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Influence of supply voltage on torque—speed curve

We established earlier that at any given slip, the air-gap flux density
1s proportional to the applied voltage, and the induced current in the rotor
1s proportional to the flux density. The torque, which depends on the
product of the flux and the rotor current, therefore depends on the square
of the applied voltage. This means that a comparatively modest fall in the
voltage will result in a much larger reduction in torque capability, with
adverse effects which may not be apparent to the unwary until too late.



To 1llustrate the problem, consider the torque—speed curves for a cage
motor shown in Figure. The curves (which have been expanded to focus
attention on the low-slip region) are drawn for full voltage (100%), and
for a modestly reduced voltage of 90%. With full voltage and fullload
torque the motor will run at point X, with a slip of say 5%. Since this 1s
the normal full-load condition, the rotor and stator currents will be at
their rated values.
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Now suppose that the voltage falls to 90%. The load torque 1s
assumed to be constant so the new operating point will be at Y. Since the
air-gap flux density 1s now only 0.9 of its rated value, the rotor current
will have to be about 1.1 times rated value to develop the same torque, so
the rotor e.m.f. 1s required to increase by 10%. But the flux density has
fallen by 10%, so an increase in slip of 20% is called for. The new slip is
therefore 6%.

,100% Voltage




The drop in speed from 95% of synchronous to 94% may well not be
noticed, and the motor will apparently continue to operate quite happily.
But the rotor current i1s now 10% above its rated value, so the rotor
heating will be 21% more than 1s allowable for continuous running.

The stator current will also be above rated value, so if the motor 1s
allowed to run continuously, 1t will overheat. This 1s one reason why all
large motors are fitted with protection, which is triggered by over
temperature. Many small and medium motors do not have such
protection, so it 1s important to guard against the possibility of under
voltage operation.



Speed control

We have seen that to operate efficiently an induction motor must run
with a small slip. It follows that any efficient method of speed control
must be based on varying the synchronous speed of the Weld, rather than
the slip. The two factors that determine the speed of the field, are the
supply frequency and the pole number
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The pole number has to be an even integer, so where continuously
adjustable speed control over a wide range 1s called for, the best
approach 1s to provide a variable-frequency supply. In this chapter we are
concerned with constant frequency mains operation, so we have a choice
between pole-changing, which can provide discrete speeds only, or slip
control which can provide continuous speed control, but is inherently
inefficient.



Pole-changing motors

For some applications continuous speed control may be an
unnecessary luxury, and it may be sufficient to be able to run at two
discrete speeds. Among many instances where this can be acceptable and
economic are pumps, lifts and hoists, fans and some machine tool drives.

Previously we established that the pole number of the Weld was
determined by the layout and interconnection of the stator coils, and that
once the winding has been designed, and the frequency specified, the
synchronous speed of the Weld 1s fixed. If we wanted to make a motor,
that could run at either of two different speeds, we could construct it with
two separate stator windings (say 4-pole and 6-pole), and energise the
appropriate one. There 1s no need to change the cage rotor since the
pattern of induced currents can readily adapt to suit the stator pole
number. Early 2-speed motors did have 2 distinct stator windings, but
were bulky and inefficient.



It was soon realised that 1f half of the phase belts within each phase
winding could be reversed in polarity, the eVective pole number could be
halved. For example, a 4-pole MMF pattern (N-S-N-S) would become
(N-N-S-S), 1.e. effectively a 2-pole pattern with one large N pole and one
large S pole. By bringing out six leads instead of three, and providing
switching contactors to effect the reversal, two discrete speeds in the
ratio 2:1 are therefore possible from a single winding. The performance
at the high (e.g. 2-pole) speed 1s relatively poor, which is not surprising
in view of the fact that the winding was originally optimised for 4-pole
operation.



It was not until the advent of the more sophisticated pole amplitude
modulation (PAM) method 1n the 1960s that 2-speed single-winding
high-performance motors with more or less any ratio of speeds became
available from manufacturers. This subtle technique allows close ratios
such as 4/6, 6/8, 8/10 or wide ratios such as 2/24 to be achieved. Close
ratios are used in pumps and fans, while wide ratios are used for example
in washing machines where a fast spin 1s called for.



The beauty of the PAM method is that it 1s not expensive. The stator
winding has more leads brought out, and the coils are connected to form
non-uniform phase belts, but otherwise construction is the same as for a
single-speed motor. Typically six leads will be needed, three of which are
supplied for one speed, and three for the other, the switching being done
by contactors. The method of connection (star or delta) and the number
of parallel paths within the winding are arranged so that the air-gap flux
at each speed matches the load requirement. For example, 1f constant
torque 1s needed at both speeds, the flux needs to be made the same,
whereas 1f reduced torque 1s acceptable at the higher speed the flux can
obviously be lower.



Voltage control of high-resistance cage motors

Where efficiency is not of paramount importance, the torque (and
hence the running speed) of a cage motor can be controlled simply by
altering the supply voltage. The torque at any slip 1s approximately
proportional to the square of the voltage, so we can reduce the speed of
the load by reducing the voltage. The method is not suitable for standard
low-resistance cage motors, because their stable operating speed range 1s
very restricted, as shown 1n Figure
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But 1f special high-rotor resistance motors are used, the slope of the
torque—speed curve in the stable region 1s much less, and a rather wider
range of steady-state operating speeds 1s available, as shown 1n Figure
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The most unattractive feature of this method is the low efficiency, which is inherent
in any form of slip control. fierecall that the rotor efficiency at slip s 1s
( 1—s ), soif we run at say 70% of synchronous speed (1.e. s = 0.3), 30% of the power
crossing the air-gap is wasted as heat in the rotor conductors. The approach is therefore
only practicable where the load torque is low at low speeds, so that at high slips the heat
in the rotor is tolerable. A fan-type characteristic 1s suitable, as shown in Figure, and
many ventilating systems therefore use voltage control.



