control approach [21]. Instead of using the defective short-circuited set to counteract the brake torque, the drive should be powered by the healthy three-phase set.



A short-circuit fault in an inverter switch is not tolerated by star-connected equipment, according to work reported in [12]. Open-ended winding machines and dual-inverter power supplies have been suggested in certain studies as ways to increase MOSFET fault tolerance [22,23,24]. MOSFETs’ short-circuit failures have been the subject of much more study than open-circuit faults and mature fault-tolerant solutions. Open MOSFETs seem to be the most prevalent cause of MOSFET wire bond module failures, according to many studies [25,26,27,28,29]. Short-circuit failures in semiconductor power devices, on the other hand, are more common than open-circuit faults, according to [29]. The work in [29] suggests that open-circuit winding failures are infrequent compared to short-circuit stator defects [29].



Because of the lack of wire bonding and the direct link between the die and metal contacts, press-pack MOSFETs fail catastrophically and fail completely. The press-pack MOSFETs, however, might open-circuit in due course because of the relatedness between molten aluminum (Al), molybdenum (Mo), and silicon (Si), resulting in diverse alloys with low conductivity [30,31]. Short-circuit failures in the case of semiconductor device degradation are a recognized need for continued development of MOSFET modules in electric power systems. The reason for this is that, with MOSFET modules connected in series, even if one or more of the redundant power modules fails, the string will still function properly as a whole. There are scheduled interruptions for maintenance, and these failing modules may be replaced at the next one. It is challenging to forecast and confirm the usual failure mode since the power device might fail in short-circuit, open-circuit, or be ruined depending on the energy associated with the device [32]. That is why the literature does not have enough data to draw any firm conclusions about MOSFET failure modes or even an average proportion of MOSFET failure modes.




2.3. Stator Winding Faults


Winding short circuits are among the most dangerous of all winding defects. Overheating, transient overvoltage stress, excessive mechanical stress, and other factors can contribute to the loss of insulation [30,31]. Due to inadequate turn-to-turn insulation, over 80% of all stators’ electrical failures are caused by this problem.



Insulation failures are often preceded by high currents caused by inter-turn short circuits. Short-circuit currents generate enormous heat, which burns the insulation in the nearby windings, resulting in a short circuit. In the event of a stator core-to-ground insulation breakdown, the motor may be permanently destroyed. In the case of tiny, low-voltage motors, this sequence typically takes 20–60 s to complete. High voltages between neighboring rotations in medium-voltage motors may accelerate this process [14]. As the number of shorted turns, their location, and the speed of a machine increase, so does the amount of circulating current.



Partially shorted coils in permanent magnet synchronous machines may result in substantially higher short-circuit currents [32]. Because the resistance of only one shorted turn would restrict the fault current, this seems to be the most severe example of short-circuiting. Practical and easy methods to reduce fault current include applying a short circuit to the ruined winding [29,30]. Shorting all the turns in a winding causes the magnetic flux in the turns that are fine to point in the reverse direction of the d-axis. That means that short-circuit current in defective turns may be minimized by reducing the overall magnetic flux along that tooth [31]. A machine designed with a concentrated stator winding, which usually provides fault-tolerant abilities such as thermal, magnetic, and mechanical separations among the phases, may be a good fit [31].



Auxiliary switches were installed in the stator windings of a five-phase PM machine to transition from a short-circuit faulty operation to an open-phase faulty operation, with the five-phase windings configured in a combined star-pentagon configuration [24]. The five-phase PM motor examined in [24] features a design that provides fault tolerance abilities with little integration between the phase windings, and the short-circuited phase current is restricted by the winding impedance with no impact whatsoever on the remaining healthy phases. A short-circuit defect, such as a MOSFET short-circuit, has been noted as a possible strategy by researchers in the literature.





3. Experimental Measurements


Figure 1 shows the experimental rig photo in a laboratory setup. Figure 2a exhibits the rewound 90L stator NEMA frame with nine-phase winding connected on a shared neutral point, and Figure 2b shows the squirrel cage rotor. Figure 3 illustrates the main components of the 5 kVA, nine-phase inverter with a control system based on Arduino Uno Mega.



