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Abstract—In many variable-torque applications of induction ! o
machines, it is desirable to operate the machine at high flux ! L
levels, thus allowing the machine to produce higher torques. This o
can lead to saturation of the main flux path, introducing cross- .
coupling effects which can severely disrupt the performance of O_._H]
controllers dependent on knowledge of the machine’s magnetic !
parameters. Stator-flux-oriented torque-control schemes need not :
depend on the magnetic parameters of the machine and, hence, :
are potentially more robust and easier to implement in magnetic ) | L
saturation than rotor-flux-oriented control. In this paper, we . R
present and analyze a stator-flux-oriented torque-control scheme.
This controller only requires knowledge of the stator voltage,
stator current, and stator resistance. An analytical expression for
the maximum achievable torque output of the machine using a
linear magnetics model is compared with values calculated using
a nonlinear magnetics model incorporating saturation of the main .
flux path and is shown to be a good approximation at high flux perfo_rmance [1]—[8], as well as generate errors in rotor flux es-
levels, when the main flux path is heavily saturated. Experiments timation. Our earlier work [9] and that of others [5], [10]-{12],
carried out on a 3-hp 1800-r/min wound-rotor induction machine have shown that adequate performance can be achieved with

show smooth operation of the control scheme at torque levels up rotor-flux-based control by incorporating knowledge of the
to at least four times rated torque. magnetic saturation into the control law. Unfortunately, this
Index Terms—nduction machines, magnetic saturation, torque approach requires that substantial measurements be taken on

Fig. 1. Stator—rotor tooth pair.

control. the induction machine to determine the magnetic saturation
characteristics. Hence, a simpler, more robust control scheme
I. INTRODUCTION is desired.

Stator-flux-oriented torque control has been developed as
X possible alternative [13]-[24]. Estimation of the stator flux
Yoes not require knowledge of the magnetic parameters and,
nce, need not be influenced by magnetic saturation. Fur-
Sermore, simple control schemes for regulation of flux and
go‘rque need not depend on the magnetic parameters. Hence,

NDUCTION machines are usually modeled with the a
sumption of linear magnetics. However, in many variabl
torque applications, it is desirable to operate with the main fl
path in magnetic saturation, allowing an induction machine R

produce higher torque. For example, in vehicular applicatio
|-

the induction machine may be sized for normal road con : . .
. . S Stator-flux-oriented control is potentially more robust and
tions, yet it may be necessary to produce high instantaneqgus . : . X .
) C edsier to implement in the saturation region than rotor-flux-
torque in order to overcome extreme inclines or to permit. . .
. . . oriented control. In this paper, we show that a particular
high acceleration and deceleration rates. A smaller machine .
o .expression for torque, the cross product of stator flux and
may be used if its control system can operate properly durmga : . . . s
. ; stator current, is valid even when the induction machine is
magnetic saturation.

. rating in magneti turation. We then present and analyz
In a standard rotor-flux-oriented control system, based 8ﬁceoﬁtro? desi ar? tﬁatc izairl: di ?an der?t Ofe mg enseeiic aa?a?ne?grse
linear magnetic parameters, magnetic saturation in the e also defingthe stead st:te operatin reg ion o?the controi
chine can introduce cross-coupling effects that severely disr i . ady Pe greg )
cheme using a nonlinear magnetic model for the machine
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— Air Gap —_— where the functionf(-) is a scalar function that is shaped
D, o, similarly to the saturation characteristic of the individual
n | W /\/\/\/\ W ] teeth, but is produced by the combination of the saturation

characteristics of the steel in many teeth acting simultaneously.
The current-flux relationship of the machine can then be

Leakage Leakage + represented as follows:
Fig. 2. Magnetic circuit of stator-rotor tooth pair. Boxed elements are ZS — Lt Xs FS(XS) 3
nonlinear. 2’1 — XT + E(X) ) 3
where
1 1 1
=+ + 1 —=I
. . L [Ee)r -k
i ¢ ¢ t ¢ L= . (4)
s R, 2 Ly X R, 4 —A1 (LL I L%)I
‘t Measurements performed on a 3-hp, 1800 r/min wound-rotor
Vg induction machine show close agreement with the above model
- [25].
o O It has been shown [25] that the instantaneous torque of a
Fig. 3. Electric circuit of stator—rotor tooth pair. Boxed elements are noﬁhre?'phase machine (mCIU_dmg saturation _?ﬁe_c,ts) using the
linear. nonlinearr model can be written as = %%X;”JAT, where

