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* Course Objectives:

— To introduce the drive system and operating modes of drive and its
characteristics

— To understand Speed — Torque characteristics of different motor drives by
various powerconverter topologies

— To appreciate the motoring and braking operations of drive
— To differentiate DC and AC drives

* Course Outcomes: After completion of this course the student is able to
— ldentify the drawbacks of speed control of motor by conventional methods.

— Differentiate Phase controlled and chopper-controlled DC drives speed-torque
characteristicsmerits and demerits

— Understand Ac motor drive speed—torque characteristics using different control
strategies itsmerits and demerits

— Describe Slip power recovery schemes



UNIT- 1: Control of DC motors

Introduction to Thyristor controlled Drives, Single Phase semi and fully controlled
converters connected to d.c separately excited and d.c series motors — continuous
current operation — output voltage and current waveforms — Speed and Torque
expressions — Speed — Torque Characteristics- Problems on Converter fed d.c motors.
Three phase semi and fully controlled converters connected to d.c separately excited
and d.c series motors — output voltage and current waveforms — Speed and Torque
expressions — Speed — Torque characteristics — Problems.

UNIT-11: Four quadrant operation of DC Drives

Introduction to Four quadrant operation — Motoring operations, Electric Braking —
Plugging, Dynamic, and Regenerative Braking operations. Four quadrant operation
of D.C motors by single phase and three phase dual converters — Closed loop
operation of DC motor (Block Diagram Only)

Control of DC Motors By Choppers: Single quadrant, Two quadrant and four
quadrant chopper fed dc separately excited and series motors — Continuous current
operation — Output voltage and current wave forms — Speed and torque expressions —
speed-torgue characteristics — Problems on Chopper fed D.C Motors — Closed Loop
operation ( Block Diagram Only)



UNIT-111: Control of Induction motors

Variable voltage characteristics-Control of Induction Motor by Ac
\oltage Controllers — Waveforms — speed torque characteristics. Variable
frequency characteristics-Variable frequency control of induction motor
by Woltage source and current source inverter and cycloconverters- PWM
control — Comparison of VSI and CSI operations — Speed torque
characteristics — numerical problems on induction motor drives — Closed
loop operation of induction motor drives (Block Diagram Only)

UNIT-1V: Rotor side control of Induction motors
Static rotor resistance control — Slip power recovery — Static Scherbius
drive — Static Kramer Drive — their performance and speed torque
characteristics — advantages, applications, problems.



UNIT-V: Control of synchronous motors

Separate control and self-control of synchronous motors — Operation of self-controlled
synchronous motors by VSI, CSI and cyclo converters. Load commutated CSI fed
Synchronous Motor — Operation — Waveforms — speed torque characteristics —
Applications — Advantages and Numerical Problems — Closed Loop control operation of

synchronous motor drives (Block Diagram Only), variable frequency control - Cyclo
converter, PWM based VSI & CSI.

TEXT BOOKS:
1. G K Dubey, Fundamentals of Electric Drives, CRC Press, 2002.

2. Vedam Subramanyam, Thyristor Control of Electric drives, Tata McGraw Hill
Publications,1987.
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2. P.C.Sen, Thyristor DC Drives, Wiley-Blackwell, 1981
B. K. Bose, Modern Power Electronics, and AC Drives, Pearson 2015.

4. R. Krishnan, Electric motor drives - modeling, Analysis and control, Prentice Hall
PTR, 2001
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CO No. Course Outcomes (CO’s)

At the end of the course student will be able to

Understand the Thyristor-controlled for DC motor drives and
analyses performance characteristics.

Demonstrate and evaluate the performance of Phase-controlled
and chopper-controlled DC drives under four-quadrant and
closed-loop control.

Understand speed-torque characteristics of AC motor drives and
apply closed-loop control using variable voltage and frequency.
Evaluate the characteristics of rotor side control methods for
induction motors and analyze potential problems from different
aspects.

Understand the concepts of separate and self-control in
synchronous motors. Analyze and evaluate the implementation
of variable frequency control using Cycloconverters, PWM-based
VSI, and CSI.
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Electrical Drives

Drives are systems employed for motion control

|

Require prime movers

|

Drives that employ electric motors as
prime movers are known as Electrical Drives




Electrical Drives

About 50% of electrical energy used for drives

Can be either used for fixed speed or variable speed

75% - constant speed, 25% variable speed (expanding)
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Example on VSD application
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Conventional electric drives (variable speed)
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Modern electric drives (With power electronic converters)
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BLOCK DIAGRAM OF ELECTRIC DRIVE
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Components in electric drives

Motors
« DC motors - permanent magnet — wound field

« AC motors — induction, synchronous (IPMSM, SMPSM),

brushless DC
* Applications, cost, environment

Power sources
« DC - batteries, fuel cell, photovoltaic - unregulated

« AC - Single- three- phase utility, wind generator - unregulated

Power processor

» To provide a regulated power supply

« Combination of power electronic converters
» More efficient
* Flexible

« Compact
« AC-DC DC-DC DC-AC AC-AC




Components in electric drives

Control unit

« Complexity depends on performance requirement

« analog- noisy, inflexible, ideally has infinite bandwidth.

 digital — immune to noise, configurable, bandwidth is smaller than
the analog controller’s

« DSP/microprocessor — flexible, lower bandwidth - DSPs perform
faster operation than microprocessors (multiplication in single
cycle), can perform complex estimations




The power modulator performs the following functions:

(i) It modulates the flow of power from the source to the
motor in such a manner that motor is imparted speed-
torque characteristics required by the load.

(i) It restricts source and motor currents to permissible
limits during transient operations, such as starting, braking
and speed reversal.

(iii) It converts the electrical energy of the source in the
form suitable to the motor. Example, if the source is dc and
an induction motor is to be employed, then the power
modulator is required to convert dc in to a variable
frequency ac.

(iv) It selects the mode of operation of the motor i.e.,
motoring and braking.

When power modulator is employed mainly to perform the
third function, it is more appropriately called converter.
While (iii) is the main function, depending on its circuit a
converter may also perform other functions of the power
modulator.



AC-DC Converters or Rectifiers
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AC-DC Converters or Rectifiers (Cont.)
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AC Voltage Controller

. Autotransformer
Fixed voltage | "S- c = = Lower (fixed)
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Disadvantages of D.C Motors

Requiring regular maintenance, they are not made
readily available for replacement, as they are bulky in
Size.

Sparking at the commutator is common.

They are not suitable in chemical and petrochemical
plants or in mines. Most of the variable speed drives
installed at present in other industries are de drives.

For ratings above 500 kW, manufacture of de motors
itself poses problems. Due to this serious limitation, de
motors are unsuitable for high capacity pumps or fans.



Both series and separately excited de motors are normally
used in variable speed drives, but series motors are
traditionally employed for traction applications.

At present, separately excited de motors controlled by
thyristor converters are the most widely used motor drive
systems in industry.

The thyristor converter provides variable armature voltage
for the drive motor.

The three basic methods for obtaining a variable de output
voltage from a fixed supply voltage (ac or de) are phase
control, integral cycle control and chopper control.

In all these methods, thyristors connect the supply to and
disconnect it from the motor terminals. The frequency of
switching is rapid; therefore, the motor responds to the
average output voltage level and not to the individual
voltage pulses.



Working Principle of dc Motor

* When the dc motor is connected to the supply mains, a direct
current passes to the armature winding through the brushes and
commutator.

* When the armature conductors become the current carrying
conductors in a magnetic field generated by exciting field magnets,
they experience a force tending to rotate the armature.

 The magnitude of the mechanical force experienced by the
conductor is given by

F= RN in newtons

where
£ = Flux density of maenctic ficld in Whim?
{ = Current in amperes
{ = Length of conductor in metres,



* Now, by applying Fleming's left-hand rule, the
direction of the force produced by each
conductor can be determined.

* The conductors experience a force which tries
to rotate the armature in the anti-clockwise

direction.

e Then the machine acts as a motor. These

motor forces collectively generate a driving
torque, which is useful to rotate the armature



CLASSFICATION OF DC MOTORS AND
THER SPEED CONTROL

* Depending upon the connection of the field
winding with the armature terminals, the de
motors can be classified into three types.

* They are:

* (i) Shunt mator or separately excited motor
* (ii) Series motor

* (iii) Compound motor.



DC Shunt Motor or Separately Excited

Motor

* |tis loaded with a mechanical rotational system
as shown in Fig.1. 1 with initial steady-state
conditions.

 The load torque T, opposes the motor torque
Tm.
 The motor is controlled by varying the armature

voltage. The field voltage Vs, remains constant
and is given by

(V) ] 1 o { — 1

e where
If = Field current in amperes
Rf Field resistance in ohmes.
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Fig. 1.1 Separately excited dc motor.



* From the armature-voltage control circuit,
with its input excitation V, the potential in the

armature circuit is
dl

V“, — Rn"{n + L” — + E;,
ct

e — 2

* When the armature leakage reactance is
neglected, Eq. (2) reduces to

Va = Rala + Eb------------- 3
where
V, = Armature voltage in volts
[, = Armature current in amperes
R, = Armature resistance in ohms

E; = Motor back emf in volts.



* |n separately excited d.c motor, the back emf
is directly proportional to speed

H,l, oc [V

) E."J = I';E!:'a:;‘la|IIIIIr = Kmr”m ----4

where

K, = K,0, = Torque constant in N-m/A

m

®,, = Angular speed in rad/s
N = Speed in rpm.

* Now, from Fig. 1.1, the mechanical torque for
the rotational system is given as

where T =Bw, +T,

where
B = Ficticious friction constant in N-m-s/rad

T, = Load torque in N-m.



* In a separately excited de motor, the torque is directly proportional
to the armature current, i.e.,

T.l.l.- oc |

i

.lu 'i}sr a - Hr Jr

* From3and4
Eb - V“ > I.lRu — Km(’)m

V, —1,R V—IR

a'*a _ a‘‘a

M, =
Km K!¢u
V R T
£ e e emmmire T (sincc |, =—— )
k9, (k,0,) ki fo

 From Eq. (6), the speed can be controlled with either the armature
terminal Va (armature- voltage control) or with the field flux a
(field-flux control).



Speed(N)-torque(T) and torque(T)-
current(la) characteristics

The speed-torque and torque-current
characteristics of separately excited dc motor for
rated terminal voltage and full field current are
shown in Fig. 1.2.

The speed-torque characteristic is a straight line.

Speed decreases as torque increases and speed
regulation depends upon the armature
resistance.

Separately excited dc motors are employed in
applications requiring good speed regulation and
adjustable speed.
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Fig. 1.2 Charactenistics of separately excited dc motor.



A series excited dc motor is loaded with a mechanical rotational
system as shown in Fig. 1.3 with initial steady-state conditions.

The load torque (T) opposes the motor torque (Tm) with armature
voltage as its input, where series field resistance and armature
resistance are placed in series.

From Fig. 1.3, the potential drop is given by
Va = Eb + la (Ra + Rf)

where Ra+Rf is the combined resistance of armature and field in
ohm.

Now from Fig. 1.3, the mechanical torque for the rotational system
IS given as

Tm=BWm+TL (1.8)

In a series motor, the flux ¢is a function of armature current in
unsaturated magnetization characteristic, and can be assumed to
be proportional to

.« ¢ =Kila (1.9)



T-la and N-T characteristics

The speed-torque and torque-current characteristics of
series excited dc motor for rated terminal voltage and full
field current are shown in Fig. 1.4.

The speed-torque characteristic is a hyperbolic line since
the torque is proportional to the square of the current.

For the same increase in the torque, increase in the motor
current is less compared to that in the separately exited

motor, where the torque is proportional to the armature
current.

Hence a series motor should not be used in those drives
where there is a possibility of torque being dropped to
some extent.

The speed may exceed twice the rated value. Series motor
is suitable for applications requiring high starting torques.
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Fig. 1.4 Characteristics of dc series motor.,



DC Compound Motor

* |tis loaded with the mechanical rotational
system with initial steady state conditions as
shown in Fig. 1.5.

 The load torque Ti, opposes the motor torque
Tm. In a cumulatively compound motor, the
magnetomotive force (mmf) of the series field
is a function of armature current and is in the
same direction as the mmf of the shunt field.
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SPEED CONTROL OF DC MOTORS

The various methods for speed control of de motors are:
— 1. Flux or field control method

— 2. Resistance of armature circuit (rheostat control) or armature voltage control
method

— 3. Applied voltage control method.

1.Flux Control Method
The flux control method is also called field control method.
By decreasing the flux the speed can be increased and vice versa.

The flux of a de motor can be changed by changing the field current with the
help of a field rheostat.

If the field resistance is increased, the field current decreases and there is a
consequent decrease in field flux, due to which the speed increases.
Shunt motor

— In case of shunt motor, flux is controlled by using a shunt field rheostat.

— Here IR loss is small, since Ish is very small.

— So the rheostat is small in size.




Series motor

In case of series motor, the flux is controlled by using the following
methods:

Field diverters:

In this method the series field winding is shunted by a variable resistance
known as field diverter.

Any desired amount of current can be passed through the diverter by
adjusting its resistance.

Hence the flux can be decreased and the speed of motor can be
increased.

Armature diverter:
A diverter across the armature can also be used to control the speed.

For a given constant load torque, if |, is reduced due to armature diverter,
then flux must increase.

This results in an increase in current taken from supply.
Tapped field control:

In this method, the number of series field turns in the circuit can be
changed by tapping the number of turns in the series field.

With full field, the motor runs at its minimum speed, which can be raised
in steps by cutting out some of the series field turns.




Paralleling field coils:

In this method, several speeds can be obtained by
regrouping field coils.

When the field coils over the poles of the motor are
connected in series, the normal full load current passes
through them, and when the coils are connected across
the parallel group the speed can be increased further.

Advantages of field control method

This method is economical and efficient, since very
little power is wasted in external rheostat.

Disadvantages of field control method

This method can generate speeds only above normal
speed because flux can only be decreased.

Also, commutation becomes dissatisfactory because of
the effect of armature reaction.




Armature Voltage Control

The back emf of a motor is given by
E=V-laRa

As the supply voltage V is constant, the voltage across the
armature is varied by inserting a variable rheostat or

resistance called controller resistance in series with the
armature circuit.

As the controller resistance is increased, the voltage drop
across the armature is increased, thereby decreasing the
back emf which in turn decreases the speed.

This method is usually employed when low speeds are
required for a short period, only because the armature
voltage can be decreased by the controller resistance.



Shunt motor

In case of shunt motor, an increase in armature
circuit resistance will cause motor voltage drop
in armature circuit and so the speed will be

reduced.

The field current will remain unaffected as the
shunt field is directly connected across the

supply voltage.
The circuit for shunt motor is shown in Fig. 1.7.

Shunt field —
winding

Fig. 1.7 DC shunt motor.



Series motor

In case of series motor, an increase in armature
circuit resistance will cause more voltage drop in
armature circuit and so speed will be reduced,
as the torque is directly proportional to the flux
and armature currents and hence the flux.

In order to obtain different speeds for constant
load torque, the armature current is kept
constant; so the flux remains constant.



Advantages of armature control method
The only advantage is that speed below normal speed can be achieved.
Disadvantages of armature control method

A large amount of power is wasted in controller resistance, which in turn
decreases the efficiency.

Also, it needs expensive arrangements for dissipation of heat produced in
controller resistance.

Voltage Control Methods

Multiple voltage controlling method the shunt field of the motor is
permanently connected to a fixed exciting voltage.

But the armature is supplied with different voltages by connecting it
across one of the several different voltages by means of suitable
switchgears.

The armature speed will be approximately proportional to these different
voltages.



Ward Leonard system

This system is used where an unusually wide-ranging and very sensitive
speed control method is required, as shown in Fig. 1.8.

Here, M, is the main motor whose speed control is required.

The field of this motor is of variable voltage across the armature, which is
supplied by a motor generator set which consists of either dc or ac motor
M2 directly coupled to generator G.

3- AC supplyM1Controlled rectifier Uncontrolled or controlled rectifier.
The motor M2 runs at an approximately constant speed.
The output voltage of G is directly fed to the main motor M.

The voltage of the generator can be varied from zero up to its maximum
value by means of its field regulator.

By reversing the direction of field current of G by means of reversing
switch (RS), the generated voltage can be reversed and hence the
direction of rotation of M.

The main advantage of this type is unlimited speed control in either
direction of rotation, which can be achieved by field control of generator.
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Fig. 1.8 Ward Leonard system.




Controlled converter fed dc drives are generally operated on the principle of
operation of phase control, where the phase control depends upon either natural
commutation or line commutation.

In industrial applications, the drive circuits make use of more than one thyristor.

In such circuits, when incoming thyristor is turned on by triggering, it immediately
reverse biases the outgoing thyristor and turns it off.

As phase control converters need no commutation circuitry, these are simple and
less expensive, and therefore they are widely used in industrial applications such as
steel rolling mills, paper mills, traction system working on dc, etc.

Controlled converter dc drives can be categorized in two ways depending upon the
supply systemes, i.e., single-phase and three-phase systems. Controlled converter dc
drives depend upon quadrant operations. They are classified as:

(A) Single-phase semi-controlled converter dc drives, which are further divided into
(i) Separately excited dc drive;
(ii) Series dc motor drive;

(B) Single-phase fully controlled converter dc drives, which are further divided into (i)
Separately excited dc drive;

(ii) Series de motor drive.



Single-phase semi-controlled
converter dc drives- Separately excited

dc drive
* Asingle-phase semi-controlled converter bridge

with two thyristors and two diodes and its
guadrant operation is shown in Fig. 1.10.

 The two thyristors are T1, and T2 and the two
diodes are D1 and D2.

* The load is a separately excited drive, where the
load current is assumed to be continuous over
the working range.

 The drive is shown in Fig. 1.1, the motor is shown
by its
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Fig. 1.10 Single-phase semi-controlled converter of dc separately excited motor.
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Voltage and current waveforms in continuous conduction.

Fig. 1.11



Continuous conduction

During the positive half cycle, the motor is connected to the supply voltage V, through the
thyristor 7, triggered and diode D,. The load terminal voltage V,, is of the same wave shape as
the ac source voltage V,. Beyond period x, /, tends to reverse as V, changes polarity. This
forward biases the freewheeling diode Dy and it starts conducting. The motor current i, which
was flowing from the supply through 7' is transferred to Dgy. During period 7 < @t < (7 + @),
the motor terminals are shorted through Dgy, making V, zero.
During the period o < @r < 7, the armature loop equation is
+L,— diy —~+E, (1.13)
"t

V R(l’(l
During the negative half cycle at @r = (w + o), the thyristor 75 and diode D, conduct, and the
load is connected to the source through 75 and D5. The output voltage is of the same wave shape
as the ac source voltage. Beyond 27 the source voltage polarity reverses; this forward biases the
freewheeling diode and it starts conducting. The motor current i, which was flowing from the
supply through 7, is transferred to Dpgy. During the period 27 < @1 < (27 + ), the motor
terminals are shorted through Dy, making V;, zero. From 27 + o onwards the cycle will repeat.
During the period 7 < @t < (r+ ), from Fig. 1.10 the armature loop equation is found to

be

di

+L —~+E 1.14
a dt b ( )

V,=0=R,i

aa

The average dc output voltage across the motor terminals is



The average dc output voltage across the motor terminals 1s

]J'i'
V,= = V,sinar d(o)
T
(¥4
v v
= M |_cos ,;q,r]ﬁ =—2(1+cos @) (1.15)
i “ E

The steady-state speed equation is
v o Ya~iaRe _ (Vulm)(1+cos @) —i,R,

—

K¢ Ko
We know that Teg-i,
T=Koi,
T
!H= —
Ko
V Im)(1+cosex) R, -T r
The average speed is =~ N = TOS®) Ryl [mmg=——](um
K¢ (Kp)* K¢

In the above equation, the first term represents the theoretical no-load speed and the second
term represents the speed drop produced by the armature current /, and hence the torque 7.



S 3 S

A A A
sl
&
ol
S
+
K
o
&
S
=)

Fig. 1.12 Voltage and current waveforms in discontinuous condition.



General analysis of equations
A cycle of motor terminal voltage consists of the three following intervals:

Interval | @ < @t < & (Duty interval): During this mode, the thyristor conducts and its
governing equation 1$

di
Rﬂiﬂ+Lﬂd—”+Eb=Vm sin ot (1.17)
t
or i, +R” iﬂ=v’” sin mr—& (1.18)
d L " L L

We solve the preceding equation using complex function (CF) and particular integral (PI).
CF 1s



CF = K;-e (Ralla)

= K- RlOLIO _ e

— M cot @

[ ¢5=tﬂn-1(%) X =aL ;fr:tan"[
PI, 1s D+& i, =V—'”sin Wt
Lﬂ' Lﬂ'

V
PI, =?'"sin (et — @)

where Z = \/Rf‘:+ (mLﬂ)? and ¢ = tan | [H;L“J

il

Pl, is [Q.Fi}'ﬂ:_‘g_b




E, 1
L, [D+(R,/L,)]

_ __ E _ 1
~ L,(R,/L,) | 14+ {D(L,/R,)}

- _& |_DL_*-‘T+...
R, R,

E
PI,= ——%
Rﬂ'
| A E
Pl =PI, + PI, = —"sin (@t — ¢) — —= (1.19)
Z R,
The solution of Eq. (1.18) 1s
. . Eb —a cot ¢
i,=—"-sin(@t—¢)———+K,-e 1.20)
7 ( @) R 1 (

il

where K, = constant.
The first term of the preceding equation indicates the armature current due to the input
supply voltage. the second term due to back emf and the third term due to the transient

component of current. The constant K, can be evaluated by using the initial condition: when ¢
= o, i, = 0. Thus

E :
0= V?m+sin({r_¢)__b+Kl-e-&’Lﬂl¢

o



. V E
K, = 20 i - gy + =
| MR
Vm - Eh (¥ cot ¢
Ki=—|—sm(a-¢)—-—|.e (1.21)
! L (@ -9) RJ
Substituting K, from Eq. (1.21) in Eq. (1.20), we get
: 1'{;;1 - Eh -Vm : Eh ot -@icot
I, =|—sm(@1—9)——|—-|——sm(ax-9)-—|e .e Ly
L 019 Rj - RJ

Yz R | |Z R

a | a

[ = [E-sin(mr _ Qj) _ Eb 3 {Vm sin (o - f,?}) _ &} E—{mi—rr}::mﬁ'" (1.22)

Substituting @f = 7 in Eq. (1.22), we get

: V : E@; V ; Eb (= a)cot@
(M) = Zsin(r-0)-—= |- Z-sin(er - 9)——|e - [.23
A7) [Z (T-0) » } [Z (@ -0) P } (1.23)

i i



Interval Il 7 < ot < B (Freewheeling): During this period, the freewheeling diode acting takes

place.

or

T

i

PI is i

B
Ri +L,~%+E, =0
dt
di, R,. E,
dt L,° L,

KE_E—(R{,IL{,]I _ Kz_e—mrcnt;ﬁ

CE,[ 1
L, | D+(R,IL,)

{
E L
_ b ID_H_|_]
Rak R,

(1.24)



For initial condition @t = x,

or

(1.25)

(1.26)



Substituting i,(7) from Eq. (1.23) in the preceding equation, we get

E V, E V E
K E,—R'Cﬂl‘..;tl =b + -sin ﬂ' __b 12" sin (a0 - b | ~(r-a)cot
g R [z i

il a i

KE —R’Eﬂlqﬁ Eb +V_|i5m¢ SII'I ﬂf {ﬂ —(r - ffLﬂtgﬂ}_E_l_Eb ~(T - @) cot
R, Z R, R

i

KE -?rmtqi' V [Slﬂqﬂ 51]‘1 (I ¢ -(r - chtéil_l_&_e-{ﬂ-a}cuw

Z R,
_ Vm Teotd oeotd Eb @ col P
K,=—|e -$In @) — ¢ SIn (¢ = @) |+—¢ (1.27)
Z R,
Substituting K, from Eq. (1.27) in Eq. (1.26), we get
: Vm [ oot Geot - ] — (i cot ¢ Eb @cot@ —aicot EE:
i =—1|e sin @ — ¢ sin (@ — @) |- ¢ +—¢ ¥ -—
. Z ¢ ( ¢) RH Rﬂ
V

I-ﬂ_?m[e (@t =1)col ¢ Slnfﬁ P ~(or - n*:.ul@sm o — ¢:| ~byy - E{fm‘ﬂ']ml?]

il



For m < wt < B, when ot = S and i, = 0,

v E
0=— [e"P=M0td Gin g — =P =200 gin (e — 9)] —R—"’[] — g Fometdy (] 28)

o

By solving non-linear Eq. (1.28), the value for angle 8 can be obtained (by using iterative
methods).

