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15.1 Introduction

An important factor in industrial progress during the past five decades has been
the increasing sophistication of factory automation which has improved pro-
ductivity manyfold. Manufacturing lines typically involve avariety of variable
speed motor drives which serve to power conveyor belts, robot arms, overhead
cranes, steel process lines, paper mills, and plastic and fiber processing linesto
name only afew. Prior to the 1950s all such applications required the use of a
DC motor drive since AC motors were not capable of smoothly varying speed
since they inherently operated synchronously or nearly synchronously with the
frequency of electrical input. To alarge extent, these applications are now ser-
viced by what can be called general-purpose AC drives. In general, such AC
drives often feature a cost advantage over their DC counterparts and, in addi-
tion, offer lower maintenance, smaller motor size, and improved reliability.
However, the control flexibility available with these drivesis limited and their
application is, in the main, restricted to fan, pump, and compressor types of
applications where the speed need be regulated only roughly and where tran-
sient response and low-speed performance are not critical.

More demanding drives used in machine tools, spindles, high-speed eleva
tors, dynamometers, mine winders, rolling mills, glass float lines, and the like
have much more sophisticated requirements and must afford the flexibility to
allow for regulation of a number of variables, such as speed, position, acceler-
ation, and torque. Such high-performance applications typically require a high-
speed holding accuracy better than 0.25%, a wide speed range of at least 20:1,
and fast transient response, typically better than 50 rad/s, for the speed loop.
Until recently, such drives were almost exclusively the domain of DC motors
combined with various configurations of AC-to-DC converters depending
upon the application. With suitable control, however, induction motor drives
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have been shown to be more than a match for DC drives in high-performance
applications. While control of the induction machine is considerably more
complicated than its DC motor counterpart, with continual advancement of

microelectronics, these control complexities have essentially been overcome.

Although induction motors drives have already overtaken DC drives during the
next decade it is still too early to determineif DC drives will eventually berel-

egated to the history book. However, the future decade will surely witness a
continued increase in the use of AC motor drivesfor all variable speed applica-

tions.

AC motor drives can be broadly categorized into two types, thyristor based
and transistor based drives. Thyristors posses the capability of self turn-on by
means of an associated gate signal but must rely upon circuit conditions to turn
off whereas transistor devices are capable of both turn-on and turn-off.
Because of their turn-off limitations, thyristor based drives must utilize an
alternating EMF to provide switching of the devices (commutation) which
requires reactive volt-amperes from the EMF source to accomplish.

A brief list of the available drive typesis given in Figure 15.1. The drives
are categorized according to switching nature (natural or force commutated),
converter type and motor type. Naturally commutated devices require external
voltage across the power terminals (anode-cathode) to accomplish turn-off of
the switch whereas a force commutated device uses alow power gate or base
voltage signal which initiates a turn-off mechanism in the switch itself. In this
figure the category of transistor based drives is intended to aso include other
hard switched turn-off devices such as GTOs, MCTs and IGCTs which are, in
reality, avalanche turn-on (four-layer) devices.

The numerous drive types associated with each category is clearly exten-
sive and cannot be treated in complete detail here. However, the speed control
of the four major drive types having differing control principles will be consid-
ered namely 1) voltage controlled induction motor drives 2) load commutated
synchronous motor drives, 3) volts per hertz and vector controlled induction
motor drives and 4) vector controlled permanent magnet motor drives. The
control principles of the remaining drives of Figure 15.1 are generally straight-
forward variations of one of these four drive types.
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Thyristor Based Drives Transistor Based Drives
Six Pulse Cyclo- Thyristor M atrix Current Voltage
Bridge converter Voltage Converter Link Link
Current Link Controller v PWM PWM
Synchronous Induction Permanent Variable
Motor Motor Magnet Reluctance
Motor Motor

Figure15.1 Magor drive type categories

15.2 Thyristor Based Voltage Controlled Drives

15.2.1 Introduction

During the middle of the last century, limitations in solid state switch technol-
ogy hindered the performance of variable frequency drives. In what was essen-
tially a stop-gap measure, variable speed was frequently obtained by simply
varying the voltage to an induction motor while keeping the frequency con-
stant. The switching elements used were generally back-to-back connected
thyristors as shown in Figure 15.2. These devices were exceptionally rugged
compared to the fragile transistor devices of this era.

15.2.2 Basic Principles of Voltage Control

The basic principles of voltage control can be obtained readily from the con-
ventional induction motor equivalent circuit shown in Figure 15.3 and the
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Figure 15.2  Induction motor voltage controller employing inverse-parallel
thyristors and typical current waveform

associated constant voltage speed-torque curves illustrated in Figure 15.4. The
torque produced by the machine is equal to the power transferred across the
airgap divided by synchronous speed,
2
_ 3pa2/%
Te = 2PéSNeﬂ (15.1)

where P = number of poles, Sisthe per unit slip, w, isline frequency and I, r,
are the rotor rms current and rotor resistance respectively.

The peak torque points on the curves in Figure 15.4 occur when maximum
power is transferred across the airgap and are easily shown to take place at a
dip,

o
15.2
Sl\/IaxT » Xl + X2 ( )
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Figure15.3 Per phase equivalent circuit of a squirrel cage induction

machine
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Figure15.4 Torque versus speed curves for standard and high dip
induction machines

where x; and x, are the stator and rotor |eakage reactances. From these results
and the equivalent circuit, the following principles of voltage control are evi-
dent:
(1) For any fixed slip or speed, the current varies directly with voltage and
the torque and power with voltage squared.
(2) Asaresult of (1) the torque-speed curve for areduced voltage maintains
its shape exactly but has reduced torque at al speeds, see Figure 15.4.

(3) For agiven load characteristic, areduction in voltage will produce an
increase in dlip (from A to A’ for the conventional machine in Figure 15.4,

for example).
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(4) A high-slip machine hasrelatively higher rotor resistance and resultsin a
larger speed change for a given voltage reduction and load characteristic
(compare A to A" with B to B' in Figure 15.4).

(5) At small values of torque, the dlip is small and the major power lossis
the corelossin r,,. Reducing the voltage will reduce the core loss at the
expense of higher slip and increased rotor and stator 1%r loss. Thusthereis
an optimal slip which maximizes the efficiency and varying the voltage can
maintain high efficiency even at low torque loads.

15.2.3 Converter Model of Voltage Controller

It has been shown that a very accurate fundamental component model for a
voltage converter comprised of inverse parallel thyristors (or Triacs) is a series
reactance given by [1]:

Xeq = x®(9) (15.3)
where X ¢ = X; + XX, %X, + X)) and Xy, X, X, are the induction motor sta-
tor leakage, rotor |eakage and magnetizing reactances respectively and g isthe
thyristor hold-off angle identified in Figure 15.2 and

f(g) = G914+ and (154)
P 1_[_)(g+ sing)

This reactance can be added in series with the motor equivalent circuit to
model a voltage-controlled system. For typical machines the accuracy is well
within acceptable limits athough the approximation is better in larger
machines and for smaller values of g. In most cases of interest, the error is
quite small. However, the harmonic power losses and torque ripple produced
by the current harmonics implied in Figure 15.2 are entirely neglected. A plot
of typical torque versus speed characteristics as a function of g is shown in
Figure 15.5 for a 0.4 hp squirrel cage induction machine [2].

15.2.4 Speed Control of Voltage Controlled Drive

Variable-voltage speed controllers must contend with the problem of greatly
increased dlip losses at speeds far from synchronous and the resulting low effi-
ciency. In addition, only speeds below synchronous speed are attainable and
speed stability may be a problem unless some form of feedback is employed.
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Figure 15.5 Torque speed curvesfor changesin hold off angleg

An appreciation of the efficiency and motor heating problem is available
from Equation (15.1) rewritten to focus on the rotor 1%r loss,

315r, = SPy,, = S%WeTe (15.5)
Thus the rotor copper loss is proportional not only to the torque but aso to the
dip (deviation from synchronous speed). The inherent problem of dlip varia
tion for speed control is clearly indicated.

Asaresult of the large rotor losses to be expected at high slip, voltage con-
trol is only applicable to loads in which the torque drops off rapidly as the
speed is reduced. The most important practical case is fan speed control in
which the torque required varies as the speed squared. For this case, equating
the motor torque to the load torque results in:

3 I3 2
22
épge = KLWe(l—S) (15.6)
Solving for Ig as a function of Sand differentiating yields the result that the
maximum value of |§_ (and hence of rotor loss) occurs at:

S=13 (15.7)
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or at a speed of two-thirds of synchronous speed. If this worst case value is
substituted back to find the maximum required va ue of |§ and the result used
to relate the maximum rotor lossto the rotor loss at rated dlip, the result is

Maximum rotor 1°r 10ss _ (4027)
Rated rotor 1%r loss Sated (1~ Srated)

where S ;g €quals rated slip. Figure 15.6 illustrates this result and from this
curve it is clear that, to avoid excessive rotor heating at reduced speed with a
fan load, it is essential that the rated dlip be in the range 0.25 — 0.35 to avoid
overheating. While the use of such high slip machines will avoid rotor over-
heating, it does not improve the efficiency. The low efficiency associated with
high dlip operation isinherent in all induction machines and the high slip losses
implies that these machine will generaly be large and bulky.

(15.8)

Maximum Rotor I2r
Rated Rotor 12R

0 ! | | |
0 0.1 0.2 03 04>

Rated Slip Sg
Figure15.6  Worst case rotor heating for induction motor with afan load

As noted previoudly, speed stability is an inherent problem in voltage-con-
trolled induction motor drives at low speeds. Thisisaresult of the near coinci-
dence of the motor torque characteristic and the load characteristic at low
speed. The problem occurs primarily when the intersection of the motor torque
characteristic and the load characteristic occurs near or below the speed of
maximum motor torque (see point B in Figure 15.5).

Reduced voltage operation of an induction machine will result in lower
speed but this requires increased dlip and the rotor 1°r losses are accord ngly
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increased. This type of high slip driveis therefore limited in application to sit-
uations where the high losses and low efficiency are acceptable and, generaly,
where the speed range is not large. Such drives are today generally limited to
relatively low power ratings because of cooling problems.

The voltage controller of Figure 15.2, however, remains popular for motor
starting applications. Motor starters are intended to provide areduction in start-
ing current. Inverse parallel thyristor starters reduce the current by the voltage
ratio and the torque by the square of the ratio. Unlike autotransformer or reac-
tance starters which have only one or two steps available, an inverse paralel
thyristor starter can provide step-less and continuous “reactance” control.
These electronic starters are often fitted with feedback controllers which allow
starting at a preset constant current, although simple timed starts are also avail-
able. Some electronic starters are equipped to short-out the inverse parallel thy-
ristor at the end of the starting period to eliminate the losses due to forward
voltage drop during running. Other applications include “ energy savers’ which
vary the voltage during variable-load running conditions to improve efficiency.

