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Abstract -- The paper introduces a Unified Direct-Flux
Vector Control scheme suitable for sinusoidal AC motor
drives. The AC drives considered here are Induction
Motor, Synchronous Reluctance and synchronous
Permanent Magnet motor drives, including Interior and
Surface-mounted Permanent Magnet types. The proposed
controller operates in stator flux coordinates. the stator
flux amplitude is directly controlled by the direct voltage
component, while the torque is controlled by regulating
the quadrature current component. The unified direct-
flux control is particularly convenient when flux-
weakening is required, since it easlly guarantees
maximum torque production under current and voltage
limitations. The hardware for control is standard and the
control firmware isthe same for all the motors under test
with the only exception of the magnetic model used for
flux estimation at low speed. Experimental results on four
different drives are provided, showing the validity of the
proposed unified control approach.

Index Terms -- Variable Speed Drives, Synchronous Motor Drives,
Permanent magnet machines, Traction Motor Drives, Motion
Control, Flux-weakening, Limited VVoltage Control.

l. INTRODUCTION

The concept of a unified control scheme to be wsitd
different AC motors is known from more than one atgz
industrial controllers are available on the markgt and
unified vector control schemes have been proposethe
literature for Induction Motor (IM) and Surface-mued

Permanet Magnet (SPM) motor drives [2]. The general

approach called “active-flux” proposed in [3] coerlM and

implemented in the stator flux reference frame. Bhator
flux is directly controlled by thed-axis component of the
stator voltage vector, while the torque is con&dllby
regulating theg-axis component of the stator current vector.
The direct flux control makes the proposed UDFVQyve
effective in terms of voltage utilization in therftweakening
region, that is particularly used in traction, sjdndrives and
home appliances. For all the motor types the ievertitage
and current limits are fully exploited in flux-weahking with
no need of knowledge of the motor model (except tfar
stator resistance), even in the case of a varigi@elink
voltage [5-6].

The motor magnetic model (or current model) is ufeed
flux estimation at low speed as for most IM fieldemted
control schemes [7] and as it is also usual foritjpos
sensorless control techniques [8]. Eventual parametrors
can lead to a flux estimation error in the low speegion,
and to a possible steady-state torque estimatioor.er
However, the control is robust in all the speedyeaand its
dynamic response is independent of the model errors

In this paper, only sensored operation is addressedhe
rotor position is measured by means of a positienser.
However, the unified control can be easily extended
sensorless applications, as already shown for khe[d].
Experimental results are presented for IM, IPM, SBMI
SyR machines, showing the feasibility of the praubs
control, and in particular the robust flux-weakenoperation.

II.  AC MACHINES MODELING
As a general notation, the machine stator vectmwkage,

SPM as well as Interior Permanent_Magnet (|PM)t|UX, CUrrent) will be Ca”ew, X andi_ respectively, and the

Synchronous Reluctance (SyR) and wound rotor spmcius
motors. All the cited schemes [1-3] use rotor fanentation
and current vector control. A different approachsdd on
direct flux, direct torque control has been alsopmsed as
UNIDRIVE in [4].

The goal of the paper is to propose a control egsatvith
high degree of generality to be used either with IFM,

subscript 8 will refer to the stator flux reference frame whe
associated to those variables. The adopted veeference
frames are defined in Fig. 1, for all the considemachines:
stationary framed,3), rotor frame d,q.), rotor flux frame
(d,q) and stator flux framed(,qs). For conveniencethe axis
alignment chosen for the SyR motor (Fig. 1-d) is
unconventiongl with the d-axis along the minimum

SPM and SyR motor drives. Respect to other unifiedermeance direction instead of the maximum perneeane

solutions based on rotor flux (or active flux) otigtion, the

as more usual in the literature. This choice pernatadopt

proposed Unified Direct-Flux Vector Control (UDFVC)unified magnetic equations for the three synchrenou

scheme uses a Direct Stator Flux Control (DSFCYaegh

machines (SyR, IPM, SPM), as clarified in the foing.



has an effect only at very low speed. To get arurate
torque estimation around zero speed, the magnetidem
should be accurate and implemented in the form -of 2
dimensional look-up tableg(iq, ig) andAq(iq, i) as suggested
in [10], otherwise simplified models are workingliwe

B. IM magnetic model

The current to flux relationship for the IM is (&here the
rotor flux can be derived from the rotor equatiéh [(].

