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Induction motors for crane applicafions

R.M. Crowder and G.A. Smith

Indexing terms:

Induction motors, Velocity control, Controllers, Cranes,Hoists
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Abstract: The paper describes a control system for 4-quadrant operation of induction motors with character-
istics suitable for crane hoist duty. The control system is based on a combination of stator-voltage control
and rotor chopping. A thyristor stator-voltage regulator is used to provide a means of motor-speed closed-
loop control. The regulator automatically reverses the phase rotation for plug braking or provides d.c. to the
stator for injection braking as determined by load conditions. The rotor chopper operates with a duty cycle
that is a predetermined function of rotor speed. Analysis of the chopper action in the rotor is used to deter-
mine the optimum function required fo develop the maximum possible torque per stator ampere over the
operating speed range. Different control functions are found to be necessary for motoring and d.c.-injection
modes of operation. Analysis of the system and experimental resulis are presented Showing successful

4-gquadrant operation.

List of symbols

« = firing-angle delay /
$ = tum-off angle
A = rotor-chopper duty cycle, on time/cycle time
T = cycle time of the rotor chopper -
¢ = phase angle for machine winding
w = supply frequency, radfs
L, = stator-leakage inductance referred to the rotor
L, = rotordeakage inductance
- R = extemnal-rotor resistance
R, = stator-winding resistance referred to the rotor
R, = rotor-winding resistance
V. = rotor-chopper d.c. voltage
E = r.ms. rotor voltage per phase at standstill
Ig. = rotor-chopper d.c. current
Lms = rotor-chopper r.m.s. current
Ms = motor torque in synchronous watts
"5 = glip
n = motor speed, revfs
1 Introduction

The hoist drive on a crane is difficult to realise as it must
operate smoothly over a wide speed range to raise or lower
the hook at controlied speeds irrespective of the foad. When
lifting, the drive must provide motoring torque with a rela-
tively flat speed/torque characteristic to prevent excessive
speed change from heavy-oad to light-hook conditions. In
addition, when lowering, the drive torque can be motoring

~or braking depending upon whether the load torque exceeds

the mechanical friction of the hoist mechanism. A situation
can be found when, on releasing the mechanical brake, the
motor must provide a motoring torque to exceed friction,
but as soon as the load torque exceeds the running friction
the motor must change to a braking mode. Thus 4-quadrant
operation of the motor is required.

2 Combined stator-rotor control system

A method for controlling a slip-ring induction motor to
provide high torque in all four quadrants of operation is
shown in Fig. 1. Thyristor controls are applied to both the
stator and rotor of the machine,
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A stator-voltage regulator controls the speed of the
induction motor to the demanded value by closed-loop
control. The regulator thyristors can be selected to provide
both forward and reverse rotation of the motor. Braking
torque can be developed by either d.c. injection or phase
reversal. .

:The stator-voltage regulator also operates within the limit
of full-foad rated current of the motor, Although the voltage
regulator is capable of controlling the motor at any set
speed throughout the speed range the large stator currents
and power loss at high slip values would place a severe
restriction on the drive.,
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Tabtle 1: Thyristor operatiqn

" Mode Thyristors operating
Forward motoring 1 2 3 4 5 B
Reverse motoring 7 8 9 10 5 8
g —

“ D.C. braking 1 4 6 8

I 7 To achieve a high value of torque at all speeds the rotor
resistance must be changed to suit the desired operating
} speed. This is achieved by controlling the duty cycle A of
- the chopper in the rotor circuit as a predetermined function
of motor speed; the function being such that maximum
possible torque is available at all speeds within the limitation
of rated motor current. The resultant 4-quadrant character-
istics are shown in Fig. 2. It should be noted that the func-
tion relating duty cycle A to speed is different in the motor-
ing and braking regions. The characteristics show that
d.c.injection braking will not give high braking torque

overhauling load, plug braking, by phase reversal, must be
used.

3 . Steady-state analysis of the stator-regulator

A simplified diagram of the regulator and delta-wound stator
of the induction motor is shown in Fig. 3. To fully describe
the operation of the regulator the voltages across the
machine windings have to be examined. There are two
distinct types of waveform present. Mode-1 operation oceurs
when the current is discontinuous and only two thyristors
conduct at any time. Mode-2 operation occurs when the
- current is continuous and there are either two or three
thryistors conducting.

