Unit-III 3Ø Converter controlled drives
Three Phase Fully Controlled Converter Fed Separately Excited D.C Motor Drive
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Three phase controlled rectifiers are used in large power DC motor drives. Three phase controlled rectifier gives more number of voltage per cycle of supply frequency. This makes motor current continuous and filter requirement also less.
The number of voltage pulses per cycle depends upon the number of thyristors and their connections for three phase controlled rectifiers. In three phase drives, the armature circuit is connected to the output of a three phase controlled rectifier.
Three phase drives are used for high power applications up to megawatts power level. The ripple frequency of armature voltage is greater than that of the single phase drives and its requires less inductance in the armature circuit to reduce the armature current ripple.
Three phase full converter are used in industrial application up to 1500KW drives. It is a two quadrant converter.
Principle of Operation
Three phase full converter bridge circuit connected across the armature terminals is shown fig. Voltage and current waveforms of the converter also shown in the figure. The circuit works as a three AC to DC converter for firing angle delay 00 < α < 900 and as a line commutated inverter for 900 < α < 1800. A three full converter fed DC motor is performed where generation of power is required.
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Three phase drives provide better speed regulation and improved performance when compared to single phase drives.
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Chopper controlled DC drives
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When chopper CH1 is continuously turned on, Ton= T and both Iomax and Iomin have the value given by the equation Io = (Ea-Eb)/R i.e
Iomax = Iomin = (Ea-Eb)/R
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Two quadrant chopper or Motoring and Regenerating Control
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Four quadrant chopper
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When CH3 is turned off, negative current freewheels through CH2, D4. In this manner, V0 and i0 can be controlled in the third quadrant. Here chopper operates as a step-down chopper.
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Two quadrant chopper
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Fig. 2.1 Three-phase semi-converter fed with separately excited dc motor.
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separately excited drive type is used, where the load current is assumed continuous over the
working range shown. When the field control is fed from a controlled converter the three-phase
ac input voltage is defined as

Van =V, sin @t @.1)
Vin = V, sin (o1 — 120) 22
Ven = V,u sin (@t + 120) 2.3)

In a cycle of source voltage defined by Eqgs. (2.1), (2.2) and (2.3), thyristor T, receives the
gate pulse and conducts from (30° + @) to 150°, thyristor T, will conduct from (150° + 0) to
270°, and thyristor T3 conducts from (270° + o) to 390°. The motor terminal voltage and current
waveforms for both continuous and discontinuous mode are shown in Figures 2.2(a), (b), (c), (d),
and (e) respectively.
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Continuous and Discontinuous Conduction

The semi-converter bridge operation for different angles is shown in the form of voltage and
current waveforms, and its conduction angles for the SCRs, diodes and freewheeling diode are
also shown in Fig. 2.2(a). For the firing angle &= 0, T}, T, and T; would behave as diodes, and
the voltage of semi-converters would be a symmetrical six-pulse for each cycle as shown in
Fig. 2.2(a). The output voltage consists of pulses Vg, Vye, Vi, etc. as shown in Fig. 2.2(a). The
triggering of the thyristors T), T, and T; is delayed, but return diodes D,, D, and D5 remain
unaffected, so that alternate pulses are altered. The load current is continuous, and has little
ripple. The forward diode does not come into play for & = 15°, and each SCR and diode
conducts for 120°.

In Fig. 2.2(b), V4 is the load voltage from o = 0° to 60°, as the first subscript indicates
conduction in the positive group, voltage V., that T; is already conducting through diode D, of
the negative group. Voltages V,,;, and V,,, according to the first subscript, conduct for 120° and
begin to conduct at @ = 60° for & = 0 as shown in Fig. 2.2(b). Similarly V,, and V,, indicate
that 7, conducts for 120° and it begins to conduct at @f = 180° for & = 0. The thyristor with
0 = 0 behaves like a simple diode; therefore the thyristor T conducts for @f = 60°, @ = 180°
for T,, @t = 300° for thyristor T3, and so on. For ¢ = 60° as shown in waveform (Fig. 2.2(c)),
the thyristors are triggered so that the current returns through one diode for each conduction
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Fig. 2.2(a)~(e) Voltage and current waveforms for 3-phase semi-converters.
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period of 120° for voltage Vo T, and D3 conduct simultaneously for 120° as shown 1n
Fig. 2.2(c). The situation is similar for the other elements. The freewheeling diode doesn’t exist
for its conduction even for o = 60°; therefore, the voltage pulses V,, Vj and V,, do not appear
in the output waveforms. For o = 60°, therefore, the load current assumed to continue for
o = 60° is not shown in Fig. 2.2(c).

