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Transforming motion:
field-oriented control

of ac motors

FOC PRINCIPLES SIMPLIFY THE ANALYSIS OF AC MACHINES AND ALLOW
GOOD DYNAMIC CONTROL OF THE MACHINE FLUX AND TORQUE.

nce the control method of choice only in high-
petformance industrial ac-servo drives, FOC
(field-oriented control) is finding its way into
lower end industrial and many appliance ap-
plications with the advent of integrated FOC
implementations.

Various electrical machines share common operating prin-
ciples that a simple example can illustrate (Figure 1a). In this
mechanism, the field winding produces a magnetic field in che
air gap that interacts with the current-carrying coil on the ar-
mature. The first operating principle is that the electromag-
netic force on the armature coil due to the magnetic field pro-
duces a torque proportional to the coil current. The second
principle is thar moving the coil in the magnetic field gen-
erates a voltage, known as back EMF (electromotive force),
proportional to the angular velocity. When the coil rorates,
the leading conductor continuously moves between poles of
opposite polarity. Switching the polarity of current in the coil
as it switches its alignment with the magnetic poles maintains
unidirectional torque. The back EMF in the armature coil al-
s0 switches polarity as it rotates. Thus, in an ideal machine,
electrical energy continuously flows into the coil, equaling the
continuous mechanical-energy output.

In the idealized form of this electric machine, a mechani-
cal commutator switches the polarity of the coil connection
to the brushes so that there are time-varying-dc currents and
voltages {Figure 1b). This ideal dc electrical machine is a core
element in the models of real dc and ac machines that control-
system developers use. The following equations define ma-
chine torque (T), back EMF (e, ), and pole flux {¢) in terms
of the armature current (i, ), the rotor’s angular velocity (),
and an armature constant (k,} that accounts for the number
of coil turns and the number of magnet-pole pairs: T=k, i,
and e, =k &, 0. Combining these equations results in Tw=
k i @=e,i,, which shows that the system satisfies conser-
vation of energy. The pole flux is a function of the field cur-
rent (i) in a wound-field machine, =F(i)L=~L, i, but is a
constant in motors that use permanent magnets to generate
the field, b=d,,.

In the de machine, the magnetic-field system is fixed, and
the current-carrying coils on the armature rotate. The re-
al dc-machine model includes the winding inducrance and

resistance (Figure 2). If the voltage drop across the arma-
ture-winding resistance is relacively small, then the motor's
back EMF will closely track the input de voltage. A control-
ler that increases the motor armature voltage as 2 function of
the targer speed can achieve open-loop speed control of the
dc machine.

An alternative speed-control approach reduces the field-
winding current and keeps the armature voltage constant. In
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Figure 1 A modsl of an idealized electric machine relates arma-
ture current, back EMF, torque, and angular velocity (a). In an
idealized form, a mechanical commutator switches the pelarity
of the coil connection to the brushes (b).
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Frgure 2 The dc maching's circuit model includes series
resistance and inductance—both of which are parametric in

temperature—that determine the winding's natural dynamic
electrical response.
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this case, the speed is inversely
proportional to the pole flux,
and the controller uses less cur-
rent. Industrial-control-system
designers prefer armature-volt-
age control because the speed
is a linear function of the input
voltage. However, field-volt-
age control allows the motor to
further increase its speed after
reaching the limit of its arma-
ture-supply volrage.

Closed-loop control provides

a good dynamic response—a re-  Figure 3 Direct- and quadrature-drive terms drive the two-phase ac machine with the equivalent

quirement in control systems for  of a rotating field.

induserial robots and assembly

equipment. The closed-loop-con-

trol system typically has an inner current loap that compensates
for the motor winding’s natural dynamic response and an outer
velacity leop that compensates for the mechanical system's dy-
namics. Typical designs set the current loop’s bandwidth an os-
der of magnitude wider than the velocity loop’s bandwidth so
that the dynamic response of the current loop does nor affect
the velocity loop's gain over its band of interest.