15.3 Thyristor Based L oad-Commutated | nverter
Synchronous M otor Drives

The basic thyristor based |oad-commutated inverter synchronous motor drive
system is shown in Figure 15.7. In this drive, two static converter bridges are
connected on their DC side by means of a so-called DC link having only an
inductor on the DC side. The line side converter ordinarily takes power from a
constant frequency bus and produces a controlled DC voltage at its end of the
DC link inductor. The DC link inductor effectively turnsthe line side converter
into a current source as seen by the machine side converter. Current flow in the
line side converter is controlled by adjusting the firing angle of the bridge and
by natural commutation of the AC line.

The machine side converter normally operatesin theinversion mode. Since
the polarity of the machine voltage must be instantaneously positive as the cur-
rent flows into the motor to commutate the bridge thyristors, the synchronous
machine must operate at a sufficiently leading power factor to provide the volt-
seconds necessary to overcome the internal reactance opposing the transfer of
current from phase to phase (commutating reactance). Such load EM F-depen-
dent commutation is called load commutation. As a result of the action of the
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Figure 15.7  Load commutated inverter synchronous motor drive

link inductor, such an inverter is frequently termed a naturally commutated
current source inverter.

Figure 15.8 illustrates typical circuit operation. Inverter thyristors 1-6 fire
in sequence, one every 60 electrical degrees of operation, and the motor cur-
rents form balanced three-phase quasi-rectangular waves. The electrical angles
shown in Figure 15.8 pertain to commutation from thyristor 1 to 3. The instant
of commutation of this thyristor pair is defined by the phase advance angle b
relative to the machine terminal voltage V,,. Once thyristor 3 is switched on,
the machine voltage V,, forces current from phasea to phaseb. Therate of rise
of current in thyristor 3 is limited by the commutating reactance, which is
approximately equal to the subtransient reactance of the machine.

During the interval defined by thecommutation overlap angle mthe current
in thyristor 3 rises to the DC. link current |4, while the current in thyristor 1
fallsto zero. At thisinstant, V,, appears as a negative voltage across thyristor 1
for a period defined as the commutation margin angle D. The angle D defines,
in effect, the time available to the thyristor to recover its blocking ability
before it must again support forward voltage. The corresponding time T, = Diw
is called the recovery time of the thyristor. The phase advance angle b is equal
to the sum of mplus D. The angle b is defined with respect to the motor termi-
nal voltage. In practiceit is useful to define a different angle g, measured with
respect to the internal EMF of the machine. This angle is called the firing
angle. Since the internal EMFs are ssmply equal to the time rate of change of
the rotor flux linking the stator windings, the firing angle g, can be located
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Figure 15.8  Load commutated synchronous motor waveforms and control
variables

physically as the instantaneous position of the salient poles of the machine, i.e.
the d—axis of the machine relative to the magnetic axis of the outgoing phase
that is undergoing commutation (in case phase a). Hence, in general, the sys-
tem is typically operated in a self-synchronous mode where the output shaft
position (or a derived position-dependent signal) is used to determine the
applied stator frequency and phase angle of current.

A fundamental component per-phase phasor diagram of Figure 15.9 illus-
trates this requirement. In this figure the electrical angle gis the equivalent of
g, but corresponds to the phase displacement of the fundamental component of
stator current with respect to the EMF. Spatially, g corresponds to 90° minus
the angle between the stator and rotor MMFs and may be called the MMF
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angle. A large leading MMF anglegis clearly necessary to obtain aleading ter-
minal power factor anglef .

Xdl g

(- Xq)ld-

] d-axis

Figure 15.9 Phasor diagram for load commutated inverter synchronous
motor drive

15.3.1 TorqueProductionin alLoad Commutated I nverter
Synchronous Motor Drive
The average torque developed by the machineisrelated to the power deliv-
ered to the internal EMF E; and, from Figure 15.9, can be written as:

_ 3E;lscosg

Wrm

where w,,, is the mechanical speed (i.e. w,,, = 2w /P for steady state condi-
tions). The angle gis the electrical angle between the interna EMF and the
fundamental component of the corresponding phase current and is located in
Figure 15.8 for the ¢ phase. It should be noted that this angle is very close the
angle ¢, which corresponds to a physical angle which can be set by means of a
suitably located position sensor.

(15.9)

e

In general, E; is speed-dependent,

P
Ep = SWol of (15.10)
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and the apparent speed dependence vanishes whereupon Equation (15.9) takes
the form,

T, = :Z’Pl 1 .cosg (15.11)

where | 5 is rms value of the field flux linking a stator phase winding. Thus,
for afixed value of the internal angle g the system behaves very much like a
DC machine and its steady state torque control principles are possible.

15.3.2 Torqgue Capability Curves

One useful measure of drive performance is a curve showing the maximum
torque available over its entire speed range. A synchronous motor supplied
from a variable-voltage, variable-frequency supply will exhibit a torque-speed
characteristic similar to that of a DC shunt motor. If field excitation control is
provided, operation above base speed in afield-weakened modeis possible and
is used widely. The upper speed limit is dictated by the required commutation
margin time of the inverter thyristors.

Figure 15.10 is a typical capability curve assuming operation at constant-
rated DC link current, at rated (maximum) converter DC voltage above rated
speed and with a commutation margin time D/w,, of 26.5 ms corresponding to
D = 12° at 50 Hz. At very low speeds, where the commutation time is of the
order of the motor transient time constants, the machine resistances make up a
significant part of the commutation impedance. The firing angle must subse-
guently be increased to provide sufficient volt-seconds for commutation as
shown by the companion curves of Figure 15.11. The resulting increase in
internal power factor angle reduces the torque capability. At intermediate
speeds the margin angle can be reduced to values less than 12° to maintain 26.5
ms margin time and dlightly greater than rated torque can be produced.

Above rated speed the inverter voltage is maintained constant and the
drive, in effect, operates in the constant kilovolt-ampere mode. The DC
inverter voltage reaches the maximum value alowed by the device ratings and
the maximum output of the rectifier. Although Figure 15.10 shows a weaken-
ing of the field in the high-speed condition, the reduction is not as great as the
inverse speed relationship required for constant horsepower operation. This
again is a consegquence of the constant commutation margin angle control.
Since the margin angle increases with speed, i.e. frequency, to maintain the
same margin time, the corresponding increase in power factor angle resultsin a
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greater demagnetizing component of stator MMF This offsets partly the need
to weaken the field in the high-speed region.
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Figure 15.10 Capability curve of a load commutated inverter
synchronous motor drive with constant DC link current and
fixed commutation margin time, field weakening operation
above one p.u. speed assumes operation at constant DC link
voltage

15.3.3 Constant Speed Performance

When the DC link current islimited to its rated value, the maximum torque can
be obtained from the capability curve (Figure 15.10). However, operation
below maximum torque requires a reduction in the DC link current. When the
field current is adjusted to keep the margin angle D at its limiting value, the
curves of Figure 15.12 result. It can be noted that the torque is now essentially
a linear function of DC link current so that the DC link current command
becomes, in effect, the torque command.
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Figure15.11 Characteristic electrical control angles for load commutated
synchronous motor drive

15.3.4 Control Considerations

Direct control of gy by use of a rotor position sensor has traditionally been
applied in load commutated inverter drives but has largely been replaced by
schemes using terminal voltage and current sensing to indirectly control g. the
basic principleisto use Eqg. (15.11) as the control equation. If terminal voltage
across the machine and the dc link current are measured, then if gis held con-
stant the dc link current required for given torque is

T.w

|, = =0 15.12
S 3E;cosg ( )

Thedc link current that must be supplied can be determined from the current Is
by relating the fundamental component of a quasi-rectangular motor phase cur-
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Figure 15.12 DC field current required to produce a linear variation of
Torque with DC link current, operation at rated speed,

margin angle D = 10°

rent (see Figure 15.8) to its peak value ly.. The result is, with reasonable
approximation

.= 21 15.13

dc Jé ] ( )
Theinternal rms phase voltage E; can be calculated by considering the reactive
drop and is obtained from Figure 15.9. Control is implemented such that the
machine side converter is controlled to maintain either gor b constant while
the line side converter is controlled to provide the correct dc link current to sat-
isfy Eq. (15.12) [

Direct control of the commutation margin angle D (more correctly, the mar-
gin time D/w,, where w, is the motor angular frequency) has the advantage of
causing operation at the highest possible power factor and hence gives the best
utilization of the machine windings. The waveformsin Figure 15.11 also dem-
onstrate that changes in the commutation overlap angle mresulting from cur-
rent or speed changes produce significant differences between the actual value
of gand theideal value g,. For this reason, compensators are required in direct
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g controllers. This compensation is automatic in systems based on controlling
the margin angle D.

15.4 Transistor Based Variable-Frequency Induction
Motor Drives

15.4.1 Introduction

Variable-frequency AC drives are now available from fractional kilowatts to
very large sizes, e.g. to 15 000 kW for use in electric generating stations. In
large sizes, naturally commutated converters are more common, usually driv-
ing synchronous motors. However, in low to medium sizes (up to approxi-
mately 750kW) transistor based PWM voltage source converters driving
induction motors are amost exclusively used. Figure 15.13 illustrates the basic
power circuit topology of the voltage source inverter. Only the main power-
handling devices are shown; auxiliary circuitry such as snubbers or commuta
tion elements are excluded.

5% T

>

(@]
=
&
N
7

cid | |a4gig

Diode Rectifier Link Filter Pulse-Width Modulated Inverter  Induction Motor

Figure 15.13 Basic circuit topology of pulse-width modulated inverter
drive

The modern strategy for controlling the AC output of such a power electronic
converters is the technique known as Pulse-Width Modulation (PWM), which
varies the duty cycle(or mark-spaceratio) of the converter switch(es) at ahigh
switching frequency to achieve atarget average low frequency output voltage
or current. In principle, all modulation schemes aim to create trains of switched
pulses which have the same fundamental volt—second average (i.e. the integral
of the waveform over time) as atarget reference waveform at any instant. The
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major difficulty with these trains of switched pulses is that they also contain
unwanted harmonic components which should be minimized.

Three main techniques for PWM exist. These alternatives are:

1. switching at the intersection of atarget reference waveform and a high
frequency triangular carrier (Double Edged Naturally Sampled Sne-
Triangle PWM).

