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Purpose -The purpose of this paper is to investigate the transient performance of an induction machine coupled with a magnetic gear for industrial applications with low speed and high torque requirements. This new solution increases mechanical reliability and does not require maintenance and lubrication. The main objective is to study the direct-on-line starting ability of the electrical machine and its stability regarding a sudden variation of the load torque.

Design/Methodology/Approach -A non-linear analytical model for the induction machine and the magnetic gear is first developed. The model is then linearized around an operating point to obtain the transfer function between the load angle and the electromagnetic torque from which an analytical expression for the mechanical resonant frequency is obtained.

Finding -It is shown that the direct on-line starting is possible if the moment of inertia of the load is not greater than a maximum value. Moreover, it is demonstrated that this new system present inherent overload protection.

Originality/Value -A new high-performance direct-on-line starting electrical machine is proposed to achieve high torque at low speed without mechanical gear to improve reliability and reduce maintenance.

Introduction

A new concept of a Magnetically Geared Induction Motor (MaGIM) was introduced by [START_REF] Mezani | Magnetically Geared Induction Machines[END_REF] in order to replace the conventional system that combines an induction motor IM to a mechanical gear for applications with low speed and high torque requirements. The main objective is to improve performance and reliability. A design procedure for a MaGIM rated at 1 kW -45 rpm and intended for a constant speed operation on the grid (400V/50Hz) has been developed in [START_REF] Bidouche | Design and analysis of a magnetically geared induction machine[END_REF]. Both electromagnetic and thermal analyses have been carried out using analytical computation tools. This design was carried out to optimize the steady state operation.

The present paper addresses transient analyses of MaGIM. Indeed, dynamic model is one of the key steps to validate the design process of an electrical actuator [START_REF] Adkins | The General Theory of Alternating Current Machines[END_REF]. Because the MaGIM integrates a magnetic gear whose torsional stiffness is much lower than mechanical gears, oscillations of speed and torque usually appear during transient variations of load. A passive reduction of the oscillations in magnetic gears can be obtained using damper windings as in synchronous generators. The authors in (Franck, 2011) showed the benefit of using dampers in reducing oscillations and settling time but additional losses due to space harmonics may be important. In magnetically geared PM machines [START_REF] Montague | Nonlinear Control of Magnetically-geared Drive-trains[END_REF], [START_REF] Bouheraoua | Slip recovery and prevention in pseudo direct drive permanent-magnet machines[END_REF], linear and non-linear control strategies are proposed to ensure better stability and rapid recovery from slipping during transient operation of magnetically-geared drive-trains.

The computation of the transient behavior of magnetically geared machines can be done by finite element analyses [START_REF] Ho | Transient analysis of a magnetic gear integrated brushless permanent magnet machine using circuit-field-motion coupled time-stepping finite element method[END_REF], Franck, 2011). Obviously, this leads to precise predictions of the electromechanical quantities taking into account magnetic saturation and circuit coupling. Nevertheless, FE methods solve time-dependent PDEs which requires long computation time not compatible with real time control requirements.

The preferred method for transient analyses of magnetic gears employs circuit models coupled to mechanical equations to predict the transient state by solving ODEs [START_REF] Desvaux | Analysis of the dynamic behaviour of magnetic gear with nonlinear modelling for large wind turbine[END_REF]. This technique is used in this paper in connection with the dq model of an induction motor to study the dynamic behavior of a MaGIM that operates on the grid. One question to be answered is: can this machine start on the grid without problem of stability for the magnetic gear?

Operating principle of the MaGIM

The MaGIM is shown in Fig. 1. It consists of a magnetic gear [START_REF] Rasmussen | Development of a high-performance magnetic gear[END_REF][START_REF] Hafla | Efficient design analysis of a novel magnetic gear on a high performance computer[END_REF][START_REF] Lubin | Analytical computation of the magnetic field distribution in a magnetic gear[END_REF]) coupled to a reverse type induction motor with p pole pairs. The magnetic gear represents the external part of the MaGIM while the IM represents the internal part (wound rotor machine). The high-speed (HS) rotor is the common part of the IM and the gear. The conventional magnetic gear involves two rotors and a fixed armature [START_REF] Atallah | A Novel High-Performance Magnetic Gear[END_REF][START_REF] Costa Neves | Analysis of a magnetic gear integrated Halbach generator[END_REF].

