CHAPTER 114

Dc Drives

After completing this chapter, students should be able to do the following:

¢ Describe the basic characteristics of dc motors and their control characteristics.
¢ List the types of dc drives and their operating modes.
¢ List the control requirements of four-quadrant drives.
¢ Describe the parameters of the transfer function of converter-fed dc motors.
¢ Determine the performance parameters of single-phase and three-phase converter drives.
e Determine the performance parameters of dc—dc converter drives.
e Determine the closed-loop and open-loop transfer functions of dc motors.
e Determine the speed and torque characteristics of converter-fed drives.
¢ Design and analyze a feedback control of a motor drive.
e Determine the optimized parameters of the current- and speed feedback controller.
Symbols and Their Meanings
Symbols Meaning
Qg ;0 Delay angle of the armature and field circuit converter, respectively
Tos Th T Armature, field, and mechanical time constants, respectively
w; W, Normal and no-load motor speeds, respectively
B;J Viscous friction and inertia of a motor, respectively
e, Eq Instantaneous and the average back emf of a dc motor, respectively
fifs Switching frequency of a dc—dc converter and supply frequency, respectively
i1, Instantaneous and the average armature motor current, respectively
ir, Iy Instantaneous and the average field motor current, respectively
I Average supply current
K;K,; K, Torque constant, generator constant, and back emf constant, respectively
K, Gain and the time constant of the converter, respectively
KT, Gain and the time constant of the current controller, respectively
KT, Gain and the time constant of the speed controller, respectively
K,;Te Gain and the time constant of the speed feedback filter, respectively
Ly Ly Armature and field circuit inductance of a dc motor, respectively
L,; R, Motor inductance and resistance, respectively

(continued)
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Symbols Meaning
PF Input power factor of a converter
P;P, Input and output powers of a converter, respectively
PP, Average developed power and regenerated power of a motor, respectively
Py Vy, Power and voltage of a braking resistance, respectively
Ry Ry Armature and field circuit resistances of a dc motor, respectively
R, Equivalent resistance offered by a converter
Ty;T; Developed torque and load torque, respectively
ViV Average armature and field voltages of a motor, respectively
14.1 INTRODUCTION

Direct current (dc) motors have variable characteristics and are used extensively
in variable-speed drives. Dc motors can provide a high starting torque and it is also
possible to obtain speed control over a wide range. The methods of speed control are
normally simpler and less expensive than those of ac drives. Dc motors play a signifi-
cant role in modern industrial drives. Both series and separately excited dc motors are
normally used in variable-speed drives, but series motors are traditionally employed
for traction applications. Due to commutators, dc motors are not suitable for very high-
speed applications and require more maintenance than do ac motors. With the recent
advancements in power conversions, control techniques, and microcomputers, the ac
motor drives are becoming increasingly competitive with dc motor drives. Although
the future trend is toward ac drives, dc drives are currently used in many industries. It
might be a few decades before the dc drives are completely replaced by ac drives.

There are also disadvantages of variable speed drives (VSDs), such as the cost of
space, cooling, and capital cost. The VSDs also generate acoustic noise, cause motor
derating, and generate supply harmonics. The PWM voltage-source inverter (VSI)
drives manufactured with fast-switching devices add other problems such as (a) pre-
mature motor insulation failures, (b) bearing/earth current, and (c) electromagnetic
compatibility (EMC) issues.

Controlled rectifiers provide a variable dc output voltage from a fixed ac voltage,
whereas a dc—dc converter can provide a variable dc voltage from a fixed dc voltage.
Due to their ability to supply a continuously variable dc voltage, controlled rectifiers and
dc—dc converters made a revolution in modern industrial control equipment and variable-
speed drives, with power levels ranging from fractional horsepower to several megawatts.
Controlled rectifiers are generally used for the speed control of dc motors, as shown in
Figure 14.1a. The alternative form would be a diode rectifier followed by dc—dc converter,
as shown in Figure 14.1b. Dc drives can be classified, in general, into three types:

1. Single-phase drives
2. Three-phase drives
3. Dc—dc converter drives
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FIGURE 14.1

Controller rectifier- and dc—dc converter-fed drives.

Single-phase drives are used in low-power applications in the range up to 100 kW.
Three-phase drives are used for applications in the range 100 kW to 500 kW. The con-
verters are also connected in series and parallel to produce 12-pulses output. The power
range can go as high as 1 MW for high-power drives. These drives generally require
harmonic filters and their size could be quite bulky [11].

BASIC CHARACTERISTICS OF DC MOTORS

Dc motors can be classified into two types depending on the type of field winding
connections: (i) shunt and (ii) series. In a shunt-field motor, the field excitation is inde-
pendent of the armature circuit. The field excitation can be controlled independently
and this type of motor is often called the separately excited motor. That is, the armature
and the field currents are different. In a series-type motor, the field excitation circuit
1s connected in series with the armature circuit. That is, the armature and the field cur-
rents are the same.

Separately Excited Dc Motor

The equivalent circuit for a separately excited dc-motor is shown in Figure 14.2 [1].
When a separately excited motor is excited by a field current of ir and an armature cur-
rent of i, flows in the armature circuit, the motor develops a back electromotive force
(emf) and a torque to balance the load torque at a particular speed. The field current i
of a separately excited motor is independent of the armature current i, and any change
in the armature current has no effect on the field current. The field current is normally
much less than the armature current.
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FIGURE 14.2 -

Equivalent circuit of separately excited dc
motors.

The equations describing the characteristics of a separately excited motor can be
determined from Figure 14.2. The instantaneous field current i is described as

R . diy
br = Belr T N,

The instantaneous armature current can be found from

. di,
v, = R,i, + LaE + e,

The motor back emf, which is also known as speed voltage, is expressed as

eg = Kywiy
The torque developed by the motor is
Ty = Kiigi,

The developed torque must be equal to the load torque:

do
TdZJE—i-B(o-I-TL

where ® = motor angular speed, or rotor angular frequency, rad’/s;
B = viscous friction constant, N - m/rad/s;
K, = voltage constant, V/A-rad/s;

K, = torque constant, which equals voltage constant, K,;
L, = armature circuit inductance, H;

Ly = field circuit inductance, H;

R, = armature circuit resistance, ();

Ry = field circuit resistance, (),

T; = load torque, N - m.



14.2 Basic Characteristics of Dc Motors 703

Under steady-state conditions, the time derivatives in these equations are zero and the
steady-state average quantities are

Vi = Rely (14.1)
E, = K,0l; (14.2)

V.= R, + E,
= R,I, + Kyol; (14.3)
T, = K[, (14.4)
= Bo + T, (14.5)

The developed power is

Pd = Td(!) (146)

The relationship between the field current I and the back emf E, is nonlinear due
to magnetic saturation. The relationship, which is shown in Figure 14.3, is known as
magnetization characteristic of the motor. From Eq. (14.3), the speed of a separately
excited motor can be found from

_ Vi, — R/, _ Vi — R,

= 14.
’ K.l K, Vi/Ry (47

We can notice from Eq. (14.7) that the motor speed can be varied by (1) control-
ling the armature voltage V,, known as voltage control; (2) controlling the field current
I, known as field control; or (3) torque demand, which corresponds to an armature
current /,, for a fixed field current /. The speed, which corresponds to the rated arma-
ture voltage, rated field current, and rated armature current, is known as the rated (or
base) speed.

In practice, for a speed less than the base speed, the armature current and field
currents are maintained constant to meet the torque demand, and the armature voltage
V, is varied to control the speed. For speed higher than the base speed, the armature
voltage is maintained at the rated value and the field current is varied to control the
speed. However, the power developed by the motor (= torque X speed) remains
constant. Figure 14.4 shows the characteristics of torque, power, armature current, and
field current against the speed.
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Characteristics of separately excited motors.

14.2.2 Series-Excited Dc Motor

The field of a dc motor may be connected in series with the armature circuit, as shown
in Figure 14.5, and this type of motor is called a series motor. The field circuit is designed
to carry the armature current. The steady-state average quantities are

E, = K0, (14.8)
V,= (R, + R)I, + E, (14.9)
= (R + Ry) Lo + Kol (14.10)
T, = K1,
= Bo + T, (14.11)

o
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a’a

FIGURE 14.5

Equivalent circuit of dc series motors. o
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The speed of a series motor can be determined from Eq. (14.10):

V., — (R, + Ry, 4D
0= K0, (14.12)

The speed can be varied by controlling the (1) armature voltage V,; or (2) armature
current, which is a measure of the torque demand. Equation (14.11) indicates that a series
motor can provide a high torque, especially at starting; for this reason, series motors are
commonly used in traction applications.

For a speed up to the base speed, the armature voltage is varied and the torque is
maintained constant. Once the rated armature voltage is applied, the speed—-torque rela-
tionship follows the natural characteristic of the motor and the power (= torque X speed)
remains constant. As the torque demand is reduced, the speed increases. At a very light
load, the speed could be very high and it is not advisable to run a dc series motor without
a load. Figure 14.6 shows the characteristics of dc series motors.

Example 14.1 Finding the Voltage and Current of a Separately Excited Motor

A 15-hp, 220-V, 2000-rpm separately excited dc motor controls a load requiring a torque of
T; = 45N-m at a speed of 1200 rpm. The field circuit resistance is Ry = 147 (), the armature
circuit resistance is R, = 0.25 (), and the voltage constant of the motor is K, = 0.7032 V/A rad/s.
The field voltage is V; = 220 V. The viscous friction and no-load losses are negligible. The arma-
ture current may be assumed continuous and ripple free. Determine (a) the back emf E,, (b) the
required armature voltage V,, and (c) the rated armature current of the motor.

Solution
Ry =147Q,R, = 025Q, K, = K, = 07032 V/Arad/s, V; = 220V, T; = T;, = 45N 'm, 0 =
1200 =/30 = 125.66 rad/s, and Iy = 220/147 = 1.497 A.
a. FromEq.(14.4),1, = 45/(0.7032 X 1.497) = 42.75 A. From Eq. (14.2), E, = 0.7032 X
125.66 X 1.497 = 132.28 V.
b. From Eq. (14.3), V, = 0.25 X 42.75 + 132.28 = 14297 V.
c¢. Because 1 hpisequal to 746 W, I.,..q = 15 X 746/220 = 50.87 A.
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14.2.3 Gear Ratio

In general, the load torque is a function of speed. For example, the load torque is
proportional to speed in frictional systems such as a feed drive. In fans and pumps,
the load torque is proportional to the square of the speed. The motor is often con-
nected to the load through a set of gears. The gears have a teeth ratio and can be
treated as torque transformers, as shown in Figure 14.7. The gears are primarily used
to amplify the torque on the load side that is at a lower speed compared to the motor
speed. The motor is designed to run at high speeds because the higher the speed, the
lower is the volume and size of the motor. But most of the applications require low
speeds and there is a need for a gearbox in the motor-load connection. Assuming
zero losses in the gearbox, the power handled by the gear is the same on both sides.
That 1s,

Tl w; — Tz())z (1413)

The speed on each side is inversely proportional to its tooth number. That is,

(O] N2
— = 14.14
=N (14.14)
Substituting Eq. (14.14) into Eq. (14.13) gives
N,\2
L=\|\—] T 14.15
= ()7 (1415)
Gearbox
\ Bm
Motor . Ny
‘]m
L]
Ty, w
T, o,
. Load
J1
N, | /
B,
FIGURE 14.7

Schematic for a gearbox between the motor and the load.
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Similar to a transformer, the load inertia J; and the load bearing constant By can be
reflected to the motor side by

AR

J=J,+ ﬁz A (14.16)
N 2

B =B, + (—1> B, (14.17)
N,

where
J,, and Jq are the motor inertia and the load inertia
B,, and B are the motor side and load side friction coefficients

Example 14.2 Determining the Effects of Gear Ratio on the Effective Motor Torque
and Inertia

The parameters of the gearbox shown in Figure 14.7 are B; = 0.025Nm/rad/s, w; = 210rad’s,
B,, = 0.045kg-m%, J,, = 0.32kg-m?, T, = 20Nm, and v, = 21rad/s. Determine (a) the gear ratio
GR = N,/Ny, (b) the effective motor torque 77, (c) the effective inertia J, and (d) the effective
friction coefficient B.