2. switching at the intersection between a regularly sampled reference
waveform and a high frequency triangular carrier (Double Edged Regu-
lar Sampled Sne-Triangle PWM)).

3. switching so that the amplitude and phase of the target reference
expressed as a vector is the same as the integrated area of the converter
switched output over the carrier interval (Space Vector PWM).

Many variations of these three alternatives have been published, and it
sometimes can be quite difficult to see their underlying commonality. For
example, the space vector modulation strategy, which is often claimed to be a
completely different approach to modulation, isreally only avariation of regu-
lar sampled PWM which specifies the same switched pulse widths but only
places them alittle differently in each carrier interval.

15.4.2 Double Edged Naturally Sampled Sine-Triangle PWM

The most common form of PWM s the naturally sampled method in which a
sine wave command is compared with a high frequency triangle as shown for
one of three phasesin Figure 15.14. Intersections of the commanded sine wave
and the triangle produce switching in the inverter as shown in Figure 15.15.
The triangle wave is common to all three phases. Figure 15.15(b) shows the
modulation process in detail, expanded over atime interval of two subcycles,
DI /2. Note that because of switching action the potentials of all three phases
are all equal making the three line to line voltages (and thus the motor phase
voltages) zero. The width of these zero voltage intervals essentially provides
the means to vary the fundamental component of voltage when the frequency
is adjusted so as to realize constant volts/Hz (nearly constant stator flux) oper-
ation. A close inspection of Figure 15.14 indicates that this method does not
fully utilize the available DC voltage since the sine wave command amplitude
reaches the peak of the triangle wave only when the output line voltage is 2/p
or 0.785 of the maximum possible value of V. This deficiency can be
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Figure 15.14 Control principle of naturally sampled PWM showing one of
three phase legs

reduced by introducing a zero sequence third harmonic component command
into each of the controllers. With athird harmonic amplitude of 1/6 that of the
sine wave command, the output can be shown to be increased to (4/3) &2 or
0.866V,,,s. Additional zero sequence harmonics can be introduced to further
increase the output to (4/3p) %6 or 0.907V,,.. Further increasesin voltage can
only be obtained by introducing low frequency odd harmonic into the output
waveform.

15.4.3 Double Edged Regular Sampled Sine-Triangle PWM

One major limitation with naturally sampled PWM is the difficulty of its
implementation in a digital modulation system, because the intersection
between the reference sinusoid and the triangular or saw-tooth carrier is
defined by a transcendental equation and is complex to calculate. To overcome
this limitation the modern aternative is to implement the modulation system
using a “regular sampled” PWM strategy, where the low frequency reference
waveforms are sampled and then held constant during each carrier interval.
These sampled values are then compared against the triangular carrier wave-
form to control the switching process of each phase leg, instead of the sinusoi-
dally varying reference.

The sampled reference waveform must change value at either the positive
or positive/negative peaks of the carrier waveform, depending on the sampling
strategy. This change is required to avoid instantaneously changing the refer-
ence during the ramping period of the carrier, which may cause multiple switch
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Figure15.15 (a) Naturally sampled PWM and (b) symmetricaly sampled
PWM

trangitions if it was alowed to occur. For a triangular carrier, sampling can be
symmetrical, where the sampled reference is taken at either the positive or neg-
ative peak of the carrier and held constant for the entire carrier interval, or
asymmetrical, where the reference is re-sampled every haf carrier interval at
both the positive and the negative carrier peak. The asymmetrical sampling is
preferred since the update rate of the sampled waveform is doubled resulting in
a doubling in the harmonic spectrum resulting from the PWM process. The
phase delay in the sampled waveform can be corrected by phase advancing the
reference waveform.
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Figure 15.16 Regular asymmetrically sampled pulse width modulation

15.4.4 SpaceVector PWM

In the mid 1980's a form of PWM called “ Space Vector Modulation” (SVM)

was proposed, which was claimed to offer significant advantages over natura

and regular sampled PWM in terms of performance, ease of implementation
and maximum transfer ratio [4], [5]. The principle of SVM is based on the fact

that there are only 8 possible switch combinations for a three phase inverter.

The basic inverter switch states are shown in Figure 15.17. Two of these states
(SVo and SV7) correspond to the short circuit discussed previously, while the
other six can be considered to form stationary vectors in the d-q plane as
shown in Figure 15.19. The magnitude of each of the six active vectorsis,

Vio = Vo (15.14)
corresponding to the maximum possible phase voltage. Having identified the
stationary vectors, at any point in time, an arbitrary target output voltage vector
\70 can then be made up by the summation (“averaging”) of the adjacent space
vectorswithin one switching period DT, as shown in Figure 15.19 for atarget
vector in the first 60° segment of the plane. Target vectorsin the other five seg-
ments of the hexagon are clearly obtained in a similar manner.

For ease in notation, the d—q plane can be considered as being complex.
The geometric summation shown in Figure 15.19 can then be expressed math-
ematically as

TSVl ~7 TSV2 ~—a =
—M Qv+ SV, = 15.15
(DT)" 't (DTm)™ 2 Vo ( )
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Figure 15.18 Location of the eight possible stationary voltage
vectors for a VS in the d—gq (Re-Im) plane. Each
vector has alength (2/3)V,, s
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Figure 15.19 Creation of an arbitrary output target phasor by the
geometrical summation of the two nearest space vectors

for each switching period of DT o2 . That is, each active space vector is
selected for someinterval of time which isless than the one-half carrier period.

It can be noted that SVM isan intrinsically aregular sampled process, sincein
essence it matches the sum of two space vector volt—second averages over a
half carrier period to a sampled target volt—second average over the (15.15)

Tay VD0 + TpV, Bp 88 = g% O g, (15.16)

or in cartesian form:

. . DB L DT
Tsv1Vm + Tsvzvmg%osg +ango = Vo( Cosq, + JS'nQO)'é'

1]
(15.17)
Equating real and imaginary components yields the solution,
ind® _4 0
v, 3Ne3 ™ Yogpy o
Tg1 = ——— (activetimefor SV1) (15.18)
Vm  gin
3
Vv, sin
= ——9&0) DT (active time for SV2) (15.19)
m sm3
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Since 0£ Tgy4, Tgyo £ DT 82, the maximum possible magnitude for \p is Vim,
which canoccurat g, = 0°or pe3 .

In addition a further constraint is that the sum of the active times for the
two space vectors obviously cannot exceed the half carrier period, i.e.
Tg/1 + Tgyp £ DT 22 . From simple geometry, the limiting case for this occurs
a g, = p %, which means,

2sinP

Tov1* Tsve = @éi)('j____6 £1 (15.20)
@-ﬁ eVmg Sinp
eog 3

and this relationship constrains the maximum possible magnitude of \ to

V, = Vs nggg = Vius (15.21)
Since V, is the magnitude of the output phase voltage, the maximum possi-
ble I- output voltage using SVM must equal:

Voa_1y = V34 = Vs (15.22)

This result represents an increase of 2 &(./3) or 1.1547 compared to regular
sampled PWM (Section 15.4.2) but is essentially the same when zero sequence
harmonics are added to the voltage command as was previously discussed.

15.4.5 Constant Volts/Hertz Induction Motor Drives

The operation of induction machines in a constant volts per hertz mode back to
the late fifties and early sixties but were limited in their low speed range[6].
Today constant volt per hertz drives are built ussing PWM-IGBT-based invert-
ers of the types discussed in Sections 15.4.2 to 15.4.4 and the speed range has
widened to include very low speeds [7] athough operation very near zero
speed (less than 1 Hz) remains as a challenge mainly due to inverter non-lin-
earities at low output voltages.

Ideally, by keeping a constant V/f ratio for all frequencies the nominal
torque-speed curve of the induction motor can be reproduced at any frequency
as discussed in Section 15.2.2. Specifically if stator resistance is neglected and
keeping a constant slip frequency the steady state behavior of the induction
machine can be characterized as an impedance proportiona to frequency.
Therefore, if the V/f ratio is kept constant the stator flux, stator current, and
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torque will be constant at any frequency. This feature suggests that to control
the torque one needs to simply apply the correct amount of V/Hz to stator
windings. This simple, straight forward approach, however, does not work well
in reality due to several factors, the most important ones being

1) Effect of supply voltage variations

2) Influence of stator resistance

3) Non-ideal torque/speed characteristic (effects of slip)
4) Non-linearities introduced by the PWM inverter.

Low frequency operation is the particularly difficult to achieve since these
effects are most important at low voltages. Also, the non-linearities within the
inverter, if not adequately compensated, yield highly distorted output voltages
which, in turn, produces pul sating torques that lead to vibrations and increased
acoustic noise.

In addition to these considerations, a general purpose inverter must accom-
modate a variety of motors from different manufacturers. Hence it must com-
pensate for the above mentioned effects regardless of machine parameters. The
control strategy must also be capable of handling parameter variations due to
temperature and/or saturation effects. This fact indicates that in a true “general
purpose’ inverter it is necessary to include some means to estimate and/or
measure some of the machine parameters. Another aspect that must be consid-
ered in any practical implementation deals with the DC bus voltage regulation,
which, if not taken into account, may lead to large errors in the output voltage.

Because general purpose drives are cost sensitive it is also desired to
reduce the number of sensing devices within the inverter. Generally speaking
only the do link inverter voltage and current are measured, hence the stator cur-
rent and voltage must be estimated based only on these measurements. Speed
encoders or tachometers are not used because they add cost as well as reduce
system reliability.

Other aspects that must be considered in the implementation of an “ideal
constant V/f drive” relate to:
a) current measurement and regulation,

b) changes in gain due to pulse dropping in the PWM inverter,
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¢) instabilities due to poor volt-second compensation that result in lower
damping. This problem is more important in high efficiency motors, and

d) quantization effects in the measured variables.

Another aspect that must be carefully taken into account is the quantization
effect introduced by the A/D converters used for signal acquisition. A good
cost to resolution compromise seems to be the use of 10 bit converters. How-
ever, ahigh performance driveislikely to require 12 bit accuracy.

15.4.6 Required Performance of Control Algorithms
The key features of atypical control algorithm, is defined as follows:
a) Open loop speed accuracy: 0.3-0.5% (5.4 to 8.2 rpm)
b) Speed control region: 1-30 to 1:50 (60 - 1.2 Hz to 60 - 2 Hz)
¢) Torque range: 0 to 150%
c¢) Output voltage accuracy: 1-2% (1.15 - 2.3 volts)
d) Speed response with respect to load changes: less than 2 seconds

e) Self commissioning capabilities: parameter estimation error less than
10%

f) Torque-slip linearity: within 10-15%
0) Energy saving mode: for no-load operation the power consumed by the

motor must be reduced by 20% with respect to the power consumed at full
flux and no load.

