28) (29) (30) and where the new variables id,-I, k = id,k-I, i q , -I, k = i q , k-I, V * d, I, k = V * q , k-I and V * q , -I, k = V * q , k-I. They are used to store values of previous statements.

Width Modulation PWM converter. This voltage is modified because the rotor reference d-q frame turns during the delay and the switching period. The voltage error caused by this rotation can be significant at high speeds and more generally when the ratio of the switching frequency over the electrical output frequency becomes too high. To stabilize the system, we suggest predicting the average electric angle that the motor will have during the application of the voltage vector. The efficiency is shown through a time simulation.

Keywords-high speed PMSM; digital control; delay compensation; vector control; decoupling.

L INTRODUCTION

High speeds increase the mass power of a PMSM. In our application we use a PMSM in an electrical vehicle which performs urban cycles. It is translated by an important electromotive force (e.m.f) and the high speed of the currents which are proportional to the speed of the motor and the number of poles. The objective is to drive the motor using the digital control of a three-phase converter. A survey of current control techniques is carried out in [START_REF] Kazmierkowski | Current control techniques for three-phase voltage-source PWM converters: A survey[END_REF]. Linear regulators such as state feedback or a proportional integral derived controller with a feed forward decoupling terms strategy allow us to 978-1-5090-2464-3/16/$31.00 ©2016 European Union fix the closed-loop system dynamic and to ensure precision. The latter are generally used for PMSM control [START_REF] Gao | Control design for PMM starter-generator operated in flux-weakening mode[END_REF]- [START_REF] Bolognani | Adaptive tlux weakening controller for IPMSM drives[END_REF]. The system is inherently discrete because of the inverter switching period and the digital nature of the controller. The model of the system seen by the control is discrete with a delay corresponding to the time between the instant of measurement of electrical quantities and the send of the new order calculated by the control. Thus to regulate the current, a polynomial discrete control is synthesized.

Because of the wide speed range, to generate the current references in the d-q frame, a maximum torque per ampere (MTPA) algorithm is used at low speed, a flux-weakening strategy [START_REF] Kim | Speed control of interior permanent magnet synchronous motor drive for the flux weakening operation[END_REF] is used when the voltage limitation is reach and a maximum torque per volt (MPTV) algorithm is used at very high speed [START_REF] Ekanayake | Deep Flux Weaknening Control of a Segment Interior Permanent Magnet Synchronous Motor with Maximum Torque per Voltage Control[END_REF]. This strategy gives current references regardless of the speed that maximizes the torque with respect to the current and voltage limitation and minimizing the current required. From this standard current references generation, this study focuses on PMSM high speed current regulation (cf. Fig I ) and the stability of the closed-loop system.

Vector control requires knowledge of the electrical angle for the three-phase transformation towards the d-q space and for the inverse transformation. This angle can be measured or estimated in a sensorless mode [START_REF] Gasc | Sensorless control for PMSM with reduced order torque observer associated to kalman filter[END_REF]- [START_REF] Yousfi | Review and Evaluation of Some Position and Speed Estimation Methods for PMSM Sensorless Drives[END_REF]. If the speed of the motor becomes excessive compared to the sampling period (Ts), then it is observed that the system becomes unstable. It is thus necessary to take into account the rotor d-q frame variation between the measurement time of electrical quantities and when the voltage vector, calculated by the control, is applied on average to the converter during the switching period. A study of the impact of the electrical angle variation on continuous control with the continuous decoupling strategy of an electrical motor with a three-phase converter driven by PWM is carried out in [START_REF] Bae | A Compensation Method for Time Delay of Full-Digital Synchronous Frame Current Regulator of PWM AC Drives[END_REF]. The phenomenon is also mentioned in [START_REF] Vim | Modified current control schemes for high performance PM AC drives with low sampling to operating frequency ratio[END_REF]- [START_REF] Kim | High Performance PMSM Drives without Rotational Position Sensors Using Reduced Order Observer[END_REF]. Such approaches use continuous regulators for a system seen by the control that is discrete. This induces predictions of angle variation, voltage norm and e.m.f to be complex or incomplete. This paper proposes a different approach, simpler and complete to make the current regulation stable with the desired dynamic performances.