A=k, I\, +olL 0 4)
X g~ i
Ty (;t AT+ rdgm = Lm Oagm (5)

whereo is the leakage factok is the stator inductancg, =
L,/R; is the rotor time constant arkd = L,/L, is the rotor
coupling factor. As said, the rotor reference frahgq,) has
been adopted in (5).

I1l.  UNIFIED DIRECTFLUX VECTOR CONTROL IN STATOR FLUX
COORDINATES

The voltage model (6) and torque equation (7) are
Independently of the adopted reference frame ¢staty, common to all the machines alisothe stator flux frames

(c) IPM (d) SyR
Figure 1. Definiton of common reference frames for all AC miaes.

rotor flux, stator flux), all the considered AC rhates have q 0
the same voltage model and torque expressionsxXamnple, Vygs = Rs [ﬁd +— +A dd (6)
. dgs gs 0 W+ —
in the rotor synchronous frame we get: dt dt
= _ Y d)\dq Y _ 3
Vag = Rs Haq + == + 1@Aqq 1) T =2 PO g, @)
3 [ﬁ)\ . . ) whered is theload angle i.e. the phase angle of the stator
T= EEp dlq Al () flux with respect to the rotor flux (IM) or with spect to the

whereR; is the stator resistance is the synchronous speedd'aXiS (SyR,.SPM, IPM). )
andp is the number of pole-pairs. From (6) it results that the stator flux amplitudlean be

Each machine has its own specific current-to-flector fégulated by means of tig-axis voltage and the load angle
relationship: in the following subsections, the metiy (i-€: torque) by means of thg-axis voltage. However, the
models of the considered motors will be briefly suanized, Unified torque expression (7) suggests that therebof the

expressed in the rotor mechanical framlgd,) that coincides Gs-@xis current instead of the load angle may lead stmple

with the rotor synchronous frame,@) for all the synchronous @nd unified torque control scheme [5-6]. For treason, a
machines. The reason of this choice will be batterified in ~ further manipulation of the quadrature state equait (6) is

the “Stator flux observer” subsection (IV.A). necessary for all the machines.
A. Quadrature current equation for IPM, SyR and SPM
As described in [5], thejsaxis current equation for an

A. IPM, SyR and SPM motor magnetic models
The simplified IPM magnetic model in rotor coordiem

can be expressed as IPM mog?r is
— Ly O - lgs _ .
R :{g : }mdq{ﬂ @  Lag = Rigs ki ~Ra ) +bifirgs - wid) (@)
q

where the two factork andb are defined in (9) for the IPM,
whereLq andL, are thed-axis andg-axis inductances ankh,  in (10) for the SyR and in (11) for the SPM.
is the PM linked flux or no-load flux linkage.

The model of an isotropic SPM motor is also repne=g Kipw (5):; E{l_ij Dsin(26)
by (3), withLy = L4 = L, while the model of a SyR motor is 2 Lq
(3) withA,= 0. 9)
A more realistic model should account for magnetic biow ()\,5) - _[1_iJ D‘:os(26) + )\_m Ijtos(é)
saturation and cross-saturation [9], in partictitarlPM and L, A

SyR motors. As shown in the following, the modetwacy



For the SyR motor thkefactor is the same of (9), while the d) All the synchronous motors (SPM, IPM, SyR) h&ve
b factor is obtained by posirlg, equal to zero: cope with the variablé term in (8). Once the bandwidth of
kSyR(5) =Koy (5) gs-axis current regulation is imposed by a propeigtesf Pl
(10) culrrentTEQntroIIer, t?r? tto:rl()]uet refp(;)r;se dep((lendstdhenbd
value. This means that: at rated torque (lowedpan
bSyR(}"a): _(l_L_dj [c0g22) rated flux and load angle) the torque responseeiy fast,
a being similar with the torque response obtainedcbrrent-
The SPM motor hak equal to zero and a simplified controlled AC drives usingd(g) rotor flux frame and 2) at