Current sensors are normally of the open-loop type and their output needs
to be compensated for offset and linearity. In addition the DC link bus voltage
is typically measured. The switching frequency for the PWM is fixed at typi-
cally 10to 12 kHz.

It is frequently also required to measure or estimate the machine parame-
ters used to implement the control algorithms. In such cases it is assumed that
the number of poles, rated power, rated voltage, rated current, and rated fre-
guency are known.

15.4.7 Compensation for Supply Voltage Variations

In an industrial environment, a motor drive is frequently subjected to supply
voltage fluctuations which, in turn, imposed voltage fluctuations on the DC
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link of the inverter. If these variations are not compensated for, the motor will
be impressed with either and under or an overvoltage which produces exces-
sive | 2rloss or excessive iron loss respectively. The problem can be avoided if
the DC link voltage is measured and the voltage command V,* adjusted to
produce a modified command V,** such that

V= &/ busko (15.23)

e g1
Vbus

where V. istherated value of bus voltage.

15.4.8 Ir Compensation

A simple means to compensate for the resistive drop is to boost the stator volt-
age by 1,*r, (voltage proportional to the current magnitude) and neglect the
effect of the current phase angle. To avoid the direct measurement of the stator
current this quantity can be estimated from the magnitude of the dc-link cur-
rent [8]. In this paper a good ac current estimate was demonstrated at frequen-
ciesaslow as 2 Hz but the system requires high accuracy in the dc-link current
measurement making it impractical for low cost applications. A robust Ir boost
method must include both magnitude and phase angle compensation. Typically
currents of two phases must be measured with the third current inferred since
the currents sum to zero. In either case the value of the stator resistance must
be known.

The value of the stator resistance can be estimated by using any one of sev-
eral known techniques [9]-{11]. Unfortunately these parameter estimation
techniques require knowing the rotor position or velocity and the stator current.
An alternate method of "boosting' the stator voltage at low frequenciesis pre-
sented in [12]. Here the V/fratio is adjusted by using the change in the sine of
the phase angle of motor impedance. This approach aso requires knowing the
rotor speed and it is also dependent on the variation of the other machine
parameters. Its practical usefulness is questionable because of the technical dif-
ficulty of measuring phase angles at frequencies below 2 Hz.

Constant Volts/Hz control strategy is typically based on keeping the stator
flux-linkage magnitude constant and equal to its rated value. Using the steady
state equivalent circuit of the induction motor, shown in Figure 15.3, an
expression for stator voltage compensation for resistive drop can be shown to
be
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2 - fo o -~ 5 -
V, = 3§|1(Re) XR1+«/V—?E €+ é(ll(re) xR1) _(|1R1)615_24)

where V, is the base (rated) rms phase voltage at base frequency, fi isthe

rated frequency in Hertz, R, isthe estimated value of resistance, | isthe rms
current obtained on ainstantaneous basis by,

|S=£ (i tic) +is (15.25)

and |1 (re) isthe real component of rms stator current obtained from

3

(15.26)
where i, and i, are two of the instantaneous three phase stator currents
d. = Wt and the cosine terms are obtained from the voltage command sig-
nals. The estimated value of resistance can be obtained either by a smple dc
current measurement corrected for temperature rise or by a variety of known
methods[13]{15]. Derivation details of these equations are found in [16].
Given theinherently positive feedback characteristic of an Ir boost algorithm it
IS necessary to stabilize the system by introducing afirst order lag in the feed-
back loop (low-pass filter).

liRe) = ia[cosqe— cos&e— Zgg} + ic[cosgae+ Zgg— cos&e— 293}

15.4.9 Slip Compensation

By its nature, the induction motor develops its torque as arotor speed slightly
lower than synchronous speed (effects of dip). In order to achieve a desired
speed, the applied frequency must therefore be increased by an amount equal

to the dlip frequency. The usual method of correction isto assume alinear rela

tionship exists between torque and speed in the range of interest, Hence, the
dlip can be compensated by knowing this relationship. This approximation
gives good results as long as the breakdown torque is not approached. How-

ever, for high loads the relationship becomes non-linear. Ref. [16] describes a
correction which can be used for high dlip,
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l S u
1 : ) S_RSinear :
fip = 55— |(fe) "+ R xP_ ~BxPl —fy
slip 2_A XPgap:I: e 2 o gap e{
I €19 '
' b
(15.27)
where f_* isthe external command frequency and,
P
A= ———— (15.28)
4pS,4Tha fr
and
_ae P &
=0 15.2
&2pT, 0 (15.29)

and P is the number of poles. The slope of the linear portion of the torque—
speed curveis given by

Sinear = gfgsi (15.30)
Finally the air gap power is
Pgap = 3Vl1(pf) -3l %'il —Peore (15.31)
where P, . a rated frequency can be obtained from
hr
Peorer = I:)inqu- 1— SRz 3|1RR1 (15.32)

where the caret “~" denotes an estimate of the quantity. The quantities
Sk fr Wi l1r Ping @nd Ty are the rated values of dip frequency, line fre-
guency, efficiency, stator current, input power and torque respectively. All of
these quantities can be inferred from the nameplate data.

15.4.10 Volt-Second Compensation

One of the main problems in open-loop controlled PWM-VSI drives is the
non-linearity caused by the non-ideal characteristics of the power switches.
The most important non-linearity is introduced by the necessary blanking time
to avoid short circuiting the DC link during the commutations. To guarantee
that both switches are never on simultaneously a small time delay is added to

Draft Date: February 5, 2002



30 AC Motor Speed Control

the gate signal of the turning-on device. Thisdelay, added to the device'sinher-
ent turn-on and turn-off delay times, introduces a magnitude and phase error in
the output voltage[17]. Since the delay is added in every PWM carrier cycle
the magnitude of the error grows in proportion to the switching frequency,
introducing large errors when the switching frequency is high and the total out-
put voltage is small.

The second main non-linear effect is due to the finite voltage drop across
the switch during the on-state[18]. This introduces an additional error in the
magnitude of the output voltage, although somewhat smaller, which needs to
be compensated.

To compensate for the dead-time in the inverter it is necessary to know the
direction of the current and then change the reference voltage by adding or
subtracting the required volt—seconds. Although in principle thisis simple, the
dead time also depends on the magnitude and phase of the current and the type
of device used in the inverter. The dead-time introduced by the inverter causes
serious waveform distortion and fundamental voltage drop when the switching
frequency is high compared to the fundamental output frequency. Several
papers have been written on techniques to compensate for the dead
time[17],[19]-[21].

Regardless of the method used, all dead time compensation techniques are
based on the polarity of the current, hence current detection becomes an impor-
tant issue. This is specialy true around the zero-crossings where an accurate
measurement is needed to correctly compensate for the dead time. Current
detection becomes more difficult due to the PWM noise and because the use of
filters introduces phase delays that needed to be taken into account.

The name “ dead-time compensation” often misleads since the actual dead
time, which is intentionally introduced, is only one of the elements accounting
for the error in the output voltage, for thisreason hereit isreferred as volt-sec-
ond compensation. The volt-second compensation algorithm developed is
based on the average voltage method. Although this technique is not the most
accurate method available it gives good results for steady state operation. Fig-
ure 15.20 shows idealized waveforms of the triangular and reference voltages
over one carrier period. It also shows the gate signals, ideal output voltage, and
pole voltage for positive current. For this condition, the average pole voltage
over one period can be expressed by:
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8& N V* coqu &g * ton ~toff0

&nfi = busez Vous 2 & T, _(Vbus_vsat+ Vo)
A enr— Vi V. .+V,.
_Esat” "dO\ « _egsat” "do (15.33)

eVbusf’ € 2 e

where:

av,,fi: average output phase voltage with respect to negative dc bus over
one switching interval,

Vgqt: device saturation voltage,
T, carrier period,

Vpus: DC link bus voltage,

ty: dead time,

ty,: turn-on delay time,

tys: turn-off delay time,

V4. diode forward voltage drop..

The first term in Eq. (15.33) represents the ideal output voltage and the
remainder of the terms are the errors caused by the non-ideal behavior of the
inverter. A close examination of the error terms shows that the first and last
terms will be rather large with the middle term being much smaller. Hence one
can approximate the voltage error by

g +ton—t Vet +V,

DV » 20OV Vg +Vg) + —2—F (15.39)

Cc

and the output voltage can be expressed as
3é V* V'~ cosqp

an > Vbuse2 V. o -Dv (15.35)

if the current if positive and
oV B 4 VL 00STS (15.36)

€2 Vbus 2

if the current is negative. Since the three motor phase voltage must add to zero
the voltage of phase a with respect to the motor stator neutral sistherefore,

Draft Date: February 5, 2002



32 AC Motor Speed Control

)

N— | o

! Tem v 0 §

| 28 Vie | |

v | |

| |

, /: :\ L

\/ » | \1/
[
Vg+ | ty | |/toff |td| ’Tton |
I |

| | | L] Lt
Vg, | 1] .

| N I | |

| L N I I
V. Vi 1=V, -\
aNa | Thusi(sat | | | Vbus Ysat

| [ [ |

| 1] | | t
VanN* I = V4 1 I .

i |

| |

1 1

Figure 15.20 PWM voltage waveforms for positive current

2 1 1

Vas = 3Van~ 3Vbn~ 5Ven (15.37)

The voltages of the remaining two phase voltage are obtain in similar manner.

As shown in Figure 15.20, the voltage error corresponds to the difference
in areas between the commanded voltage and the actual voltage. The (+) and (-
) signsin the bottom trace indicate that in which part of the cyclethereisagain
or loss of voltage. The algebraic sum of these areas gives the average error
over a pulse period. The voltage error can be corrected either on a per pulse
basis or, less accurately, on a per cycle basis. The compensation algorithm is
thus is based on commanding a voltage modified by +DV depending upon the
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polarity of the current. An overall voltsHertz control schemeincluding IR, slip
and volt-second compensation is shown in Figure 15.21[16].