First the control is not continuous but is carried out directly in discrete mode and with regard to the delay between the time of measurement of the electrical quantities and the time the new voltage set is sent by the control to the inverter. We show the importance of considering the constraints related to the discretization and of the delay in feedforwarding decoupling terms. Secondly we make a prediction of the variation of the electric angle to take into account the variation of the rotor position during the delay and the switching period. The voltage can then be calculated by the vector control to be the voltage actually applied on average during a switching period to the PMSM in the rotor frame. Finally the efficiency of the control strategy proposed in the paper is shown through a time simulation of a PMSM control at very high speed. The two improvements of the paper are in the red frames of Fig. 1.

IT. MODEL DEVELOPEMENT

Three angles eu, er and e m are defined:

• ell is the electrical angle used for the inverse park transformation in the control. It enables us to switch from the voltage calculated by the control in the rotor d-q frame to an expression of this voltage in the frame (a,�) linked to the stator. This voltage defined in the stationary (a,�) reference frame is applied on average during a switching period at the PMSM by a PWM Voltage Source Inverter (VSI).

• er is the actual average electrical angle of the switching period during which the voltage vector calculated by the control is applied.

• e m is the electrical angle measured or estimated in sensorless approach. Fig. 1 and Fig. 6 show where these angles are involved. The stability of the closed-loop is analyzed by observing the z-root locus. To obtain the poles' locus, the paper sets the discrete state equation of the closed-loop system with the inclusion of the delay in the d-q reference and the gap between eu and er.

A. PMSM model

The electrical model of a PMSM in the rotor rotating frame (d-q) with the conservation of electrical quantity amplitude can be written as follows:

[�dJ = A. [� d J + B v .( : d , r ea I J+ B / p q q q, r ea l (1) 
where

A = B v R L d mL d mL q L d R ----- L L q q 1 0 = L d 1 0 L q B = l °m � rjJ -- L q
(2)

(3) (4) 
and where Vd.reai and Vq,reai the d-axis and q-axis stator voltage, id and i q the d-axis and q-axis stator current, W the electrical rotor angle velocity, rp the flux linkage of the permanent magnet, R the resistance of the armature winding, L d and L q the d-axis and q-axis armature winding inductances.

B. High speed impact on digital control

The motor is driven by vector control in the d-q frame. Ideally one would like Bu to be equal to Br so that the voltage vector applied to the motor is the one calculated in the control. If Bu is not equal to Br then this means that the d-q frame used in the control is different from the real frame bounded to the real rotor of the motor, and thus the voltage vector applied to the motor is different from the voltage calculated by the control. In continuous mode (which is equivalent to an infinitely small switching period) we can write: The systems model seen by the control is discrete because the currents and the rotor position are obtained at the sample frequency, the control is digital and a single voltage vector calculated by the control is applied by the converter during a switching period. A symmetrical space vector modulation (SVM) is used. In our application the sample period is equal to the switching period and is noted T,.

Current regulators are directly synthetized in the z operator. The electrical quantities are measured at the beginning of a switching period and the voltage calculated by the control is send at the converter at the beginning of the next switching period. This generates a delay of T, that is taken into account in the model of the system seen by the control. With the assumption of a converter applying the medium voltage without losses, the model of the system seen by the control can by written (with discretization and delay) as:

(� d ' k+ l J = F . (� d ' k J + G . (v d,k -l J + G <jJ (9) 1 1 vB V rjJ k q,k+l q,k q,k -l where AT F=e ' G =(F-J)A-1B vB 2 vB G =(F-J ) A-1B rjJ 2 rjJ (10) (11) (12) 
and where k is the index discretization and h is the identity matrix of order two.

D. Current regulation by polynomial control

Current regulation in the d-q frame is carried out using polynomial controls [START_REF] Karl | Computer-Controlled Systems: Theory and Design[END_REF] respectively for currents of the d-axis and the q-axis. This controller allows us to take into account the discretization and the delay. The structure of the correctors used is named RST because of the name of the three polynomials used in Fig. 2. Note: a polynomial control is used rather than a state feedback control with discrete integral action because it is easier to calculate an anti-windup for the voltage saturation. However these two methods are mathematically equivalent.