expression ob: high speed (during flux-weakening) the torque resgocan
Kspm =0 become slower sinde is reduced, but it is unlikely that step
A (11) torque disturbances are applied at such high speeds
Bspwm (A,é):TmE:os(B) e) For IPM and SyR motors, the coupling of the

equation with the direct axis, i.e. the effect lnd ¥, voltage

component on thés dynamics depends on the tek() in

(9) and (10) respectively and is visible duringxfhegulation

transients only (at steady statg = Re-igg. The closed-loop

b:L_dGal (12) control of i4 rejects the effects of such moderate cross-
A2 005 _const coupling. Model-based compensation is also poséibtase

The effects ofb in flux-weakening operation, and in Of Sévere dynamics requirements. _ _
particular the relationship betweem and the Maximum ) For IMs, equation (13) shows two coupling terrie,

Torque per Voltage (MTPV) operation will be put inAldy and olLddypls Both terms can be estimated and
evidence in the following (11.C — lII.E). compensated in a feedforward fashion. The firghtes not

. critical for torque dynamics since it is slowly yarg during
B. Quadrature current equation for IM flux regulation or speed variations. The seconthtegquires
As shown in [6], they-axis current equation for an IM is:  the estimation of the slip speed, as in [12].
digs ( ) g) The @, ig9 control is stable for torque values under the
at ~Req lgs = Wgjip LOL 5 llgs + Vs ~00 [A)(13)  pyiicout torque limit, also called maximum torquer flux or

d
_ . . ) Maximum Torque per Voltage (MTPV) limit. This is
whereReq = Rs + ki/ksB; and wyp is the slip speed defined particularly evident from (8, 9) for the synchrosaunachines.

It must be underlined that thefactor is representative of
the torque derivative with respect to the load ergl as
addressed in [5].

oL,

aS@ip = 00 G The iqs control loop is stable ib(A,8)>0, while it becomes
C. Direct flux vector control unstable ifb < 0, according to (8). It will be shown in the
From the machine models (6-13), it follows that: following that theb = 0 boundary coincides with the MTPV

a) The stator flux regulation by means of thevoltage is  trajectory. MTPV operation is achieved in the pregod
decoupled from thegs axis and leads to a closed-loopcontrol by limiting the flux phase angeto be under a proper
bandwidth that is directly imposed by the propartibgain of Maximum value that is typical of each motor type.

a proportipnal-integral (P1) flux controller withoninfluence p  Maximum torque per voltage operation
of magnetic saturation.

b) The torque can be regulated by controlling the
current component via thegg-axis voltage using a PI current
controller. The bandwidth of the.axis current loop is
imposed by the proportional gain of the Pl curremtroller
and the inductandg, (IPM and SyR)gLs (IM) or Ls (SPM).

¢) For all motors save the SPM (that Hasy = 0) the

The MTPV operation occurs in the flux-weakeningioag
at high speed and it is also calleditage limited operation
[13]. Given the voltage limit, over a certain spaeds no
longer convenient to exploit the full inverter amt |, for
obtaining the maximum machine torque, because tleopt
torque limit has been reached. The pull-out torqoedition

control of igs (torque) is dynamically coupled with the flux coincides with a specific value of the load anyl&uch value

control axis. This is usual with Stator Field Otesh Control will be indicated asmax from n(_)W_ on and varies W'tr_' the
(SFOC) of IMs. The advantages and disadvantag&FefC motor type. Below the pull-out limit the flux phaaagle isd
with respect to rotor field oriented control haveeh < Omax The expression b for the considered motors is
comprehensively analyzed for IM [11], showing tithe Obtained by expressing the electromagnetic tor@)ea¢ a
torque dynamics can be made comparable with propiinction of the flux amplitude and phase, and thesing to
compensation [12]. It must be also considered liR&t and zero the torque partial derivative with respecbtdhat is at
SyR motors would have showrday coupling also if the rotor constant flux amplitude.

reference frame was adopted, since bothq)( current

. o E. Pull out torque angle of IPM, SyR and SPM motors
components give torque contributions.