Interval Il B < @t < m+ o (Zero current interval): None of the devices are in conducting
mode, 1.e.,
fa =0 VEI = Eb

since V,=E, +1,-R, (1.29)
From the discontinuous waveform,
V,=V, sin ot fora<wr<nm
=0 forr<wtr <P
= E, for < wt <+ o

1 T JT

V,= — J V,, -sin @t -dwt + J E, -dwt
T, B
V

E,
— M r_cos @it + —2[en 5"
pu [ I . [ ]ﬂ

(1.30)

V, = V;’"(l+cosa)+{(}r+m_ﬁ)”€b]

Ja



From Eqs. (1.29) and (1.30), we have

V E
(1 + cos @) + —2
T A

+IHIRH

V
—‘[’(:r+m—,f5’)_——{1+cmrr)+! ‘R,
T

E, V.,
—r+a-pf-r)=——"=(+cosa)+1,R,
r T

E Vv
(- p)=—"(1+cosa)+1,R,
T T

V., I, R,
E, = (1+cosar) -
ﬁ—ﬂf ﬁ—ﬂ‘f

{1+cn+=?_.f‘.1')—iI Rom
ﬁ—ﬂ p-a




V TR, 7

o, = (1 +cos @) - ——

K(f-a KX(f-a)

The boundary between continuous and discontinuous conduction is reached when ff = 7 + o

Substituting f = 7 + o in Eq. (1.28) gives the critical speed ®,,., which separates continuous
conduction from discontinuous conduction for a given .

(1.31)

V E
0=—LL[ PP Gin g — P =D Gin (@ - 9)) —R—b[l _ g (P-@eotey

Z i
ﬁ[l_ E_{'S_{I}E'm‘?]=E[€_{ﬂ_ﬁ}cﬂl¢blﬂ{ﬁ—f_(ﬁ_ﬂ}':ﬂtl@ SIII ({I_ &)]
R, Z
Ry Vule "D sing — /D% sin (a — g)
EEJ' = ' :
7 [I_E'{ﬁ'“}cn ‘9]

Substituting 8 = 7 + o, we get



Substituting = 7 + @, we get

RV [E—{x+a-ﬁ}cnt¢.5in¢_€-{ﬂ+rx-sx]mt¢_5in (ﬂ—qﬂ}]
—_a _m

K-@

me = o - E—{;r+.:‘1'—a}cct¢]
mmc - Rﬂ . V;H[E_ﬂ wot ¢ ' Sln ¢ - 'E?_ﬂ. «ot ¢ ’ Sin (H - ¢})] (1 .32)
Z [l—E_ﬁLnt;#]'K

Qeed-torque characteristics

Speed-torque curves are shown in Fig. 1.14. The no-load speed is given by the equation
@, =V, /Kfor0<a<n/2and V, /K (sin @) for /2 < o < m. The operation of the drive, which
operates in quadrant-I only, 1s represented by the equivalent circuit of Fig. 1.10. Figure 1.13
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Fig. 1.14 Speed-torque characteristics.



Problem 1

A single-phase, 230 V, 50 Hz supply feeds a se
two single-phase semi-converters, one for the fielc

varately excited dc motor through
and the other for the armature. The firing

angle for the semiconverter in field circuit is zero, the field resistance is 200 Q and the armature
resistance R, is 0.3 €. The load torque is 50 N-m at 900 rpm, the voltage constant is

0.8 V/A-rad/s and the torque constant s 0.8 N-m/A’

. Assume that the armature and field currents

are continuous and constant, and neglect the losses. Find the following:

(a) The field current

(b) The firing angle of semi-converters in the

armature circuit

(c) The power factor of semi-converters in the armature circuit.



Since the firing angle of the converters in the field circuit 1s zero,

V
Vi= —=(1 + cos o) (v op=0)
Vi
R,f Vﬂ — E!'], + IﬂRﬂ

I =

Torque T = K, 11, V, = l'rf—":”‘{l + cos a,)

T T
ey
r oS Power output of converts in the armature circuit
n = M VE!IEI
60

Eb = Kf If{'ﬂ



B 1/2

2\ %,
Input current = | — I deat
P 2 { ﬂ;[ “ 1

Input power factor, pt =



Problem-2

Two independent 1-¢ semiconverters are supplying the armature and field circuits
of a separately excited dc motor for controlling its speed. The firing angle of the converter
supplying the field adjusted such that maximum field current flows. The machine parameters are:
armature resistance = (.25 Q, field circuit resistance = 147 Q, motor voltage constant K, =
0.7032 V/A-rad/s. The load torque is T = 45 N-m at 1000 rpm. The converters are fed from a
208 V, 50 Hz ac supply, and the friction and windage losses are neglected. The inductance of
the field and armature circuits 1s sufficient to make the armature and field current continuous and
ripple-free. Determine

(a) The field current

(b) The delay angle of the armature converters

(c) The mput power factor of armature circuit converters,



Problem-3

A 1-9 half-controlled converter is fed from a 120 V, 60 Hz supply and provides
a variable dc voltage at the termmnals of a de motor, The thyristor 1s triggered continuously by
a dc signal, The resistance of armature circuit 15 10 €, Because of fixed motor excitation and
high mnerta, the motor speed 15 considered constant, so that the back emf 15 60 V. Find the
average value of the armature current, neglecting armature inductance,



Vs = 120 V
V..o = 12042 =169.7 V
R,=10Q and «=0°
f =60 Hz
E, =60V

V.= (1 4+ cos o)
T

V,=E, + LR

L i ¥ |



A separate

Problem-4

y excited dc motor running at 1200 rpm 1§ operatec

half-controlled brid

o¢ With mput voltage 320 sin 3100, em

3 ohms, SCRs are fired at o = 45° for every half cycle. Ca

(1) The armature current

(1) The motor

(0rque

100V anc

culate

rom 4 1-0,
armature resistance



[, R,
+ i
0s ) = E,
Vin (1 +c
Ve = ?
= K, 0w
E, .
»
I'= K9l

K. =



A0 Y

Problem-5

000 rpm, 13 A separately excited dc motor

S armature clrcu

resistance and inductance of 3 ohm and 100 mH respectively. It 15
rectfier with ac source voltage of 230V, 30 Hz. Calculate

o) T
) T

1€ 110

1€ M0

or forque for 0= 30" and speed = 400 rpm
or speed for ¢= 30" and T = 70 Nem,

e from 4 1-0 halt-controlled



RV

of -~ Ml

(e =

sin @ e

—¥ cot @

—sin(ax —@)e

- cot @ )

KZ

30x

l—e

o =30° = = (.524 rad/s
180 J

O = tan"][

&
-

—JT cot @

Zﬂ'ﬂLJ
R

¢ cot ¢

7 = \/RE-F(Z;-’TfL}E
Eh = Uu - Iu Rﬂ

—JT cot @







Vv
V.= —(1 + cos o)
T

T=KI, K’[V“ _E’-’?]
R

o

(11) Motor back emf for critical speed equal to 1149.67 rpm

E = 1149.67 « 161

‘ 1000

%

il

_Eb

Critical torque, 7. = K[

]zl_m(m.z—lss.l]

a

Since the motor torque of 70 N-m is greater than the critical torque T, the drive is operating
in continuous conduction,






T 70
K 1.53

!ﬂ =

E.FJ = Vﬂ o fa:.r Ra
N = 222 1000 = 345.37

162



Problem 6

A 230°V, 630 pm, 100 A separately excited de motor has armature circult

resistance and inductance of 0.08 Q and § mH respectively. The motor is controlled by 1-9
half-controlled rectifier with source voltage of 230 V, 30 Hz. [dentify the modes and calculate

the speeds for
() &= 60° and torque 1000 N-m
(b) o= 120° and torque 1000 N-m,



Single phase Fully controlled Converter
of Separately Excited dc Motor

source

-
— y s
7{1"4 7< . Jb Rf% Separate [/ 4 I,

Fig. 1.15  Single-phase fully controlled converter of separately excited dc motor.
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V, -RM+Ld— +E, forasots(n+ o)
f

£ £

o~
]

+
j V., sin ot dwt
¥

rra _ 2V,

m

(—cos mt),, COS X

1
z
v,
s

T



V, - I,R, _(2V,/z)cos @ — IR,

N= ol )
Ko Ko
T o< ¢,
I'=K¢-1i,
T
i, =—
K¢

(2V Im)ycosax R -T

N = 2
K¢ (K¢)
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Fig. 1.17 Voltage and current waveforms for discontinuous conduction.



(i) Duty interval (o £ ot £ f3): The motor is connected to source voltage V,.
(i) Zero current interval (f < ot £ (m+ )): When i, =0, V, = E,.

di.
Vo= R, +L, ) —+ E, =V _ sin @t fora<wt<p
r

V,=E,and i, = 0 for < ot < (1 + o)

(¢

v E »
i = E' sin (@t — @) — —= + K-e~ %' ¢

il

L
where Z, = \/Rf; +(wL,)* ; and ¢ = tan”’ R—“

o



Now, the constant K, can be evaluated by applying initial conditions @f = ¢ and i, = 0.

V E
0=—".sin(x — @) ——=+ K, -e” %
= (@ — @) R |
_ V E
K..e o cot ¢ — i sin (o — + b
1 = (& — @) R
-V - E.F:r- & cot g
Ki=—-—"—-sin(x—-¢)——|-¢
| Z (@ — @) R,

Substitute K, in the [, equation, we get



4 Eb V Eb acoty —micotg
i, = |—sin(@t-@)——|-|—-sin(@-9)-—|e " -e
Z ¢ R,| | Z ‘ R,
: -Vm Eb - -Vm . Eb - —(@r=a)cot ¢ .
I, = Sin(@t-@)-—|—-|—-sin(@-9)——|e L,
i Z ‘ R, || V4 ‘ R, |
> Vm . . -(@t = a)cotg Eb =(@t = o) cot ¢
e 7[sm((w—¢)-sm(a—¢)-e ]-R—[l-e ]

a

i . : : : < <
Since i, (B) = 0, i.e., @t = 3, we substitute i, = ( for o0 < o1 < ﬁ

R VA R

(4]

V. E E V
b - b "m .sin {&‘—ﬁ‘:‘) E—I{ﬁ—fl}mt;a}:u
Z R z

i

0= {2’ 51n(ﬁ g&}——]_[v’" sin (& — @) — E, } ~(f—a)cot g

ﬂ'



l T+ i
V, = — J o, Sin @t dt + j E, -dwt
/4 ; _
V E,
—_ [—cos (@1)]” +—[(1)t]” e
T /4
v = V. (cosax—cos f)+(r+a—- P)E,
a 7[
VH = Eh + IHR-H

V. (cosax—cos B)+(r+a—- pP)E,

= EI} * Iﬂ'Rﬁ
y/a



Substituting E, = K- ®

M

and T = K1,

V. (cos & —cos ) TR,

{ﬂ _ i . T
T KB-w K-
* Boundary conditionis g = (7 + o)
* Then the Critical Speed is
R -V I el

i

@,.= ~ sin (@ — @)

—— =
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Fig. 1.18 Voltage versus firing angle waveform.  Fig, 119 Speed-torque characteristics.



Problem -7

A 230V, 1-9, 50 Hz supply feeds the armature and field circuits of a separately
excited dc motor through two full converters. The firing angles of converters in the field circu
are zero. The armature and field resistances are 0.25 Q and 200 Q respectively. The torque and
voltage constants are 1.1, the firing angle of converters in the armature circuit s 45° and the
armature current 1s 50 A, Find the torque developed and the motor speed. Assume that the brush
contact drop is 1 V/brush



Problem-8

A 210 V, 1 HP separately excited dc motor running at 800 rpm is controlled
by single-phase full converter. The motor rated armature current is 25 A, armature resistance
R, = 0.5 Q. The ac supply voltage is 230 V, motor voltage constant K,¢ = 0.172 V/rpm. To

make the motor current continuous and ripple-free, assume that sufficient inductance is present
in the armature circuit.

(a) For motoring action, determine motor torque, speed of motor, supply power factor for
o = 60° and rated motor armature current.

(b) For regeneration action, motor back emf polarity is reversed by severing field excitation.
Find the firing angle to keep motor current as valid value for power fed back to supply.



Problem-9
A 220V, 750 tpm, 175 A separately excited dc motor has an armature resistance
of 0,05 € and inductance of 0.85 mH and is controlled by a single-phase fully controlled rectifier
with an ac source of 230 V, 50 Hz. (1) Calculate the motor torque for & = 60° and
speed = 600 rpm,
Now, an external inductance of 5 mH 15 added to the armature circuit to reduce the region
of discontinuous conduction, Calculate the torque for

(i) =150 and speed = -400 rpm
(i) 0= 120 and speed = -600 rpm.



Problem-10

A 20V, 1200 rpm, 13 A separately excited dc motor has armature resistance

and inductance of 18 € and 32 mH respectively. The motor is controlled by a 1-0 fully
controlled rectifier with an ac source voltage of 230V, S0Hz with rectfied nodes, Caleulat
developed torgues for

() = 60° and speed = 450 rpm
(f) 0= 60 and speed = 1500 rpm

| —



In a series-connected dc motor drive, the field circuit is
connected in series with the armature terminals, which
provides for high speed and high starting torque.

Some of the devices in which they are used are cranes, hoists,
elevators and traction work.

Speed control is very difficult with the series motor because
any changes in the load current will immediately be reflected
in a speed change, and hence all speed control systems will
use separately excited motors. |

n separately excited motors, a large back emf E, is always
present even when the motor armature current is absent.

The back emf tends to oppose the motor current and decays
rapidly. This leads to discontinuity in motor current over a
wide range of operations.

In series motor, the back emf is proportional to the motor
current.




Therefore, back emf decreases with armature current
and so the motor current tends to be continuous over a
wide range of operations.

In dc series motor drives, only at high speed and low
current is the motor current likely to become
discontinuous.

The armature circuit resistance R and inductance La
includes the resistance of the series field winding.

Its back emf voltage is E, = K,0 N

In series motor, the flux has two components; one
component, say ¢a, is produced by the armature
current flowing through the series field winding, and
the other component, say ¢res, is due to residual
magnetism. The latter is small and can be assumed

constant.
(ID - {zbca T [g}rs:ra



0o = Kyl
E,= K,(Kfi, + ¢res) N
= K,K;i,N + K, s N
E,= Kyi,N + K, N
[f the flux ¢,. 1s neglected, than its average torque is given by
I' = Ky '?ir’
The armature circuit voltage 1s

di
* ol
Vl'_'! - Rﬁ' I|:'-|' + Ll!'-!

+ E,

V-ﬂ' = R-:riq:.r + EJ_":-



Single Phase Semi Controlled
Converter of DC Series Motor
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Waveforms for continuous conduction.

Fig. 1.21



< mf < I
The armature loop equation 1is

di,
V Rt'.i Iﬂ F )
dr

T< W< (T+ )

L df b
The average dc output voltage across the motor terminals 1s given by

%

m

¥/ 3

Y, ——J V., sin@t dat = (1 + cos &)

V
R I +KgcN+K.N=V,= (1 + cos o)
F/a



(V_ [7)(1+cos a)—

N _ H H
K. +K,.
Since 1n series motor the torque developed 1s proportional to the square of the motor RMS
current,
T o< I7
T = K’
- K&ll’ i

( V. I7)(1+cos@)— K N

! Rﬂ 20 Kﬂt’N




Discontinuous mode
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1
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Mode 1: During the interval o < ot < T,

. di
V,=V, sinot=R,i,+ L, d_ + Ki,N + KN
[
The electrodynamic equation is
d
T = K I f-Jd—+Bm+ T,
[

Mode 2: During the interval 7 < @r < J5,
The frcr:whe::hng diode action will be absent f fenie,

i
Va= 0= Ryio + L,—* "+ Kyi N+ K. N
[



and 1ts governing mechanical rotational system,

1= Kﬂ-‘j + J{;—m + Bo+ T,
I

Mode 3: The motor coasts during the interval f < o1 < (7 < ).

i = ()

i

T=ﬂ=.fd£+ﬂm+ T,
dt

The following sequence of steps are used to calculate the speed-torque characteristics for the
firing angle taking into account:

(i) Nonlinearity of the magnetic circuit: A value i1s chosen for armature current. The
corresponding value K is obtained from the magnetization characteristics of the motor.

(i) For the known value of firing, calculate the output voltage from Eq. (1.15), depending
upon the circuit used. Now N and 7 are obtained from Eqs. (1.58) and (1.59)
respectively.



Speed (rpm) o

I a = ("

o= 3J0°

a = 60)°

a = 90"
>

— Torque (Nm)



Problem-11

The speed of a 20 HP, 210'V, 1000 rpm series dc motor is controlled by a
semi-converter, the combined field and armature circuit resistance 15 025 Q.
K= 0.03 N-m/A” and K = 0.075 V-shad. The supply voltage is 230 V. Assuming continuous
and ripple-free motor current, determine the following for a firing angle o = 30° and speed
N = 1000 rpm:

(1) The motor torque

(1) The motor current

(1) The supply power-factor,



Problem-12

A 18 HP, 210'V series de motor running at 1300 rpm is controlled by 1-9

semi-converter, combined field and armature resistance s 0.75 €2, The following are the motor
constants: K ;= 003 N-m/A>and K. = 0075 V-s/rad. The supply voltage is 230 V. Determine

(1) motor torque
(11) motor current
(1) supply power factor

—

for o = 45" and speed 1500 tpm, assuming continuous and ripple-free motor current



Problem-13

A single-phase semi-converter 1 used for controlling the speed of a 10 HP.
220'V, 900 tpm de series motor, The total resistance of the field and armature circuit is 0.9 Q.
Assuming continuous current and speed of Y00 rpm, obtai for an input voltage of 240 V
the motor current and motor torque for a firing angle of 45°, Assume motor constant
= 0,035 N-m/A”

(1) supply power factor

for o = 45" and speed 1500 rpm, assuming continuous and ripple-free motor current



Single Phase Fully Controlled
Converter fed DC series Motor
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Voltage and current waveforms for continuous conduction.



armature circuit equation for a full converter 1s as follows:

V—RI+Ld“+Eh X< W< T+ o
t

The average motor terminal voltage is

I T =Ly
— j Sin @t dawi
..T"I' {¥

2V
Vu — m

T

R, I, + Ky IN+ K. N-= = COs &



the average speed 1s

N2V /r)cosax — R I,
K.l +E

the torque developed is proportional to the square of the motor RMS
current.

N =

res

-(Z\EVS cosa/r)— K, N |
R, +K N

 —




inuous Mode

Discont

= {1)]

= (1]

= (1)

I|,-"II“ ll




Mode 1: The thyristor conducts during the internal & < @f < fi. The voltage equation is

di
Vo= V2V, sin o1 = R, i, + Ly—* + KugiaN + KiesN
I

The electrodynamic equation 1s
dw

T=Ksl’=J— +Bo+ T
dt
Mode 2: During the interval 7 < ot < f3, V, = E,,
di_

Vﬂ= 0= Ru‘ru + Lu

+ KsI, N+ K. N
dt

@
T=K,I>= J‘L—! + Bo+ T,
t



Mode 3: The motor coasts during the interval f < of < (1 + =),

[,=0
dw
I'=0=J—+ Bo+ 1,
di
A
Speed (rpm) m,,
&= "
a = 30°
o = 60°
a = 90°

— T (Nm)



Problem-14

The speed of a 20 HP, 210V, 1000 rpm series dc motor is controlled
by a 1-¢ full converter, The combined field and armature circuit resistance = 0.25 Q..
K= 0.03 N-M/A* and K = 0.075 V-s/rad. The supply voltage is 230 V. Assuming continuous
and ripple-free motor current, determine the following for firing angle & = 30° and speed!
N = 1000 rpm:
(1) The motor current
(11) The motor torque

(it1) The supply power factor.



Problem-15

A dc series motor 15 supplied from a full converter whose = 63", 1-0 supply
150 230'V rms and 50 Hz frequency. The armature and field resistance together equal 2 Q. The
torque constant K. = 0.23  and the load torque is 20 N-m. Neglecting damping, find the
average armature current and speed.



Three Phase Converter fed DC drives

Three-phase controlled converter de drives, depending upon the quadrant operations, hay
been classified as

|, Three-phase semi-controlled converter dc drives, further divided into
(1) Separately excited de drive;
() Sertes dc motor drive;

2. Three-phase fully controlled converter de drives, further divided into
(1) Separately excited de drive;
(1) Sertes dc motor drive,



Vin = V,, sSIn o1
Vi, =V, sin (@or — 120)
V., =V, sin (or + 120)
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Fig. 2.2(a)-(e) Voltage and current waveforms for 3-phase semi-converters.
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The average terminal output voltage can be expressed when armature current 1s continuous.
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The average motor terminal voltage is given as
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Problem -16

The speed of a 150 HP, 650 V, 1750 rpm separately excited dc motor is
controlled by a 3-¢ full converter. The converter 1s operating from a 3-¢, 460 V, 50 Hz supply.
The rated armature current of the motor 1s 170 A. The motor parameters are R, = (.099 €;
L, =0.73 mH and K0 = 0.33 V/rpm. Neglect the losses in the converter system. Determine the
following:

(a) No-load speeds at firing angles @ = 0° and o = 30°. Assume that at no-load, the
armature current is 10% of the rated current and is continuous.