A dc machine has a stationary field coil that controls the
ait-gap flux and rotating armature windings that carry the
torque-producing currents. An ac machine has rotating field
coils and stationary stator windings that generate rorque. In
either case, alignment of the current with the air-gap flux is
necessary to produce a constant torque. In the ac machine,
synchronization of the stator-frequency current with that of
the rotor achieves this alignment. In the de machine, the ac-
tion of the brushes and commutator aligns the armature cur-
rent with the stationary field system.

Considering the ac machine from a reference frame syn-
chronized with the rotor makes the field system appear sta-
tionary. The stator windings appear as rotating-armature-type
coils, and you can imagine a commutator system that switches

the polarity of the current in these coils as they rotate. This
principle is the basis of FOC, which models ac machines using
equivalent de machines with the aid of coordinate transforma-
tions. The de¢ models simplify the machine analysis by trans-
forming ac currents and voltages that vary in both magnitude
and frequency into de currents and voltages.

MODELING AC MACHINES

In the simple machine of Figure 1a, the direct axis is the
axis aligned with the field system, and the quadrature axis is
normal to this axis. The machine produces maximum torque
by aligning the armature coil with the quadrature axis. The
two-phase ac machine contains a fixed-field system on the ro-
tor, but magnetic flux coupled with the stator windings varics
with the spinning rotor, so these windings generate ac volt-
ages (Fipure 3).

The spatial separation of the windings imposes a time de-
lay between the flux waveforms coupled with each winding.
The converse is also true, and driving time-phase-separated
ac currents into spatially separated ac windings can generate
a field system that appears to rotate at the frequency of the ac
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Figure 4 The de-servo-control system comprises an inner current-gcontrol loop and an outer velocity-control loop.
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currents. The current in the Phase A winding acts along the
X axis, and the Phase B winding acts along the Y axis. The
ac currents in the winding are out-of-phase in time by 90°, so
that the peak of the Phase A current occurs when the Phase B
current is zero and vice versa. At the 0° electrical point, when
the Phase A current is at its peak, the net field acts along the
positive X axis. After a quarter of a cycle in time, Phase B is
at its peak, and the net field acts along the Y axis. After a
further quarter-cycle in time, the field acts along the nega-
tive X axis. In one electrical cycle of the ac-winding currents,
the field rotates through a full 360°, Thus, the stationary two-
phase windings with ac currents produce the same effect as a
rotating winding with de¢ currents.

Several mathematical mansforms help simplify modeling ac
machines by transforming circuit descriptions between fixed-
and rorating-reference frames. The forward-Park transform is
& simple vector-rotation function that caleulates the stator-
winding flux as a function of the rotor flux and the roror an-
gle. It is a mapping between the rotating-reference frame of
the rotor and the stationary-reference frame of the stator.

The reverse-Park transform calculates the equivalent ro-
tating rotor-flux vectors corresponding to the stator-winding
flux. This computation transforms the two-phase ac-machine
currents and voltages in the owo-phase ac machine’s stavor
windings into an equivalent set of currents and voltages in
rotating windings. The current values that the transform pro-
vides have two components: one directly aligned with the ro-
wor flux (I} and another in quadrature with the rotor flux
(I ). The d1rect component is equivalent to field-winding
current, and the quadrature component is equivalent to dc-
armature curtent. The transform simplifies the analysis of
the two-phase ac machine by providing an analytic link in
an equivalent dc model. This principle easily extends to the

Clarke teansform for three-phase machines by resclving the
flux for each winding into components along the X and Y ax-
es, which are necessary to calculate the two-phase-machine
equivalent values.