The manipulation of (2) and (3) leads to
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q

The torque derivative with respectdas

L,-L
—=3 L [E— 99 2 20825+ A\ coséj (15)
q

The torque derivative with respectdas

I 5 pE %02 mos2s 22)
00 oL,
The MTPV load angle is obtained when (22) is zéeo,
6max,IM =45 (23)

By imposing (15) to be equal to zero, the MTPV load

angle condition is obtained as
Lo —La
—— [A“ [20S25 = A ,,A cosd (16)
q
For the SyR and SPM motors, eq. (16) has an e
solution. In particular, for SyR motor the rightisiof (16) is
zero Q= 0) and leads to

O maxsyr = 135 17)
For SPM the left side of (16) is zeroy(= Ly), i.e.
1 maxSPM =90° (18)

A comment is needed about the SyR motor. The val

135° has been obtained here because of the particlhwbice
of the reference axes, introduced in Fig. 1 andmermed in
section Il. With the adopted axes, the motoringratien of
the SyR machine is in the second quadrant ofdtipplane,
thus the 135° value is the corrected value to besidered.
With standardd,q) axes the more familiar soluti@p,, = 45°
(first quadrant) would have been obtained for niatpr
Dealing with the IPM motor, the solution of (16)pd&ds
of the relationship between the motor saliencyrasgnted by

IV. UDFVC IMPLEMENTATION

The proposed UDFVC control scheme is shown in Eig.
for a speed-controlled AC drive. The flux and queudire
a%urrent references\(, iqs*) are computed from the torque
Faference using (7). The flux set-point at low shean be
either a constant value (e.g. for IM and SyR dijives a
function of the torque set-point. In Fig. 2 the MaMm
Torque per Ampere (MTPA) law has been chosen, but
simpler functions are possible with no significaitte-effects
[5]. The main blocks of Fig. 2 are discussed inftiiowing
L%Jbsections.

A. Stator flux observer

The unified stator flux observer (Fig. 3) is basedthe
current-to-flux model at low speed and on back-EMF
integration at high speed [7,14]. The magnetic rhdde
represented for all the machines in tlog,q,) rotor frame
(see Section II). In general terms, such scheme lmn
indicated as a reduced-ordélf;, closed-loop observer. The
crossover angular frequenay, between low-speed and high
speed models coincides with the observer g4nad/s).

the (q — Ly)/Lq term, and the PM flux, both being dependent’ g gaid, for synchronous machines the simple magnet

on the motor design. In any case, the solutiorl6j (eads to
a dmax that is an intermediate value between the valuesngi
in (17) and (18):

90° <8 oy ipm <135 (19)

For IPM motors with high saliency, the value aptues
135° as for a SyR motor, while it moves towards fad°low
saliency motors, as for an SPM motor.

According to the definition ofb given by (12), the

model (3) or more accurate models can be adoptedINF
drives the model is (5) and it is affected, as lshg the
uncertainty on the parametets, and 1,. In case of an
inaccurate model, the obtained torque differs ftbetorque
set point but the control is still stable. In otheords, the
motor parameter inaccuracies or variatiomdfect only the
drive performance at low-speednd not the high-speed
operation, as it happens with pure current vectmtrol

conditionb = 0 coincides with the MTPV operation. As saidwhere the flux weakening trajectories are basethemmodel.

theigs control would become instable in casébaf O, thus the
correct exploitation of the MTPV control trajectanaintains
the proposed control stable over the whole speederaas it
will be shown in sections IV and V.