Eq. VasVbs:'Ves  [PWM
cos(q),cos(g-2p/3),cos(q+2p/3) (1537 Inverter
1
* %
fe 5 \ 27 Van VonVen
o 5 e
e+ wg
V]_** > Eq >
~1(15.35)
Dv
Vous—1 ?
Eq.
~(15.34
e |1(Re)‘,
— 1, T Eq. | / [ Eq. Jass
- ViR R"+<)‘—1+Tﬁls (15.24)( | |(15.26)
A
I
Eq. |«
(15.25) =
f&  + + fslip Eq. Eq. 1+
—_— e ——
Q‘ (15.27) " |(15.31}«— Pcorer

Figure 15.21 Complete volts per hertz induction motor speed controller
incorporating IR, slip, DC bus and volt-second compensation

15.5 Field Orientation

15.5.1 Complex Vector Representation of Field Variables

Although the large majority of variable speed applications require only speed
control in which the torque response is only of secondary interest, more chal-
lenging applications such a traction applications, servomotors and the like
depend critically upon the ability of the drive to provide a prescribed torque
whereupon the speed becomes the variable of secondary interest. The method
of torque control in ac machinesis called either vector control or, alternatively
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field orientation. Vector control refersto the manipulation of terminal currents,
flux linkages and voltages to affect the motor torque while field orientation
refers to the manipulation of the field quantities within the motor itself. Sinceit
is common for machine designers to visualize motor torque production in
terms of the air gap flux densities and MMFs instead of currents and fluxes
which relate to terminal quantities, it is useful to begin first with a discussion
of the relationship between the two viewpoints.

Consider, first of all, the equation describing the instantaneous position of the
stator air gap MMF for a simple two pole. If phase as is sinusoidally distrib-
uted then the MMF in the gap resulting from current flowing in phase ais
N,
Fas = Eslascosb. 0E£b £2p (15.38)

where N is the effective number of turns and b is the angle measured in the
counterclockwise direction from the magnetic axis of phase as. Similarly, if
currents flow in phases bs or cswhich are spatialy displaced from phase as by
120 electrical degrees, then the respective air gap MMFs are:

N .

Fos = Esibscosg% —~ 3398 (15.39)
N )

Fos = icecosd + 220 (15.40)

As written Egs. (15.38) to (15.40) are real quantities. They would be more
physicaly insightful if these equations were given spatial properties such that
their maximum values were directed along their magnetic axes which are
clearly spatially oriented +120° with respect to the magnetic axis of phase as.
The can be done by introducing a complex plane in which the unit amplitude
operator a = PR provides the necessary spatial orientation. Specifically
spatial quantities F,s and F5 can now be defined where

_ ~ ~Nq, 2D¢
Fps = aF,e = azslbscosg%——:gpg (15.41)

_ N
FCS = aZFCS = aT-zsleCOS%—gE

5
-2 (15.42)

where T denotes the complex conjugate.
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The net (total) stator air gap MMF expressed as a space vector issimply the
sum of the three components or

= 2
Fabes = FastaFps +a Fg (15.43)

Introducing the Euler equation

&® = cosb +jsinb (15.44)
Eq. (15.43) can be manipulated to the form

Boadls

E jb -~ t jb
Fabes = ezze Zg(l abes€ ' +iapcs €) (15.45)

where, if the three phase current sum to zero,

Mabes = Igg+ Al + &0 (15.46)
1. .
- as+17:—3(|bs_|cs) (15.47)

Eq. (15.45) isgeneral in the sense that the three stator currents are arbitrary
functions of time (but must sum to zero). Consider now the specia case when
the currents are balanced and sinusoidal. In this case it can be shown that

i abcs = 1€ (15.48)
and i_abcz, =0
where | isthe amplitude of each of the phase currentsand g = wt. The corre-
sponding MMF is

Fabes = gggé\zlsgl RN (15.49)
The stator current | 5pcs in complex form can be clearly visuaized as a “ vec-
tor” having alength I making an angle g with respect to the real axis. On the
other hand, the complex MMF quantity F,pcs iS not strictly a vector since it
has spatial aswell has temporal attributes. In particular F 4,5 Varies as a sinu-
soidal function of the spatial variable b. However at a particular time instant
t = gow the maximum positive value of the MMF is, from (15.49), clearly
located spatially at b = . Hence, the temporal (time) position of the current
vector also locates the instantaneous spatial position of the corresponding
MMF amplitude. This basic tenet is essential for the understanding of AC
motor control.
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It can be further shown that the temporal position of the air gap flux link-
age can be related to the position of the corresponding flux density by

5 1

Buboray = da-9 (15.50)

t [N f’l o
€p Pe g

where | ., isthe length of the vector [aboag) - Thus the location of a flux
linkage vector in the complex plane g uniquely locates the position of the
amplitude of the corresponding flux density along the air gap of the machine.
While not strictly correct in terms of having spatial properties along the air
gap, the flux linkage corresponding to leakage flux is also given an spatial
interpretation in which case, for example, the total rotor flux linkage can be
defined as

I_abcr = I—2i_abcr + L i_abcs + i_abcr) (15.51)

where iancs and iaper are the three phase motor stator and rotor currents
treated a complex quantities asin Eqg. (15.46).

It should now be clear that while torque production in an AC machine is
physically produced by the interaction (alignment) of the stator MMF relative
to the air gap flux density, it is completely equivalent to view torque produc-
tion as the interaction (alignment) of the stator current vector with respect to
the air gap flux linkage vector. This is the principle of control methods which
concentrates on instantaneous positioning of the stator current vector with
respect to a presumed positioning of the rotor flux vector. The fact that these
temporal based vectors produce spatial positioning of field quantities which
are in smple proportion to these vectors has prompted the use of the term
space vectors for such quantities and the control method termed field orienta-
tion.

15.5.2 Thed—q Equations of a Squirrel Cage Induction M otor

Motion control system requirements are typically realized by employing
torque control concepts in the induction machine which are patterned after DC
machine torque control. The action of the commutator of a DC machine in
holding afixed, orthogonal spatial angle between the field flux density and the
armature MMF is emulated in induction machines by orienting the stator cur-
rent with respect to the rotor flux linkages (i.e the stator MMF with respect to
the rotor flux density as explained above) so as to attain independently con-
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trolled flux and torque. Such controllers are caled field-oriented controllers
and require independent control of both magnitude and phase of the AC quan-
tities and are, therefore, also referred to asvector controllers The terms “field
orientation” and “vector control” are today used virtually interchangeably.

It can be noted from (15.47) that the current vector describing behavior of
the three phase currents reduces to a complex two phase quantity if one

defines,

igs = las (15.52)
and
iles = i(ics_ibs) (15.53)
J3

The symbols d—q and the polarity of the current iyS is specifically selected
to be consistent with conventions set up for the synchronous machine. The
superscript “s’ isused to indicate that the reference axes used to define the d—q
currents are “stationary”, i.e. non-rotating or fixed to the stator. The differen-
tial equations of the squirrel cage machine employing the complex d-q nota-
tion of Egs. (15.47),(15.52) and (15.53) are[22],

)
Vags = 1l qds + Pl ggs (15.54)
—S ~S . —S
0 = ryigar + Pl qar =Wl qar (15.55)
_3p.L s .s s .s
T, = §x§ xL—':‘(I drlqs_l qr|O|s) (15.56)

A basic understanding of the decoupled flux and torque control resulting
from field orientation can now be attained from the d—q axis model of an
induction machine with the reference axes rotating at synchronous speed w,
[22].

—e . —
Vads = M1l qds *+ Pl gas + IWel qas (15.57)
—e — . _
0 = i gar + Pl qar + J(We— W)l gar (15.58)
_3p.L e .e e.e
T, = §x§ xL—m(l drlqs_l quds) (15.59)

r

where
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e _ e . e = _ e ..e — _ .€ ..e
Vads = Vgs~IVas:  Tads = lgs—llgs:  Tqdr = Iqr—jldr(l5.60)

= | ge=il gs = Liiqds +L( qas* T qar) (15.61)
Mar = lgr=ilar = Lolqar + LT qos*+ T qar) (15.62)
and L, = Lo+L,,,andrq,r,, Ly, L,and L, are the per—phase stator and rotor
resistance, leakage inductances and magnetizing inductance respectively for a
star connected machine. Also P denotes the number of poles and p is the time
derivative operator d/dt. In these equations the superscript “e€” is intended to
indicate that the reference axes are rotating with the electrical frequency. The
effect of iron loss is typically neglected in these equations but can be easily
incorporated if necessary.

Since the d—q representation may be unfamiliar to the reader it is instruc-
tive to consider the form of the these equations when steady state is reached.
From Eqg. (15.48) it is apparent that when the phase currents are balanced, the
space vector associated with stator current i_qu rotates with constant angular
velocity w with a constant amplitude Ig. If this same vector is portrayed in a
reference which rotates with the vector itself, the synchronous frame represen-
tation is simply a complex constant. Similar statements apply for the stator
voltage and rotor current vectors and thus for the flux linkage vectors. Sinceall
of the vectors are constant in the steady state the terms of Egs. (15.57) and
(15.58) are zero. These equations become, for the steady state

Vads = rll_qu + jWoL gas (15.63)
0= r2|_qdr +j(We_Wr)Eqdr (15.64)

where the use of capitals denote steady state values (constants). Utilizing Egs.
(15.60) and (15.61) it is not difficult to show that these two equations can be
manipulated to the form,

_ e _ o

Vads = 117 qds *IWe[L1Tqds * Liy(Tqas +Tqar )] (15.65)
Wel, —e ~ B B

0= (W,.—wW )'qdr +jWe[ Lol gar + Lpy(1gds *+ 1 qar)] (15.66)
e r

which are nothing more than the conventional per phase phasor equations for
an induction motor in the steady state wherein the variables are expressed in
terms of their peak rather than rms values. Thus the induction motor d—q equa-
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tions in the synchronous frame are simply an extension of the conventional
phasor equations to account for transient conditions.

15.5.3 TheField Orientation Principle

The field orientation concept implies that the current components supplied to
the machine should be oriented in such amanner asto isolate the component of
stator current magnetizing the machine (flux component) from the torque pro-
ducing component. This can be accomplished by choosing the reference frame
speed w,, to be the instantaneous speed of the rotor flux linkage vector I_gdr
and locking its phase such that the rotor flux is entirely in the d—axis (now
equivalent to the flux or magnetizing axis), resulting in the mathematical con-
straint
g =0 (15.67)

Assuming the machine is supplied from a current regulated source so the
stator equations can be omitted, the d—q equations in a rotor flux-oriented
(field-oriented) frame become

0 = ryig, —(We—w,)l g (15.68)

0 = ryig +pl g (15.69)

l§ = Ligs* Loig (15.70)

lar = 0= LyjgetLiig (15.72)
_3 P .Lhe.e

T, = > ><E XL_rrnI drigs (15.72)

The torque equation (15.72) clearly shows the desirable torque control
property of a DC machine, that of providing atorque proportional to the arma-
ture current component i:s. A direct (ampere-turn or MMF) equilibrium rela
tion between the torque command current igs and the rotor current igr follows
immediately from (15.71)

s L

g = —L—migs (15.73)
r

so that this component of stator current does not contribute to the rotor flux
component producing torgue, i.e the flux linkage | Zr .
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Combining (15.68) and (15.73) yields another algebraic constraint whichis
commonly called the slip relation
L

.e
|
=, (15.74)

Sw
¢ Lr|g
)

which must always be satisfied by means of control if the constraint of (15.71)
isto be satisfied.