P is the number of pole-pairs of the machfne, the superscript
T denotes the transpose of a vector, @i the orthogonal

only occurs in the legs of the stator and rotor teeth. FrofRtation matrix:

this magnetic circuit, we can derive an electric circuit for the 0 —1

stator—rotor tooth pair (see Fig. 3). J= {1 0 }
The boxed inductors are nonlinear with flux-current rela-

tionshipsi = f(\). These functions account for the saturation N )

in the stator and rotor teeth and are assumed to be singleVSing the fact thatfJA, = 0, we can derive another

valued, monotonic, and to pass through the origin. Hystere§§Pression for torque:

effects are ignored, as this would requjfe) to have multiple

values. Removal of these nonlinear inductors yields a linear ;o= 3P 1 XTI,

model of the tooth pair. 2 L
To progress from the model of a single tooth pair to a model _ gXTJ Ki 4 i)x L F (X ) - -
of a symmetric induction machine, we assume a smooth airgap. 2 7® L, L;)°7° sATe s
The induction machine model is obtained by summing the 3P op -
flux linkages of all teeth, taking into account the winding - 7)‘8‘]( — i)
pattern of the stator and rotor to determine the effective _ ngTJX (5)
number of turns per tooth. We assume two-phase (direct and T T

guadrature) windings, noting that the standard transformations

can be used to model a three-phase winding structure. Therhe accuracy of the above expression for torque has been
result is an electrical circuit equivalent in topology to thatonfirmed experimentally in [26]. We note that for squirrel-
of the stator—rotor tooth pair of Fig. 3. Variables for theage induction machines, which often have saturable material
direct and quadrature windings are represented togethercamnecting the rotor teeth at their pole faces, saturation can

two-dimensional vector form. For example, also occur in the rotor leakage. As shown in the Appendix, the
above expression for torque is also valid under the assumption
R |:is d} ) of saturable rotor leakage.
s — . .
1sq

The nonlinear inductors of the induction machine are then IIl. TORQUE CONTROL

described by vector functions of the forne= F(X). The vector ~ We choose the stator-flux and rotor-flux vectors as the states
direction of7 is the same as the direction ;Sf and rotational in our system, with the stator current vector as the output. The
symmetry implies that|i]| depends only or|X||. As a result State equations in an arbitrary reference frame (superscyipt
of these two constraintd;(-) may be written as are then given by (see [9], [25])

>

I PY e B RS > O I - BT
PO = F03D @ M -6 Rl 5] @

>
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where Hence, stator flux can be regulated, provided the estimated
R — RJI 0 or measured stator flux is in good agreement with its actual
=710 RI value. Furthermore, the ter@®,:¢, has decoupled the stator

flux dynamics from the other system dynamics.
and w,. is the angular velocity of the rotor. In application,R, can change with temperature and, there-
The variablep represents the reference angle upon whidbre, it is difficult to exactly cancel the resistive voltage drop.
the state equations are based. The stationary reference frédnever, this error can be considered as a small disturbance
(superscripts) corresponds t@ = p = 0, and the electrical and should not seriously affect the control if sufficient gain
reference frame with respect to the stator flux (superseljiptis prescribed.
corresponds tep = ZX; In this caseyp = we, the electrical ~ As the dynamics of  in the stator flux reference frame are
frequency. nonlinear (even if linear magnetic parameters are assumed),
By choosing the stator flux angle as our reference framag begin by linearizing them with respect to a steady-state
we seth;,; = ||As]] and Ag, = )\e = 0. Hence, in the stator operating point, in order to guide the control design. We char-
flux reference frame, (29) is ertten as acterize the steady-state operating point by the slip frequency
ws = we — w, and by the stator flux magnitudiegd. Since
the stator flux dynamics have been decoupled from the rest
of the system, we consider the stator flux magnitude to be
constant as we perform the linearization. Finally, we define
Constraining}\gq = 0 in (6) yields an expression for the®s, = v;, — Rsi;,. The transfer function betweef), and;,

Te )\edigq (7)

electrical frequency: in the linearized system can be shown to be
15(5)
ve, — RS H(s) = =&
we = L2, (®) Vi (5)
sd _ R, Q.5+ Q2 —w? (16)
Using this information, we rewrite the state equations in the L[02 +w?]  s2 4205+ (2 +w?)
stator flux reference frame, considering only direct stator ﬂuxh eQ, = R (L l) We calculate this frequency to be

and quadrature stator current dynamics: 160 rad/s for a 3 hp duction machine.

