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The higher switching speed of the new generations of electronic power components raises new challenges for designing the Electrical Insulation Systems of machines. The paper propose an analysis of the influence of the drive grounding connections on the short voltage spikes appearing between the neutral point of the winding and the motor frame. These voltage spikes are a part of the voltage stress that the EIS must withstand because these short voltage spikes are transmitted to the windings by the slot capacitances that exist between the motor coils and the stator core.

I. INTRODUCTION

The advances in power semiconductor technologies have brought numerous opportunities to develop motor drives with high efficiency, high power density, and smart control capabilities. Nevertheless, the high switching speed of electronic converters raises new challenges, in the fields of electromagnetic compatibility (EMC) and voltage stresses on the machine electrical insulation systems (EIS). It is now well known that the repetitive fast voltage edges imposed by the electronic components of the inverter create fast electrical transients in the connection cable and in the windings that cause an earlier aging of the machine EIS [START_REF] Cavallini | Electrical aging of inverter fed wire-wound induction motors : from quality control to end of life[END_REF][START_REF] Zhang | Evaluation of switching performance of SiC devices in PWM inverter fed induction motor drives[END_REF]. These transient states last only a few microseconds after each voltage edge of the PWM pattern. They cause repetitive high voltage short spikes in windings that may cause partial discharges (PD) that strongly accelerate the EIS aging process [START_REF] Maussion | Lifespan and aging modeling methods for insulation systems in electrical machines: A survey[END_REF]. The motor windings are very often connected with a Y-coupling and the Neutral (N) to Ground (G) voltage depends on many parameters. This system, fed by a PWM inverter, has a complex waveforms, which influence the voltage spikes imposed to the machine EIS.

The paper proposes an analysis of the ground connections of the whole system for estimating the voltage spikes imposed to the motor EIS; it focuses on the influence of the coupling due to the common-mode capacitances existing between the motor coils and the frame connected to ground.

II. EXPERIMENTAL APPROACH

Fig. 1 shows a standard ac machine PWM drive. A 4wire cable (3 phases + Ground) connects the converter to the motor. The standard 400V/50Hz ac grid feeds the converter. The specific ground wire is connected to the metallic frames of all the devices for protecting people when an insulation failure occurs. The induction motor has a Y coupling with a non-connected neutral point (N). Measurements were made on an industrial drive situated in a room relatively far from the grid distribution transformer. The grid cable length is estimated to 200 m. Voltages were measured in the motor connection box between two phases, between a phase and the neutral point (N) and finally between the neutral point and the motor frame. Measurements were performed simultaneously by a 4channel fast oscilloscope and 3 broadband (100MHz) voltage differential probes. The synchronization was made using the 4 th channel connected to the motor with a current probe. The sampling time is 80ns. The connection cable length is 2 m. The motor operates at no load and full speed. The PWM switching frequency is set to 16𝑘𝐻𝑧. Fig. 2 shows the phase-to-phase voltage. The inverter inside the converter imposes a voltage with a PWM pattern with 3 levels: 0𝑉 , +560𝑉 and -560𝑉 . This value corresponds to the converter internal dc bus voltage imposed by the ac grid one (𝐸 ! ≈ 400 2). The Ph-to-Ph voltages of the other phases are similar but shifted by 6.6𝑚𝑠. For this industrial drive and the motor full speed, a wide pulse exists at the middle of the positive and negative half cycle. For lower motor speeds, the wide pulses disappear; the PWM pattern becomes more classical. Fig. 3 is a zoom of the same voltage for a short time window on 1𝑚𝑠 in the vicinity of the phase-to-phase voltage sign change. The short pulses have the same magnitude; with this sampling period of 80𝑛𝑠, the over voltages are negligible. For getting a better understanding of these fast phenomena, the voltage between the neutral point and the motor frame were measured. Fig. 5 presents this voltage for a large timewindow of 20𝑚𝑠. Fig. 6 presents a zoom on the voltages endured by the motor Electrical Insulation System (EIS). It can be seen that the differential voltage (blue line) higher spikes are over 600V while the common-mode ones remains under 400V (green and magenta curves).

Let us remind that, for a standard motor winding, the common-mode insulation is the slot one that is made with quite thick polymer sheets. Conversely, the thinner turn-toturn insulation must withstand the differential-mode voltage spikes. Indeed, with a standard random winding, the probability to have adjacencies, between the first turn and the last one is not zero. 