Solution
B; = 0.025Nm/rad/s, o; = 210rad/s, B,, = 0.045kg-m’, J,, = 0.32kg-m?>, T, = 20Nm, and
w, = 21rad/s.
. . N2 _ (OF] o 210 .
a. Using Eq. (14.14), GR = N w21 10
b. Using Eq. (14.15), T = 20 0.2Nm
. g g. . s 41 GR2 102 .
J 0.25
¢. Using Eq. (14.16),J = J, + — = 0.32 + — = 0.323kg-m’
g Eq. (14.16) R 102 g

0.025
102

B
d. Using Eq. (14.17),B = B,, + G_I]i’z = 0.045 + = (0.045 Nm/rad/s

Key Points of Section 14.2

e The speed of a dc motor can be varied by controlling (1) the armature voltage,
(2) the field current, or (3) the armature current that is a measure of the torque
demand.

e For a speed less than the rated speed (also known as base speed), the armature volt-
age 1s varied to control the speed, while the armature and field currents are main-
tained constant. For a speed higher than the rated speed, the field current is varied
to control the speed, while the armature voltage is maintained at the rated value.

e The motor is often connected to the load through a gearbox. The effects of the

reflected-load inertia and the load friction coefficient should be included in eval-
uating the performances of a motor drive.
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OPERATING MODES

In variable-speed applications, a dc motor may be operating in one or more modes:
motoring, regenerative braking, dynamic braking, plugging, and four quadrants [2, 3].
The operation of the motor in any one of these modes requires connecting the field
and armature circuits in different arrangements, as shown in Figure 14.8. This is done
by switching power semiconductor devices and contactors.

Motoring. The arrangements for motoring are shown in Figure 14.8a. Back emf
E, is less than supply voltage V,. Both armature and field currents are positive. The
motor develops torque to meet the load demand.

Regenerative braking. The arrangements for regenerative braking are shown
in Figure 14.8b. The motor acts as a generator and develops an induced voltage E,. E,
must be greater than supply voltage V,. The armature current is negative, but the
field current is positive. The kinetic energy of the motor is returned to the supply.
A series motor is usually connected as a self-excited generator. For self-excitation, it is
necessary that the field current aids the residual flux. This is normally accomplished by
reversing the armature terminals or the field terminals.

Dynamic braking. The arrangements shown in Figure 14.8c are similar to those
of regenerative braking, except the supply voltage V, is replaced by a braking resis-
tance R,. The kinetic energy of the motor is dissipated in R,.

Plugging. Plugging is a type of braking. The connections for plugging are shown
in Figure 14.8d. The armature terminals are reversed while running. The supply volt-
age V, and the induced voltage E, act in the same direction. The armature current is
reversed, thereby producing a braking torque. The field current is positive. For a series
motor, either the armature terminals or field terminals should be reversed, but not both.

Four quadrants. Figure 14.9 shows the polarities of the supply voltage V,, back
emf E,, and armature current [, for a separately excited motor. In forward motoring
(quadrant I), V,, E,, and I, are all positive. The torque and speed are also positive in
this quadrant.

During forward braking (quadrant II), the motor runs in the forward direction
and the induced emf E, continues to be positive. For the torque to be negative and the
direction of energy flow to reverse, the armature current must be negative. The supply
voltage V, should be kept less than E,.

In reverse motoring (quadrant III), V,, E,, and I, are all negative. The torque
and speed are also negative in this quadrant. To keep the torque negative and the
energy flow from the source to the motor, the back emf £, must satisfy the condition
| V.| > | E,|. The polarity of E, can be reversed by changing the direction of field cur-
rent or by reversing the armature terminals.

During reverse braking (quadrant IV), the motor runs in the reverse direction.
V, and E, continue to be negative. For the torque to be positive and the energy to flow
from the motor to the source, the armature current must be positive. The induced emf
E, must satisfy the condition | V,| < |E,].
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Key Points of Section 14.3

¢ A motor drive should be capable of four quadrant operations: forward motoring,
forward braking, reverse motoring, or reverse braking.

e For operations in the reverse direction, the field excitation must be reversed to
reverse the polarity of the back emf.

SINGLE-PHASE DRIVES

If the armature circuit of a dc motor is connected to the output of a single-phase
controlled rectifier, the armature voltage can be varied by varying the delay angle of
the converter «,. The forced-commutated ac—dc converters can also be used to improve
the power factor (PF) and to reduce the harmonics. The basic circuit agreement for a
single-phase converter-fed separately excited motor is shown in Figure 14.10. At a low
delay angle, the armature current may be discontinuous, and this would increase the
losses in the motor. A smoothing inductor, L,,, is normally connected in series with
the armature circuit to reduce the ripple current to an acceptable magnitude. A con-
verter is also applied in the field circuit to control the field current by varying the
delay angle ay. For operating the motor in a particular mode, it is often necessary to
use contactors for reversing the armature circuit, as shown in Figure 14.11a, or the
field circuit, as shown in Figure 14.11b. To avoid inductive voltage surges, the field or
the armature reversing is performed at a zero armature current. The delay (or firing)
angle is normally adjusted to give a zero current; additionally, a dead time of typically
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2 to 10 ms is provided to ensure that the armature current becomes zero. Because of
a relatively large time constant of the field winding, the field reversal takes a longer
time. A semi- or full converter can be used to vary the field voltage, but a full converter
is preferable. Due to the ability to reverse the voltage, a full converter can reduce the
field current much faster than a semiconverter. Depending on the type of single-phase
converters, single-phase drives [4, 5] may be subdivided into:

. Single-phase half-wave converter drives
. Single-phase semiconverter drives

. Single-phase full-converter drives

. Single-phase dual-converter drives

The armature current of half-wave converter drives is normally discontinuous. This
type of drive is not commonly used [12]. A semiconverter drive operates in one quadrant
in applications up to 1.5 kW. The full converter and dual drives are more commonly used.

Single-Phase Semiconverter Drives

A single-phase semiconverter feeds the armature circuit, as shown in Figure 14.12a.
It is a one-quadrant drive, as shown in Figure 14.12b, and is limited to applications up
to 15 kW. The converter in the field circuit can be a semiconverter [12]. The current
waveforms for a highly inductive load are shown in Figure 14.12c.

With a single-phase semiconverter in the armature circuit, the average armature
voltage is can given by [12]

V,
= ?m (1 + cosay) for0 = o, = (14.18)
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™+ 2w
. 0 wt
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Ia
>/, 0 > wf
0 o o T+ o 2
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(b) Quadrant (c) Waveforms

FIGURE 14.12

Single-phase semiconverter drive.
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With a semiconverter in the field circuit, Eq. (10.52) gives the average field voltage as

Vm
Ve = — (1 + cos ay) for0 = ap=m (14.19)

Single-Phase Full-Converter Drives

The armature voltage is varied by a single-phase full-wave converter, as shown in
Figure 14.13a. It is a two-quadrant drive, as shown in Figure 14.13b, and is limited to
applications up to 15 kW. The armature converter gives +V, or —V,, and allows opera-
tion in the first and fourth quadrants. During regeneration for reversing the direction
of power flow, the back emf of the motor can be reversed by reversing the field excita-
tion. The converter in the field circuit could be a semi-, a full, or even a dual converter.
The reversal of the armature or field allows operation in the second and third quad-
rants. The current waveforms for a highly inductive load are shown in Figure 14.13c for
powering action.

With a single-phase full-wave converter in the armature circuit, Eq. (10.1) gives
the average armature voltage as

2V,
Vo=—_"cosq, for0 =a,=m (14.20)

With a single-phase full-converter in the field circuit, Eq. (10.5) gives the field voltage as

2V
V= Tmcos af for0=or=m (14.21)
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FIGURE 14.13

Single-phase full-converter drive.
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FIGURE 14.14

Single-phase dual-converter drive.

14.4.3 Single-Phase Dual-Converter Drives

Two single-phase full-wave converters are connected, as shown in Figure 14.14. Either
converter 1 operates to supply a positive armature voltage, V,, or converter 2 operates to
supply a negative armature voltage, —V,. Converter 1 provides operation in the first and
fourth quadrants, and converter 2, in the second and third quadrants. It is a four-quadrant
drive and permits four modes of operation: forward powering, forward braking (regener-
ation), reverse powering, and reverse braking (regeneration). It is limited to applications
up to 15 kW. The field converter could be a full-wave, a semi-, or a dual converter.

If converter 1 operates with a delay angle of «,;, Eq. (10.11) gives the armature
voltage as

2V,
V, = oSy for0=oay = (14.22)

If converter 2 operates with a delay angle of «,,, Eq. (10.12) gives the armature voltage as

2V,
V, = - cosag for0=aqp,=m (14.23)

where o, = ™ — a,. With a full converter in the field circuit, Eq. (10.1) gives the

field voltage as

2V,
V= - cosay for0 =ap=m (14.24)

Example 14.3 Finding the Performance Parameters of a Single-Phase
Semiconverter Drive

The speed of a separately excited motor is controlled by a single-phase semiconverter in
Figure 14.12a. The field current, which is also controlled by a semiconverter, is set to the
maximum possible value. The ac supply voltage to the armature and field converters is one phase,
208 V, 60 Hz. The armature resistance is R, = 0.25 (), the field resistance is Ry = 147 ), and the
motor voltage constant is K,, = 0.7032 V/A rad/s. The load torque is 7;, = 45 N -m at 1000 rpm.
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The viscous friction and no-load losses are negligible. The inductances of the armature and field
circuits are sufficient enough to make the armature and field currents continuous and ripple free.
Determine (a) the field current /; (b) the delay angle of the converter in the armature circuit a,,
and (c) the input power factor of the armature circuit converter.

Solution
V, =208V, V,, = V2 X 208 = 29416 V, R, = 025 Q, R, = 147 Q, T; = T, = 45N-m, K,=
0.7032 V/A rad/s,and o = 1000 w/30 = 104.72 rad/s.

a. From Eq. (14.19), the maximum field voltage (and current) is obtained for a delay
angle of ay = 0 and

2V,, 2 X 294.16

V= - = 18727V
The field current is
= g = % = 1274 A
b. From Eq. (14.4),
I, Lu 4 = 5023 A

T K 07032 x 1.274

From Eq. (14.2),

E, = Kyoly = 0.7032 X 104.72 X 1.274 = 93.82 V

From Eq. (14.3), the armature voltage is

V,=9382 + I,R, = 93.82 + 50.23 X 0.25 = 93.82 + 12.56 = 106.38 V

From Eq. (14.18), V, = 106.38 = (294.16/) X (1 + cos a,) and this gives the delay
angle as o, = 82.2°.

c. If the armature current is constant and ripple free, the output power is
P, =V,I,=106.38 X 50.23 = 5343.5 W. If the losses in the armature converter are
neglected, the power from the supply is P, = P, = 5343.5 W. The rms input current
of the armature converter, as shown in Figure 14.12, is

2 [T 12 o= o \12
(3 o) ()
27 Jq, ™

180 — 82.2
180

12
= 50.23( ) = 37.03 A

and the input volt-ampere (VA) rating is VI = V[, = 208 X 37.03 = 7702.24. As-
suming negligible harmonics, the input PF is approximately

P, 53435
PE =91 = 770224

= 0.694 (lagging)
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- V2 (1 + cos 82.2°)

= 0.694 (laggin
[m(m — 82.2°)]"2 (lagging)
The input power factor is given by [12]

V2(1 + cosa)

PF =
\/11'(11' + cosa)

Example 14.4 Finding the Performance Parameters of a Single-Phase
Full-Converter Drive

The speed of a separately excited dc motor is controlled by a single-phase full-wave converter
in Figure 14.13a. The field circuit is also controlled by a full converter and the field current is
set to the maximum possible value. The ac supply voltage to the armature and field converters
is one phase, 440 V, 60 Hz. The armature resistance is R, = 0.25 (), the field circuit resistance is
Ry = 175 (), and the motor voltage constant is K, = 1.4 V/A rad/s. The armature current corre-
sponding to the load demand is I, = 45 A. The viscous friction and no-load losses are negligible.
The inductances of the armature and field circuits are sufficient to make the armature and field
currents continuous and ripple free. If the delay angle of the armature converter is o, = 60° and
the armature current is I, = 45 A, determine (a) the torque developed by the motor 7}, (b) the
speed w, and (c) the input PF of the drive.

Solution
V, =440V, V,, = V2 X 440 = 62225V, R, = 025 Q, Ry = 175 Q, o, = 60°, and K, = 1.4
V/A rad/s.

a. From Eq. (14.21), the maximum field voltage (and current) would be obtained for a
delay angle of oy = 0 and

2V,, 2 X 62225

V, = = 396.14 V
’ n e
The field current is
V,
f 396.14
= —=—"=226A
TR 175

From Eq. (14.4), the developed torque is
Ty=T, = KJd, =14 X226 X 45 = 1424N-m

From Eq. (14.20), the armature voltage is

2V, X 622.
Vi = =" cos 60° = #cos 60° = 198.07 V

The back emf is
E, =V, — LR, = 198.07 — 45 X 0.25 = 186.82 V

b. From Eq. (14.2), the speed is

E, 186.82
(1) = P
K,J; 1.4 X226

= 59.05 rad/s or 564 rpm
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c¢. Assuming lossless converters, the total input power from the supply is

P, =V, + Vil = 198.07 X 45 + 396.14 X 2.26 = 9808.4 W

The input current of the armature converter for a highly inductive load is shown in
Figure 14.13b and its rms value is I, = I, = 45 A. The rms value of the input cur-
rent of field converter is [y = I = 2.26 A. The effective rms supply current can be
found from

I = (I?a + Igf)l/z
= (45% +226*)12 = 4506 A

and the input VA rating, VI = VI, = 440 X 45.06 = 19,826.4. Neglecting the ripples,
the input power factor is approximately

P, 98084 .
PF = VI~ 198264 0.495 (lagging)

From Eq. (10.7),

2V2 2V2
PF = (i) cos o, = <i> cos 60° = 0.45 (lagging)

I m

Example 14.5 Finding the Delay Angle and Feedback Power in Regenerative Braking

If the polarity of the motor back emf in Example 14.4 is reversed by reversing the polarity of
the field current, determine (a) the delay angle of the armature circuit converter, «,, to maintain
the armature current constant at the same value of I, = 45 A; and (b) the power fed back to the
supply due to regenerative braking of the motor.