For firing angle o = 90°, output voltage V) is discontinuous. As V; tends to become negative
at ot = 120°, 240°, 360°, freewheeling diode (FD) gets forward-biased there for each periodic
cycle of 120°. Output voltage is equal to supply voltage. When FD conducts, Vo = 0 for o= 90°,
the conduction angle of SCR and diodes is seen to be less than 120° for every output pulse.
Voltage pulses Vg, Vi and Vi, are provides output voltage Vo for this firing angle as well.
Without freewheeling diode, after load voltage Vo reaches zero, a diode from the negative group
would become conducting, reducing Vp to zero till the next thyristor from the negative group
starts conducting.

N N T
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For firing angle of 120°, the load current is assumed to be discontinuous as shown in the
Fig. 2.2(d) voltage and current waveforms. For each periodic cycle of 120°, V, is seen to have
three components when an SCR is gated thyristor and diode conduct for 60° only, as V; reaches
zero and tends to become negative. Freewheeling diode gets conducted and holds the load
voltage to zero. When all the energy stored in inductance is discharged, freewheeling diode stops
conducting and as a result, load voltage rises from load counter emf E. When Vj = E, none of
the elements in semiconductor bridge is conducting; therefore this is indicated by (0,0) in
Fig. 2.2(e).

The average terminal output voltage can be expressed when armature current is continuous.

3 150
Vo) =—— | a-vVe)dor 2.4)

30°+a

3J6v,
o

Vo) =

(1+cos @) (2.5)




image15.png
In a separately excited dc motor, therefore, speed expression can be calculated from
Egs. (2.5) and (1.16); we have
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Speed-Torque Characteristics

Figure 2.3 shows the plot Vo with a (Eq. (2.5)) for half-controlled converter for continuous
conduction operation. The output voltage cannot be reversed. When coupled on active load the
motor speed can be reversed, reversing Ej as shown in Fig. 2.4. As the current direction does
not change, the machine now works as generator producing generator torque. Such type of
braking is nothing but plugging. Such a braking is not only inefficient but also causes large
currents to flow through the rectifier and motor, damaging them. Therefore, when the load is
active, care should be taken to avoid such operation.




image17.png
A
Yo

Output
voltage

f

0 2 b4
Firing angle o —>

Fig. 2.3 Output voltage versus firing angle.
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Fig. 2.4 Speed-torque characteristics.
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THREE-PHASE FULL-CONVERTER FED WITH SEPARATELY EXCITED
DC MOTOR
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Continuous Operation

Figure 2.5 shows a three-phase fully controlled converter with RLE as load supplied by three-
phase supply ABC. The three-phase full converter is preferred where regeneration is required.
The numbering is given according to the sequence of thyristor to be triggered. When o = 0°,
thyristor T, is triggered as the most positive voltage and appears at 30° (observe input
waveform), T, is triggered as the most negative voltage and appears at 90° (observe input
waveform). Similarly other thyristors T3, Ty, Ts and T are triggered at 150°, 210°, 270° and 330°
respectively; hence the output waveforms are as shown in Fig. 2.6(a). The conduction sequence
of thyristor is also shown in Fig. 2.6(a). It is observed that the thyristors are commutated at every
60°, alternatively in upper and lower groups of the SCR. Each SCR will conduct for 120° at any
time. Two thyristors, one from positive and other from negative group must conduct together for
the source to energise the load. For a phase sequence of ABC of the three-phase supply system,
the thyristor pair conducts T,T,, T»,T; and T;T, respectively.
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Fig. 2.5 Three-phase full converter.
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For o = 45°, the conduction sequence of thyristors T to T is also indicated in Fig. 2.6(b).
Now, thyristor 7 is triggered at wr = 30° 4+ 45° = 75° T, at 90° + 45° = 135° and so on;
therefore conduction sequence of various thyristor Ty 1y . T¢ is shown in Fig. 2.6(b) first.
Then it becomes easier to represent voltage and current waveforms. We have to consider that
each thyristor conducts for 120, When T; is triggered, reverse-biased thyristor T is turned off
and T is turned on. T, 6 is already conducting. As T is connected to A, Ty is connected to B,
voltage V,, appears across the load. It varies from 1.5 Vom t0 0 as shown in Fig. 2.6(c); here Vou
is the maximum value of phase voltage. When T, is turned on, Ts is commutated from negative
group. T is already conducting. For the next phase sequence, Ty, T, conduct. These are
connected to the phases A and C respectively; voltage Vee appears across the load where its
values vary from 1.5 Vom t0 0. It is shown in Fig. 2.6(c) and this sequence of triggering is
continued for other thyristors.