To calculate the RST correctors, it is assumed that the system is perfectly decoupled. The discrete transfer function with the delay of the electric part of the decoupled system for the d-axis is: with

1 b =-( 1-a ) Id R Id _ T,R L aid = e d ( 13 
) ( 14 
) ( 15 
)
and where z is the complex variable, bId is a gain that determines the static gain, aId is the discrete pole of the uncorrected system, and v * d is the voltage calculated by the control for a fully decoupled system.

We choose to have a closed-loop system of the first order. The desired closed-loop equation is:

. ( - I ) b - I l d Z - I mld z ---=----= z V: (Z- I ) ( 1-a mld Z- I ) (16 
)

1 b = -( 1-a ) ( 17 
) mid R mid
where amId is the desired z-pole of the closed-loop system, and bmid is calculated to keep the same static gam.

The controller has the RST structure from Fig. The calculation for the q-axis current controller is equivalent. The decoupling feedforward terms have not yet been introduced implying v * d,k equal to Vd, k and v * q , k equal to Vd , k Thus the recurrence equations for the controller are written:

v =T i -(r i +r i )+(s v + s v ) d,k+l d d,ref,k O,d d,k I,d d,k-l O,d d,k I,d d,k-l v =T i . -(r i +r i )+(S v +S v )
q,k+1 q q,ref,k O,q q,k I,q q,k-I O,q q,k I,q q,k-I

(26)

The state space model of the closed-loop system is: At high speed, coupling terms become very important because they are proportional to the speed. So we want to assess their impact on the stability of the system piloted by digital control.

i d, k+1 i 0 q,k+1 X i 0 d, -I,k+1 1 
In this section we assume that (Ju is equal to (Jr. That is to say that the angle used in the inverse park transformation is equal to the average real electrical angle during the switching period where the voltage calculated by the control is applied. Thus ,1.8=0 implying that the B v e matrix does not introduce coupling between the d and q axis because it becomes equal to the matrix B v which is diagonal.

Simulations are carried out with Matlab-Simulink. We want the dynamic of the closed-loop system to be the same as the dynamic as the uncorrected system. Therefore we choose the following poles for the RST regulators:

a m 1 d = a 1 d a = a mlq lq (31) (32) 
The parameters are shown in Table 1 and are assumed to be constant or that their variation is perfectly known and included in the model of the system. The study of the robustness is not the subject of this article.

A. Study of the stability of the system without decoupling

To assess the stability of the closed-loop system we can look at the z-poles' locus corresponding to the eigen values of the discrete dynamic matrix of the closed-loop. With ( 27), (28), (29), (30) and �8=0 is obtained in Fig. 3 the z-poles' locus. Fig. 3 shows that the z-poles of the system go outside the unitary circle when the motor speed increases compared to the switching frequency. Here, the switching frequency is fixed (1 00 �s) and we observe that the system becomes unstable from 35000 rpm. This instability is due to the coupling terms of the motor d and q axis. These terms are proportional to the motor speed. Thus, to make the closed-loop system stable it is necessary to achieve a decoupling of the d and q axis in the control. Furthermore the electromotive force due to the rotor magnet changes the transient response of the system compared to the one expected by the calculation of the RST regulators. Thus the electromotive force can also be compensated for in order to get the transient initially intended by the regulation.

B. Decoupling with current prediction and consideration of the discretization

We want to decouple the system, i.e. put in this form: The voltage vector to apply to the converter must be calculated in order to have (35) as a model of the system. We define the matrices C1, C2 and C3 in (39), (40) and (41) to enable us to compensate correctly the e.m.f discrete cross terms and thus enable the control to calculate a reference voltage vector that makes the closed loop z-poles independent of the speed. It's the first result of the two issues addressed in this paper. On Fig. 1 it is shown where the matrices CI, C2 and C3 step in the global control scheme. For the decoupling the following original expressions are proposed:

G =(F-1 )A-1 B v 2 v C = G- 1 (F -F) 1 v 2 C = G- 1 G 2 v v2 (38) (39) (40) 
(41)

Gv corresponds to the matrix Gv8 with the assumption that �8=0. CI and C2 are the square matrix of dimension two that are used to make the dynamic matrix diagonal i. e. getting from matrix A to A2. C3 is a column vector of dimension two that serves to compensate the e.m.f due to the magnet.