Solution

a. From part (a) of Example 14.4, the back emf at the time of polarity reversal is
E, = 186.82 V and after polarity reversal £, = —186.82 V. From Eq. (14.3),

V, = E, + [,LR, = —186.82 + 45 X 025 = —175.57V

From Eq. (14.20),

2V, 2 X 622.25
vV, = Tmcos o = T oS o = —175.57V

and this yields the delay angle of the armature converter as o, = 116.31°.

b. The power fed back to the supply is P, = V, I, = 175.57 X 45 = 7900.7 W.

Note: The speed and back emf of the motor decrease with time. If the armature
current is to be maintained constant at /, = 45 A during regeneration, the delay angle
of the armature converter has to be reduced. This would require a closed-loop control
to maintain the armature current constant and to adjust the delay angle continuously.
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Key Points of Section 14.4

¢ A single-phase drive uses a single-phase converter. The type of single-phase con-
verters classifies the single-phase drive.

¢ A semiconverter drive operates in one quadrant, a full-converter drive in two
quadrants, and a dual converter in four quadrants. The field excitation is normally
supplied from a full converter.

THREE-PHASE DRIVES

The armature circuit is connected to the output of a three-phase controlled rectifier
or a forced-commutated three-phase ac—dc converter. Three-phase drives are used for
high-power applications up to megawatt power levels. The ripple frequency of the ar-
mature voltage is higher than that of single-phase drives and it requires less inductance
in the armature circuit to reduce the armature ripple current. The armature current is
mostly continuous, and therefore the motor performance is better compared with that
of single-phase drives. Similar to the single-phase drives, three-phase drives [2, 6] may
also be subdivided into:

Three-phase half-wave-converter drives
Three-phase semiconverter drives
Three-phase full-converter drives
Three-phase dual-converter drives

b=

The half-wave converters are not normally used in industrial applications and
will not be covered further.

Three-Phase Semiconverter Drives

A three-phase semiconverter-fed drive is a one-quadrant drive without field reversal,
and is limited to applications up to 115 kW. The field converter should also be a single-
phase or a three-phase semiconverter.

With a three-phase semiconverter in the armature circuit, Eq. (10.69) gives the
armature voltage as

3V3V,
vV, = 5 “(1+cosa,) for0=a,=<m (14.25)
qn
With a three-phase semiconverter in the field circuit, Eq. (10.69) gives the field voltage as
3V3V,
Ve = > (1 + cosay) for0 = o= (14.26)
o .

Three-Phase Full-Converter Drives

A three-phase full-wave-converter drive is a two-quadrant drive without any field re-
versal, and is limited to applications up to 1500 kW. During regeneration for reversing
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the direction of power flow, the back emf of the motor is reversed by reversing the
field excitation. The converter in the field circuit should be a single- or three-phase full
converter.

With a three-phase full-wave converter in the armature circuit, Eq. (10.15) gives
the armature voltage as

3V3V,
V, = Tmcos a, for0=aq,=m (14.27)

With a three-phase full converter in the field circuit, Eq. (10.15) gives the field voltage as

3V3V,
Vi = —— cosay for0 =ar=m (14.28)

Three-Phase Dual-Converter Drives

Two three-phase full-wave converters are connected in an arrangement similar to
Figure 14.15a. Either converter 1 operates to supply a positive armature voltage, V,, or
converter 2 operates to supply a negative armature voltage, —V,. It is a four-quadrant
drive and is limited to applications up to 1500 kW. Similar to single-phase drives, the
field converter can be a full-wave converter or a semiconverter.

If converter 1 operates with a delay angle of «,;, Eq. (10.15) gives the average
armature voltage as

3V3V,

V, = Tmcos o1 for0=a, = (14.29)

If converter 2 operates with a delay angle of oy, Eq. (10.15) gives the average arma-
ture voltage as

3V3V,

V, = Tmcos o for0=a,p,=m (14.30)

With a three-phase full converter in the field circuit, Eq. (10.15) gives the average field
voltage as

3V3V,
Vi=———cosay for0=aor=m (14.31)
_ - .

Example 14.6 Finding the Performance Parameters of a Three-Phase
Full-Converter Drive

The speed of a 20-hp, 300-V, 1800-rpm separately excited dc motor is controlled by a three-phase
full-converter drive. The field current is also controlled by a three-phase full converter and is set
to the maximum possible value. The ac input is a three-phase, Y-connected, 208-V, 60-Hz sup-
ply. The armature resistance is R, = 0.25 (), the field resistance is Ry = 245 (), and the motor
voltage constant is K, = 1.2 V/A rad/s. The armature and field currents can be assumed to be
continuous and ripple free. The viscous friction is negligible. Determine (a) the delay angle of the
armature converter o, if the motor supplies the rated power at the rated speed; (b) the no-load
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speed if the delay angles are the same as in (a) and the armature current at no load is 10% of the
rated value; and (c) the speed regulation.

Solution

R, =0250,R =245Q,K, = 1.2 V/Arad/s,V; =208V, and o = 1800 w/30 = 188.5 rads.
The phase voltage is V,, = Vi /V3 = 208/V/3 =120 Vand V,, = 120 X V2 = 169.7 V. Because
1 hp is equal to 746 W, the rated armature current is /., = 20 X 746/300 = 49.73 A; for maxi-
mum possible field current, oy = 0. From Eq. (14.28),

169.7
Vp=3V3X == =2807V
Vi 2807
L=—=""-=1146A
TR 245 0

a. I, = L. = 49.73 A and
E, = K,jo = 1.2 X 1.146 X 1885 = 259.2V
V, =2592 + LR, = 259.2 + 49.73 X 025 = 271.63 V
From Eq. (14.27),

3V3V, 3V3 X 169.7
- cos o, = f COS o,

V, =271.63 =

and this gives the delay angle as o, = 14.59°.
b. I, = 10% o0f49.73 = 4973 A and

Eyo = Vy — R, = 271.63 — 0.25 X 4.973 = 270.39 V
From Eq. (14.4), the no-load speed is

E 270.39 30
g0 .
K, 12 % 1.146 radis oot {0 P

Q)

c¢. The speed regulation is defined as

no-load speed — full-load speed ~ 1877.58 — 1800
full-load speed B 1800

= 0.043 or 43%

Example 14.7 Finding the Performance of a Three-Phase Full-Converter Drive
with Field Control

The speed of a 20-hp, 300-V, 900-rpm separately excited dc motor is controlled by a three-phase
full converter. The field circuit is also controlled by a three-phase full converter. The ac input to
the armature and field converters is three-phase, Y-connected, 208 V, 60 Hz. The armature resis-
tance is R, = 0.25 (), the field circuit resistance is R, = 145 (), and the motor voltage constant
is K, = 1.2 V/A rad/s. The viscous friction and no-load losses can be considered negligible. The
armature and field currents are continuous and ripple free. (a) If the field converter is operated at
the maximum field current and the developed torque is 7; = 116 N - m at 900 rpm, determine the
delay angle of the armature converter «,. (b) If the field circuit converter is set for the maximum
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field current, the developed torque is 7; = 116 N -m, and the delay angle of the armature con-
verter is «, = 0, determine the speed of the motor. (c) For the same load demand as in (b), deter-
mine the delay angle of the field converter if the speed has to be increased to 1800 rpm.

Solution

R, =025Q,R =145 O, K, = 1.2 V/Arad/s, and V; = 208 V. The phase voltage is V,=
208/V3 =120Vand V,, = V2 X 120 = 169.7 V.

a. T; =116 N-m and o = 900 w/30 = 94.25 rad/s. For maximum field current, oy = 0.
From Eq. (14.28),

3 X V3 X 169.7

V= V3 = 2807V

’ T
280.7

[ ="""=1936A

7 145

From Eq. (14.4),
T 116
I, d = 49.93 A

T K 12 % 1.936
E, = KJyo = 1.2 X 1.936 X 94.25 = 21896 V
V, = E, + I,R, = 218.96 + 49.93 X 025 = 231.44 V
From Eq. (14.27),

3 X V3 X 169.7
V,=231.44 = V3 COos o,

i’

which gives the delay angle as o, = 34.46°.

b. o, = 0and
X X .
v = 3 X V3 X 169.7 2807V
n
E, = 280.7 — 49.93 X 0.25 = 26822V
and the speed
E, 268.22
® : = 11545rad/s  or  1102.5rpm

T K 12X 1936
¢ © = 1800m/30 = 188.5 rad/s
E,=26822V =12x1885%x I, or I =1186A
V= 1186 X 145 = 171.97 V
From Eq. (14.28),

3 X V3 X 169.7
V_f = 171.97 = \/_Tr Cos ay

which gives the delay angle as oy = 52.2°.
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Key Points of Section 14.5

* A three-phase drive uses a three-phase converter. The type of three-phase con-
verter classifies the three-phase drive. In general, a semiconverter drive operates
in one quadrant; a full-converter drive, in two quadrants; and a dual-converter, in
four quadrants. The field excitation is normally supplied from a full converter.

DC-DC CONVERTER DRIVES

Dc—dc converter (or simply chopper) drives are widely used in traction applications all
over the world. A dc—dc converter is connected between a fixed-voltage dc source and a
dc motor to vary the armature voltage. In addition to armature voltage control, a dc—dc
converter can provide regenerative braking of the motors and can return energy back to
the supply. This energy-saving feature is particularly attractive to transportation systems
with frequent stops such as mass rapid transit (MRT). Dc—dc converter drives are also
used in battery electric vehicles (BEVs). A dc motor can be operated in one of the four
quadrants by controlling the armature or field voltages (or currents). It is often required
to reverse the armature or field terminals to operate the motor in the desired quadrant.

If the supply is nonreceptive during the regenerative braking, the line voltage
would increase and regenerative braking may not be possible. In this case, an alternative
form of braking is necessary, such as rheostatic braking. The possible control modes of a
dc—dc converter drive are:

1. Power (or acceleration) control

2. Regenerative brake control

3. Rheostatic brake control

4. Combined regenerative and rheostatic brake control

Principle of Power Control

The dc—dc converter is used to control the armature voltage of a dc motor. The circuit
arrangement of a converter-fed dc separately excited motor is shown in Figure 14.15a.
The dc—dc converter switch could be a transistor or an IGBT or a GTO dc—dc converter,
as discussed in Section 5.3. This is a one-quadrant drive, as shown in Figure 14.15b.
The waveforms for the armature voltage, load current, and input current are shown in
Figure 14.15¢c, assuming a highly inductive load.

The average armature voltage is

V, = kV, (14.32)
where k is the duty cycle of the dc—dc converter. The power supplied to the motor is
P, = V,I, = kV,l, (1433)

where I, is the average armature current of the motor and it is ripple free. Assuming a
lossless dc—dc converter, the input power is P, = Py, = kVI. The average value of the
input current is

I, = kI, (14.34)
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Converter-fed dc drive in power control.

The equivalent input resistance of the dc—dc converter drive seen by the source is

Vi V1
Rg=—=—7- 14.35
€q IS Ia k ( )
By varying the duty cycle k, the power flow to the motor (and speed) can be controlled.
For a finite armature circuit inductance, Eq. (5.29) can be applied to find the maximum
peak-to-peak ripple current as

Al —Et h ol 14.36
max_Rm an 4fLm ( . )

where R, and L,, are the total armature circuit resistance and inductance, respectively.
For a separately excited motor, R,, = R, + any series resistance, and L,, = L, + any
series inductance. For a series motor, R,, = R, + Ry + any series resistance, and
L,, = L, + Ly + any series inductance.

Example 14.8 Finding the Performance Parameters of a Dc-dc Converter Drive

A dc separately excited motor is powered by a dc—dc converter (as shown in Figure 14.15a),
from a 600-V dc source. The armature resistance is R, = 0.05 (). The back emf constant of the
motor is K,, = 1.527 V/A rad/s. The average armature current is [, = 250 A. The field current is
I; = 2.5 A. The armature current is continuous and has negligible ripple. If the duty cycle of the
dc—dc converter is 60%, determine (a) the input power from the source, (b) the equivalent input
resistance of the dc—dc converter drive, (c) the motor speed, and (d) the developed torque.