3.1  Conduction mode 1

The thyristors are fired in pairs with a delay angle o shown
in Fig. 4 for thyristors 5 and 2 operating during the half
cycle sin (cof -~ 4m/3). With an inductive load, current will
continue to flow after reversal of the applied voltage and
the thyristors revert to their off state when the current is
zero at angle 8.

+The limit of mode 1 occurs when the waveform is no
longer discontinuous, f.e. when '« =8 — /3. At this point &
efined as..0y.. Note that the line-to-line voltage will
pear across winding 1 for conduction of thyristors 5
d 2 during the half cycles of ¥ sin (wt — 47/3), but only

winding
\,1

winding 3

o

wt
~

-Vsin(wi-21})
. 3

thyristors fired
- ; 3|-6 3;2

Ss 4winding'1 : mode I operation

below speed N,, and so to operate at low speeds with-an’-
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half the line-to-line voltage will appear across winding 1
during half cycles of ¥'sin wfand ¥ sin (et — 27/3).

To calculate the voltage and current harmonics it is
necessary to determine the value of 8 for specific values of
« and phase angle ¢. An analytic technique was used as
described by Shepherd! which determines that

sin (8 —¢) —sin (a —¢)exp [—cot HB—0a)] = 0

Where ¢ = tan™ wl/R for the machine winding. Angle 8
can be found by an iterative solution.

v Vsin (wt-%'-'-’)

-Vsin (wl-%‘l)

thyristors fired
52 54 14 16 36 32 52

Fig. 5  Voltage across winding 1: mode 2 operation

3.2 Conduction mode 2

The voltage across winding 1 for this mode of operation is
shown in Fig. 5. At some arbitrary instant X current flows
through thyristor S to the combination of winding 1, in
parallel with the series connection of windings 3 and 2, and
returns to the supply via thyristor 2. At instant ¥ thyristor
4 is fired and, as three thyristors are conducting, full line-
to-line voltage appears across all windings. As the voltage at
the cathode of thyristor 4 is more negative than that at the
cathode of thyristor 2, the current through winding 2
reduces and then increases in a reverse sense until it is equal
to the current in winding 1. The current through thyristor 2
will then be zero and it will turn off at point Z. Thus,
thyristor 5 conducts over the range « to § and, provided §
can be found for given values of «, then the waveform
across each winding can be fully specified. .
The technique used to determine § was to assume 2 value
for § which then permits the voltage waveform across wind-
ings 1 and 2 to be represented by regular piecewise func-
tions.” A numerical integration technique® was then used
to calculate the harmonic coefficients in the Fourier sedes
representing the voltage across windings 1 and 2. Using a
single-phase equivalent circuit model for the induction
motor the effective impedence of each winding was found
and used to calculate the currents in windings 1 and 2 using
a current harmonic summation method.® If the fwo
currents sum to zero then the current to thyristor 2 would
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- be zero-corresponding to turn off showing that the assurned
-value for f at the turn-off point was correct, If the currents
. do-not sum to zero the procedure is repeated for different

" values of § until a zero is achieved. Fig, 6 shows the com-
parison of calculated and experimentally observed results
for B as a function of « for a locked-rotor condition.

3.3 Torque/fspeed characteristics

+ . The voltage analysis gave information on the harmonic
content of the applied voltage to the machine windings. As
the contribution to motor torque decreased significantly
as the order of harmonic increased, only the fundamental
component was considered for prediction of motor torque.

The mofor operates under speed control by regulating
‘the stator voltage but with an overriding control limiting
the stator current to a prescribed maximum value. To cal-
culate the maximum torque available at a given slip, the
appropriate winding parameters in the model are used to
determine the /B relationship, thus allowing calculation of
the fundamental total r.m.s. voltage ratio. The total r.m.s.
stator current can then be calculated and a value of & found
“that just maintains the current at the rated maximum value.
The fundamental component of voltage for this value of «
is then used to determine the motor torque from the single-
phase model. In this way torque/speed characteristics can
be predicted allowing for harmonics and the current limiting
action of the control system.

4 Control of the induction motor by rotor-current
chopping

It is evident that the desired torque-speed characteristics,
providing essentially constant torque at all speeds, cannot
be realised by the stator voltage regulator alone. The peak
of the torque-speed characteristic can be moved to the
desired operating speed by changing the rotor resistance.
This can be accomplished by connecting the rotor to a 3-
phase bridge rectifier with resistance load and thyristor
chopper, as shown in Fig. 7. A d.c. equivalent circuit is
shown in Fig. 8.