The voltage vector of the control is calculated as:

(Vd ,k+ I ] = C [� d ' k+ I ] + C ( V ; ' k J + C rjJ (42) v 1 1 2 V 3 k+1 q,k+1
q,k+1 q,k Control (42) means that (9), which represents the real system, is then equivalent to (35), which is the desired form. Because of the delay we are unable to measure currents id, k+l and i q , k+l but we can estimate them with a prediction model of the currents thus: where id, k and i q , k are the currents measured, and Vd, k and V q , k are the voltage applied at the beginning of this switching period. We can also estimate Pk I because the magnet flux is considered to be constant. On Fig. 1 it is shown where the current prediction (43) and the voltage vector reference (42) step in the global control scheme.

The closed-loop system with perfect decoupling and with �8=0 can be written as (27) with:

X=F 2 Y=G v2 Z=O (44) (45) 
(46) Fig. 4 shows the z-poles' locus of ( 27) with ( 44), ( 45), (46). It can be seen that this decoupling strategy enables the z-poles' locus to be independent of speed and contained within the unitary circle. Thus, the closed-loop system is stable regardless of the speed under the assumptions set out at the beginning of section III.

Note on the conventional decoupling: the decoupling strategy usually put in place does not take into account the discretization (discrete decoupling) and the delay (current variation prediction during the delay). Conventional decoupling enables the system to approach the dynamics initially planned by the regulation but it destabilizes it more quickly. If such decoupling was used here then we would have obtained the z-poles locus in Fig. 5.

In Fig. 5 one can see that the poles of the system are unstable from 23000 rpm. So, making a decoupling strategy without considering the discrete nature and the delay of digital control does not make the system stable at high speed. In this part we have seen that to perform the digital control of a high speed PMSM it is necessary to decouple the system correctly. In order to make the z-poles' locus independent of the speed, current variation prediction during the delay (taking into account the discretization of the system seen by the control into the decoupling) should be carried out.

TV. STUDY OF THE IMPACT OF ELECTRICAL ANGLE ERROR

We now want to study the impact of a gap between Bu and Br on the stability of the system. The ideal decoupling strategy (42) is used so it is possible to focus on the coupling introduced by �e#o. The state space model obtained with the decoupling strategy and �e#o is (27) with:

A. Stability study X=F+G C vB 1 Y=G C vB 2 Z=G +G C ¢ vB 3 (47) (48) (49)
Assuming that the speed is constant we obtain Fig. 6. where OJ is the electrical pulse. The measured currents are passed to the rotor d-q frame by the Park transformation with angle Bm. These currents are used by the regulators and enables us to calculate the next voltage reference. The inverse Park transformation is used to pass this voltage from the d-q rotor frame to the a-� stator frame with the angle Bu. If the speed is considered to be constant, then according to Fig. 6, we have: If we conventionally use Bu equal to Bm, then �e equals 1.SroTs which is significant when the electric pulse of the motor becomes high compared to the converter's switching frequency. Usually Bu equal to Bm is used at low speed because the electrical angle varies slowly compared to the switching frequency. Fig. 7 shows the corresponding z-poles' locus:

In Fig. 7 we can see that the z-poles' locus leaves the unitary circle from 7000 rpm (for a fixed switching period of 1 00 �s). If the electrical angle variation is due to the delay (ITs here) and the discretization (O.ST, here) is not taken into account, then the closed-loop system becomes quickly unstable with the increasing speed. This instability occurs at lower speeds than those that destabilize the system due to poor decoupling. To perform PMSM digital control in a closed-loop it is necessary to predict what the actual electrical angle will be on average on the switching period during which the voltage vector calculated by the control is applied.

B. Compensation method of angle variation

The average electrical angle on the switching period during which the voltage vector is applied has to be calculated. For example if 0) can be considered constant during T, then Br can be estimated and Bu can be calculated as follow: Therefore we performed an angle prediction in the control which gives us �e=o and we retrieve the z-poles' locus of Fig. 4. The system becomes stable and the poles independent of the speed. If 0) cannot be considered constant during T, then a more precise model for the prediction of Br to calculate Bu has to be used.