Solution
V., =600V, I, =250 A, and k£ = 0.6. The total armature circuit resistance is R,, = R, = 0.05 ().
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a. From Eq. (14.33),
P, = kV,I, = 0.6 X 600 X 250 = 90 kW
b. From Eq. (14.35) R, = 600/(250 X 0.6) = 4 (.
c¢. From Eq. (14.32), V, = 0.6 X 600 = 360 V. The back emf is
E, =V, — R,l, = 360 — 0.05 X 250 = 3475V
From Eq. (14.2), the motor speed is

3475
® T 1527 %25

d. From Eq. (14.4),

30
= 91.03rad/s or 91.03 X = 869.3 rpm

T, = 1.527 X 250 X 2.5 = 95438 N-m

14.6.2 Principle of Regenerative Brake Control

In regenerative braking, the motor acts as a generator and the kinetic energy of the
motor and load is returned back to the supply. The principle of energy transfer from
one dc source to another of higher voltage is discussed in Section 5.4, and this can be
applied in regenerative braking of dc motors.

The application of dc—dc converters in regenerative braking can be explained
with Figure 14.16a. It requires rearranging the switch from powering mode to regen-
erative braking. Let us assume that the armature of a separately excited motor is rotat-
ing due to the inertia of the motor (and load), and in case of a transportation system,
the kinetic energy of the vehicle or train would rotate the armature shaft. Then if the
transistor is switched on, the armature current rises due to the short-circuiting of the
motor terminals. If the dc—dc converter is turned off, diode D,, would be turned on
and the energy stored in the armature circuit inductances would be transferred to the
supply, provided that the supply is receptive. It is a one-quadrant drive and operates in
the second quadrant, as shown in Figure 14.16b. Figure 14.16c shows the voltage and
current waveforms assuming that the armature current is continuous and ripple free.

The average voltage across the dc—dc converter is

Vi = (1 = K)V, (14.37)
If 7, is the average armature current, the regenerated power can be found from
P, = 1,V,(1 — k) (14.38)
The voltage generated by the motor acting as a generator is
E, = K, ;o
=Vqa+ R, = (1 —k)V,+ R,I, (14.39)

where K, is machine constant and w is the machine speed in rads per second. Therefore,
the equivalent load resistance of the motor acting as a generator is

Eg

v,
Rq=— =70~k +R, (14.40)
a a
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Regenerative braking of dc separately excited motors.

By varying the duty cycle k, the equivalent load resistance seen by the motor can be
varied from R,, to (V,/I, + R,,) and the regenerative power can be controlled.

From Eq. (5.38), the conditions for permissible potentials and polarity of the two
voltages are

0= (E,— R,1,) =V, (14.41)
which gives the minimum braking speed of the motor as
Ey = K,ominly = Ryl,
or
_ Ruls
K

and ® = wq;,- The maximum braking speed of a series motor can be found from
Eq. (14.41):

(14.42)

Kvwmaxlf - lea = Vs
or

W
O“)maX - K,Ulf

_|_

cN ‘S';U
I~ |='N

(14.43)

and ® = oy

The regenerative braking would be effective only if the motor speed is between
these two speed limits (e.g., ®pin < © < 0p.x)- At any speed less than w,;,, an alterna-
tive braking arrangement would be required.
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Although dc series motors are traditionally used for traction applications due to
their high-starting torque, a series-excited generator is unstable when working into a
fixed voltage supply. Thus, for running on the traction supply, a separate excitation
control is required and such an arrangement of series motor is, normally, sensitive
to supply voltage fluctuations and a fast dynamic response is required to provide an
adequate brake control. The application of a dc—dc converter allows the regenerative
braking of dc series motors due to its fast dynamic response.

A separately excited dc motor is stable in regenerative braking. The armature and
field can be controlled independently to provide the required torque during starting.
A dc—dc converter-fed series and separately excited dc motors are both suitable for
traction applications.

Example 14.9 Finding the Performance of a Dc—dc Converter-Fed Drive
in Regenerative Braking

A dc—dc converter is used in regenerative braking of a dc series motor similar to the arrangement
shown in Figure 14.16a. The dc supply voltage is 600 V. The armature resistance is R, = 0.02 ()
and the field resistance is Ry = 0.03 ). The back emf constant is K, = 15.27 mV/A rad/s.
The average armature current is maintained constant at I, = 250 A. The armature current is
continuous and has negligible ripple. If the duty cycle of the dc—dc converter is 60%, determine
(a) the average voltage across the dc—dc converter V,; (b) the power regenerated to the dc supply
P,; (c) the equivalent load resistance of the motor acting as a generator, R.g; (d) the minimum
permissible braking speed w;,; (€) the maximum permissible braking speed w,,,,; and (f) the
motor speed.

Solution

Ve =600V, 1, =250 A, K, = 0.01527 V/A rad/s, k = 0.6. For a series motor R,, = R, + R =
0.02 + 0.03 = 0.05 Q.

a. From Eq. (14.37), V4, = (1 — 0.6) X 600 = 240 V.
b. From Eq. (14.38), P, = 250 X 600 X (1 — 0.6) = 60 kW.
c¢. From Eq. (14.40), R, = (600/250) (1 — 0.6) + 0.05 = 1.01 Q.
d. From Egq. (14.42), the minimum permissible braking speed,
0.05 30
n=———=23. 274 X — = 31.
Dmin = 501527 3.274 rad/s or 3.274 - 31.26 rpm

e. From Eq. (14.43), the maximum permissible braking speed,

B 600 , 005
Pmax = 001527 x 250 0.01527

= 160.445 rad/s or 1532.14 rpm

f. From Eq. (14.39), E, = 240 + 0.05 X 250 = 252.5V and the motor speed,

B 252.5
~0.01527 X 250

()

= 606.14 rad/s or 631.6 rpm

Note: The motor speed would decrease with time. To maintain the armature cur-
rent at the same level, the effective load resistance of the series generator should be
adjusted by varying the duty cycle of the dc—dc converter.
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14.6.3 Principle of Rheostatic Brake Control

In a rheostatic braking, the energy is dissipated in a rheostat and it may not be a
desirable feature. In MRT systems, the energy may be used in heating the trains.
The rheostatic braking is also known as dynamic braking. An arrangement for the
rheostatic braking of a dc separately excited motor is shown in Figure 14.17a. This is
a one-quadrant drive and operates in the second quadrant, as shown in Figure 14.17b.
Figure 14.17c shows the waveforms for the current and voltage, assuming that the
armature current is continuous and ripple free.
The average current of the braking resistor,

I, =1,(1 — k) (14.44)
and the average voltage across the braking resistor,
Vi = R 1,(1 — k) (14.45)
The equivalent load resistance of the generator,
V
Rey = I—” = R,(1 - k) +R, (14.46)
a

The power dissipated in the resistor R, is
P, = IR, (1 — k) (14.47)

By controlling the duty cycle k, the effective load resistance can be varied from R, to
R,, + R,, and the braking power can be controlled. The braking resistance R, deter-
mines the maximum voltage rating of the dc—dc converter.

+ L Iy +
v
f R[ lb
- TCR, y .
L, Vp = Ve b L
- | Oy fe
E 0 > [
# Vb A
(a) Circuit 0 TRbla
t
v ;. kT T
1(1
_ 0 t
0 La kT T
(b) Quadrant (c) Waveforms
FIGURE 14.17

Rheostatic braking of dc separately excited motors.
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Example 14.10 Finding the Performance of a Dc-dc Converter-Fed Drive
in Rheostatic Braking

A dc—dc converter is used in rheostatic braking of a dc separately excited motor, as shown in
Figure 14.17a. The armature resistance is R, = 0.05 ). The braking resistor is R, = 5 (). The
back emf constantis K, = 1.527 V/A rad/s. The average armature current is maintained constant
at I, = 150 A. The armature current is continuous and has negligible ripple. The field current is
Ir = 1.5 A. If the duty cycle of the dc—dc converter is 40%, determine (a) the average voltage
across the de—dc converter V,;; (b) the power dissipated in the braking resistor P; (c) the equiva-
lent load resistance of the motor acting as a generator, R.; (d) the motor speed; and (e) the peak
dc—dc converter voltage V.

RE

Solution
I, =150 A, K, = 1.527 V/IA rad/s, k = 0.4,and R,, = R, = 0.05 Q.

From Eq. (14.45), V4, =V, =5 X 150 X (1 — 0.4) = 450 V.

From Eq. (14.47), P, = 150 X 150 X 5 X (1 — 0.4) = 67.5 kW.

From Eq. (14.46), R.q = 5 X (1 — 0.4) + 0.05 = 3.05 Q.

The generated emf E, = 450 + 0.05 X 150 = 457.5 V and the braking speed,

s cFF

_E 4575
KJ; 1527 X 1.5

(O]

= 199.74 rad/s or 1907.4 rpm

e. The peak dc—dc converter voltage V), = [,R, = 150 X 5 = 750 V.

14.6.4

Principle of Combined Regenerative and Rheostatic Brake Control

Regenerative braking is energy-efficient braking. On the other hand, the energy
is dissipated as heat in rheostatic braking. If the supply is partly receptive, which is
normally the case in practical traction systems, a combined regenerative and rheostatic
brake control would be the most energy efficient. Figure 14.18 shows an arrangement
in which rheostatic braking is combined with regenerative braking.

During regenerative brakings, the line voltage is sensed continuously. If it exceeds
a certain preset value, normally 20% above the line voltage, the regenerative brak-
ing is removed and a rheostatic braking is applied. It allows an almost instantaneous

Py l’>= o)
D, +

L, Tk
R, v,

FIGURE 14.18

Combined regenerative and rheostatic
braking.
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transfer from regenerative to rheostatic braking if the line becomes nonreceptive,
even momentarily. In every cycle, the logic circuit determines the receptivity of the
supply. If it is nonreceptive, thyristor T is turned on to divert the motor current to
the resistor R;,. Thyristor T is self-commutated when transistor Q; is turned on in the
next cycle.

Two- and Four-Quadrant Dc-dc Converter Drives

During power control, a dc—dc converter-fed drive operates in the first quadrant, where
the armature voltage and armature current are positive, as shown in Figure 14.15b. In
a regenerative braking, the dc—dc converter drive operates in the second quadrant,
where the armature voltage is positive and the armature current is negative, as shown
in Figure 14.16b. Two-quadrant operation, as shown in Figure 14.19a, is required to
allow power and regenerative braking control. The circuit arrangement of a transistor-
ized two-quadrant drive is shown in Figure 14.19b.

Power control. Transistor QO and diode D, operate. When Q; is turned on, the
supply voltage V is connected to the motor terminals. When @ is turned off, the ar-
mature current that flows through the freewheeling diode D, decays.

Regenerative control. Transistor O, and diode D; operate. When Q, is
turned on, the motor acts as a generator and the armature current rises. When Q,
is turned off, the motor, acting as a generator, returns energy to the supply through
the regenerative diode D;. In industrial applications, four-quadrant operation, as
shown in Figure 14.20a, is required. A transistorized four-quadrant drive is shown
in Figure 14.20b.

Forward power control. Transistors O and O, operate. Transistors O3 and Q4
are off. When Q; and Q, are turned on together, the supply voltage appears across the
motor terminals and the armature current rises. When Q; is turned off and Q, is still

: .
=
ol

\ BN
+

i L

+
Ny
=

0,0, AV 0, D, AD,

TFT

0 a

(a) Quadrant (b) Circuit

FIGURE 14.19

Two-quadrant transistorized dc—dc converter drive.
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(a) Quadrant (b) Circuit

FIGURE 14.20

Four-quadrant transistorized dc—dc converter drive.

turned on, the armature current decays through O, and D,. Alternatively, both QO and
O, can be turned off, while the armature current is forced to decay through D5 and D,.

Forward regeneration. Transistors Oy, O,, and Q5 are turned off. When transis-
tor Q, is turned on, the armature current, which rises, flows through Q4 and D,. When
0, is turned off, the motor, acting as a generator, returns energy to the supply through
D; and D,.

Reverse power control. Transistors O3 and Q4 operate. Transistors Q; and O,
are off. When Q5 and Q, are turned on together, the armature current rises and flows
in the reverse direction. When Q5 is turned off and Q, is turned on, the armature cur-
rent falls through Q4 and D,. Alternatively, both Q5 and Q4 can be turned off, while
forcing the armature current to decay through D; and D..

Reverse regeneration. Transistors Oy, Oz, and Q4 are off. When O, is turned
on, the armature current rises through O, and D,. When Q, is turned off, the armature
current falls and the motor returns energy to the supply through D5 and D,.

Multiphase Dc—dc Converters

If two or more dc—dc converters are operated in parallel and are phase shifted from
each other by m/u, as shown in Figure 14.21a, the amplitude of the load current ripples
decreases and the ripple frequency increases [7, 8]. As a result, the dc—dc converter-
generated harmonic currents in the supply are reduced. The sizes of the input filter
are also reduced. The multiphase operation allows the reduction of smoothing chokes,
which are normally connected in the armature circuit of dc motors. Separate inductors
in each phase are used for current sharing. Figure 14.21b shows the waveforms for the
currents with u dc—dc converters.
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Multiphase dc—dc converters.