III. ANALYSIS WITH HF EQUIVALENT CIRCUITS

The voltage stress analysis is made with an equivalent circuit that considers the ground and phase connections. The standard 50𝐻𝑧 grid has its own grounding system including the distribution transformer. The neutral point of the grid transformer (N G ) is connected to the ground by the impedance 𝑍 ! that depends on the protection system. Fig. 7 presents the general circuit of the system that must be modelled. The voltage pulses are created by the IGBTs that makes intermittent connections of the phases to the + or theof the dc bus depending on the PWM pattern. The capacitance of the dc bus filter is considered as a perfect dc voltage source for pulses that propagates toward the machine. The phase-to-phase voltage pulses have constant magnitudes because of the high value of the dc bus capacitance. They can have 3 values +𝐸 ! , -𝐸 ! or 0 depending on the IGBT states as it can be seen on the experimental curves of Fig 2. The neutral point of the machine (N) is not connected anywhere. The potential of this point depends on the common-mode capacitance existing between the winding copper wire and the motor frame. The capacitances between the IGBT chips and the inverter heatsink must also be considered because of the connection to the ground wire. A more complex equivalent circuit that takes the ground connections into account must be considered. Let us begin by the feeding system presented in Fig. 8. λ is the grid internal inductance; the resistance is neglected. The output current of the rectifier bridge is supposed to be constant because of the inductance to the inverter input filter. At any time, this current flows in a diode of the upper part of the rectifier bridge (𝐷 ! , 𝐷 ! or 𝐷 ! ) and in a diode of the lower part (𝐷′ ! , 𝐷′ ! or 𝐷′ ! ). Therefore the voltage drop of λ is zero because a constant current flow inside. The equivalent circuit drawn in the right part of Fig. 8 represents the grid grounding connections; it is obtained splitting the dc source 𝐸 ! in two equal parts. The equivalent impedance 𝑍 !" , connected between the middle point O and the motor frame via the ground connection depends on the impedance 𝑍 ! and on the common-mode equivalent impedance of the ac grid cable. For the simulation it is represented by a R L circuit with a parallel capacitance that correspond to the grid cables. This impedance is very difficult to estimate because it depends on the grid configuration. The common-mode capacitance 𝐶 !! , which depends on the cable lengths, changes when other users are connected to the grid. Fig. 9 presents the equivalent circuit of the whole system, including the grounding connections. This circuit models each motor phase and the magnetic couplings between phases. The elements R S , L S C S represent the high frequency differential mode resonance in windings they are not considered for this study because they correspond to a series resonance situated over 5𝑀𝐻𝑧. The other parameters are obtained by identification with the impedance spectrum measured on a motor phase when the couplings are removed and without any electric connection to the motor frame (𝑅 ! = 2Ω. 𝐿 ! = 5 𝑚𝐻 , 𝑅 ! = 1𝑀Ω) the mutual inductance between phases us estimated to 𝑀 ! = -2.3 𝑚𝐻. The phaseto-ground capacitances are measured directly on the machine in the same conditions. Half of the measured capacitance is placed at each end of the phase equivalent circuit (8𝑛𝐹). The common mode capacitances of the IGBT are represented in red (100𝑝𝐹). Three R L equivalent circuits model the cable (2𝜇𝐻, 0.5Ω).

The inverter pulse voltages are obtained with the standard PWM pattern of Fig. 10 drawn for a ratio of 48 between the PWM switching frequency and the motor one. When the leg command = 1, the upper IGBT of the corresponding inverter leg is ON; the lower one is OFF. When the leg command is 0, the IGBT states are reversed. The legs B and C commands are similar but the references are shifted by 120° and 240°. The SPICE netlist is built from the equivalent circuit of Fig. 9. The SPICE solver computes the transient state of the whole system with the 3 input source voltages 𝑉 !" , 𝑉 !" and 𝑉 !" (in red in Fig. 9). The PWM command of each leg (Fig. 10 for the leg A) defines the corresponding source instantaneous value by segments; the rise and fall times values are set to 1µ𝑠. The step time of the SPICE transient analysis is 500𝑛𝑠. Fig. 11 shows source voltage 𝑉 !" -𝑉 !" which corresponds to the Ph-to Ph measurements. The SPICE simulation is made for an impedance 𝑍 !! made of a R L series circuit (1Ω, 100𝜇𝐻) connected in parallel with a capacitance of 10𝑛𝐹. Fig. 12 and 13 display respectively the results for the differential voltage 𝑉 !" and the N-to-G voltage.

