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INTRODUCTION

State Standard of the Russian Federation (50368 %2t to the following
definition of the drive:

The electric drive — electro-mechanical system isbimg generally of
interacting power converters, electro-mechanicadl amechanical transducers,
control and information devices and interfacesxtemal electrical, mechanical,
control and information system designed to propel ¢xecutive bodies of the
machine tools and control the movement of the teldgical process.

Electric drive consists of two channels: power c¢ledrand data channel.

(fig. 1)
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Fig. 1. Structure of electric drive

EC - electric converter;

EMC - electromechanical converter;
MT - mechanic transducer,

IC - informational converter;

MO - movable object of process installation.

By the power channel transformable energy is trarisd. According to
information channel manages the flow of energy,dbléection and processing of
data on the status and functioning of the systanit Hiagnosis.

Drive as technical system consists of certain efgmgself as a subsystem
included in other larger system (Fig. 2).
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Fig. 2. The electric drive as a subsystem




All elements inside the drive are closely linkedy £xample, the power
semiconductor technology affects the electricitpy system (electromagnetic
compatibility). Examples of the integration of thi@vable operating element with
an electromechanical transducer: motor - wheekpart systems, electric spindle
lathes; magnetohydrodynamic pump in the foundrye Tike of microprocessor-
based equipment in the data channel affects omubhéty of the functioning of
the power channel.

The range of electric drives:

» the poweror 1 mcWno 100 MW,

» the frequency of rotatioor 1 rev/yearo 500 000 rev/min;

« on the application: from the artificial heart to ethflexible
manufacturing systems.

There is a constant expansion of functionality elsifypes of drives on the
physical principles of the converter of electriesgy into mechanical energy:

1. Electromachine drive in which the conversionetdctrical energy into
mechanical energy by electric machines based on itberaction of the
electromagnetic fields and current-carrying condrsct

2. The electromagnetic drive in which the conversib electrical energy
into mechanical energy by the device based onrttegaction of electromagnetic
fields and ferromagnetic materials.

3. The electrostatic drive, in which the energywasion device is based
on the interaction of the electrostatic field ani@éctic charges (capacitive
motors).

4. A piezoelectric drive, wherein the energy cosi@ar device is based on
the piezoelectric effect, which consists in tha treformation of certain crystals
generates an electric charge and electrostatiactiens.

5. Magnetostrictive drive, wherein the energy coswmm device is based
on the magnetostrictive effect, which is that feregnetic materials are deformed
under the influence of the magnetic field and clesitgymagnetic properties.

Classification of electric drives

1. According to the type of movement:

a) rotational movement (There may be reversibleraord reversible, have
continuous and discrete)

b) forward;

C) reciprocation

2.According to the principles of speed and position control:

a) fixed (constant velocity);

b) adjustable;

c) tracking (the transfer is made in accordancé té setting signal);

g) program-controlled (moving according to a giyeagram);




d) adaptive (automatically provides optimal movetneh the executive
body with a change in his work);

e) position (provides position control of the exwoe body of the
machinery).

3. By the nature of the mechanical transmission device:

a) reduction electric drive

b) reductor-free drive.

4. By the nature of the electric converter installation

a) controlled rectifier — motor (controlled rectifiedirect current motor);

b) frequency convertor - motor FC-M has alternatngent drive
conversion device which is adjustable frequencyeaer;

C) system generator - motor (G-M);

d) system magnetic amplifier - motor (MA - M).

5. According to a method of transmitting mechanical power to the executive
body:

a) an individual (each executive body of the maehiool driven by a
separate motor) the main drive;

b) interconnected (two or more electrically or mmulally coupled
motors);

c) a group (one motor driven multiple machines).

Requirements to the drive:

1. Reliability (reliability - the probability of faure).

2. Accuracy (required to carry out the controllestion of a given
accuracy).

3. Performance (the system's ability to resportti¢se pressures).

4. The quality of the dynamic processes (ensuringequirements of the
processes over time)).

5. Energy efficiency (specific power consumptiom firoduction of the
final result and efficiency).

6. Compatible electrical drive with electric powsupply systems and
information.

7. Resource of capacity (materials consumptiony,dabor content during
installation, operation, repair).

Dutys of motor:

— magnetic - 1 J/Kkg;
— classical capacitive - 0,1 J/Kkg;
— film - 10 J/kg;

hydraulic internal combustion - 10 J/kg;
human and animal muscle - 500 J/kg



1 MECHANICS OF ELECTRIC DRIVE
1.1 The equation of mechanical motion

From the electric motor (EM) to the movable obj@d) the mechanical
energy Is transmitted through the mechanic trarsd(MT) (separate elements:
couplings, gears, pulleys, ropes, shafts, etc.) tbtate or move steadily at
different speeds, have different mass, moment etien The mechanical motion
of the drive elements described by the laws of tid®@eechanics. According to the
second law of Newton's equation of motion for adrigody rotating around a
fixed axis is determined by:

_ jdw
SM=J O (1.1)

where J - moment of inertia of the body;
dw/dt =€ - the angular acceleration of a rotating body.
For translational motion of the body
dv

>F= ma, (1.2)

where m - mass of a body;

dVv/dt = a - acceleration translational of motiortloé body.

In fact M ; F; €: @, are vector quantities but as directed along oigecan
be used scalars. To find the dependence of thedspiethie time d /dt andw =
f(t); and V =f (t) integration of the equatiorssgerformed at constant m J.

M and F may depend on the body position, whilegraéng the differential
rate equatiorw =d¢ / dt andV =dS/ dt,
where¢ =f(t) - the angular position of the body;

S={(t) - linear position of the body.

Only in exceptional cases, J and m may dependetirtte and position of
the body that occur rare.

If >M#£0; > F£0, that the drive is accelerated.

If

>M=0; Y F=0, (1.3)
then the drive moves at a constant speed or establiin a state of rest. (1.3)
describes the conditions of steady motion.

Each element of drive has its speed, the momeimeofia and weight. For
the calculations used to reduce torques, forcesnents of inertia and mass of
each element, as a rule, to the shaft of the mtudhis is a real cinematic scheme
replaced by the estimated energy equivalent cir€ait example, the real scheme



of the mechanical part of the drive (Fig. 1.1) eplaced by the reduced design
(Fig. 1.2).
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The load of the drive: the power of gravity andtion of moving parts. It
must define the values given load torqds (drag torque) and the moment of
inertia J, based on the equality of the mecharpoater of the load of motor in
real and equivalent circuits.

1.1.1 Reducing torque:

a) For lifting the load the motor performs usefubriv and covers the
friction loss in the kinematic scheme. The mechalnenergy from the motor is
sent to the executive device, while:

M lw=Fyo Vo /ﬂp [ng

MC = FI/IOVI/IO = FI/IO [p (1_4)
NpNe®W  NpNe

where:p = Vo _ reducing radius;
W

b) For lowering of the load the potential energyrasmsmitted to the electric
drive. Then the balance of power is determined by

Mcw = FroHoﬂp% J
whence:
MczFrouo/w[ﬂp%=Fuo[ﬂp[ﬂ6[l3, (1.5)
because the frictional energy losses borne by dbhenpial energy;
c) If the executive element performs rotational isotwith speedw,, and
creates a torque load,,, given to the motor shaft, then

()
MC:MHOH_I’(IS: I/IO/r]m (1-6)

in the direction of the energy from the motor te #xecutive element;



()
Mc =My, £°=Mﬂoiﬂ; (1.7)

when transferring power from the executive elenterthe motor,

. W
wherei =
Ho

1.1.2 Reduction of the moments of inertia and nsigsoduced, based on
the equality of the reserve of the kinetic enenmgyhe actual and the equivalent
design circuit:

- gear ratio of kinematic scheme.

2 2 2 2
W W Ws  mV
J—=1 + +—H10
Ty b > >
whence:
(")Ho2 % 2
J=Jﬂ+~kmz =gt 4/ T+ m (1.8)

where J - reducing to the shaft of the motor monoéelements inertia;
J, - moment of inertia of the motor, clutsiil and gearwheel Z1.
J;- moment of inertia of gearwheel Z2, clutch M2 andm.

Therefore:

a) to reduce the moment of inertia of the rotorthie shaft of the motor
should be divided J by the square of gear portibrthe kinematic scheme
between the motor and this element; J/i

b) to reduce the weight of linearly moving elemshbuld multiplied mass
on the square of the radius of reducing plot ofkimematic scheme between the
motor and this element, .

Finally, for the rotational movement equation oftroon vector form is

|\7|+|\7|C=J‘jj—‘f, (1.9)
whereM - torque of the motor;
M. - drag torque.
In scalar form can be written
M—MC=JZ—?, (1.10)
because sigM u M, counteract each other.
do
M qyn=J—, 1.11
dyn dt ( )

Mgyn- dynamic torque of the motor.
Considered design scheme called single-mass sysdsnabsolutely rigid
elements and has no gaps.



1.2 Multimass mechanical systems

In the presence of elastic elements in the kinensiheme it is difficult to
obtain single-mass design scheme, therefore dusd arad three-mass mechanical
system are produced. Thus the concept of the tygimbefficient of the elastic
element is introduced - the coefficient of propmmality between force and linear
deformation or between the torque and angular detpr

Fmp = GIAL, (1.12)
whereAL - linear deformation;
Mpr =CoAb, (1.13)

whereA¢ - angular deformation.

CoefficientsC,, C, determined by the geometrical dimensions of thste
element and the material properties. For an elastiainder tension
C = STE : (1.14)

where S, L - sectional area and length of the motf’, m;
E - coefficient of elasticity, Pa .
For shaft radius R under torsion:
Cr = JS%, (1.15)
where d - moment of inertia of the cross section of thafshm®,
G - modulus of elasticity under torsion, Pa.

Js=mR* /2.

Then the rigidity G, G, is higher, the deformation is lower.
The reciprocal of the rigidity coefficient, callethe coefficient of

: 1 1
complianc c o)
2

In compiling design schemes of the mechanical igactrried by reducing
the motor shaft rigidity coefficient of the elasélement.
For flexible shaft in torsion given coefficientdetermined:
_Co

i2

For translational motion of the elastic elementansion and compression
given coefficient:

(1.16)

C=C, p°. (1.17)
When connected in parallel elastic elements withrigidities G, C,, G;,
the equivalent rigidity is determined:



C,,=C,+ C,+ C,+ C, (1.18)

In series the equivalent stiffness is:
1 1 1 1

— =+ . (1.19)
Ceq C1 C2 Cn
Design model of a two-mass system is given by (Fi8):
Mc1 MCZ
| c I
] J2
gz
Fig. 1.3

Mass | - mass of the rotor of motor and componbetween the motor and

the elastic element.

Mass Il - mass of the executive body and the elésnkaetween it and an

elastic element.

These masses are connected with the elastic elemgnta rigidity

coefficientC and, in generaky, andw, and¢, are not equal. This system can be
divided into separate elements, as shown in Ffy.vithere théM,, - the torque of
the elastic elemend,; andd, - angular position.

Then the equation of motion of the individual eletseof the two-mass of

the whole system will be:

M-M2-M clzJ—dwl

dt
Mi2=C(¢1- ¢2)

dew
M1 —-Mco=Jd2 dt2

NN OAE L NN

Nl I

L)) e v // /

W M M1z M2 &
Fig. 1.4

Rewrite the system, taking:
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d—P; m:w; d¢2—w
dt dt
{M —Mlz—MC]_:JPOJl

PM2 = C(w1 - wo)
Mi2 -Mco=JoRw

In these equation®;; M, Mcy; Mc,; wy; W - variables,a C ; J; b -
parameters.

If the variables are indicated by arrows, the patans enclosed in the
frame, and for adding variables to use circles, éhgeation can be represented
graphically by structural schemes:

M —Mlz—MC]_:JP(Ul

M12

Mex1 1
N —>» (A)l
M J1P

Mc1

Fig. 1.5

The output variabley, is calculated by multiplying the input variable
M - MC]_ - M12

on the expression in the frarEgl—Pj , Which is called a transfer function.
1

Equation Mo - Mo = 3 B is presented by structural scheme:

M 12 M12 - Mc2 1
> » (W2
JoP
-1 Mc2
Fig. 1.6

Equation PM, = @Qwq —w>y) presents by structural scheme

wl . . E Mai2
P
- w2

Puc. 1.7
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Now combine the structural scheme of separate umitise block diagram
of the system (three equations). For this nodé&ranching is denoted by point in
the diagram; all exhaust of the node arrows cooedp the same variable.
Obtain:

- lMlZ
(an Minpz

uvloO
& =
5

4

Mi12

Fig. 1.8

Structural diagram of the mechanical system comsaft 3 parts of
integrators:

Xinp
Xou =K=22  and X o =K [Xinp

You can get a different configuration structuragtiams, solving the basic
equations with respect to other values: for exangutving the equation:
M - M12 —MCl =\]1P(J01
relatively My, and equation
PM1o = C(w1-w))

relatively wq, we obtain structural diagram:

Y
3P P
M12
M (’an 71 U)Z
;“/Z— ’—} & >
Mi2 JZP
- M]_ _TMCQ

Fig. 1.9

If the input is considered M Mci, Mc,, and the M, exit, then structural
scheme:

12
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Fig. 1.10

The transfer functions of links - the expressiorreastangular framework
for structural schemes are defined:

_1 _ o(P)
P :
“u(P) HP Minp1(P)
_C _Myx(P)
@2(P) P (Dinp(P)’

1 0o (P
wyP)=-+ = 220)
2P Minp2(P)
Three-mass system is obtained taking into accdwn®telastic elements or

clearances between elements are taken into ac¢tentalculations are carried
out on a computer).

Reducing clearance is carried out on the followings:

1) For an element to the rotational motion and &argciearanced, (rad)
reduced value of clearandes determined by, [iq (rad).

2) For an element with translational or linear mota clearancé, (m) is
the reduced value clearan@es= 0, / p (rad).

1.3 The steady movement of the drive

In this modew = constMgy,, = 0, so the condition of steady motion can be
formulated as follows: motor torque is equal foregi the load torquisl = Mc.

Checking this condition is carried out on the mexta characteristics of
the motor and the executive body. Mechanical cherstics are called
dependence = f(M) for rotary motion and V = f(F) - for tratational.

13



Mechanical characteristics of the motor may be nmahtyproduced at
nominal motor operation U = )JJand artificial (adjusting) obtained by&JU,,.

Fig. 1.11 presents naturally mechanical charadtesisf different types of
motors:

1) direct current motor (DCM) of separate excdafi

2) DCM of series excitation;

3) induction motor;

4) synchronous motor;

5) DCM compound excitation with subtractive pdigri

6) DCM which powered bgource of current .

Fig. 1.12 presents the mechanical characteristicaogy = f(Mgg the
executive devices of different mechanisms:

1) lifting-gearsMc = const (active torques);

2) machinery conveyors, transfers, feed machin@gyement of cranes,
the torque of resistance which is caused by tleeidn forces (reactive torques);

3) fans, compressors and pumps (ventilatory);

4) mechanisms of the main motion lathes and mglinachines, winding
and rewinding devices.

The steepness of the mechanical characteristicsthef motor is
characterized by rigidity:

From Fig. 1.11 implies that the characteristic yh¢hronous motor) is absolutely
rigid 3 =oo; characteristic 1 (direct current motaysdxdey excitation) is rigid
B <0; characteristic 2 (direct current motor of serexcitation) - sof3 << 0;
characteristic 3 (IM) has variable-rate: in the kvarea is negative rigidit§ < O;
at the inflectior3 = 0, thenf3 > 0.

6 y
~ -
WA / 5 W .2 /1

4
- 4 3

»

~ 3

—1 /
— 2 \
B e ——

M -2 Mc

y
\
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Fig. 1.11 Fig. 1.12

To determine the condition of steady motion it ée@ssary to correlate the
mechanical characteristics of the motor and drive=M(w) and M. = f(w)
(Fig. 1.13).

wl\

Fig.1.13

Point A, in which M = M - the point of the steady motion.

Stable is a steady motion, which, being derivednfrthe steady-state
returns to him again.

Fig. 1.14 presents the mechanical characteristitiseoinduction motor and
the mechanism having M- const. At points 1 and 2 motor torque is eqaahe
torque of resistance, that is, there is a steadyomolLet’s check the stability of
the mode. If at point 1 speed, y.; increases, then motor torque will be less than

M, the negative dynamic torque will be appédgy, = Jdd_vtv and the drive will

decelerate to a speegis; With a decrease;ss M1 > M, positive torqueMgyn
appears, which will increase the speedig Consequently, the point 1 - point of
stable motion. If the speed,y at point 2 is increased, then, M, > M,
occurrence of positivdy,, will further increase the speed to the point ofveu
flection. With a decrease of thes there is a negativ®lyy,, wWhich will further
reduce the speed to zero. Consequently, the poipbiht of unstable motion.