Voltage control became feasible only when relatively cheap thyristor
a.c. voltage regulators arrived on the scene during the 1970s. Previously
the cost of autotransformers or induction regulators to obtain the variable
voltage supply was simply too high. The thyristor hardware required 1s
essentially the same as discussed earlier for soft starting, and a single
piece of kit can therefore serve for both starting and speed control.
Where accurate speed control is needed, a tachogenerator must be fitted
to the motor to provide a speed feedback signal, and this naturally
increases the cost significantly.

Applications are numerous, mainly in the range 0.5—10 kW, with
most motor manufacturers offering high-resistance motors specifically
for use with thyristor regulators.



Speed control of wound-rotor motors

The fact that the rotor resistance can be varied easily allows us to
control the slip from the rotor side, with the stator supply voltage and
frequency constant. Although the method is inherently inefficient it 1s
still used in many medium and large drives such as hoists, conveyors and
crushers because of its simplicity and comparatively low cost.

A set of torque—speed characteristics 1s shown in Figure, from which
it should be clear that by appropriate selection of the rotor circuit
resistance, any torque up to typically 1.5 times full-load torque can be

achieved at any speed.
Torque, p.u.
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Torque—speed characteristics — constant v/f
operation

When the voltage at each frequency 1s adjusted so that the ratio V/f 1s
kept constant up to base speed, and full voltage 1s applied thereafter, a
family of torque—speed curves as shown in Figure 1s obtained. These
curves are typical for a standard induction motor of several kW output.
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As expected, the no-load speeds are directly proportional to the
frequency, and 1f the frequency 1s held constant, e.g. at 25 Hz in Figure,
the speed drops only modestly from no-load (point a) to full-load (point
b). These are therefore good open-loop characteristics, because the speed
1s held fairly well from no-load to full-load. If the application calls for
the speed to be held precisely, this can clearly be achieved (with the aid
of closed-loop speed control) by raising the frequency so that the
full-load operating point moves to point (c).
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We also note that the pull-out torque and the torque stiffness (i.e. the
slope of the torque—speed curve in the normal operating region) is more
or less the same at all points below base speed, except at low frequencies
where the effect of stator resistance in reducing the flux becomes very
pronounced. It i1s clear from Figure that the starting torque at the
minimum frequency i1s much less than the pullout torque at higher
frequencies, and this could be a problem for loads which require a high
starting torque.
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The low-frequency performance can be improved by increasing the
V/f ratio at low frequencies in order to restore full flux, a technique
which is referred to as ‘low-speed voltage boosting’. Most drives
incorporate provision for some form of voltage boost, either by way of a
single adjustment to allow the user to set the desired starting torque, or
by means of more complex provision for varying the V/f ratio over a
range of frequencies. A typical set of torque—speed curves for a drive
with the improved low-speed torque characteristics obtained with voltage
boost 1s shown 1n Figure
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Voltage boost region

The curves in Figure have an obvious appeal
because they indicate that the motor is capable of
producing practically the same maximum torque N o
at all speeds from zero up to the base (50 Hz or \

60 Hz) speed.
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This region of the characteristics is known as the
‘constant torque’ region, which means that for
frequencies up to base speed, the maximum possible
torque which the motor can deliver is independent
of the set speed. Continuous operation at peak
torque will not be allowable because the motor will 4.

(Current) 1

overheat, so an upper limit will be imposed by the ‘.
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We should note that the availability of high torque at low speeds
(especially at zero speed) means that we can avoid all the ‘starting’
problems associated with fixed-frequency operation. By starting off
with a low frequency which 1s then gradually raised the slip speed of the
rotor 1s always small, i.e. the rotor operates in the optimum condition
for torque production all the time, thereby avoiding all the
disadvantages of high-slip (low torque and high current) that are
associated with mains-frequency starting. This means that not only can
the inverter-fed motor provide rated torque at low speeds, but — perhaps
more importantly — it does so without drawing any more current from
the mains than under full-load conditions, which means that we can
safely operate from a weak supply without causing excessive voltage
dips. For some essentially fixed-speed applications, the superior starting
ability of the inverter-fed system alone may justify its cost.



Beyond the base frequency, the V/f ratio reduces because V remains
constant. The amplitude of the flux wave therefore reduces inversely
with the frequency. The pull-out torque always occurs at the same
absolute value of slip speed, and that the peak torque is proportional to
the square of the flux density. Hence in the constant voltage region the

peak torque reduces inversely

with the square of the frequency and the

torque—speed curve becomes less steep, as shown 1n Figure.

Although the curves in Figure show what torque the motor can
produce for each frequency and speed, they give no indication of whether
continuous operation is possible at each point, yet this matter is of course
extremely important from the user’s viewpoint, and is discussed next.
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Modelling the electromechanical energy
conversion process

The behaviour of the motor was determined primarily by the slip. In
particular we saw that if the motor was unloaded, it would settle at
almost the synchronous speed (1.e. with a very small slip), with very little
induced rotor current, at very low frequency. As the load torque was
increased the rotor slowed relative to the travelling flux; the magnitude
and frequency of the induced rotor currents increased; the rotor thereby
produced more torque; and the stator current and power drawn from the
supply automatically increased to furnish the mechanical output power.