For u de—dc converters in multiphase operation, it can be proved that Eq. (5.29) is
satisfied when k = 1/2u and the maximum peak-to-peak load ripple current becomes

Al —Et h R 14.48
max_Rm an 4qum ( . )

where L,, and R, are the total armature inductance and resistance, respectively. For
4ufL,, >=> R,,, the maximum peak-to-peak load ripple current can be approximated to

2
 4dufL,

Al (14.49)
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If an LC-input filter is used, Eq. (5.125) can be applied to find the rms nth harmonic
component of dc—dc converter-generated harmonics in the supply

1
2 Inh
1 + (2nwuf)°L,C,
1

T () 1420

where [, is the rms value of the nth harmonic component of the dc—dc converter current
and fy = [1/(2wL,C,)] is the resonant frequency of the input filter. If (nuf/fy) = 1,
the nth harmonic current in the supply becomes

L, = I, (%f)z (14.51)

Multiphase operations are advantageous for large motor drives, especially if the
load current requirement is large. However, considering the additional complexity
involved in increasing the number of dc—dc converters, there is not much reduction
in the dc—dc converter-generated harmonics in the supply line if more than two dc—dc
converters are used [7]. In practice, both the magnitude and frequency of the line cur-
rent harmonics are important factors to determine the level of interferences into the
signaling circuits. In many rapid transit systems, the power and signaling lines are very
close; in three-line systems, they even share a common line. The signaling circuits are
sensitive to particular frequencies and the reduction in the magnitude of harmonics by
using a multiphase operation of dc—dc converters could generate frequencies within
the sensitivity band —which might cause more problems than it solves.

II’ZS =

Example 14.11 Finding the Peak Load Current Ripple of Two Multiphase
Dc-dc Converters

Two dc—dc converters control a dc separately excited motor and they are phase shifted in operation
by /2. The supply voltage to the dc—dc converter drive is V;, = 220 V, the total armature circuit
resistance is R,, = 4 (), the total armature circuit inductance is L,, = 15 mH, and the frequency
of each dc—dc converter is f = 350 Hz. Calculate the maximum peak-to-peak load ripple current.

Solution

The effective chopping frequency is f, = 2 X 350 = 700 Hz, R,, = 4 Q, L,, = 15mH, u = 2,
and V, = 220 V. 4ufL,, = 4 X 2 X 350 X 15 X 10~° = 42. Because 42 >> 4, approximate
Eq. (14.49) can be used, and this gives the maximum peak-to-peak load ripple current, Al .=
220/42 = 5.24 A.

Example 14.12 Finding the Line Harmonic Current of Two Multiphase
Dc—dc Converters with an Input Filter

A dc separately excited motor is controlled by two multiphase de—dc converters. The average
armature current is /, = 100 A. A simple LC-input filter with L, = 0.3 mH and C, = 4500 nF



14.7 Closed-Loop Control of Dc Drives 733

is used. Each dc—dc converter is operated at a frequency of f = 350 Hz. Determine the rms fun-
damental component of the de—dc converter-generated harmonic current in the supply.

Solution

I,=100A,u =2,L, = 03mH, C, = 4500 nF, and fy = 1/(2wVL,C,) = 136.98 Hz. The ef-
fective de—dc converter frequency is f, = 2 X 350 = 700 Hz. From the results of Example 5.9, the
rms value of the fundamental component of the dc—dc converter current is 1;;, = 45.02 A. From
Eq. (14.50), the fundamental component of the dc—dc converter-generated harmonic current is

B 45.02
1+ (2 X 350/136.98)2

I, = 1.66 A

14.7

14.7.1

Key Points of Section 14.6

¢ Jtis possible to arrange the dc—dc converter in powering the motor, or in regenerative
or rheostatic braking. A dc—dc converter-fed drive can operate in four quadrants.

e Multiphase dc—dc converters are often used to supply load current that cannot be
handled by one dc—dc converter. Multiphase dc—dc converters have the advantage
of increasing the effective converter frequency, thereby reducing the component
values and size of the input filter.

CLOSED-LOOP CONTROL OF DC DRIVES

The speed of dc motors changes with the load torque. To maintain a constant speed,
the armature (and or field) voltage should be varied continuously by varying the delay
angle of ac—dc converters or duty cycle of dc—dc converters. In practical drive systems
it is required to operate the drive at a constant torque or constant power; in addition,
controlled acceleration and deceleration are required. Most industrial drives operate
as closed-loop feedback systems. A closed-loop control system has the advantages of
improved accuracy, fast dynamic response, and reduced effects of load disturbances
and system nonlinearities [9].

The block diagram of a closed-loop converter-fed separately excited dc drive is
shown in Figure 14.22. If the speed of the motor decreases due to the application of
additional load torque, the speed error V, increases. The speed controller responses
with an increased control signal V. change the delay angle or duty cycle of the
converter, and increase the armature voltage of the motor. An increased armature
voltage develops more torque to restore the motor speed to the original value. The
drive normally passes through a transient period until the developed torque is equal to
the load torque.

Open-Loop Transfer Function

The steady-state characteristics of dc drives, which are discussed in the preceding sec-
tions, are of major importance in the selection of dc drives and are not sufficient when
the drive is in closed-loop control. Knowledge of the dynamic behavior, which is normally
expressed in the form of a transfer function, is also important.
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Power
supply .
| * Ty,
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Speed > Converter = De >

controller motor

Speed _

sensing |

FIGURE 14.22

Block diagram of a closed-loop converter-fed dc motor drive.

14.7.2 Open-Loop Transfer Function of Separately Excited Motors

The circuit arrangement of a converter-fed separately excited dc motor drive with
open-loop control is shown in Figure 14.23. The motor speed is adjusted by setting
reference (or control) voltage v,. Assuming a linear power converter of gain K, the
armature voltage of the motor is

v, = K, (14.52)

Assuming that the motor field current /; and the back emf constant K, remain constant
during any transient disturbances, the system equations are

e, = K, Iyo (14.53)
di,
—Rza+L—+e—Rza+L +K1f (14.54)
dt dr
i dw
Ty = Klji, =1~ + Bo + T, (14.56)
Ac power
supply >
I i
o— |
+ Converter +
vy of Vy
— gain, K, —
FIGURE 14.23

Converter-fed separately excited dc motor drive.
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The dynamic characteristics of the motor described by Eqs (14.54) to (14.56) can be
represented in the state-space form

pia Lm Lm l ia ] Lm |:UL11
= + 14.57
lpwm\| & B [ 1 TL ( )

J J

where p is the differential operator with respect to time and K, = K,/ is a back emf
constant. Equation (14.57) can be expressed in generalized state-space form

X = AX + BU (14.58)

where X = [i, w,,]" is the state variable vector and U = [v, T,]” is the input vector.

R K R
L L L

A= " " B = " 14.59
K B ;1 (1459
J J

The roots of the quadratic system can be determined from the A matrix as given by

R R 2 R, B + K?
(BT T vm
L, I L, I JL, :

2

risr =

It should be noted that the roots of the system will always be negative real. That is, the
motor is stable in an open-loop operation.

The transient behavior may be analyzed by changing the system equations into
the Laplace transforms with zero initial conditions. Transforming Eqgs. (14.52), (14.54),
and (14.56) yields

Vu(s) = K Vi(s) (14.61)
Vi(s) = R,1,(s) + sL,,L,(s) + K,[ro(s) (14.62)
Ty(s) = Kdil,(s) = sJo(s) + Bo(s) + Tp(s) (14.63)

From Eq. (14.62), the armature current is

Va(s) — Kplyo(s)
I(s) == — & (14.64)

_Vils) — Kolyo(s)
S W (14.65)
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Vi(s)
—_—

TL(S)
1 1,(s) TAs)é 1
Re 0 [ &b B(st, + 1) > o(s)

FIGURE 14.24

Open-loop block diagram of separately excited dc motor drive.

where 7, = L, /R, is known as the time constant of motor armature circuit. From
Eq. (14.63), the motor speed is

Ty(s) — T.(s)

o(s) == (14.66)
_ Ty(s) — Tu(s)
= BT 1) (14.67)

where 7,, = J/B is known as the mechanical time constant of the motor. Equa-
tions (14.61), (14.65), and (14.67) can be used to draw the open-loop block diagram
as shown in Figure 14.24. Two possible disturbances are control voltage V, and load
torque 7;. The steady-state responses can be determined by combining the individual
response due to V, and T;.

The response due to a step change in the reference voltage is obtained by setting 7},
to zero. From Figure 14.24, we can obtain the speed response due to reference voltage as

o(s) KK, I;/(R,,B)
=Gy = 3 : 3 (14.68)
$7(TyTm) + (7, + 7)) + 1+ (K,Ip)°/R,,B

The response due to a change in load torque 7; can be obtained by setting V, to zero.
The block diagram for a step change in load torque disturbance is shown in Figure 14.25.

o(s) _ . __ (1/B) (s7, + 1) (14.69)
T, (s) o-T P (utm) + (7 + ) + 1+ (KR, B '
1
B(st, + 1) > o)
1,(s) 1 E(s)
Kv[f < m - —1 < Kvlf

FIGURE 14.25

Open-loop block diagram for torque disturbance input.
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Using the final value theorem, the steady-state relationship of a change in speed Aw,
due to a step change in control voltage AV,, and a step change in load torque A7, can
be found from Egs. (14.68) and (14.69), respectively, by substituting s = 0.

KK, Iy
Ao = — AV, (14.70)
R,B + (K,I)
R
Aw = ~ AT, (14.71)

" R.B + (K,I)?

The speed response due to simultaneous applications of disturbances in both
input reference voltage V, and the load torque 7; can be found by summing their indi-
vidual responses. Eqs (14.68) and (14.69) give the speed response as

(x)(S) = Gw—V‘/r + Gu)—TTL (1472)

Open-Loop Transfer Function of Series Excited Motors

The dc series motors are used extensively in traction applications where the steady-state
speed is determined by the friction and gradient forces. By adjusting the armature volt-
age, the motor may be operated at a constant torque (or current) up to the base speed,
which corresponds to the maximum armature voltage. A dc—dc converter-controlled dc
series motor drive is shown in Figure 14.26.

The armature voltage is related to the control (or reference) voltage by a linear
gain of dc—dc converter K,. Assuming that the back emf constant K, does not change
with the armature current and remains constant, the system equations are

v, = K, (14.73)
e, = Kyiyo (14.74)
. di,
v, = R,i, + L’”E + e, (14.75)
T, = K2 (14.76)
d
T, = Jd—(: + Bo + T} (14.77)

+ Chopper +
v, of Va
— gain, K, —
FIGURE 14.26

Dc—dc converter-fed dc series motor drive.
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Equation (14.76) contains a product of variable-type nonlinearities, and as a result the

application of transfer function techniques would no longer be valid. However, these

equations can be linearized by considering a small perturbation at the operating point.
Let us define the system parameters around the operating point as

ey = EgO + Aeg i, =1y + Ai, v, = Vo + Av, T, =Ty + ATd

w=w0+Aw vr=V,0+Avr TL:TL0+ATL

Recognizing that Ai, Aw and (Ai,)? are very small, tending to zero, Egs. (14.73) to
(14.77) can be linearized to

Av, = K5 Av,
Aeg = Kv(la() Aw + (O Ala)
. d(Ai)
Av, = R, Ai, + L, 0 + Ae,
ATd - ZK'UIaO Aia
d(Aw)
ATd:J dt +BA(.0+ATL

Transforming these equations in the Laplace domain gives us

AV, (s) = K, AV,(s) (14.78)
AE (s) = K[IoAw(s) + 0gAlL,(s)] (14.79)
AV,(s) = R, AL,(s) + sL, AlL(s) + AE,(s) (14.80)
ATy(s) = 2K, 1,0 AL(s) (14.81)
ATy(s) = sJ Aw(s) + BAw(s) + AT, (s) (14.82)

These five equations are sufficient to establish the block diagram of a dc series motor
drive, as shown in Figure 14.27. It is evident from Figure 14.27 that any change in either

AT, (s)
AV,(5) o N 1 .
—_— viao == B(st,, + 1) > Ao(s)
AT (s)
K, =

FIGURE 14.27

Open-loop block diagram of de—dc converter-fed dc series drive.
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5) gy E ]

vZao m > Aw(s)

K,

vtao

A

(a) Step change in voltage

1
B(st,, + 1)

Y

Aw(s)

Y

AE,(s)

2K ] Aia(s) 1 +
v-ao R Rm(STa + l)

-1 <€ Kvlno

Kv(")o

(b) Step change in torque

FIGURE 14.28

Block diagram for reference voltage and load torque distributions.

reference voltage or load torque can result in a change of speed. The block diagram for
a change in reference voltage is shown in Figure 14.28a and that for a change in load
torque is shown in Figure 14.28b.