15
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Fig. 1.14
Thus, the stability condition can be expressedeyiiequalities:

———<0or pB-B.<0, or B<B..

1.4 Unsteady motion of drive

The condition unsteady motion is the presence oadyc torquéMgy, # 0,
which can be constant or random depending on thedspgJnsteady motion is a
transient process electric drive, so its analysimeécessary to determine the
transition time of process and dependence of ttgpi& the speed and position of
the motor shaft from time to time.

1.4.1. Consider the unsteady movement of the drive constant dynamic
torque Mgy, = const;M - M, = const). Assume set the mechanical charactexistic
of the motor powered by a current source, and xkeewdive lifting mechanism:

w=fM) or w=1f(My),
presented at Fig. 1.15, which corresponditg, =M - M¢ = const.

The basic equation

M -Mc =Jd—w,
dt
Whence dw = M _JMC dt. If M - Mc = const, then
w= M _Mct+C1.

The integration constant;@& determined by the initial conditions:
if t=0 W=wWni

16



Ci=wni, then

M-M
“t+w

init *

w=

(1.20)

Therefore, the speed is a linear function of tiff@nsient-process time t
determined:
t, = J(O, ~ Wy )’ (1.21)
M -Mc
Integrating the speed of expression, we obtain

0= Jodt="21C frate o, ot

_ 2
q) - M MC i + oolnit
J 2
Constant of integratio@, determined from two initial conditions:
att=0,0 = binr, whenceC, = e, then:

_ 2
¢=M MCELH» t+w

J 2 int int *

t+C,.

(1.22)

The dependencé = f(t) has a parabolic charactéiig. 1.16 shows the
dependence:
w=f(t);  M=ft); ¢ =1().

®w «=f(Mc)

A w=f(M)

\/

Fig. 1.15 Fig. 1.16

1.4.2 Unsteady drive motion for linear dependencgue motor and torque
mechanism on the drive speed.

The equation of the mechanical characteristics i motor and the
mechanism have the form:

M=M,.-Bw,
Mc = Mcq + BcWw.
Fig. 1.17 presents mechanical characteristicsefitbtor and mechanism.
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o =f(Mc)

<
\4

MCO . Msc M
Fig. 1.17

ExpressingM or Mc viaw, get:
dw

JE"’ B +B; )= Mg, —Mc,.
Dividing by (3 + ;) get:

dw
T, —+wW=w.,,
M dt St

whereT,, = — electro-mechanical time constant of the tramsiprocess;
(¢
Mg.—Mc .
0, =W — steady speed of motion.

The solution of inhomogeneous differential equatisnthe sum of the
general solution of the homogeneous linear equaticee component of the
movement).

dw
Ty it +w=0,
and a particular solution of the inhomogeneous egrigcompulsory component
of the motion):

W= wfree + O‘)COIT’IF'

Free component of speed is determined by:
t

Wiee = A€ T, (1.23)

Forcing component is found from the conditi%(lfr =0 in equation:

18



dw

Ty — T W=y,
M 4t O

In general, the solution has the form:
t

W= Wt + A€ T (1.24)
A constant A finding in the initial conditions: B 0, W= Wpit, A = Winit —
Wyt

Then:
t

0= (Wit ~Wy)e " + Wy (1.25)
SinceM and w are linear, then:
t

M=(M,-Mge " +M . (1.26)
Differentiating equationd$ = w(t)dt, obtain dependence the angle of
rotation on the time and speed:

t

0 =0n + Ty (@it ~w)-e " Jraglt.  (1.27)

Transient time - the time of speed change or tofgura the initial value to
w; or M;:

ttt :TM In—()oSt (DO =T|V| |n—M 0 M St.
Wgt ~ W M;j - Mgt

Idealized mechanical motor characteristic (rectéayudefines the run-up

to the motor idlingwy atM =Mgc, winie = 0. (Fig. 1.18):
ty = tage= 0 =T . (1.29)
Msc

ThereforeT,, is numerically equal to the run-time the motorheiit load to
the idle speed under the action of torgqdec. Ty can determined if it draw a
tangent to the speed or torque=f(t) or M =f(t) at pointt=0.

Dependenceo =f(t) and M =f(t) are presented in fig. 1.19.

The transient time is 3-8,

1.4.3 If random time dependce the dynamic mechho@racteristics on the
speed thew=f(M) or a« =f(Mc) must be given by analytic expressions. To
determine the dependencibb=1f(t); w="f(t); ¢ =f(t) it is necessary integrate
the data of expression.

(1.28)

19
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Fig. 1.1¢ 0 Fig. 1.19

If the exact solution is not possible, use the apipnate methods of
integration: graph-analytic or numerical. When gsimumerical methods (the
methods of Euler, Runge-Kutta), the derivativesramaced by increments (Fig.
1.20) and with given mechanical properties f (M) or w=f(Mc) the values:

W1 =Awg; Wy =W +Awy; W =Wwj-1 +Aw;,
for which the calculatedt,; At,; At; on expression:
JAw
M-Mc
Fig. 1.20 presents the mechanical characteristics f(M) or w = f;(Mc) and
dependence of transition process= f(t) or M = f(t).

At =

20



1.4.3 Optimization of gear ratios

The optimal value of the gear ratig allows you to get the greatest
acceleration or deceleration of the drive, whiclpraves the performance of
working machines. In the case of M const andye,- = 1 equation of motion of

the drive:
[+ : 2
M g M o= (1 of & +J e()BOkge—{d,
where: My — torque of executive devicg, Jinertia moment of motorgg- inertia

moment of executive device,
d Miy —M
whence: % =£ed=92—ed,

€eqd - acceleration of the executive device should e maximum, take the
derivative and equate it to zero (finding the mdxtlee function), and then

convert:
2
; Med M edj J ed
i = + + ) 1.30
g.opt M \/( M Jm ( )

This expression is valid for a maximum deceleratafnthe executive
device. While ensuring maximum deceleration ancelgcation is much more
difficult to obtain ig op:

ProvidedMq = O:

Jed (1.31)

Jm
Optimizationigcan be done not only to the maximuagg but also from the

ig.opt=

ratio of the rates specified conditions, the maximpath executive device or a
minimum time to complete a given path.

1.5 Principles of construction automated electric dve

1.5.1 Regulation of the coordinates of electriwelri
The mechanical part of electric drive in the forfradblock diagram have
form:
ip
w. &, P Vo, Wyg: @y,
M MT MO
EHD; SHD; (PHD

Fig. 1.21
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Typically, on conditions the process by the angulgr or linear velocity

Vqare regulated:
()
Wed =73 Ved = WP,

where i - reduction ratio of MT;

p - reduction radius of MT.

Speed regulation can be in the following ways:

a) the regulationi orp  at w= const, (mechanical way: transmission
gear, variators);

0) the regulationw at i,p = const, (electric way);

c) the combined method.

Regulation of linean,, or angular €4 acceleration, linear ($or angular

$eq pOsition of executive deviceagq=pLE; sed=if ; Seq=PL ; ¢ed=}2
called regulation of coordinates.

For motor control current, voltage, flow controlatso called regulation of
variables or the coordinates of motor. Sometimesiired to get simultaneously
regulation the speed, acceleration and positiorthef executive device (for
example, when moving the elevator).

1.5.2. Speed regulation of electric drives, as wasglmaintaining speed at a
given level can be done in two ways:

a) parametric (changing the parameters of the itiswitching resistors,
capacitors, inductors);

b) in closed loop system (changing by supplied ag#t or frequency, or
both simultaneously by the transducers).

Speed regulation is characterized by the followagameters:

— control range (from one to 10, 000)

D= wmax .
Wmin
— control direction - up from the basic, down froore speed or two-zone

regulation;
— smoothness of the speed regulation - speed faticdhe next two

characteristicK smogth= 1 ;
-1
— rate stability is characterized by its changeh®y changing the load on
the shatft;
— economy of speed regulation is characterized ¢ppétal costs, as well as

n, Coso ;
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P
P +AP
where P, - useful power on the shatft ;
PL=R +AP -inputpower.
When the regulation is determined the weight-avemg, Cos,, for
adjusting the cycle:

rl:

Nav = ZF’ZlEt /Z(PZ|+AP)I

Coshyy = ZPI /Z\/ Lit,

where n - number of speeds.

1.5.3 Regulation of current and torque motors

Regulation of speed by varying the torque or fosdectric drive by
changing the current of the motor armature.

Current limit and torque motors is made due to loaet in the stop mode of
the actuator in short circuit mode.

Current regulation and torque. Parametric methadsigtors) does not
provide the accuracy and efficiency. In closed eayst, at the introduction of
feedback of current achieved a high accuracy,ieffiy and ability to provide the
vertical site ofmechanical characteristics.

Ly
f 3
C!C'D 0

E“II"

Fig. 1.22 Fig. 1.23

According to this characteristic (Fig. 1.22) is wided the current
regulation and torque in range changing speed @am ;.

Supply the motor from the power converters with greperties of the
current source provides vertical mechanical propeitFigure 1.23). The current
source has a constant time at every step whenpbedsis changing (vertical
characteristics in a wide range).
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1.5.4 Adjusting the position of electric drive

Adjusting the position of the executive body in &pa positioning - is used
in the feed mechanism of machine tools, lifting-ahdting machines, robots,
manipulators, plotters. The main requirement - hagturacy. In open-loop
control motor drives regulation is executed by ngeahlimit switches, position
switch (lifts, etc.).

For high accuracy of the position control, for exden when testing printed
circuit boards, microprocessor unit, etc. is uséectac drive with electric
position feedback. It is used for tracking and pangr-controlled drives.

1.6 Principles of construction the control systemef the electric drives

Motion control is carried by control system, whitas a converter (power)
and the control unit. Control systems: manual artdraated, in the latter operator
gives a command only at the beginning and end ef workand, the whole
process is provided by the control system.

At the open-loop control (Figure 1.24) setting sigKqes determines output
signal levelX,. Xgist — disturbance action determined by interferencdtdge
fluctuations, emergency, the load of the dri¥gs; influence reflected oX,, ie
Xout dependent on external perturbations, which isbigic drawback of open-

loop system.
l Xdist
Xde1 XOlJi

ED >

Fig. 1.24

Closed systems allow to eliminate the influencexiernal disturbances on
the output value. They can be constructed on timeipte of feedback (Fig. 1.25).
Xs, signal proportionaK,, is input to the electric drive, compared wKhes and
the resulting signal X. The error signal or rejestis input control signal to the
drive.

If the speed electic drive (ED¥, of the load changed, then changed X
that lead to the restoration speed.

Feedback (FBxan be positive wheXy, is directed according to th€es
and negativeX,. back-to-backXye). Tough FB - signal operates in steady-state
and transient conditions. Flexible FB - the sigisabnly operate under transient
conditions. Linear FB described by linear equatiomslinear FB - Non-linear.
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Xde1 X Xou1
—> ED >
x
— 1 Kp
Fig. 1.25

Feedback can be for speed, position, current, geltkeedbacks on torque
and effort reporting are rarely used, since sensitisese variables are complex.
Closed systems may be constructed on the prinagflecompensation for
disturbance (Figure 1.26). The input sigial, proportionalXis fed into the
system along witiXges, the resulting signal X controls the ED, compeinggafor
the disturbance. It is used less often as sophtsticload sensors.

Combined control system using both principles (Eig.7).

l il > % Kais
X def T Xs EVD XBbIX E‘:D X0u1
% X
. Kfp <
Fig. 1.26 Fig. 1.27

The greatest application gets a closed systemfegttiback.

In the management of several coordinates ED (speesifion - a way,
acceleration, current, voltage) circuits are used:

a) with a total amplifier (A) (Fig. 1.28), where ECelectrical converter
X1, X2, X3 — feedback signals in different coordinates. Tlanndisadvantage
of the scheme: it can not regulate the coordinatdependently of each other;
EPM - electric part of motor; MPM - mechanical pafrmotor.

b) in a scheme with general amplifier and nonlinesedback effect of
feedback is split (Figure 1.29).

Nonlinearity of the feedback provided by the adbuhél signals cutoffX
corr1, Xcorr2 ,» Xcorrz) and valve elements. Disadvantage - independent
adjustment of all the coordinates can not be done.

25



Xdef X5 X4 X3 X2 X1
A » EC » EPM—e>» MPM——e—>» MT >
‘_"X |
fb3 Kip3 W 0)
Xib2 Ky <
2 Y
Xtb1 Koy
Fig. 1.28
Xde1
— > X5 X4 X3 X2 X1
> A EC > EPM > MPM MT | >
Xtb3 Xib3 |
| X3
+
T - X coFF 3
Xib2 X2 |
| X2
TTXCOFFZ
Xth1 | Xfp1 | -
xa
TT XCOoFF -
Fig. 1.2¢

This disadvantage is devoid the scheme of slavedamate control with
consistent correction (Figure 1.30). Here the ougdithe outer loop is defining
signal of the inner loop, that is, each internddraiited to its external circuit. ¢
loop current and torque;,x the speed loop, p¢ the position loop.

26



Xde X7 X6 X5 X4 X3 X2 X1
>y Al — A2 3 A3 > EC > EPM MPM[ > MT [+ >
Xth3 Kins
X2
Ktn2
Xfh1 Koy

Fig. 1.30
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2 ELECTRIC DRIVES WITH DC MOTOR
2.1 The generalized electric machine

Electromechanical converter EMn the motor drive system is regarded as
an idealized electric motor having n pairs of eleat terminals and a pair of
mechanical pins in the form of electro-mechanicaltipole (Fig. 2.1) with the
input variables (Y iy, U>, U,, b, Iy) and output variableM, w).

o———— Y
U2 o w

o——— EMC M,

o—>—1 ———o0
Un o

Fig. 2.1

When using polyphase motors it is considered séugpats corresponding
to the number of phases. Any multiphase electrichhme with n-phase stator
winding and the m-phase rotor winding can be a plvase model, if the equality
of the impedances of stator and rotor phase. Suamnaehine is called a
generalized electrical machine, which is a simgtifimodel of the real, as the
following assumptions: the distribution of winding complete, the absence of
non-sinusoidal magnetomotive force, no air gap mfcwity, the magnetic circuit
Is unsaturated, and the influence of the saliemopanted for by introducing a
variable radial magnetic permeability:

Hrad =H ~ AU =~ AU mp£0SD ¢

Pl =Pno
where ¢¢ - electric, ¢ - geometric rotation angle of the rotor relatteethe
stator, R - the number of pairs of poles.
Then the scheme of generalized two-pole machinedeaepresented (Fig.
2.2), where the coordinate system for the statpif3, the rotor: d, g.
Generalized machine in dynamic mode is describedthgy system of
equations in accordance with the second law oftfiodf:
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Uiy =Rqi1y td¢, / dt;
Ui = Rli]'g+dw]ﬂ/dt

Uog = Roigg +d@oq/ dt; (2.1)
U = R2i2q +dw2q/dt;

1_d

=—0U- >,

2 dt,zm' |

where Yig, Wi 5 Wod ;Woq: i1a ; i1g: l2d 3 ipq - currents and the flux

linkages of stator and rotor windings along theregponding axes, which are
determined by:

g

Fig. 2.2.

LIJlG:lel]“h"'L]]B[iB"'Lﬁxﬁﬂ ﬂ+L da[ a;
l]JlBZLJBJO([ih+LBB[iB+L [Bﬁﬂ a B_a[ B
Wog =Log i +L ZdB[i IB+L Al gt 2121[ 2
L|J2q=L2q]a (i +L ZqB[i 1]3+L 2]215 L 2]21[ X
or in the general form:
29
Y = ZLij [ﬂj ; (2.2)
j=1a
where L - inductances of the corresponding windings.
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The relative position of stator and rotor changfesrefore
Lij =f(del) ,
while the self-inductance of the windings are:
Liga =L pp =L 1=const,
L2d2d =L 2g2q =L 2=const.
The mutual inductance between the stator and waitadlings are equal to 0
becaused g = 90",
LlO(lB =LZIBZU =L 2124=L 2]2120.
The mutual inductances of stator and rotor depend g that varies from
Oto 2t
Lig2d =L 2dn =L 16050 ¢
Lmzq:Lzmx:L1§0ﬂ¢eﬁ9dUZ—L1§W¢6
Ligoq=L 2qp =L 16050 ¢;
Ligog =L 24p =L 18INd .