A very important observation in relation to what we are now seeking
to do is that we recognised earlier that although the rotor currents were
at slip frequency, their effect (i.e. their MMF) was always reflected back
at the stator windings at the supply frequency. This suggests that it must
be possible to represent what takes place at slip-frequency on the rotor
by referring the action to the primary (fixed-frequency) side, using a
transformer-type model; and it turns out that we can indeed model the
entire energy-conversion process in a very simple way. All that is
required is to replace the referred rotor resistance ( ) with a fictitious
sifh-dependent resistance ( ) in the short—circuﬁiéd secondary of our
transformer equivalent circuit.



Hence if we build from the exact transformer circuit, we obtain the
induction motor equivalent circuit shown in Figure

Stator Air-gap Rotor
o o = L
O~ |:] YN T Y\ O l
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‘Exact’ per-phase equivalent circuit of induction motor.
The secondary (rotor) parameters have been referred to the primary
(stator) side



At any given slip, the power delivered to this ‘load’ resistance
represents the power crossing the air-gap from rotor to stator. We can see
straightaway that because the fictitious load resistance 1s inversely
proportional to slip, it reduces as the slip increases, thereby causing the
power across the air-gap to increase and resulting in more current and
power being drawn in from the supply. This behaviour is of course in line
with what we already know about the induction motor.

We will see how to use the equivalent circuit to predict and
1lluminate motor behaviour in the next section, but first there are two
points worth making.



Firstly, given the complexity of the spatial and temporal interactions
in the induction motor it 1s extraordinary that everything can be properly
represented by such a simple equivalent circuit.

Secondly, the following brief discussion 1s offered for the benefit of
readers who are seeking at least some justification for introducing the
fictitious resistance , though it has to be admitted that full treatment 1s
beyond our scope.



The key to developing the representation lies in ensuring that the
magnitude and phase of the referred rotor current (at supply frequency)
in the transformer model 1s in agreement with the actual current (at slip
frequency) in the rotor. The induced e.m.f. in the rotor at slip s would be

sE, at frequencysf , where E, is the e.m.f. induced under locked rotor
(s = 1) conditions, when the rotor frequency 1s the same as the supply
frequency, 1.e. f. This e.m.f. acts on the series combination of the rotor
resistance R and the rotor leakage reactance, which at frequency Sf is
given by sX, , where X is the rotor leakage reactance at supply
frequency. Hence the magnitude of the rotor current 1s given by

___ Sk
\/R22 +52 X3
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In the supply-frequency equivalent circuit, e.g. Figure,

h R x = X, R,
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the secondary e.m.f. is £, rather than sE, , so to obtain the same
current in this model as given by equation

SE2
]2: 2 2v2
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we require the slip-frequency rotor resistance and reactance to be divided
by s, in which case the secondary current would be correctly given by
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Limitations imposed by the inverter — constant
power and constant torque regions

The main concern in the inverter 1s to limit the currents to a safe
value as far as the main switching devices are concerned. The current
limit will be at least equal to the rated current of the motor, and the
iverter control circuits will be arranged so that no matter what the user
does the output current cannot exceed a safe value.



The current limit feature imposes an upper limit on the permissible
torque 1n the region below base speed. This will normally correspond to
the rated torque of the motor, which 1s typically about half the pull-out
torque, as indicated by the shaded region in Figure
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In the region below base speed, the motor can therefore develop any
torque up to rated value at any speed (but not necessarily for prolonged
periods, as discussed below). This region is therefore known as the
‘constant torque’ region, and it corresponds to the armature voltage
control region of a d.c. drive.

Above base speed of the flux 1s reduced inversely with the frequency;
because the stator (and therefore rotor) currents are limited, the
maximum permissible torque also reduces inversely with the speed, as
shown 1n Figure. This region is therefore known as the ‘constant power’
region. There 1s of course a close parallel with the d.c. drive here, both
systems operating with reduced or weak Weld in the constant power
region. The region of constant power normally extends to somewhere
around twice base speed, and because the flux 1s reduced the motor has
to operate with higher slips than below base speed to develop the full
rotor current and torque.



At the upper limit of the constant power region, the current limit
coincides with the pull-out torque limit. Operation at still higher speeds
1s sometimes provided, but constant power 1s no longer available because
the maximum torque 1s limited to the pull-out value, which reduces
inversely with the square of the frequency. In this high-speed motoring
region (Figure), the limiting torque—speed relationship 1s similar to that
of a series d.c. motor.
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Generating and braking

Having explored the torque—speed curve for the normal motoring
region, where the speed lies between zero and just below synchronous,
we must ask what happens if the speed 1s above the synchronous speed,
or 1s negative.

A typical torque—speed curve for a cage motor covering the full range
of speeds, which are likely to be encountered in practice, 1s shown in
Figure
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We can see from Figure that the decisive [d1 sis1v] factor as far as the
direction of the torque i1s concerned is the slip, rather than the speed.
When the slip is positive the torque 1s positive, and vice versa. The
torque therefore always acts so as to urge the rotor to run at zero slip, 1.e.
at the synchronous speed. If the rotor is tempted to run faster than the
Weld 1t will be slowed down, whilst if it 1s running below synchronous
speed 1t will be urged to accelerate forwards. In particular, we note that
for slips greater than 1, 1.e. when the rotor 1s running backwards (i.e. in
the opposite direction to the Weld), the torque will remain positive, so
that 1f the rotor 1s unrestrained it will first slow down and then change
direction and accelerate in the direction of the field.
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Injection braking

This 1s the most widely used method of electrical braking. When the
‘stop’ button 1s pressed, the 3-phase supply is interrupted, and a d.c.
current 1s fed into the stator via two of its terminals. The d.c. supply 1s
usually obtained from a rectifier fed via a low-voltage high-current
transformer.