A three-phase asynchronous motor rated at 7.5 kW is used as a mechanical load for the prototype nine-phase SCIM. A torque transducer of type DR-3000-P manufactured by Lorenz Messtechnik in Alfdorf, Germany was used to measure the mechanical parameters of interest. The Dranetz PowerVisa 4400 power analyzer, manufactured by Dranetz in Edison, NJ, USA and the Hantek DSO4004C Series digital oscilloscope, manufactured by Hantek, in Qingdao, Shandong, China were used to analyze the electrical performance parameters. The nine-phase SCIM motor has star-connected stator windings, and its neutral is joined to the DC mid-point of the voltage source inverter (VSI). The sinusoidal PWM has a switching frequency of 4 kHz. This switching frequency has been employed in all studies, and the machine operated at rated load. The DC-Bus voltage of 140 V was employed during the tests. Due to the neutral being connected to the DC-bus mid-point, the phase-to-neutral RMS voltage was 50 V. Table 1 gives the specifications, ratings, and parameters of the nine-phase SCIM drive system.




4. Measured Results and Discussion


4.1. Healthy Operation


The nine-phase SCIM stator voltages are given in Figure 4a. The voltages were measured across the terminal of a phase winding and the neutral point. The nine-phase voltages are balanced and have an RMS value of ±49.50 V. The phase voltages are shifted from one another by 40 degrees electric. The full period of each phase-voltage waveform in Figure 4a is observed to be 0.02 s, which corresponds to a frequency of 50 Hz. The machine’s balanced currents may be seen in Figure 4b. The PWM ripple was eliminated by resampling these currents at the converter switching frequency. The SCIM was run at nameplate values. The steady-state torque profile under healthy operation is shown in Figure 5. The average shaft torque of 26 Nm with a torque ripple of 53.84% was recorded when the nine-phase induction motor drive was under healthy operation. The high torque ripple noted in the torque characteristics may, for instance, be reduced by selecting the correct voltage vector to switch the nine-phase inverter. This can be achieved by opting for an appropriate controller to replace the Arduino-Uno-Mega-based control system used in this study. The distortion of the voltage and current waveforms is notable in Figure 4a,b, respectively.




4.2. Faulty Operation with Phase A Shorted and Open by Fast Active Fuse


A short circuit was created between the terminals of phase A while the nine-phase SCIM was operating. The short-circuit current was interrupted by a 10 A quick-acting fuse. Figure 6a depicts phase A motor voltage during the short circuit, while Figure 6b shows the short circuit current during the fault. Figure 7 shows the shaft torque profile after the fault.



The measured torque in Figure 7 indicates that the short-circuit fault slightly drops the average torque by 4% compared with the healthy operation. On the other hand, the torque ripple has expanded by 42% in contrast to the healthy operation.




4.3. Operation with Two Adjacent Open-Phase Faults


In this setup, phases A and B were opened while the machine was running. Figure 8a shows the nine phases’ currents before and after the open-phase fault. The measured results in Figure 8a evidence that the current increase in the spare seven phases that are still in good shape after phase A and phase B were disconnected. From Figure 8a, it is clearly notable that the most affected currents are those that are time adjacent to one another, such as phase current Ic and phase current Ii. The torque profile of the SCIM operating with an open-phase defect is shown in Figure 8b. The motor continues to operate, but at a reduced average torque. The average torque has dropped by 22% compared with healthy operation and by 4% compared with operation with a short-circuit fault. On the other hand, the remaining seven phases improved the torque pulsation by 19% when contrasted with the healthy operation and by 57% when contrasted with the operation with a short-circuit fault. The reduction of torque ripple down to 43.47% when operating with an open-phase defect is caused by spatial magnetomotive harmonics generated by the seven-phase currents that have canceled or mitigated some of the spatial harmonics originating from the rotor currents. The seven-phase stator current produced phase-belt harmonics of order −6, +8, −13, +15…., while the rotor bar currents produced slot harmonics of order −13, +15, −27, 29.