(b) The firing angle to obtain rated speed of 1750 rpm of rated motor current also computes
the supply power factor.

(c) The speed regulation for the firing angle obtained in part (b).



V. = L cos o
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Problem 17

A 150 HP, 500 V separately excited dc motor running at 1650 rpm 1s controlled
by a 3¢ full converter, which 1s operating from a 3¢, 460 V, 50 Hz supply. The rated armature
current of the motor is 150 A. Given motor parameters are R, = 0.099 Q, L, = 0.63 mH and
K,0=033 Vipm. The losses in the system are neglected. Find

(a) At or=0°and 0r=45°, no-load speeds, assuming that at no load the armature current
15 10% of the rated current and 1s continuous. Hence find

(b) Firing angle at 1630 rpm at rated motor current. Compute supply power and supply

ower factor,

(c) For firing angle obtained 1n (b), find speed regulation.




Problem-18

A fhree-phase, three-pulse thyrstor converter controlling & 100 HP, 440V, 1000
o de shunt motor 1s operating at 300 rpm, developing 83% of the rated torque, Caleulate th
josering angle of the converter if the back emf at rated speed 15 430 V. Assume the ac input
voltage to be 415 V.

Bl

——
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Problem-19

A thee-puls comverter contol the armature of o 230V, 1400 rpm e motor

The voltage drop n the Joop wires

0f 600 o, f the speed

= —

I

——

0 Wi the armture 15 13V, Find

lie f

e motor 4t 0= "1 400 pm

il

ing dngle for
0,



L b T e i BT o oems e s T T e § e Eaw SR e :‘-—- - . “--J—l e L - T

(a) Light duty excavators (b} Medium duty excavator
(c) Heavy duty excavators (d) All of these.

Which electromagnet is preferred for noiseless operation?

(a) de-operated (b} ac-operated

(c) Both {a) and (b} (d) None of these.

What 1s the necessity of controlled rectilier Tor de drives?

(a) To improve efficiency (b) To improve rehabihity
(c) To control speed (d) To improve performancs

The no-load speed equation for single phase full converter-fed dese
2V cos o
(a) (b} —
TR ¢ il
2V {1+ cos 2V i1+ cosa
(©) V., (1+ cos ) n | I:il‘-p ]
I'_'[ Iﬁ'l-rr'.:j {.R"ﬂ ‘:ﬂl'}_

L"m Cos (F




. The speed of a separately excited dc motor depends upon
(a) Armature voltage (b) Flux
(¢c) Both a and b (d) None of these

1%

13.

14.

5.

The torque of a separately excited dc motor is directly proportional to

(a) 1,

() \/E

The back emf of a series dc motor is directly proportional to

(b) I}
(d) None of these

(a) LN (b) 1;

(¢c) N (d) None of these

For regenerative braking, the armature voltage should be back emf.
(a) Greater than (b) Less than

(c) Equal to (d) None of these

For plugging, the armature voltage and back emf are in direction.

(a) Same

(c) Both same and opposite
For a torque of 50 Nm and a motor constant of 1.5 V-s/A-rad, the armature current is
A.

(a) 334
(c) 66.8

(b) Opposite
(d) None of these

(b) 75
(d) 25




16.

17.

18.

19.

20.

21.

As the torque applied on a dc motor increases, the speed will

(a) Decrease (b) Increase

(c) Not change (d) Slightly change

The average output voltage of a 1-¢ half-controlled converter is maximum and minimum
at delay angles of and respectively.

(a) 0% and 90° (b) 90° and 0°

(¢) 0° and 180° (d) 180” and 0°

The delay angle at which the average output voltage is half of the maximum output
voltage for a semi-converter is :

(a) 90° (b) 60°

(¢) 120° (d) 30°

The delay angle at which the average output voltage is half of the maximum output

voltage for a full converter is :
(a) 90° (b) 60°

(c) 1207 (d) 30°

For regenerative braking (for constant flux motor), the armature voltage V, =
(a) Eb g 7 IuRu (b) Eh - luRu

(C) Eb + lu(Ru + Rj) (d) Eb o lu(Ru + Rf)

For plugging (for series motor), the armature voltage V, = .

(a) -Eb + IuRu (b) Eh * laRa

(©) —E, + I,(R, + R) d) E, - I(R, + Ry



27,

23.

24,

25,

26.

The no-load speed for a semi-converter-fed separately excited dc motor when the delay
angle (@) is less than 90° is

( ) ‘/"l (b) Vm Sin a
a) — S St
K K
(¢) Rated speed (d) None of these

The conduction period for a thyristor in a l-phase full converter connected to a high
inductive load (continuous current) is

(@) 120° (b) 180°

(c) 60° (d) 360°

In constant torque mode of operation for a separately excited dc motor, is
kept constant.

(a) Armature voltage (b) Flux

(c) Both (d) None of these

In constant power mode of operation for a separately excited dc motor, is
kept constant.

(a) Armature voltage (b) Flux

(¢c) Both (d) None of these

What is meant by electrical drives?
(a) Drives employed for electric motors
(b) Motion control



21,

28.

29.

30.

3.

(C) DLIIves employcd 10r engines
(d) None of these.

What are the advantages of an ac driver?

(a) No commutation effect (b) More sparking effect
(c) High cost (d) All of these.

What are the different parts of electrical drives?

(a) Source (b) Power modulator
(¢) Control unit (d) Motor

(e) All of these.

The semi-converter operates in the quadrant.
(a) First (b) Second

(¢) Third (d) Fourth

Full converter operates in the and

(a) First and fourth (b) First and second

(¢) Third and fourth (d) First and third

In an armature voltage control dc motor, the motor is operated

quadrants.

control.

(a) Above rated speed

(b) Below rated speed

(c) Above as well as below rated speed
(d) None of these.



32.

33.

34.

35.

In a single-phase half-controlled rectifier operation with a dc¢ motor in discontinuon
conduction mode, the critical speed W, which separates continuous conduction fro
discontinuous conduction for a given value of o will occur at 3 =

(a) m+ o (b) m+ o

(c) = (d) o

For a half-controlled rectifier for continuous conduction mode, the output voltage cann
be reversed because the motor is in :

(a) Motoring operation (b) Generating operation

(¢c) Both a and b (d) None of these

In a 1-¢ fully controlled rectifier in continuous conduction mode in a cycle, the mot
terminal voltage 1s given by

2‘/7" 2‘/"1 .
(a) cos (b) sin &
T T
2V %
(C) m (d) m
T T

When a rectifier operation at an angle o > 90°, V, is negative. It means that the rectifi
takes power from dc terminals and transfers it to ac mains. This operation of the rectifi
is called

(a) Conversion (b) Inversion




36.

3.

38.

39.

40).

(c) Linear

In a single-phase fully controlled rectifier in discontinuous conduction in a cycle, the
motor terminal voltage for the duty interval o < @r < fB is

(@ V, <V
© V,>V,
What are the application of electrical drives?
(b) High efficiency
(d) All of these.

(a) Smooth control
(¢) Accurate speed control

For large power dc motor drives,

(d) Non-linear

(h) Vﬁ = V.‘f
d V, %V,

controlled rectifiers are used.

(a) Semi (b) Fully

(c) Half-wave (d) None

When a converter acts as a line commutative inverter,

(a) o< 90° (b) a > 90°

(c) ox=0° (d) a= 180°.

Write the expression for the average output voltage of a full converter-fed dc driver.

2V

(a) - Ccos & (b) = (1 + cos @)
T
V Vv

(c) —cosa (d) = (1+cosa)

T




41.

42.

43.

44.

45.

46.

What is meant by phase control rectifier?

(a) ac — dc (b) dc — ac

(c) ac — ac (d) None of these

In phase-controlled dc drives, which commutation takes place?
(a) Forced commutation (b) Class E

(¢) Natural commutation (d) None of these

For natural commutation, additional circulatory is

(a) Required (b) Not required

(¢) Both (a) and (¢) (d) None of these

In a dual converter the switch acts like a :

(a) Forward switching (b) Reversing motoring
(c) Both (a) and (¢) (d) None of these

Calculate the motor torque when armature current /, = 38 A, resistance R, = (.32,
V, =260 V, and motor constant K, = 0.182 V/rpm.

(a) 6.621 N-m (b) 66.12 N-m

(¢) 0.6612 p-m (d) 661.2 N-m

Given the expression for rms value of current (i), when it is operated in a semi-
converter,




47.

48.

49.

50.

(@) Iys = 1, (b) Ly =1, + Iy

- a) 112

() Lo =T, [ ] (d) None of these
/4

In an single-phase series dc motor drives, the flux ¢ =

(@) @ =@+ Qs (b) 9= 9, + O

(€) ¢ = Pres d) ¢ =9,

The back emf voltage due to residual magnetism is very small, and it is proportional to
the .

(a) Torque (b) Current

(¢) Supply voltage (d) Speed

When an armature current is discontinuous when it is connected to a semi-connecting
separately excited dc motor drive, during the operation period x to P, the freewheeling
diode .

(a) Does not conduct (b) Conducts

(c¢) Is short-circuited (d) None of these

For the same values of bit 45, calculate the motor back emf voltage when it is operated
full-converter for a separately excited dc motor.

(a) 1.1942 V (b) 9142V

(c) 0.191V (d) 19142 V




51. In phase-controlled controllers, the thyristors’ firing angle can be varied from

(a) 0° to 90° (b) 0° to 180°

(c) 0° to 360° (d) None of these

52. The semi-controlled converter is also called a converter.
(a) Unidirectional (b) Bidirectional
(c) Both (a) and (b) (d) None of these

53. The dual converter can be operated in quadrant operation.
(a) First (b) Second
(¢) Third (d) Fourth

54. The speed-torque characteristic of a separately excited motor for terminal voltage and
full field excited will be a .
(a) Inclined line (b) Straight line
(c) Both (a) and (b) (d) None of these




. How many diodes are required for a three-phase semi-converter SEDC motor?

(a) 1 (b) 2
(c) 3 (d) 4.
. The d¢ motor back emf, E, = :
(a) Eﬂ + Iﬂ Rr:.r (h) Er_‘] - f.:r Rﬂ
(c) -E, + I,R, (d) -E, - I,R,

. If o = 0°, what 1s the triggering angle for a three-phase full converter SEDC motor
drive :
(a) 60° (b) 90°

(c) 30° (d) 120°
[Ans: 30°]
. If a = 180°, three-phase semi-converter output voltage equation V, = and
motor 1s suitable for traction drives.
(a) 0V, series (b) 0V, parallel
(c) V., series (d) V,, parallel
[Ans: 0V, series]
. Three-phase drives are used for applications.
(a) Low speed (b) High speed

(c) Medium speed (d) None



0.

10.

method.

method.

A three-phase full converter is a quadrant converter.
(a) First (b) Second

(c) Third (d) Four

Speeds above rated speed will be obtained by the

(a) Armature voltage control (b) Flux control

(¢c) Both of these (d) None of these
Speeds below rated speed will be obtained by the

(a) Armature voltage control (b) Flux control

(¢) Both of these (d) None of these
The conduction period for a thyristor in a three-phase full converter connected to a high
inductive load (continuous current) is :

(a) 120° (b) 180°

(c) 60° (d) 360°

For dynamic braking (for series motor), back emf is

(@) L(R, + Ry (b) (R, + Ry)

(c) ‘IH{RH + Rf T RJ:-) (d) Iﬂ(R{J' + Rf_ Rb)



11

12.

13.

14,

In a 3-¢ fully controlled rectifier fed to a separately excited dc motor, drive thyristors are
fired in the phase sequence of their numbers with a phase difference of

(a) 120° (b) 200°

(c) 60° (d) 0°

The three-phase half-controlled rectifier connected to a separately excited dc motor drive
operation is in continuous conduction mode in the quadrant operation.

(a) First (b) Second

(¢) Third (d) Fourth

When a rectifier operation at an angle o> 90°, V, is negative. It means the rectifier takes
power from dc terminals and transfers it to ac mains. This operation of rectifier is called

(a) Conversion (b) Inversion
(¢) Linear (d) Non-linear

The average output voltage of 3-¢ half converter with R-load is
@ V, =33V, (b) V, = (3\3/1) V, cos o
©) V, = (33/m)V, (1 + cos a) d) V, = 33/n

[Ans: V, = (3x/§/7t) V,, (1 + cos )]




15.

16.

13

18.

19,

The average output voltage of a 3-¢ full converter with R-L load is
) V, = (33/n)V, (b) V, = 3/3/1) V,, cos
©) V, =33/ (d) None

[Ans: V, = (3\/§/7r) V,, cos o]

In a semi-converter operation, when armature current is continuous the back emf will be
directly proportional to

(a) KON (b) K91,

(c) K, 0V, (d) None of these

In a series motor operation, when it is connected to a full-converter having armature
current continuous, the developed torque 7 is

(a) K, 0N (b) K91,

(c) K, 0V, (d) None of these

Write the expression for speed N, in terms of motor terminal voltage and armature

current.

Write the expression for a three-phase average motor terminal voltage which is

connected to

(a) A semi-converter: E, =
[Ans: (V”,/zt)(l + cos )]

(b) A full-converter: E, =
[Ans: (2V,/m) cos @]
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10.

. Describe some advantages of electrical drives.

Explain briefly about the functions of different converters that are shown in block
diagrams of electrical drives.

Explain the advantages of dc drives over ac drives.

Why is a dc series motor applicable with torque overloads rather than other dc motors?
When varying speed by field flux control, flux must be varied in small steps. Why?
Explain the importance of Ward Leonard system over other speed controls.

Explain the importance of various characteristic curves drawn while operating with dc
motors.

Write down equations for a dc series motor. Sketch the characteristics of this motor, with
regard to the constant-torque mode and the constant-power mode.

Explain the operation of a separately excited dc motor fed by a single-phase semi-
converter, Discuss the continuous and discontinuous modes of operation with the help
of their governing equations.

Explain the speed-torque characteristic and voltage versus firing angle curves at different
firing angles for a single-phase semi-converter feeding with a separately excited dc
motor.



11.

12.
13.

14.

19:

16.

g
18.
19.
20.

Sketch the appropriate voltage and current waveforms of the working of a single-phase
full-converted fed dc drive and also derive the expression for the input power factor.

What is the importance of freewheeling diodes in converters?

Sketch the appropriate voltage and current waveforms for firing angle o = 30° for the
working of a single-phase semi-converter fed with dc series motor.

Derive the expression for average speed in discontinuous current mode with the help of

modes of operation performed in a single-phase fully controlled converter fed with
series-excited dc motor.

Write a short note on the speed reversal process of a thyristor that is performed in dc
motor drive systems.

Describe the importance of speed control of a dc series motor. Illustrate your answer with
appropriate waveforms.

Explain how the speed of a dc series motor is controlled by using converters.
What is the purpose of a freewheeling diode in converters when fed to dc motors?
Explain the concepts of constant torque control and constant power control.

Explain how the speed control of a dc motor is achieved by illustrating the triggering
circuits of the thyristors.



. How is a separately excited dc motor operation fed by a three-phase converter?

Explain the operation of a three-phase converter fed (with series motor) in three-phase
semi-converters for firing angle @ = 45°. Sketch its input and output voltage waveforms.

For a three-phase full converter, explain how the output voltage wave for a firing angle
of 30° is obtained by using (a) phase voltages and (b) line voltages fed with a separately
excited DC motor.

Describe the importance of speed control of a dc series motor. [llustrate your answer with
appropriate waveforms.

. Derive the expressions for rms value of voltage and currents, and average values for

firing angles o < 60° and @ > 60°, when it is bun-fed with a series-excited motor in
three-phase full-converters.

Explain how the speed of a dc series motor is controlled using converters.

7. What is the purpose of a freewheeling diode in converters when fed to dc motors?

10.

Explain the concept of constant torque control and constant power control.

. Explain how the speed control of a dc motor is achieved, illustrating the triggering

circuits of the thyristors.

Explain how a four-quadrant operation is achieved by dual converters, each of 3-¢ full
wave configuration, for a separately excited dc motor.



UNIT-11I:

Four quadrant operation of DC
Drives




* Introduction to Four quadrant operation — Motoring
operations, Electric Braking — Plugging, Dynamic, and
Regeneratlve Braking operations. Four quadrant
operation of D.C motors by single phase and three
phase dual converters — Closed loop operation of DC
motor (Block Diagram Only)

« Control of DC Motors By Choppers: Single
guadrant, Two quadrant and four quadrant chopper fed
dc separately excited and series motors — Continuous
current operation — Output voltage and current wave
forms — Speed and torqgue expressions — speed-torque
characteristics — Problems on Chopper fed D.C Motors
— Closed Loop operation ( Block Diagram Only)




Introduction

Generally the four-quadrant operation will depend upon the rotation of the rotor with respect to

the load, or it may undergo translational motion. The equivalent motor-load system is shown in
Fig. 3.1.

Motor Load

SEER)y = VM)

Fig. 3.1 Equivalent motor-load system.

From Fig. 3.1, the basic mechanical rotational equation is given as

d dw dJ
T-T, = —(aw,) =]— + 0,—
L=y Vom dr O

For a constant inertia, dJ/dt = 0. Equation (3.1) becomes

dw,
T= TL + j
dt




Equation (3.2) shows the developed motor torque and load torque 7, with dynamic torque
J(dw,/dr), because it is present only during the transient operations.

Generally, in the multi-quadrant operation drives, where drive accelerates or decelerates
depending on whether T is greater or lesser than 7. When the motor accelerates, it should supply
not only the load torque but an additional torque component J(d,/dr) in order to overcome
inertia. In motor deceleration, dynamic torque has a negative sign. Therefore, it assists the motor-
developed torque 7 and maintains drive motion by extracting energy from stored energy.

[n the four-quadrant operation of drives, the motor speed is positive when it is rotating in
the forward direction. In loads involving up and down motions, the speed of the motor which

causes upward motion is to be thought of as related to forward motion.

In quadrant operation, positive motor torque is defined as the torque which produces
acceleration or positive rate of change of speed in forward direction. From Eq. (3.2), positive
load torque is opposite in direction to the positive motor torque, and motor torque is considered
negative if it produces deceleration.

A motor operates in two cases. They are motor action and braking action. Where the
motoring action converts electrical energy to mechanical energy, it produces forward motoring
motion, called motor and where braking action converts mechanical energy to electrical energy,
it gives forward braking motion, called generator. The same action is performed in case of
reverse motoring action and braking action.

Figure 3.2 shows the speed and torque coordinates for both forward (positive) and reverse
(negative) motions. The power developed by a motor is given by the product of speed and
torque.



Forward braking Forward motoring
[l [
-
11 [V
Reversed motoring Reverse braking

Fig. 3.2 Speed-torque characteristics of four-quadrant operations.



Forward braking

11

Forward motoring

111

Reversed motoring

Fig. 3.2 Speed-torque characteristics of four-quadrant operations.

In quadrant I, power is positive; hence the machine works as forward motoring.
[n quadrant II, power is negative; hence the machine works as an action generator. These

action is called forward braking.

In quadrant III, power is positive; hence the machine works as a motor. This action is called

reverse motorin 8.

In quadrant IV, power is negative; hence the machine works as a generator. This action is

called reverse braking.

1AY

Reverse braking



Dual Converter for Multi-Quadrant or

Four-Quadrant Operation

p L -— p
‘ o |7 + ’ |
If‘

E,=E, sin ot E4 E,. S%. E,=-E, sin ot

LT

Fig. 3.3 Block diagram of dual converter.




Dual converters are used in high-power applications. It can also be used for suddenly bringing
down the speed of the drive. Four-quadrant operation of a dc motor is required, 1.e. (1) reversible
motoring, (i1) reversible braking. A single converter needs the addition of either a change over
contact to reverse the armature connections, or a means of reversing the field current in order
to change the relationship between (i) the converter voltage and (ii) the direction of rotation of
the motor. It 1s the connection of two fully controlled converters back-to-back across the load
circuit. Such a system is known as a dual converter and 1s shown in Fig. 3.3. Both voltage and
current of either polarity are obtained with a dual converter. In full converters, the direction of
the current cannot be reversed because of unidirectional property of the thyristor, but polarity of
the output voltage can be reversed. Thus the full converter can be operated in first quadrant if

firing angle < 90° (both Ey, I, positive). If firing angle > 90°, it can be operated in fourth
quadrant. E,, is positive and Iy, 1s negative. Therefore in first quadrant, the power flows from
ac source to dc source and in fourth quadrant power flows from dc source to ac source. Therefore
we can perform these dual converters neither in circulating current nor in non-circulating current
mode operation.



Principle of Dual Converter

Converter 1 Dl D, J Dl D, Converter 2
+

A dc terminal - _£
_7LE — ¢ voltage E,, 7

dec2

Firing angle voltage control

E{":fxl'l'%:lgﬂ

Fig. 3.4 Ideal dual converter.



Dual converters are ideal and they produce pure dc output voltage, that 1s, there is no ac ripple
at the de output terminals. As shown in Fig. 3.4, each two-quadrant converter is assumed to be
a controllable direct voltage source connected in series with a diode. Diodes D, and D, represent
the unidirectional current flow characteristics of the converters, The current in load circuit can
however flow i either direction.

The firing angles of the individual converter of the dual converter are regulated by a firing
angle control voltage E¢, so that their dc voltages are equal in magnitude but opposite in polarity.
Therefore, they can drive the current in opposite directions through the load. Thus, when one
converter operates as a rectifier having a given dc terminal voltage, the other converter operates
as an inverter with exactly the same voltage. The converter working as a rectifier is called
positive group converter and the iverter 1s called negative group converter.

The average output voltages for both single-phase and three-phase converters are of the form

Edcl = Emax COS () (33)
Egr = Epay €08 0 (3.4)



19 Full wave converter

In the case of the average output voltage of a positive group converter or negative group
converter, if its firing angle &, or &, = 0, then its value is

2 EI' 1

Emﬂx = (35)
T

39 Full-wave converter
In the case of the average output voltage of a positive group converter or negative group

converter, if its firing angle &, or &, = 0, then its value 1s

3\/§Errr
T

Enax = (3.6)

Ideal converter

For ideal dual converter, either in circulating or non-circulating modes, the average of converter
[ is equal to the average of converter II.