We saw earlier that the speed of rotation of the air-gap Weld 1s
directly proportional to the supply frequency, so it should be clear that
since d.c. 1s effectively zero frequency, the air-gap Weld will be
stationary. We also saw that the rotor always tries to run at the same
speed as the Weld. So, if the Weld is stationary, and the rotor is not, a
braking torque will be exerted.



Normal motoring
characteristic

D.c. Injection braking




This 1s 1n line with what we would expect, since there will be induced
currents in the rotor (and hence torque) only when the rotor 1s ‘cutting’
the flux. As with plugging, injection (or dynamic) braking is a dissipative
process, all the kinetic energy being turned into heat inside the motor.



Plug reversal and plug braking

Because the rotor always tries to catch up with the rotating Weld, 1t
can be reversed rapidly simply by interchanging any two of the supply
leads. The changeover 1s usually obtained by having two separate 3-pole
contactors, one for forward and one for reverse. This procedure 1s known
as plug reversal or plugging, and 1s illustrated in Figure
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The motor is initially assumed to be running light (and therefore with
a very small positive slip) as indicated by point A on the dotted
torque—speed curve in Figure

Torque
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Two of the supply leads are then reversed, thereby reversing the
direction of the Weld, and bringing the mirror-image torque—speed curve
shown by the solid line into play. The slip of the motor immediately after
reversal 1s approximately 2, as shown by point B on the solid curve. The
torque 1s thus negative, and the motor decelerates, the speed passing
through zero at point C and then rising in the reverse direction before
settling at point D, just below the synchronous speed.



The speed—time curve i1s shown in Figure

Speed
N

Time

N,

We can see that the deceleration (i.e. the gradient of the speed—time
graph) reaches a maximum as the motor passes through the peak torque
(pullout) point, but thereafter the final speed is approached gradually, as
the torque tapers down to point D.



Very rapid reversal 1s possible using plugging; for example a 1 kW
motor will typically reverse from full speed in under 1 . But large cage
motors can only be plugged if the supply can withstand the very high
currents imnvolved, which are even larger than when starting from rest.
Frequent plugging will also cause serious overheating, because each
reversal involves the ‘dumping’ of four times the stored kinetic energy as
heat 1n the windings.

Plugging can also be used to stop the rotor quickly, but obviously it is
then necessary to disconnect the supply when the rotor comes to rest,
otherwise 1t will run-up to speed in reverse. A shaft-mounted
reverserotation detector 1s therefore used to trip out the reverse contactor
when the speed reaches zero.



We should note that, whereas, in the regenerative mode (discussed in
the previous section) the slip was negative, allowing mechanical energy
from the load to be converted to electrical energy and fed back to the

mains, plugging 1s a wholly dissipative process in which all the kinetic
energy ends up as heat in the motor.



Stepping motors

Stepping motors are attractive because they can be controlled directly
by computers or microcontrollers. Their unique feature is that the output
shaft rotates 1n a series of discrete angular intervals, or steps, one step
being taken each time a command pulse 1s received. When a definite
number of pulses has been supplied, the shaft will have turned through
aknownangle, and this makes the motor i1deally suited for open-loop
position control.



Performance Features of MOONS' Stepping
Motors

* Accurate Position Control

The number of control pulses defines the motor shaft position.
Position error 1s very small (less than 1/10th of a degree), and non
cumulative.

* Precise Motor Speed

Step motor running speed, 1s exactly determined by the frequency of
the control pulses. Because the speed 1s very precise and easy to control,
step motors are often used where coordinated motion control is needed.



* Forward & Reverse, Pause and Holding Function

Motor torque and position control 1s effective throughout the entire
speed range, including zero speed holding torque. The zero speed
holding torque locks the shaft at the desired position to hold the load in
place.

* Low Speed Operation

Step motors produce a large amount of torque, and are easy to
control, at low speeds. This often eliminates the need for speed reduction
gearboxes, reduces costs and saves space.

* Long Life
The brushless design of step motors leads to motors with a very long
life. Step motor life 1s usually determined by the life of the bearings.






A basic stepping motor system is shown in Figure

Step pulses || || _Jl——= .' =
°P = ] %' Drive circuit

Direction signal — —'

The drive contains the electronic switching circuits, which supply the
motor, and 1s discussed later. The output 1s the angular position of the
motor shaft, while the input consists of two low-power digital signals.
Every time a pulse occurs on the step input line, the motor takes one step,
the shaft remaining at its new position until the next step pulse 1s
supplied. The state of the direction line (‘high’ or ‘low’) determines
whether the motor steps clockwise or anticlockwise. A given number of
step pulses will therefore cause the output shaft to rotate through a
definite angle.



This one to one correspondence between pulses and steps 1s the great
attraction of the stepping motor: it provides position control, because the
output 1s the angular position of the output shaft. It is a digital system,
because the total angle turned through is determined by the number of
pulses supplied; and it 1s open-loop because no feedback need be taken

from the output shaft.



Technical Data and Terminology

* Load Calculations

A. Torque load (7})

If=G*r
G: weight
r: radius
B. Inertia load (7))
1J=J* dwldt L
J=M*(R*R?)/2 (Kg* cm) >R/ \
M: mass '

RI: outside radius =
R2: inside radius
dw/dt. angle acceleration



* Speed-Torque Characteristics

The dynamic torque curve 1s an important aspect of stepping motor’s
output performance.