So, the equation of electric equilibrium of the gedized machine is
expressed by the:

. d d
Ui =Riii + 2L 0 - (2.3)
=

The differential equation of electromechanical ggeronversion is of the
form:

_ 1 29 dL 2q
=— Z [ﬂjDZIi. (2.4)
2i=1g d¢ i =1a

After the conversion, entering depending on time differentiating, if

d¢

w=—, when get:
at g

Ui =R, +22q|_ LR SLF (2.5)
i = || IJ (k) Ja "
i Yt deq)
quL
wherew )’ —|J =g,
=10

g - resultant electromotive force induced in the dung by a mechanical

movement of the rotor,
Rji; - voltage drop on the active circuit resistanceadth winding,
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z LIJ d - the resultant EMF of self-induction and mutuadluction

caused by varying the current in the windings.
Therefore, the currents in the windings and thetedenagnetic torque of
the machine depend on the speeddependencieso=f(i;) and w=f(M) are

called electromechanical and mechanical charatitsiind the equations:

Ui =R + ZZCI L d|J+ ZZq dLj

1 29 2q dLij .
M== Y i;0Y% [;;

2]10’ Jlad¢

called the equations of electro-mechanical and em@chl characteristics in the
dynamic mode of the drive.

2.2 DC motor in the form of generalized machine
DC motor with separate excitation (DCM) can be espnted by a two-

phase model of generalized machine (Fig. 2.3), iandescribed by equations
(2.7):

\/\‘ Interpole Compensating

j.—@ v winding rvgggﬁg g
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Uy =igyR1+dgy, / dt
Upp=igpRe+dgg/ dt

Upg =iggRo+dyy, [ dt+ wli 3; (2.7)
Uopg=iopRo+dy ol dt-wll ;

M =PnL12(i14 27 =1 » U ),

where Yy =0 g =0
UlB:UB IlB =if
Uoq = Uy ioq =ia
UZB =0 i2[3 =0

I — current of field winding;

I, — current of armature winding.

Then, for the DCM with separate excitation systdnequations will have
the form:

Uf =ifRf +Lfdif / dt;

Ua=TRatL gl {dt+wl o5 (2.8)
M=P,Lid1 4
where rotating electromotive forée
E:(Dleif = [ [dv, (29)
K= :” N - DCM constructive factor that takes into accotln& number of
Ta

pole pairs K, number of turns N and the parallel branches dathe armature
winding.
The torque is determined by:
M :Pnl—12iBi;1 =K(Diﬂ. (210)
The system of equations can be written:
Us = in + Ly dif / dt;

Ug=iR g +L gdi Jdt+Kdw, (2.11)
M =K ®i,.
At constant magnetic flux machine armature current:
. M
g =—. 2.12
a~ ko (2.12)

Voltage U, is determined as:

32



M
Ug=—-R
Kd
OTKyla ypaBHeHHUE MexaHudeckod xapakrtepuctuku JIIT HezaBucumoro

BO30Y)X/ICHHS B TUHAMUKE:

w= Ya __Re M - La DdM. (2.14)
KO K292 Kap? dt
The equation of the electromechanical charactesisif the DCM separate
excitation in the dynamic mode:

=Ua_R&i _Ladjia
a ’
Kb Ko Ko dt

x +iGdM+ Kdw, (2.13)
Kd dt

(2.15)

If DC I, and flux ® are constant[dd—l\tﬂ:%:Ojequations for DCM

separate excitation take the form:

:ﬁ_hh (2.16)
Ko Ko
Ya __Re (2.17)

W= :
which represents static electro-mechanical and arechl characteristics, which
are linear and are characterized by two points:

. U
1) if I,= 0,M =0; =—a.
) if 1, Q) KD
2) if la=Isc, when w=0; ISC=$,
Ras
_ Ua _
Meg=K®—2 =Kdl g
R '

Fig. 2.4 presents the electromechanical and mechalaoharacteristics of
the DCM separate excitation.

Differentiating equation:

2.2
M=Kd Ua _K"® W,
Rae R&
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Wo
w=f(M)
Msc M
|5c |
Fig. 2.4
then get:
dM K2®?
——=Bst= ) (2.18)
dw R

wherefy; - static rigidity of mechanical characteristics.
The equations of static mechanical characterisacsbe written as

M = B(wg ~ ), (2.19)
W=wWq —%, (2.20)
M :MSC—B(JO, (221)

and static electromechanical characteristics:

R8£
w= ——I , 2.22
o Ko 2 ( )
| _ISC K—®|]D (223)
Ras

Let us go back to the equation of the mechanicaratteristics of the
DCM separate excitation in the dynamiCS'

_U, _ Rg a‘L

and considering that

_Ua

0K

2.2

KD
Bst =

Ree
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L
T,=—2
Ras
- electromagnetic time constant of the armatureudir and then obtain a block
diagram of a DC motor with separate excitation:

W
U, 1 o @ Aw Bs M
EEEE— > > —>
Ko 1+T,p

Fig. 2.5
Then dynamic rigidity is:

M

Bayn(®) = ) = - Pat (2.24)

wp) (@L+Tap)
Dynamic rigidity characterizes DCM in dynamics,ist differs from B,
therefore, static and dynamic characteristics efQICM are differ.

2.3 Modes of DCM separate excitation

Fig. 2.6 shows the scheme of DCM separate exattatiothe armature
circuit which included additional resistor,/g and to change the excitation
current is the resistance.Rhe impedance of the armature:

R =R+ Rade
whereRg = ray+ Fap* Fewt It
raw - the resistance of the armature winding,
rap - winding resistance of additional poles,

lew - COMpensating winding resistance,
I'y - transfer resistance brush contact.
Equations of electro-mechanical amd mechanicaladtaristics:

= U — MR2 =wWg —A(;o, (225)
K®d (KD)
w=i—£=wo—Aw, (2.26)
KO Ko

For these equations following assumptions are edighe reaction of the
armature is not considered and the shaft torquegisl to the electromagnetic
torque.
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Fig. 2.6

Fig. 2.7 are electromechanical and mechanical ctematics of the DCM
seperate excitation of different polarity power glypand of the absence of U =0
and for constant current excitatioh € const).

Fig.2.7

In this case, at a certain scale mechanical andtrelenechanical
characteristics are the same.

Analysis of equations (2.25) and (2.26) allows peafy methods for
controlling coordinates, I, M, ¢ ) of electric drive:
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a) changing the resistancgqyRn the armature circuit;

b) changing the excitation current, and as a resugnetic fluxd;

c) the change of the supplied armature voltage.

More these methods and their derivatives will =zdssed later.

Consider modes DCM separate excitation in differgatrts of its
characteristics.

1. Idling DCM. Point A or A’ for different polaritgf the applied armature
voltage is characterized by the following paranseter

I =0, M =0,w == uy. The motor does not receive electrical power from
the mains, except for losses due to excitation fation, and doesn’'t gives
mechanical energy.

2. Motor mode takes place on the section AB (fod)aor A "B '(reverse),
where the angular speed and torque M have the sim®etion. In this mode
U|>|E|; 0<w<wq; armature current | coincides with the directidnUoand is

directed against E, the electric energy suppliegimfrthe mains, and the
mechanical is given from motor shaft to working mae.

3. Mode short circuit of DCM. The point B or B™ dhe characteristics
(Fig. 2.7) has the following parametess= 0, E = 0; | = {3 = U/R. The electrical
energy consumption from the mains is dissipatethes in the resistors in the
armature circuit. The mechanical energy is not giteea working machine.

4. Generator mode DCM parallel with the mains, Whis called
regenerative braking mode, takes place in the skamd fourth quadrants
mechanical characteristics. In this case, the asggpedwo is more than idle speed
wy for forward and backward. EMF is greater than tiodtage applied to the
armature, I, and M change its direction. The motégeives the mechanical power
from the working machine and sends a (regeneratirtg)the mains in the form
of electrical energy produced by the generator.

5. Generator mode series with the mains, whichaited the mode of
plugging, will take placan < 0 (section B and C or B* A"). In this mode, the
electromotive force coincides with the direction wbltage and DCM is
sequentially switched with mains, armature curterdincides with the direction
of E and U, and is defined:

U+E
-

Electrical energy is supplied from the mains, asdaiso produced by
working as a generator DCM and dissipated as me#td resistors of armature
circuit. This mode is the most severe because iie ¢urrent is in the armature
circuit.
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6. Generator mode regardless of the mains, whichlisd dynamic braking
mode, occurs when the armature circuit is discomtefrom the mains (U = 0)
and closed-circuit or series resistor. The armatureent | flows under the action
E and has the same direction. Electrical power esegated by converting
mechanical energy from a motor shaft connectedh rhachine tool, then
dissipated and converted into thermal energy inréststances of the armature
circuit. On the characteristics of this mode isrelterized by a straight line
passing through the origin of coordinates.

At start-up of the DCM inrush current exceeds rateti0-50 times because
when working on the natural characteristics atitine of the DCM start:

W= O;Ez 0, thenl =%:|SC'

Limitation of Isc to acceptable ;4 = (2-2.5) } is realized by the
introduction of additional start-up resistoggR(starting resistors). The value of
Raqqis defined:

U
Radd:—_Ra- (2. 27)

Iz’:lCC

Natural characteristic of the DCM separate exata(l) and artificial (2)
are obtained by the inclusion,lgand presented on Fig. 2.8. At start-up as the
speed increases and E increases and the armatuentculecreases - the
characteristic (2). When the curreatd (1,1 - 1,2) | is switched to the natural
response (1).

During dynamic braking, when the armature circuft the DCM is
disconnected from the mains and is closed on additi resistance Ry the
braking process takes on the characteristics (3)dp the motor. The value,&2,
is determined

E U
Radd2=—~"Ra~— R

Iz’:lCC I acc
since forwy, close towy, voltage value E is close to voltage U.
When the reverse of the motor or the plugging thlanty of the voltage at
armature is changed while integrating into the amm@acircuit resistor Rqs The
motor goes to the response (4). The value is detedrRyq3

UrE r~2Y_R. (2.29)

| acc | acc

(2.28)

¢!

Radd3=
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- lacc 4 In 12 l

Fig.2.¢

2.4 Calculation of the additional resistance

Calculation Ryq at the start, speed control and braking of the D&a be
made using the following methods:

1. The permissible armature current, as shown atiGe?2.3.

2. The method segments.

3. Method of proportions.

For the calculation of By must be specified motor data, the natural and
artificial  electro-mechanical or mechanical chaedstics. From the
electromechanical characteristics of the equattdrgs:

U I R U |
wart=Kq;‘ -K;‘D =KCD” - UFR), (2.30)
n n n n
where: R = R+Ryg4 p = Un . R :ﬁ
Ko, " 1,
then:
R
=wo(l—-—— 2.31
Wart = Wof R,) ( )
or: R=%_%=ME&
Rh @  wp

where:d - the relative speed differential.
Consequently, the relative speed differential ddtermine the value of the
relative resistance of the armature circytRaqq/ Rn, where RyqiSs.
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Let's set the natural and artificial features of @M separate excitation
(Fig. 2.9). On the mechanical (electromechanichiracteristics of the DCM
segments ab, ac, ad correspond to the speed diffdréAw. ab segment
corresponds to the differential speed at rated noddee DCM without additional
resistances:
ab=Awy, =wy—Wn;

Fig.2.9

segmentc - artificial characteristic with switched resist®yqs;
ac=Awp =wWg — Wp;

segment ad &

Then, using the method of segments, define:

ab ﬁ:

R,=R,—; R =R :
a nad addl n ad

If characteristics of the motor working in dynamficaking mode are
defined (line 3 at the additional resistanggsRline 4, with R4y = 0), the value of
Radaz IS:

Rada2=R ndegh-

To determine the additional resistances by methquaportions sufficient
to use the expression:

Awnat . Rg
Awgrt Rat Ragg

where:
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Ragq= R %—1) (2.32)

Rais the value of from the empirical formula:
Ra=0,5R, (N . (2.33)
These methods are used in the calculation of esmiss of starting
resistors. In this case it is necessary to diagstanting chart identifying the
number of switching stages:

m=Ig I / Ralacc’
Ic’ilCC Un

using the following conditions;J. must not exceed (2-2.5) switching current,l
= (1,2 - 1,2) }, with off-speed resistance inrush current mustexaeed J.. Fig.
2.10 shows a diagram of the DCM separately exaibdn starting with three-
stage acceleration.

In 12 ladd
Fig. 2.10

2.5 Speed adjustment of DCM of separately excitatioby variation of the
magnetic flux

This method is possible only upward regulation pdesd from the natural,
attenuation of the magnetic flux because the nondnsge current is calculated
on the optimum thermal conditions, and the magrststem with DCMg, (D,) is
close to saturation.

From the electromechanical characteristics equation

U R
Ww=—-1—,
Ko Kb

41



it follows that the attenuation of the magneticfihe idle speedy increases and
slope characteristics also increases (Fig. 2.14)th& §c does not depend ah,
electromechanical characteristics obtained fored#ifit values of the flowdy, <
®,; < ®,), converge at one point. TorqMsc in the short-circuit DCM mode
changes with the changing flow:
MSC =Kol SC-

The family of the mechanical characteristics of tB€&€M separate

excitation at attenuation the flow, > ®,> ®, is shown in Fig. 2.12.

W W
W, Wo,,
W, /CD2 o, /CDZ
®1
) | <) — /CDn M
Isc Msco MseiMse
Fig. 2.11 Fig. 2.12

From Fig. 2.12 it follows that at the attenuatidrttee flow when working
on artificial characteristics the permissible I¢emque) is reduced:
Macc=K® gl r 1 Mgee<M .
The magnetic flux on the artificial mechanical dweristics are
determined from the relations:
Enat=K® @wp=Unp-I R,
Eart = KO qrar=U n= I R &
then
Doy =Dy (2.34)
rt
Useful power at the shaft of the DCM:
Ph = MWy = Pgrt= M gc0 (= CONs..
Therefore, regulation of the speed by this metlsaat constant power.

2.6 Adjustment of the coordinates of the DCM sepata excitation by
changing the armature supplied voltage
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A smooth variation of the supplied voltage to theaure of the DCM is a
converter having an internal resistanceaRd the gairK. by changing the control
signal U, (Fig. 2.13).

Adjusting the output voltage of the invertér=E. - IR, and the gain

Ke= Ec substitute in the equations of the characteristidhe DCM separate

cont
excitation.
KdUcont_RatR¢
— — = un —Aw: 2.35
Ko Ko “0 ( )
+
w= KU cont_MRa—RZC:wO—Aw_ (2.36)
Kd (K®D)

111

y Rectifier Re

Ucont I<C

Fig. 2.13

Electrico-mechanical and mechanical characteristidhe DCM excitation
with converter supply have a greater slope thaanrahtiue to the influence of the
internal resistance of the converter Rig. 2.14 presents the natural and family of
artificial characteristics of the DCM separate &doon at the regulation of the
maghnitude and polarity of the armature appliedagst

If E. = 0 DCM operates in dynamic braking. The converigsed electric
machines, in which the source is regulated voltigeet current generator, which
forms together with the DCM system generator-m@@D), shown in Fig. 2.15
and semiconductor forming the system thyristor ester - motor (TC-M), shown
in Fig. 2.16.

Advantages of GD - great range and a very smoottiralo rigidity and
linearity characteristic, the ability to provide miodes of DCM.
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The disadvantages of GD include large installed ggoand size, increased
noise, inertia and operating costs.

natural

Fig. 2.14
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Controllable semiconductor converters are typicdhyristor or lower
power transistor, may be one or three phase, riélemsr irreversible, assembled
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by zero or bridge schemes. Fig. 2.16 presentsesipighse full-wave irreversible
thyristor rectifier assembled by zero scheme. Ttgri converter has a
transformer (TR) with two secondary windings, twyristors VS1 and VS2,
smoothing reactor L and a system of pulse-phastalanrcuit (PPCC).

Regulation U of DCM is provided by changes the agervalue oE; by
changing the thyristor control angte relative to the moment of their natural
opening, when the anode potential is higher tharptitential cathode.

If a = 0, thyristors receive management impulses ftoernRPCC at the time
of their natural opening, the converter providdswave rectification and DCM
is applied to the total mains.

If create the control pulse of the PPCC with atsh# anglex # 0, then the
EMF E. will decrease, and the average voltage is below:

E m . Tt
Eav =%sm5 cos = E,, gcos,
where E,, o — EMF of converter att = 0.

[

—
2aas . e
+ -
o O,
VS1 \ FC VS2
|
D)
L D
:
f
U cont

— > PPCC

Fig. 2.16

Consequently,E. and current | are pulsating. To reduce the ripale
smoothing reactor L is applied. Multi-phase reetiftircuit also reduces ripple.
When DCM separate excitation is powered by theishyr converter
equation of the electromechanical and mechanicalacieristics are the form:
w=Ey, cost /KD-I(R+R J/KD;

W=E,y oC0B /KD ~M(R +R Q! (KD)?,
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whereR. =X I/ 2m+ Ry + R ;

X, Ry — reduced to the secondary winding inductanceagtide resistance
of the transformer (TR);

R, - resistance of the smoothing reactor.