F. Pull out torque angle of the IM
In rotor flux coordinates, the substitution Xf= L, ig in

(4) leads to
- L 0| -
Ao =| > O 20
dq [ 0 O'LJ dq (20)

From (2) and (20) the torque expression becomes

T=2p &_’Lo 2 BS—IZZB 21)
o S

The observer outputs needed for control are evitbit
Fig. 3. In particular, the sine and cosine of the fphase
angleB + & are obtained dividing the, 3 flux components by
the flux amplitude. Moreover, the sine and cosihthe load
angle 6 are obtained by a further coordinate rotation: the
angle 6 coincides with8,, for the synchronous machines,
while for the IM case it is the phase angle of totr flux
vector (Fig. 1a) and its sine and cosine (neededtle
coordinate rotation of Fig. 3) are estimated ug#jdfor rotor
flux estimation. In those applications where veww Ispeed
operation is not required and/or the starting terqgs
moderate, the magnetic model feedback can evenni@co
unnecessary.
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Figure 2. Unified direct-flux vector control scheme.

The observer scheme of Fig. 3 can be simplifiedhim flux reference according to the synchronous spewet the
form of a simple stator flux estimator with Low-BaBilter actual DC link voltage (24).
(LPF), where the gaig is the LPF pole [15]. Gain and phase N < b,max_ Ry (s E$igr(oo)]/| | (24)
compensation may be required, depending oalue and the . X . .
where Vi is the inverter maximum voltage that is updated

minimum electrical speed. . . .
P according to the measured DC link voltage [5-6]e Betting
of Vpnax determines whether the inverter overmodulation

— ”~

A

o +,.\ J‘ o A region is exploited or not. A typical setting usgs,= VqdV3,
—ITw— sin 003(916) wherevy is the measured DC link voltage. The resistiventer
\ . - . in (24) is used only for low power motors, othemviscan be
~ R. g ) o sin,cos(d) neglected.
(P | 1 mag | [ ;Loc,B * D. Maximum current limitation
d model [1° 0 The motor phase current is limited by saturating th
1‘ 0 fe quadrature current reference according to (25)revhgy is
m m

the inverter maximum current.

Figure 3. Unified VI6y, flux observer. The the andleis 6, for the
synchronous motors whilst it is the rotor flux gimsi for the IM, estimated
by means of (4) applied to the observed stator. flux

2

Ids (25)

i:qu |r%1ax_

E. Maximum torque per voltage (MTPV) current limitatio

As introduced in llIl.D-Ill.F, the MTPV operation gebe

obtained by limiting the load angle to be undgyp, that
depends of the motor type.

There is a tight relationship between thg current

component and the load andleln particular, the limitation
of theiqs current produces a limitation of the load angler F

B. Vector control

The vector control block in Fig. 2 contains thexfland
quadrature current regulators that give the voltajerence
in stator flux coordinates. The flux and currenticollers are
simple PI regulators and the firmware is the saoneafl the
motors. The bandwidth of th® control is independent of
magnetic saturation and machine model, tes settings of this reason, the MTPV operation is obtained bytlimgi the
the PI flux regulator are the same for all the mstdTheiqs igs CUrrent reference, according to the observed tzgle.
control loop, according to (8), has disturbancenterThe While the just described. saturation keeps the current
term w\ is feed-forward compensated in all the motordnside the inverter limit, this furtheg limitation is performed

while the other terms are compensated by the iatgr bY the same saturation block (see Fig. 2) and septed by
action of the current controller. the current componentyrpy,. This component, subtracted

from the I limit (25), leads to a reduction of the current
amplitude below the inverter maximum rating (|i|.%y), as

C. Maximum voltage limitation
The maximum voltage limit is respected by limitittge



size, larger current and has a maximum speed df 6.
Two different experimental rigs have been used tifer
tests. For the small size motors (IM, IPM and SyR®

requested under the pull-out torque conditions. §hgangle
limits have been calculated in (17-19) and (23)alidg with
the IPM case (19), the exact value depends on tiermrand
can be evaluated by model manipulation or by degiteests inverter is rated 10A (pk) output current, with 2260Hz
at no-load with trial and error values in the rat@). single phase AC input and passive rectifier. Thetradler is

