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Abstract. This paper presents a predictive torque and flux control algorithm for the synchronous reluctance machine. The algorithm performs
a voltage space phasor pre-selection, followed by the computation of the switching instants for the optimum switching space phasors, with th
advantages of inherently constant switching frequency and time equidistant implementation on a DSP based system. The criteria used to choc
the appropriate voltage space phasor depend on the state of the machine and the deviations of torque and flux at the end of the cycle.

The model of the machine has been developed on a d-q frame of coordinates attached to the rotor and takes into account the magne
saturation in both d-q axes and the cross saturation phenomenon between both axes. Therefore, a very good approximation of this effect
achieved and the performance of the machine is improved.

Several simulations and experimental results using a DSP and a commercially available machine show the validity of the proposed contrc
scheme.

Key words: predictive torque control, flux prediction, synchronous reluctance machine, magnetic cross saturation.

1. Introduction tation, whereas it shows some drawbacks such as switching

_ ) ) frequency variation and a high sampling frequency needed for
After new improvements in rotor design the synchronous regpe digital implementation.

luctance machine (SyncRel) today is a viable alternative to in-
duction machines, to permanent magnet excited synchron TC) and later an improved algorithm of DMTC for the in-

machines and to switched reluctance machines in low-pow liction machine were proposed [12-14]. DMTC is a kind of
drive applications [1-9]. The main points in favor of this choicebTQ which calculates the “on” time of the switches in a way

are the low cost and the easier field weakening capability. It hﬁ?at steady state value of the torque is directly reached at the
theoretically no rotor losses and depending on the saliency,eihd of the cycle.

has a torque density comparable with the induction machine. This type of Predictive Torque Control (PTC) and its digi-

On the other hand, the complexity of the dynamic quaz| jmplementation were also proved for the permanent magnet

tions of the SyncRel is increased due to the different magnetg, -hronous machine [15], where an excellent torque dynamic
characteristics in the direct and quadrature (d-g) axes. Itis Vel¥ih pTC has been demonstrated.

well known that the saturation of both inductandesand L,

To solve these problems, a Direct Mean Torque Control

This paper presents an appropriate algorithm for digital im-

not only depends on the C””e’.“ in the same axis but also fbmentation of the Predictive Torque Control proposed in [13]
the currentin the orthogonal axis [2,3]. As a result, the contr r the SyncRel. Simulations and experimental results using a

of SyncRel faces some special problems different to the OthBrSP and a commercially available machine show the validity

AC machines. ) of the proposed control scheme.
Direct self (DSC) and direct torque controls (DTC) that

were first developed for the induction machines [10,11], hav, .
been used also on the SyncRel, since they show an excellént Improved direct mean torque control

Qynamic performance, DSC and DTC have been_continuous;l-_ygure 1 shows a typical operation cycle of the improved
improved and have experimented a further evolution. DMTC [13,14] in steady-state. The switching instants are di-

In [5] a quasi-analogue implementation of the conventionakctly placed in a way that the mean torque over the cycle is
DTC for the SyncRel was described. In order to reduce torqugjual to the reference value. Applying an active voltage space
and current pulsations, a DTC-SVM scheme and Torque Veghasor (AVSP) first, the torque increases at the beginning of
tor Control (TVC) variants have also been proposed for thge switching interval. In the following, the torque produced by
SyncRel [6-9] a kind of sensorless (DSC) control was prean active voltage space phasor will be designateM agsp.
sented. Then when the limit of a calculated “virtual hysteresis width

The conventional DTC that selects the active voltage spa¢AM)” is reached, a zero voltage space phasor (ZVSP) is ap-
phasor and the zero voltage space phasor by using a switchplged and the torque decreases. The torque produced by a zero
table [11] has merits of simple structure and easy implemenreltage space phasor is called;p.
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In steady-state, the torqud ; at the beginning of a cycle
should be equal to its valuk/(;,) at the end (which results
in a theoretical zero torque error at the end of a cycle). Instead
of simply equalizing the different hatched areas (Fig. 1) for the
cyclek, it is also possible to switch the AVSP to reach directly
the value of? ;1) according to steady-state, thus:

Mgg1) = M* = 1AM (1)

M (t) A
"""""" Kl d X
N a A@\& el 4 e .
M AM Fig. 2. Variation of motor torque angle according to the selected volt-
\ ' age space phasor
My tavse P tovse M+
active vo]tag'e ~ zero voltage space i’
space phasor phasor B
t<k) t(k+tAvsr) t(k+l)
< Tz N Um+2 um+1\0) >0
Switching Interval ot

Fig. 1. Typical operation cycle of DMTC in steady-state

The torquelM (1) atthe end of the cycle can be expressed
as: <

d
Mg11)y = My + %MAVSP “tavsp ) Uo
2
d
+ %MZVSP (Tz —tavsp) Sec. m-
By assuming a linear shape of the torque during a switch- Um-o2 Um-1

ing intervalT, in which an AVSP is applied during the time

tavsp and a ZVSP duringzvsp, the “virtual hysteresis  Fig. 3. voltage space phasors, sectors and stator flux variation
width” in the steady state can be calculated as:

AM = — &Mavsp - G Mzyvsp Ty, (3 Table 1 summarizes the combined action of each space
%MAVSP — %szsp phasor on both stator flux and torque, for positive rotation
Solving equation (2) fot 4 s p leads finally to: (w > 0).
Table 1
M* — Mgy — Y2 - AM — %MZVSPTZ Selection of voltage space phaser$ 0)
tavsp = 7 - (4)
aMavsp — zMzvsp Voltage
space hasor E11172 grnfl Ern gm+1 Em+2 EO
and pace p
-7 5 Flux ! i 1 1 ! 11
tzvsp =Tz —tavsp (5) Torque 1 1 il T i 1

The six possible active voltage space phasors have differ- ) . - .
ent influences on the torque as well as on the flux. Therefore, AS it appears evident, for positive speed, an increment of
sector comparators pre-select the two most favourable voltate torque is obtained by selecting two active voltage space
space phasors and the “on” timgy s is calculated for them. Phasorsonly. These ang, , oru,, ,. The zero voltage space

In each instant, the torque is proportional to the stator fluRh@som, acts on the torque in accordance to the speed direc-
magnitude, and to the sine of the anglésee Eq. 8 and Fig. 2). tion and does not affect substantially the stator flux.

For constant stator flux, it is clear that a fast torque change
can be achieved with a change of the “torque angle” 3. Proposed algorithm for predictive torque
. By assuming that the stator flux space ph@m; situated and flux control
in the m-th sector (m = 1,...,6) of the—p plane (Fig. 3); the
active voltage spaces phasars, u,,,, ;, u,, ; can be selected 3.1. Model of the machine. The model of the SyncRel has
in order to increase its magnitude. Conversely, its magnitudeen developed on a d-q frame of coordinates attached to the
decreases by applying, , , oru rotor and takes into account the magnetic saturation and the

m—2-*
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cross magnetic saturation. Thus the SyncRel can be described

by the following voltage equations in the rotor reference frame. d 3
aMZVSP = §p(Ld — L)

. d N
ug = Rsia+ 5 Wa —w¥q, Va= La(iaiq) - ia wLyiy — Rsia . wLqiq + Rsiq .
©) AN )\, )
d q

Uqg = Rgig + %\Pq +w¥y, Y,=1L, (iq, iq) “lg (10)
wherei, and i, are the stator currents in d, q coordinates. And for an AVSP, the torque increases with the time deriva-
R, denotes the stator resistanae, is the shaft speed and tive

La(iq,iq) andL,(iq,i,) denote that the inductances are func-  d

3
—M =_-p(Lq—L
tions of the both stator currenig andi,,. e VP 2p( = L)