Electromechanical and mechanical characteristicshef DCM separate
excczfi)tation are shown on Fig. 2.17 when the changmgtrol anglea from O to
180.
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The natural characteristics of the DCM are linedtamed when the
direction of rotation att = 0 anda = 180. At other angles of control at low loads
linearity of characteristic breaks and the regidnnterrupted currents appears
(A).

At a = 90, E. = 0 DCM operates in dynamic braking.

If a thyristor converter has a bridge circuit rigps much lower.

The scheme of the electric drive with a bridge meogrsible thyristor
converter is shown in Fig. 2.18.

Motor operation in all modes can be achieved whaneoed by reversing
thyristor converters, which use joint or separats ®f control valves. The joint
control of the valves control pulses from the PPLE€ served simultaneously on
both sets of valves.

Fig. 2.19 is a electric circuit of reversible electdrive TC-M with zero
output, (a - cross, b - antiparallel), Fig. 2.2f3ess bridge.

In these circuits, one thyristors group is workinghe rectifier mode, the
other - in the inverter mode, with conditi®g, i, = Eayreo and the sum of angles
control of rectifiera; and inverten, is supported to 180

]

A
MY
2208

=

b A s
\ \ ! \

< 4 < 4
< K < K
r ~ r \/

L
L1 L2
+O0— O .

FwW
Fig. 2.20
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Characteristics of the DCM with the joint linearocdination control angles
are linear (Fig. 2.21).

a5, max

=V

Fig. 2.21

In nonlinear coordination of control angles;+a, #n during the

transition from motor mode to the generator modglerspeed increases and
characteristics of DPT become non-linear (Fig.2@Bshed lines). To limit the
circulating currents between groups of thyristoeswesed reactors; | L.

By separate thyristor control voltage pulseg.\Jrom the PPCC serves
only to that group of valves which should work, #res group of valves closed.
The switching device switches on and off valveshvat pause of 510 ms. For
this reason, interrupted currents occur in the load mode, which impairs the
working environment of the drive. The advantagesha system TC - M are
smooth and significant speed range, high rigiditymificial caracteristics, high
motor efficiency, ease of maintenance and operafibe main disadvantages of
this system should be noted current and voltagsatinlg and decrease of power
factor (Cog) with deep speed control.

2.7 Formation of the static characteristics of thalrive in a closed
system the converter - motor

In previously considered open-loop systems TC -ud tb the influence R
characteristics have low rigidity and doesn’t poa®s limiting of current and
torque. And widely used closed control system afesl) power and torque with
the aid of feedback.

2.7.1 The closed system of TC-M with a negativelbeek on the speed is
shown on Fig. 2.22.
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Udef.s Uinp

Ufb =YW

Fig. 2.22

BR - the speed sensor - tacho-generator;

A - amplifier;

U, = w- a feedback signal,

Y - gain of speed feedback.

The equations of the characteristics of the DCNVaste excitation in open

loop:
0= KdUcont _I(RatR 9 = 0 — AW,
Kd Kd
0= KU cont _ M(R a"'2R J = 0 — Aw.
Ko (K®D)

Insert Uinp = Ugef s~ YW; Ugont =K conl ing OPtain the characteristic equation
in a closed system:

0= KeonK U def.s (R 4R )2’ (2.37)
C(1+ K) C(1+ Ky)
0= KeonK U defs_ M(R 4R } (2.38)

C(1+ Ks) C?(1+Kg)
whereKg =% - gain of the system,

C =Ko,

Fig. 2.23 shows the mechanical characteristics ©@MOn a closed system
(lines 2, 4, 5) for the various defining signals.

Uger.s1> Ugers2> Ugerss FOr comparison the characteristic (line 3) inrope
loop is presented:
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Aop=I(Ra+RQ/C,
Ao =I(Rq +R¢) / CLL+ Kg)=Aw g/ (1+ K 9 .

whereAw,, — speed differential in open systef), — speed differential in close
system.
W A

Wo1

Characteristics of the DCM &5 — o, Aw —» 0 — absolutely rigid (line 1).
However, in practice it is not applicable due totedieration of the drive
dynamics.

ConsequentlyAwy < Awyp, characteristics rigidity of the DCM in a closed
system more than characteristics rigidity in therofpop system.

The work of the speed feedback.

If the motor is in steady state at angle sp@e&ohd increase the load., the
speed will decrease and decrease the feedbacH slgraThis will increase the
Ucont Ec, and speed.

If the load torque is reduced, the speed increasdsdecrease signals,}J
= Uget - Y, Ueont @and U, and then decrease speed. Thus, speed mainteisance
carried out automatically when the losfj changes.

2.7.2 The closed system of TC-M with a negativaage feedback DPT.
(Fig. 2.24)

Voltage sensor is a potentiometer R, from whicimfitbe voltage feedback
signal is obtained §) = alll, wherea - the feedback factor. Then,p)= Ugess -
aU. In this case, the equations of mechanical andctml-mechanical
characteristics of the DCM are:
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Fig. 2.24
= KcontK CU def.s__ I[RC + Ra(1+ KS)] (2 39)
C(1+K,) ca+K) '
= KcontK CU def.s _ M [RC + Ra(1+ KS)] (2 40)
C+ Ky) C2(1+ K '

whereK =K K .[& - overall gain of the system.

Let's compare the characteristics rigidity in opeap and closed-loop
systems.

I(R,+R I{Ra*-lch }
A(’\)opz ( a+ C)>AoocI= >
C C
Consequently, the DCM characteristics in a clogesdesn (fig. 2.25, lines
2, 4, 5) is more rigid than the open loop (3).
Finite rigidity of characteristics in a closed ®mst at Ky - o, then

IR e
Aw, - Ca — the natural characteristic (line 1).

wl

52



Thus, the feedback voltage & — o provides full compensation for the
voltage drop across the internal resistance ofttimeerter R

The work of the voltage feedback: with increasihgfsload M increases
the armature current I, increases the internalageltdrop of the converter, and
then the armature voltage U reduces.

Then signal ), = Ugers - aU grows and b, also grows, what leading to
an increase converter EMF and an increase the arenadltage U. Automatically
regulation the converter EMF is occured.

2.7.3 The closed system of TC-M with positive featbarmature current

(Fig. 2.26).
SN
T + M,
Uﬂ) Uin A Ucom TC U gFW A
+ L Rqr é-
N
-

Ugp =Bl |

Fig. 2.26

Current sensor - shuntR AU, =R =1,
The feedback current signal U, =l

B - the coefficient of the current feedback (Ohms).
As Ry, can use motor commutating winding or compensatongling. The
signal at the input of the amplifier U,/ =U  +BlI.

Electromechanical and mechanical characteristich®fDCM in a closed
system:

w= KcontK cU def.s_I(R a+R c_K )s

c - (2.41)

w= KcontK cU def.s_M(R a+R C_K )s
C C? ’
whereK =K ., .[B (Om) - overall gain of the system.
Fig. 2.27 shows the characteristics of the DCMité¢iidnt K.

(2.42)
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W (Rat+Rc)<K« 2
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Wor == _ 1
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Ra+Rc)>K«
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> (M)

Fig. 2.27

Caracteristics analysis shows that afR.) = K - absolutely rigid characteristic
(line 1), (R+ R) < Ks- (line 2) - characteristics rigidity is positiviR,+ R.) > Ks
- (line 3) - characteristics rigidity is negative.

The actual characteristics are nonlinear due toabiity Ks (curve 4).
Therefore, this feedback is used in conjunctiomwihers, such as the voltage.

2.7.4 Regulation (limitation) current and torqueairclosed system TC-M
by non-linear negative feedback of the current.(2i@8). The feature of current
cutoff (CCO) is added in the circuit.

Characteristic of CCOU;, =f(U,) Up until the feedback signdl, =pl

is less than a predetermined reference voltagesignal U, =0. When U, > Uge
negative feedback signéli, appears, which is input to the system.

Uges Value is determined by a given current, from wibelgins regulation (current
cutoff | Xcord).

If Uuer =Bleore2 Bl U ,=0.

If Uger =Bl core <Pl , U',#0.

Fig. 2.29 are electromechanical and mechanicalacheristics of the DCM
seperate excitation at current limit with curreatadf.

On the section | Y, = 0, the system is open.

On the section Il Y, # 0, the system is closed and is current and torque
control.

The equation of section Il electromechanical charastics:
w= KcontK cU def.s_(I — COIgl(R a+R c-'-K )s
C C '
If w= 0 current of stopyd,is determined:

U
=| +K IK def.s
stop COFF cont '
R, +R_+ K,
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Fig. 2.2¢

lcorr  Istop (M)
Fig. 2.29

WhenKs - o - infinitely large increase of the system gaigy, |- Icors i€
characteristics are close to the vertical lines.

On the section Il with | >dorr signal Uy, increases and decreases, @nd
Ucons CONnverter EMF reduces and motor current and &figuite.
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For very largeKs worsen the dynamic characteristics (time decaystemt
overshoot, oscillation).

2.8 Speed regulation of DCM separate excitation bshunting armature

Shown in Fig. 2.30 DCM separate excitation cireuith bypass armature
produces rigid caracteristics for low speeds.

+ Rsh %]
Ish
—>»
RaH: E
g Re
Fig. 2.3(

Writing by the second Kirchhoff law of voltage elifiium equations and
EMF:
U=E+IR,+IR
U = IshRsh-i-I R <
where | = | + Iy, the equations of electromechanical and mechanical
characteristics of DCM are obtained.

w= ao%- |m, (243)
Ko®
R, +aR
w=aw, - M—2——=¢, 2.44
a0, (KD)? (2.44)

Whereazﬁ.
Rsh + Rc

Analysis of (2.43, 2.44) indicates that the bypassature angle speed of
ideal idling decreases and falls rigidity of chaesistics. Therefore, this method
combines the speed control by varying the voltadlge first term of the equation)
and the rheostat control in the armature circuie (second term of equations)
(2.43) (2.44).

Fig. 2.31 shows the characteristics of the DCMratadure shunting with
the permanent shungfand changing R

A; corresponds to the DCM mode when it does not aoesthe mains
(motor operate in dynamic braking mode with therent ), in this case, the
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EMF DCM balances voltage of mains and internalagdtdrop in the armature E
=U+IR,

Al

I
_|1= U T\?Czoo M
Rsh1

Fig. 2.31

If the value R, is changed, leaving unchangeg dRaracteristics family of
DCM separate excitation is obtained and preseritéya®.32.
W A

—

Rsh1

Rsh2
/

Rsh=0

By

Fig. 2.32

Crossing artificial characteristics occursBat which is determined by the

current |1:R£ flowing through the motor armature. In this cages current
II

through the shunt does not pass, because the EMRgriy the sign, fully
compensates for the internal voltage drop armature.
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Speed control in this way is down from the baspeesl range D = 5 - 6,
high characteristics rigidity of the DCM. Due teetbignificant loss of power in

the resistors R and R this method used to control the speed of the lowgy
DCM at low speeds.

2.9 Drive coordinate regulation of the system curnat source - the motor
(CS-M)

When the DCM is powered from the current source)(@$ value flowing

on the armature is constant and independent of sth&ce voltage, what
determines the type of electromechanical and mechlacharacteristics.

&
_Icsl_

I=const

()

| —|>

gFW P

Fig. 2.33

A

Fig. 2.33 is a supply circuit of armature DCM fr&@® providing | = const.
The current in the field winding (FW) can vary wigléen value, but also in the
direction of a potentiometer P.

Fig. 2.34, a represents by the electromechanicabcheristics of the DCM,
powered by CS, Fig. 2.34, b - the family of the hwtcal characteristics of the
DCM at different excitation current, and hencetiegnetic flux ¢, @,, ®s).

These characteristics ensure consistent torquéesthaft of the DCM at
any speed.
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Fig. 2.34

If negative feedback on speed is introduced in #aiseme, you can get
sloping mechanical characteristics of the DCM sa@aexcitation.

As shown in Fig. 2.35, the field winding of the DCB! powered by the
operating coil of the magnetic amplifier (MA), magamotive force (MMF) is
created by two control coils CWM (control winding the torque), and CWS
(control winding of the speed). Last included ie ttircuit of nonlinear feedback,
which forms the tacho-generator BR, valve V and thgeed defining
potentiometer SDP.

The valve V starts to pass,| at a certain EMF tachometer, the

corresponding angle speeaxl At this point, MDS of magnetic amplifier:
I:cont= FM - I:sp

Is reduced, field current, Imagnetic flux® and torque are also reduced, and the
mechanical characteristics@t> w, are inclined line as shown in Fig. 2.36.

Since at speeds < w, tacho EMF less 4 the currentd, and MMF k
equal to zero, the system is opened and the mexdiamaracteristics of the DCM
- vertical lines.

Whenw< wy, assuming linear dependences

o =al,,
If = BFcont ’
Fp=Kp [0,
mechanical characteristics of the equation would be
—_ FM M

- , (2.45)
K, K,OBKID
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Udetm1| Udetmz| Udefmz

Fig. 2.36

wherea, (3, Ky, - transfer coefficients of the excitation circoit the magnetic
amplifier and a feedback circuit.

By changing the setting of the moment defining poteneter (MDP), the
torque could be adjust wheos< .
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As a current source the inductive-capacitive cicinave received the
greatest application (Fig. 2.37).

CS circuit formed by three capacitors with reacéa¢ and three reactors
X., which are equal to each other.

Neglecting the resistances of capacitors and regci@ have:

Uline:Uc+UL’
L . U . U
lp=lc-IL,  Ig=—L%~, L=k
cme Tt NS ST (XL

where:

(%)

Consequently, the curreng, I(load) is determined only by the circuit
parameters and the mains voltage and independantlrad. The system CS-M
provides a large speed range (50 and above), haghastability and smoothness
control.

A O BO Cc©®




2.10 Pulse method of coordinates control

Pulse control method provides a periodic electuls@ parameters change:
resistance or supply voltage. In particular, foe tDCM can be applied pulse
control resistance in the armature circuit, in #éxeitation circuit (the excitation
current pulse change or flux change) or supplyagst

2.10.1 Pulse control of resistance in the armatiroit

It occurs periodically switching (switching on fpby a certain law switch
K (Fig. 2.38).

There are two ways to control the switch:

a) pulse-width control;

b) pulse-frequency control.

When the pulse-width control the switching periogy Kl = ty + top
remains constant and the ratio ta Ty changes.

=__d (2.46)

which is called the duty factgr

When the pulse-frequency contrgl% const, the commutation peridg of
the switch changes, and consequently the frequehloys,y - duty factor is
indicative of the control mode. When the switch Kclosedy = 1 - the motor
operates at the natural characteristic (Fig. 2(88¢ 1), when the switch K is
openedy = O - resistor Bqfully input - the artificial potentiometric respsa (line
2.) For intermediate values§ < 1 mechanical caracteristics - lines 3-4.

K

o4 N
+ Us
U Radd EW
S }

Fig. 2.38 Fig. 2.39

The equation of the mechanical characteristicsiisgpcontrol
U M
W= - R..,1-Y)+R._]. 2.47
KD (KCD)Z[ add( y) a] ( )
2.10.2 In pulsed magnetic flux regulation DCM separexcitation Bgyand
switch K are included in the field winding (Fig4P)
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Fig. 2.40

The duty factory is adjustable &K y < 1. Wheny = 1 R,4q bypassed by
switch K, which corresponds to the natural mechalrebaracteristics 1 presented
on Fig. 2.40. Whery = 0 Ryyq constantly introduced in the circuit FW, and®o
are reduced, and the speeg; increases - (artificial characteristic, line 2gFi

2.40).
Armature voltage U pulse control is presented l®y sbheme (Fig. 2.41),
family of mechanical characteristics is shown ig.F2.41.

K

m/\;O
+

<
P
L~

Fig. 2.41

When the switch K is permanently closgd=(1) the armature current flows
under the influence of maince U (natural mechantbaracteristics), the opened
switch K - under the influence of EMF, closed ie tiode V, while the current is
pulsating. By adjusting the duty factarit gets artificial characteristics, with=
0 - no voltage U is applied (circuit of dynamic kireg mode) and the mechanical

characteristic passes through the origin.
For small loads the interrupted current mode issyibs, which occurs
when the following boundary values of speed andgrow

1_
(00 = (Doy(l— 2—Ty Drkj ’ (248)

a
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1_
Ib =ISCy(2T y)Tk’

a

(2.49)

whereT, =% - electro-mechanical time constant of the armatinaiit.

a

Only in the area of interrupted currents the mewd@rcharacteristics are

not straight, in the operating load range the meidah characteristic equation is:
w= W MR"‘Z. (2.50)
KO (KD)

2.10.4 For pulse control various schemes of thyriswitches are used. The

principle of thyristor switches operation for pulsentrol of resistance R is
considered by the scheme (Fig. 2.42)

R
N
Cx —— V‘\(

T V’iIZ Ucont
¢ \/I\ PPCC <
|

Lk

VD
N R }Q K

VDn Ru
— < o

Un
Fig. 2.42

Thyristor VS1 serves as a switch. Opening, VS1 &hRnclosing, enters in
the circuit R. To close VS1 besides removing pul$ehe control electrode
(PPCC) the higher cathode potential than the ampadential must be provide.
This is achieved by including an additional thyorsYS2 and switching elements
Cq Ly, diode VO, low-power DC power supply Land a diode VIR

If the thyristor VS1 at initial position is openedS2 is closed and the
capacitorC, is charged with the sign + on the lower platentte close the VS1
it's need to remove impulse control from VS1 andrmsit it to the VS2, which
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will open, then cathode of VS1 is applied by plishe voltageC, and the anode
- minus and VS1 closes. Capaci@rwill charges through an open VS2 with plus
of the upper plate.