image23.png
a =45





image24.png
> ®f

©

Voltage and current waveforms for 3-phase full converter.

Fig. 2.6 (a)-(c)
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For o = 90°, the load voltage is symmetrical about reference line wt; therefore its average
value is 0. For a = 150°, T is triggered at ¢ = —120°, T, at 270° and so on. The output
waveforms are shown in Fig. 2.6(c). The average output voltage is reversed in polarity, which
means that the dc source is delivering power to ac source; this is called line-commutated inverter
operation of three-phase full converter bridge. It may also be seen that from
Fig. 2.6(a), from o = 0° to 90° the power circuit of that Fig. 2.5 works a$ a three-phase full
converter delivering power from dc source to ac source. For @ = 90° to 180°, it works as line
commutated inverter delivering power from dc source to ac source. It can work in inverter mode.
1t should be noted that the direction of both converter and inverter remains fixed but its output
voltage represents the reverse voltage. The expression for average output voltage referring to
o < 30°, the average value of output voltage, is obtained as follows:
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The average motor terminal voltage is given as

g 150°+a
Vo@== [ (Vy-Vp)dar
30°+a
3(6/2)V,
Vole) = 36V, cosa = (612) Vo cos o = 33 V,, cos & 2.7)
V4 V4 r

In a separately excited dc motor, the torque-speed relationship can be expressed from
Egs. (2.7) and (1.16). We have

V (@) R
N=-2 = 4T 2.8),
K, ¢ (K, o

In large dc motors, the motor current used at no load (i.e., motoring) is not small, and if a

three-phase converter is used the motor current is likely to be continuous even at no-load
condition.
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Speed-Torque Characteristics

When discontinuous conduction is ignored, speed—torque curves of Fig. 2.7(a) are obtained. The
V, versus o curve has the nature shown in Fig. 2.7(b) for the single-phase case. Consequently,
drive operates in first and fourth quadrants of operation.

o Speed (RPM)

a=0°
a=30°

W a=60°

— Torque

(b)

Fig. 2.7 (a) Voltage versus firing angle curves; (b) Speed—torque characteristics.
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CLASSIFICATION OF CHOPPER CIRCUITS

According the operation of different chopper circuits, the choppers can be classified as follows:
(i) First-quadrant type chopper
(ii) Second-quadrant type chopper
(iii) Four-quadrant type chopper

First-quadrant Type Chopper

The chopper controlled separately excited dc motor drive is shown in Fig. 4.3. Therefore the
chopper CH; is operated periodically with period 7 and remains on for period t,, and makes the
chopper operate at a higher frequency to ensure continuous conduction. During the chopper’s
on-period 0 < ¢ < ¢, 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 Iyin t0 I e Since the motor
is connected to the source during this interval, the interval is called duty interval. At instant
1 = ton, the chopper is turned off, and the armature current passing through the freewheeling diode
Dryw and the motor terminal voltage is zero during the interval 7., < ¢ < T. Due to current limit
control, the armature current decreases from I,y to I
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Steady-state analysis
The ratio of duty interval #,, to chopper period T is called duty ratio (6).
Duty interval _ £,

T T

For steady-state analysis, which is shown in Fig. 4.3(b) and (c), the following modes of operation
are performed:

8= 4.2)
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(a) First quadrant type chopper.
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(b) Discontinuous load current. (c) Continuous load current.