Inspection of (16) reveals that, as the magnitudewgf

sa = —Rsisa + vl \ ©) increases, the zero af(s) moves from the complex left-
e _ 1 e rd (e e half plane to the complex right-half plane at the critical sli
= | —oNa+ 3 08 - Rty halt plane t plex right-half p P
‘d quencies:
11 Je(llAel]) .
- R, — 2 . 10 scrit = £ 17
a <L JrLz) o BN 4o e &

This corresponds to a change in the sign of the dc gain

These equations suggest that torque can be controlled diythe transfer function. Although this potentially increases
using vg, to control Ag, and v;, to controli; . After com- controller complexity, we will show in Section IV that all

pensating for the resistive voltage dréi¢, we may apply useful operating points correspond to a zero location in the

proportional-integral (PI) control: complex left-half plane.
WSy = Raity + Knpen +KAZ‘/6§ dt (11) IV. TORQUE LIMITS
We will now show thatu, ..i; defines a maximum possible
Ve, = RyiS, +Kipes+Kii/Gi dt (12) torque magnitude that can be achieved for a given stator
flux magnitude. In order to gain more insight, we analyze
ex= ALy — Ay (13) the steady-state stator current as a function of stator flux
e; = qu i, (14) magnitude and slip frequency. Explicit expressions are difficult

in the case of nonlinear magnetic parameters, but are readily

. - . .. derived if linear magnetic parameters are assumed:
where\g, and:;, correspond to commanded values avd is g P

the estimated or measured stator flux. Although other control 1 1 %QT
schemes may be used, we begin with Pl control, due to its lsd = <f + L_> - m S (18)
simplicity. ! E T 5
With this control scheme, the stator flux dynamics are given Be .
by iy = oy Aoy (19)

5q¢ Q2 + W2

Plots of the locus of steady-state currents assuming both
}\gd _ K)\pe)\“l‘K)\i/C)\ dt. (15) Iinear.and nonlinear magngtic pgrameters for a stator flux
magnitude of 1 Vs are provided in Fig. 4. The parameters
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Fig. 4. Steady-state stator current as a function of slip frequeXfcy = 1 Stator Flux Magnitude (Valt-sec)

Vs, typical motor parameters. Solid line indicates nonlinear magnetics, dasIFed 5. Torque versus stator flux maanitude. The solid line indicates the
line indicates linear magnetics. Each * corresponds to 50 rad/s of slip2. " que : 9 ; . ;
fre aximum possible torque for a given stator flux magnitude assuming non-
quency. h . —A h
linear magnetic parameters, the dashdot line indicates maximum allowable
torque assuming linear magnetic parameters, and the dashed line indicates

used in these plots (and all subsequent data) are basedggﬂa' efficiency operating points with respect to minimized rotor and stator

uction losses (nonlinear magnetics).
measurements performed on a 3-hp four-pole wound-rotor
induction machine [9], [25]. This machine has a rated flux
of approximately 0.5 \&. It can be shown that, for a givenCombining (22) and (23) yields an expression for steady-state
stator flux magnitudei¢, reaches its maximum magnitude atorque as a function of stator and rotor flux magnitudes:

a slip frequency equal to, .,;;. Hencew, ..y can and should 3P
be avoided by limiting the commanded value:gf to be less 7 = 7||)\r||
than its maximum possible value, as dictated\gy. 5 5
For a given stator flux magnitude, a maximum value of AN (1 1 A\ A\ o
| ! + = A+ £ - (24)
currents corresponds to a maximum possible torque. L L. L

Sq max

If linear magnetic parameters are assumed, the maximLm. . . .
. ; : o - is expression can be used to determine the maximum pos-
possible torque can be determined using= A

sd'sq maxr  gjple torque for a given stator flux magnitude by maximizing

where g, ., is determined by inserting, i; into (19). over |\J, as shown in Fig. 5
: Al . 5.
The result is Fig. 5 shows the maximum possible torque versus stator
y— g#n 5|2 (20) flux magnitude assuming both linear and nonlinear magnetic
4 Li(Li+ Ly) parameters, as well as a plot of optimal-efficiency operating