If it removes the control pulse from VS2, it is 4l to the end of the
rechargeC,. Then, when a pulse on VS1 it will re-open bypagsR, and
capacitor overcharging re-starts by the cira@pjt- VS1 - VD, - L, until the
potential of the lower plat€, becomes positive. For the initial charggis the
source |, VD, or R..

For pulsed voltage control scheme of thyristor slvits applied shown in
Fig. 2.43. Precharge the capaciqris made from Y(+ on the upper plate).

Vsl —> to DCM
O = O
L. |
VS2 Uy
PPCC(C
Lk VD«
Fig. 2.43

If the VS1 is fed by a control pulse, VS1 will opamd the motor is
energized. At the same time through the VS1,,VQO begins recharging the
capacitorC, with + on the upper plate, so when a pulse ormBg2, VS1 closes.
By varying the duty factor with the PPCC controlgams VS1, in concert with the
pulse application VS2 a pulse voltage regulatiooras/ided.

2.11 The drive of direct current motor series excdtion

Circuit of the DCM is shown in Fig. 2.44.

+ -
. S — U E—
<E
—>»
l Ra Rf Radc

Fig. 2.44
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DCM series excitation feature is the dependendbeimagnetic fluxd of

the field currentl, =1, as shown in Fig. 2.45.
o A ,
¢
t\ I
Fig. 2.45

To derive the equations of electromechanical andchaical
characteristics of the DCM series excitation, netyhg saturation, obtain:
o=all,
wherea =tg¢;

M = K®| =Kal?, wherel = ‘/K& . Then the equations of electro-mechanical and
a

mechanical characteristics of the DCM series ekoitacan be
U R

w=—=— (2.51)
Kal Ka
U R
w= - ) 2.52
JKaM Ka ( )

Dependencesv=f(I) and w =f(M shown in Fig. 2.46 is a hyperbola

with asymptotes: vertical — speed axis corresponding to the ideal mode of

idling at | - 0, horizontal asymptote - a straight line Witl:vaz—Ki
a

corresponding to the mode— «» and M- o. The point of a short circuit on
the characteristics{; Msc) is determined by the conditial = 0:
WA w A

66



L_izo’ where JC:H;
Kal Ka R

U R U?
- =0, where =— K.
JKaM  Ka Ne R?

Since the mechanical and electro-mechanical clerstits do not intersect
the speed axis and do not pass in the second quab@T series excitation can
not operate as a generator in parallel with thenem@during regenerative braking).

Ideal idle speed is determined by the residual magfiux @

-_Y_
ko

Equations (2.51) and (2. 52) have derived at tlseade of saturation of the
magnetic system, in fact DCM series excitation afgein nominal operation of
the magnetization curve inflection, whénis much less and the spead- more,
therfore as a rule characteristics do not pas®mnegfi negative speed and have the
form (Fig. 2.47).

001\

W

Zv

M,
Fig. 2.47

Usually relative values of speed, torque and curee used and also
universal characteristics (Fig. 2.49), where
(D*:g; |* :L’ M :ﬂ.
() |, M

n n
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Fig. 2.48
2.12 Coordinates control methods of the DCM seriesxcitation
2.12.1 Regulation ofy, I, M is made by the resistors in the armatureusir
as shown in Fig. 2.44. Represent the equations aiftiral and artificial

electromechanical characteristics as:

_U _|(R,*+R)

What = ) (253)
Kd KD

wart - U - (Ra + Rf + Radd), (254)
KD KD

Speed ratio on the naturab/(,.) and artificial (,,;) is determined by the

art.i
characteristics of a curren:|
W. =W _U_Ii(Ra+Rf +Radd)_
art.i nat.i U _ II(Ra + Rf)
If the natural electromechanical characteristia$ mragnitude of additional
resistors R,y R.» R, are given, then for a number of current values
I1,12,..1; artificial characteristics (Fig. 2.49) arelccdated by the expression

(2.55).

The Universal electromechanical characteristics
w* =f(I*) and M*=f(I*) are used to build mechanical natural and artificial
characteristics, presented on Fig. 2.50.

The resistance value of the armature circuit forMD€eries excitation is
determined:

(2.55)

Ra+Rf=o,75L|i (tn, F 0,75R @&n, . (2.56)
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MWnat]

Wart1

MOnatz +
Wartz

What.i

If the value of Ryy is needed to determine, by given electromechanical
characteristics, calculation ot &g produced by the expression:

Raddz(l— i }[E— R,- Rfj. (2.57)

wnat.i i

If a mechanical rheostat (artificial) characteoss specifiedw,, =f(M)
then at the first by the universal characteristd$ =f(1*) the value of the
current | is determined and Ry is calculated by the expression (2. 57). In

exceptional cases, to calculatggraphic analytical methods are used.

Fig. 2.50

2.12.2 Regulation of coordinates|,M of the DCM series excitation by
the variation of the magnetic fluxdj.

69



Change F is effected by shunt the winding circesistor by theR, (Fig. 2.51).

+ -

< U
E ‘ ;Rsr
4;
—>
, N -
I Ra If
Fig. 2.51

Reduction R, leads to an increase of the currdgt and reduce the

magnetic flux ®, consequently, high speed. Fig. 2.52 shows a family of
mechanical characteristics of the DCM series etioitaobtained at different
valuesR,.

v

Fig. 2.52

Natural mechanical characteristics is corresponddde mode of the open-
circuit shunt resistor(R,, =). Artificial mechanical characteristics of the

attenuation of the magnetic flux are located alibreenatural, the speed axis is an
asymptote of all characteristics.

2.12.3 Regulation of cordinatea {I,M) of the DCM series excitation by
the voltage changes.

Control is performed as shown in Fig. 2.53, in vhilce controlled voltage
source is a thyristor converter, the output voltbges regulated by changing the
input control signal .

Mechanical characteristics of the DCM series exoitaat different output
voltage U are shown in Fig. 2.54. Since the regutais possible only below the
basic speed, artificial characteristics are beltw bhatural corresponding,U
Characteristics rigidity is not reduced. Axis speed an asymptote of
characteristics. A special case of this methodcmtrolling the speed of the
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DCM is to switch the connection of the individuabtors in multi-motor drive.
Fig. 2.55 are diagrams enable the DCM series diaitaat full voltage U
(parallel connection) and{2 (series connection), corresponding the speda.

These schemes are used in the electric transpmrtand steel production.

L e

N TC
UCOIT U

n

+#><— U »GE - U/
1
R, U2
/U3
RO

| M

Fig. 2.53 Fig. 2.54
4[@] Y YL

R +
+ S f . _ m@ -
4@ A R Ry
R, R, R R
« U, > « U, >
Fig. 2.55

2.12.4 Speed control of the DCM series excitation dhunting the
armature.

In some cases, it's required to obtain low-speedix@d speed perfect
idling of the motor series excitation. It uses arging armature winding scheme
(Fig. 2.56).

The low voltage U feed the armature and the chargtics of the DCM are
located below the natural. Wheér0 | =1, #0, asl, =1, therefored # 0 and

the motor has a ideal idling.
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At a speeda > g the armature current changes direction &ndl_, and

U :
the speed decreases. When——, then® tends to zero as well - «. Fig.
sh
2.57 shows the electromechanical characteristicth@fDPT series excitation,
obtained by shunting the armature resistance, winigties that the vertical line
with the abscissa is the asymptote of the electchian@cal characteristics.

A W
w |
1
1
1

o E (43s)
- 5 —
_ U | | -M max M
Rsh
Fig. 2.57 Fig. 2.58

Let's analyze the mechanical characteristics of &M series excitation
obtained by shunting the armature (Fig. 2.58). &ihe torque M depends on the
current | and the magnetic flue, (M = K®l), if the direction of the current
changes the torque sign also changes which reacheximum value-M__ and

then begins to fall, sinceé= Y the excitation current an@ tend to zero and
sh
M - 0. Consequently, the speed axis is an asymptotehef mhechanical
characteristic of the DCM series excitation in $eeond quadrant.
The scheme of armature bypass is used to for leedgfor large torque
(electric vehicles, lifting machinery).
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2.13 Braking DPT series excitation

Plugging (work of generator in series with the nsain

There are two possible ways:

1. Changing the polarity of U at armature while maining the direction of
the current in the field winding. Accompanied by teansition from the
characteristic 1 (point a) on the characteristip@int b). Fig. 2.59 presents the
mechanical properties of the DCM series excita{ipnand operating mechanism
Mc. On the sitasc - mode of plugging.

Fig. 2.59

2. If DCM operates in motor mode of characteridtiin point a and the
R.q4q 1S introduced in the armature circuit DCM will vikoon the characteristic 3.

Since in this casM ... <M ., the motor will brake and then accelerate in the

motor

opposite direction to the point d, whidr ... =M .. This mode also applies to the
mode of plugging.

Dynamic braking of the DCM series excitation.

There are two possible schemes include: separaitaean (Fig. 2.60, a) and a
self-excited (Fig. 2.60, b).

In the first case, the mechanical characteristibews in Fig. 2.61
correspond to the characteristics of the DCM sdparecitation.

In the dynamic braking of the DCM series excitat{soheme 2.60, b) with
self-excitation it is necessary that the residuagnetic fluxd,s coincided with
the flux of excitationd;, and the speed # 0. Fig. 2.62 presents the mechanical
characteristics of the DCM series excitation inrtiede of self-excitation.
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Each resistance value,ghas its own critical speea, . For small values
w, , If R4 <R, the self-excitation does not occur.

This mode of braking of the DCM series excitati@najpplied to heavy
braking in electric vehicles and lifting mechanisms

2.14 Features DCM mixed excitation
Circuit of the DCM mixed excitation is presentedHig.2.63.

The motor has two windings of excitation: seriaWM5) and independent
(IWE), which may be included as a parallel to gyenvoltage source U.
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Fig. 2.63

The magnetic flux motor® is created by two component®we -
independent of the load current addye- proportional to the load current I, as
shown in Fig. 2.64.

w D
DSWE
: D\we
—_ Il
’ >
Fig. 2.64
When | =- | magnetic flux® = 0, the magnetic system is demagnetized.
The equations of electromechanical and mechani@bcteristics are of the form
w= u R ; _u M O R .
Ko(l)  Ko(1) Ko(1) [KD(1)]

Electromechanical and mechanical characteristiespagsented in Fig. 2.65 and
Fig. 2.66. Performance of analysis has shown tteat t -, ® = 0 and the speed
tends tow.

When a = aq the torque M = 0 when the speed is changed a <o, and
then torque changes toM 5, and then decreases to zero.

DCM mixed excitation combines the properties of [feéM seperate and
series excitation works in all modes discussed abdalle, short circuit, motor,
generator, in series, in parallel with the maind arains independent. Regulation
is carried out by all means considered: change®,nthe armature current,
voltage. The low technical and economic performawethe DPT mixed
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excitation (high weight, cost, size) lead to thet fdat it is rarely used in electric
drives.

! W Wa
: &0 : ao\
—Ih ! Mmas M
Fig. 2.65 Fig. 2.6¢

76



3 ELECTRIC DRIVES WITH INDUCTION MOTORS

Three-phase induction motors (IM) were widely usethotor drives due to
their simple design, operational reliability, lowevall and cost indicators. With
the development of power electronics (thyristor veaters of frequency and
voltage) IM are started to be used in regulatedtetedrives.

3.1 Mathematical description of the processes in éhinduction motor
based on generalized electrical machine

Fig. 3.1 is a diagram of a three-phase inductiomomaith a wound rotor
and the corresponding diagram of a general electaichine (two-phase model).

The equations of electromechanical and mechanitatacteristics in the
dynamic mode of the drive have the form:

U; R|+ZL dt+deT|]J’
0
) J=la 1 (3.1)

can be expressed for IM wound rotor in the form of:
R1Loyq _ Rll—l,Z l/l2

Libo-L1o" Likp-Lg2

U, =
1 dt

R‘ L
2x hn, d;/jtzﬂ(ab Wy (3.2)

|—1|-2 |—12
PyL1o
M =255 g,
Lilo-L%2

For the analysis of static modes of induction metirtake:
dlﬂl =0: d‘//2 =0.
dt dt
Then electromechanical characteristics equatiofiVoin static mode can
be expressed:

Up=i1(Ry+jX ) +jl X 4,
O=Iy(Roy + X S) +jl ;X ,S. (3.3)
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Fig. 3.1

These equations can be obtained on the basis phiee equivalent circuit
IM shown in Fig. 3.2.

In the equivalent circuit the magnetizing circuittgo the contacts of the
supply voltage, and it does not take into accotet woltage drop across the
resistor R from the magnetizing currerj. However, the error introduced by

this assumption does not exceed 5%.
X . ‘
R 12 X
O—I1>ﬂ—:1%W

~ Upt E, Roy
R S
IL‘ l

Fig. 3.2

In the equivalent circuit of the phase IM next sytshare accepted:
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R; - the active phase resistance of the stator wgdin

RIZZ = R'2+ Roadc - reduced resistance of the rotor phase, includheg

additional resistance of the resistor;
X, - phase stator inductance;

X, - reduced inductance phase of the rotor;
X, +X, =X . - inductive phase impedance of short circuit;

Xy, Ry - respectively active and inductive resiseamf magnetizing
circuit, R, =0.
Slip of induction motor:
S= apg — G
ah
whereiay = 2;11 - angle speed of the rotating magnetic field (syanous

n

speed).
f; — the frequency of the voltage supply;
P, - the number of IM pole pairs;
w=up(l-S)- the angle speed of the shaft IM.

The equilibrium equations of the voltage and EMRlmmequivalent circuit
can be written:

Uph =Ral1+jX | 1+E 5
. Roy .~
‘Ezz—szlzﬂxéz;

and then the equation of electromechanical chaiatits of IM can be written as:

= Uph _ Unph

. 2 . 2
R v\ 2 R
[R1+ EZJ +(X1+X2) [R1+ZSZ] "'XZSC

1=+ .
Fig. 3.3 presents the electromechanical charattsisf IM as
dependencesv=1f(1), w=1f(l,), S=f().
Will analyze the characteristics.

1.AtS=0; a =ag; I\2 =0; I4=1g -the point of ideal idling.
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2.AtS=1; a=0; I1=1gc=I g - the point of short circuit.

__Ro. _ L= _ Ypn .

BAtS =—-——=; a@1=ag(1-S); l2=lmax=—— - the point of

Ry Xsc

maximum current of the rotor, which lies in the atge side of the slip.
SAw

— 00

4. At S 200, - Fo Ié—’ioz ph

To construct the mechanical characteristics of dvistder the power
balance in the rotor circuit.
Power losses in the rotor circuit:
AP = By~ P= Mog— Mw= Mw &,
where Py, - electromagnetic power,
P, - useful mechanical shaft power.
Since the losses in the rotAP, depends on S, they are called lossy slip.

On the other handP, = 3|I22 R'Z, thenM = % substitute i get:
W
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- the equation of the IM mechanical characterisfinalyzing the equation for
max (finding the derivativedd—l\é| and equating to zero), we get the extremes of the

function defined by the critical torque and slip:
SUpp : R,

; X T ——x
2 L 2
2%[R11VR§+X%C} VRI + X5

+ - relates to sides where S > 0;

— - relates to sides where S < 0.

Dividing M by My and transforming, we obtain the mechanical
characteristics of IM in the form of (specified IKkbformula):

2M k£1+R\1 [Sk]
_ R

i +i +27R‘18k

Sk S R2

If neglecting the stator resistance, Rbtain the approximate equation of
mechanical characteristics of IM:

M, =

M

(3.4)

_ 2My .
M =— S (3.5)
4+ K
Sy S
My =3U° / (2woX 59
- R
XSC

Fig. 3.4 is a mechanical characteristic of IM inffelent modes of
operation.
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K gen Msc Mk motor

Fig. 3.4
Will analyze mechanical characteristics of IM:
At S = 0,0 =g, M = 0 - the point of ideal idling IM.
AtS =1,0 =0, M = My. = Mgt - the point of short circuit IM.
At)S = S(motory M = M motory S = -Qgeny M = -M (geny - €Xtreme point (maximum
M).
At S to, @ - oo, M - 0 -asymptote of mechanical characteristics.