The electromagnetic torque M is given by: Uglq Uglq d (11)
: 7 + T + d*szszl
M = 2p(Latiai) ~ Lyliaig) -ia-iy (7 q A
2 T LR a In order to decide which voltage space phasor has to be
where p is the number of pole pairs. applied to the machine a second criterion is necessary and the

An equivalent expression for the torque can be obtained ljux has to be taken into account.

using the amplitude of the stator flux and its angle with respect
to the d axis. 3.3. Flux control. The flux control of the conventional DTC

3 (Liiri)—L (i1 . method has some problems such as the tracking of the flux tra-

M= °p d(lfhlf]) q(_2d7.2q) . ‘\112| . S|n(219). (8) . iallv i he | . hi h
4 La(ia,iq) - Lq(ia iq) jectory, especially in the low speed region. This phenomenon
The measurement of the parameters for the SyncRel (appears just after the position of the stator flux space phasor
oves from one sector into the next sector. The application of

is used in the experimental setup and the measurement metraé zero voltage space phasor makes it difficult to increase the

ods were described in previous works [2—4]. The results of thc?eveloped torque when the sector changes

stationary inductances are shown in Fig. 4, where the cross hi bl handled b lex fl trol al
magnetic saturation phenomenon is very evident. T IS problem was handled by a compiex fiux control al-

gorithm in [13] and an improved flux control for DMTC was
presented in [17]. This improvement used a third voltage space
phasor for the voltage modulation if it was necessary.

A new method using flux prediction at the end of the
switching interval was presented as an alternative solution on
the permanent magnet synchronous machine [15]. This strat-
egy is applied in this work to the SyncRel.

The main goal of the flux prediction is to know its magni-
tude in the next cycle to choose the optimum active voltage
space phasor that offers less flux deviation at the end of its

“on” time and to keep the stator flux as close as possible on a
Fig. 4. Measured stationary inductandesand L, circular trajectory.

An important task is to reduce the size of the data fields The d and g components of the stator current space phasor

without detriment in the accuracy of the model of the SynC(_:an be predicted at the end of the switching interval from the

Rel. This is especially important for the implementation O'Yoltage Eq. (6) as:
a DSP based system. The inductance characteristic is implg- 7 1 ¢, 1) tavsp

mented by using polynomials with order (L4(iq)) and Lq

9 (L,(i4)) and with linear dependende;(i,) andLy(iq). x {ug(kT) + wLqiq)(kT) — Rsiquy(kT)} + iaey(kT)
The cross magnetic saturation has a high impact on the dy- tavsp

namic behavior of the drive and has to be taken into consideraia (KT +tavsp) = I

tion otherwise the prediction becomes inaccurate as it is shown o . )
in a different paper [16]. x {ug(kT) — wLaia(kT) — Rsiq(KT)} + iq(KT). 12)
12
3.2. Torque control. By differentiating (7) and considering N the same manner, the components of the flux space pha-
that the variation ofLy(i4,1,) and L, (ia, i4), in a sufficient SOr at the end of the same cycle can be predicted by

small control sampling time are insignificant, thgﬂ\/l can Ua(k +tavsp) = Laig(k +tavsp) (13)
be determined by U, (k+tavsp) = Lyiq(k + tavsp).
ﬂM - §p(Ld — L) - (id . iiq +ig - did> (9) Following this strategy the value of the flux and torque rip-
dt 2 dt dt ple are calculated at the beginning of each sampling interval
whereL, denotes.,(iq,%,) and L, denotesL, (iq, iq). by applying the algorithm developed above for all the possible

By using (6) and (9) and assuming that a ZVSP is appliestator space phasors. Based on the results of the prediction, the
to the machine the torque decreases and its time derivative isontrol chooses the voltage space phasor and the correspond-
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the operating point but it can be calculated in advance and the
switching frequency can be kept constant.
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Fig. 5. Control block diagram of the proposed predictive torque control for the synchronous reluctance fnachine
i‘ Ude
L1 o— 1 l . .
L2 o— | * T _I 1y, 1v
L3 o0— —
|
ieCroy
SyncRel
i =
oooo 11
Oscilloscope [ oA FPGA L) €F§
| XILINX XC4010E [ 5 o0 dor
= T_J- signals
®