Converter Control Models

We can notice from Eq. (14.32) that the average output voltage of a dc—dc converter is
directly proportional to the duty cycle k which is a direct function of the control volt-
age. The gain of a dc—dc converter can be expressed as

v,
K, =k= v (for dc—dc converter) (14.83)

cm

where V. is the control signal voltage (say O to 10 V) and V_,,, is the maximum value of
the control signal voltage (10 V).

The average output voltage of a single-phase converter as in Eq. (14.20) is a
cosine function of the delay angle a. The control input signal can be modified to deter-
mine the delay angle

V.
a = cos ! <V—C> = cos (V) (14.84)
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Using Eq. (14.84), the average output voltage of a single-phase converter in Eq. (14.20)
can be expressed as

2V, 2V,

= — = — -1
V. —cosa — cos [ cos T (V)]
= [—2 ’"]V ——{2 ’”}V =K.V, 14.85
- cn V., c cVe ( . )

where K, is the gain of the single-phase converter as

2V, 2% 2 v,
- \fvs=o.9

™WVen  TVem em

K, = (for single-phase converter) (14.86)

where V;, = V,,/ \/2 is the rms value of the single-phase ac supply voltage.
Using Eq. (14.84), the average output voltage of a three-phase converter in
Eq. (14.27) can be expressed as

3V3V, 3V3V,
D

V, = cosa =
T

cos [ cos (V)]

[3\@‘/’”]1/ _ l3x/§vm

= 1VC =KV, (14.87)

TVem
where K, is the gain of the three-phase converter as

3V3V,  3V3\V2 |4
K, = = \/_\/_VS = 2.339—— (for three-phase converter) (14.88)
Tr‘/()ﬂl Tr‘/cm ‘/cm

where V, =V, / \/2 is the rms value of the ac supply voltage per phase.
Therefore, a converter can be modeled with a transfer function G.(s) of a certain
gain and phase delay as described by

G.(s) = Ke™™ (14.89)
which can be approximated as a first-order lag function given by

N Kr
1+ ST,

G, (s) (14.90)

where T, is the time delay of the sampling interval. Once a switching device is turned
on, its gating signal cannot be changed. There is a delay until the next device is gated
and a corrective action is implemented. The delay time is generally half of the interval
between two switching devices.
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Therefore, the delay time for a frequency of f; can be determined from

_360/(2><6)T_ 1 ><1 for th - t 1401
= 360 TR T (for three-phase converter) (14.91a)

Tr

—360/(2X4)T—1><1 SR, t Lol
= 360 T8 % (for single-phase converter) (14.91b)
_360/(2><1)T_1X1 for ded t o1

- 260 $ =5 f (for dc—dc converter) (14.91¢)

For f, = 60Hz,7, = 1.389ms for a three-phase converter, 1, = 2.083ms for a single-
phase converter, and 7, = 8.333ms for a dc—dc converter.

Closed-Loop Transfer Function

Once the models for motors are known, feedback paths can be added to obtain the
desired output response. To change the open-loop arrangement in Figure 14.23 into a
closed-loop system, a speed sensor is connected to the output shaft. The output of the
sensor, which is proportional to the speed, is amplified by a factor of K; and is com-
pared with the reference voltage V, to form the error voltage V,. The complete block
diagram is shown in Figure 14.29.

The closed-loop step response due to a change in reference voltage can be found
from Figure 14.24 with 7; = 0. The transfer function becomes

w(s) KKyl (R, B) (14.92)
Vr(s) - Sz(TaTm) + S<Ta + Tm) + 1+ [(Kvlf)z + KlKZKvI]‘]/RmB .

The response due to a change in the load torque 7}, can also be obtained from Figure 14.29
by setting V, to zero. The transfer function becomes

o(s) (1/B) (st, + 1) 1403
Ti(s)  P(tatm) + 5(7g + ) + 1+ [(KJp)? + K KoK L)/R,, B (14.93)

>— w(s)

FIGURE 14.29

Block diagram for closed-loop control of separately excited dc motor.
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Using the final value theorem, the steady-state change in speed Aw, due to a step
change in control voltage AV, and a step change in load torque A7;, can be found from
Egs. (14.92) and (14.93), respectively, by substituting s = 0.

KK, I,
Aw = — AV, (14.94)
R.B + (KJ)? + KKK, I
Ry,
Aw = AT, (14.95)

" R.B + (KJp)? + K KK, I,

Example 14.13 Finding the Speed and Torque Response of a Converter-Fed Drive

A 50-kW, 240-V, 1700-rpm separately excited dc motor is controlled by a converter, as shown
in the block diagram Figure 14.29. The field current is maintained constant at I = 1.4 A and
the machine back emf constant is K, = 0.91 V/A rad/s. The armature resistance is R,, = 0.1
and the viscous friction constant is B = (0.3 N - m/rad/s. The amplification of the speed sensor
is K1 = 95 mV/rad/s and the gain of the power controller is K, = 100. (a) Determine the rated
torque of the motor. (b) Determine the reference voltage V, to drive the motor at the rated
speed. (c) If the reference voltage is kept unchanged, determine the speed at which the motor
develops the rated torque. (d) If the load torque is increased by 10% of the rated value, deter-
mine the motor speed. (e) If the reference voltage is reduced by 10%, determine the motor
speed. (f) If the load torque is increased by 10% of the rated value and the reference voltage
is reduced by 10%, determine the motor speed. (g) If there was no feedback in an open-loop
control, determine the speed regulation for a reference voltage of V, = 2.31 V. (h) Determine
the speed regulation with a closed-loop control.

Solution
Iy = 14 A, K,=091V/Arad/s, K;=95mV/rad/s, K, =100, R, =010, B =03
N - m/rad/s, and w g = 1700 7/30 = 178.02 rad/s.

a. The rated torque is 7;, = 50,000/178.02 = 280.87 N - m.

b. Because V, = K,V,, for open-loop control Eq. (14.70) gives

K1 091 X 1.4
o _ e vt - = ~ = 0.7707
V. KV, R,B+ (K[I) 0.1 X 0.3 + (091 x 1.4)
At rated speed,

yoo_© 1780
“7 07707 07707

= 230.98 V

and feedback voltage,
V, = Kjo = 95 X 1072 X 178.02 = 16912V

With closed-loop control, (V, — V,,)K, = V,or (V, — 16.912) X 100 = 230.98, which
gives the reference voltage, V, = 19.222 V.
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For V, = 19.222 V and AT; = 280.87 N-m, Eq. (14.95) gives

B 0.1 X 280.86
0.1 X 0.3 4+ (091 X 1.4)%> + 95 X 107 X 100 X 0.91 X 1.4

Aw =

= —2.04 rad/s
The speed at rated torque,
o = 178.02 — 2.04 = 17598 rad/s or 1680.5 rpm
AT; = 1.1 X 280.87 = 308.96 N - m and Eq. (14.95) gives

0.1 X 308.96

Ao = 5 -
0.1 X 03 + (091 X 1.4)° + 95 X 107 X 100 X 091 X 1.4

= —2.246 rad/s
The motor speed
o = 178.02 — 2.246 = 175.774 rad/s or 1678.5 rpm
AV, = —0.1 X 19.222 = —1.9222 V and Eq. (14.94) gives the change in speed,

100 X 091 X 1.4 X 1.9222

Ao = 5 =
0.1 X 0.3 + (().91 X 1.4) + 95 X 1072 X 100 X 091 X 1.4

= —17.8 rad/s
The motor speed is
o = 178.02 — 17.8 = 160.22rad/s or 1530 rpm
The motor speed can be obtained by using superposition:
o = 178.02 — 2.246 — 17.8 = 158 rad/s or 1508.5 rpm
AV, = 231 V and Eq. (14.70) gives

100 X 0.91 X 1.4 X 2.31
o= 5 = 178.02rad/s or 1700 rpm
0.1 X 03 + (091 X 1.4)

743

and the no-load speed is w = 178.02 rad/s or 1700 rpm. For full load, A7; = 280.87

N-m, Eq. (14.71) gives

d X .
© == 0.1 X 280.57 = —16.99 rad/s
0.1 X 0.3 + (0.91 x 1.4)?

and the full-load speed

o = 178.02 — 16.99 = 161.03rad/s or 1537.7 rpm
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The speed regulation with open-loop control is

1700 — 1537.7
1537.7

= 10.55%

h. Using the speed from (c), the speed regulation with closed-loop control is

1700 — 1680.5

16305 Llo%

Note: By closed-loop control, the speed regulation is reduced by a factor of approxi-
mately 10, from 10.55% to 1.16%.

14.7.6 Closed-Loop Current Control

The block diagram of a dc machine contains an inner loop due to the induced emf e, as
shown in Figure 14.30a. B and B; are the viscous frictions for the motor and the load,
respectively. H, is the gain of the current feedback; a low-pass filter with a time constant
of less than 1 ms may be needed in some applications. The inner current loop will cross
this back emf loop. The interactions of these loops can be decoupled by moving the K,
block to the [, feedback signal, as shown in Figure 14.30b. This will allow splitting the
transfer function between the speed w and the input voltage V, into two cascaded trans-
fer functions (a) between the speed and the armature current, and (b) then between the
armature current and the input voltage. That is,

o(s) _ () L(s)
V() T L) Vi)

(14.96)

The blocks in Figure 14.30b can be simplified to obtain the following transfer function
relationships

o) ___K (14.97)
L(s)  B(1+ st,) '
I,(s) 1+ s7,
=K 14.98
V,(s) (14 s1) (1 + s72) ( )
where
B
"~ K+ R,B .
b m
R R 2 R, B + K7
(B 2)x (B BY -y (R 2 )
1 1 \Lm J L J S Lom 14.100
T T - 2 (14.100)

Two block representation of the open-loop motor transfer function between the
output speed and the input voltage is shown in Figure 14.30c, where total viscous
friction B, = By + B,.
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Three-phase
ac supply

| i
i V. o 1 Ly Te 1 W
- — cos™! — > K >
R,+sL, B+sJ
Current Phase- Ve
iym controller controlled
converter K, |-
H, |

(a) Inner current loop

V ( ) 1 Ia(s) Kb
s »Cg > — —_— —
¢ = R,+sL, By+B;+sJ onls)

Y

2
Kb

B1+B]+S]

A

(b) Manipulation of moving the block K, for /, feedback

1+sT,, I(s) K,/B,
(1+ST])(].+ST2) 1+STm

V(s) —— K — ,,(5)

Y

(c) Open-loop motor transfer function

FIGURE 14.30

Converter-fed dc motor with current-control loop.

The overall closed-loop system with a current feedback loop is shown in Figure 14.31a,
where B, is the total viscous friction of the motor and the load. The converter can be
represented by Eq. (14.90). Using proportional-integral type of control, the transfer
functions of the current controller G.(s) and the speed controller Gy(s) can be repre-
sented as

G.(s) = w (14.101)
G (s) = Bl *51) (14.102)

STe
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where K. and K| are the gains of the current and speed controllers, respectively, and
7. and 7, are the time constants of the current and speed controllers, respectively. A dc
tachogenerator along with a low-pass fitter of a time constant less than 10 ms is often
required. The transfer function of the speed feedback filter can be expressed as

K,

Gols) =13,

(14.103)

where K, and 7, are the gain and time constants of the speed feedback loop. Figure 14.31b
shows the block diagrams with the current-control loop. i,,, is the feedback armature-
motor current. The simplified diagram is shown in Figure 14.31c.

\ &

o i V v 1+sT, g Ky/B, | @
> ()| 4 e ()G w i KB,
(1+sT))(1+sT5) 1+s7,,

Speed Limi Current Converter
controller ~1MIter controller
wmr
H, |«
G (5) |
(a) Motor drive with current-control loop
K (1+sT,) | Ve K Va 1+5T, ,
,-;H@—» S e : > Ki z > i,
sT. 1+5T, (1+sTy) (1+sT5,)
iam
H,. |-
(b) Current-control loop
K, KTy :
i, o—»@—» > K, > > i,
T, 14Ty
H,. |«
(c) Simplified current-control loop
FIGURE 14.31

Motor drive with current- and speed-control loops.
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Figure 14.29 uses a speed feedback only. In practice, the motor is required to
operate at a desired speed, but it has to meet the load torque, which depends on the
armature current. While the motor is operating at a particular speed, if a load is applied
suddenly, the speed falls and the motor takes time to come up to the desired speed.
A speed feedback with an inner current loop, as shown in Figure 14.32, provides faster
response to any disturbances in speed command, load torque, and supply voltage.

The current loop is used to cope with a sudden torque demand under transient
condition. The output of the speed controller e, is applied to the current limiter, which
sets the current reference I,y for the current loop. The armature current /, is sensed
by a current sensor, filtered normally by an active filter to remove ripple, and com-
pared with the current reference I,.). The error current is processed through a cur-
rent controller whose output v, adjusts the firing angle of the converter and brings the
motor speed to the desired value.