Induction motor can operate in next modes:
l.ldling S=0;a=qg.
2. Short circuit (starting condition) S =1g =0.
3.Motormode 0<S<1, 9a<ag.
4. Generator (regenerative) mode S <03 ag.
5. Generator (plugging) mode S >d<ag.

6. Generator (regardless of mains) mode, which idallynamic braking. In this
mode, the stator winding is disconnected from thans of three-phase AC
current and the two-phase stator windings connegct@dDC source.
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If in (3.5) substitute the values of M and S foe thominal mode and to
name the maximum torqud, / M , =A,, which reflects the overload capacity of

IM, then get:
SR Y i\/AMZ' 1

This expression can be used to determine thearglgp on catalog data in
M.
Here is the procedure for calculating of mechanateracteristics of IM
for the specified catalog data:
Pn: n'h 7\'M1 fl! Pn-
1. Determine the angular speed of the stator figjdand the rotor in the nominal

modew,:

AL _ 2m,
P, 60
2. Determine the nominal torque:
P
M, =—".
W,
3. IM slips in the nominal mode:
_ W ~ W,
S, =
W,
4. Critical torque:
M, =Ay DM, .
5. Critical slip:
S = SH(/]M A —1) .
6. By this equation:
2M
M=—2X—,
S S
S¢c S

the current values of the torque M are definedherange slips of motor mode
0 <S <1.

Fig. 3.5 presents the mechanical characteristitdd = f(M) in the motor
mode.
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Fig. 3.5

3.2 Adjustment of speed, torque and current IM by he resistors in the circuit
of the rotor

The introduction of the resistors,gy in the rotor circuit of IM wound
rotor, as shown in the diagram in Fig. 3.6, chanipes nature of mechanical
characteristics, the equation is of the form:

3Uph2 (R'Z + R2add)

' 2

Fig. 3.7 presents the mechanical properties of Ikhva wound rotor
(natural — at Rgg= 0 and artificial — at Rqq2> Roaqq1> 0).

Will analyze mechanical characteristics.

1. The speed of the stator field of IM (synchronepsed) of the regulation
Roaqq dOes not change, so all the mechanical charatitsrere in the same point
0.

2. Critical (maximum) torquéMy remains constant therefore it does not
depend on the value,Rq
3Up

2000[R1+\/ Ri + Xscz}

3. Critical slip & increases if Rgqincreases:

M, =

S =+ RI2+R2add.
/Rlz F X2
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s|a R2add2> Reada1™> 0

Eﬁ R2add Sk art

Nl
\

! M M
nM start startl

Fig. 3.6 Mk =Mstart2

Fig. 3.7

Since power losses in the rotor circuit (slip loss)
APZZ Fl— F}: I\/h,o— Mo = MaoS: RS
depend on the slip, the speed range does not ex@8edpeed control is just
down from the main, smooth regulation is determinday the
AR.d0= R 2adaz™ R 2ade
4. Starting torque My = Msc is increased with the increasg,Rgup to the
critical torqueMy, at S = 1:

3Uph2 (R'Z + RZadd)

%[(Rf" R2+ Raagdf +X sé]

Therefore, the introduction of ;R4 is used during IM start-up with high
load torque.

If both natural and artificial mechanical charaistécs of IM are defined,
the calculation of additional resistors,, g is made on the basis of the
relationship:

M start =M SC:

SK.nat = er - Rr
SK.art Rr + R2add Rr + R2add

from which:

Roadd= Rr[?_lj! (3.7)
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\/é EI2n .
If only the operating points of the mechanical elcéeristics of IM are

defined, the calculation of resistors,Ris produced using the method of lines,
according to which from Fig. 3.7:

where active rotor resistencR; =

bc
R2add1= R 2n a_e ,
bd
R2add2= R 2n 26
bc
Rr = R2n ;e
whereR, . = Eax
2n \/é Dzn ’

Eoi - rotor EMF if S = 1.
If any point on artificial characteristic is defohe(Sy; May), and if

R, . o |
?2 = const, then resistanc®, 4 o1 IS defined by equation:

S
RZadd.art= R {S:rt - 1}'

at

3.3. Coordinate regulation of IM by the stator ciralit resistors

This method may realize speed control of IM withuisel-cage rotor
(Fig. 3.8).
Perhaps inclusion of resistors,Rin only one phase, which greatly reduces the

loss of energy. Fig. 3.9 shows a family of mechalntbaracteristics of IM at
different values Rgq< Riadd1 < Riadda

The analysis shows the following mechanical charastics:
1. Since ideal idling speed does not depend gisRall the mechanical
characteristics pass through the point

2. Critical torqueMy and slip { inversely proportional, so they decreases if
the R qqinCreases.

3. By increasing Rgyqthe starting torqudig,decreases.
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Fig. 3.8

Consequently, this method does not provide the reldsiproperties
regulating IM therefore it rarely used for speedtcol, more for current limiting
during start-up, reverse or braking. Calculation Ryfgq is similar of Ragq
calculation, that discussed in 3.2.

Fig. 3.9

3.4 Speed control of IM by changing the number of @le pairs

This method is used to regulate the speed of IM wimulti-speed squirrel-
cage rotor. Thus there is a stepped change spehd ofagnetic field
27t
ab=—P ’
where P - the number of pole pairs of the statardwg of IM. Changing P is
possible if the stator has two independent windiwgk a different number of
pole pairs (Por P,). Then:

87



_ 27ty _ 21k,

abl_Tl’ Wh2 _P—z’
and IM has different mechanical properties. These aalled multi-speed M,
which are called multiwinding. Furthermore, chamgthe number of pole pairs

can receive by branches shifting per winding. Thilustrated in Fig. 3.10.

\ \
S S N
N S N S N
Y Y A
D Ui D CV N @ G b
A ou A
1 2
1n 1 2K T
| 1H% | 20 |
\4 \/
a b c
Fig. 3.10

Switching branches of phase stator windings froen $krial series connection
switching (a) on aserial opposite connection (b) or to the parallppasite
connection (c) are achieved the varying the nunobgoles pairs fronP; = 2 to

P =%. These branches connection of each phase of & thinase system

implemented in the form of switching windings fr@ntriangle to a double star or
from star to double star.

The switching circuit of the stator windings of IMom a triangle to a
double star is shown in Fig. 3.11. When connected triangle it occurs serial
series connection of the phase branches whichsmorels to (Fig. 3.10, &, =
2, and when switching to a double star the paralpglosite branches connection

(Fig. 3.10, c), which corresponds 8 =%=1. Consequentlypg, twice higher

thanwq;. Power consumption in IM at rated load when cotetkto a triangle is
equal to the

PlA = 3U1n Ilnco@ 1rs
when connected to a double star:

3U
Pl)\/)\ = \/éln 2|1nco$ln: 3’46L_‘[n !Ln CGB 1

Consequently, the power consumption when switchirgwindings of a
triangle on a double star varies slightly. Therefdhe mechanical properties of
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IM when switching from a triangle to a double starresponds to constant power
regulation. In this case, an increasgin twice, the critical and start-up torques

are reduced in two times (Fig. 3.12).
The switching circuit of the stator windings of fkdm a star to the double

star is shown in Fig. 3.13. When connecting omgia the branches of winding
phases are connected series, serial and formegaws of poles; = 2. In this
case, the power consumption is
U
Py = 3= 1,,Co% 4, =/ 83U, h,,Co 5,

V3

A
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Fig. 3.13

Therefore, when switching from star to double stee speed and power
consumption increased in 2 times. This means th#his case the regulation is
carried out at a constant torque.

Mechanical characteristics shown in Fig. 3.14. bidu produces two-
speed, three-and four-speed IM. The latter haveitependent stator windings
for different number of poles pairs, each of whishswitched by the above
scheme.

Discussed method of speed control of IM is quit@neenical, and
mechanical properties have high rigidity and suéfit overload capacity.

The disadvantages include the step changes of #ddspnd a small range
of its regulation, not more than 6-8.

3.5 Drive coordinates regulation in the system Vadtge Converter —
Motor

When changing the voltage on the stator winding woltage converter
(Fig. 3.15), the values of M and the critiddk change and synchronous spegd
and the critical slip sremains unchanged, as it does not depend;gn U

— 3Ulph2KI2
M - RI 2 b
%S[[ R1+Szj + X502]
2
v, = 3U,,

* ;
209 (Ry 4 R’ + X&)

90



—. R2
\/R12 + Xsc

[T 1

Voltage
Converter

\

Urec

Roadd

Fig. 3.15

Fig. 3.16 presents the mechanical characteristittstive U, regulation.

To control the three-phase power frequency mosehyidvoltage thyristor
converters VTC. Fig. 3.17 shows the power partrad phase of VTC for voltage
regulation. The control electrodes of the thyristdrom pulse-phase control
circuit (PPCC) are fed by the control pulses, tans VS1, VS2 open.

WA g

)
x\un
ScL____) 04Uy - >} _____
0,6U,0,8Un,

Mc
Fig. 3.16

<

If the absence of signals from the PPCC thyrisu&, VS2 are closed and
Uiag = 0. By applying pulses to the thyristors of theGZ at the time of their
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natural opening (control angée= 0), the thyristors are fully open and the vodtag
at the load g = U.

N

L

VS1
O—t A

- U

~ ~ Z
e
o

Fig. 3.17

If a # 0, then the load is applied by the part of the When changing:
from O torx the U,,q varies from O to W

An anti-parallel thyristor connection - provided nkoalternately each
thyristor during one half cycle of mains (can bedigistead of a pair of thyristors
the single symmetric thyristor (triac). Open citdhiree-phase power supply IM -
VTC is shown in Fig. 3.18.
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As increase of the control angtke the amplitude of the first voltage
harmonic U,, decreases. Voltage (regulated) is non-sinusolgher harmonics
create additional losses (20-30%), although these lalittle affect to the torque.
Mechanical characteristics have low rigidity B& decreases with increasing
control anglexn and the speed changes sharply, as shown in Bg. 3.

If the motor is running at point &, = 75, then the motor load is increased
to M., motor will slow down, because M M. In this case it is necessary to
change the angle= 60 and the motor will operate at point 2, whereir M., at

speedw, .

This means that when the load Need to adjust (the angle control). This
Is achieved in closed systems automatically with did of speed feedback. The
scheme of the closed system VTC -IM is shown in BigO.

In scheme there are 3 pair of anti-parallel conoacof thyristors VS1-
VS6, the electrodes control of which are connetwddPCC, which feeds the shift
pulse depending on the control signg)

EMF of tacho-generatoeg, = yw, defined signal voltage d. Control

signal U =Uggs—Yw input to PPCC. If at speedy, egg=Yyw, then

cont —

Uone = U et — YW, @and PPCC gives control angie = 75, then if torque iMc,

IM works in the point 1 on the mechanical charaster (Fig. 3.19). If load
torque Mc, increases the angle speed changes from,,

€y =YW, U= Uy~ yw . and PPCC creates control angte 6C°, then IM
will work in the point 2.
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Fig. 3.20

By changing Yes can be quite hard to get a family of mechanicapprties
(Fig 3.21).

The system provides a large speed range, but ddesdlow the reversal of
M.

Reversible IM control system includes five pairsaoti-parallel connected
thyristors (Fig. 3.22).

If PPCC creates control signals, which supplies tihestors VS1-VS2,
VS3-VS4, VS5-VS6, then the voltage with phase sege@BC is applied to
C,C,C3 and IM rotates in the forward direction. If cortsignals supplies the
tyristors VS7-VS8 and VS9-VS10, leave VS5-VS6, @aathove control signals
from VS1-VS2, VS3-VS4, then reverse is happenedgplsequence BAC).

oA
Ugdefa> Ugers> Uderz > Ugent

Fig. 3.21
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By the reversing VTC the dynamic braking of IM i©pided. For this IM
is disconnected of AC mains and two phases areemed to DC source. This
case achieved by work of tyristors VS1 = VS9 an8VY¥S4 by scheme schown
on Fig. 3.23.

The signals ). from the PPCC served on thyristors VS1, VS4; \A5S8,
which open and form a single-phase controlled fiectbridge, from which a
constant (rectified) current flows through the tploases of the stator winding,
providing dynamic braking. On the other thyristtg, of PPCC are not served
and they are closed. Therefore, using the VTC cancérried out starting,
reversing, braking and control of speed, curredttanque.

Advantages of the system VTC - IM - high speed ea(up to 10), rigid
characteristic in the presence of the speed feé&dibasadvantages - heavy losses
in the rotor winding when operating at low speedsjable speed - down from
the main one.

Mechanical characteristics of IM with supply it finovVTC defined by the
expression:

2
M(S){Slj M (S), (3.8)
1in

where M_(S) - torque on the boundary characteristics of thgp <P,

corresponding to the control angle of thyristers O;
U, - 1st voltage harmonic.
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Fig. 3.23

Boundary characteristic abs= 0 coincides with the natural ag:R~ 0.
When R.q¢# O - limiting characteristic coincides with theedstat. U
depends on the control anglend the load angkg which is defined by:

F‘% +X
X g2 7sc
(3.9)

0= arctgLteq = arcth
Rimot.eq ,+ + Ro / +R1
(X S

where X . oq 2Nd Ryt o - the equivalent resistance of the stator phase.

Therefore, the load angle depends on slip, as shoWwiy. 3.24.

Calculation of mechanical caracteristic at its dypfpom VTC is as
follows:

1. It is set of slip values S and on natural orfiaidl mechanical
characteristics of IM is determined for eachvif.

2. In equation 3.9 to calculate the load anglestzh value S.

3. For a given control angle VT&€and load anglé the curves in Fig. 3.25

are determined by the relative value of of the faagrmonic voltageu%
1n

4. According to the formula 3.8 the values of M&8¢ determined and the
mechanical characteristics of IM powered by the \ar€ build.
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3.6 Coordinates regulation in the electric systemréquency Converter
— Induction Motor (FC-IM)

This method is widely used as a method of contrglithe synchronous
speedy, =2—ITD[f1. The method provides variable speed over a widgadoth up

and down from the primary. Since there is no inseed, the loss of slip is small -
cost effective way. However, for a better use of {(Mgh efficiency, Cos¢p,
overload capability), simultaneously with the charfgneed to change and,.U
Law of the cange voltage depends on the naturdaefldad torque. The main
criterion - to keep the overload capacity by regntathe voltage and frequency

A My _ consi.
MC
SubstitutingMg, neglecting R and considering thats- Of ; ag L fq,
get:
3U, )2 U2
=~ P (3.10)
2:pXscM . M
Therefore, for any value of {i, k) the ratio must be maintained:
Upn _ Ui

f2My)  (F2My)’

Where:
fii Mg

Upn
TR VI (3.11)
phk 1k ck

U
If M_=const thenf—p“=consi.
1

. . . U
If M. is a ventilatory characteristic, thenl;_h = consl.
1

. U
If M. is inversely of speed then® — const
f1
- When adjusting the frequency, fof the up, it is impossible to increase
both U, over U, therefore can not be achievetl=cons so critical point
decreases as shown in Fig. 3.25.
The relationU/f, =const is true if it neglects R but for small f resistance

R, is comparable toX; =2rnf,L ;, and therefore not providexl=const and M,
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decreases (Fig. 3.26). This is because at |aef voltage droplR, increases due
to the influence of the fand decreases EMF and field, and hencévihe

»
>»

Mcr M

Fig. 3.26
To avoid this, you it needs with decreasingtd reduce | to a lesser

extent, that is% =const
1
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Thus, for the coordinate regulation of IM in thigsmmer required frequency
and voltage converters. Frequency and voltage ctargeare divided into:

1) dynamoelectric (rotating)

2) static converters.

Fig. 3.27 presents an electromachine frequencyeartervwith synchronous
generator SG, which provides the regulation ofdeegy and voltage.

When changingglpcg the voltage of DCM changes, when changingch
magnetic flux of DCMchanges therefore the speed of &g;regulated within

wide limits and, as a consequence, the frequengy f

If the Iz scchanges the L4 also changes.

The main disadvantage of this method is the doabferersion (AC to DC,
then to AC adjustable), leading to large losses @dides a low efficiency of
the system, the complexity, noise and mechanieatian

These disadvantages are deprived of static comseméhich are divided
into 2 groups:

1. Drive without the DC link with direct-coupled tioe load supply.

2. FC with intermediate direct current section (e FC).

IFDCG
|
'IFDCM

GFW

T N

IFsc

- Ulreg

o

f1reg

Fig. 3.27
3.7 FC without DC link
Block diagram of the inverter is shown in Fig. 8. 2
PS - the power section;

CS - control scheme.
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| |
Control FC
signal

Fig. 3.28

PS includes thyristors and matching transformers.