Equation (15.69) shows that in the steady-state when | Sr, is constant, the
rotor current component i, is zero. However, whenever the flux changes, i,
isnot zero but is given by

i = =Pl g (15.75)

Combining (15.75) and (15.70) to eliminate iy, yields the equation relating
igs and | Sr (flux producing component of stator current and resulting rotor
flux)

e rL
dr —

m :€

[ 15.76
s + Lrp ds ( )
where the operator p can now be interpreted as equivalent to the Laplace oper-
ator s.

The close parallel to the DC machine now becomes clear. Equation (15.72)
emphasizes this correspondence in terms of torque production. The relation
between the flux command current ig. and the rotor flux | g, is afirst-order
linear transfer function with atime constant T, where

Lr
T, =~ (15.77)
ra

This resistance corresponds to the open circuit field winding time constant
of a DC machine, where the time constant T, is that associated with the field
winding time constant. The dlip relation expresses the dip frequency which is
inherently associated with the division of the input stator current into the
desired flux and torque components. It is useful to also note that, in contrast to
a DC motor, the ampere turn balance expressed in Eq. (15.73) implies thereis
no “armature reaction” in a field-oriented controlled induction machine. The
cross-magnetizing component i that produces the torque is cancelled by g, ,
and thus there is no effect on rotor flux even under saturated conditions.
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Field orientation with respect to fluxes other than the rotor flux is also pos-
sible [23] with the stator and air gap fluxes being the most important alterna-
tives. Only the rotor flux yields complete decoupling, however, for some
purposes (wide range field weakening operation for example) the advantages
of choosing stator flux orientation can outweigh the lack of complete decou-

pling [24].

15.5.4 Direct Field Orientation

In direct field orientation the position of the flux to which orientation is desired
is directly measured using sensing coils or estimated from terminal measure-
ments. Since it is not possible to directly sense the rotor flux, a rotor flux-ori-
ented system must employ some type of computation to obtain the desired
information from a directly sensed signal. Figure 15.22 illustrates the nature of
these computations for terminal voltage and current sensing; the most fre-
guently used technique for direct field orientation.

-e* P S Current
i : qds
ﬁ >Coordlnate »| Regulated n
Torque ~ [Transform Amplifier .
and Pl I | | Induction
Commands cosgy| sing YV Y ! Motor
Low-pass Filter
FlwAngle and Coordinate
Calculator Transform
A —s s S §
- N o (o)
I qds Open Loop| 4% oo = s Tl
Rotor Flux | - Lr ~s At s
Observer (<75 Igar = = [l qas—SLslgqsl
qds m

Figure 15.22 Direct field orientation with rotor field angle g; determined

from termina voltage and current, “” denotes estimate of ¢
motor parameter, “*” acommanded quantity, s =1 —L2/(L,Ly)

In cases where flux amplitude information is available, a flux regulator can
be employed to improve the flux response. A variety of flux observers can be
employed to obtain improved response and less sensitivity to machine parame-
ters. Some of these are discussed in alater section. A major problem with most
direct orientation schemes is their inherent problems at very low speeds where
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the machine Ir drops are dominant and/or the required integration of signals
becomes problematic.

15.5.5 Indirect (Feedforward) Field Orientation

An alternative to direct sensing of flux position is to employ the dlip relation,
Eqg. (15.74), to estimate the flux position relative to the rotor. Figure 15.23
illustrates this concept and shows how the rotor flux position can be obtained
by adding the integral of the slip frequency calculated from the flux and torque
commands to the sensed rotor position to produce an angular estimate of the
rotor flux position. In the steady-state this approach corresponds to setting the
slip to the specific value which correctly divides the input stator current into
the desired magnetizing (flux producing) and secondary (torque producing)
currents. Indirect field orientation does not have inherent low-speed problems
and isthus preferred in most systems that must operate near zero speed.

e* i €
Idr las
_  »| = e 1P | I et
Lm 1 -
. e T —= b
i g5 . .
L X - cs
Y i
1 e *
-~ —p q
T, N D '

d,

[l

* * 9] OSip >Q =

T = | ©os sing;

* *
—-sing;  Cosg;

Figure 15.23 Indirect field orientation controller using rotor flux and torque
producing current commands

15.5.6 Influence of Parameter Errors

Since knowledge of the machine parameters are a part of the feedback or feed-

forward controllers, both basic types of field orientation have some sensitivity
to machine parameters and provide non-ideal torque control characteristics
when control parameters differ from the actual machine parameters. In general

both steady-state torque control and dynamic response differ from the ideal

instantaneous torque control achieved by a correctly tuned controller.
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The major problem in the use of indirect control is the required knowledge
of the rotor open circuit time constant T,, which is sensitive to both temperature
and flux level [25]. When this parameter isincorrect in the controller the calcu-
lated slip frequency is incorrect and the flux angle is no longer appropriate for
field orientation. This results in an instantaneous error in both flux and torque
which can be shown to excite a second order transient characterized by eigen-
values having areal part equal to —1/T, and an oscillation frequency related to
the (incorrect) commanded dlip frequency. Since T, is an open circuit time con-
stant and therefore rather large, these oscillations can be poorly damped. There
is aso a steady-state torque amplitude error since the steady-state slip is also
incorrect. Steady state dlip errors also cause additional motor heating and
reduced efficiency.

Direct field orientation systems are generally sensitive to stator resistance
and total leakage inductance, but the various systems have individual detuning
properties. Typically, parameter sensitivity islessthaninindirect control, espe-
cialy when aflux regulator is employed. In all cases, both direct and indirect,
parameter sensitivity depends on the ratio sLg/r; with larger values giving
greater sensitivity. In the steady-state the quantity determines the location of
the peak torque and thus the shape of the torque versus dip frequency charac-
teristic. Thus, large, high efficiency machines tend to have high sensitivity to
parameter errors, and field weakened operation further aggravates this sensitiv-

ity.

15.5.7 Current Regulation

It has gradually been recognized that field oriented control allows speed loop
bandwidths far exceeding that of the DC motor (100 Hz or more) making
induction motor servos the device favored for demanding applications. How-
ever such a bandwidth can only be achieved with careful tuning of the current
regulator which serves to overcome the stator transient time constant. Current
regulators remain arich area of research. However, the present methods can be
categorized generally asfollows:

» Sine-Triangle Current Regulation

» Hysteresis Current Regulation

» Predictive (dead-beat) Current Regulation.

The three types of regulators are illustrated in Figure 15.24.
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Figure 15.24 Basic current regulation schemes, (a) three phase sine-
triangle comparison (b) three phase hysteresis control (c)
predictive regulation

The sine triangle intersection method uses the same basic principles as
sine-triangle pulse width modulation except that the input command to the
comparator isthe error between a desired current value and the actual instanta-
neous value. Hence, the controller attempts to control the input current error to
zero. The current error in Figure 15.24(a) can be interpreted as the equivalent
to an instantaneous voltage command V,* of zero in Figure 15.14. An advan-
tage of this controller isthat the switching frequency is set by the triangle wave
frequency so that the harmonic structure is not appreciable altered when com-
pared with voltage PWM. Care must be taken however not to introduce exces-
sive proportional gain or added intersections command and triangle wave
could occur as a result of the harmonics introduced by the current feedback.
Excessive integrator gain on the other hand can cause oscillatory behavior.
Because of the phase shift introduced by the integrator, the current error of this
regulator can not be reduced to zero if the input command is sinusoidal (asis
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usually the case). Hence, the regulation is usualy accomplished in the syn-
chronous frame, operating on current commands which becomes constant in
the steady state (see Section 15.5.2) [26].

The hysteresis regulator of Figure 15.24(b) produces switching whenever
the sign of the current error plus the hysteresis band changes polarity. The
proper setting of the hysteresis band is critical for this type of controller since
the band essentially sets the switching frequency. However, the frequency of
switching is not constant because the voltage producing a current change is
equal to the difference between the applied inverter voltage and the internal
EMF of the machine. Since the EMF varies sinusoidally throughout a cycle,
the pulse (switching) frequency varies throughout the cycle. Since the switch-
ing frequency becomes a variable dependant upon the instantaneous value of
back—EMF, the spectrum produced by the switching events are spread over a
continuous band of frequency and becomes difficult to predict. Thus, computa-
tion of motor losses produced by this type of input becomes very difficult.
Means for reducing the switching frequency variation have been reported [28],
[29] and work is ongoing.

The third type of current regulator is the predictive regulator of Figure
15.24(c). It can be recalled from Section 15.4.4 that switching of a three phase
inverter is characterized by only 8 state including two with zero voltage output.
Hence, only 7 unique switching states exist as shown in Figure 15.17. If the
future trgjectory of the current is calculated just before each switching event
for all seven unique switch states, then the trajectory which directs the current
gpace vector in the best direction for tracking the commanded current can be
determined or predicted. Clearly the accuracy of the method is critically depen-
dant upon the motor model which is used to predict the current trajectory.
Many variations on this theme exist with Refs. [29] and [30] being a good
starting point.

15.5.8 *“Sensorless’ Speed Control

As AC motor drives have gradually matured, the cost and unreliability of
the speed/position encoder required for field oriented control has gradually
been recognized. Beginning with Joetten and Maeder [31], work has continued
on a myriad of aternatives to eliminate the speed/position sensor, many of
which have appeared in manufacturer’s equipment. In reality, of course, these
“sensorless” methods refer only to the fact that speed is not explicitly mea
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sured but, rather, is inferred from eectrical measurements and the machine
model.