E. = Ej) = -Eq2 (3.7)
cos oy = -E,.. COS 0y
Cos ¢ = —cos o, = cos (180 — @)
o = 180 - oy

o + 0, = 180°



Dual Converter without Circulating

Current

In a no-circulating dual converter, only one converter is operated at a time and other converter
will provide the entire load current. If one converter operates, which means it receives its pulse
from the thyristor gate control circuit, the other converter is blocked from the conduction. This
can be done by removing the gate pulses from the thyristor gate control circuit. This arrangement
of the dual converter is shown in Fig. 3.5. Without any limiting reactors, while performing the
operation of non-circulation current, we have to consider a likely situation. Suppose
converter | is in operation and is supplying the load current for blocking converters and turn on
converter 2. Then either its first gating pulses are immediately removed or the firing angle
o = 180° is turned for its maximum value. With this, the load current decays to zero and then
the converter 2 starts its conduction by generating the pulses. Now, converter 2 builds load
current in reverse direction. So long as converter 2 is in operation, converter 1 is ideal as firing
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Fig. 3.5 Dual converter without circulating current.
angles are withdrawn from it. This time delay ensures reliable commutation of SCRs in the
outgoing converter. If the incoming converter is trigeered before the outgoing thyristor has been
completely turned off, a large circulating current would flow between the two converters.
Therefore, with non-circulating current mode of dual converter, the load current may be
continuous or discontinuous. The control circuitry of the dual converter is so desired as to
provide satisfactory operation during continuous as well as discontinuous load current.

Load
|

Pl .N




Dual Converter with Circulating Current

In circulating current mode of dual converter, a reactor is inserted in converter 1 and converter
2 as shown in Fig. 3.6. This reactor limits the magnitude of a circulating current to a reasonable
value. Now, from the condition of ideal converts, o + o, = 180° if the firing angles of
converter 1 is o = 30° and the firing angle of converter 2 is &, = 150°. Therefore converter 1
and converter 2 has the same average value and also has the same polarity. The circulation
current is limited by the reactor; if the load current 1s to be reversed, the output of two converters
is interchanged. This means that converter 1 is made on the inverter and by making its firing
angle greater than 90°. The converter is made to work on the rectifier & < 90°. In this manner
we can perform the circulating mode of operation.

L2 L,/
T8
. AT VA ngf_.
P = 2 B F
N' g T ' .3 f"\_ ﬂ' N
Rr, Ar, ¥ n¥

Fig. 3.6 Dual converter with circulating current.



The comparison can be made as follows:

Non-circulating mode Circulating mode

In this mode, load current 1s discontinuous. In this mode, load current 18 continuous.
Two converters are operated separately. ~ Two converters are operated simultaneously.
[t doesn’t require any limiting reactors, It required current limiting reactors.

Due to non-existence of reactors, 1t 1s Losses are more and efficiency 1s less.
efficient and the losses are less.

[t 15 a slow process. [t 15 a fast process.

Without limiting reactors, 1f any high With limiting reactors, high currents will be
currents is present while doing the limited while doing the operation. It will
operation, it will damage the circuit, protect the circuit.

The average output load will be less than The average output load will be more than the
the load. load.




Single Phase Dual Converter

Single-phase full converters with inductive loads allow only a two-quadrant operation. If two of
these full converters are connected back-to-back as shown in Fig. 3.7, both the output voltage
and the load current flow can be reversed. The system provides a four-quadrant operation and
is called a dual converter. Dual converters are normally used in high power variable speed drives.
If o and , are the delay angles of converters 1 and 2 respectively, the corresponding output
voltages are Ey. and E,, respectively. The delay angles are controlled so that one converter
operates as a rectifier and the other converter operates as an inverter. But both converters produce
the same average output voltage.

Figure 3.8 shows the output waveforms for two converters, where the two average output
voltages are the same. The dual converters can be operated with or without a circulating current.
In case of operation without circulating current, only one converter operates at a time and carries
the load current, and the other converter is completely blocked by inhibiting gate pulses.
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Fig. 3.7 Single-phase dual converter.
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Three Phase Dual Converter
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Fig. 3.9 Three-phase dual converter.

Three-phase dual converters are extensively used in applications up to 2 MW level. Three-phase
full converters with inductive loads allow only a two-quadrant operation. Two of these full
converters are connected back to back as shown in Fig. 3.9. In many variable speed drives, the
four-quadrant operation is generally required.

The circulating current is normally limited by circulating reactor L, as shown in
Fig. 3.9. The two converters are controlled in such a way that if ¢ is the delay angle of converter
1, the delay angle of converter 2 1s o, = m — .



Figure 3.10 shows the waveforms for input and output voltages. The operation of each
converter 1s identical to that of a three-phase full converter. During the interval (/6 + ;) < ot
<(m/2 + ), the line-to-line voltage V,;, appears across the output of converter 1, and V. appears

across converter 2.

[f the line-to-neutral voltages are

E

¢

i = Es sin @t

m

;
E, = E, sin o)t—z—”]
3

( 2
E.,=E, sin | &t+ T)

The corresponding line-to-line voltages are

[ )
Eab = Eun = Ebn = \/gEm sin | @t + —
\ 6 )
( )
Ebr = Ehn - Ecn = \/gEm sin | W1 — 5
\ /
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Problem-1

A 220 V, 1000 rpm, 60 A separately excited dc motor with armature resistance
of 0.6 Q is fed from a circulating current dual converter with ac source voltage (line voltage)
of 165 V. Determine converter firing angles for the following operating points:

(1) Motoring operation at rated motor torque and 900 rpm
(i) Braking operation at rated motor torque at 900 rpm
(111) Motoring operation at rated motor torque and =900 rpm
(iv) Braking operation at rated motor torque and -900 rpm



Solution 'We have

(1} Back emf-.r Ebl = Eu - Iu Rﬂ
= 220 - 60 (0.6)
Ebl - 184 V
At 900 rpm,
900
E,= —— x 184  (+ E = (NIN.yq) X E})
7 1000 e
E,, = 1656 V
Eﬂ' = EF?E. + IH RH
= 165.6 + 60 (0.6)
E =2016W
Now
3

Eﬁ = _Em' Cos 0
s

Taking o = O for rated terminal voltage,

E,=162 x 2 =243.72 V



o = 54.49°

E,= EE}H Cos & o, = 180° — o
T 2
= 157.72°
E X
cos o) = ——
3V
201.6 x3.14
= = (.8989
3x234.72
oy = 25.27°
oy + on = 180°
o, = 154.27°
Eﬂ' - Eb - "rcr Ri‘.‘
=165 - 60 (0.6) = 129 V
Eﬂ ﬂl
COos Of) = — X —
Em 3
129 b
= w —
23338 3

cos o = 0.586



o = 54.49°
ﬂ.’z = IBOD = ﬂ|
I'Iz - 15?.?20

(iii)) For negative signs, 0, < 90° and «; > 90°.
Hence from (i), o = 25.27° and o, = 154.72°.

(iv) Here also the controlled rectifiers interchange their operation compared to o;: thus,

oy = 54.09° and @, = 125.9°
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Problem-4

[ ——

Calculatethe peak value of the cirulaing curent for 3-0 cncultor cument typ

dual comveter consising of two 3+ full controlld brides for te followng given dat:
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Problem-5

A 220V, 750 tpm, 200 A, separately excited de motor has an armature resistance

of 0.05 Q. Armature 1s fec

from a 3-0 non-circulating current mode dual converter, consisting

of fully controlled rectifie

s A and B, Rectifier A provides motoring operation, 1n the below

forward direction, and rectifier B 15 in reverse direction, Supply voltage of ac source is 400 V.

Calulate the firing angle of the rectifier for the motoring operation at rated torque and 600 tpm,
$sUMmIng continuous conduction.



Braking

In any semiconductor drive, it is very important to brake or stop the motor and its work for a
reasonably short period of time. Electrical braking is usually employed in applications to stop
the unit driven by motors in an exact position, or to have the speed of the drive unit suitably
controlled during its de-acceleration in applications requiring fast response, or where rapid
emergency stop braking is used. When a loaded input is lowered, the electric braking keeps
speed within the limits; otherwise the drive speed will reach a dangerous value.

Generally braking systems are two types:
(i) Mechanical or friction braking
(i1) Electrical braking.



3.3.1  Mechanical or Friction Braking

In this type of braking, the motor is stopped by using a brake shoe or band on a brake drum.
[t requires frequent maintenance and replacement of brake shoe, and braking power 1s wasted
as well as 1t dissipates more heat energy. In spite of disadvantages, mechanical braking 1s used
along with electrical braking to ensure reliable operation of the drive. Mechanical braking is also
used to hold the standstill condition; many braking methods do not torque at standstill conditions.

3.3.2 Hectrical Braking

The process of braking motors rapidly and smoothly in order to properly carry out the work
operations in industrial installations by use of electrical power is known as electrical braking.

Need for electrical braking

If the load is removed from an electrical motor and supply is cut off from the motor, its speed
will decrease and come to rest gradually. The time required for the motor to come to rest may
be long if the motor 1s massive and has a run at high speed. Thus 1t means that 1t has to be
provided to stop the motor quickly, which can be use in mechanical braking or electrical braking,
which requires kinetic energy of moving parts, thereby reducing the time taken to stop the motor
within its specified limits.



In mechanical braking, stored energy of rotating parts is dissipated in the form of heat by
a brake shoe or brake drum, whereas in electrical braking, stored energy of rotating part is
converted into electrical energy and dissipated in the form of heat.

Comparison of electrical braking over mechanical braking
The following are the major points of comparison:

e Mechanical braking causes excessive wear on brake shoe; therefore, it requires
replacement of brake shoe usually, which makes equipment costly when compared to
electrical braking. In electric braking, the part of energy is returned to supply, thereby
affecting considerable savings in operating cost which is not possible in electrical
braking.

e Proper maintenance 1s required in mechanical braking i.e., greasing of bearings, etc.
which is not required in case of electric braking.

e Heat produced in electric braking does not affect the braking system, but the heat
produced in mechanical braking will affect brake linings, which results in failures of
brake.

e In electric braking, as supply is cut off and connected across the resistance, the driving
motor acts as the generator during the period of breaking, and the motor ceases to operate
as a generator at standstill condition, so that an electrical braking almost stops the
machine but cannot hold it stationary. Therefore, mechanical braking is required.



3.3.3 Hectrical Braking of dc Motors

Electrical braking is usually employed in applications to stop an infinite unit driven by motors
to an exact position, to have the speed of the driven unit suitably controlled during its duration.
In applications requiring frequency, quick, accurate or rapid emergency stops braking is used.
When infinite load hoist is lowered, electrical braking keeps the speed within safe limits;
otherwise the drive speed will reach a dangerous value.

Electrical braking is classified into three types and they are:

(1) Plugging
(i) Rheostatic or dynamic braking
(111) Regenerative braking

Flugging

In plugging operation, the armature terminals of the dc drive are reversed, so that the dc drive
or motor tends to rotate in the reverse direction, which provides the necessary braking effect. The
plugging operation can be performed in separately excited series motor, which can be explained
as follows:

Plugging in separately excited dc motor: The armature terminals are reversed with respect to
the field terminals, so that the armature current reverses. During normal operation, the back emf
E,, is opposite to the direction of the armature current but during the braking the back emf E,
and the armature current are in the same direction. At the instant of reversal, the voltage equal
to E, + E, 1s impressed across the armature circuit, £, being the supply voltage. Since E, is very
nearly equal to E,, the impressed voltage is approximately 2E,; therefore, this will cause
increased current in armature circuit. To protect this sudden current, the starting resistance is
connected in series with armature terminals as shown in Fig. 3.11.
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(a) Normal operation (b) Braking operation

Fig. 3.11 Plugging operation in separately excited dc motor.

Plugging in dc series motor: The armature terminals are reversed with respect to the field
terminals, so that armature current reverses. During normal operation, the back emf E, is
opposite to the direction of the armature current, but during braking the back emf E, and the
armature current are in the same direction. At the instant of reversal, the voltage equal to
E, + E, is impressed across the armature circuit, E, being the supply voltage. Since E,, is very
nearly equal to E, the impressed voltage is approximately 2E,; therefore this will cause a
increase current in armature circuit. To protect this sudden current, the starting resistance is
connected in series with armature terminals as shown in Fig. 3.12,
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Fig. 3.12 Plugging operation in dc series motor.,



Electrical braking torque, Ty o< @f

E +E
But = —2 2
Rp
where
E, = Armature voltage
E; = Back emf
Rgp = Current limit resistance circuit.
vV, + E,
Tp = K19 'i
Rp
Back emf is proportional to motor speed and flux, i.e.,
E, == N¢
Eyp = K;Ng
Substituting Eq. (3.11) in Eq. (3.10),
V. + K;N
Tp = K.qb( « t X "E:'J
Rp

KoV,  KiK,Ng”

= K:0 + K,NO°
R, R, 30 4N¢




[n case of a series motor, ¢ is proportional to the current, and the value of the torque can only
be determined from the magnetization curve. For a shunt motor, ¢ is constant.

Tg = K39 + K;N¢? = Ks + KN

Plugging gives fast braking due to high average torque, even with one section of current
limit resistance Rp. Where torque 1s not zero for its zero speed when used for stopping load, the
supply must be disconnected when close to zero speed.

Advantages: This is the simplest type of braking. This method can be applied to direct current
motors or alternating current induction and synchronous motors. This method is used to get

either a quick reversal or to get a rapid stop.
The main disadvantage is heavy in-rush of current at the time of braking.

Plugging gives fast braking due to high average torque, even with one section of current
limit resistance Rp. Where torque 1s not zero for its zero speed when used for stopping load, the

supply must be disconnected when close to zero speed.

Advantages: This 1s the simplest type of braking. This method can be applied to direct current
motors or alternating current induction and synchronous motors. This method is used to get

either a quick reversal or to get a rapid stop.
The main disadvantage 1s heavy in-rush of current at the time of braking.



Rheostat or dynamic braking

[n this braking, the motor armature terminals is disconnected from the source armature voltage,
and 1t 1s connected with external resistance Ry across the motor terminals, the kinetic energy 1
converted Into electrical energy and acts as a generator and wasted energy 1s dissipated in
resistance Rp. The dynamic braking can be performed both in separately and series motors as
explained in the following lines:

Dynamic braking in separately excited dc motor: The armature terminals are disconnected
from the supply voltage and it is connected across a braking resistance. Now the motor works
as a separately excited dc generator, and its braking torque as applied by the armature current
will abstract to the braking resistance. If supply fails, the braking operation vanishes as its
excitation disappears. Due to the action of this winding, the motor self-excites as a series
generator and the current delivered by the armature terminals providing braking action is shown

in Fig. 3.13.
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Fig. 3.13 Dynamic braking operation in separately excited dc motor.



Dynamic braking in dc series excited motor: ~ After the motor is disconnected from the supply,
an additional or braking resistance 1s connected, which acts as a series generator. In order to
ensure that the flux may build up, the connections of the armature with respect to the field are
as shown in Fig. 3.14.

Ay

(a) Normal operation (b) Braking operation

Fig. 3.14 Dynamic braking in a dc series excited motor.



Electrical braking torque Ty = K0l

where [ = E
Ry
E,2 K
Ip=K0= = I¢(K2N¢'
Ry Ry
- ﬁm
Ry
Ty= K3Ng’

For a shunt motor, ¢ 1s constant. Therefore,

TB — K4N



Advantages and disadvantages: The second method of braking is advantageous compared to
the first one as, if the direction of rotation of the machine armature reverses, the machine will
fail to excite in the first case and therefore will not produce any braking effect. In the second
case the machine will build up in series and, being short-circuited on them, will provide
emergency braking. Rheostat braking cannot be employed with 3-phase induction motors. This
method involves loss of power in its operation.

Regenerative braking

In regenerative braking, the generated energy is supplied to the source. For this, the following
conditions should be satisfied: E, > E, and [, is negative. In this braking, the motor is run as
generator by the kinetic energy of the load, which is returned to the mains electrical energy. It
can be used in separately and series excited dc motors.

Regenerative braking in a separately excited dc motor: If the emf generated by motor is
greater than the supply voltage, the power will be fed back into the supply. The shunt motor
depends upon its exciting current and speed. If the field 1s disconnected from the supply and the
field current 1s increased by exciting it from another source, the induced emf will exceed the
supply voltage and the motor will feed energy into the supply.

Regenerative braking in dc series motor: Regenerative braking with series motors is
employed mainly in traction work and operation, just like in the case of separately excited
MOtors.



Advantages

o A part of energy is returned to the supply system, so that energy consumption for the
run 1s considerably reduced.

o A higher value of braking retardation is obtained, so that the vehicle can be brought to
rest quickly and running time can be considerably reduced.

o A small amount of brake dust 1s produced when brakes are applied.

o [Higher speeds are possible while going down the gradients.

Disadvantages: The disadvantages are that additional equipment is required for control of
regeneration and for protection of equipment and machines; hence initial as well as maintenance
cost 1s increased. Owing to the recaptured energy, the operation of the substations becomes
complicated and difficult. In case of substations employing mercury arc rectifiers for conversion
purpose, additional equipment 1s required either to deal with regenerated energy separately or to
change one or more of the ordinary rectifiers over to inverted operation. No such difficulty 1s
experienced in case of substations employing rotary converts of motor generator sets for
converting purpose.
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Control of DC Motors By
Choppers



Introduction

Speed control of industrial drives 1s essential in present-day industrial applications. These drives
and process takes power from dc voltage sources. A number of these drives being operated by
dc sources, their speed control involve variable dc supply voltage at their input.

The different techniques to get desired variable dc from fixed dc voltage source are given
in the following lines,

Resistance Control

[n this method, variable resistance 1s inserted between load and source. This method 1s highly
wasteful of energy and involves power loss. Also, different values of resistance are needed for
different values of load current. But still this method is used for older traction systems.

Motor Generator Set

Separate generator excitation gives a voltage which can be varied from zero to rated value with
either polarity. The set-up is bulky and costly, slow in response as well as less efficient because
of the generator field time constant.



AC Link Chopper

[n this method, dc is first converted to ac by inverter, stepped up or down by a transformer, and
then rectified back to dc by a rectifier. This method is costly, bulky and less efficient. Also, static
transformer provides isolation between load and source voltage.

Chopper 1s a power electronic device that converts power directly from fixed dc to variable
dc voltage. Therefore chopper may be considered the dc equivalent of an ac transformer, since
its performance 1s 1dentical. It provides smooth speed control and possesses high efficiency, fast
dynamic response and even regeneration capability when applied in drive control. Due to various

advantages, they are widely used in trolley cars, battery-operated vehicles, as well as for control
of a large number of dc motors from a common dc bus with a considerable improvement of
power factor. The objective here is to discuss the principle operation of chopper and more
common types of chopper circuits.



Principle of Chopper Operation

A chopper 1s a thyristor on/off switch that connects the load to and disconnects it from the
supply, and produces a chopped load voltage from a constant input supply voltage. This process
1s illustrated 1n Fig. 4.1.
L
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Fig. 4.1 Basic chopper circuit.

The chopper is represented by an SCR inside a dotted square. During the period 1,, the
chopper is on and the supply terminals are connected to the load terminals. During the period
toir the chopper is off, the load current flows through the freewheeling diode, and the load
terminals are shorted. Therefore a chopped dc voltage is produced at the load terminals. Hence,
the average load voltage E; i1s given by



En= E_ = where
lon F Togs I,n = Total on-time period (in seconds)
_F - l,i = Total off-time period (in seconds)
il i T = Total time period
Eﬂ = {IEH
I'= fon + lofr
III:II'I

o= — = Duty cvcle
T y €y

Thus the load voltage can be varied by varying the duty cycle of the chopper.



43 CONTROL TECHNIQUES USED IN DC CHOPPERS

The average value of output voltage can be controlled with periodic on and off switches. For this,
two types of control techniques are employed in dc choppers. They are:

(1) Time ratio control (TRC) or pulse-width control
(1) Current limit control (CLC) or frequency modulation control.

4.3.1 Time Ratio Control (TRC)

[n this control, again the on-period time is controlled in two ways, and they are:

(a) Constant frequency TRC control
(b) Variable frequency TRC control.

Constant frequency TRC control

[n constant frequency control, the on-time 1s varied but chopping frequency and hence chopping
time interval 7 is kept constant. This 1s called pulse-width modulation control.

Variable frequency TRC control

[n variable frequency control, the chopping period T is varied and either 7, 1s kept constant or
t,ir 18 kept constant; o is controlled. This is called frequency modulation control.
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Chopper Configuration

Generally, choppers may be classified according to the four quadrant operations of the Ey-1,
diagram in which they are capable of operating by various combinations of operational
performance. It 1$ possible to realize and combination of output voltage as well as current
polarity with reference to the combination operation performance shown in Fig. 4.2, The load

+4E,
I1 I
Forward Forward
braking motoring
[, = » |
111 IV
Reverse Reverse
mul_urin_g hralking
. L'u

Fig. 4.2 Basic chopper configuration.



Is either separately excited motor of constant field or series excited motor. Then the polarity of
the first quadrant will be positive voltage and positive current, which gives rise to a forward
motoring operation. Changing the polarity of both armature voltage and current results in a
reverse direction, which results in a reverse motoring operation in second and fourth quadrants.
The direction of energy flows in reverse direction and motor operates as braking rather than
driving.

In regenerative braking process, the kinetic energy 1s referred from the load to source, which
provides the condition 1n such a way that the rotational back emf must be grater than the applied
voltage. Here, when the current 1s reversed, the mode of operation changes from motoring to
generating. Therefore, the chopper which gives this regenerative braking facility is widely
compared to systems without regenerative braking, especially in automotive vehicles during
typical urban traction system.

Therefore, in chopper configuration circuits the dc motor assumed as a load is required to
operate in the first and third quadrant. For instance, the resistance may also serve as a load. But
generation mode can be maintained over any significant span of time if the load 15 capable of
delivering sustained power. The following section describes the classification of chopper
configurations.



Classification of Chopper Circuits

According the operation of different chopper circuits, the choppers can be classified as follows:
(1) First-quadrant type chopper

(1) Second-quadrant type chopper
(111) Four-quadrant type chopper

First-quadrant Type Chopper

The chopper controlled separately excited dc motor drive 1s shown in Fig. 4.3. Therefore the
chopper CH, is operated periodically with period T and remains on for period ¢, and makes the
chopper operate at a higher frequency to ensure continuous conduction. During the chopper’s
on-period 0 <1 < 1, the chopper conducts and makes the load current flow from source to load,
thereby the voltage is E,.

Due to current limit control, the armature current increases from [, to ... Since the motor
is connected to the source during this interval, the interval is called duty interval. At instant
t = t,,, the chopper is turned off, and the armature current passing through the freewheeling diode
Dry and the motor terminal voltage 1s zero during the interval ¢,, <t < 7. Due to current limit
control, the armature current decreases from I, t0 Iyip.
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(a) First quadrant type chopper.

Mode 1: During 0 <t £ T,,, when the chopper is on, the current flows through the path
Ef - R - L - E, - E,. For this mode of operation, the differential equation governing its
performance 1s given by

di
E,=Ri, + Lj’— +E, for0<t<T, (4.3)
[
Mode 2: During T,, <t £ T, when the chopper is off, the load current continuously flows
through the frequency diode Dpy. For this mode of operation, the differential equation governing
its performance is given by
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(b) Discontinuous load current.