The followings are some keyword explanations.

1. Working frequency point express the stepping motors rotational
speed value at this point

n=q* Hz /(360 * D)
n: rev/sec
Hz: the frequency value at this point
D: the subdividing value of motor driver
q: the step angle of stepping motor
E.g.: 1.8° stepping motor, in the condition of I/2 subdividing (each
step 0.9°) runs at S00Hz its speed 1s 1.251/s.
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Bopbba c HexxenartenbHbIMU ABIEHUAMMU

3a30p Mexay POTOPHLIMU N CTaTOPHbLIMK 3yDOLLaMu Bcerga
aenaetca MUHUManbHbLIM AN YBENMMYEHUS XKECTKOCTN onKcauunn.,
Cama TO4YHOCTb NO3ULIMOHNPOBAHUS 3aBUCUT OT XapaKTePUCTUK
TOSBKO NULLb MHBEPTOPA, TaK Kak Npo4vne doakTopbl Ha HeEE BNUAIOT
B ropa3go MeHbLLUEN cteneHn. A cenmyac HeobxoanMMO pacCMOTPETb
PS4 BaXXHbIX XapakTEPUCTUK U MOHATUN, TaKNX, Kak MakCMMarnbHbIN
CTaTUYECKNA MOMEHT, NMONOXEHUA « MEPTBOrO» POTOPA, a TaKXe
TOYHOCTb NO3MNLIMOHUPOBAHMS BCEX ATUX NONMOXEHMW. [na
onpeneneHns BolllenepevncrieHHbIX TEPMUHOB CYLLIECTBYET Cpasy
ABE OOLLENPUNHATBIX PACNPOCTPAHEHHbIX KOHLIEMLINW.



2. Start/Stop region: the region in which a stepping motor can be
directly started or stopped (O61acTh, B KOTOPOM IIarOBBIM JBUTATEIIb
MOKET OBITh HEIMOCPEACTBEHHO 3alyIIICH WJIN OCTAHOBJICH).

3. Detent Torque: The maximum torque that can be applied to the
shaft of a non-energized motor without causing rotation.

4. Speed-Torque Curve: The speed-torque characteristics of a
stepping motor are a function of the drive circuit, excitation method and
load 1nertia.

S. Maximum Slew Frequency: The maximum rate at which the step
motor will run and remain in synchronism.

6. Maximum Starting Frequency: The maximum pulse rate
(frequency) at which an unloaded step motor can start and run without
missing steps or stop without missing steps.



7. Pull-in Torque: the maximum dynamic torque value that a
stepping motor can load directly at the particular operating frequency
point.

8. Pull-out Torque: the maximum dynamic torque value that a
stepping motor can load at the particular operating frequency point when
the motor has been started. Because of the inertia of rotation the
Pull-Out. Torque is always larger than the Pull-In Torque.

9. Slewing Range This 1s the area between the pull-in and pull-out
torque curves where a step motor can run without losing step, when the
speed 1s increased or decreased gradually. Motor must be brought up to
the slew range with acceleration and deceleration technique known as
ramping.



10. Accuracy: This 1s defined as the difference between the
theoretical and actual rotor position expressed as a percentage of the step
angle. Standard 1s £5%. An accuracy of 3% i1s available on special
request. This positioning error is noncumulative. Accuracy This 1s
defined as the difference between the theoretical and actual rotor position
expressed as a percentage of the step angle. Standard 1s +£5%. An

accuracy of 3% 1s available on special request. This positioning error 1s
noncumulative.






12. Resonance: A step motor operates on a series of input pulses,
each pulse causing the rotor to advance one step. In this time the motor’s
rotor must accelerate and then decelerate to a stop. This causes
oscillation, overshoot and vibration. There are some speeds at which the
motor will not run. This 1s called its resonant frequency. The objective 1s
to design the system so that no resonant frequencies appear 1n the
operating speed range. This problem can be eliminated by means of
using mechanical dampers, external electronics, drive methods and step
angle changes.



JAnHaMuYecKkue XapaKTepuCcTUKHA

JInHaMHU4YeCKMMHU XapaKTePUCTUKAMU HA3bIBAIOTCS XapaKTePUCTUKHU
JIBUTaTEIIsl BO BpeMsl ABMKECHHUS JTMOO B €ro Havalle.

XapaKTEpUCTUKH ITYCKOBOTO MOMEHTA OMPECIISAIOTCS JUara30HOM
3HAYEHUII MOMEHTAa COIIPOTUBIICHUS Harpy3KU, B KOTOPOM JBHUTaTENIb
MOXKET 3allyCKaThCs M OCTAHABIMBAThLCS O€3 MOTEPH 11ara Jjis
Pa3JIUYHBIX YaCTOT B HA0OOpE MMITYIbCOB (MX okoi0 100). [TprumnHa, 1o
KOTOPOW MCIIOJIb3YyETCs CIIOBO ''MHara3on'’, a He "MakCUMyM ',
3aKJIFOYAETCS B TOM, YTO JBUTATEb HE CLIOCOOCH 3aIyCKaThCs UITH
NOAAEPKMUBATh HOPMAJIbHOE BpallleHUE IIPY MaJIbIX Harpy3Kax
COIIPOTHMBIICHUS B OIPEICIICHHBIX AUana30HaX 4YacToT, KaK MOKa3aHO Ha
PHCYHKE