Note concerning the angle variation compensation in a digital control with regulators calculated in continuous mode. In [START_REF] Bae | A Compensation Method for Time Delay of Full-Digital Synchronous Frame Current Regulator of PWM AC Drives[END_REF] there is a change in the voltage vector norm in addition to the modification to the angle variation and this applies only if the control is calculated in continuous mode. In our case, the discretization has already been considered in the control so we do not need to change the norm of the voltage vector calculated by the control. (The delay only changes the angle and not the norm of the voltage vector).

The prediction method of f)r applies to all discrete commands in the d-q frame. Thus the same estimation of the electrical angle variation can be used for optimal control, predictive control and feedback discretized state.

V. T IME S IMULATION

The efficiency of the whole proposed control strategy is shown in a time simulation. The PMSM parameters used are the same as those in Table 1. In our application 50 �� _ ... __ -50 -100 �-150 11 � 8 -200 -250 -3 00 -3 50 �_iiii ii i ""iiii ii ii ii ii ii iiii ii ii ii ii ii i -400 '----------'-----'------'-----'----------'------'------'-----'----------'-----' o 0, 02 0, 04 0, 06 0, 08 0. 1 0. 12 0. 14 0. 16 0. 18 0. 2 we saw that the system became unstable from 7000 rpm if the delay was not considered in the estimation of the electrical angle. We also saw that it became unstable from 35000 rpm if no decoupling strategy was used, and unstable from 23000 rpm with a conventional decoupling strategy. Fig. 8 shows the evolution of currents in the d-q rotor frame for a torque step from 0 N.m to 22 N.m at a constant high speed of 40000 rpm. (Electrical frequency: 3,33 kHz, switching frequency: 10 kHz).

In Fig. 8 it is observed that this control strategy allows currents (and thus torque) to be stable and accurate at very high speeds with the transient intended by the regulation.

VI. CONCLUSION.

In this paper we define a current control for high speed PMSM. An answer to stability problems due to the delay and the discrete nature of digital control is proposed. First a correct discrete feed forward decoupling strategy with a current variation prediction during the delay is set up in the control. Secondly at high speeds, because of the delay and the significant length of the switching period, a difference is observed between the voltage vector calculated by the control and the voltage vector applied to the PMSM. To remedy this, we predict the average electrical angle of the motor during the application of the voltage. In theory the poles of the system become independent of the speed. However, we must ensure that the assumptions are validated, i. e. that parameter variation is negligible or included in the system model and that errors in the accuracy of measurement of currents and the electrical angle are negligible. Finally the efficiency of the whole proposed control strategy is validated in a time simulation.
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 1 Fig. 1: Overall scheme of the control with the focus of this study in the two red frames.

  and where V d and Vq are the voltages calculated by the control, and LiB the angle estimation error of Br by Bu.The equation of the model seen by the control in continuous mode is:

Fig, 2 :

 2 Fig, 2: Polynomial control with RST structure, The index d is for the d-axis, The corrector on the q-axis is equivalent

  Ill. STUDY OF THE IMPACT OF COUPLING TERMS AND CALCULATION OF DECOUPLING TERMS
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 13 Fig. 3: Unitary circle (circle) and z-poles' locus (crosses) of the closed-loop system with polynomial correctors, without decoupling strategy, and with �e=o.
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Fig. 4 :

 4 Fig. 4: Unitary circle (circle) and z-poles' locus (crosses), depending on the speed, of the closed-loop system with polynomial correctors, with decoupling strategy, and with �e=o.
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 5 Fig. 5: Unitary circle (circle) and z-poles' locus (crosses) of the closed-loop system with polynomial correctors, with the conventional decoupling strategy (without current prediction and without taking into account discretization), and with �e=o.
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 6 Fig. 6: Temporal sequence of sampling time and electrical angle
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Fig. 7 :

 7 Fig. 7: Unitary circle (circle) and z-poles' locus (crosses) of the closed-loop system with polynomial correctors, with decoupling strategy, and with �e=I,5(!)Ts.

Fig. 8 :

 8 Fig. 8: d-axis and q-axis current reference (respectively green and black), d-axis and q-axis current (respectively red and blue), depending on time, for a speed of 40000rpm (3,33kHz electrical frequency).