Fig. 4.3 Chopper controlled separately excited dc motor drive.
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Mode 1: During 0 < ¢ < T,,, when the chopper is on, the current flows through the path
E} - R - L - E, — Ej. For this mode of operation, the differential equation governing its
performance is given by

5
E,=Ri, + L:;tl +E, for0<t<T, “3)

Mode 2: During T,, < ¢ < T, when the chopper is off, the load current continuously flows
through the frequency diode Dy . For this mode of operation, the differential equation governing
its performance is given by
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Second-quadrant Type Chopper

From Figures 4.5(a) and (b), during the 0 < < £,, period the chopper conducts, where its motor
terminal current flows from load to the source. Thereby the armature current increases from Iy,
t0 Ipa This armature current makes the energy conversion, i.e., 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 is partly dissipated in R, and chopper
circuit. During 7,, < 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 Iy t0 I and thus this
armature current makes the energy conversion in a manner opposite to what it had performed
during the t,, period; thereby the regeneration process can be performed in two intervals, i.e.,
0 < 1 < ty, as energy storage interval and t,, < ¢ < T as duty interval.




image38.png
>
[~

?i

S or

L5 S

Fig. 4.5 (a) Second quadrant type chopper; (b) Input-output voltage waveforms.
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Four-quadrant Type 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

(c) Third quadrant: Reverse motoring operation, and

(d) Fourth quadrant: Reverse braking operation.
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First 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 is 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 is positive and its motor voltage is
Zero.
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Fig. 4.6 Four-quadrant chopper or multi-quadrant chopper.
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Second quadrant: Forward braking operation

In this mode, CH, is operated and CH;, CH, and CHj 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 CH, is turned off, current is fed back to source through D; and Dy, and N is positive. The
condition will be [E, + L,(dildr)] > E,, the armature current flows from B to A, i.e., negative,
and its current path will be B — motor — A — D3 — E — Dy, where I, is negative and the torque
is negative. When CH, is on, the current path is A — CH, — D4 — B — motor — A. In a similar
way, we can use the third and fourth quadrants for its reverse motoring or reverse braking
operation.
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Third quadrant operation: Reverse motoring operation

Instead of CH; and CH,, we operate CH; and CH,, and instead of D; and D,, 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

Instead of CH, use CH,, instead of D3 and D, use D, and D, using the method which has been
explained in the second quadrant operation. e
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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.
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Fig. 4.21 Chopper for forward motoring and braking control with dc series motor.
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Figure 4.21 modifies the first quadrant operation and converts it to second quadrant
operation. For first quadrant operation, CH; and Dy perform the functions and its average load
current I, 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.

In forward motoring drive, CH; and D; operates as CH, is 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, is turned off, the armature energy
is returned back to the supply to D,. Then this circuit can act as a two-quadrant chopper.
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In 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
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Ey=0E, and, Ey,=IR,+F,

OE, = IR, + E,
SE,~E
I = Tb (4.31)

a
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, & > E,/E,, and in regenerative braking operation,
8 < EJE,.
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Fig. 4.14 Speed-torque characteristics under motoring and regenerative braking control.
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Fig. 12.24. Four-quadrant dc chopper drive (a) circuit diagram and (b) four-quadrant diagram.
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In four-quadrant dc chopper drives, a motor can be made to work in forward-motoring
mode (first quadrant), forward regenerative braking mode (second quadrant), reverse motoring
mode (third quadrant) and reverse regenerative-braking mode (fourth quadrant). The circuit
shown in Fig. 12.24 (a) offers four-quadrant operation of a separately-excited dc motor. This
circuit consists of four choppers, four diodes and a separately-excited dc motor. Its operation
in the four quadrants can be explained as under : . .

Forward motoring mode. During this mode or first-quadrant operation, choppers CH2,
CH3 are kept off, CH4 is kept on whereas CH1 is operated. When CH1, CH4 are on, motor
voltage is positive and positive armature current rises. When CH1 is turned off, positive
armature current free-wheels and decreases as it flows through CH4, D2. In this manner,

controlled motor operation in first quadrant is obtained.
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've-braking mode. A dc motor can work in the regenerative-brasing
mf is made to exceed the dc source voltage. For obtaining this
off whereas CH2 is operated. When CH2 is turned on,
E, L, 1, When CH2 is turned off, diodes

Forward regenerati
mode only if motor generated e;
mode, CH1, CH3 and CH4 are kept
negative armature current rises through CH2, D4,
D1, D?r are turned on and the motor acting as a generator returns energy to the dc source.
This results in forward regenerative-braking mode in the second-quadrant.