A/D

A A4

Laptop computer

Fig. 6. Config

DAVID System

uration of the experimental system

0.5 0.5
— 0 ~ 0
=l =L
-0.5 -0.5
-0.5 0 0.5 -0.5 0 0.5
U, (Vs) U (Vs)
(a) (b)

Fig. 7. Simulation of the stator flux trajectory (a) without and (b) with

flux prediction algorithm
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Fig. 8. Experimental stator flux trajectory at start-up (0.2 Vs/div)

4. Simulation and experimental results

In order to verify

the behavior of the drive, the predictive

torque control scheme developed in this work (Fig. 5) was
simulated using Matlab/SIMULINK, and was digitally im-
plemented, by using a dedicated hardware as shown in Fig. 6,
consisting of a floating point DSP of Analog Devices (ADSP

21062) and Xilinx-

FPGA (XC4010E) device to implement the

voltage selection and the encoder signal counter.

The program runs &, = 100us, which is also common in
field orientated schemes and much longer than in conventional

DTC. For the speed feedback, an encoder of 1024 pulses per

ing switching time that lead to the best trajectory of the starevolution is attached to the motor shaft; the encoder signals
tor flux space phasor. Of course, the torque ripple depends are multiplied by four and processed by a FPGA program.

Bull. Pol. Ac.: Tech. 54(3) 2006
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A laptop computer has been used to command the refds=- Conclusions

ence values. A new predictive torque control algorithm for the synchronous

During flux build-up mode for start-up the AVSR is se- reluctance machine that is suitable for digital implementation
lected for the magnetization of the machine. has been presented, in which the torque ripple is not as high as
| digital implementations of a conventional DTC.

Normally, the torque control has the higher priority and the
control scheme tries to fulfill the torque demand. Yet in some

Figure 7 shows comparative results of simulations for theases, it is necessary to find a compromise between the de-
flux during the start-up of the machine under the same comands of the torque and the flux-controller. This problem was
ditions. Figure 7(a) shows the trajectory of the flux withoutesolved with a flux prediction algorithm that selects the opti-
prediction algorithm and Fig. 7(b) with the developed schemenum voltage space phasor, which brings the flux closest to its
With the predictive strategy the flux follows the command ineference value.

an optimum way. The cross coupling has a high impact on the dynamic be-

Figure 8 shows experimental results of the stator flux trah_avior of the drive and it should be taken into considera-tion,

jectory at start-up. The magnitude of the stator flux is S|0V\,|)(ptherwise the prediction is inaccurate and the torque ripple be-

established on its reference to prevent excessive current ovePMes unfavorable. . . _
shoot. An appropriate model is also essential for high perfor-

mance sensorless drive from zero speed, where the rotor angle

Figure 9 shows the results of the simulation of the run-up estimated exploiting the anisotropic properties of the ma-
of the motor to 500 min-1 using a model that includes the cro$$,ine. This will be the next topic of investigation.

saturation. The torque is limited to 10 Nm, the reference value
for the flux is 0.45 Vs and the dc-link voltage is 300 V. Appendix

At the beginning the selected voltage space phasor is fulyats of the machine:
turned “on” during the whole sampling time in order to er.]Sl.Jrq%ated torque M, — 27 Nm
a fast development of the torque. However, due to the limite8,icq current I —14.6 A
voltage and the high value of the inductance at low values Qfymber of poles p = 2
the stator currents (see Fig. 4) the reference value of the torgggtor resistance Rs = 0.34 Q
cannot be achieved within one cycle. Thus, the control choosRstor inertia J =7.041- 1073 kgn?
during several cycles only the active voltage space phasor and
skips the zero voltage space phasor until the reference valueRHFERENCES
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