4.4. Operation with Two Non-Adjacent Open-Phase Faults


In this experimental setup, the non-neighboring phases A and C were also disconnected. Figure 9a shows the nine phases’ currents before and after the open-phase fault. It is notable from the measured results in Figure 9a that the current increased in the spare seven healthy phases after phases A and C were removed. From Figure 9a, it is notable that phase B is the most affected. The torque profile of the SCIM operating with an open-phase defect is shown in Figure 9b. Regarding the two-neighboring open-phase defects, the motor carries on operating but at reduced average torque. The average torque has dropped by 7.7% compared with healthy operation and by 4% compared with the operation with a short-circuit fault. Another observation is that the operation with two non-adjacent open-phase faults increases the average torque by 4% when compared with the operation with two adjacent open-phase faults. On the other hand, the remaining seven phases improved the torque pulsation by 23.7% when compared with the healthy operation, by 45.6% when compared with the operation with a short-circuit fault, and by 4.2% when compared with two non-adjacent open-phase fault operations.





5. Conclusions


This paper evaluates the fault tolerance ability of an inverter-fed nine-phase squirrel cage induction motor to operate under short-circuit and open-phase defects. The nine-phase inverter dive and induction motor were prototyped for experimental measurements. The latter evidenced that the nine-phase induction motor drive can carry on operating under faulty conditions but with reduced average torque. The torque ripple increased tremendously under short-circuit faults. Although the two-neighboring and non-neighboring open-phase defects slightly reduced the average torque, they operate with reduced torque ripple than the healthy nine-phase motor drive. The operation with two neighboring and non-neighboring open-phase faults makes the nine-phase motor operate as a seven-phase SCIM drive, exhibiting a good fault-tolerant capability. Future work will include the investigation of a control algorithm for the fault-tolerant nine-phase voltage source inverter that could mitigate the torque ripple contents when the squirrel cage induction motor is operating with open-phase faults.
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Figure 1. Experimental laboratory setup. 
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Figure 2. Investigated induction motor: (a) squirrel cage rotor and (b) nine-phase stator. 






Figure 2. Investigated induction motor: (a) squirrel cage rotor and (b) nine-phase stator.



[image: Engproc 60 00014 g002]







[image: Engproc 60 00014 g003] 





Figure 3. Nine-phase inverter drive and its different components. 
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Figure 4. Measured nine-phase motor voltages and currents under healthy operation: (a) phase voltages and (b) line currents. 
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Figure 5. Measured shaft torque under healthy operation: average torque of 26 Nm and torque ripple of 53.84%. 
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Figure 6. Measured phase A voltage and current under short-circuit fault: (a) phase voltage and (b) line current. 
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Figure 7. Measured torque under phase A short-circuit fault: average torque of 25 Nm and torque ripple of 76.58%. 
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Figure 8. Measured current and torque under two adjacent open-phase faults: (a) transient currents and (b) shaft torque: average torque of 23 Nm and torque ripple of 43.47%. 
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Figure 9. Measured current and torque under two non-adjacent open-phase faults: (a) transient currents and (b) shaft torque: average torque of 24 Nm and torque ripple of 41.67%. 
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Table 1. Specifications, parameters, and ratings.
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	Description
	Values
	Unit





	Rated line current
	1.59
	A



	Base frequency of the motor
	50
	Hz



	Nominal line voltage
	150
	V



	Number of phases
	9
	-



	Rated speed
	1460
	rpm



	Number of pole pairs
	2
	-



	PWM switching frequency
	4
	kHz



	Rated DC bus voltage
	230
	V



	Stator leakage reactance per phase
	0.567
	Ω



	Rotor leakage reactance per phase
	0.224
	Ω



	Stator resistance per phase
	2.805
	Ω



	Rotor resistance referred to the stator
	2.3
	Ω



	Number of stator slots
	36
	-



	Number of rotor bars
	28
	-



	Number of series conductors per phase
	192
	-



	Outer radius
	68
	mm



	Inner radius
	39.85
	mm



	Core length: stator and rotor
	160
	mm



	Shaft radius
	10
	mm



	Length of airgap
	0.35
	mm
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