Reverse motoring mode. This operating mode is opposite to forward motoring mode.
Choppers CH1, CHA4 are kept off, CH2 is kept on whereas CH3 is operated. When CH3 and
CH2 are on, armature gets connected to 'rce voltage V, so that both armature voltage V,
and armature current i, are negative. s armature current ‘is reversed, motor torque is

reversed and consequently motoring mode in third quadrant is obtained.
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Reverse Regenerative-braking mode. As in forward braking mode, reverse
regenerative-braking modeis feasible only if motor generated emf is made to exceed the dc
source voltage. For this operating mode, CH1, CH2 and CH3 are kept off whereas CHY is
operated. When CH4 is turned on, positive armature current i, rises through CH4, D2,
T L, E,. When CH4 is turned off, diodes D2, D3 begin to conduct and motor acting as a

generator returns energy to the dc source. This leads to reverse regenerative-braking
operation of the dc separately-excited motor in fourth quadrant.

Note that in Fig. 12.24 (a), the numbering of choppers is done to agree with the quadrants
in which these are operated. For example, CH1 is operated for first quadrant, ..., CH4 for
fourth quadrant etc.
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Fig 2.14 Three-phase thyristor bridge waveforms in rectification mode (& = 40°)
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MOTORING MODE
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REGENERATIVE BRAKING MODE
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FOUR QUADRANT CHOPPER DRIVES

It s four quadrant chopper drives, it work in four modes.
FORWARD MOTORING MODE (FIRST QUADRANT)
FORWARD REGENERATIVE BRAKING MODE(SECOND QUADRANT)
REVERS MOTORING MODE (THIRD QUADRANT)

REVERS REGENERATIVE BRAKING MODE (FOURTH QUADRANT)
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* Four quadrant operation of dc motor can be use for variable speed application.
« DC motor speed control s easy and smooth.
+ DC motor can be use for both motoring and generating purpose.

* Dirction ofrotaion of dc motor can be change by reversing the terminal
polarity.

« Soit can be use for clockwise and anti clockwise purpose.

« In first and third quadrant it act as motor in second and fourth quadrant it act as
generator.

« Speed is varied by varying voltage level and direction can be control by changing
polarities,

* The torque of a separately excited dc motor is directly proportional to the
armature current .

+ We can control positive or negative torque by controlling voltage.
« There are two e.m.f. one is terminal voltage and other is back e.m.
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The average motor armature voltage is given by

(2.49)

In the above substitute V,, = NE siu[wr + %]{l(m) (2.50)

Wehave V, =227 cosa @s1)
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A.C. DRIVES

Primarily, electric drives can be divided into two groups, dc drives and ac drives, DC
drives have already been discussed in this chapter. Now ac drives are described at their
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introductory level only. Advantages and disadvantages of ac drives with respect to dc drives
are as under :
Advantages of ac drives
(i) For the same rating, ac motors are lighter in weight as compared to dc motors.
(i) AC motors require low maintenance as compared to de motors.
(iii) AC motors are less expensive as compared to equivalent dc motors.

(iv) AC motors can work in hazardous areas like chemical, petrochemical etc. whereas
de motors are unsuitable for such environments because of commutator sparking.

Disadvantages of ac drives
(i) Power converters for the control of ac motors are more complex.
(ii) Power converters for ac drives are more expensive.
(1if) Power converters for ac drives generate harmonics in the supply system and load
circuit. As a result, ac motors get derated.
The advantages of ac drives outweigh their disadvantages. As such, ac drives are used
for several industrial applications. In general, there are two types of ac drives :

1. Induction motor drives
2. Synchronous motor drives.
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Speed Torque Relations:
The drive speed is given by
V,=E,+1,R, Where E; = K, fo

Then V, =K g0, + IR,

—LR,
o, :
K¢
In separately excited DC motor K ¢I, =T therefore (2.52) becomes
7,
o, . R T

"k &Koy

(2.33)
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THREE-PHASE SEMI-CONVERTER FED WITH SEPARATELY EXCITED DC MOTOR

A three-phase semi-converter bridge with three thyristors T}, 7, and T in upper group connection
and three diodes Dy, D, and Dj in lower group connection are shown in Fig. 2.1. Load of a