FOC OF AC MACHINES

Electric-machine-design engineers many years ago devel-
oped the Park and Clarke transforms to simpifly ac-machine
modeling. In modern applications, these transforms help im-
prove ac-machine-controller designs. The basic principles
in ac-machine control are that the stator-voltage magnitude
must increase with frequency and the rotor speed must track
this frequency. An open-loop control system uses a three-
phase power inverter to vary the motor-winding voltages us-
ing a constant volt-per-hertz control law. However, this type
of control does not deliver good dynamic control or maximize
efficiency. Good dynamic control is possible using dc morors
by controlling the armature current. In the de-servo system,
the outer loop calculates the torque necessary to correct the
velocity error, and the inner loop adjusts the voltage to drive
the current necessary to produce the desired torque (Figure
4). The control-loop tuning compensates for the armature-
winding inductance and resistance.

The application of Clarke and reverse-Park transforms to
stator-current values calculates the equivalent torque- and
flux-current compenents in the rotating-reference frame. The
transformed ac model now behaves like a wound-field dc ma-
chine. The ac-machine controller independently controls the
torque and flux current by adjusting the rotating-reference-
frame voltages V, and V {Figure 5).

The space-vector pulse-w1dth modulator accepts the two-
phase ac-reference inputs and calculates the three-phase in-
verter’s timing signals. A major advanrage of this control
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Figure 5 An FOC system for an ac machine transforms three-phase stator-current measurements and stator-drive voltages between
rotating- and stationary-reference frames to simplify the control structure.
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structure is that the current-loop compensation is m;ﬂ’ SRR e measurement enables flux estimation, but the ro-

independent of the stator frequency. The velocity-

tor resistance varies significantly with frequency

contrel loop performs the same function as ic does
in the de-servo system and provides the inpuc ref-
erence to the I, current loop that controls torque.
The flux—control loop maintains a constant flux at
low speeds to maximize efficiency but reduces flux
at higher speeds in a field-control mode when the

Go o www.edn.
com/ms4240 and
click on Feedback
Loop fo post a com-
ment on this article.

and temperature and is difficult to track {Ref-
erence 1). The slow reaction of the rotor cir-
cuit makes it difficult to achieve good dynamic
performance. The permanent-magner ac motor
is preferable in most high-performance industri-
al drives because of its superior dynamic perform-

stator voltage reaches its limit.

In a permanent-magnet ac machine, the controller sets the
I-current reference to zero at low speeds because the rotor
magnet produces all the flux. An induction motor requires
magnetization current, so the controller sets I, to maintain
the rated flux in the low-speed range. Permanent-magnet ac
machines operate with greater efficiency than induction ma-
chines at low speeds because they require no magnetization
current. The converse is true in the high-speed range, because
permanent-magnet ac machines require I -current injection
to weaken the field to operate above the base speed.

A key variable in the application of FOC is the angle of the
rotor flux. In the case of a permanent-magnet ac machine, the
rotor flux aligns directly with the rotor. An ac-servo drive uses
resolvers or absolute encoders to measure the rotor’s angular
position. The situacion is more complex in ac-induction ma-
chines, because the rotor currents flow at the slip frequency
and are inaccessible. '

An accurate machine model combined with rotor-speed
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ance. However, a number of spindle drives use in-
duction motors because of their superior performance in the
high-speed field-weakening range.

In appliance and low-end industrial applications, a direct
measurement of the rotor position is cost-prohibitive. Howev-
er, the dramatic reduction during the past several years in the
cost of computation has made economical a sensorless mea-
surement of rotor position based on machine models. The two-
phase circuit model of a permanent-magnet ac machine in-
cludes sine and cosine functions for the rotor flux. The Clarke
transform calculates the two-phase-current values from three-
phase motor-current measurements. The two-phase voltage
values are outputs from the current control loops.

dl,
Vg = R’SICL + LS d_ s —(—"PR COS(BR));

VB = RSIIS +LS d[ '—(—‘PR stn(BR))

A simple reordering of the equation terms and mathemati-
cal integration yield the sine and cosine terms. Both angle
and velocity dara derive from a phase-locked-loop-tracking
algorithm, similar to the type that resolver-to-digital-conver-
sion ICs use {Reference 2):

‘PR COS(GR) = I(RSIG_VQ) + lea;

Wrsin(Bg) = [(Rglg—vp) +Lglp.
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