Ac supply

+ Ia(rc[) Ve Ve x

Wref > > >
+ a

o A y
" Speed Current 1, Current Firing
controller limiter controller circuit
Y/,
— 2
R, Filter
P Y{l V(l
+
Ac supply
Iy
‘: Ve | Vet oy g&
OLf //
Field Firing /’
controller circuit J/
/
- /
/
/
Filter Techogenerator

FIGURE 14.32

Closed-loop speed control with inner current loop and field weakening.
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Any positive speed error caused by an increase in either speed command or
load torque demand can produce a high reference current /,.). The motor acceler-
ates to correct the speed error, and finally settles at a new [,(;¢, which makes the
motor torque equal to the load torque, resulting in a speed error close to zero. For any
large positive speed error, the current limiter saturates and limits the reference current
L,(rery to @ maximum value I,(max). The speed error is then corrected at the maximum
permissible armature current /,m,x) until the speed error becomes small and the cur-
rent limiter comes out of saturation. Normally, the speed error is corrected with I, less
than the permissible value I, yay).

The speed control from zero to base speed is normally done at the maximum field by
armature voltage control, and control above the base speed should be done by field weaken-
ing at the rated armature voltage. In the field control loop, the back emf E (= V, — R,1,)
is compared with a reference voltage E,..p), which is generally between 0.85 to 0.95 of the
rated armature voltage. For speeds below the base speed, the field error ey is large and the
field controller saturates, thereby applying the maximum field voltage and current.

When the speed is close to the base speed, V, is almost near to the rated value
and the field controller comes out of saturation. For a speed command above the base
speed, the speed error causes a higher value of V,. The motor accelerates, the back emf
E, increases, and the field error e; decreases. The field current then decreases and the
motor speed continues to increase until the motor speed reaches the desired speed.
Thus, the speed control above the base speed is obtained by the field weakening while
the armature terminal voltage is maintained at near the rated value. In the field weak-
ening mode, the drive responds very slowly due to the large field time constant. A full
converter is normally used in the field, because it has the ability to reverse the voltage,
thereby reducing the field current much faster than a semiconverter.

Design of Current Controller

The loop gain function of the motor drive in Figure 14.31b is given by

KmKCK,HC> (1 + s7.)(1 + s7,)
s(1 +s7)(1 + sm) (1 + s7,)

G(s)H(s) = ( (14.104)

TC
In order to reduce the system to a second order, the following assumptions can be made
for practical motor drives:

1+ s7, = s1,;71 > 1 >"7and 1, = 7,
With these assumptions, Eq. (14.104) can be simplified [13] to

K
H(s) = 14.1
COHE) = Ty @+ sm) (14.105)
where
K, K.K,H,
K = e idm (14.106)

TC
The characteristic equation of the loop gain in Eq. (14.105) is given by
1+ G(s)H(s) = (1 +s1)(1 +s7,) + K=0 (14.107)
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This gives the natural frequency w, and damping factor & of the current-control loop as

1+ K

Y (14.108)
™ +7
T Ty
(=— (14.109)
Wy,

Setting the damping ratio & = 0.707 for critically damped, assuming K >> 1 and also
T; > T,, the gain of the current controller can be expressed as [13]

o lTlTC 1

K. =
¢ 2 1 K,KHnm,

(14.110)

Design of Speed Controller

The design of the speed controller can be simplified by replacing the second-order
model of the current loop with an approximate first-order model. The current loop is
approximated by adding the time delay 7, of the converter to the time delay 7, of the
motor, as shown in Figure 14.31c. The transfer function of the current-control loop in
Figure 14.31c can be expressed as [13]

Ia A Ki
*( ) _ (14.111)
I,(s) (1 +sm)
where
n= o le (14.112)
=TT, (14.113)
1/ K
K, = 14.114
’ E(l + K1> ( )
K, K.K,Hcr,
K = (14.115)

Te

Replacing the speed controller with its transfer function in Eq. (14.102) and approximat-
ing current-control loop in Eq. (14.111), the block diagram of the outer speed-control
loop is shown in Figure 14.33. The loop gain function is expressed as

KSKiKwa> (1 + s7,)
B, s(1 + s7) (1 + s7,,) (1 + s14)

G(s)H(s) = ( (14.116)
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Y
Y
\
g

3

; Ki(A+sTy) | K; iq K,/B,
@r© ’@_9 > sT, 1+sT, 1+sT,,

Speed controller

Current loop

[O)

1+sT,

A

FIGURE 14.33

Outer speed-control loop.

Assuming 1 + s7,, = s7,, and combining the delay time 7, of the speed controller with
the delay time 7, of the speed feedback filter to an equivalent delay time ¢, = 7, + 7,
Eqg. (14.116) can be approximated to

K\ (1 + s1y)
G(s)H(s) =K\ — | 77—~ (14.117)
T /s (1 + s1,)
where
Te = Ti T Ty (14.118)
KK H,
K, = — 0o (14.119)
BT,

The closed-loop transfer function of the speed in response to speed reference signal is
given by

wW-rs

o(s) _ 1[ T
“5) K
or (5) wLS%} + 5% + sK K, +

(1 + s1y)

K (14.120)

T,

Equation (14.120) can be optimized by making the magnitude of its denominator such
that the coefficients of w2 and w4 in the frequency domain are zero. This should widen
the bandwidth operating over a wide frequency range. It can be shown that the gain
K, and the time constant 7, of the speed controller under the optimum conditions are
given by [13]

1
K = 14.121
S 2K 7, ( )
T, = 47, (14.122)
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. 1 o 1+4T,s .
Or 1 1+4Tys T H, 1+4Ts+8T 2> +8T,3s° ”
Compensator Speed-loop

transfer function

FIGURE 14.34

Adding a pole-zero compensating network.

Substituting K and 7, into Eq. (14.120) gives the optimized closed-loop transfer func-
tion of the speed in response to speed input signal as

o(s) _ 1 [ (1 + 4s1,) ]
o (s) KoLl + dst, + 8272 + 85

(14.123)

It can be shown that the corner frequencies for the open-loop gain function H(s)G(s)
are 1/(4r,) and 1/7,. The gain crossover occurs at 1/(21,) at a slope of the magnitude
response —20 dB/decade. As a result, the transient response should exhibit the most de-
sirable characteristic for good dynamic behavior. The transient response is given by [13]

—t —t

1 — L 3t
w,(t) = X 1+ e2r — 2ed cos(vq__ )] (14.124)
() e

This gives a rise time of 3.17,, a maximum overshoot of 43.4%, and a settling time of
16.57,. The high overshoot can be reduced by adding a compensating network with
a pole-zero in the speed feedback path, as shown in Figure 14.34. The compensated
closed-loop transfer function of the speed in response to speed input signal is

o) _ 1] ! ] (14.125)
o, () Kol1+ 4s7, + 85°12 + 8571 '
The corresponding compensated transient response is given by
1 —t 2 =t 3t
w.(t) = K_w 1+ et — %64"3 sin(;/; )] (14.126)

This gives a rise time of 76 7,, a maximum overshoot of 8.1%, and a settling time of 13.3
7.. [t should be noted that the overshoot has been reduced to approximately 20% of the
value in Eq. (14.20), and the settling time has come down by 19%. But the rise time has
increased and the designer has to make a compromise on the rise time and the overshoot.

Example 14.14 Determining the Optimized Gains and Time Constants of the Current
and Speed Loop Controllers

The motor parameters of a converter-fed dc motor are 220 V, 6.4 A, 1570 rpm, R,, = 6.5 (,
J = 0.06kg-m’,L,, = 67mH, B = 0.087N-rn/rad/s, K, = 1.24 V/rad/s. The converter is supplied
from a Y-connected 230V, three-phase ac source at 60 Hz. The converter can be assumed linear
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and its maximum control input voltage is V,,,, = £10V. The tachogenerator has the transfer
function Gw(s) = 0.074/(1 + 0.002s).The speed reference voltage has a maximum of 10 V. The
maximum permissible motor current is 20 A. Determine (a) the gain K, and time constant 7, of
the converter, (b) the current feedback gain H,., (c) the motor time constant T, T,, and 7, (d) the
gain K. and the time constant 7. of the current controller, (¢) the gain K; and the time constant
7; of the simplified current loop, and (f) the optimized gain K and the time constant T, of the
speed controller.

Solution

Ve = 220V, I, = 64A,N = 1570 1pm, R,, = 6.5Q.J = 0.06kg-m% L,, = 67mH, B = 0.087
N-m/radfs, K, = 1.24V/radss, V, = 220V, f, = 60Hz, Ve = £10V 20 A, L) = 20A,

K, = 0.074,t, = 0.002s.

The ph ltageis V, = & = 220 — 127.00v
a. e phase voltageis V, = —= = — = .
P RV SRV
The maximum dc voltage is Vyemaxy = KiVen = 29.71 X 10 = 297.09V
Ve 220 X 110
The converter control voltage is V. = d Vin=——-""=741V
Vie(max) 297.09

2339V, 2.339 X 127.02

Using Eq. (14.88), K, = v 10 = 29.71V/V
Using Eq. (14.91a) 7, = = L = 1.39ms
SR T o T2 x60
- Ve 7.41
b. The current feedback gainis H. = = = 0.37V/A
Ia(max) 20
B 0.087

c¢. Using B, = B and Eq. (14.99), K, = = =
& o q- (14.99) K2+ R,B 124> + 6.5 X 0.087

Using Eq. (14.100),

~1
r, = —564; 7 =— = 0.18s

a1
r,o=—9283; T, = ;—2 = 0.01s
J 006
=2 = = 0.69s

Tm =BT 0087

d. The time constant of the current controlleris . = 7, = 0.01s

TITe ( 1 ) B 0.18 X 0.01
21, \K,,K,H,,) 004 X 29.71 X 0.37 X 0.69

Using Eq. (14.110), K, = =219
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Using Eqs (14.112) to (14.115),

_ K,K.K.Hr, 04Xx219 X 29.71 X 0.37 X 0.69
L= =
Te 0.01

1 K, ) 1 ( 63.88 )
K = — = = 2.
! }4(1 + K 0.37 \1 + 63.88 66

73 =1 + 1, = 0.18 + 0.00139 = 0.18s

= 63.88

T3 0.18

I+ K, 1+038s 270ms

Ti

e. Using Eqs (14.118) and (14.119),

T, =7+ 71, =276 X107+ 2 X 107 = 4.76ms

K:KyH, 2.66 X 124 X 0.074

K, = .
¢ Br, 0.087 X 0.69 407
Using Eqs (14.121) and (14.122)
1 1
K; = 25.85

STU2K,t, 2 X 4.07 X 476 X 1073

T, =41, =4 X 476 X 107 = 19.02ms

14.7.9 Dc-dc Converter-Fed Drive

Dc—dc converter-fed dc drives can operate from a rectified dc supply or a battery. These
can also operate in one, two, or four quadrants, offering a few choices to meet application
requirements [9]. Servo drive systems normally use the full four-quadrant converter,
as shown in Figure 14.35, which allows bidirectional speed control with regenerative
breaking capabilities. For forward driving, the transistors 77 and 7, and diode D, are
used as a buck converter that supplies a variable voltage, v,, to the armature given by

V, — SVDC (14127)

where Vp is the dc supply voltage to the converter and 3 is the duty cycle of the tran-
sistor 7.

During regenerative braking in the forward direction, transistor 75 and diode D,
are used as a boost converter, which regulates the breaking current through the motor
by automatically adjusting the duty cycle of 75. The energy of the overhauling motor
now returns to the dc supply through diode D, aided by the motor back emf and
the dc supply. The braking converter, composed of 7; and D;, may be used to main-
tain the regenerative braking current at the maximum allowable level right down to
zero speed. Figure 14.36 shows a typical acceleration—deceleration profile of a dc—dc
converter-fed drive under the closed-loop control.
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b m—;

Ac mains

FIGURE 14.35

Dc—dc converter-fed speed and position control system with an IGBT bridge.

14.7.10 Phase-Locked-Loop Control

For precise speed control of servo systems, closed-loop control is normally used. The
speed, which is sensed by analog sensing devices (e.g., tachometer), is compared with
the reference speed to generate the error signal and to vary the armature voltage of the
motor. These analog devices for speed sensing and comparing signals are not ideal and
the speed regulation is more than 0.2%. The speed regulator can be improved if digital
phase-locked-loop (PLL) control is used [10]. The block diagram of a converter-fed dc
motor drive with PLL control is shown in Figure 14.37a and the transfer function block
diagram is shown in Figure 14.37b.

In a PLL control system, the motor speed is converted to a digital pulse train by
using a speed encoder. The output of the encoder acts as the speed feedback signal of
frequency f,. The phase detector compares the reference pulse train (or frequency) f,
with the feedback frequency f; and provides a pulse-width-modulated (PWM) output
voltage V, that is proportional to the difference in phases and frequencies of the ref-
erence and feedback pulse trains. The phase detector (or comparator) is available in
integrated circuits. A low-pass loop filter converts the pulse train V, to a continuous dc
level V., which varies the output of the power converter and in turn the motor speed.