Equation (20) can be shown to be equivalent to the formui@ints. The optimal-efficiency operating points are determined
presented in [13], which uses @ model for the motor by fixing torque and calculating the stator flux magnitude
magnetics. In general,, >> L;, and so we can approximatewhich minimizes rotor and stator conduction losses. We do

(20) with this assuming nonlinear magnetic parameters. Notice that, for
all reasonable torque levels, the optimal-efficiency operating
3P 1 5 o .
Tinax - EIIASII . (21) point is well separated from the maximum allowable torque
1

_ o and, thus, a substantial safety margin exists for stable operation
We now develop an expression for determining the maxit the optimal-efficiency operating point. Notice also the close
mum possible torque in the nonlinear magnetics case. To ggeement between maximum torque values in the linear and

this, we first consider another expression for torque: nonlinear magnetics cases.
3P 1 op o
r="=2IJ\,
2 L V. IMPLEMENTATION

_ gi\/n)\ I12[1A 12 — (XTX )2 22) A block diagram of our implementation of the control law

2 I " § 50 is shown in Fig. 6. The stator flux is estimated by numerically
assuming positive torque. By shifting into the rotor ﬂu)int_egrating sfcator voltage minus resistive drop. We i_ntegrate
reference frame it can be seen that, in steady state, using the third-order Adams—Bashforth method, which pro-
vides substantially higher accuracy than Euler's method [27].
X’;FXT = ||A\||Le Ki + i)H)‘TH + f7’(||)‘7’||):|' (23) A decay term is added to make the observer asymptotically

L, L stable. This limits the low-frequency performance of the drive.
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Fig. 6. Control scheme.
Results show a practical lower limit for this type of system Hall-Effect
. . . . C
is about 3 Hz. However, with separate coils used for sensing qorrent
flux, systems have been reported to work well at frequencies 2Thva o Fhase
nverter bt
above 0.5 Hz [28]. 0-460Vpms &
The deadtime correction block is an attempt to counteract o 36 Arms T alse Width
the voltage error caused by the deadtime in the inverter, 1500 rpm
30 hp. 400V DC wound-Rotor

or Av = —Vdeadsgn(i) where Vdead = VDCfstdead is the Dynamometer Induction
product of the dc bus voltage, the switching frequency, and”/ jegive  Machine ,
the inverter dead time, respectively, and the current in one Amiim == 4/D, D/‘Z"gomme,
phase of the inverter. We attempt to cancel the fundamental Filtering
component of this voltage by subtracting it froffj. This
technique is motivated by the describing function method afi- 7- Experimental setup.
has been reported to be effective in [29].

Appropriate stator flux and quadrature stator current valuggis command voltages supplied by our digital controller, a
for a specified torque command are referenced via a l00kpRntium-based personal computer (PC).
table. This lookup table is best implemented with some char-The pc controller is capable of sampling stator current and
acterization of the machine. Although instantaneous toraygdating commanded stator voltage at a sampling frequency
control as described in Section Il does not require the machigge 10 kHz. The stator currents are filtered using two-pole
magnetic characteristics, these characteristics may be ugggkerworth filters with a corner frequency of 210 Hz. This
advantageously in the construction of the lookup table.  yresents an upper limit to the achievable bandwidth of the
control.

Command torque and flux levels can be preprogrammed or
, , o .. changed in real time from the keyboard of the PC. Command

The setup as described in the following is shown in Fig. {qtages; stator currents, and estimated flux can be displayed in
The motor used in our experiments is a four-pole WoUndy) time on the computer monitor or saved on the computer's
rotor induction machine, rated at 3 hp 1800 r/min, and 220 \o.q drive.
line-to-line. The motor is driven by a commercial pulsewidth- A 40w separately excited dynamometer provides loading
modulated (PWM) insulated-gate—bipolar-transistor (IGBT); the induction motor.
inverter, rated at 36 A and 460 V line-to-line. Hall-effect
sensors within the inverter are used to measure stator current.
The microprocessor control provided in the inverter was
replaced with custom hardware that directly accesses thd-ig. 8 shows the results of an experiment in which the
gate drive modules. The custom hardware consists ofirmluction motor was commanded with a torque step from rated
three-phase 15-kHz PWM modulator that interfaces with twéerque to four times rated torque. Bandwidths of 200 rad/s and

3-2 Phase
Conversion [—3» 90MHz Péntium PC

VI. EXPERIMENTAL SETUP

VII. EXPERIMENTAL RESULTS
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Fig. 9. Stator—rotor tooth pair including saturable rotor leakage.
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Magnetic circuit of stator—rotor tooth pair. Boxed elements are

Fig. 8. Torque step frorx to 4= rated torque. Experiment performed on ig. 10
3-hp 1800-r/min wound-rotor induction motor using an IBM-compatible PG =’

. onlinear.
to implement the control law.