(¢) Continuous load current.



| di,
O=Rig+L—t +E, for Ty, <r<T
[

(4.4)

Now, by taking Laplace transform of Eqs. (4.3) and (4.4),

E, -E, .
_Eb
S — Rlo(s) + L[SI()(S) + Iﬂmax]

Equation (4.5) can also be written as

(Ea = Eb) LlOmin

lois) = = o T ,
S(R+LS) (R+LS)

] _ (Ea = Eb) LIO min

0s) = +
SLIS+ (R/L)] LIS+ (R/L)]
E —FE ! P
IO(S") - ( a b) + O min

SLIS +(R/L)] [S+(R/L)]

(4.5)

(4.6)

(4.7)



Now, by taking inverse Laplace of Eq. (4.7), we get

. (E.-E).. _an gt

fow = = b —e ™Y+ 1, . e 0<t<T, (4.8

Let us define time constant, T = L/R, so that Eq. (4.8) becomes
E, — E = N

T = (Eqc j"')[1 — e ) Iy 0<t<T, (4.9

R min
When chopper is commutated at 1 = T,

E{]U} = lr!]rn.u.!:.
Thus, Eq. (4.9) becomes
(Eﬁ' - E:i}')

!ﬂnmx = R {1 - 'E_?lmfr } i IIU min E_I;nfr '(4- 10)

From Eq. (4.6), we can write

Il’][.‘i'] = R -+ Lé; e Sh -1 Lfnmux

_Eh " L‘rﬂ max

| Ap—
0™ S(R+LS) (R+LS)
F —— _Eb i Lfﬂmu:{
0™ SLIS + (R/IL)]  [S +(R/L)]
_E’h + Iﬂmax (411)

o= Stisv i1 T S+ RID



Now, by taking inverse Laplace transform of Eq. (4.11), we get

o = T‘b(l eVl e T, <t<T 4.12)

For mterval 7, £t < T, let us define
f=t-T,
so that when t=T,,, ' =0,and fort=T, and ¥ =T - T,, = T, Substituting " in Eq. (4.12),

we get

one

io(f) = T"(l—e"”)uﬂmm et T, <t<T 4.13)

Now, at £ =T - Ton = Togp fﬁ(rr} = lymin-
Thus, Eq. (4.14) becomes

= Eb

Iﬂmin = T(l-ﬂ A Iﬂ")”)‘l"rﬂmax Pt (4*14)

Equation (4.10) can be solved for Iy, and I, as follows:

E y E
"Uﬂmx = Eﬁ(l —¢€ Tm]”)_? (1 - Tu“”)'I' fﬂmm S (415)



Substituting /,,,;, from Eq. (4.14) in Eq. (4.15), we get

E ool T Eh y E.-' T./T T-T
“Lon ~Lon ~Lon '“'Iﬂn}"rr

Iﬂl]l;lfl{:_ﬂ(l_f )_E(I_E -—e (I_E )+Iﬂmﬂx

E i E, E _ E. _ E, _i-

= —(l-e¢ T“””)——b+ —b g Tonl? _ b g7 TonT L Zb o~ T g

R R R R

4 I[}mm E—Tfr €+T”n.|"f E—Tunff

R R

E i E _

or Immm - !ﬂnmx e = _H(l —€ T“"”) __b(l —€ Tfr)

=Tl
P2 Ef1=e™) B
Omax R it

~(T=Tou )7 j=Tonl?

=TonlT

(4.16)



Now, substituting the value of [, from Eq. (4.16) in Eq. (4.14), we get

= _?:.H I
o2 B B e Elfl-e ™ am e Ey —a-1,
(Omin = + e -+ i X € - —¢€
R R Rl 1-¢e R

_ Eﬂ l _ E._Iun"rr E.Tun” Eh
R 1 - E-T.I"T eTfl" R
Eﬂ E.Iml"llr E,l:}
R ETA’T R

When chopper CH, is continuously turned on, then T, = T and both /., and [y, have
the value given by the equation Iy = (E, - E,)/R, 1.e.,

Eﬂ' - Er‘:r
R

(4.18)

J’{]m-.n:i: = Iﬂmin =



Second-Quadrant Chopper

From Figures 4.5(a) and (b), during the 0 < £ < t,,, period the chopper conducts, where its motor
terminal current flows from load to the source, Thereby the armature current increases from /.
0 I,,,,. This armature current makes the energy conversion, 1e., from mechanical energy to
electrical energy, and then makes the motor load operate as a generator, Now the stored magnetic
energy In the armature circuit inductance increases and 1s partly dissipated n R, and chopper
circuit. During 1, < 1 < T, the chopper does not conduct and it makes the load current flow
through diode D, and source £j, Then the armature current decays from [, to [,,;, and thus this
armature current makes the energy conversion in a manner opposite to what it had performed
during the 1,, period; thereby the regeneration process can be performed in two intervals, ..,
0 <1<ty as energy storage interval and ,, < 1< T as duty interval,
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Fig. 4.5 (a) Second quadrant type chopper; (b) Input-output voltage waveforms.



Four-Quadrant Chopper

The class E chopper drive or four-quadrant drive operation can be explained in four modes of
operation. They are:

(a) First quadrant: Forward motoring operation

(b) Second quadrant: Forward braking operation

(¢) Third quadrant: Reverse motoring operation, and

(d) Fourth quadrant: Reverse braking operation.

Frst quadrant: Forward motoring operation

From the circuit diagram which is shown in Fig. 4.6, the operation can be explained as follows:
choppers CH, and CH, are turned on, the load 1s connected across the supply, and the voltage
is positive. Therefore the motor load acts as a motor, which rotates in forward direction, and its
motor voltage is equal to its supply voltage. For chopping CH, is turned off, the positive current
freewheels through CH, and D,, and the current direction 1s positive and its motor voltage 1s
Z€r10.
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Fig.1 Four-qudrant, or Type-E chopper
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Fig.1 Four-qudrant, or Type-E chopper
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Fig.1 Four-qudrant, or Type-E chopper

In this mode, CH, is operated and CH,, CH, and CH; are kept off. With CH, on, reverse or
negative current flows through L, - CH, - D, — E,. During on time, CH, and L, store energy.
When CHy 1s turned off, current 1s fed back to source through D5 and D, and N is positive. The
condition will be [E, + L,(di/df)] > E,, the armature current flows from B to A, i.e., negative,
and its current path will be B — motor — A - Dy — E — D, where [, is negative and the torque
is negative. When CHy 1s on, the current path is A - CHy — Dy — B — motor — A. In a similar
way, we can use the third and fourth quadrants for its reverse motoring or reverse braking

operation.



Third quadrant operation: Reverse motoring operation

[nstead of CH, and CH,, we operate CHy and CH,, and mstead of D and D5, use the operation
of Dy and Dy, using the method which has been explained in the first quadrant operation.

Fourth quadrant operation: Reverse braking operation

[nstead of CH, use CH,, instead of Dy and D, use D, and D), using the method which has been
explaned 1n the second quadrant operation.
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Fig. 4.7 Chopper control fed with separately excited dc motor.



As can be seen from Fig. 4.7, chopper CH, is operated periodically with period T and
remains ON for period f,, and makes the chopper operate at a higher frequency to ensure
continuous conduction. During the chopper’s on-period 0 < 1 < ¢, the chopper conducts and
makes the load current flow from source to load. From Fig. 4.7, the motor terminal voltage 1s

Ri+L% vE=E 0<i<q, (4.19)
dt

Due to current limit control, the armature current increases from [ . to I,.... Since the motor
1s connected to the source to the load, this interval is called duty interval. During interval
lon < 1< T, at the instant 1 = 1,, the chopper doesn’t conduct but its armature current freewheels
through freewheeling diode, and its motor terminal voltage will be equal to zero. Thereby its
loop equation 1s

Rf+LmH+@=U :

a-d a—

dt

Due to current limit control, the armature current decreases from iy, to i, since the motor

1s connected to the freewheeling diode. Ratio of duty interval ¢, to the chopper period T'is called

duty ratio or duty cycle (0).

HETET (4.20)



Duty interval ¢

an

T B

5=

l il r
Eo= — | E,dt="2E,=E,
T 7

We know that E, = E, + IR

L B

O0E - E
0E, = E, + LR, I, = e &
Rﬂ
Also, we know that
E.b- = Ki,li?ﬂ} or K.E,.N
and T, = K.¢l,
f
IH = -
K.,¢
From Eq. (4.7), we get
Eb = ‘EU - Iﬂ Rf::
T,
K.¢ow=FE, — —R,
K¢

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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Fig. 48 Speed-torque characteristics of chopper motoring control separately excited motor.



Problem-7

The speed of 1 HP, 230 V, 500 rpm, 4.1 A separately excited dc motor has an
armature resistance and armature inductance are 7.56  and 55 mH respectively is driven with
armature supplied from a class A chopper and a 240 V dc source. The field current is held
constant at the value that gives rated operation on 230 V and the chopping frequency is constant
at 50 Hz. The minimum load torque is 5 N-m. Determine

(a) The value of ,, for minimum load torque of 500 rpm

(b) Whether /, 1s continuous for the conditions of part (a)

(c) The minimum value of f,, for which the current is continuous at 500 rpm, and the
corresponding coupling torque.



Solution

and

Armature power input

[t is given that N = 500 rpm

2N
W= ——
60
= BB _ snmg. sadis
60
E,=E,- LR, =230 - 4.1 x 7.56
=199 V
Ko = 1 e 3.801 N-m/A?
52.36
El, =230 x4.1

=043 W

Coupling power output = 1 HP = 746 W

I’R, = (4.1)* X 7.56 = 12T W

Rotational loss = 943 — 746 — 127 =70 W



Rotational los:
At 500 rpm, r - Rotational loss

a

@

= l = 1.337 N-m
52.36

(a) For minimum load torque at 500 rpm, the average internal torque is

=54 1,337 =6.337 N-m
6.337

[, = —— =1.667 A
3.801
Ey= 199 + 7.56 x 1.667 = 211.6 A
E
T,, = E“ xT
211.
= 0 L = 1763 %107 s
240
L -3
(b) T=—"%x% i 7.275 % 10 s
R ~7.56

! ~ E,u E"un"rra _ 1 E
mix R ET‘FTH _ 1 R



The boundary conditions between continuous and discontinuous current arise when
— )

o 240 (=72 1] 1990

756 elf?.?’fﬁ = 756

t,,=1.695 x 107 s
Because this is less than the value of 7., obtained in (a), the current is continuous.
(c) The 1,, value taken is the minimum value from the preceding two cases.

o= 1.695 X 107 s
|

T=—=2%103s
50
E,=lop =109 240 = 2034 v
T 2
[ = 203.4 -199
‘ 7.56
= (0.582 A

= KoI, = 3.801 x 0.582 = 2.212 N-m

Minimum coupling torque T, — T,

= 2212 - 1.337 = 0.875 N-m



Problem-8

A 230V, 1750 rpm, 74 A dc motor has an armature resistance of 0,180 €2 and
s driven with its armature supplied from a Class A chopper and a 240 V de source, given rated
operation on 230 V. The chopping frequency 1 constant at 300 Hz. If the average armature

current 1S equal to the rated value and 1, 15 at the setting that gives the largest harmonic content,
(etermine

() The motor speed
(b) The rms armature current
(c) The rms and line current ripple factors,




Problem-9

A dc shunt motor takes a current of 50 A on a 440 V supply, runs at speed of
1000 rpm, with an armature resistance of 0.5 Q and a field resistance of 100 Q. A chopper is
used to control the speed of the motor in the range of 400-800 rpm having a constant torque.
The on-period of the chopper is 2 ms, with its field supply voltage from 440 V. Determine the
range of frequencies of the chopper.

I,=50 A

E . =440V

N = 1000 rpm
R,=0.5Q
Ry= 100 Q

Range of speed = 400 to 800 rpm

Ton = 2 ms



1
Chopping frequency, ;e = = (.785 mHz

Now, back emf at 800 rpm = S X415 =332V
1000
Terminal voltage, Ey = 332 + (50 X 0.5) =357 V
357
Chopping frequency = x 1000
pping Ireq y 440 % 2

= 4(05.68 Hz



Problem-10

A220V, 24 A, 100 tpm separately excited de motor has an armature resistance
of 2 €. The motor is controlled by a chopper with a frequency of 500 Hz and a source voltage
of 230 V. Caleulate the duty ratio for 1.2 times the rated torque and 500 tpm.

E, =220V

N, = 1000 rpm
I =24 A
R,=2QQ

Source voltage E, = 230 V



The motor 1s controlled by the chopper; so,

Motor terminal voltage,

Duty ratio

E, = OE,
E,,=E, - I,R,
= 230 - (2 x 24)
Epyy= 172V
Ep, = %EH =%xl?2 =86V
Eo=Ep + IR,
=86 + (1.2 X 2 x 24)
= 1436V
E,= OE,
0= Lol 0] = (0.624

230



Problem-11

A separately excited dc motor 1s powered by a chopper having the armature
resistance of 0.08 Q from a 450 V dc source. The average and field currents are 275 A and
3 A respectively. The armature current is assumed to be continuous and ripple-free. The back
emf constant of motor 1s K, = 1.527 V/arad/s. The duty cycle of the converter 1s 65%. Determine

(1) The nput power from the generator source
(1) The speed of the motor and the torque.

Given data:
Armature resistance, R, = (0.08 Q
Supply voltage, E, = 450 V
Armature current, /, = 275 A
Field current, /; = 3 A
K, = 1.527 V/A-rad/s
Duty cycle, 6 = 0.65



(1) Input power,

Average voltage,

Back emf,

(i1) Speed,

Torque developed,

‘Piﬂpm = 55&‘{5;

0.65 X 450 x 275 = 80.43 kW

E{; —_ (SEH —_ 065 X 45[_} — 29254 V
E, =E, - LR

N (or )

N
T

2025 =275 x 0.08 = 2705V
E 270.5
b — = 59.04 rad/s
KD, 1.527x3
563.87 rpm
K/,

1.527 X 275 X 3 = 1259.7 N-m



Problem-12

A separately excited dc motor is connected to the supply voltage of 230 V dc
source through a chopper frequency of 300 Hz. The load torque s of 40 N-m with respective
speed of 900 rpm. The motor parameters as follows: R, = 0 Q, L, = 12 mH, and
K, =2V sfrad. Neglecting motor and chopper losses, determine

(1) The minimum and maximum values of armature current and the armature current
excursion
() The armature current expressions during on and off periods.



Solution  Since R, is zero, [ 1s assumed to be varied between as minimum and maximum

values.
T, 40
Average armature current [ =L=—=20A
m 2
Motor emf, Ey=K @, = 2% 2526900
60
= 188.49 = 188.5 V
Motor input voltage, O0E,=E, + I,R,
= 188.5 + 0 (' armature resistance is neglected)
0= & = 0.819
230
pacsiar 1 1
Periodic time, T=—=—— =3.33 ms
f 300
On-period, fo =i
= 0.819 X 3.33 m = 2.72 ms
Off-period, tog= (1 — 8)T

= (1 - 0.819) 3.33 = 0.602 ms

During the on-period, i.e., f,,, the armature current will rise and the required equation is



di,
0+ L + E, = E,
dt

(Here, zero represents neglecting of armature resistance.)
di, _ E —E, 230-188.5

= 3 = 2458.33 Als
dt L 12 %10
During off-period 1,
di —E
la _ b (*s E, is absent, E, = 0)

dt L

—188.

s i 53 = —15708.33 A/s
12 X 10°

The relationship between maximum current and minimum current is

di, . .
Imax = Inin + i durmg Ton | X Ton

= L & 345833 %2.72 %107
= lmin + 9.406
lmux - lmin = 9.406 A



The linear variation between [, and [, 1s the average value of armature current

j (- lmax;'[min =3 A

a

Imax + Imin = 40

To find /., and I;.. Egs. (1) and (2) are solved.
Jirmu.\i - ‘rmin = 9.406

‘(max + Jmin = 40

2l . = 49.406

49.406
Inax = 5

=24.703 A
24.70 - 1., = 9.406
Lin = 24.703 — 9.406
[ = 1529 = 153 A

Armature curent excursion
— I = 24703 — 15.3

= 9.406 A

IITI&UE

Armature curent expressions during 7,



di,
la(l) = lmin * dt

during 7, ) Xt

= 15.3 + 3458.33¢ 00 S 151,

Armature current expression during 7,

di
I(t) = I;in + (% during toff) X1
1

= 24.7 - 15708.33¢ for 0 <t <ty
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From Fig. 4.10, during 0 <t < 1,, period the chopper conducts where its motor terminal
current flows from load to the source; thereby the armature current increases from [, t0 [y
and this armature current makes the energy conversion, i.e., mechanical energy to electrical
energy, and then makes the motor load operate as a generator. Now the stored magnetic energy
In the armature circuit inductance increases and 1s partly dissipated in R, and chopper circuit.
During 1, <t < T, the chopper does not conducts and makes the load current flows through
diode D and source E ; then the armature current decays from I, to [, and thus this armature
current makes the energy conversion in the manner opposite to what it had performed during
f,, period; thereby the regeneration process can be performed in two intervals; e, 0 < t < 1,
as energy storage interval and 1., < t < T as duty interval.

In regenerative braking, the amount of energy from the load is fed back to the supply. The
power circuit diagram for chopper for regenerative braking operation as shown in Fig. 4.10. The
chopper CH, is operated periodically with period T and on-period 1., During regenerative
braking the dc motor acts as a generator, and the kinetic energy of the motor and the shaft load
is returned back to the supply. Usually in case of regenerative braking, an external source
Inductance L, 15 added.



g
1
Eo= — j E dt (4.27)

T T
1 E,
E() - ‘:;’ Eadt = E J dt
Ton Ton
T —1
E() = Ea ( = )
f i
E() - (] — 6) Ea (428)
Eb — K(,¢(D
T=-K,0l, (since /, has reversed)
L=
K.9

E,= LR, + E, (4.29)
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K{"{Jﬁﬁ} — E{J' _[ - JRH
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K.o
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Motoring and Regenerative Control

Motor

Fig. 4.12 Chopper for motoring and braking control.



We have seen that during forward motoring the power 1s controlled by the chopper, while the
armature voltage and current, both positive, and power flows from de source to the armature of
the separately excited dc motor. On other hand, during the regenerative braking the armature
voltage being remains positive, the armature voltage reverses, making the power flow from the
armature (0 the supply. Figure 4.12 shows a chopper circuit that will allow power control as well
as regenerative brake control, and the motor operates as the two-quadrant drive operation.

Figure 4.12 modifies the first quadrant operation and converts it to a second quadrant
operation. For first quadrant operation, CH; and D, performs the functions and its average load
current £ 1s high enough; CH, and D, don’t conduct, even though CH, receives triggering signal.
For second quadrant operation, CH, and D, perform the functions and its average load current
Iy has a sufficiently large negative value. CH, and D, don’t conduct, even though CH; receives
the gating signal.



[n forward motoring drive, CH, and D, operate; as CH, is turned on, the motor receives the
supply voltage. When CH; is turned off, the armature current flows through the freewheeling
diode D, and get decayed.

During regeneration braking control, CH, and D, operate on being turned on, the motor acts
as a generator and armature current increases. When CH, is turned off, the armature energy is
returned back to the supply to the D,. Then this circuit can acts as a two-quadrant chopper.

From forward motoring operation, we know that

Ey=0E, and Ey=IR, +E,
OE, = IR, + E,
OE -E,
R

a

| =

a

(4.31)

From the preceding equations, we have conditions for duty interval in such a way that the
armature current can be performed in two modes either in motoring operation nor in regenerative
braking operation, i.e., in motoring operation, 0 > E,/E,, and in regenerative braking operation,
0< E,JE,



Dynamic Braking

[n dynamic braking control, the motor armature terminals are disconnected from the supply
source, and it is added with external resistance Rz which is shown in Fig. 4.13. During the
interval 0 <1 <1, the armature current /, increases from [;;, to [, A part of generated energy
will be stored in the magnetic mductﬂnce and the rest of 1t will be dissipated in R, and CH,.
During the interval ¢, <t < T, the armature current [, decreases from /., to [ and whatever

the energy stored will be dissipated in its braking resistance Rp, R, and D. If 1, is assumed to
be rippleless, the dc energy consumed Ey by Ry during a cycle of chopper operation 1s

EN = ]3 RH (T Tun) (‘432)
= —
f” i RH i
Hﬁg CH, i L, i Motor
D,
E, T |




Average power consumed by Rpg,

L
P=—" =I;Ry (1-0)

Effective value of Rp

P
RBEZ_EzRB(l_S}

m 0 4 Increasing
t 4 g
§= lon —

Regenerative braking / Motorine
o

—

!

- >
T T
Equation (4.34) shows the effective value of the braking resistor. It can be changed to
stepless from 0 to Ry as 0 is controlled from I to (. As the speed falls, 0 can be increased

steplessly to brake the motor at a constant maximum torque, as shown in Fig. 4.14,



Problem-13

A 230 V separately excited de motor takes 30 A at a speed of 800 rpm. It has
armature resistance of (.4 €. This motor 1s controlled by a chopper with an mput voltage of
230 V and frequency of 500 Hz. Assuming continuous conduction throughout, calculate the
speed of motoring operation at duty ratios of 0.3 and 0.6, and regenerative braking operation at
duty ratios of 0.7 and 0.4,

E.=230 Y
I,=350A

N, = 800 rpm
R,=04 0
Ey = 55.;;



Problem-14

A 230 'V, 1200 rpm, 15 A separately excited dc motor has an armature
resistance of 1.2 Q motor and is operated under dynamic braking, with chopper control braking
resistance of 20 €.

(1) Calculate the duty ratio of the chopper for motor speed of 1000 rpm and braking torque
equal to 1.5 times rated motor torque.

(i) What will be the motor speed for duty ratio of (.5 and motor torque equal to rated

torque? E =230V
N, = 1200 rpm

I=15 A

R.=12%8

LA

Ry=20Q



Problem-15

A dc series motor fed from a 400 V dc source through a chopper has the
following parameters:

R, =005 Q
R, =007 Q
K=5x107 N-m/A®
The average current of 200 A 1s ripple-free for a chopper duty cycle of 50%. Determine

(1) The input power from the source
(11) The motor speed
(111) The motor torque.



Problem-16

A series motor has an armature current of 80 A and is running at 1200 rpm with
210V dc. The armature and the field winding resistances are 0,08 {2 each. Assuming the linear
magnetic circut, calculate the braking current and braking resistor when the series motor is at
twice the rated torque and running at 1000 rpm under dynamic braking condition.