. From conventional theory the value for V,, allowing for
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where

36 E,
i

Eo

The output torque, in synchronous watts, is given by

rotor-circuit copper loss
Ms =

s

_ VdCIdC _2SRI‘[12'ms
§

3w . .
[Eo _? (L1\+L2) Idc "'2R113m3

The chopper current coﬁsists of an exponential rise and
corresponding to the ‘on’ and ‘off states of the cho
(see Appendix 9). Detailed analysis of the rotor-chopps
circuit®™” can then be used to determine I;, and Joms
each value of slip and substituted into eqn. 3 to g
predicted torque. Theoretical and experimental results fy
the torque-speed characteristic were taken and gave g
agreement, .

4.1  External rotor resistance, R

The value of the external rotor resistance controls the shap
of the complete operating envelope of the motor. The d
cycle of the chopper will have operating limits A; and
which will be a function of the chopper design. The chop
used had a minimum value A; of 0-2, i.e. the chopper
on for a minimum of 20% of the operating cycle time
2-5 m3. Torque is a function of slip, external rotor re
ance R, and duty cycle A with all other parameters:i
constant. The developed torque and motor current can
determined from eqns. 11 and 3 for a range of valueso
with A =24 and 5= 1. Thus a value for B was determi
to give the maximum possible standstill torque withi
rated value of motor current. Ideally the chopper shoi
have maximum value A, of 1-0, i.e. effectively short ¢
ing the rotor terminals for operations near synchs
speed, The chopper used had a value A, of 0-8 which lim
high speed performance.

4.2 Function generator

The function generator is used to produce a relatio
between the speed of the motor and the duty cycle'¢
. chopper such that the machine can, within its curren
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_F’]imits, produce maximum possible torque at that speed.
{Using the previously determined extemnal rotor resistance,
ivalues for the duty cycle \ were calculated which just gave
rated motor current at each of a range of operating speeds.

L by IThe function relating duty cycle to speed is shown in
"{ lig. 9. During d.c.-injection braking, a low value of rotor
@) resistance is required near standstill, but a high value of
resistance is needed at low slip speeds. The duty-cycle
function during braking operation is, approximately, the
f motoring function inverted with respect to speed.
d The functions were linearised and electronically gener-
; ated to control the duty cycle with the appropriate func-
(3) | tion being automaucally selected for motormg or braking
operation.
and fa]]
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was
> of 5 Control system operation
ist- ' . C,
eiil A block diagram of the electronic controls required to
be provide 4-quadrant operation of the system is shown in Fig.
R 10. The pulse circuits to the stator regulator reduce the
ed firing-delay angle as the positive input to them increases. -
he When the system is operating in the forward (hoisting)
Id mode, i.e. quadrant 1, the negative speed reference will be
£ greater than the positive feedback from the tachogenerator
s and the output of A1 will be positive. A positive voltage at
q Al selects the motoring function for the rotor chopper and

the forward motoring thyristors in the stator regulator.

If the negative reference is reduced slowly towards zero,
the motor will slow down with the output from A1 still
being positive, but of a smaller value. If, however, the
demand signal is quickly reduced towards zero the output

v of A1 will change polarity. A negative voltage at A1 selects

the braking function for the rotor chopper and the d.c.
braking thyristors in the stator regulator. The drive will
then be operating in quadrant 4. The electronic rectifier
ensures that the pulse circuits still see a positive input giving
a phase advance and therefore increasing d.c. injection for
increasing speed error,

Consider the hoist drive lifting a load at a speed very
close to standstill. If the demanded speed is reduced, the
motoring torque will eventually become insufficient to hold
the load which will start falling. The change in tachogener-
ator polarity will increase the output of A1 positively and
the system will be operating in the plug-braking mode, i.e.
in quadrant 2. If the demand is further reduced and reversed
the load will fall at an increasing, but controlled, speed. At
a predetermined lowering speed, when plug braking becomes
less effective, a detector changes the a.c. regulator to the
d.c.-braking mode and selects the braking functien for the
rotor chopper. Thus the drive is lowering with a braking
torque in quadrant 2,
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If it is required to lower a lightly loaded hook that
cannct overhaul the drive then the speed demand must be
reversed causing amplifier A1 tochange polarity. The negative
polarity of A1 together with a reversespeed demand is
detected, and changes the a.c. regulator to the reverse-
motoring mode. The electronic rectifier ensures an increas-
ing phase advance for increased speed demand and the load
is driven down in quadrant 3.