The unified calculation of the MTPV-limiting curren @ dSPACE DS1103 PPC board. For the SPM motor an
componentyrpy based on a PI controller, as shown in Fig. 2nverter of larger size has been used, controlied Hoating-
whose output is non zero only in case the estimatdiangle point micro controller (ADSP 21060). The curremiti is
overcomes the set poibta. The unified estimation of the 20A in this case that is nearly half of the motbamcteristic
load angle error&-3y), that is the input of the Pl regulator, cUrrent and corresponds to a maximum speed of 6060
requires a specific implementation. First of dfie tsine and that is the motor rating due to centrifugal constsa The

cosine components of the load angle are obtained Hjfee phase currents and the dc-link voltage arut position
coordinate rotation as indicated in Fig. 3. Therm solutions aré measured at a sampling frequency of 10 kHzishalso

are possible: to evalua® as the arc tangent of its sinet’® PWM switching frequency. The position is measury a

divided by cosine, or, to avoid the division, t@kated—0,.x
as the cross product between the sine and cosmparents
of the respective angles.

The tuning of the PI regulator gains and the badtwof

standard incremental encoder with 512 pulses petuton.

B. Speed reversals with deep flux-weakening operation

Results for step speed reversal are shown in Bigsfor
the four machines. The reported signals are thesuned

the Omax limitation can be evaluated according to thepeed, the controlled variables {9, one phase current and

simplified block scheme of Fig. 4. The inverter aftax
observer dynamics have been neglected. The closepl |
bandwidth of théd,, limitation is:
kp,é (K pigs
A
Wherek, s andkj iqs are the proportional gains of tRgax
andigs regulators respectively. The bandwidth dependghen
flux amplitude and must be set according to its imim
value that is at maximum speed. It can be demdestitat

Wy = (26)

the Pl-based.x control overcomes the instability problems

of (A, ig9 control with any dma set-point, properly or
improperly selected.

inverter oA

B ivrev ] v 1" - R
e Pls Pl L R LG - J' °
N sin(eiﬁ),cos(ei(ﬁ) Rs lqs
5 1 ] flux observer
L

Figure 4. Dynamic block scheme representi®gxregulation.

V. EXPERIMENTAL RESULTS

Experimental tests have been carried out on fdiferdnt
machines (IM, IPM, SPM, SyR), whose characteristics
reported in the Appendix.

A. Experimental setup

the estimated load angle. The IM speed reversab@00
rpm) is shown in Fig. 5: the inverter current linsitset to 8 A
pk. In the low speed range (0.1s to 0.4 s), thesplwarrents
are clamped to 8 A by the current limitation blogk. high
speed, the current amplitude is reduced by the MTRV
saturation block. The deceleration (-16000 - O risrfpster
than the acceleration for two reasons: (a) the mimsses
(iron, copper) help braking; (b) the available agk is higher
(the regeneration charges the DC link capacitotouihe trip
level of a braking resistor) and a higher flux refece is set,
according to (24), from which the higher torqueeTtoise on
igs during acceleration (Fig. 5) is due to the 100 Hdink
voltage ripple since the inverter is fed by a staghase diode
rectifier with 50Hz ac supply.

In Fig. 6, the speed reversal of the IPM motor $iaslar
characteristics. The maximum current is set to PkA For
most of the time the phase current amplitude is tean 5A
to the MTPV limitation, while maximum current optoa is
evidenced at low speed (< 4000rpm).

The SyR motor speed reversal 000 rpm) is shown in
Fig. 7 with the current limit set to 5A pk. The raptorque is
heavily MTPV limited above 4000 rpm (positive orgagive)
and results in a very limited speed range in fl@akening.

However, the limited speed range in flux weakenma
characteristic of the SyR motor type and not atétion
imposed by the control.

The IM, IPM and SyR have similar size and operating The SPM motor speed reversal 000 rpm) is shown in

speed, according to their common application figldt is
home appliances. In particular, the SyR motor isved from
an IPM prototype for home appliances, assemblet wit
magnets for research purposes and performance cisopa
Thus the SyR has a limited constant power speegerand
operating speed range (0+6000 rpm), with respetihadM
and IPM ones (0+16000 rpm). The SPM motor is cdrgdr