T\=K/d; and T,= K/,

Ia?.z IaIVT2/Tl =380 2Tl/TI

= 113.13 A
Ey = K1, N,
Eb2 = Kola?.N?.
E, = E, - LR,=210 — 80 x 0.08
Eii= laz VAL E
b2 = bl = 6V
Ial N, 203.6
E,, = 113,13 . 1000 % 203.6
80 0
= 23002V

EbZ = 1“2 (RB -+ 008)
239.92 = 113.13 (Rg + 0.08)
Ry = 2.0408 Q



Problem-17

A constant frequency TRC system 15 used for the speed control of a de series
traction motor from a 220'V-de supply. The motor has armature and series field resistance of
0.025 Q and 0.015 Q respectively. The average current in the circuit is 125 A and the chopper
[requency 15 200 112, Calculate the pulse width 1f the average value of back emf 15 60 V.

- E :
E,=220V £ By =60+125><OO4 — 0.295
R, = 0.025 Q ‘, 220
R;= 0.015 Q 5 fon _ _ton
I, =125 A T 1/200
=200 H
=« Ra ton = 5><L=0.29><L=1.45ms

E,=60V 200 200



Regenerative Braking Control
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Fig. 419 Regenerative braking of dc series motor by chopper control,



During regenerative braking, series motor functions as a self-excited series generator as shown
in Fig. 4.19. For self-excitation, current flowing through field winding should assist residual
magnetism. Therefore, when changing from motoring to braking connection, while the direction
of armature current should reverse or the field current should flow in the same direction. In
regenerative braking, the amount of energy from the load is fed back to the supply; thereby the
dc motor acts as a generator, and the kinetic energy of the motor and the shaft load is returned
back to the supply, where its external source inductance L, 1s added.

Operation

During the 0 <t <1, period, the chopper conducts where its motor terminal current flows from
load to the source; thereby the armature current increases from I, to [, and this armature
current makes the energy conversion, 1.e., mechanical energy to electrical energy and then makes
the motor load operate as a generator. Now the stored magnetic energy in the armature circuit

inductance increases and 1s partly dissipated in R, and chopper circuit. During 1., <t < T, the
chopper does not conduct and it makes the load current flow through diode D and source E. Then
the armature current decays from [, to I, and thus this armature current makes the energy
conversion in vice versa manner which had performed during 7, period, thereby the regeneration
process can be performed in two intervals, i.e., 0 < < t,, as energy storage interval and
ton <t < T as duty interval.



0 = Duty interval =

lT
=?J

EU'= {1 - S)Eu

Eb - KL"‘I}IH and T = _Kﬁ'iﬂu

E,=K,pw or E,= KON
T, = K, 9l;

(4.35)

(4.36)

(since I, has reversed)

(4.37)



From Eq. (4.25), E, = Eg — I(R, + Rp
E, R,
KK, ”F ; K Ky

(1-9)E, 1 R,

a) = \/— ‘J: % f{'f

ﬂ'}m

A

m =

Increasing

Regenerative
braking
= -
=T il

Fig. 4.20 Speed-torque curves of dc series motor under regenerative control,



Motoring and Regenerating Control

| —

CH, — |

D, /\ I+ 1.2 |

+ E a i

E— = 0 : :
- CH, E, L i Motor

D, Zg E + i

:Eﬁl —_— :

LA : ~

Fig. 4.21 Chopper for forward motoring and braking control with dc series motor.

We have seen that during forward motoring the power is controlled by the chopper, while the
armature voltage and current (both positive) and power flows from dc source to the armature of
the separately excited dc motor. On the other hand, during the regenerative braking the armature
voltage remains positive, the armature current reverses making the power flow from the armature
to the supply. Figure 4.21 shows a chopper circuit that will allow power control and regenerative
brake control as well as motor operation as the two-quadrant drive operation.



Figure 4.21 modifies the first quadrant operation and converts it to second quadrant
operation. For first quadrant operation, CH, and D, perform the functions and its average load
current /, is high enough, CH, and D, don’t conduct, even though CH, receives triggering signal.
For second quadrant operation, CH, and D, perform the functions and its average load current
I, has a sufficiently large negative value. CH,; and D, don’t conduct, even though CH, receives
the gating signal.

[n forward motoring drive, CH; and D, operates as CH, 1s turned on, and the motor receives
the supply voltage. When CH, is turned off, the armature current flows through freewheeling
diode D; and get decayed.

During regeneration braking control, CH, and D, operate when CH, is turned on, the motor
acts as a generator and armature current increases. When CH, 1s turned off, the armature energy
1s returned back to the supply to D,. Then this circuit can act as a two-quadrant chopper.

From forward motoring operation, we know that

E{j = Eﬂ. and Ef} =R, + E;J

as

6Ea = f{rRu + Eb

E —FE
g=2 = : (4.40)

o

From the above equations, we have conditions for duty interval in such a way that the armature
current can be performed in two modes, either in motoring operation or in regenerative braking
operation. In motoring operation, 0 > E,/E, and in regenerative braking operation, 0 < E,/E,.



Dynamic Braking Control

[n dynamic braking control, the circuit diagram of Fig. 4.22 1s used since the motor works as
a self-excited generator, When changing from motoring to braking, field should be reversed. The
motor armature terminals are disconnected from the supply connected to the external resistance
Ry which is shown in Fig. 4.22. During the interval 0 <1 <1, the armature current [, increases
from [y, t0 [, A part of generated energy will be stored in the magnetic inductance and the
rest of it will be dissipated in R, and CH,. During the interval 1., <t < T, the armature current
[, decreases from [, to I, and whatever the energy stored will be dissipated in its braking
resistance Rp, R, and D. If [, 1s assumed to be rippleless, the dc energy consumed by Ry during
a cycle of chopper operation 1s

Ey=PERy(T-1,) (441)



Motor

Fig. 4.22 Dynamic braking of dc series motor by chopper control.

Average power consumed by Rp,

E
P = —]‘:’ = PRy(1 - 8)
Effective value of Ry,
P
Ry = ] = Ry(1 - 0)

I
where o ="

T



Therefore the preceding equation shows that the effective value of braking resistor can be

hanged steplessly from 0 to Ry as 0 is controlled from 1 to 0. As the speed falls, 0 can be
ncreased steplessly to brake the motor at a constant maximum torque as shown in Fig. 4.23. The

peed-torque charactenistics of de series motor are shown m Fig. 4.25.

)

A
{ﬂi“
0
Increasing
Motoring
Regenerative
braking
- -
-T 7

Fig. 4.23 Speed-torque characteristics of dc series motor.



Closed Loop Control of Drives

In all drives, where the speed and position are controlled, a power electronic device is providec
as an Interface between the mput power and the motor load, where it provides accurate, fast anc

dynamic response, and reduced effects of load discontinuity and system nonlinearity. In a closec
loop the control drives for various closed loop configurations, which are associated with contro
circuit, will be represented by a complete block diagram converter with certain constraints which
are discussed 1n the following sections,




1.Current Limit Control

[n this, current limit control (shown in Fig. 4.28) is provided to limit the control of the converter
and the motor current for the safe limit during transient operations. The feedback loop does not
affect the operation of the drive as long as current is set to a maximum value. If the current
exceeds the maximum set value, its feedback loop becomes activated. Thus the current fluctuates
around an infinite set maximum limit during the transient operation until the drive conduction
i1s such that the current does not have a tendency to cross the set maximum value. Under steady
state operating point, current will not have tendency to cross the maximum value.

v:;@—» Controller —| Converter = Motor = Load
ly

Current sensor

L

0f Fnax Threshold logic circuit

Fig. 4.28 Current limit control.



2.Closed Loop Torque Control

In closed loop torque control, whenever motor drive activates the acceleration to the reference
torque (7., through closed loop control of the torque the actual motor torque T follows T,
Now, by providing the appropriate acceleration it adjusts the speed depending on traffic
condition and speed limit, and also provides closed loop torque control as shown in the block

diagram (Fig. 4.29).

o Torque

T — 7 | controller

—» Converter —»| Motor = [oad

l

Torque sensor

Fig. 4.29 Closed loop torque control,



3.Closed Loop Speed Control

It is combination of both current limit control and torque control, where inner loop for current
control and outer loop 1s provided to limit the converter and motor for its drives torque below
infinite safe limit. With the positive reference, speed produces a error A, This speed error 18
processed through infinite speed controller and applied to a current limit which saturates even
for the inner current control loop at a value comparable to its maximum value. The drive valuates
to the maximum allowable current. When close to the desired speed, the current limiter
desaturates, 1f the decrease in @, produces a negative speed current loop for its allowable
maximum current. When close to the desired speed limits desaturates the operation 1s transferred
from braking to motoring drive—those drives where the current does not reverse for braking
operation. Current and speed controllers may consist of P, PI, PID controllers depending on
steady state accuracy and transient response requirements, which have been shown in Fig. 4.30.
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Fig. 430 Closed loop speed control.



4.Closed Loop Control for DC Excited
Motors

In order to protect the converter against current loads, open loop drives are used with current
limit control. It should be noted that the acceleration at maximum current or torque will be
possible when the converter used has also the capability for braking operation. It may be further
noted that controlled rectifier will be used when supply is ac and chopper is used when supply
is dc. The basic approach of closed loop speed control below and above the speed is explained
by the drive shown in Fig. 4.31. Below a base speed, a drive will operate at a constant field
current and variable armature voltage. Above the base speed, the drive will operate at constant
armature voltage and variable field current.

Operation below base speed

In the field current loop the back emf E, is compared with a reference voltage E,.; which is
chosen to be between 0.85 to 0.95 of the rated armature voltage. The higher value is used for
motors with low armature circuit resistance. For speeds below the base speed, the field control
saturates due to large value of error. The firing angle of rectifier ox1s maintained at zero, applying



, 4,®_, Speed . .-_" ':":QQ Current Firing | ™0
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TAC supply

th supply
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Fig. 4.31 Closed loop control for dc excited motors.



rated voltage to the field. This ensures rated field current for motor operation. When speed
reference 1s increased from @, to @,, (®,, < ®,,), due to large speed error the current limiter
saturates and sets the current reference at the maximum permissible value. The drive accelerates
at the maximum available current and torque. When speed reaches close to ®,,, the current
limiter desaturates and the drive settles at speed @,,, and at the current which gives motor torque
equal to the load torque. It speed reference is reduced back to @,,; the current reference is set
at zero and the drive de-accelerates due to load torque. When reference speed is increased again,
making speed error positive, the charged PI controller takes a longer time to respond, making
the transience response slower.

Operation above base speed

When close to base speed the field controller comes out of saturation. Now, if the reference
speed 1s set for a speed above base speed, the current reference is set at the maximum
permissible value. The firing angle of the armature rectifier ¢, is reduced to initially increase V,;
the motor acceleration E), increases, and Ef decreases, reducing the field current. Thus the motor
speed continues to increase and field current continues to decrease, until the motor speed
becomes equal to the reference speed.

Since the speed error will now be small, V, will return to a value close to a original value.
Thus the speed control above base speed is obtained by field control with the armature voltage
maintained near the rated value. In the field control region, the drive responds very slowly due
to large value of the field time constant.



. For high frequency choppers, the device that 1s preferred is

(a) Thyristor (b) TRIAC
(¢) Transistor (d) GTO
. Identify the speed—torque related equation from the following:
ov T oV TR,
K K- K K
oV T ov T
(€) —remi—rs (d) s
K* IRKF K K
. In the third quadrant of operation of a chopper power is
(a) Positive (b) Negative
(c) Both (a) and (b) (d) None of these
. Name any one chopper device :
(a) Step up chopper (b) Step down chopper
(c) Both (d) None of these
. Name any one controlling technique for varying the duty ratio.
(a) TRC control (b) CLC control

(c) Both (d) None of these



6. Duty ratio of chopper has the units of

(a) Seconds (b) Degrees
(¢) Radians (d) None of these
7. If f1s the chopping frequency, then the duty ratio of chopper is
(a) 1f (b) 1onlf
(C) 0 (d) lon Xf
8. Maximum speed is obtained with chopper fed dc motor for duty ratio of
(a) 0 (b) 0.33
(c) 0.5 (d) 1
9. During regenerative braking mode, the back emf is than supply voltage.
(a) Less (b) More
(c) Equal to (d) None of these
10. Both torque and speed will be —ve while drive is operating in quadrant.
(a) First (b) Second
(¢) Third (d) Fourth
I 1. First quadrant operation of dc drive is called
(a) Forward motoring (b) Forward hrakmg
(¢) Reverse motoring (d) Reverse braking

12. Second quadrant operation of dc drive is called
(a) Forward motoring (b) Forward brakmg
(¢) Reverse motoring (d) Reverse braking




13.

14.

15.

16.

17,

Third quadrant operation of dc drive 1s called

(a) Forward motoring (b) Forward braking

(c) Reverse motoring (d) Reverse braking

Fourth quadrant operation of dc drive 1s called :

(a) Forward motoring (b) Forward braking

(c) Reverse motoring (d) Reverse braking

dc—dc converter or chopper has :

(a) Only step-down dc voltage (b) Only step-up dc voltage
(c) Step-up or step-down dc voltage (d) None of these

In a chopper control of series motor under regenerative braking, the series motor

functions as a self-excited series generator. For self excitation,

(a)
(b)
(c)

Field winding should oppose the residual magnetism
Field winding should assist the residual magnetism
Both (a) and (b)

(d) None of these.

[n a chopper control of series motor, the relation between e and i, 1s nonlinear

o

(a

(c)

(d)

Due to saturation of magnetic circuit
Due to variation in terminal voltage
Due to variable speed of motor
Both (a) and (b).



15. A chopper can be considered a dc¢ equivalent to a
(a) Transformer (b) Cycloconverter
(c) Dual connector (d) None of these.
19. In a chopper control circuits, transistor choppers are preferred over thyristors because
these can be operated at
(a) Very high frequency (b) Very low frequency
(¢) Medium frequency (d) Supply frequency.

20. What are the types of control strategies in a dc chopper?
(a) Time ratio control (b) Current limit control
(¢) Both (a) and (b).

21. Regenerative braking of a dc motor may be achieved by

(a) Phase-controlled converter (b) Inverter
(¢) Cycloconverter (d) None of these.
22. In a multiquadrant operation, quadrant I operation provides
(a) Forward motoring (b) Reverse motoring
(¢) Forward braking (d) Reverse braking.
23. What is the advantages of closed loop control scheme?
(a) Accurate speed control (b) High amount of loss
(c) Low efficiency (d) All of these.

24. A chopper 1s a static device that converts
(a) ac to dc (b) ac to ac
(¢c) dc to dc (d) None of these




23,

26.

27,

28.

30.

A chopper is a speed on/off semiconductor switch.
(a) Low (b) High

(c) Both (a) and (b) (d) None of these
A chopper will conduct for the period.

(a) fon (h} Loft

(c) Both (a) and (b) (d) None of these
O represents .

(a) Duty cycle (b) Firing angle

(c) Both (a) and (b) (d) None of these
The control function of chopper can be performed by using
(a) TRC (b) CLC

(c) Both (a) and (b) (d) None of these
In step-down chopper, V, = ;

(ﬂ) 6EH (b} (I - S)Eﬂ

(c) E, (d) None of these

In step-up chopper, E, = :
(a) OF, (b) (1 - O)E,
(c) E, (d) None of these




31.

32.

33.

33.

36.

The value of & ranges from :
(a) Otol (b) O to 2

(c) O0to 0.5 (d) None of these

In TRC control, the constant frequency system is also called

(a) Pulse width scheme (b) Frequency modulation
(c) Both (a) and (b) (d) None of these

In TRC control, the variable frequency system is also called

(a) Pulse width scheme (b) Frequency modulation
(¢c) Both (a) and (b) (d) None of these

The rms value of output voltage of basic chopper is

(a) VOE, (b) (1 - d)E,

(c) E, (d) None of these

The average value for thyristor voltage of basic chopper is

(a) JOE, (b) (1 - S)E,

(c) E, (d) None of these

The type A chopper is also called chopper.

(a) Step-down (b) Step-up

(¢c) Both (a) and (b) (d) None of these



37. The type B chopper is also called

(a) Step-down
(c) Both (a) and (b)

38. The type E chopper is also used in the
(a) First-quadrant
(¢) Third-quadrant

39. Average output voltage at 6 = 1, E, =

(a) E,
{C) _Eﬂ

(b)
(d)

chopper.
Step-up
None of these

(b)
(d)

Second-quadrant
None of these

(b)
(d)

Eh
_Eb



. In case of travelling cranes, the motor preferred for boom hoist 1s

(a) AC slip ring motor (b) Ward Leonard controlled d¢ shunt motor
(¢) Synchronous motor (d) Single-phase motor
. The characteristics of the drive for crane hoisting and covering is
(a) Smooth movement (b) Precise control
(c) Fast speed control (d) All of these

. The range of horse power of electric motor drives for rolling miles is of the order of

(a) 1 to 10 HP (b) 15 to 25 HP

(¢) 50 to 100 HP (d) 100 to 500 HP
. Motors preferred for rolling nice drive are
(a) DC motor (b) AC slip ring motor with speed control
(¢) Any of these (d) None of these
. A motor of less than full load power rating can be used if the load is
(a) Continuous duty (b) Short time duty
(c) Intermittent periodic duty (d) None of these

. To get speed higher than the base speed of the dc shunt motor,
(a) Armature resistance control is used (b) Field resistance control is used
(c) Armature voltage control is used (d) None of these

. In case of contactors the duty in which the main contacts remain closed, for a period
bearing a definite relation to the no-load periods, is known as

(a) Standard duty (b) Intermittent duty

(¢) Temporary duty (d) Uninterrupted duty



10.

11.

12.

13. Belt conveyors offer

In overhead traveling cranes,

(a) Continuous duty motors are used

(b) Slow speed motors are preferred

(c) Short time rated motors are preferred
(d) None of these

Light duty cranes are generally used in

(a) Automobile workshop (b) Pumping stations
(c) Power houses (d) All of these
Heavy duty cranes are used in :

(a) Heavy engineering workshops (b) Steel plants

(¢) Ore handling plants (d) All of these

The number of sets used in pole changing type squirrel cage motors, for derricks and
winches, is __ .

(a) 2 (b) 3

(c) 4 (d) 6

A pole changing type squirrel cage motor used in derricks has four, eight and twenty-
four poles. In this, medium speed is used for :

(a) Lifting (b) Hoisting

(c) Lowering (d) Landing the load

(a) Zero starting torque (b) Low starting torque
(c) Medium starting torque (d) High starting torque



14.

1.

16.

17.

18.

19.

Torque 1s proportional to :
(@) 1, (b) E

(c) W (d) E,
Speed is proportional to ,

(a) I, (b) T
) W d) E,

To make a dc machine operate in reverse motoring,
(a) E and [ should be negative

(b) E should be positive and / should be negative
(c) E should be negative and 7 should be positive
(d) E should be and 7 should be positive

Power supply will be fed back to supply lines during braking.
(a) Regenerative (b) Rheostatic

(¢) Reverse current (d) Mechanical

Power will be dissipated as heat during braking.

(a) Regenerative (b) Rheostatic

(¢) Reverse current (d) Mechanical

Either armature or field terminals of a dc motor are reversed in

(a) Regenerative (b) Rheostatic
(¢) Reverse current (d) Mechanical

braking.



20.

21.

22,

23;

24.

2,

For applications of high starting torque, motor preferred 1s

(a) DC shunt
(c) DC compound

Which motor is not supposed to start without load?

(a) DC shunt
(¢) DC compound

In dual converter fed dc motor, &, + o, is equal to

(@) 0

() m

SCR commutation is the process of
(a) Opening the SCR

(¢) Replacing the SCR

(e) Reverse motoring

(b) DC series
(d) None of these

(b) DC series
(d) None of these

(b) m/2
(d) 2@

(b) Closing the SCR
(d) Calibrating the SCR
(f) reverse braking

Most efficient method of braking system 1s .

(a) Regenerative

(c) Reverse current

What i1s meant by dynamic braking?
(a) Power dissipated in resistance
(c) Reverse the supply terminals

(b) Rheostatic
(d) Mechanical

(b) Power feedback to the source
(d) All of these



26.

27.

28.

29.

A freewheeling diode is connected across R-L load because

(a) It prevents infinite voltage across switch which breaks current
(b) It rectifies current

(c) It prevents current in opposite direction

(d) None of these

Power electronic equipments have very high efficiencies because

(a) The devices always operate in active region
(b) The device never operate in achieve region
(c)

(d) Cooling 18 very efficient

[n simultaneous control of dual converter, both the rectifiers are controlled together in

order to avoid :

(a) AC circulating current between the rectifiers
(b) DC circulating current between the rectifiers
(c) Leakage current between the rectifiers

(d) None of these

In a non-simultaneous control of dual converter,
(a) One rectifier 1s controlled at a time

(b) Two rectifiers are controlled at a time

(c) Both the rectifiers in the circuit one by one

Devices achieve inverse region at high speed and stay at the two states on or off



30.

<3 B

32.

34.

(d) None of these

What are the types of control strategies in a dc chopper?
(a) Time ratio control (b) Current limit control
(c) Both a and b (d) None of these.

What is meant by dual converter?

(a) Fourth quadrant operation is possible
(b) First quadrant operation is possible
(c) Second quadrant operation is possible
(d) Third quadrant operation is possible.

What 1s meant by plugging?
(a) Supply terminals are reverse (b) Supply terminals are disconnected
(c) Power flows from load to source (d) All of these.

. What 1s meant by regenerative braking?

(a) Supply terminals are reverse (b) Power flows from load to source
(c) Power flows from source to load (d) All of these.

What are the braking methods used in a dc motor?
(a) Plugging (b) Dynamic braking
(c) Regenerative braking (d) AIll of these.

35. What are the three types of electric braking?

(a) Plugging (b) Dynamic braking
(c) Regenerative (d) All of these.



36. Dual converter operates in quadrants.
(a) First and second (b) Fourth
(c) Second and third (d) Third and fourth




. Differentiate between two-quadrant and four-quadrant drives.

. Describe how a four-quadrant drive can be obtained from a chopper-fed separately
excited dc motor.

. Describe how two 1-phase full converters can be used back to back to form a circulating
dual converter. Discuss its operation with the help of voltage waveforms for (a) each
converter, (b) load (R-L) and (c) limiting reactor.

. Describe how circulating current waveforms can be obtained from reactor voltage
waveforms in 3-¢ dual converters.

. Derive the expressions for a 3-¢ dual converter fed with limiting reactor in terms of E,,
L,, o, etc. Sketch the relevant voltage and current waveforms needed for its derivation.

. An non-circulating current dual converter is connected to a dc motor. Explain its control
strategies for selecting its multi-quadrant operation converter with the help of power
circuit diagrams.

. In a 3¢ dual converter of circulating current type, the input to the dual converter 1s
3-phase. Draw its voltage and current waveforms, when converter I delay angle is 30°.

. Define braking. Describe various types of braking. What 1s the significance of electrical
braking”



10.

11,

12.

13

14.

15.
16.

Enumerate the advantages of electrical braking over mechanical braking of d¢ motor and
explain the speed-torque characteristic of dc motor under plugging for the following:
(a) separately excited dc motor; (b) series excited dc motor.