6 Experimental results

Laboratory tests were carried out with the drive system
operating in all four quadrants, The torque-speed character-
istics obtained are shown in Fig. 11. The curves show maxi-
nmum possible torque up to the limit of rated motor current,
The limited range of duty cycle of the chopper can be seen
particularly as a loss of performance near synchronous
speed in quadrants 1 and 3. The changeover from plug
braking to d.c.dnjection braking in quadrants 2 and 4 was
oplimised at speeds greater than- anticipated because the
superior plug-braking performance caused by the high
stray-load losses of the test machine. Predicted performance
of the system agreed well with experimental results except
in the regions where the stray load losses had a noticeable
effect.

torque,Nm
quaclrcnt 2

quadrantt

effect of stray
foad loss

1 3 i . k. 1
NEN +1%igewer S 1000 2000 3000
oplirmum N
A \pbeiween plug and=1T\ ™

dynqmc braking 2

speed,rev per min

quadrant 3

Fig. 11 Speed/torque characteristics of the 4—quédraht co_nrroller

The characteristics of the 4.quadrant controller are suit-
able for a hoist drive and are close to the operating require-
ments, although the speed range at which fulldoad torque is
available is limited by the design of the rotor chopper.

A linearised model of the controller and motor was used
to predict the dynamic behaviour of the systém to small
perturbations in speed demand. The predictions compared
very favourably with experimental results but a more
detailed analysis would be necessary to include disconti-
nuities and nonlinearities for operation through the four
quadrants,

7 Conclusions

A system for combining the control of a stator-voltage régu-
lator and a rotor chopper for an induction motor has been -
analysed and experimental results show that stable
4-quadrant operation suitable’ for hoist applications is- -
possible. The speed range of the practical system was
restricted by the limited range of the rotor chopper used
in the tests. The speed range could be extended by improv--
ing the chopper design. Plug braking torques on the test -
equipment were high due to stray losses; however, the .
technique of automatic changeover to d.c.-injection braking

was implemented and found effective. The disadvantages of. i
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the system are the complexity of stator/rotor control and
the energy losses dissipated in the machine and in the
external rotor resistance. .
Before such a system could be implemented industriaily,
detailed consideration would be required into the safety
implications of equipment failure. Application of brakes
and removal of power would have to be automatically
initiated by monitoring appropriate parameters, i.e. speed
error. The system, however, does provide a solution to the

4-quadrant operation of induction motors for crane-hoist
drives.
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9 Appendix: Analysis of the rotor chopper

"At the relatively high chopping rate, the analysis can be
- based upon a typical instantaneous current path as shown

"Fig
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in Fig. 7 in which, neglecting ripple, the in:
voltage may be assumed to be s£,. The current
at the rectifier output of the rotor chopper i
Fig. 12. The current consists of two exponeatial ¢

During the rise period

sF, sE,

i = R_: (i:o—fl) exp [—T,1¢] :
where !
Ry = 2(sR, +R a T =

3 = 2(sR, 2)_311 1 _2(L1+L§,)

When t = AT, i(f)y = I, hence
sE sE, .
Lo==—=2 -1 e};p [T AT]
During the fall period

. SEO SEO
iz e (R4 2) exp [=T2(t — )]
where

R,

Ry = R3 +R —
A 2L+ Ly)

and Tg =
When (t —#,) = (1 =N T,i(t) = I, s0

I = ﬁ~(%° —fz)exp 1,007

Substitution gives

7o sEq . J1—exp [—Tz(l—?\)Y'];i_[l—exp(-leT')] exp [~T,(1—NT]| .-
L 1—exp [FTIT =T, (1 —N)] Rs R,
o sEq 1 —exp [T\ AT] N F—exp [—T5(1 —N)T] exp [T ATT
T L eexp [T Ty (1 = N) T Ry R,

.12 Rectified current waveform

The mean value Z;, and the r.m.s. value
obtained from

1 (A 1 ra-nr |
Ic = - 3 t‘_;__ ) 1 10 k
w =g, nar g [ (10)
and '
T 1 AT 1 0T 2
fome = | = dr +— 2 df
rms (T J;] i1 T J.AT i5d (11)

The values of I, and I,,,, can then be used in eqn. 3 to

calculate the output torque for which the motor r.m.s.
current will be given from eqn. 11. '

ELECTRIC POWER APPLICATIONS, DECEMBER 1979, Vol, 2, No. 6

Loms can bes

A

I