Fig. 8 using two different ramps. The inverter euatrlimit
has been set at 20A pk. The fast ramp (top) shbatsthe
current needed for de-magnetization at 6000rpmpad; is
much higher than thigs current needed for fast acceleration
(10A).
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subsection. The SPM motor has a limited flux wealgn
capability at rated current and has not been tastédTPV

operation, that would have required an 250% ovedriga. a
current greater than the characteristic currente-Table ).
The flux trajectory of the IM motor is shown In Fig, using

D. Low speed operation

The load step response at low speed is presentetthefo
IM and IPM motor cases in Figs. 11 and 12 respeltiv
Both the motor drives are speed controlled at 26 gnd
loaded by means of a torque-controlled DC motorbdith

an MTPV limitation adma, = 45°. The red and blue traces areases a 2.0 Nm torque step is applied and releasaning

superimposed and represent the deceleration aedeeation
paths, respectively. As said, the noise in acctiterads due to
the dc-link voltage ripple, since the flux amplieudeference
is limited according to the current value of the-lid&,
filtered by a first—order low-pass filter with caff frequency
of 25 Hz. In Fig. 10-a the trajectories for the IPhdtor have
a poor quality due to the signals downsampling rduihe
duration of the speed transient (2.5 s).

The load angle is limited &,.x = 126° since the motor
under test has a high saliency and a low per-umitiex.

In Fig. 10-b the trajectories for the SyR motoreavthe
poor flux weakening capability of the drive (theech flux is
not so far from the MTPV angle). The load anglénsted at
Omax = 135°.
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Figure 9. Trajectory of the IM observed flux in the duringetepeed
reversal of Fig. 5d andq are the observed rotor flux axes.
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Figure 10.Trajectories of the observed flux in the during $peed reversals.
a) IPM motor, refer to Fig. 6; b) SyR motor, refiefig. 7.d andq are the
rotor axes given by the encoder.

from and returning to no load conditions. The Icadp is
within the current saturation limit in both cas@fie speed
responses are similar, in terms of peak transige¢d error.
With reference to the observed flux subplots, the flux
reference (Fig. 11) is constant, independent ofréfierence
torque, while the IPM motor flux reference is vdrie
according to the torque set-point (Fig. 12). The feequency
component superimposeditgin both tests is due to a torque
disturbance introduced by the DC motor that depemdthe
mechanical speed.

VI. CONCLUSIONS

The proposed unified direct-flux vector control s@its of
a common control firmware that applies to four smidal AC
motor types. The only implementation differencéhis motor
model used in the stator flux observer for low-spee
operation. Simplified or detuned motor models candpce
steady-state torque estimation at low speed butaree side-
effects. The current and voltage limits are fulkpeited by
limiting the flux and torque current referenceshwiimple
control laws that are independent of the motor petars and
valid also in case of a variable DC link. The cohalgorithm
requires three PI regulators: two are for flux agdcurrent
control and one is for load angle limitation atthgpeed.

The proposed scheme combines the advantages of the

direct flux control along with only one current tégtion
channel for the torque-producing current componbnthis
way, both the flux-weakening and the current litidta are
straightforward and easy to implement. The fluxent
control is stable at high speed if the load angtetation is
used. Experimental results have been presenteallforotors
for heavy speed transients, demonstrating thelfidigsiof the
proposed solutions.
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APPENDIX

The motors under test are one commercial motor @iv)
two prototypes (IPM, SyR) for home appliances, whihe
last machine (SPM) is a prototype for industriahsfaThe
rating values of all motors are reported in Table |

TABLE | - RATING VALUES OF THE FOUR MOTORS UNDER TEST

Motor type IM SPNV IPM SyYR
Rated torque (Nn 2.6 4.4 1.4 0.7:
Rated phase current (A pk) 4.2 5.6 2.8 2.4
Rated inverter current (A p 8 20 5 5
Rated line to line voltage (V pk) 270 270 270 270
Base speed (rpt 320( 270( 3200 400(
Maximum speed (rpr 1600( 600( 1600( 600(
Back emf at base speed (line to line — V pk) / 250 70 /
Characteistic current (A pk / 50 2.C /
Pole pairs 1 2 2 2
Stator slots 12 6 24 24
Stator diameter (mr 11C 107 95 95
Stack length (mm) 55 85 35 35
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