Electric circuit of FC (Fig. 3.29) contains a thrgeups of thyristors, in
each thyristor group are 6 thyristors, three ofohhare connected to the anodes,
three - phase to the cathode of the secondary mgndf transformer T. Each
phase operates independently, connection phase(lbhds made between the
phase and neutral (zero scheme).

TR Y2

o YY" Y Y'Y
~ Us
U o AN aaas
fl Uc

o A LAy ‘

vsivsavss | | | -
NN ERE LAy vy by
VS4Vs5vse Y J}f

U
rec Za Zb Zc

f rec

“Fig. 3.29

Consider the work of a thyristors group | (phaseZa). If the control
pulses from the CS is not served, the thyristoescdwsed and the voltage at the
load Za equel to zero.

If at the time { to apply impulse to VS1 (at the moment of openid)xhe
time t on VS2, afon VS3, then rectified voltage with the pulsatiosmapplied at
Za. If it removes the impulses and to apply atttme £ on VS6, atdon VS4, at
t; on VS5 the ripple voltage reverse polarity is &aplat Za - as shown in Fig.
3.30.
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Consequently, the load Za formed an AC voltage waitreriod oflpsr and

frequencyfreg=i, which is significantly less than the supply vgkaf.
reg

Fig. 3.30 shows that

Treg — Tl Tl —
T_E+h_3 or  Tg=Ty3+2h)/3
where h =0, 1, 2, 3 .... - the number of openedistons in the group less than
one.
U1t T
t, t, t
\ a
A
Ureg
N «
// \\ /l \\ Atn
Y3, TY2 t
P Treg >
b
Ure > Ter| <&
?
> c
| t
Puc.3.30
Thenf e, = LI three-phase voltage;
Tper 3+2h
fper =Maf1/(mq+2h) - for m-phase voltage.

For example, at;f= 50 Hz and at the number of opened thyristors flean one h:
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h = 2 3 4 5 6 7 8
feg= 21,4 Hz 16,7 13,6 11,5 10 8,8 7,9 Hz

have a step change of the adjusted frequency.tWdamn the time of removal of
the control pulses to the thyristors VS1 - VS3 aad/ing thyristors VS4 - VS6 to
introduce a time delay — paué¢,;, the output frequency:

_ m,f;
freg= :
my + 2h+ At §
So, gradually adjusting the paulg,, it can smoothly adjust the frequengy, f

If the control pulses to the thyristors do not gpgdl the time of their natural
opening (1, t, tz ...), and apply with delay (control angle is ngual to zero
(a #0)), it can adjust the voltage at the loadyEffective value of the regulated
voltage is dependent on the control angle

J2m U, Sin-

g™ - ™ o . (3.13)

(3.12)

U

Maximum value Wg4at a =0 equal:
m .. Tl
U =J2-1Sin— U ,.
reg. max TT m, pF
Therefore, the above considered inverter allow d@gulate voltage and
frequency over a wide range.
Disadvantage of scheme - the presence of the heotrductor.

3.8 FC with link DC

The block diagram is shown in Fig. 3. 31.

CR - controlled rectifier;

ClI - controlled inverter;

CSCR - control scheme of CR;

CSCI - control scheme of CI.

With CSCR rectified voltage can be adjusted withrde limits. The
rectified and regulated voltad® is input to the inverter Cl, which converts the
DC voltageE, in a three-phase AC voltagegclcontrolled frequencyd, which is
set by CSCI depending on the control signal. Thacjple of obtaining an
adjustable rate ClI look as shown in Fig. 3.32.
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. 'FC
! CSCF CR |
Hoopt Vel -
: cscl—> ¢l |
frec
Ureg
Fig. 3.3:

Thyristors VS1 - VS6 collected in a bridge circuagn be opened by the
control circuit CSCR signals in the desired seqeerd for any length of time.

Most often used cyclic duration factor of thyrigofduration factor of
opened thyristors state)

NASE TZVSE/X7 VS5
AN -

[
[

I *—

I vs4) | vse | VS2
N7 N
I

1

|

VAN VAN I A

™

"31T7Y y
A QZAlBgZBICQZC
Fig. 3.32

The shift of the opening times of the thyristorghe circuit of Fig. 3.32 is

%Treg=60°. At each time point three of the 6 thyristors aneened. Let

1
A= ETreg.
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Phase currents flowing through thg, Zg, Z- are on the graph (Fig. 3.33).
At intervals |, Il, lll currents pass through rdsis Z\, Zgz, Zc, as shown in Fig.

3.34, and create a voltage drog3or 2E/3.
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N o
< A U
= Y, 4+

Fig. 3.34

Let’s construct a graph of the voltage at the Iphdses of W, Ug; Uc (Fig.

3.35).
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Consequently, the load phases are fed alternatttgge, maxima Wha,
Usmax Ucmax are shifted to 120 (2x60°) (a third period of an adjustable
frequency).

Thus, the output of the inverter managed an altergpahree-phase non-
sinusoidal voltage.

reg

If the duration of the open state of each tyristoA = , In each time

interval, only two thyristors are opened.

Diagram of phase currents shown in Fig. 3.36, fwanich implies that, at
each time interval the two load phases connectatleosoltage Eand the third
phase is disabled. Then, the voltage of each alseconnected power phase is
Ey/2, and the third E = 0. (Fig. 3.37).

Depending on the current switching valves all iteex are divided in
mains-controlled inverter and self-commutated iteferin the first switching
current from valve to valve provides by AC voltagmurce. In self-commutated
inverters are used in the scheme with L and C.hka e¢lectric drives with
frequency control is used self-commutated inverters
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Self-commutated inverters are divided in voltageenter SCVI and current

SccCl.
UA :Ep/|2 1 1 1 : 1 1
\ 2 T Lo
SEEEEERER
\“' ' by T
: : T 1 1 : 1 1 t
Uh
0 N I I B
N II Lo ‘
T
UCA : : : : : : E : :
Lo o
ot
T T R
Treg
Fig. 3.37

FC with DC link and Self-commutated voltage inverte (SCVI)

The electric circuit is presented on Fig. 3.38.

SCVI has a supply voltage source. If SCVI is suggplirom a controllable
rectifier, the output is set to capacitor with kargppacitance, then SCVI has rigid
external characteristic, i.e. change load curreygsd’'t change voltage. When
using SCVI control actions on IM are the frequeaoy voltage.

Controlled rectifier CR is formed by thyristors \\WW512. The output of
the CR is filter lg and G, which with the diodes VD7-VD12 provides circutati
of reactive power. Thyristors VS1 - VS6 form a cotled inverter for speed
control. Capacitors C and inductances L togethén diodes VD1 - VD6 form a
circuit of artificial switching, providing closinthe main thyristors VS1 - VS6 at
the right time. For rigid static and dynamic chaeastics of the electric drive
with SCVI apply feedback on speed, magnetic flin@ combination thereof.

It is widely used frequency-current control of IMuses SCCI to regulate
the stator current, and frequency.
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Fig.3.38

The circuit of induction motor with SCCI

SCCI have the properties of the current sourceptveer is provided from
the power source. If SCCI is powered by the col@dbtectifier, its output is set
to reactor with a large inductance. When using36€1 control actions on IM are
the frequency and the stator current. Fig. 3.3% islosed system-frequency
current control of IM with the SCCI.

CSR - tyristors control scheme of CR;

CSI - tyristors control scheme of SCCI,;

CC - stator current controller;

CS - stator current sensor;

SS - the speed sensor;

LA - limiting amplifier;

FG - function generator;

Uget, — defining signal — defines switching frequencyyoistors SCCI VS7
- VS12 and stator current frequency of IM. FromJsubtrac speed feedback
signal U, - then get signalg = U, —U,,, proportional to the relative frequency

of the rotorf3 =f—2 (B - absolute slip)p =f—2 (8.
fln fln
Signal U, pass through LA together with the signal, thputs to the CSR.
The frequency of the CSR ouput is defined by tgaai U,s = U, + Us. CSR is
adjusted so, that LA works in linear section, tregliency of the CSI output is
constant and doesn’t depends on the loag (8 Uge,). The motor has rigit
mechanical characteristics.
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The signal | after passing through the FG is also setting $igmahe
control circuit current. Since dUs proportional to the absolute slip, then the IM
current at all frequencies will be proportional U

When overloaded, or sudden changgsg,Whe LA enters in a output signal
restricted zone = const, limiting the current. The motor is opethtat any
speed in this mode at constant current and absslygethat is, the mechanical
characteristic is absolutely soft (Fig. 3.40).

L

YTV VY
VS1A g3 A vss AL VST VS9 Y Hvs1;;7
= 1 scc
o—e |
~ CRowbry "\ppr  vps v ss
v ) =—0
- VD4 W VD5 VD6
K en A A | |
vsa & vseds vs2 & ' }c
VS10
N VSs12 W VS8 W
AT~ . )
T U a Ucurr T B
cCl——— FG A L (5 Uses
Fig. 3.39

When IM braking with power recuperation the SCClitshes to the
rectifier mode, and CR in the mode of mains-colgcbinverter.

In the inverter with DC link inverters are usediwttulse-width modulation
(PWM), which allow a wide voltage and frequency ukgion and provide a
sinusoidal output current. When using the inventgh PWM inverter circuit can
be applied uncontrolled rectifier.

These are used as the drive pulse time-proporticowdrol (TPC), which
are installed between the DC power source and texefPC scheme allows a
wide range of voltage regulation across the entmege of frequency. TPC-
voltage scheme shown in Fig. 3.41.
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VS1 - the main thyristor

VS2 - auxiliary thyristor;

L, - limiting the reactor,

L,-C - switching circuit;

VD - uncontrollable diode.

When a control pulse from the PPCC to VS1, it opand the load is
applied supply voltagg,. To disconnect the load from the power sourceepids
applied to the VS2 and removed from VS1, then uselit switching thyristor L
C the VS1 closed. The average voltage across et il proportional to duty
cycle switching thyristor VS1

Un.av:yEO'
Thus, a wide range voltage controlled.
In open-loop drive FC - IM the speed range is 9; dnd in the closed

(with feedback) can reach 1000 or more. The usthefFC - IM: high-speed
systems (electrospindles, fans aerotrub, etc.).
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3.9 Speed control of IM in the cascade schemes

In high-power electric drives with IM losses ofpsli
AP, = Mwy,S,

significant, so it is necessary to use the enefgglip for useful work. The first
schemes, where energy of slip is used, were c#cwitere IM connected to other
machines and called cascade. Currently power alpbe used without additional
machinery, and with semiconductor circuits. They @so called cascade.

Cascading connection scheme allows with speed aotatruse the power
slip energy. Distinguish circuit of electrical aetectromechanical stages. In an
electric stage (Fig. 3.42 a) transducer conversslip powerAP, at frequency
fo=f1[S in power Pys with f; and Y and sends it to the mains
Pos=AR-AR—AR

n:

Uy f1=

o +

<«

MO Tpel.s

APy |

Converter Converter
a) b)
Fig. 3.42

In the electromechanical cascade the slip poweusnlosses in the rotor

converter and auxiliary mashine AM enters the shathe form of mechanical
pOWGrPAM:

Pav =AR —AR-A B —A Ry
If it neglects the losses in the cascade scheraetlie power comes on the
shaft from the IMR, = B = ML and the power of AMP,,, =AB = Mw, & The
total power of the shatft:
R =R+ Ru = Mo+ M@pS= My = Ry,
therefore, these cascades are called cascadesstnbpower.
Cascades are: a) the machine, and b) a machine;\@lvalve.

Machine- valve cascades, in turn, may be electrbar@cal (Figure 3.43)
and electrical (Figure 3.44).
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Speed control of a machine-valve stages is duddages in the regulation
Egzy Of excitation currentl
By increasing the; Will increase &y and decrease the rectified curregt |
|, = Erec ~ Eam _
d Ry
Reducing the rectified currenf land currentJwill decrease the torque, as
a result of the speed of IM begins to fall‘z E oE] aBd S start to grow. This

will increase the current; land the torque of IM. Motor will operate at a low
speed with required torque.

~ U, 1 ~ U, f1

*r——

o o T, B B
= > Pt B
M Dl Erec M D‘l Erec
Fig. 3.43 Fig. 3.44

The mechanical and electrical characteristics o thechanical and
electromechanical cascades are shown in Fig. 3.45,

Machine-valve electric cascade can be replaced lsgac FC with a
rectifier R and inverter I. This is called asynalwas-valve cascade (Fig. 3.47).

Mechanical characteristics are similar to thosehef cascade of constant
torque (Fig. 3.45). Such cascading schemes arentis#¢ economical, allow to
adjust the speed of both downwards and upwards Bgnthronious and are
called with dual-zone control.
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Py = M0 = const M = const

Cascade of constant power Cascade of constant torque

Fig. 3.45 Fig. 3.46
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Fig. 3.47

3.10 Pulse method of IM coordinates control

The essence of this method of regulation is pu{pedodic) changes in the
parameters of the main circuit, in particular syppbltages |, additional
resistance in the circuit of the rotos R or stator Ragqg

The principle of pulse speed control of IM considarthe diagram in Fig.
3.48, where the additional resistos,RRis short-circuited by the switch K in each
phase of the rotor.

Fig. 3.49 presents IM mechanical characteristics )1 and industrial
machinery (3), and chart speed chanrgeainder different operating modes of
switchs, shunting Rq¢ When the switchs are closed the resistanggqR O,
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which corresponds to the natural mechanical chamatts of IM (curve 1),
open-loop K corresponds to an artificial mechanateracteristic (curve 2).
~U, f1

Fig. 3.4¢
If it takes ¢ - time of open (open-loop) state of the switgh; the closed
(closed-loop) state of the switch, and the cyclegoeT = § + t,, then the duty

t . . .
cycle y=?3 will determine the amount of resistancg,Jgand the nature of the

mechanical characteristics of IM.

| 2addA, >< >

Fig. 3.49

Radqa = 0, corresponding taus (point a on the

At t = T, y = 1,
characteristic 1). Att< T, y; < 1 at time tintroduced resistance,g&qand made
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the transition to caracteristic 2 in pout At this point, M < M, and speed falls
from wy3 to wy (pointa;) exponentially as shown in the diagram. At tinpevith
switch K the resistance,Rq= 0 the transition proceeds to the point chargtter
1 in the pointay,. The speed increases exponentially, as M & Wit turns off
switchs at time,f process is repeated. Consequently, at the dute gycthe
speed changes froays to wy, and the average speedus:.

If the duty cycle isy, <y, (dotted lines in the timing diagram), when open-
loop speed switchs the speed will fall fram; to v by the characteristic 2 in the
point 2 and,,, and for the closure of switchs the process ertkergharacteristic
1 in the pointay, whereupon the speed will increasesto(pointay,). Therefore,
whenvy, < y; the speed control is provided in a large rangenffta; to w,y,).
Thus, by adjusting the duty cycle, you can adjbst$peed of IM with a wound
rotor. Similarly, it can adjust the speed not byywag the duty cycl, yet by the
frequency of switch closure.

As commutating switch are used thyristor switchgy.(R3.50). In this
scheme, the thyristor VS commutes resistanggsRith a given duty-cycle and
frequency of from PPCC for speed adjustment. Thig one resistor Ry IS
used, which activated alternately in different gsad he losses (heat) are reduced
because instead of three resistances include one.

The main disadvantage of using open loop contsgleed depends on the
load on the shaft. For rigid characteristics isdus@sed-loop control system with
feedback, which provide a speed range up to 20.

~
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R2add

| I
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<
w

Fig. 3.5(

3.11 Braking of induction motors

Methods of braking:
1) plugging;
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2) regenerative braking;
3) dynamic braking.

1) Pluggingbrake can be done in two ways:

a) the change of voltage phase sequence. Mechaiaedcteristics of the
direct phase sequence (1), reverse (2) shown ir3F3g, ab - section of plugging;

b) the load-lowering, providing braking of IM.,Ryis introduced into the
rotor circuit, providing an artificial characteiist3. Since M > Mg cargo will
be lowered with the steady speed:

2) Regenerative brakings carried out when the speed exceeds the
synchronous with the return energy to the mainss fifode occurs when the two-
speed switching IM with high speed transfers at $gpged. Fig. 3.52 presents the
mechanical characteristics of the two-speed IMesirl, 2), and the mechanism
(curve 3). If IM worked with the spead; when switching the number of pole
pairs will work in characteristic 2. The sectiort b regenerate braking energy to
the mains.

The same braking mode is when the system driveCis BV. If there is a
decrease the frequency,fthen synchronous speed) = 2rif .,/ P will decrease,

but the current speed due to mechanical inertibdgitrease more slowby, than
w would exceed the speed of the magnetic field. Eguently, there is a braking
mode (generator) to return power to the mains.