MOMEHT
— MOMEHT YAEepxaHuA
. obnacte pasroHa

4 \_ obnacrte crapTa

\ \ Fous
T T CKOPOCTb

MaKCcumManbHaA MaKCcumManbHas
CKOPOCTb CTapTa CKOPOCTb

(B HekoTOpOW NuTepartype
NpMBOANTCS YNPOLLEHHAd

07y azolar wacmema XapakTepucTuka)
8 7 Joawenun , Ty

MNomenwm

OuHammnyeckne xapakTepUCTUKK: 1 - yaepXmuBaroLwmm MOMEHT; 2 -
MaKCUMarnbHbIN MYCKOBOW MOMEHT; 3 — BbIXOQHON MOMEHT; 4 —
MaKcumarnbHaga YactoTa BpalleHus; 5 - MakcumManbHasi nyckoBasi
4yacToTa; 6 - obnacTtb 3anycka; 7 - 0bnactb HeCTabUNbLHOCTY; 8 -
obnacTb HENOABWXKHOCTU poTOpa.



MakcuMaJbHbIA CTATHYCCKUN 3P PEeKT UMeeT cpa3y ABa
MOJIOKCHU S

- Yiep:KuBAKIIUI. ITO MAKCUMAJIBHO JIOMYCTUMBIN 3(D(DEKT,
KOTOPBIM TEOPETHUUYECKU MOKET OBITh IIPUIIOKEH K Baly yKe
BO30YKJICHHOTO IIIaroBOT0O JABHUIaTellsl 0€3 BOSHUKHOBECHUS JBHKCHMS
(WM KpyTAILIMKA MOMEHT IIPH OCTAHOBIICHHOM JBurarese. IIpu stom y
JBUTATENs JOJLKHBI OBITH 3allMTaHbI JIBE (Pa3bl HOMMHAIBHBIM TOKOM ).

- Dukcupymua. CoOOTBETCTBEHHO, 3TO TAKKE MAKCUMAJIbHBIM
CTaTU4YECKUM 3()PEKT, KOTOPHIN TEOPETUIECKU MOKET OBITh ITPHUIIOKEH K
BaJIly HEBO30Y>KJEHHOTO JIBUTaTeJIsl 0€3 BO3SHUKHOBEHUS TIOCJICAYIOIIETO
BpalleHUA. YeM yIepKUBAOIIMN MOMEHT BBIIIIE, TEM HUXKE BEPOATHOCTD
BO3HUKHOBEHHUS MOTPEIIHOCTEN ITO3UITMOHUPOBAHMUS, BBI3BIBAEMBIX
HEPOTHO3MPYEMOM Harpy3KoH (O0TKa3aJI KOHJACHCATOPHI JJIs
3JICKTpoABUTaTesieH, Hanpumep). [1omHbIi GUKCHPYIOMHIT MOMEHT
BO3MOKEH TOJILKO B TE€X MOJIEJISIX JIBUTATEIIEH, B KOTOPBIX UCITOJIb3YIOTCA
MTOCTOSSHHBIE MArHUTHI.



«MepTBbIe» NONOXeHUs poTopa

CyLlecTByeT cpa3sy TPy MONOXEHNS, B KOTOPbIX POTOP
MONHOCTbIO OCTaHaBNNBAETCS:

- MonoxeHune paBHOBecusA. B Hem nponcxoauT nonHas
OocTaHOBKa BO30Yy»kaeHHOro LLaroBoro Asuratens.

- Dukcauyumsn. Takke coctodaHMe, B KOTOPOM OCTaHaBNMBAETCH
poTop. Ho ncnonb3yercd 310 MNOHATUE TOMNbKO B OTHOLLEHNU TEX
asuratenen, y KOTopbix B KOHCTPYKLUMU MMEETCS MOCTOSHHbIV
MarHur.

B coBpeMeHHbIX MOAENAX LWaroBbiX ABUraTternemn, Kotopble
COOTBETCTBYOT BCEM HOpPpMaM 3KOSTOrM4YeCKon N SHepreTn4ecKou
B6e3onacHOCTK, NPY OCTAHOBKE poTOpa MOSTHOCTbLIO
obecTounBaeTcsa n obmMoTKa.



Bo Bcex cirydasx, Korja pacCUuThIBACTCS TU00 U3MEPSETCS
IIyCKOBOM MOMEHT, HEOOXOAMMO TAK)KE UETKO ONPEIACIUTh CXEMY
YIIPaBJIEHUS, METOJI U3MEPEHUS, CITOCOO CTHIKOBKM U MOMEHT UHEPIIUH,
oTHeCeHHbIU K Baiy II/[. Kak mpaBuio, quara3oH IyCKOBBIX 3HAUCHUM
MOMEHTA MOHUKAETCA C POCTOM MOMEHTA UHEPLIUH.

XapaKTEPUCTUKHU BbIXOAHOIO MOMEHTA MHAYE HA3BIBAIOTCSA
XapaKTEepUCTUKAMHU B ABMKEeHUM. [lociie Toro, Kak BLIOpaHHBIM
JIBUTATEJIb 3aIlYCTUJICA IIPU OIIPEICICHHOM YIIPABJICHUM,
00ecreurBaroIleM 3aJaHHbIN CI0CO0 BO30YKICHHMS B ITYCKOBOM
JIMAra3oHe, 4acToTa UMITYJIbCOB IIOCTENIEHHO BO3pacTaeT. [Ipu
HEKOTOPOM YaCTOTE JIBUTATEIIb BbINIAIACT U3 CUHXPOHU3MA. B3aUMOCBA3b
MEX Y MOMEHTOM COIIPOTHUBIICHUS HArPy3KH M MAKCUMAJIIbHOM YaCTOTOU
UMITYJIbCOB, IIPH KOTOPOH COXPAHSIETCS CUHXPOHU3M, HA3bIBACTCS
BBIXOJHOM XapaKTEPUCTUKOU (prUCYHOK). KprBast BEIXOIHOM
XapaKTEPUCTUKH 3aBUCUT OT CXEMbI YIIPABIICHMS, CIIOCO0A CTHIKOBKH,
U3MEPHUTEIbHBIX MPHUOOPOB U APYTHUX YCIOBHUM.