As an introduction to the approach, the d—axis components of the squirrel
cage induction machine in afixed, non-rotating frame “ s’ can be written, from
Section 15.5.2,

di ]
Vi = Mqget —d-td-s (15.78)
0 = r,ig s 49 o 15.79
= Tolgr tW, qr+_at— (15.79)
| % = Ldge* Lige (15.80)
15 = Liig + Ljss (15.81)

where L = Ly +Land L, = L,+L,..Solving Eq. (15.81) for i}, and sub-
stituting the result into Eq. (15.80),

L
lgs = 771 o +SLdigs (15.82)

r

wheres = 1- Lﬁ1 (LL,),or

L sL,L
3 ol e (15.83)

lgr = Clas—

m m

The back emf of the d—axis rotor circuit is therefore

S S .S
s _ Ao _ Lidlgs  Librdig

eS = = 15.84
o odt L, dt L, dt (1584)
or, from Eq. (15.78)
L LL, di
s S .S d
In the same manner, for the g—axis emf
L sL L
|5 = Zrp % 2 rss (15.86)
ar T et s
L _ L, dig
ey = ::](vzs—rllgs)—s—l:s;—r—f (15.87)
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Finally, from Eq. (15.79), the rotor speed can now be expressed as

w, = L rzgéLdr 'Lmifisg - ejr} (15.89)
| S gl € @
ar is obtained from Eq. (15.86), and ezr from Eqg. (15.85). A block
diagram of the complete speed sensor, developed previously in [32], is shown
in Figure 15.25. Clearly, perfect knowledge of al of the machine parameters
are needed to implement the approach which israrely the case. However area
sonable estimate of the parameters provide a speed estimate which is adequate
for moderate response speed control which does not include lengthy operation
near zero speed. A multitude of variations of this principle have appeared in

S
where, |

d\l Lo CP—_
Vas | ab,c 4@»»0—» d )d _>®J
Vis —| Flter > to A

Ib —| Flter [

Wr
—»
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Figure 15.25 *“Sensorless’ sensing of rotor speed; mechanical speed in
rad./sec. W, ., = W,/(P/2) where P is the number of poles

the literature which is nicely summarized in Ref. [32].

15.6 Induction Motor Observer

After 50 years of AC drive development the design of a sensorless induction
motor driveis still an engineering challenge. The basic problem is the need for
speed estimation which becomes especialy difficult at low speed and under a
light load condition. The majority of speed identification methods rely on an
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approximate fundamental component model of the machine. The use of the sta-
tor equation, particularly the integration of the stator voltage vector, is com-
mon for all methods. Its solution is fairly accurate when the switched stator
voltage waveform is measured at high bandwidth and when the parameters that
determine the contributions of the resistive and the leakage voltage compo-
nents are well known. As the influence of these parameters dominates the esti-
mation at low speed, the steady state accuracy of speed sensorless operation
tends to be poor in during low or zero speeds.

One promising approach to solving this barrier is the dliding mode
approach to rotor flux and speed estimation of an induction machine. The dlid-
ing mode method is a non-linear method for feedback control, state estimation
and parameter identification [33]. The property of the sliding mode approach is
due to use of straightforward fixed non-linear feedback control functions that
operate effectively over a specified magnitude range of system parameter vari-
ations and disturbances.

From Eq. (15.84) and (15.85) one can note that the rotor flux is related to
the stator voltage by
S
Lpdl o
L, dt

di
= Vi—igd,—S Ls-a%s (15.89)
where the second two terms (Ir and leakage Ldi/dt drop) can be considered as
corrections to the major term, the applied d—axis voltage. This equation defines
what is called the voltage model. A similar equation applies for the g—axis cir-
cuit.

Alternatively the d—axis rotor flux can be calculated by combining Egs.
(15.79) and (15.82) whereupon

Do yys _T2ys p bms 1590

dt = W qr_f dr rZrlds (15.90)
r r

In this case the input to the equation is the stator current and thus forms the

current model. Similar expressions for the g—axis rotor flux components can be
readily obtained.

In the interests of compactness it is convenient to cast these equations in
complex form, similar to Egs. (15.54) and (15.55), as
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L diS _ Mo
_Lm%digj = vzds—iqsdsrl—sLsd—ld‘%[d—s (voltage model}(15.91)

r

and

—S
%dftgr = ?wr—rﬁgl_zdﬁ rZEL'—:‘i_qus (current model) (15.92)

The most significant limitation of the rotor flux observer based on voltage
model is that it does not function at zero speed. At zero speed and low speed
the amplitude of the electromotive force is to small to accurately and reliably
determine the rotor flux angle necessary for both field orientation and speed
estimation. At low speed the flux estimation given by voltage model deterio-
rates owing to the effect of an inaccurate value of the stator resistance ry,
which causes a dlight deviation of the rotor flux space vector. The current
model requires information about speed, so in a speed sensorless control one
needs to estimate both the rotor flux and mechanical speed.

To achieve an current based observer suitable for a sensorless drive, the the
observer control input should be a known function of motor speed so that, after
establishing a sliding mode in a torque tracking loop, the speed can be deter-
mined as unique solution [34]. Combining the voltage and current model,

-5
digds 1 T_s -s Lm s I—m-‘S o)

=8 - =Py ——X +r,—i 15.93
ot SLS[ qds —T1l qds L, &adr ¥ 2y qds } ( )

where, the emf
_ r2.. _s
Soar = FW — ol qr (15.94)
r

A current estimation error can be defined as

A

d8,  d(igas—igss) _ 1Ly s s . [- .28 0
— = A o = el —egar) — [T+ T e Ry
at dt ST I T
(15.95)
and the carat “~” again denotes an estimate.
If the derivative in (15.95) iswritten in discretized form,
B - Ly -g(k-1) (15.96)
d T
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Equation (15.95) can be rewritten as

~ 2
_ . i L ~s ~ ~B 0 U
&(k)—& (k-1 ——Tr.«ﬂ“[ & (k) —Eqar (K)] — [T + Too= | =@y
sLsl Ly eL o %

(15.97)
which can be rearranged to the form

sLLmaaa T[

N

& 2
Fo+r Qf;;]%e(k) g (k- 1)—

r

S s
eqdr(k)—eqdr(k) = T:QI 1+S_E

(15.98)

Upon examining Eq. (15.98) it is clear that if the current error & (k) is driven
to zero then the error in the estimate of the emf is driven to zero. This observa
tion can be employed to implement a controller which, by utilization of a cur-
rent regulated PWM algorithm (Figure 15.24) the current error can be driven to
zero. Hence, an estimate of the rotor back emf can be obtained.

A new updated value of emf at time step k based on the previous value at
time step k—1 plus the current estimation error can now be expressed as

8aor(K) = Bygr(k— 1)+iEL—f[(1+TD)e(k) &(k—1)] (15.99)

m
where T is the length of the time step (sampling time) and
D, = (ry + r2(Lmr1Lr)2) (sLg). The process of zeroing the error utilizing
current regulated PWM is the essence of sliding mode control.

A rotor flux observer can now be selected by utilizing Eq. (15.94), where-
upon, solving for the flux linkage

r
T, + 25
Mqar = ——— esd (15.100)
we + é_zoz -
e|_ 7]
The speed estimate needed in EQ. (15.100) can be obtained from Figure 15.25.
A block diagram of the rotor flux algorithm is given in Figure 15.26. By
manipulation of the d—gq machine equations other expressions for rotor linkage
and rotor speed are possible. For example one could use a simple integration of
Eq. (15.91), the voltage model, which performs well for speeds sufficiently far
from zero or (15.92), the current model, which is frequently used for low
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Figure 15.26 Closed loop rotor flux observer

speeds. The reader is referred to the literature [32]—{34] for further informa-
tion.

15.7 Permanent Magnet AC Machine Control

15.7.1 Machine Characteristics

In contrast to induction machines which are overwhelmingly of the squirrel
cage construction, permanent magnet AC (PMAC) machines have been real-
ized in a variety of practical implementations depending upon stator winding
pattern, magnet disposition, air gap flux direction (radial, axial or a combina-
tion — transverse flux) and presence or absence of arotor cage. However, two
broad categories can be identified 1) trapezoida EMF machines and 2) sinuso-
idal EMF machines. The trapezoidal EMF machine is equipped with windings
concentrated into only one or at most a few full pitch slots per pole. The mag-
net disposition of these machines are usually located on the rotor surface and
generate a trapezoidal or rectangular EMF in the stator phase windings. The
gpan of the magnets are chosen so as to produce a 120° quasi-rectangular
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waveform as shown in Figure 15.27. Since the EMF is rectangular, the optimal
stator current waveform is also quasi-rectangular. Rectangular currents are eas-
ily obtained by using only a single DC link current sensor and a relatively
crude position sensor which requires only a 6P pulses per revolution. However,
these machine are plagued with torque pul sation issues which are very compli-
cated due to the effects of armature reaction and are slowly being phased out in
favor of sinusoidal EMF machines.

Magnet

EMF

240°

120° 360°

Figure 15.27 Rectangular EMF PM machine utilizing surface magnets

While the stator windings of trapezoidal PMAC machines are concentrated
into narrow phase belts, the windings of a sinusoidal machine are typicaly dis-
tributed over multiple slots in order to approximate a sinusoidal distribution.
Whereas trapezoidal excitation strongly favors PMAC machines with non-
salient rotor designs (surface magnets) so that the phase inductances remain
constant as the rotor rotates so as to minimize the effects of armature reaction.
In contrast, PMAC machines with salient rotor poles can offer useful perfor-
mance characteristics when excited with sinusoidal EMF, providing flexibility
for adopting a variety of rotor geometries including a variety of inset or buried
magnet as alternatives to the baseline surface magnet design as shown in Fig-
ure 15.28.