-
2(CBA)

P 3 C
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Fig. 3.52

In lifting devices when it occurs load-lowering $eties the IM transfer to
the characteristic 2 and after acceleration toother side the IM will operate at
the speedy, (point C) - the load-lowering is happened with thaurn energy to
the mains (regenerative operation). Regeneratia&itg - the most economical
mode of adjustment of IM.

3) Dynamic braking

Fig. 3.53 shows a diagram of the IM dynamic braking

o

Fig. 3.53

The two phases of IM are connected to a constatdge across R, one
phase is disconnected from the mains. Currgpt flowing through the two
phases of the stator windings creates a statiomagnetic field in the space.
When the rotor rotates in this field it is indudéd and current,} which creates a
magnetic fluxd,. The interaction of the rotor current with theuiieg magnetic
flux creates a braking torque. The motor operatesaaenerator, converting
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mechanical energy into electrical energy that ssigiated as heat in the rotor

circuit.
For the analysis of the IM in the dynamic brakingd®e, assume that the

stator is supplied with alternating three-phaseresur Ly, creating the same
magnetomotive force MMF as the curregd. |

2
Foc =\/§IDCWl:A = 3\/_

2
. _ 12
where:lgq i, = 3 0 pe.

The equivalent circuit for this case is shown ig.RA.54.

| equi\)N e

Iequiv X\2
. YN YN
\47

Fig. 3.54

Whence, after transformations obtain:
I D(u

[ ol

Then the mechanical characteristics of IM in dymaimraking mode is
determined:

equiv

I, =

— 3|'22R‘2 - 2'(29quivXL21 DR'Z
WS RV )2
od %) +lxox)

Consequently,‘j and M depends not only on S, but also on the ntagne
state of the motor ()5). If it assumes IM unsaturated ;,X: const), then the

current and torque will be the only functions o glip S.

M
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Then: S¢ =l\,
X, + X3

— 3nguivxﬁ
20 (X, +X5)

cr

1, =1(S)

] ,
Y

IequivI 2

Fig. 3.55

Fig. 3.55 shows the electromechanical charactesistif IM (the first
guadrant), and built the mechanical characteristiciM for two values of gc
(Ioc1 < lpc2 curves 1 and 3) and R (R2H1 < Rzﬂz - curves 1 and 2) for the

dynamic braking mode in the second quadrant.

Analysis of the mechanical properties shows thaemwkhe currentpk
increases sharply critical torque of IM increasessauseM. depends on the
square of the currenpd. Change of additional resistance,&leads to a change
of the critical slip at constant critical torquehus, by adjusting the currericl
and Rgaqq it can be obtained the desired mechanical charsiits of IM In
dynamic braking mode.
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4 ELECTRIC DRIVES WITH SYNCHRONOUS MOTORS

4.1 Electromechanical properties of synchronous mots
There is a field winding on the rotor of SynchraadMotor (SM), which is
powered by a DC voltage, and a three-phase statatinvg is connected to the
network (Fig. 4.1).

~U1 14

[ g
—
e o ()

l¢

Fig. 4.

The rotor of SM may be a salient-pole and implpmte. SM has an
asynchronous start-up, for which the rotor is pented starting squirrel winding
in the form of a squirrel cage.

The SM is presented in the form of generalizedtetsd machine (Fig.
4.2).
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Then the equations of the electromechanical cheniatits of SD are of the
form:

Uy, =Rjiy, +dW 4, /dt,
Uy =Rjig +dWg /dt, (4.1)
Ui =R;i +d4¥; /dt.
Asynchronous start of SM is carried out on the raeatal characteristics
(Fig. 4.3) to the sub-synchronous speed, ®93hen, under the synchronizing
torqueMsy, motor retracts in synchronism and rotates withsyrechronous speed.

Fig. 4.4. shows the mechanical characteristics Mf &ccording to whichwmy
remains constant:

_2m _
W), =— = const
Pn
When the load increases M = Myax, then after an overload the SM falls out of
synchronism and stops on an asynchronous mechahiaedcteristics.

(0V)
A A

wp w

Generator
mode

@ = = - mEmmm-—---
N

Z [ S §

Msyn Magtart

n M max

Fig. 4.3 Fig. 4.4

When operating in motor mode, the rotor lags beltiedstator field at an angte
(internal angle SM)6=¢,-¢,. Equations 4.1 in the axes d and g are of the

form:

Uy SInB = Ryiy, + W /dt-wW |
—UCod = Rig+ &y, /d-wW 4 ;
U, =R, +dw, /dt ;

M =P, (Lpldilq_ W 1<_i| 1 -

After the transformation, neglecting R 0 andi; =I; =const the equations (4.2)
take the form:

(4.2)
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U Cob=wyLiglig-®d 154 X h15E & (4.3)

M =Pn|:_|—12d| 1 "'(L 1a-L 1q)| 14 1%-
Lets evaluate stator currentg, b I14:

|y =~ am>Ind, (4.4)
X
19
X1d

and substitute into the equation the torque, aftansformations obtain the
equation of mechanical characteristics:

_2U4E(SINQ, 3u%( 11

X g 2ap \X19  X1d
Consequently, the electromagnetic torque SM cangittwo components: the
first is due to the interaction of the rotatingtstdield with the field of the rotor,
and the second is the reaction torque due to theutton of salient rotor.

Dependence of the torque of SM from the interiayla® called load angle
characteristic.

M

Jsmze. (4.6)

Fig. 4.5

Fig. 4.5. shows the load angle characteristic ioippole SM (curve 1),
salient pole SM (curve 3) and the dependence ofdhetion torque of SM from
the interior angle (curve 2).
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Maximum torque implicit-pole of SM occurs Wheé)n=1—2T and is
_ 3U,E

WoX
Rated operating mode of SM correspondte 25-30. If the angle®

(4.7)

max

reachesﬁ SM falls out of synchronism. The ratibz% determines the
n

overload capacity of the SM, which can reach?2 - 3,5.

Synchronous motors can operate in different modastor and the
generator (simultaneously, sequentially and inddpetly from the mains), and a
synchronous compensator.

Generator mode consistent with the mains (pluggsgrely used because
it is accompanied by high inrush current.

For braking SM is often used in regenerative opeanaitrespective of the
mains (dynamic braking, as shown in Fig. 4.6).

Mechanical characteristics of SM similar with cladeaistics of induction
motor during dynamic braking (Figure 4.7).

Motor control system with SM should provide stapt-isynchronization
with a mains, resynchronization, speed controlkingg adjusting the excitation
current.

A

A

zv

Electric drives with SM are divided into 3 classes:
a) ED with the same or slowly varying load (ED pwnfans, compressors,
etc.). CD should have, from 10 kW to 5 MW,

Mstart=0’4+ 0,€ M:0,8+1,2; M:1,5+ 2.
M

n n
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b) ED with pulsating loads (ED of rocking pumps, @iston compressors
P, from 100 kW to 10 MW) should ensure

Msan g 429 Meer_ga:06; Mmaxog5e0e
n M n
c) ED with sharp variable load (ED crushers, miising industries, saws
and shears for metal, winches blast furnadgsirom 1 MW to 200 MW. ED
should provide:

Mstart=1’2+ 2: MlNPUT=1+15-M:2 5+ 3 E
’ M M R

n n
4.2 The electric drives with stepper motors

ED with stepper motors belong to a class of discdtve, make dosage
move latching position at the end of the movem@érell with the digital control
machines and software devices. Widely used in mashiwith programmed
numerical control for robots and manipulators.

Stepper motor — synchronous motor , however , tahgnatic field rotates
in air gap discrete ( steps) by pulsed excitatiomdvng via an electronic switch.
The rotor is typically a permanent magnet (doulméepon the shaft is called
active. Fig. 4.8 is a diagram of a stepping motdorwith active rotor.
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Fig. 4.8

When a voltage pulse comes to the coil 1H - 1Krratovertical, with coill
power 2H - 2K - horizontal position, providing @gtequal to 90 The position
will be steady, since the deviation from it on tledor operates synchronizing
torque, M= My, Sird, wheref - angle between the magnetic fields of the stator
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and the rotor. If the pulse voltage supplies tchbadils simultaneously, the axis
of the stator magnetic field will be located af.45

The rotor turns thus by 430 its maximum field crossed. If the voltage is
removed from the coil 1H - 1 K, the rotor will b@rzontally (next step), and
then by changing the polarity of the voltage axithe magnetic field is moved by
another 48 etc. (This is known as asymmetric).

The angular displacement of the stepper motortesroened by:

_2n
Pr
rae Pn -yucio map nosrocoB potopa;
n — number of operations (measures) in a cycle leiputhe number of phases
stepper motor with symmetrical switching and twibe number of phases in
asymmetric switching.

Stepping movement of the rotor is performed by wpgl pulses to the
switching windings (one commutation cycle - onepsté the rotor). The total
angle of rotation is proportional to the numberpofses stepper motor, and its
speed - a pulse frequency, amplitude, and pulspesi@ay be different. To
reverse the stepper motor to turn in the oppositarpy of the winding, which is
currently disabled, and then the rotor will moveamother direction.

The main mode stepper motor — the dynamic. steppetor is a
synchronization of dormancy and braked himself. réfuee, the stepper motor
provides start-up, braking, reversing and the items from one frequency to
another of control pulses. Start stepper motobrsiat or gradual increase in the
frequency of the input signal to the operatingkbrg - reduce it to zero, reverse -
changing the switching winding stepper motor.

According to the construction stepper motor cansbwle phase, two-
phase, multi-phase, with active or passive rotativ& rotor is constructed in the
form of permanent magnets or an excitation windasga synchronous motor
(magnetoelectric steppers). These are a majorsségper motor rotor from 90 to
15°. To reduce the number of steps to increase theephiad clock switching, and
also use two stators or twin-rotor design.

Maximum response frequency at which the possikdet stepper motor
from standstill without loss of sync (skip steps)the frequency of acceleration.
The higher the electromagnetic and mechanical iameit the stepper motor and
the load torque is greater, the lower the frequari@cceleration.

Maximum speed of stepper motor with the active mrao208 - 314 rad/s,
the frequency of the pickup is from 70 to 500 Hpmmal torque from
1010° to 1@ 1€Nm. For high frequencies of the pickup stepper msotath
passive rotor is used, which are divided into neacand inductor. The rotor is
made of ferromagnetic material has not windings¢pee). Armature projections

(4.8)
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Zc (salient poles) with the windings are on the staBwmature projectionsyZ
without windings are on the rotor.
If Zp >Zcevery switching the stator winding reduces rotdates (steps),

equal to:

_36® 360 _360Z,-Z)
CZe  Zp,  ZpZe
Reducing the difference between the Z, you can reduce the step of the

rotor. Stepper motor with passive rotor have altgism of 1.5 to §, the torque of
2,5010° — 1010° Nm, rate of pickups frequency from 250 to 1200 Hz.

(4.9)

Control circuit of discrete electrical drive

Specific sequence of voltage pulses feeds on #itersivinding. Average
speed of stepper motor depends on the switchingiémecy coils :

a =alfy, (4.10)
which provides by electronic switch and varies Wd&he switch is a converter
frequency (CF) and the digital drive — system wirgjuency-controlled stepper
motor.

Fig. 4.9 shows the block diagram of a stepper maditioe,
where ECS - the electronics crushing step;

BSSB - block of smooth start and braking;

PS - power supply unit;

PFVR - pulse frequency voltage regulator;

PG - pulse generator;

PD - pulse distributor;

IA - intermediate amplifier;

FC — frequency converter;

FBA — feedback amplifier;

SP — sensor position and speed,;

DR - digital regulator.

The control signaldin the form voltage pulses applied to the inpuP,
which generates pulses of duration and amplitud®,—Pconverts the pulses
generated in the system in four unipolar voltagésgsi corresponding to the
number of phases of the motor. Amplified by IA mdsare applied to the switch
to power the stepper motor windings. Normally thetch is powered by a DC
source. Fig. 4.10 is a diagram of a thyristor cotere
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Thyristors VS1 - VS4 provide coils pair switching stepper motor, in
every moment the two windings of the 4 (four phase used; VS1 and VS3;

VS2 and VS4 form a circuit of two triggers in whithe thyristor switch are
realized by oscillating circuit- Ck.
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For example, in the initial position thyristor V&lLopen and current flows
Control Cinding 1 (CW1), and the thyristor VS3 closed. Bylgmg a control
pulse on VS3, then it opens up, the winding CW3 palss current. At the same
time recharging of the capacit@y begins and thyristor VS1 will be closed, as the
cathode potential becomes more positive than theential of the anode.
Thyristors VS1 and VS3 are working in alternatgder circuit.

Trigger made by thyristors VS2 and VS4 works sinylaTo remove the
surge circuits are used, R - VD3.

Closed circuit (Fig. 4.9) with a negative currerdedback provides
automatic stabilization current in the windingse tsignalUgg is taken from the
resistoRes. The signal differencBrs and U defines the control signal, which is
input to the feedback amplifier FBA.

4.3 Electric drives with valve motors

DC motors have good adjustment properties, but ghesence of the
collector-brush assembly increases the operatimscthe size and cost of the
DCM. With the development of semiconductor techggldhe opportunity to
replace the mechanical rectifier-collector by elecic brushless commutator
switch is appeared, which represents a frequenayerter, controlled in
dependence on the position of the motor rotor (&ureq These motors were
called Valve Motors (VM). They have ample opportyrto regulate the speed
and torque by changing the voltage, excitationentrand control angle of valve
inverter.

By construction, the VM is a synchronous motor.tih¢ three-phase stator
winding is AC, fed from the valve switch. The rotaray be formed with
permanent magnets or with an excitation windingypsed via the slip rings DC.
In VM uses 2 types of frequency converters: withirdermediate DC (two-tier),
and directly connected to the mains, discussedkeearl

Switching current in the inverter can be natural astificial. Natural
switching valves used in those cases when thet@vkrad (three-phase winding
SM) comprises a source of electromotive force & shme frequency as the
inverter output voltage.

Scheme of VM with natural commutated of invertetegas shown in Fig.
4.11. Controlled rectifier circuit comprises a aotlied rectifier CR, a smoothing
reactor L, controlled inverter CI, thyristor excitd E of motor and rectifier
control system RCS and inverter control system [O& angular position of the
rotor is controlled indirectly by the phase voltdd@) on the outputs of the stator
winding.
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Speed control is produced by changing the rect¥@thge at the output of
the CR or current excitation via TE.

Natural switching valves can be carried out onlyhat big EMF of motor,
which occurs at speed of not less than 10% of naimirherefore, when initially
starting the asynchronous start is produced byaotot K1 directly from the
mains and then K1 is disconnected and K2 is swit@rein the valve or inverter
mode.

The inverter with artificial valves switching - DBE or DC to AC with
forced commutation valves eliminates the difficutystarting. VM scheme with
artificial valves switched inverter is shown in Fg12.

The inverter is made on thyristors VS1 - VS6, colted rectifier - on
thyristors VS9 - VS14. Rectifier control system @Cdelivers pulses to the
control electrodes of the thyristors CR, and inedontrol system (ICS) to the
control electrodes of the thyristors Cl. The citaomprises switching thyristors
VS7 - VS8, the reverse bridge, performed diodes YIVD6, discharge resistors
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and diodes R1, R2, VD7, VD8, power filtef,LC, and the tank circuit switching
L2 - L5, G, C..

Artificial switching is done by the expense of tkaergy stored in the
capacitors C2, C3 from an additional source of aegé.

The control of inverter is made in function of tpesition of the rotor
position sensor RPS, which affects the ICS. Adjestimof speed control occurs
by changing the rectified voltage of RCS and CRjustthg the angle of the
control), the excitation current and the controflanf thyristors of inverter
through the ICS. For high-quality management schevite feedback on the
principle of a slave control is used (closed cirelectric drive).
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CONCLUSION

The course "Electric drive" refers to the directiohgeneral professional
disciplines 140400 - "Electric Power and Electri€algineering” and the main
purpose of this lecture notes - form students'dlasowledge of electric drive for
further in-depth study of special subjects .

This manual consists of four chapters. One is del/td the mechanics of the
drive: motor and mechanisms characteristics, stabdf work, calculation
multimass mechanical systems.

The next three chapters are devoted to a detadsdrightion of the actuators
on the basis of the most common types of motorBCamotor with separate
excitation, DC motor series excitation, the indotimotor and synchronous
motor. Each type of the drive comprises circuitlifferential equations, static
characteristics, methods for controlling the elecatirive coordinates, as well as
ready-made solutions for automated control systaesectric drives.

The study course "Electric Drive" should be acconmga by practical tasks
and laboratory works . This guide will help studetd preview the theoretical
material and prepare thoroughly for all types oidsint work that ultimately will
improve the quality of education.
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