Despite many simplification due to the lack of knowledge of the ground equivalent impedance of the grid, the SPICE simulation show large transient states similar to the experimental curves. 

IV. DISCUSSION

The fast-fronted voltage pulses create fast transients on the whole system. The slot capacitances existing between the motor frame and the coils create a capacitive coupling between the ground wire and the motor coils. This coupling propagates fast transients inside the coils.

The general safety rules impose a ground connection of all the metallic parts of any electrical system; therefore it is not possible to change this general rule. However it is possible to act on the neutral point of the machine (N). A possible solution consist in adding a wire in the connection cable between the motor neutral point N to the dc bus middle point O. This simulation result shows a strong reduction of the voltage pulses magnitude applied to the motor winding (350 𝑉 rather than 650 𝑉). With such a reduction, the peak voltage stress is much under the value of the Partial Discharge Inception Voltage (PDIV) of a standard enamelled wire. The motor cans be guarantee as PD free. Fig. 13 shows also a deep change of the PWM pattern of the Ph-to-N voltage. Despite the apparent simplicity of these results, this solution cannot be applied without a deep reengineering of the PWM pattern of the drive. Indeed, the industrial converters are often designed considering a 3-wire connection to the motor. This connection imposes a null zero-sequence current and gives more freedom for the PWM design. For a 4-wire connection, the null zero sequence current at any frequency must be imposed by the PWM pattern.

V. CONCLUSION An analysis of the ground connections of a standard motor drive that includes the general safety rules and the motor slot capacitance influence has been performed. The experimental approach shows the existence of large common-mode and differential-mode pulses measured in the motor connection box. This careful measurement with a high speed oscilloscope and broadband differential probes proves the existence of large magnitude short voltage spikes that may cause PDs and an earlier aging of the EIS.

The paper shows the large influence of the grid ground wire and the internal grid impedance relative to this wire conductor. This impedance depends on the grid configuration. Therefore, the life expectancy of the AC motor of the drive changes a lot according to its location in the AC grid.

The paper proposes a solution that consists to connect the middle point of the converter dc bus the machine neutral point. This solution is compatible with the general safety rules but it needs a specific PWM pattern that imposes a null zero-sequence current.
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 1 Fig. 1. Motor drive circuit with standard ground connections.
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 2 Fig. 2. Ph-to-Ph voltage on a whole motor period.
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 2 Fig. 2. Zoom of the Ph-to-Ph voltage on 1 ms.
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 4 Fig. 4 shows the Phase-to-Neutral voltage on a whole motor period 20𝑚𝑠. This figure shows the theoretical 4 levels (+ ! ! 𝐸 ! + ! ! 𝐸 ! -! ! 𝐸 ! -! ! 𝐸 ! ) and large magnitude short perturbations. Fig. 5 presents a zoom of the same voltage for a shorter time-window ( 2𝑚𝑠 -5𝑚𝑠 ), where large magnitude short pulses are observed.
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 34 Fig. 3. Ph-to-N voltage on a on a whole motor period.
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 5 Fig. 5. N-to-G voltage on a large time scale.
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 6 Fig. 6. Zoom on the common and differential voltages endured by the machine EIS.
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 7 Fig. 7. General circuit for the transient analysis.
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 8 Fig. 8. Equivalent circuit of the dc source that feeds the PWM inverter.
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 9 Fig. 9. HF Equivalent circuit of the whole drive.
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 10 Fig. 10. Elaboration of the inverter PWM command.
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 11 Fig. 11. Source for the SPICE equivalent circuit simulation.
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 12 Fig. 12. Simulation results for the Ph-to-N voltage.
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 12 Fig. 12. Simulation results for the N-to-G voltage.

  Fig 13 presents the corresponding simulation for an additional impedance equal to the other cable wires (2𝜇𝐻, 0.5Ω).
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 13 Fig. 13. Simulation results for the Ph-to-N voltage with an additional wire between N end O.