The MaGIM is supplied by the grid and can be used for low speed application requiring high starting torque. The electromagnetic torque from the IM moves the high-speed rotor. Then the magnetic field created in the air-gap by the pi polepairs permanent magnets (PM) of inner HS rotor is modulated by the Ps ferromagnetic pole pieces. The external armature being held stationary, the obtained field interacts with the magnetic field generated in the airgap by the po PM pole-pairs of this armature in order to transmit the torque to the low-speed (LS) rotor [START_REF] Liu | Design and analysis of interior magnet outer-rotor concentric magnetic gears[END_REF][START_REF] Filippini | An optimization tool for coaxial magnetic gear[END_REF]. The combination po=Ps-pi results in the highest torque transmission capability of the gear [START_REF] Atallah | A Novel High-Performance Magnetic Gear[END_REF]. The resulting gear ratio Gr is given by: 𝐺 𝑟 = 𝑃 𝑠 𝑝 𝑖

(1) To achieve the electromagnetic design of the MaGIM, analytical models for preliminary computations and finite-element simulations for more precise results were used [START_REF] Bidouche | Design and analysis of a magnetically geared induction machine[END_REF]. With the active dimensions obtained by the electromagnetic design, the gear exhibits a pull-out torque of 350 Nm. Table 1 gives the values of the main parameters of the MaGIM.

Transient Model of the MaGIM

A classical transient d-q model for the IM is used [START_REF] Adkins | The General Theory of Alternating Current Machines[END_REF]. This model is based on the theory of magnetically coupled electrical circuits. This model, linked to the stator (ωs = 0), is obtained by using Park's transformation. As shown in (2), this model is written by highlighting the measurable and easily accessed electrical parameters of the induction machine, such as the rotor time constant  𝑟 and the total leakage coefficient 𝜎. In (2), Ids, Iqs are the stator current in the d-q reference frame, and φdr and φqr are the rotor flux. The pulsation hs is the IM rotor speed (high-speed) and p is the number of pole-pairs of the IM. The electromagnetic torque can be defined as a function of these variables (3).

𝛤 𝑒𝑚 = 𝑝 𝑀 𝐿 𝑟 (𝜑 𝑑𝑟 . 𝐼 𝑞𝑠 -𝜑 𝑞𝑟 . 𝐼 𝑑𝑠 )

(3)

The main parameters for the IM and for the magnetic gear are given in Table 1 [START_REF] Bidouche | Design and analysis of a magnetically geared induction machine[END_REF]. The gear ratio being relatively high, the IM transmits a low torque value on the HS rotor. Hence, it was possible to achieve a MaGIM design [START_REF] Bidouche | Design and analysis of a magnetically geared induction machine[END_REF]) with a relative low value for the flux density in the teeth (around 1.3T) and the air-gap (around 0,6T) of the IM which works practically under linear condition in steady-state. Therefore, a linear d-q model as the one used in this paper with the parameters given in Table 1 is sufficient to predict the transient performance of the MaGIM. Moreover, the electromagnetic torque pulsations at 50Hz are largely filtered by the mechanical system as shown in Fig. 5. As a result, the

{ 𝑑𝐼 𝑑𝑠 𝑑𝑡 = - 1 𝜎𝐿 𝑠 [(𝑅 𝑠 + 𝑀 2 𝐿 𝑟  𝑟 ) 𝐼 𝑑𝑠 - 𝑀 𝐿 𝑟  𝑟 𝜑 𝑑𝑟 - 𝑀 𝐿 𝑟 𝑝 ℎ𝑠 𝜑 𝑞𝑟 + 𝑉 𝑑𝑠 ] 𝑑𝐼 𝑞𝑠 𝑑𝑡 = - 1 𝜎𝐿 𝑠 [(𝑅 𝑠 + 𝑀 2 𝐿 𝑟  𝑟 ) 𝐼 𝑞𝑠 - 𝑀 𝐿 𝑟 𝑝 ℎ𝑠 𝜑 𝑑𝑟 - 𝑀 𝐿 𝑟  𝑟 𝜑 𝑞𝑟 + 𝑉 𝑞𝑠 ] 𝑑𝜑 𝑑𝑟 𝑑𝑡 = 𝑀  𝑟 𝐼 𝑑𝑠 + 1  𝑟 𝜑 𝑑𝑟 -𝑝 ℎ𝑠 𝜑 𝑞𝑟 𝑑𝜑 𝑞𝑟 𝑑𝑡 = 𝑀  𝑟 𝐼 𝑑𝑠 -𝑝 ℎ𝑠 𝜑 𝑑𝑟 + 1  𝑟 𝜑 𝑞𝑟 (2) 
maximum value reached by the electromagnetic torque during the starting will have a little impact on the stability, even though magnetic saturation is taken into account in the modeling.