What is regenerative braking? Describe the regenerative braking fed in separately and
series excited dc motor with the help of circuit diagram.

Describe the relative merits and demerits of the following types of braking for dc motors:
(a) mechanical braking; (b) dynamic braking; and (c) regenerative braking, with a neat
diagram.

What 1s a dual converter? Explain the principle of operation of a dual converter in
circulating current mode. How 1s the same used for speed control of dc drive?

Draw the circuit diagram and explain the operation of closed-loop speed control with
inner-current loop and field weakening.

Explain how four-quadrant operation is achieved by dual converters, each of 3¢ full
wave configuration, for separately excited dc motor.

Distinguish between circulating current and non-circulating current mode of operation.

Draw and explain the torque-speed characteristics for dynamic braking operation of dc
series motor. Why does torque become zero at finite speed?



17

18.
19.

20.

21.
22,

23,

24.
23,

With a neat diagram, explain the operation of a dc drive in all four quadrants when fed
by a single-phase dual converter, with necessary waveforms and characteristics.

What are the advantages of electrical braking over mechanical braking of dc motor?

Explain with a proper circuit diagram the speed-torque characteristics of dc motor, under
dynamic braking, for the following types:

(a) Separately excited dc motor

(b) Series motor.

List the advantages offered by dc chopper drives over line-commutated converter-
controlled dc drives.

Discuss in detail the counter current and dynamic braking operations of dc shunt motors.

Derive the expressions for average motor currents /., and /;,. and average torque for
chopper-fed separately excited dc motor.

“Electrical braking of series motor 1s not as straightforward as that of a separately excited
dc motor.” Justify.

Give a simple circuit for the speed control of a dc¢ shunt circuit motor.

Draw and explain the torque—speed characteristics for dynamic braking operation of dc
series motor. Why does torque become zero at finite speed?

26. For stator voltage control scheme of a 3-phase induction motor, discuss speed range,

regeneration, harmonics, torque pulsating, power factor, cost, efficiency and applications.



26. For stator voltage control scheme of a 3-phase induction motor, discuss speed range,
regeneration, harmonics, torque pulsating, power factor, cost, efficiency and applications.



6.

. Differentiate between two-quadrant and four-quadrant drives.

. Describe how a four-quadrant drive can be obtained from a chopper-fed separately

excited dc motor.

. Define a dc chopper. Describe the various types of basic chopper configurations with

necessary diagrams.

Write the voltage equations of type A chopper during 7, and T, periods for an RLE
load. Hence obtain steady state analysis expressions for maximum and minimum currents
considered by the load.

. Explain the operation of a transistorized chopper drive for a separately excited dc motor

in
(a) Regenerative braking mode
(b) Dynamic braking mode.

Describe different methods of braking and explain the plugging operation of a chopper
fed with series excited dc motor with the help of its performance curves.

Write a short note on closed loop system fed with dc motor drives. Explain the
importance of a closed loop system that 1s used when chopper control dc drive system
1S connected.



8.

10.
1.

A class A chopper, operating in time ratio control, is supplying the armature of a
separately excited dc motor. Show that the motor speed-torque relationship is
oV R
0, = B f; I,
K K

where

V = Chopper nput voltage

R, = Armature resistance

T, = Motor torque

K = Torque constant.
Explain with a neat circuit diagram the basic principle of operation of a class A type
chopper. The chopper 18 connected to a RLE load. Analyze the same for continuous
current mode of operation.

Discuss with suitable diagrams the first quadrant and second quadrant choppers.

What is a dual converter? Explain the principle of operation of a dual converter in
circulating current mode. How 1s the same used for speed control of d¢ drive?



12,

13.

14.

5.

16.
17.

8.

19.

20

Deduce the mathematical expression for minimum and maximum currents for a class A
chopper operated dc motor with back emf.

Draw the circuit diagram and explain the operation of closed loop speed control with
inner-current loop and field weakening.

Explain the principle of speed control of a dc motor and show how it can be achieved
by a chopper.

Explain how four-quadrant operation is achieved by dual converters, each of 3¢ full
wave configuration, for a separately excited dc motor.

Explain the principle of closed loop control of a dc drive using suitable block diagram.

Deduce the mathematical expression for minimum and maximum current for a class A
chopper-operated dc motor with back emf.

List the advantages offered by dc chopper drives over line-commutated converter-
controlled dc drives.

Derive the expressions for average motor currents /,, and [, ;, and average torque for
chopper-fed separately excited dc motor.

Discuss first quadrant and second quadrant choppers with its suitable diagrams.



UNIT-111: Control of Induction
motors



Variable voltage characteristics-Control of Induction
Motor by Ac \Voltage Controllers — Waveforms —
speed torque characteristics. Variable frequency
characteristics-Variable  frequency control of
Induction motor by \oltage source and current
source Inverter and cycloconverters- PWM control —
Comparison of VSI and CSI operations — Speed
torque characteristics — numerical problems on
Induction motor drives — Closed loop operation of
Induction motor drives (Block Diagram Only)



INTRODUCTION

Induction motors, particularly squirrel cage IM, have many advantages when
compared to DC motors. They are,

— Ruggedness

— Lower maintenance requirements

— Better reliability

— Low cost, less weight and volume

— Higher efficiency

— Also induction motors are able to operate in dirty and explosive environments.
Because of the above said advantages, induction motors are predominantly used
in many

industrial applications. But induction motors were used only for applications
requiring constant

speed.

DC motors were used for variable speed applications as their speed control is
cheap and

efficient when compared to induction motors.

After the advent of power electronic converters, it was able to design variable
speed drives

for induction motors. Because speed control of IM using power electronic
converters have become

cheap and less costly when compared to dc drives.



SPEED CONTROL

 The conventional methods of speed control of
induction motors are,
e Stator Side
— Stator voltage control
— Variable frequency control
— Stator current control
— V/f control
— Changing the number of poles on stator

 Rotor Side

— Rotor resistance control
— Injecting emf in the rotor



STATOR VOLTAGE CONTROL

* Speed of induction motor can be varied in a
narrow range by varying the voltage applied to
the stator winding.

* Torque developed by 3 phase induction motor
is directly proportional to the square of the
stator voltage as given by the equation,

3 S.E2.R,
X .
2nNg ~ R3 + (8.X;)?

Tm —

3 y S.E5.R,
2nT,, R2+ (5.X,)?

Ng =



% In low slip region (S.X2)%1s very small as compared to Ra. So, it can be neglected. So
equation 1 becomes,

S. E§
T, o R_z

“ Since rotor resistance Rz 1s constant, the torque equation becomes,
2

Here Es 1s proportional to the supply voltage Vi. Hence,

% From equation 2, it is clear that any reduction in supply voltage will reduce the motor
speed. But from equation 3, it is seen that any reduction in supply voltage will reduce the
torque also.

% So in this method of speed control. torque reduces when supply voltage reduces. Hence this
method 1s used in applications where torque demand reduces with reduction in voltage.

% In general, this method can be used for small range of speed variation.

% In this method of speed control, the slip increases at low speeds. Hence the efficiency of the
drive reduces.

* Examples’ Fans and pump drives.



Stator voltage control using AC voltage
controllers

 The variation of motor voltage is obtained by ac voltage controllers.
AC voltage controllers

e convert fixed ac to variable ac with same frequency.

e But this method produces harmonics in the output and the power
factor is low.

 The harmonic content increases and power factor decreases with
decrease in output

e voltage.
* Hence the torque produced by the motor reduces.

 This method is used in applications like fans, pumps and crane
drives.

 The circuit for star connected ac voltage controller feeding a 3
phase induction motor is

 shownin Fig. 4.1
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By controlling the firing angle of the thyristors connected in each phase,
the rms value of stator voltage can be varied.

As a result of this, the motor torque and the speed of the motor are
varied.

In star connected controller, all the thyristors carry line currents. But in
delta controller shown in Fig. 4.2, all the thyristors carry phase current
only. Hence low rating thyristors may be employed in delta controller.

But delta controller produces circulating currents due to third harmonic
voltages.

This may increase power loss across each device.
The speed range is limited in this method of speed control.

This method is used for applications where load torque requirement
reduces with reduction in speed as shown in Fig. 4.3. When a voltage of
V1 is applied, the load load torque required is high and when a voltage
V3 is applied. The load torque is low.

These ac voltage controllers are also used as starters for soft start of
motors.

The power factor of ac voltage circuit is low.
It can be used for fans and pump drives.



STATOR FREQUENCY CONTROL (OR) FIELD
WEAKENING METHOD OF SPEED
CONTROL

» In an induction motor. we know that.

+ From the above equation 4, it i1s clear that changing the supply frequency will change the
synchronous speed and hence the rotor speed.

+ Emf equation in ac machines 1s given by,

V, = 444 f. ¢.K,. Ny

Vi
‘4 q_]' =
4.44.f. K, N,

+ The above equation 5 states that the flux ¢ will be constant if Vi and f are kept constant.



If frequency is reduced with constant Vi, then the flux ¢ increases. Hence the core gets

saturated.

This will increase the magnetizing current of the motor. Hence power losses increased and

efficiency decreases. It also produces noise.

If the frequency is increased by keeping the Vi constant, then flux decreases. This will
reduce the maximum torque produced by the motor as shown in Fig. 4.4.

So this method is rarely used in practice.

With constant voltage, if the frequency 1s increased, the air-gap flux reduced. This control is

also called as field weakening mode of speed control.

Base frequency




VOLTAGE / FREQUENCY CONTROL
(OR) VOLTS / HERTZ CONTROL

Varying the voltage alone or frequency alone has some disadvantages with regards to the
operation of induction motor.

The maximum torque in an induction motor is given by,

Tonax = K[V‘/r)z ______ 6

1 \/ [(HT)E +am (L, + 1)

Here K is a constant and Ls & L1’ are the stator and stator referred rotor inductances.

At high frequencies, the value of (R:/ f) will be verv much less than 2o (Ls+ Lr). So (R</ f)

can be neglected and hence the torque equation becomes,

Thax = T— K(V/f)z
JAm2 (L, + L,)7]
KW/
Tmax = % 2n(Ls + 1) ¢

From equation 7, it 1s clear that if the ratio (V / f) is kept constant, the motor can produce a

constant maximum torque, Tmax. 1.e constant torque operation.



At low frequencies (when speed is reduced), the term (Rs / f) will be high and it cannot be
neglected in equation 6. Hence the motor torque reduces.

This is because of the fact that the flux reduces as the frequency is decreased as per
equation 5.

Hence if maximum torque needs to be maintained constant at low speeds, then (V / f) ratio
must be increased.

Near to base speed (or rated speed), the supply voltage will be maximum and it cannot be
increased further. Therefore, above base speed, the frequency is changed by keeping supply
voltage constant.

But this will decrease the maximum torque produced by the motor as per the equation 7.

h>hL>L>0L>/

A s fs s f /i

-

Torque

T

-a— Base frequency
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Fig. 4.5. V — f relationship Fig. 4.6. Speed — Torque characteristics



From the graph of Fig. 4.5, it is clear that

(V/f) ratio is increased at low frequency to keep maximum torque
constant.

(V/f) ratio is kept constant at high frequencies up to base frequency
V is kept constant and frequency is varied above base frequency.

From Fig. 4.6, it is clear that the maximum torque is same at all
different speeds.

This volts / Hertz control offers speed control from standstill up to
rated speed of IM.

This (V/f) control is achieved by using VSI and CSl fed induction
motor drives.

If a six step inverter is used, the frequency alone can be varied at
the inverter output and

the output voltage is controlled by varying the input dc voltage.

If a PWM inverter is used, both voltage and frequency can be
varied inside the inverter

itself by changing the turn on and off periods of the devices



VOLTAGE SOURCE INVERTER (VSI) FED
INDUCTION MOTOR DRIVES

In voltage source inverters, the input voltage is kept constant.
The magnitude of output voltage of VSl is independent of the load.
But the magnitude of output current depends on the type of load.

A VSI converts the input dc voltage into an ac voltage with variable
frequency at its output terminals.

VSI using normal transistors is shown in Fig. 4.7. Any other self
commutated device can be used in place of transistors

MOSFET is used in low voltage and low power inverters.

IGBTs and power transistors are used up to medium power levels.
GTO and IGCT are used for high power levels.

VSI may be a six step inverter or a PWM

When VSl is operated as a six step inverter, the transistors are turned ON
in the sequence of their numbers with a time interval of T/6 seconds if T is
the total time period of one output cycle.

Frequency of the inverter output is varied by varying the time period (T)
of one cycle.

If the supply is dc, then a variable dc voltage is obtained by connecting a
chopper between input dc and the inverter as shown in Fig. 4.8
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If the input supply is ac, then a variable dc is obtained by connecting a controlled rectifier
between the input ac and the inverter as shown in Fig. 4.9. The output voltage waveform of
a six step inverter is shown in Fig. 4.10



Disadvantages of six step inverter

Low frequency harmonics are more and hence
the motor losses are increased at all speeds.

Motor develops pulsating torques due to 5th,
7th, 11th and 13th harmonics.

Harmonic content increases further when the
motor rotates at low speeds. This will

overheat the machine



 The above said problems are rectified when a

PWM inverter is used.

f a PWM inverter is used as VSI as shown in
~ig 4.11, then the input voltage may be a

constant dc which is obtained from a simple
diode rectifier.

 The output of a PWM inverter is a variable

voltage and variable frequency.
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* [n a PWM inverter, it is possible to control the
output voltage and frequency as well as the
harmonic content can be minimized.

* The output voltage waveform of a PWM
inverter is shown in Fig. 4.12

* The motors having high leakage inductance
are used when a VSI is used to feed the
induction motors
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CLOSED LOOP SPEED CONTROL OF INDUCTION MOTOR
FED FROM VOLTAGE SOURCE INVERTER

* |t employs an inner slip speed loop and an outer speed loop
as shown in Fig. 4.13.

 The slip speed loop acts as inner current control loop. It
also ensures the motor to operate between synchronous
speed and the speed at which maximum torque occurs for
all frequencies.

 Thus a high torque will be produced for a small current
drawn from supply.

* The drive uses a PWM inverter fed from a dc source.
Regenerative braking and four quadrant operation of drive
is possible because of the use of PWM inverter.

* The speed erroris processed through a speed controller,
usually a Pl controller, and a slip regulator.
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P controller reduces the steady state error and I controller reduces the peak overshoot and
settling time so that the response will be faster.

PI controller gives good steady state accuracy and reduces the noise.

Slip regulator set the slip speed command @4 . This command controls the inverter current to
its maximum allowable value.

The synchronous speed obtained by adding actual speed omand slip speed @« determines the
frequency of inverter output voltage.

Reference signal V' for controlling the output voltage of inverter is generated using a flux
control block.

This reference signal ensures a constant flux operation below base speed and constant

voltage operation above base speed.



*
* “'

If the motor speed is to be increased, then the reference speed am will be set to the required
speed.

Now the comparator compares the actual speed and reference speed and produces a positive
error.

This will set the shp speed command @4” at its maximum value.

Hence the motor starts accelerating (i.e speed increases) at the maximum inverter current
and hence the speed error decreases.

When the actual motor speed reaches the reference value, the drive finally settles at that

If the motor speed is to be decreased, then the reference speed wm will be set to the required
speed.

Now the comparator compares the actual speed and reference speed and produces a negative
error.

This will set the slip speed command w4 at its maximum negative value.

Hence the motor starts decelerating (i.e speed decreases) at the maximum inverter current
and hence the speed error decreases. Here regenerative braking i1s applied.

When the actual motor speed reaches the reference value, the drive finally settles at that

speed. At this speed, the motor torque equals the load torque.



% For operation below base speed, the ratio (V/f) is kept constant.
% For operation above bhase speed, the terminal voltage 13 kept constant and frequency 1s
increased.

% For low frequency operation. the ratio (V/f) is increased to maintain constant flux operation.

v When a fast response 1is required. the drive can be made to accelerate at a current more than
the rated current of induction motor.

% But the power electronic switches present in the inverter must be selected such that they can
withstand for those high currents. Any device with increased current rating will be more
costly. This will increase the cost of total drive system.

% When fast response is not required, current ratings of inverter and rectifier can be chosen to

be marginally higher than that of the motor.



CURRENT SOURCE INVERTER (CSl) FED

INDUCTION MOTOR DRIVES

In current source inverters, the input current is constant but
adjustable.

The magnitude of output current of CSl is independent of the load.
But the magnitude of output voltage depends on the type of load.

A CSI converts the input dc current into an ac current at its output
terminals.

The output frequency of ac current depends upon the triggering of
SCREs.

Magnitude of output current can be adjusted by controlling the
magnitude of dc input current.

Out of the force commutated CSls, Auto Sequential Commutated
Inverter (ASCI) is the most popular CSI.

A single phase ASCl is shown in Fig. 4.14
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A large inductance is connected to make this inverter as current source inverter.

Capacitors C: to Cs are used for commutating the thyristors. These thyristors are fired in
sequence with 60 intervals.

Diodes D1 to De are connected in series with thyristors to prevent the discharge of
capacitors through load.

The inverter output frequency is controlled by adjusting the period T through triggering

The fundamental component of motor phase current shown in Fig. 4.15 1s,

V6

.'ls :?Id

For any given speed, the motor torque 1s controlled by varying the de current Ia. This I4 car
be varied by varying Va.

Different types of circuit configurations are shown in Fig. 4.16 and 4.17.

When the available supply 13 AC, then a controlled rectifier 1s connected between the input

supply and the inverter as shown in Fig. 4.16
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The output of fully controlled rectifier will be a variable DC which will vary Id. This
DC current is converted into AC using a CSl and it is given to the induction motor.

If the available supply is a fixed DC, then a chopper may be added between the
supply and
the inverter as shown in Fig. 4.17.

Chopper will give a variable DC voltage Vd which further varies Id. This DC current
is converted into AC using a CSl and it is given to the induction motor.

In VSI, in case of commutation failure, two SCRs in the same leg may conduct. This

will short circuit the input supply and hence the current through SCRs will rise to a
high value.

Hence high speed semiconductor fuses are needed to protect the devices and
thus making the system costly.

In case of CSI, no such problem arises even if two devices in same leg conduct.
Because the current is controlled by the large inductance connected in series with
the source.

Hence CSI is more reliable than VSI.



The output current of CSI shown in Fig. 4.15 rises and
falls very rapidly.

This creates ahuge voltage across the leakage
inductance of the motor windings. Hence a motor with
less leakage inductance is used.

Using large values of commutation capacitors can
reduce these voltage spikes.

But because of large values of capacitors and inductors,
the CSl drive becomes expensive and bulky.

These types of auto sequentially commutated inverters
are used widely in medium and large power current
source inverter drives



CLOSED LOOP CONTROL OF CURRENT SOURCE
INVERTER (CSI) FED INDUCTION MOTOR DRIVES

The closed loop CSI shown in Fig. 4.18 consists of an inner slip
speed loop and outer speed loop as in the case of VSI.

This drive operates at constant flux up to base speed. Hence it gives
constant torque operation.

Terminal voltage is kept constant above base speed which gives
constant power operation.

The actual speed wm is compared with the reference speed wm

The speed error is processed through a speed controller (normally a
Pl controller) and a slip regulator.

Slip regulator controls the slip speed (Ns — Nr). The sum of rotor
speed wm and slip speed wsl gives the synchronous speed. This
determines the frequency of the inverter output.

Constant flux operation below base speed is obtained when the slip
speed (or rotor frequency) and inverter current Is have the
relationship as shown in Fig. 4.19



This relationship is maintained by flux control block. Flux control
block produces a reference signal Id * based on the value of wsl*.

This Id * will adjust the dc link current Id through a closed loop to
maintain constant flux.

Both speed and current controllers use Pl controllers to get good
steady state accuracy.

If the speed of the drive is to be increased, then the required speed
is set as reference speed wm*.

Now the speed error is positive and slip speed (Ns — Nr) also
positive.

The drive now accelerates at maximum current in motoring mode.
When the motor speed equals the reference speed, the motor
continues to rotate at that speed where the motor torque equals
load torque.

If the speed of the drive is to be decreased, then the required
speed is set as reference speed wm*.

Now the speed error and slip speed (Ns - Nr) are negative.
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The drive now decelerates at maximum current in braking mode. When the motor
speed equals the reference speed, the motor continues to rotate at that speed
where the motor torque equals load torque.
Above base speed, the terminal voltage is kept constant to get constant power
operation.
Now flux control block and closed loop control of Id become ineffective. Hence Id
may
increase to high value which is not appreciable.
To control Id, the slip speed limit of slip regulator must increase proportional to
inverter frequency.
This achieved by adding a signal proportional to frequency with the slip regulator
output.



Comparison of Current Source Inverter
(CSl) & Voltage Source Inverter (VSI) drives

Current Source Inverter (CSl) drives Voltage Source Inverter (VSI) drives

CSl is more reliable because conduction of two Conduction of two devices in the same leg
devices in the same leg does not short circuit due to commutation failure causes short
the input supply. circuit of the input supply.
This may raise the current through the
devices and damage them.

Raise of current is prevented because of the It requires expensive high speed

presence of large inductance in the current semiconductor fuses for controlling the
source. current due to short circuit.

Motor current rise and fall are very fast and No such problem arises here in case of VSI

that creates high voltage across windings.

These high voltage spikes are controlled by Less costly than CSI.
having large values of commutating capacitors

which may increase the cost and size of the

inverter.



Slow response due to large value of input
inductance

Frequency range of CSl is lower than VSI.
Hence CSI drive has lower speed range.

CSl requires a separate rectifier and
inverter combination. Hence it is not
suitable for multi motor drives.

Regenerative braking is naturally possible
in CSI.

If input AC supply fails, electric braking is
not possible in CSI.

Fast dynamic response is possible if VSI
uses PWM inverter.
If a six step inverter is used, then

response becomes slower like CSI drives.

Frequency range is wide and hence the
speed range is also wide.

A single rectifier can be used to feed
many

VSls. Hence VSl is suitable for multi motor
drives.

An additional full converter is required to
achieve regenerative braking.

But VSI can use dynamic braking in case
input AC supply fails.



UNIT-IV: Rotor side control of
Induction motors



Topics

 Static rotor resistance control — Slip power
recovery — Static Scherbius drive — Static
Kramer Drive — their performance and speed
torque characteristics — advantages,
applications, problems



SPEED CONTROL OF INDUCTION
MOTOR ON ROTOR SIDE

This method of speed control is applicable only to wound
round or slip ring induction motors.

The portion of air-gap power which is not converted to
mechanical energy is called slip power.

Hence the mechanical power developed is controlled by
varying the slip power by some methods. This further
controls the speed of the motor.

Controlling the slip power is done by three different
methods.

Static rotor resistance control

Emf injection into rotor circuit
— Static Scherbius drive
— Static Kramer drive



Rotor resistance control

In this method of speed control, an external resistance is added
with rotor circuit and it is varied to control the speed of the
induction motor.

This method is applicable only to slip ring induction motor.