MaxkcumajbHas 4acTOTA NPUEMUCTOCTH OIPEIETACTCS KaK
MaKCUMAaJIbHasl YIIPABJIAIOINAS YaCcTOTa, IPU KOTOPOU HEHATPYKEHHBIN
JBUTATEb MOXKET 3aITyCKaThCs U OCTAHABJIMBATHLCS 0€3 MPOITYCKa IIaroB.

MakcuMaJIbHasl BHIXOJAHAS YaCTOTA BPALICHUS OIPEICISACTCS KaK
MaKCHAMaJibHas (I1aroBasi) 4aCTOTa BpPaIICHUs], ITIPA KOTOPOU
HEHArPY>KCHHBIW JBUTATEb MOXKET JBUTATHCS O€3 MPOITYCKa I1aros.

MaxkcumMaJbHbIA MYCKOBOW MOMEHT OIPEJIEIIETC KaK
MaKCUMaJIbHbII MOMEHT CONIPOTUBIICHUS HATPY3KHU, C KOTOPOU JIBUTATE
MOXET 3aIyCKaThCsA U COXPAHATh CHHXPOHHOCTH MPU HA0OPE UMITYJIbCOB
¢ yactorou o 10 I'1I.



Principle of motor operation

The principle on which stepping motors are based 1s very simple.
When a bar of iron or steel 1s suspended so that it is free to rotate in a
magnetic field, 1t will align itself with the field. If the direction of the
field 1s changed, the bar will turn until it 1s again aligned, by the action of
the so-called reluctance torque. (The mechanism 1s similar to that of a
compass needle, except that i1f a compass had an iron needle instead of a
permanent magnet 1t would settle along the earth’s magnetic field but it
might be rather slow and there would be ambiguity between N and S!)



Before exploring constructional details, it 1s worth saying a little
more about reluctance torque, and its relationship with the
torque-producing mechanism we have encountered so far in this book.
The alert reader will be aware that, until this chapter, there has been no
mention of reluctance torque, and might therefore wonder if 1t is entirely
different from what we have considered so far.



The answer 1s that in the vast majority of electrical machines, from
generators in power stations down to induction and d.c. motors, torque is
produced by the interaction of a magnetic field (produced by the stator
windings) with current-carrying conductors on the rotor. We based our
understanding of how d.c. and induction motors produce torque on the
simple formula for theqQ@¢¢ on a conductor of length /
carrying a current / perpendicular to a magnetic flux density B. There
was no mention of reluctance torque because (with very few exceptions)
machines which exploit the ‘B//” mechanism do not have reluctance

torque.



As mentioned above, reluctance torque originates in the tendency of
an 1ron bar to align itself with magnetic Weld: if the bar is displaced from
its alignment position it experiences a restoring torque. The rotors of
machines that produce torque by reluctance action are therefore designed
so that the rotor 1ron has projections or ‘poles’ (Figure) that align with
the magnetic Weld produced by the stator windings.
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All the torque is then produced by reluctance action, because with no
conductors on the rotor to carry current, there 1s obviously no ‘BI/°
torque. In contrast, the iron in the rotors of d.c. and induction motors 1s
(1deally) cylindrical, in which case there is no ‘preferred’ orientation of
the rotor 1ron, 1.€. no reluctance torque.



Because the two torque-producing mechanisms appear to be radically
different, the approaches taken to develop theoretical models have also
diverged. As we have seen, simple equivalent circuits are available to
allow us to understand and predict the behaviour of mainstream ‘B[’
machines such as d.c. and induction motors, and this 1s fortunate because
of the overwhelming importance of these machines. Unfortunately, no
such simple treatments are available for stepping and other
reluctance-based machines. Circuit-based numerical models for
performance prediction are widely used by manufacturers but they are
not really of much use for illuminating behaviour, so we will content
ourselves with building up a picture of behaviour from a study of typical
operating characteristics.



The two most important types of stepping motor are the variable
reluctance (VR) type and the hybrid type. Both types utilise the
reluctance principle, the difference between them lying in the method by
which the magnetic Welds are produced. In the VR type the Welds are
produced solely by sets of stationary current-carrying windings. The
hybrid type also has sets of windings, but the addition of a permanent
magnet (on the rotor) gives rise to the description ‘hybrid’ for this type of
motor. Although both types of motor work on the same basic principle, it
turns out in practice that the VR type 1s attractive for the larger step
angles (e.g. 15°, 30°, 45°), while the hybrid tends to be best suited when
small angles (e.g. 1.8°, 2.5°) are required.



Motor characteristics

Static torque—displacement curves

From the previous discussion, it should be clear that the shape of the
torque—displacement curve, and 1n particular the peak static torque, will
depend on the internal electromagnetic design of the rotor. In particular
the shapes of the rotor and stator teeth, and the disposition of the stator
windings (and permanent magnet(s)) all have to be optimised to obtain
the maximum static torque.