To take into account the magnetic saturation on the transient performances, a saturation factor could be added in the d-q model [START_REF] Brown | A method of including the effects of main flux path saturation in the generalized equations of a.c. machines[END_REF]. This saturation factor can be obtained by the no load test or computed by finite element simulations. As known, this saturation factor depends on the electrical currents in the machine (stator and rotor) and has an impact on the stator and rotor flux-linkages (so on the electromagnetic torque as well) during the transient.

The block diagram of the MaGIM is given in Fig. 2 where Jh and Jl are the moment of inertia of the HS and LS rotors respectively, Fh and Fl are the friction coefficients, and em, h, l, and ch represent the electromagnetic, the HS , the LS, and the load torque, respectively.

Fig. 2. Block diagram of the MaGIM

The mechanical model of the magnetic gear is obtained from the second Newton's law. As shown in Fig. 3, we consider a sinusoidal variation with respect to the load angle  for h and l [START_REF] Atallah | A Novel High-Performance Magnetic Gear[END_REF][START_REF] Mezani | Magnetically Geared Induction Machines[END_REF]. For a magnetic gear, the torque ripples depend on the pole-pairs combination between the two rotors. It is shown in [START_REF] Atallah | A Novel High-Performance Magnetic Gear[END_REF][START_REF] Zhu | Influence of Design Parameters on Cogging Torque in Permanent Magnet Machines[END_REF] that the torque ripples decrease with the cogging torque factor Cf which depends on po and Ps. For the studied magnetic gear, we have po = 29 and Ps = 31, which results in the minimal value of Cf = 1. Therefore, the torque is practically ripple-free so we can assume a sinusoidal variation of h and l with the load angle .

The dynamic equations are written for each rotor as reported in (4). The load angle  is defined in (5).

Linearized magneto-mechanical model of the magnetic gear

Considering a sinusoidal variation for the transmitted torque as shown in Fig. 3, the HS and LS torque h and l, depend on the magnetic gear properties such as the maximal torque Γmax, the load angle 𝛷 defined in (5) and the gear ratio Gr. 

with hs = dh/dt and ls=dl/dt.

As shown in (4), the mechanical transient model of the MaGIM is non-linear due to the sinusoidal term. In order to obtain a linear model, a first order Taylor expansion of the sine function is considered around an operating point corresponding to 𝛷 = 𝛷 0 . This gives us the natural frequency expression of the shaft line shown in Fig. 2. As shown in Fig. 3, the operating point is defined for a load torque value Γl0 that corresponds to 𝛷0, where 𝛷 0 < 𝜋 2 and 𝛤 𝑙0 < 𝛤 𝑚𝑎𝑥 .

The use of Laplace transform allows writing the linear equations of the magnetic gear in matrix form (6). This system of equations reveals an important parameter called the torsional stiffness coefficient K (Nm/rad) given by ( 7). The torsional stiffness K depends on the parameters Γmax and Ps of the magnetic gear. Its value for the studied magnetic gear is around 10 kNm/rad, which is 50 times smaller than the torsional stiffness coefficient of a classical mechanical gear whose typical value is greater than 50 kNm/rad. This low value for the torsional stiffness will be the source of large oscillations in the speed response during the transient, as shown later in the paper. To study the impact of the IM electromagnetic torque em on the load angle of the magnetic gear, we obtain from ( 5) and ( 6) the transfer function of the MaGIM:

𝐹 𝑡 (𝑠) = 𝜙(𝑠) 𝛤 𝑒𝑚 (𝑠) = 𝐴 1 + 𝜏 1 𝑠 (1 + 𝜏 2 𝑠)(1 + 2𝑚 𝜔 0 𝑠 + 1 𝜔 0 2 𝑠 2 ) (8)
This corresponds to a third-order transfer function. From ( 6), ( 7) and ( 8), it is possible to identify the parameters of the transfer function: the steady state gain A, the time constants 1 and 2, the undamped resonant frequency 𝜔 0 and the damping factor m. It is important to note that the parameters of the transfer function (8) depend on the operating point characterized by 0. These parameters are expressed in the following equations 

Fig. 4 shows the Bode diagram corresponding to the third-order transfer function ( 8) with the parameters given in Table 1 and Table 2 and by considering 𝛷0 = 0 (no-load condition). The Bode's diagram gives us a simplified graphical representation of ( 8)

in order to study the MaGIM behavior in the frequency domain.

We can observe in Fig. 4 that the gain amplitude goes to a maximum value of around -5dB for a resonant frequency of 47 rad/s. The gain amplification at this frequency highlights the classical resonance phenomenon. This phenomenon is amplified by the low value of the damping coefficient (11) which is equal to m = 0.043 for the studied line shaft. It is important to note that if an electromagnetic torque of the IM is characterized by a pulsation close to this resonant frequency, the disturbances will be amplified and the risk of overload becomes significant. We can define a similar Bode diagram with respect to the load torque (with the same resonant frequency) with the same conclusion. 

Results and discussions

In order to validate the established analytical models, simulation studies that uses the non-linear models of the induction machine and the magnetic gear (2)-( 5) are conducted (MaGIM parameters are given in Tables 1 and2).

In this section, the dynamic behavior of the MaGIM is first evaluated for a direct on-line start at rated voltage and frequency (400V; 50Hz) and under no-load condition. The main objective is to verify if the MaGIM can start without dropping out. Then we study the speed responses to a load torque step of 100 Nm and for overload condition. In order to show the impact of the resonant frequency on the load angle, a load torque combining an average value and a sinusoidal disturbance with different frequency values will be applied to the MaGIM. The main objective is to show the impact of the resonant frequency on the load angle. Finally, we will show the influence of the load inertia Jl on the transient responses.

Direct on-line start

A direct on-line start under no-load condition is firstly studied. The mechanical parameters of the MaGIM are given in table 2. It is important to note that Jl includes the load inertia. Fig. 5 shows the speed variations for the LS and HS rotors during the start-up. Fig. 6 shows the torque on the LS and HS rotors, and the electromagnetic torque of the induction machine. Fig. 7 gives the load angle variation during the starting. First of all, we can observe in Fig. 5 to Fig . 7 that the direct starting on the grid is possible. The HS rotor reaches a speed of around 750 rpm with a response time of less than 1s, whereas the LS rotor speed is around 50 rpm in steady-state, which is in the gear ratio defined in (1). The maximum LS rotor torque reaches a value of 85 Nm which doesn't exceed the pull-out torque of the magnetic gear (max = 350 Nm). We can observe significant oscillations during the transient phase. They are characterized by a pseudo-period of 140 ms and a very low damping coefficient. This is a classical behavior for magnetic gear that exhibits a low value for the torsional stiffness compared to a mechanical gear [START_REF] Desvaux | Analysis of the dynamic behaviour of magnetic gear with nonlinear modelling for large wind turbine[END_REF]. These large oscillations only exist during the transient (starting, sudden load torque…) and cause vibrations that can be the source of mechanical fragility and noise.

Moreover, it can be problematic to achieve high performance for speed or position control in servomechanism applications. Fig. 7 shows that the load angle reaches a maximum value equal to 17° during the starting, which remains much lower than 90° corresponding to the stability limit for the magnetic gear.

Response to a sudden load torque

Once the machine has started, we applied a load torque step of 100 Nm on the LS rotor at t = 5s. Fig. 8 to Fig. 10 show the transient responses for the low speed torque, the rotational speed of the HS and LS rotors, and for the load angle.

We can observe in Fig. 8 that this load torque step generates large oscillations on the LS torque l with a maximum value of around 190 Nm. However, this maximum value remains lower than max and the operation remains stable after the transient.

These oscillations are characterized by a pseudo-period of about 137 ms, slightly lower than the 140 ms obtained under no-load condition. With the parameters listed in Tables 1 and2 and from equations ( 10) and ( 11), we calculate a pseudo-period of 132 ms. Note that this value is close to the one obtained by the analytical approach based on the linearized model which uses Taylor's first order approximation.