From the above equation, it is clear that any increase in R2 will
increase slip S.

Increase in slip means reduction in speed. Hence rotor resistance
varies the speed.

Rotor resistance does not affect the value of maximum torque
produced by the motor.

But it changes the speed at which the maximum torque is
produced. It is shown in Fig. 4.20.

It is clear from Fig. 4.20 that for the same value of motor torque,
the speed reduces with an increase in rotor resistance



From the above equation, it is clear that any increase in R2 will increase
slip S.

Increase in slip means reduction in speed. Hence rotor resistance varies
the speed.

Rotor resistance does not affect the value of maximum torque produced
by the motor.

But it changes the speed at which the maximum torque is produced. It
is shown in Fig. 4.20.

It is clear from Fig. 4.20 that for the same value of motor torque, the
speed reduces with an increase in rotor resistance

In this method of speed control, the motor torque does not change
even at low speeds. Also this method is less costly when compared to
variable frequency operations.

Because of its low cost and high torque producing capabilities, this
method is used in cranes.

But major disadvantage of this method is its low efficiency due to
additional power losses in the external resistance connected to the
rotor.

These losses occur in the external resistor. So the heat produced around
the external resistor does not increase the heat of the motor.



Static Rotor resistance control

* |n a three phase slip ring induction motor, a
three phase diode rectifier, a chopper and a
single resistor is connected as shown in Fig.

4.21

-
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Fig. 4.21



An inductor Lq s connected to reduce the ripple present in the de link current.
The rotor current waveform is shown in Fig. 4.22

The rms value of rotor current is given by,

The ac output voltage from rotor windings 1s rectified using diode bridge and it is fed to the
parallel combination of fixed resistor and a transistor.

The effective value of this resistance connected between the terminals A & B is varied by
varying the duty cycle of the transistor.

The resistance between A & B is zero when transistor is ON. Resistance between A & B 1s
maximum (1.e R) when transistor is off.

The effective resistance connected between A & B 1s given by,



Where u is the duty cycle.

%+ Power consumed by Rag is,

Pyg = IGRap = 15(1 —a@)R

<+ Power consumed by Raeper phase is,

<+ From egn. 1,

<+ Substituting eqn 4 in eqn 3, we get,

3
Pog 13 —a)R 3170 —aR
3 3 B 3
%+ Therefore power consumed by Rag per phase is,
=051}(1—a)R———-5
<+ From the above equation 5, it is clear that the rotor resistance is increased by 0.5 R(1-a)
<+ Thus the total resistance in the rotor cirecuit is,
Ry =R, +05R(1—a)
%+ From the above equation. it is clear that rotor resistance is varied from R: to (R:+0.5R)

when o 1s varied from 1 to 0.



Advantages of rotor resistance control method
Smooth and stepless control is possible.

Quick response

Less maintenance

Compact size.

Disadvantages of rotor resistance control method

Increase in rotor resistance leads to increase of
power loss in the rotor resistance. This will reduce
the system efficiency.



Energy efficient drive (Or) Slip Power
Recovery Schemes

In rotor resistance control method of speed control, the slip power is
wasted in the external resistance and hence the efficiency reduces.

However instead of wasting the slip power in external resistor, it can be
recovered and supplied back in order to improve the overall efficiency.

This scheme of recovering the power is called slip power recovery scheme
and this is done by connecting an external source of emf of slip frequency
to the rotor circuit.

The injected emf can either oppose the rotor induced emf or aids the
rotor induced emf.

If it opposes the rotor induced emf, the total rotor resistance increases
and hence speed decreases

If the injected emf aids the main rotor emf the total resistance decreases
and hence speed increases.

Therefore by injecting induced emf in rotor circuit the speed can be easily
controlled.



Static Kramer Drive

In this method of speed control, the slip power
flows in only one direction. It flows from the

rotor back to main supply. Hence the speed can
be controlled below synchronous speed only.

The circuit for static Kramer drive is shown in Fig.
4.23. The slip power from the rotor circuit is
converted to dc voltage Vd by diode rectifier.

The inductor Ld filters the ripples present in the
dc voltage Vd.
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This dc voltage is then converted to ac voltage at line frequency (50 Hz) using a line
commutated inverter and pumped back to ac source.
This drive offers a constant torque operation.



Analysis

This rotor voltage 13 rectified by diode rectifier. The output voltage of diode rectifier is given by,

Here Vi 15 the maximum value of line voltage supplied to diode rectifier.

Rotor voltage per phase = S, E; ————2
Here Es 1s the per phase rotor emf at standstill and it 15 given as mput to diode rectifier.
S 13 the shp.

Rotor line voltage, V, = V3.5.E,

Maximum value of rotor line voltage,V,y, = V2. (\E S. Ez) =6.5.E,———-3
) V 3|ﬁ’d§l5l EZ 3.\’6.5. Ez
- ¥ — = S —
m 14

In induction motor, the turns ratio and voltage ratio 1s given by,

b N E " V., =aV 5
—=— =— Vi=aVi————



Substituting equation 5 in equation 4, we get.

3.V6.5.a.V,
Fd —

- =2.339.(S.a.V,)————6

# DC output voltage of a three phase line commutated inverter without transformer is,
3. Vmi

V = — COs
dac
T

HereV,, = V2.3, Vi
3243 3.46.V,

V.= cosa =
de - -

cos o

oW Vg = —2339.Vcosa ————7
# At noload, Va=Vg. (Eqn 6 = Eqn 7)
2339,(S.a. Vy) = —2.339, V. cos a

S5.a=—cosa

1

S=——cosqg————28
(v
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Fora =1, slip,§ =—cosa

For a =90° thenSlip,S =0  (synchronous speed) ————9

Fora = 180° thenSlip,S =1 (zero speed) ————10

It 15 clear from the equations 9 & 10 that, the motor speed can be varied from zero speed to
synchronous speed when the firing angle ¢ of line commutated mverter 1s varied from 180° to
90°.

In actual practice, the rotor voltage will be less than the supply voltage. Hence a transformer is
required to step up the voltage before feeding t hack to supply.

Let the transformer turns ratio be,

ap = V—E and hence V, = ar.V,
1

DC output voltage of a three phase line commutated inverter without transformer 1s,
3. Vmi

V,, =———rcosa
de .
T



Here V= v2.¥3.ar.V, = V6.ar.Vy
~ 36an

S Ve = . cosa = —2.339, ap. Vy.cosa ————11

< Atnoload, Va=Vg. (Eqn 6 = Egn 11)
2.339.(5. a.V;) = —2.339.a;. V. cosa

S.a=—arcosa
a
S=——cosag————12
a
Total slip power 1s given by,
3.5. Pg — Vn‘iﬂ' !id

3. 5. g, TE = Vdc' Id
Vdclfd

= ———-—13
3.5, wg

Te

Substituting the values of Vgc and S from equations 7 & 8 in equation 13, we get,



- 2339 Vcosa.ly 2339 a0V g
© 1 . 3
3.(—51:,05 ﬂ:).ms §

When a transformer 1s used, the values of V& and S will be given by the equations 11 & 12. Hence

————14

substituting equations 11 & 12 in equation 13, we get,

—2.33%.ar.Vy.cosa. Iy 2.339.a.Vy.14

o - 3. w
3. (—Ecusa).ms 2. Ws

e =

15

Looking into the equations 14 & 15, it is clear that Te
is same whether a transformer is used in the

system or not. Also Te is

Proportional to Id

Proportional to V1

Proportional to the turns ratio, a

Inversely proportional to wS



The de link current I4 is given by,

Vd o Vdc
Rq

fﬂ:=

Vd = Vdc + Id' Hd = 2.339.5. i, [-”r-]

th'.' + Id'Rd _ —2.339, Ar. Vl.CUS a + Id' Rd

. Slip, § = -
P2 = 5339.a.1, 2339.a.V,
—2.339.ar.V;.cosa [;.R4 ar ly. R4
= Ship, S = + = ——.cosa + ———-16
P 2339, .V, 2339.a.V,  a 2.339,a.V;
Motor speed is given by,
Wy = ws(1-85) ———-17

Substituting the value of S from equation 16 in equation 17, we get,

= g |14+ la- Ra 18
Wm = O |2 70339, a1,




From equation 15, the total torque 3T. 1s given by,

2.33%.a. V.. Iy
3T, =T, =
m_'i
we, Ty

l; = ————19

7 2339,a.V,
Substituting equation 19 in equation 18, we get,

mS'TL Rr‘i e, Rd'TL

4% s - i+
e, = (1 —.CO5 & — X = —.Cos o —
L 2339.a.V, "~ 2.339.a.V, s a (2.339.a.V;)?



W, Rd' TL
(2339.0.V,)?

ar
mm:mslHE.msa— ]————2[]

r
Wy = m5[1+E.cnsa—K.TJ————21

Ws: Rd
(2.339.a.V,)?

where K =

From equation 21, the no load speed of the drive 1s given

by,

Lo

Per-unit torgque

Ay
Wy, = ms[l +E.cusu]————21

Using equation 20, the speed — torque characteristics are

Fig. 4.24 Speed - Torque
characteristics

drawn as shown in Fig. 4.24,

Static Kramer systems are used in large power pumps and compressor type loads where

speed control range is less and below synchronous speed.



Static Scherbius Drive

In static Kramer drive, the speed of slip ring
induction motor can be controlled below
synchronous speed only.

For controlling the speed below and above
synchronous speed, the static Scherbius drive is
used.

There are two configurations of this drive. They
are,

1. DC link Scherbius Drive
2. Cycloconverter Scherbius Drive



DC link Scherbius Drive

For controlling the speeds below synchronous speed
(Sub Synchronous), the slip power is removed from the
rotor circuit and it is fed back into the input AC supply.

For controlling the speeds above synchronous speed
(Super Synchronous), an additional power is fed into
the rotor circuit at slip frequency.

The circuit of dc link Scherbius drive is shown in Fig.
4.25 and it has a slip ring induction motor, two
controlled converters, a smoothing inductor and a
transformer.

Smoothing inductor is used to suppress the ripples
present in the dc link.



Sub synchronous speed control

Bridge 1 is operated with a firing angle range of O
to 90. It means that bridge 1 works as rectifier.

Bridge 2 is operated with a firing angle range of
90 to 180. It means that bridge 2 works as
inverter.

Now the slip power flows from the rotor circuit to
the supply through bridge 1, bridge 2 and
transformer.

Here transformer steps up the rotor voltage to
the level of ac input supply.




Sub synchronous speed control

Bridge 1 is operated with a firing angle range of
90 to 180. It means that bridge 1 works as
Inverter.

Bridge 2 is operated with a firing angle range of O
to 90. It means that bridge 2 works as rectifier.

Now the slip power flows from the input ac
supply to the rotor circuit through transformer,
bridge 2 and bridge 1.

Here transformer steps down the input ac supply
to the level of rotor voltage.



g oAC % - R
supply T N
Wiound S R N
rotor T Ly L 1 _: Trunsformer
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NETANSYAN -r;;z-n;zw%
& -
Phase-controlled Fhase-controlled
bridge bridge

Fig. 4.25 DC Link Static Scherbius Drive



Rotor voltages at slip frequency are used to commutate the
thyristors present in the converters.

At low speeds, the voltage across rotor will be less and it
may not be sufficient to naturally commutate the thyristors.

This difficulty can be overcome by using forced
commutation.

It means that an additional forced commutation circuitry is
necessary for Scherbius drives where both below and
above synchronous speeds are possible.

Also this Scherbius scheme requires 6 thyristors in place of
6 diodes present in Kramer drive.

Hence the drive becomes costly compared to static Kramer
drive.



Cycloconverter Scherbius Drive

A 3 phase Cycloconverter can be used to control the
speed of a 3 phase induction motor.

Cycloconverter fed induction motors are used in
applications such as high power pumps and blower
type drives.

Using a Cycloconverter, it is possible to send power in
both the directions and hence speed control below and
above synchronous speed is possible.

Also it allows regenerative braking during which the
power is fed back to the supply.

Like dc link Scherbius drive, this scheme also offers a
constant torque operation



Fig. 4.26 Cycloconverter Static
Scherbius Drive
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Vector control of induction motor

The control of inverter fed induction motor has given good steady
state response. But it gives poor dynamic response.

The reason for this is that the air-gap flux keeps changing in
magnitude and direction.

This variation needs to be controlled by controlling the magnitude
and angle of the stator and rotor currents.

The variation in angle of the currents results in torque variations
which is not good. Also it increases the current drawn by the motor
and hence higher rating inverters are needed.

Separately excited DC motor drives are simpler in control because
they separately control the flux.

Separate control in dc motors is possible because armature current
and field current can be independently controlled.

But in an induction motor, a coordinated control of the magnitude,
phase and frequency of the stator current is required. This type of
control is much complicated when compared to dc motor control.



Vector control schemes are classified into two types
based on how the field angle is calculated.

They are,
1. Direct vector control
2. Indirect vector control

If the field angle is calculated by using terminal
voltages and currents or hall sensors, then it is called
direct vector control.

If the field angle is calculated by using rotor position
measurement, then it is called indirect vector control



Algorithm for vector control

Obtain the field angle (6f)

Calculate the flux producing component of current (If*) to produce a flux
linkages of Ar*.

The flux linkages are controlled by controlling the field current If*. it is
similar to dc motor where field flux controls the field current.

The torque producing component of stator current iT* is calculated from
Te* and Ar*.

Controlling iT* by keeping the Ar* as constant gives an independent
control of the torque produced by the motor.

This is similar to a dc motor where armature current controls the torque
independently.

Calculate the stator current magnitude is* from the vector sum of iT* and
if*.

Calculate the torgue angle from the flux and torque producing
components of the stator commands.



_q b
E']'":t-ﬁ[l 1—

b
Add 61 and 6+ to obtain the stator current phasor angle. 8z.
By using the stator current phasor angle and its magnitude. 85 and 1s*. the required stator
current commands are found by zoing through the gd transformation to abe variables.
lgs = Iz sinf;

" Y 2
[pe = i¢5in (ﬁs —?)

_ o 27
rg = iz 50N (5'5 + ?)

Svnthesize these currents by using an inverter. When they are supphed to the stator of the

mduction motor. the required rotor flux hinkages and torgue are produced.



UNIT-V: Control of Synchronous
Motors



Separate  control and  self-control of
synchronous motors — Operation of self-
controlled synchronous motors by VSI, CSI and
cyclo converters. Load commutated CSI fed
Synchronous Motor — Operation — Waveforms —
speed torque characteristics — Applications —
Advantages and Numerical Problems — Closed
Loop control operation of synchronous motor
drives (Block Diagram Only), variable frequency
control - Cyclo converter, PWM based VSI & CSI.



Synchronous motor

A synchronous motor is constructionally same an alternator
It runs at synchronous speed or it remains stand still

Speed can be varied by varying supply frequency
because synchronous speed, N = (120f/p)

Due to unavailability of economical variable frequency sources,
this method of speed control was not used in past & they were
mainly used for constant speed applications

The development of semiconductor variable frequency sources
such asinverter & cycloconverter allowed the use of synchronous
motor in variable speed applications

It is not self starting. It has to be run upto near synchronous speed
by some means & it can be synchronised to supply

Starting methods . a) using an auxiliary motor
* b) using damper windings
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Types of synchronous motors

e Commonly used synchronous motors are
1.Wound field synchronous motor (Cylindrical &
salient pole)
2.Permanent magnet synchronous motor
3.Synchronous reluctance motor
4.Hysteresis motor

- All these motors have a stator with 3

phase winding which is connected to an
AC source

- Fractional horse power synchronous reluctance
& hysteresis motors employ a 1 phase stator
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Operation of a wound field
synchronous motor

Rotor is provided with a DC field winding & damper windings
Stator contain 3 phase winding & is connected to AC supply which
is pulsating in nature & not unidirectional

- As a result synchronous motor is not self starting
Normally the motor is made self starting by providing
damper windings on rotor

Due to the presence of damper windings, motor will start
as an induction motor

When speed of motor reaches near synchronous speed, DC
excitation is given to rotor

Now the rotor poles gets locked with rotating magnetic field
poles in stator & continue to rotate at synchronous speed

Load angle/power angle/torque angle (6)
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The rotor poles are locked with stator poles &
both run at synchronous speed in same
direction

As load on motor increases, the rotor tends

to fall back in phase by some angle - N,
This angle is known as load angle (6) : § ol
The value of 6 depends upon the load :

S' | Rotor

pole




Pull out torgue WE
The power produced by synchronous motor, P,= ?5?'??5

Where, V = stator supply voltage
E = Field excitation voltage
Torque, T = i= 3VE
®, .X,

Sind

For a given value of supply voltage, frequency & field excitation, the
torque will be maximum when & =90

e, SVE
.2 T _

i [
The maximum torgue is known as pull out torgue

Any increase in torque beyond this value will cause the motor to slow
down & the synchronism is lost

This phenomenon is called pulling out of step



Variable frequency control of
Svynchronous motor

Synchronous speed a frequency
So by varying frequency, speed can be controlled

Like in induction motor, upto base speed, the V/f ratio is kept
constant & for speed above base speed, the terminal voltage is
maintained at rated value & frequency is varied

In variable frequency control, synchronous motor may operate in two
modes

a) True synchronous mode /open loop mode
b) Self controlled mode

a) True synchronous mode

Here the stator supply frequency is controlled from an independent
oscillator

Frequency from initial value to desired value is varied gradually so
that the difference between synchronous speed & actual speed is
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- A drive operating in true synchronous mode is shown in previous

slide

- Frequency command f* is applied to a VSI through a delay circuit
so that rotor speed is able to track the changes in frequency

- A flux control
block changes
stator voltage with

* frequency to
maintain a
constant flux
below base
speed &
constant
terminal voltage
above base
speed

fincreasing
[

b
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- - Under steady operating conditions, a gradual increase in frequency
causes the synchronous speed > actual speed & torque angle 6
increasesTo follow this change in frequency, motor accelerates &
settles at new speed after hunting oscillations which are damped by
damper windings

- A gradual decrease in frequency causes the synchronous speed
to become < actual speed & 6 become negative

- To follow this change in frequency, the motor decelerates

under regenerative braking
- Motor settles down at new speed after hunting oscillations

- The frequency must be changed gradually to allow the rotor to
track the changes in revolving field, otherwise the motor may pull
out of step

- This method is employed only in multiple synchronous motor

drives requiring accurate speed tracking between motors
- E.g, fibre spinning mills, paper mills, textile mills
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b) Self controlled mode

- A machine is said to be in self controlled mode if it gets its
variable frequency from an inverter whose thyristors are fired
in a sequence, using the information of rotor position or stator
voltages

i)  Rotor position sensor

here a rotor position sensor is used, which measures the rotor

position w.rto stator & sends pulses to thyristor

Hence the frequency of inverter output is decided by

rotor speed

Here the supply frequency is changed so that the synchronous
sloeed is same as rotor speed & hence rotor cannot pull out of
slip & hunting oscillations are eliminated

A self controlled motor has properties of a DC machine both

under steady state & dynamic conditions
There fore it is called a commutator less motor
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DC

| Inverter

| 1|+
LA

Control | | —

Stator

- Rotor position
sensor (or)

T Delay command

ii) Stator voltage sensor

oS optical sensor (or)
O Absolute

magnet
position
encoder

Here the firing pulses for inverter switches are derived from stator

induced voltages (stator induced voltages depends on rotor position)

The synchronous machine with the inverter can be considered to be
similar to a line commutated converter where the firing pulses are

synchronised with the line voltage

Variable speed synchronous motor drives are generally operated in self

controlled mode
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VS| fed Synchronous Motor Drives

e - VSI fed synchronous motor drives can be classified as
Phase. L
*—controll — 000
3-phase | =4 Rec C == | Inverter
-tifier ; | |
& U _ =
AC supply : - ‘ . , oy
| DC link voltage I - |
Control - o f | - | , Control from either
~ | rotor sensor or voltage
Set speed - Actual speed P - | sensor ’

- Here the o-utpﬁt frequency is controlled by the inverter & voltage is controlled by the
controlled rectifier

- If the inverter is PWM inverter, both frequency & voltage can be controlled within
the inverter

- Upto base frequency, V/f ratio is kept constant & above base speed f is varied by keeping

V at rated value



* 2. True synchronous mode where the speed of motor is determined by
the external independent oscillator

| L »

F— - J00 - In

3-4 Diode B ve

e——Rectifier C = | rt

AC supply . ' ar g

- ] (- ~— ) SM
DC Link 4 f Speed from
voltage crystal oscillator

- Here the output frequency & voltage is controlled within the PWM inverter

- If the inverter is not PWM controlled, then the voltage is controlled by using a
controlled rectifier & frequency is controlled by the inverter

Advantages & drawbacks of True synchronous mode operation
- Multi motor drive is possible
- Involve hunting & stability problems

- Can be implemented by using VSI & CSI

- Power factor can be controlled in a wound field synchronous motor by controlling the
field excitation



 Advantages & drawbacks of Self controlled mode
operation

- Eliminates hunting & stability problems
- Good dynamic response
- Can be implemented by using VSI & CSI

- Load commutation of inverter is possible & no
need of forced commutation

- Power factor can be controlled in a wound field
synchronous motor by controlling the field excitation
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Self controlled synchronous motor drive employing a load
commutated thyristor inverter

A CSI fed synchronous motor drive may employ a load commutated
thyristor inverter

When a synchronous motor is fed from a CS|, it can be operated in
self controlled mode or true synchronous mode

When fed from CSI, synchronous motor is operated at leading power
factor so that the inverter will work as a load commutated inverter

A load commutated inverter fed synchronous motor under self
controlled mode is shown in figure

The source side converter is a 6 pulse line commutated thyristor
converter

For a firing angle range 0<a.<90, it works as a line commutated fully
controlled rectifier delivering positive V4 & |4

For a firing angle range 90<a.<180, it works as a line commutated
inverter delivering negative V4 & |
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- When synchronous motor is operated at leading power factor,
thyristors of load side converter can be commutated by motor
induced voltages in the same way, as thyristors of a line
commutated converter are commutated by line voltages

- Commutation of thyristors by induced voltages of load is
known as load commutation
- The load side converter will work as an inverter for 90<a,<180
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Motoring operation — for 0<a.<90 & 90<a,<180, source
side converter works as rectifier & load side converter as
inverter causing power to flow from AC source to motor

Generating operation - for 90<a<180 & 0<a,<90, load
side converter work as rectifier & source side converter as
inverter causing power to flow from motor to AC source

The DC link inductor Ly reduces ripples in the DC link
current

Due to Ly, load side converter works as a CSI

For operating in self controlled mode, rotating
magnetic field speed should be same as rotor speed

This condition is achieved by making the frequency of
load side converter output voltage equal to frequency of
voltage induced in the armature

Normally hall sensors are used to obtain rotor position
information

The difference between CSI fed induction motor drive &
synchronous motor drive is that induction motor drive
uses forced commutation &
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