We now turn to a typical static torque—displacement curve, and look
at how 1t determines motor behaviour. Several aspects will be discussed,
including the explanation of basic stepping (which has already been
looked at 1n a qualitative way); the influence of load torque on step
position accuracy; the effect of the amplitude of the winding current; and
half-step and mini-stepping operation. For the sake of simplicity, the
discussion will be based on the 30° per step 3-phase VR motor
introduced earlier, but the conclusions reached apply to any stepping
motor.



Typical static torque—displacement curves for a 3-phase 30° per step
VR motor are shown in Figure
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These show the torque that has to be applied to move the rotor
away from its aligned position. Because of the rotor—stator symmetry,
the magnitude of the restoring torque when the rotor is displaced by a
given angle in one direction is the same as the magnitude of the
restoring torque when it is displaced by the same angle in the other
direction, but of opposite sign.



There are three curves, one for each of the three phases, and for each
curve we assume that the relevant phase winding carries its full (rated)
current. If the current 1s less than rated, the peak torque will be reduced,
and the shape of the curve 1s likely to be somewhat different. The
convention used 1s that a clockwise displacement of the rotor
corresponds to a movement to the right, while a positive torque tends to
move the rotor anticlockwise.



When only one phase, say A, is energised, the other two phases exert
no torque, so their curves can be 1ignored and we can focus attention on
the solid line 1n Figure. Stable equilibrium positions (for phase A
excited) exist at 0 = 0°, 90°, 180° and 270°. They are stable (step)
positions because any attempt to move the rotor away from them is
resisted by a counteracting or restoring torque. These points correspond
to positions where successive rotor poles (which are 90° apart) are
aligned with the stator poles of phase A, as shown in Figure.
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There are also four unstable equilibrium positions, (at 6 =45°, 135°,
225° and 315°) at which the torque is also zero. These correspond to
rotor positions where the stator poles are midway between two rotor
poles, and they are unstable because if the rotor 1s deflected slightly in
either direction, it will be accelerated in the same direction until 1t
reaches the next stable position. If the rotor 1s free to turn, it will
therefore always settle in one of the four stable positions.



= rotor position

A stable

B : unstahle

M : holding torque
p : rotor pole pairs
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Step position error and holding torque

In the previous discussion the load torque was assumed to be zero,
and the rotor was therefore able to come to rest with 1ts poles exactly in
line with the excited stator poles. When load torque 1s present, however,
the rotor will not be able to pull fully into alignment, and a ‘step position
error’ will be unavoidable.

The origin and extent of the step position error can be appreciated
with the aid of the typical torque—displacement curve shown in Figure

Static torque




The true step position is at the origin in the figure, and this 1s where
the rotor would come to rest in the absence of load torque. If we imagine
the rotor 1s initially at this position, and then consider that a clockwise
load (7L) 1s applied, the rotor will move clockwise, and as it does so it
will develop progressively more anticlockwise torque. The equilibrium
position will be reached when the motor torque 1s equal and opposite to
the load torque, 1.e. at point A in Figure. The corresponding angular
displacement from the step position ( in Figyre) 1s the step position
error.

Static torque




The existence of a step position error 1s one of the drawbacks of the
stepping motor. The motor designer attempts to combat the problem by
aiming to produce a steep torque—angle curve around the step position,
and the user has to be aware of the problem and choose a motor with a
sufficiently steep curve to keep the error within acceptable limits. In
some cases this may mean selecting a motor with a higher peak torque
than would otherwise be necessary, simply to obtain a steep enough
torque—angle curve around the step position.



As long as the load torque 1s less than (Figure), a stable rest position
1s obtained, but if the load torque exceeds Tmax, the rotor will be unable
to hold its step position. 1s therefore known as the ‘holding’ torque. The
value of the holding torque immediately conveys an 1dea of the overall
capability of any motor, and it 1s — after step angle — the most important
single parameter, which 1s looked for in selecting a motor. Often, the
adjective ‘holding’ 1s dropped altogether: for example ‘a 1-Nm motor’ 1s
understood to be one with a peak static torque (holding torque) of 1 Nm.



The static load angle 1s defined as, the angle between the actual rotor
position and the stable end position for a given load. Figure illustrates
(whether for full or half step) that as the torque increases so does the
shaft deflection from the stable position.

The static load angle can be
G s calculated using the formula:
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Step response

It was pointed out earlier that the single-step response 1s similar to
that of a damped second-order system. We can easily estimate the natural
frequency in ra}/s from the equation

» slope of torgue-angle curve
==

w Ky .
totel inertia



Knowing  owe can judge what the oscillatory part of the response
will look like, by assuming the system 1s undamped. To refine the
estimate, and to obtain the settling time, however, we need to estimate
the damping ratio, which 1s much more difficult to determine as it
depends on the type of drive circuit and mode of operation as well as on
the mechanical friction. In VR motors the damping ratio can be as low as
0.1, but in hybrid types it is typically 0.3—0.4. These values are too low
for many applications where rapid settling 1s called for.



Two remedies are available, the simplest being to Wt a mechanical
damper of the type mentioned above. Alternatively, a special sequence of
timed command pulses can be used to brake the rotor so that it reaches its
new step position with zero velocity and does not overshoot. This
procedure 1s variously referred to as ‘electronic damping’, ‘electronic
braking’ or ‘back phasing’. It involves re-energising the previous phase
for a precise period before the rotor has reached the next step position, in
order to exert just the right degree of braking. It can only be used
successfully when the load torque and inertia are predictable and not
subject to change. Because it 1s an open-loop scheme it 1s extremely
sensitive to apparently minor changes such as day-to-day variation in
friction, which can make 1t unworkable 1n many instances.