As it can be seen in fig. 10, we can observe the same oscillation for the load angle during the transient. The value of the load angle 𝛷 does not exceed 40°. Regarding the rotational speed of the LS and HS rotors shown in Fig. 9, we obviously note that their values decrease when the torque step is applied. Also, we can observe low speed ripples during the transient phase. This is due to the large value of the inertia. Fig. 11 and Fig. 12 show that the stability is maintained for a step load torque of 210 Nm that corresponds to the rated torque of the MaGIM. We can observe in Fig. 12 that the load angle reaches a value of around 100° during the transient without the loss of stability. It is important to make the difference between the dynamic stability and the static stability. As for a synchronous machine, it is well known that the load angle may exceed the value of 90° during the transient, as shown in Fig. 12, without the loss of stability at steady state. The stability can be predicted by the method of area equality but this is out of the scope of this paper. It greatly depends on the pull-out torque value of the magnetic gear (max = 350 Nm) compared to the nominal torque of the MaGIM. Here the magnetic gear has been designed to keep a margin of more than 100 Nm in order to ensure the stability under transient and steady-state conditions. 

Overload condition

It is well known that magnetic gears offer substantial advantages compared to mechanical gears such as reduced maintenance, improved reliability, minimum acoustic noise and inherent overload protection [START_REF] Atallah | A Novel High-Performance Magnetic Gear[END_REF][START_REF] Rasmussen | Development of a high-performance magnetic gear[END_REF][START_REF] Hafla | Efficient design analysis of a novel magnetic gear on a high performance computer[END_REF][START_REF] Lubin | Analytical computation of the magnetic field distribution in a magnetic gear[END_REF]. In this sub-subsection, we present some results related to the self-overload protection inherent to magnetic gears.

To highlight this phenomenon, we apply (t =5s) a load torque of 400 Nm which is higher than max. Figs. 13 to 15 show the speed variation of the HS and LS rotors, and the low speed torque, respectively.

As can be seen in Fig. 14, this operation causes the stall of the low speed rotor. That results in significant oscillations on the output torque (between -350 and +350 Nm). As shown in Fig. 13, the HS rotor continues to rotate at a speed of 750 rpm because the induction machine is connected to the grid. This operation is harmful for the MaGIM due to the vibratory movement of the low speed rotor which can cause mechanical wear. In an extreme case characterized by prolonged operation in this state, the deterioration of the device may be irreversible. It is therefore important to stop the power supply rapidly. 

Sinusoidal disturbance on the load torque

In order to show the impact of the resonant frequency on the MaGIM behavior, we apply a load torque characterized by an average value 0 = 100 Nm and a sinusoidal variation. This sinusoidal variation is defined by a small amplitude  = 10 Nm and a frequency ω (12). Fig. 16 shows the load torque variations with ω = 4rd/s. 𝛤 𝑐ℎ = 𝛤 0 + 𝛥𝛤. 𝑠𝑖𝑛(𝜔𝑡) (12) In order to study the impact of the frequency ω on the performance of the MaGIM, simulations are done for three values of ω by using the non-linear model: ω < ω0, ω = ω0 and ω > ω0 where ω0 is given by (10). For a mean load torque of 100 Nm (𝛷 0 = 18°), the resonant frequency is equal to ω0 = 47 rd/s. Fig. 17 to Fig. 19 show the load angle variation for ω = 4 rd/s, ω = ω0 =47 rd/s and ω = 100 rd/s respectively. When ω < ω0, it can be seen in Fig . 17 that the variation in the load angle remains small because of the frequency value being far from the resonant frequency. We observe the same behavior in Fig . 18 which is obtained for ω > ω0 but with a more prononciate attenuation for the load angle, as it can be predicted by the Bode diagram of Fig. 4.

If the frequency value is equal to the resonant frequency (ω = ω0), the system is severely disrupted, as shown in Fig. 19 where the variation on the load angle is very important and generates large oscillation on the rotor speed which can lead to mechanical problems.

It is worth noting that all these behaviors can be predicted by using the Bode diagram given in Fig. 4 and by the analytical expression of the resonant frequency given in (10). 