The most convenient manner of analyzing a sinusoidal EMF PMAC
machine again uses instantaneous current, voltage, and flux linkage space vec-
tors in a reference frame fixed to the rotor flux presented in Section 15.5.2. In
this case the reference frame rotates synchronously with the applied stator field
so that the rotor speed in electrical radians per second w, = w,. Referring to
Egs. (15.57) to (15.62), these equations can be adapted to characterize a
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Figure 15.28 Rotor configurations for four pole PMAC machines, (a)
inset, (b) interior radial flux and (c) interior circumferential
flux magnet orientation

PMAC machine by assuming that the flux produced by the d-axis rotor current
isconstant. That is, an equivalent permanent magnet field is modeled when

Lojgr = | = constant, L i, =0 (15.101)

m'qgr

Since no time varying currents flow in the rotor, the rotor equation, Eq.
(15.58), is not necessary when the rotor does not have a starting cage as is usu-
aly the case in a drive application. Combining Egs. (15.57), (15.61) and
(15.101) and separating the complex stator equation into its two components
becomes, in scalar form, neglecting iron loss

e
Ves

r1i35+ p(Ll + Lm)igs +We(|—1 + Lm)iZS +We| n(15.102)

Fige+ P(Ly+ Liigs—We(Ly + Ligs (15.103)
In cases where the magnets are buried below the rotor surface as in Figure
15.28, the air gap inductances of the two axes must be modified to account for

the effect of saliency. With this modification, the equations for a buried magnet
machine in the steady state, wherein the p = d/dt terms are set to zero, become

e
Vs

e e
=r,l

Vqs 1'gs

+ Wo(Ly + L) gat Wel (15.104)

Vs = Ml ge—Wo(Ly+L (15.105)

Capital letters are used here to denote steady state conditions. As demonstrated
previoudly, the space vector equations and phasor equations are identical in the
steady-state except that space vector representation is usually interpreted in
terms of peak values whereas the phasor form is interpreted in terms of rms
guantities. A plot of the basic space vector (phasor) relation ships for the sinu-

e
mq)lqs
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soidal EMF PMAC machine is shown in Figure 15.29. The use of the super-
script “ € has been dropped for simplicity.

lgs \s i T \<s '<Eds-x |
T T O e
En?: Wl Em\: vVveLm
pobm = eyt L) Vs = Vs Vas
Xg=We(L1tLpg) y -ilm Ts= lgsilas
d-axis @ d-axis (b)

Figure15.29 Basic steady-state relationships for sinusoida PMAC
machine in synchronously rotating reference frame using o—
axis alignment with rotor magnet flux linkage L, (a)
maximum torque per ampere, (b) unity power factor

Asindicated in Figure 15.29, the direct or d—axis has been aligned with the
permanent magnet flux linkage vector | ,, so that the orthogonal quadrature or
g—axisisaligned with its time-rate-of change, the resulting back-EMF E,,,. The
amplitude of the back-EMF phasor E,,, can be expressed very smply as

E =wl = bw | (15.106)

m em_zrmm

where P is the number of pole pairsw,, is the mechanical speed in rad/s and
L, is the magnet flux linkage amplitude. The sinusoidal three-phase current
excitation is expressed in Figure 15.29 as an instantaneous current vector I_S
made up of d—and g—axis scalar components igs and iy, respectively, and the
applied stator voltage phasor Vs can be similarly depicted.

The value of magnetizing inductances L,y will be smaller than Ly, in
salient-pole PMAC machines using buried or inset magnets since the total
magnet thickness appears as an incremental air gap length in the d—axis mag-
netic circuit (i.e., m @L for ceramic and rare earth magnet materials). Interior
PMAC machine designs of the type shown in Figure 15.28 with a single mag-
net barrier typically provide Ly,/Lyg ratios in the vicinity of 3, while novel
laminated designs have been reported with saliency ratios of 7 or higher.
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Figure 15.30 Coupled d—g equivalent circuits for a sinusoida PMAC
machine in the synchronously rotating reference frame as
defined in Figure 6-22.

This d—q phasor representation leads to the following general expression
for the instantaneous torque developed in a sinusoidal PMAC machine,

= 3P

Te = 25 M pigs+ (La= L (15.107)

idsiqs]
where L and L, are the d—and g—axis stator phase inductances, corresponding
to (Lmg *+ Ly) and (L + Ly), respectively, in the Figure 15.30 equivalent cir-
cuits. Since L, istypically larger than L in salient pole PMAC machines, it is
worth noting that i3sand i must have opposite polarities for the second term
to contribute a positive torque component. The first “magnet” torque term is
independent of iy but is directly proportional to stator current component i
which isin phase with the back-EMF E_,. In contrast, the second “reluctance”
torque term is proportional to the iggigs current component product and to the
difference in the inductance values along the two axes (L4 - L). Thisinterpre-
tation emphasizes the hybrid nature of the salient pole PMAC machine. Note
that the torque is no longer linearly proportional to the stator current amplitude
in the presence of magnetic circuit saliency.

15.7.2 Open-Loop V/Hz Control

As discussed briefly in Section 6.1.1, buried-magnet PMAC machines can be
designed with an induction motor squirrel cage winding embedded along the
surface of the rotor as sketched in Figure 15.31. This hybridization adds a com-
ponent of asynchronous torque production so that the PMAC machine can be
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operated stably from an inverter without position sensors. This simplification
makes it practical to use a simple constant volts-per-hertz (V/Hz) control algo-
rithm in much the same manner asfor the induction machine. According to this
approach, a sinusoidal voltage PWM algorithm is implemented which linearly
increases the amplitude of the applied fundamenta voltage amplitude in pro-
portion to the speed command to hold the stator magnetic flux approximately
constant. Compensation is again required for IR drop and for DC bus voltage
changes but, clearly, no compensation is needed for rotor dlip.

Magnas

i > 14 e
O

-

Figure 15.31 Cross section of a four pole PM/induction machine, showing
simplified block diagram of open loop volts per-hertz control
scheme.

The open loop nature of this control scheme makes it necessary to avoid
sudden large changes in the speed command or the applied load to avoid
undesired loss of synchronization (pull-out) of the PMAC machine. However,
an appealing aspect of this drive configuration is that the same constant volts-
per-hertz control approach can be used in many packaged induction motor
drives for general-purpose industrial speed control applications. Thus, cage-
type PMAC motors can be selected to replace induction motors in some adjust-
able speed drive applications to improve system operating efficiency without
changing the drive control electronics.

15.7.3 High-Performance Closed L oop Control.

In contrast to open loop operation, a rotor position sensor is typically required
to achieve high-performance motion control with the sinusoidal EMF PMAC
machine. The rotor position feedback needed to continuously perform the self-
synchronization function is essentially the same as an induction motor. How-
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ever, cogging torque (torque pulsations) due to interaction of the magnets with
the stator slot harmonics places a heavier burden on the encoder to smooth out
these effects Asresult, an absolute encoder or resolver requiring a high resolu-
tion isfrequently needed. In addition, in contrast to the induction machine, spe-
cia provision is frequently needed to provide smooth, controlled starting
performance since inappropriate energization at start can produce a brief nega-
tive rather than positive rotation.

One baseline approach for implementing this type of high-performance
torque control for sinusoidal PMAC machines is shown in Figure 6-25 [36].
According to this approach, the incoming torque command T,." (asterisk des-
ignates command) is mapped into commands for d—q axis current components
ig- and iq* which are extracted from torque equation, Eq. (15.107). These
current commands in the rotor d—q reference frame (essentially DC quantities)
are then transformed into the instantaneous sinusoidal current commands for
the individual stator phases (i,*, i,*, and i) using the rotor angle feedback q,
and the inverse vector rotation equations included as part of Figure 15.23.

Co-ordinate o
i ¥ Transformation Switchin
* ds . C(?mman S
* — fd(Te)_L |a‘ d I
T, | [ a -
e Tﬂ(q ) 'b‘ Current db - _| . PMAC
- " I'7* | Regulator d. M otor
I ™ c, c | PWM
f (T ﬁl— - inverter
i q( e) 8 1 1
O |
Position
Sensor

Figure 15.32 Torque control scheme for sinusoidal PMAC motor

The most common means of defining d—g current component commands
igs. @nd igs" asafunction of the torque command T.* into is to set a con-
straint of maximum torque-per-ampere operation which is nearly equivaent to
maximizing operating efficiency, see Figure 15.29. Traectories of the stator
current vectors i_OIOIS the rotor d—q reference frame which obey this maximum
torque-per-amp constraint are plotted in Figure 15.33 for atypical salient type

of PMAC machine. The trgectories are plotted over a range of torque ampli-
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tudes ranging from negative (generating/braking) to positive (motoring) values
[35].

10 — | o-axis
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o
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Vector Vi draxis
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Locus of Current
Vector |g
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|
o
o

,Z Te Increasing

~10l° I I |
-10 -05 0 05 1.0
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Figure 15.33 Trajectory of stator current vector I in the synchronous
reference frame as torque increases

It can be noted that the maximum torque-per-amp trajectory initially moves
along the g—axis for low values of torque before swinging symmetrically into
the second and third quadrant towards 45° asymptotes. For motoring operation,
this behavior means that maximum torque for a given amount of stator current
is developed by advancing the phase angle of the stator phase currents so that
they lead their respective back—EMF waveforms by angles between zero and
45° (electrical). The maximum torque-per-amp trgjectory reflects the hybrid
nature of the PM machine having the capability of producing reluctance torque
as well as magnet torque. The corresponding currents | 4sand |, which define
the maximum torque per-amp trgjectory for the salient pole PMAC machine
are plotted in Figure 15.34 [36].

Alternative field-oriented formulations of the sinusoidal PMAC machine
control algorithm have been reported that are also capable of achieving high
performance by aligning the rotating reference frame with the stator flux pha-
sor rather than with the rotor magnet flux [37],[38]. Although the performance
characteristics of these two control formulations are quite similar at low
speeds, their differences may become more apparent at higher speeds during
the transition from constant torque to constant horsepower operation.
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Figure15.34 Direct and quadrature axis stator currents required to
produce maximum torque per ampere for a salient pole
permanent magnet machine

15.7.4 Regenerative Braking Operation.

Figure 15.34 shows that the maximum torque-per-amp trajectories are mirror
images in the second and third quadrants. Stated in a different way, the I
function plotted in Figure 15.34 is sensitive to the polarity of the torque com-
mand, while the 144 function depends only on its absolute value.

15.7.5 Field Weakening

The load torque limits in the speed range from zero to rated speed is set by the
maximum current that can be supplied from the inverter, that is

Nloe* 156 £ T max (15.108)

The limiting value of Eq. (15.108) can be visualized as a circle in the iy
plane centered at the origin with radius |,

gs

Beyond rated speed another constraint is imposed since the inverter pulse
width modulator saturates and the output voltage becomes a constant. In this
case, clearly
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2 2 2
/Vqs + Vi€ Viax = B Vius (15.109)

Using Egs. (15.104) and (15.105) and rearranging the result, (15.109) can be
expressed as

2Vhus _ ‘9 aﬂsﬁz | m('j2
£2bus _ j2 40 & + -0 15.110
P We * el-qsg eds Lg2 ( )

Eqg. (15.110) can be visualized as a second ellipse in the i3 45 plane with a
focal point at i, =0and igs=- | /Lys The size of the ellipse continues to
decrease as the speed (w, = w,) increases.

Control of the d-gcurrents in the field weakening range must be such that
the current remains in the circle of Eq. (15.108) and tracks aong the shrinking
eliptical boundary as shown in Figure 15.35. It can be noted that the d—axis
current is driven negative implying a stator MMF component acting to reduce
the magnet flux (demagnetize the magnet). When | 4 becomes equal tol /L4
the flux in the magnet has been driven to zero. Further negative increasesin |l y¢
must now be prevented. As a result the torque producing component |, now
begins to decrease rapidly and constant horsepower operation can no longer be
maintained. The field weakening region in Figure 15.35 corresponds to the
segment from point A to point B.
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