100 rad/s were used to regulatg, ands, , respectively. The Levkage Leakage
low-frequency corner of the stator flux estimatéf,) was set A WV
at 10 rad/s. + +
Neis g ®, Sy S| PNZ
VIIl. CONCLUSION ’ ’

A stator-flux-based control scheme that is independent of the
motor magnetic parameters has been presented. The schEfthé
has been shown to perform well in the saturation region,
allowing commanded torques up to at least four times the ¢  RY ¢4
rated torque of the machine. Furthermore, the maximum torque o—== y =
level for a given stator flux magnitude is established. This "; .
torque limit is shown to be closely approximated by the linear ?: Ur
magnetics model at high flux levels, where there is a significant -
safety margin between this limit and optimal operating points. © ©

Fig. 12. Electric circuit of stator-rotor tooth pair. Boxed elements are
APPENDIX nonlinear.
TORQUE CALCULATION WITH SATURATING ROTOR LEAKAGE

In order to derive an expression for torque for the case Bfe reluctances are replaced by inductors and the resistances of
nonlinear rotor leakage, we create a nonlinear electrical circtfi¢ stator and rotor conductofs; and R, are included. The
model from the magnetic circuit of a stator—rotor tooth pair, &¥nlinear inductors have inductandgs), which are functions
shown in Figs. 9 and 10. Boxed elements represent reluctangédhe flux magnitude, such that= ;.
that possibly have a nonlinear flux-MMF relationship due to The resulting circuit model for the symmetric induction
magnetic saturation. We will assume that saturation can océd@chine is equivalent in topology to that shown in Fig. 12,
in the legs of the stator and rotor teeth and in the leaka@éth two-component (direct and quadrature) current and flux
between the rotor teeth. vectors as the variables. The flux—current relationship for the

Starting with the nonlinear magnetic circuit model, wé&onlinear inductors can be written in the following form:
proceed with a series of transformations to achieve our elec- -
trical circuit model. We first take the dual of the magnetic = L
circuit of Fig. 10, as shown in Fig. 11. In the dual circuit, L(||X||)
flux is the across variable and MMF is the through variable.

By performing the appropriate scaling with the number ofo account for the rotor being mechanically located at an angle
effective turnsV, and.vV,., we can transform the flux and MMF ¢, the rotor quantities are premultiplied lzy?.

variables into flux linkage and current variables, respectively. We calculate torque by differentiating coenergy with respect
Differentiating the flux linkage variables with respect to timé¢o rotor anglef. To simplify analysis, we calculate the coen-
yields an electrical circuit model, as shown in Fig. 12, whermrgy only in the airgap inductands,,, as the coenergies in the

Dual circuit of Fig. 10.

Lté L',- 7] -t
£ ,\flg t()ézl,\; R:

(25)
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leg and leakage inductances are independent of rotor angl¢12] z. Krzeminski, “Differential equations of induction motor with nonlinear

1
W = S Lag Il + 277 ("0 ) + 1 12]. 26) py
The electromagnetic torque is then given by [14]
_ OW'(i, 4. 0)
< o0
. 2, 15
= {139 (27) 1)

We now show thaf,ZJ X, is also a valid expression for torque

[16]

in the nonlinear magnetics case:

For a three-phase machine witR pole-pairs, the torque

[17]
TIN, = ( +7, —Z) JXS

, (18]

= L; + J s
||A )

=77J )\S [19]
= "I [Leath + Lag (7, + ¢"7,)]
=73t [20]
= Te. (28)

[21]

equation becomes

3P . -
Te = 7iSTJ)\S.

22
(29) [22]

Hence, the above expression for torque is valid, even in tﬁ%]
case of saturable rotor leakage.

(1]

(2]

(3]

(4]

(5]
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