Impact of the low speed inertia Jl on the transient response

As mentioned previously, it is necessary to avoid any operation around the resonant frequency otherwise the risk of instability of the system increases that could lead to a stalling scenario. Since the expression of the resonant frequency ω0 (10) depends on the values of the parameters K, Jl, Gr and Jh, and since only the inertia of the LS rotor can vary with the load (K, Gr and Jh depend on fixed geometric parameters), we study in this part the impact of the LS inertia Jl on the system behavior during the transient. Fig. 20 shows the speed of the HS and LS rotors for a direct-on-line starting with a LS rotor inertia fixed to Jl = 50 kg.m² (around 10 times the one corresponding to Fig. 5). We notice significant oscillations and a relatively long time response in comparison to Fig. 5 but starting is still possible. The load angle shown in Fig. 21, presents large oscillation during the transient phase with a maximum value of about 120°. This peak value is higher than 90°. However, there is no uncoupling between the HS and the LS rotors. This is due to the well-known dynamic stability criteria, which is equivalent to that of a synchronous machine connected to the grid (equal area criterion). This value for the LS rotor moment of inertia Jl is designated as a critical value since, as shown in Fig. 22 and Fig. 23, beyond a value of 50 kg.m² the machine stalls for Jl = 53 kg.m 2 . It is clear from Fig. 22 that the LS rotor does not start whiles the HS rotor is rotating, therefore the load angle tends toward infinity as show in Fig . 23. 

Conclusion

This paper presents the transient performances for a new type of electrical machine, the MaGIM. The MaGIM consists of an IM machine coupled to a magnetic gear. This new electrical machine can be used for applications directly connected to the grid that requires low speed and high torque. Dynamic simulations for a direct-on-line starting for no load and for a sudden variation of load torque were presented. The overload self-protection of the machine was shown as a result of a load torque higher than the maximum torque. We have given a simple expression for the resonant frequency of the MaGIM and we have shown its validity in different cases. Finally, we studied the impact of the mechanical parameters on the transient behavior, especially the one which involves the moment of inertia of the LS rotor. Its shown that there is a maximum limit that must not be exceeded otherwise the MaGIM will not start.
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 20 Fig.20. Rotational speed of the HS and the LS for Jl = 50 kg.m 2 .

  

TABLE 1 . PARAMETERS OF THE MAGIM Magnetic gear parameter Value Inner

 1 

	rotor pole-pairs pi	2
	Stationary armature poles-pairs po	29
	Number of ferromagnetic pole-pieces Ps	31
	Gear ratio Gr	15.5
	Pull-out torque 𝚪max	350 Nm
	IM electrical parameter	Value
	Stator inductance Ls	0.3 H
	Rotor inductance Lr	0.08 H
	Mutual inductance M	0.15 H
	Stator resistance Rs	6.6 Ω
	Rotor resistance Rr	2.2 Ω
	Rotor time constant r	36 ms
	Total leakage coefficient σ	0.062
	Number of pole-pairs p	4

  𝜙 = 𝑝 𝑖 . 𝜃 ℎ -𝑃 𝑠 . 𝜃 𝑙

		𝑑𝛺 ℎ𝑠 𝑑𝑡	=	1 𝐽 ℎ	𝛤 𝑒𝑚 -	𝐹 ℎ 𝐽 ℎ	. 𝛺 ℎ𝑠 -	𝛤 𝑚𝑎𝑥 𝐽 ℎ . 𝐺 𝑟	. 𝑠𝑖𝑛(𝜙)
	{	𝑑𝛺 𝑙𝑠 𝑑𝑡	=	𝛤 𝑚𝑎𝑥 𝐽 𝑙	. 𝑠𝑖𝑛(𝜙) -	𝐹 𝑙 𝐽 𝑙	. 𝛺 𝑙𝑠 -	𝐽 𝑙 𝛤 𝑐ℎ	(4)

TABLE 2

 2 

	MECHANICAL PARAMETERS OF THE MAGIM
	Mechanical parameter	Value
	HS rotor inertia Jh	0.2 kg.m²
	LS rotor and load inertia Jl	4.6 kg.m²
	Friction coefficient for the HS rotor Fh	7e-3 Nm/rad/s
	Friction coefficient for the LS rotor Fl	1.7 Nm/rad/s