When the motor runs at the same speed as the reference pulse train, the two
frequencies would be synchronized (or locked) together with a phase difference. The
output of the phase detector would be a constant voltage proportional to the phase
difference and the steady-state motor speed would be maintained at a fixed value ir-
respective of the load on the motor. Any disturbances contributing to the speed change
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fi
Phase Ke L0\jv- KC Converter, Zﬂ Dc ©
detector pass K, motor
> filter
o
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encoder N
(a)
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detector Filter {____________________: _____________ |
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|
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Speed encoder
K, <

N

(b)

FIGURE 14.37

Phase-locked-loop control system.

would result in a phase difference and the output of the phase detector would respond
immediately to vary the speed of the motor in such a direction and magnitude as to
retain the locking of the reference and feedback frequencies. The response of the phase
detector is very fast. As long as the two frequencies are locked, the speed regulation
should ideally be zero. However, in practice the speed regulation is limited to 0.002 %,
and this represents a significant improvement over the analog speed control system.

14.7.11 Microcomputer Control of Dc Drives

The analog control scheme for a converter-fed dc motor drive can be implemented
by hardwired electronics. An analog control scheme has several disadvantages: non-
linearity of speed sensor, temperature dependency, drift, and offset. Once a control
circuit is built to meet certain performance criteria, it may require major changes in the
hardwired logic circuits to meet other performance requirements.

A microcomputer control reduces the size and costs of hardwired electronics,
improving reliability and control performance. This control scheme is implemented
in the software and is flexible to change the control strategy to meet different per-
formance characteristics or to add extra control features. A micro-computer control
system can also perform various desirable functions: on and off of the main power sup-
ply, start and stop of the drive, speed control, current control, monitoring the control
variables, initiating protection and trip circuit, diagnostics for built-in fault finding, and
communication with a supervisory central computer. Figure 14.38 shows a schematic
diagram for a microcomputer control of a converter-fed four-quadrant dc drive.
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Schematic diagram of computer-controlled four-quadrant dc drive.

Speed |

The speed signal is fed into the microcomputer using an analog-to-digital (A/D)
converter. To limit the armature current of the motor, an inner current-control loop is
used. The armature current signal can be fed into the microcomputer through an A/D
converter or by sampling the armature current. The line synchronizing circuit is required
to synchronize the generation of the firing pulses with the supply line frequency.
Although the microcomputer can perform the functions of gate pulse generator and
logic circuit, these are shown outside the microcomputer. The pulse amplifier provides
the necessary isolation and produces gate pulses of required magnitude and duration.
A microprocessor-controlled drive has become a norm. Analog control has become

almost obsolete.

Key Points of Section 14.7

¢ The transfer function describes the speed response for any changes in torque or
reference signal.

¢ A motor drive is required to operate at a desired speed at a certain load torque.

* An additional current loop is applied to the feedback path to provide faster
response to any disturbances in speed command, load torque, and supply

voltage.
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SUMMARY

In dc drives, the armature and field voltages of dc motors are varied by either ac—dc
converters or dc—dc converters. The ac—dc converter-fed drives are normally used in
variable-speed applications, whereas dc—dc converter-fed drives are more suited for
traction applications. Dc series motors are mostly used in traction applications, due to
their capability of high-starting torque.

Dc drives can be classified broadly into three types depending on the input
supply: (1) single-phase drives, (2) three-phase drives, and (3) dc—dc converter drives.
Again each drive could be subdivided into three types depending on the modes of
operation: (a) one-quadrant drives, (b) two-quadrant drives, and (c) four-quadrant
drives. The energy-saving feature of dc—dc converter-fed drives is very attractive for
use in transportation systems requiring frequent stops.

Closed-loop control, which has many advantages, is normally used in industrial
drives. The speed regulation of dc drives can be significantly improved by using PLL
control. The analog control schemes, which are hardwired electronics, are limited in
flexibility and have certain disadvantages, whereas microcomputer control drives,
which are implemented in software, are more flexible and can perform many desirable
functions.
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REVIEW QUESTIONS

141
14.2
14.3
144
14.5
14.6
14.7
14.8
14.9
14.10
14.11

14.12

14.13

14.14

14.15

14.16
14.17
14.18
14.19
14.20
14.21
14.22
14.23
14.24
14.25
14.26
14.27
14.28
14.29
14.30
14.31
14.32

14.33

14.34

14.35

14.36

14.37

What are the three types of dc drives based on the input supply?

What is the magnetization characteristic of dc motors?

What is the purpose of a converter in dc drives?

What is a base speed of dc motors?

What are the parameters to be varied for speed control of separately excited dc motors?
Which are the parameters to be varied for speed control of dc series motors?

Why are the dc series motors mostly used in traction applications?

What is a speed regulation of dc drives?

What is the principle of single-phase full-converter-fed dc motor drives?

What is the principle of three-phase semiconverter-fed dc motor drives?

What are the advantages and disadvantages of single-phase full-converter-fed dc motor
drives?

What are the advantages and disadvantages of single-phase semiconverter-fed dc motor
drives?

What are the advantages and disadvantages of three-phase full-converter-fed dc motor
drives?

What are the advantages and disadvantages of three-phase semiconverter-fed dc motor
drives?

What are the advantages and disadvantages of three-phase dual-converter-fed dc motor
drives?

Why is it preferable to use a full converter for field control of separately excited motors?
What is a one-quadrant dc drive?

What is a two-quadrant dc drive?

What is a four-quadrant dc drive?

What is the principle of regenerative braking of de—dc converter-fed dc motor drives?
What is the principle of rheostatic braking of dc—dc converter-fed dc motor drives?

What are the advantages of dc—dc converter-fed dc drives?

What are the advantages of multiphase dc—dc converters?

What is the principle of closed-loop control of dc drives?

What are the advantages of closed-loop control of dc drives?

What is the principle of phase-locked-loop control of dc drives?

What are the advantages of phase-locked-loop control of dc drives?

What is the principle of microcomputer control of dc drives?

What are the advantages of microcomputer control of dc drives?

What is a mechanical time constant of dc motors?

What is an electrical time constant of dc motors?

Why is a cosine function normally used to generate the delay angle of controlled
rectifiers?

Why is the transfer function between the speed and the reference voltage of dc motors
split into two transfer functions?

What assumptions are normally made to simplify the design of the inner current-loop
controller?

What assumptions are normally made to simplify the design of the outer speed-loop
controller?

What are the optimum conditions for the gain and time constants of the speed
controller?

What is the purpose of adding a compensating network with a pole-zero in the speed feed-
back path?
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PROBLEMS
14.1

14.2

14.3

14.4

14.5

14.6

14.7

14.8

A separately excited dc motor is supplied from a dc source of 600 V to control the speed
of a mechanical load and the field current is maintained constant. The armature resistance
and losses are negligible. (a) If the armature current is [, = 145 A at 1500 rpm, determine
the load torque. (b) If the armature current remains the same as that in (a) and the field
current is reduced such that the motor runs at a speed of 3000, determine the load torque.
Repeat Problem 14.1 if the armature resistance is R, = 0.10 ). The viscous friction and
the no-load losses are negligible.

A 30-hp, 440-V, 2000-rpm separately excited dc motor controls a load requiring a torque
of T; = 85 N-m at 1200 rpm. The back emfis £, = 120 V, the armature circuit resistance
is R, = 0.04 ), and the motor voltage constant is K, = 0.7032 V/A rad/s. The field volt-
age is Vy = 440 V. The viscous friction and the no-load losses are negligible. The armature
current may be assumed continuous and ripple free. Determine (a) the field circuit resis-
tance, (b) the required armature voltage V,, (¢) the rated armature current of the motor,
and (d) the speed regulation at full load.

A 120-hp, 600-V, 1200-rpm dc series motor controls a load requiring a torque of
T; = 185 N-m at 1100 rpm. The field circuit resistance is Ry = 0.06 (), the armature
circuit resistance is R, = 0.02 (), and the voltage constant is K, = 32 mV/A rad/s. The
viscous friction and the no-load losses are negligible. The armature current is continuous
and ripple free. Determine (a) the back emf E,, (b) the required armature voltage V,,
(¢) the rated armature current, and (d) the speed regulation at full speed.

The speed of a separately excited motor is controlled by a single-phase semiconverter in
Figure 14.12a. The field current is also controlled by a semiconverter and the field current
is set to the maximum possible value. The ac supply voltage to the armature and field con-
verter is one phase, 208 V, 60 Hz. The armature resistance is R, = (0.11 (), the field current
is Iy = 0.9 A and the motor voltage constant is K, = 1.055 V/A rad/s. The load torque is
T; = 75 N-m at a speed of 700 rpm. The viscous friction and no-load losses are negligible.
The armature and field currents are continuous and ripple free. Determine (a) the field
resistance Ry; (b) the delay angle of the converter in the armature circuit «,; and (c) the
input power factor (PF) of the armature circuit.

The speed of a separately excited dc motor is controlled by a single-phase full-wave con-
verter in Figure 14.13a. The field circuit is also controlled by a full converter and the field
current is set to the maximum possible value. The ac supply voltage to the armature and
field converters is one phase, 208 V, 60 Hz. The armature resistance is R, = 0.4 (1, the field
circuit resistance is R = 345 (), and the motor voltage constant is K,, = 0.71 V/A rad/s.
The viscous friction and no-load losses are negligible. The armature and field currents are
continuous and ripple free. If the delay angle of the armature converter is o, = 45° and
the torque developed by the motor is 7; = 21 N - m, determine (a) the armature current
of the motor /,,, (b) the speed w, and (¢) the input PF of the drive.

If the polarity of the motor back emf in Problem 14.6 is reversed by reversing the polarity
of the field current, determine (a) the delay angle of the armature circuit converter o, to
maintain the armature current constant at the same value, and (b) the power fed back to
the supply during regenerative braking of the motor.

The speed of a 20-hp, 300-V, 1800-rpm separately excited dc motor is controlled by a
three-phase full-converter drive. The field current is also controlled by a three-phase
full-converter and is set to the maximum possible value. The ac input is three-phase,
Y-connected, 208 V, 60 Hz. The armature resistance is R, = 0.25 (), the field resistance
is Ry = 250 (1, and the motor voltage constant is K, = 1.15 V/A rad/s. The armature and
field currents are continuous and ripple free. The viscous friction and no-load losses are
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negligible. Determine (a) the delay angle of the armature converter «,, if the motor sup-
plies the rated power at the rated speed; (b) the no-load speed if the delay angles are the
same as in (a) and the armature current at no-load is 10% of the rated value; and (c) the
speed regulation.

Repeat Problem 14.8 if both armature and field circuits are controlled by three-phase
semiconverters.

The speed of a 20-hp, 300-V, 900-rpm separately excited dc motor is controlled by a three-
phase full converter. The field circuit is also controlled by a three-phase full converter.
The ac input to armature and field converters is three-phase, Y-connected, 208 V, 60 Hz.
The armature resistance R, = 0.12 (), the field circuit resistance Ry = 145 ), and the
motor voltage constant K, = 1.15 V/A rad/s. The viscous friction and no-load losses
are negligible. The armature and field currents are continuous and ripple free. (a) If the
field converter is operated at the maximum field current and the developed torque is
T, = 106 N -m at 750 rpm, determine the delay angle of the armature converter «,. (b) If
the field circuit converter is set to the maximum field current, the developed torque is
T, = 108 N -m, and the delay angle of the armature converter is a, = 0, determine the
speed. (¢) For the same load demand as in (b), determine the delay angle of the field
circuit converter if the speed has to be increased to 1800 rpm.

Repeat Problem 14.10 if both the armature and field circuits are controlled by three-phase
semiconverters.

A dc—dc converter controls the speed of a dc series motor. The armature resistance
R, = 0.06 Q,ficld circuitresistance Ry = 0.04 (), and back emf constant K, = 25 mV/rad/s.
The dc input voltage of the dc—dc converter V, = 600 V. If it is required to maintain a con-
stant developed torque of 7, = 500 N - m, plot the motor speed against the duty cycle k of
the de—dc converter.

A dc—dc converter controls the speed of a separately excited motor. The armature resis-
tance is R, = 0.05 Q. The back emf constant is K, = 1.6 V/A rad/s. The rated field cur-
rentis [y = 2 A. The dc input voltage to the de—dc converter is V; = 600 V. If it is required
to maintain a constant developed torque of 7, = 500 N - m, plot the motor speed against
the duty cycle k of the dc—dc converter.

A dcseries motor is powered by a dc—dc converter, as shown in Figure 14.18a, from a 600-V
dc source. The armature resistance is R, = 0.04 () and the field resistance is Ry = 0.05 Q).
The back emf constant of the motor is K, = 15.27 mV/A rad/s. The average armature cur-
rent [, = 400 A. The armature current is continuous and has negligible ripple. If the input
power from the source is P; = 192 kW determine (a) the duty cycle of the dc—dc converter
k, (b) the equivalent input resistance of the dc—dc converter drive, (¢) the motor speed,
and (d) the developed torque of the motor.

The drive in Figure 14.16a is operated in regenerative braking of a dc series motor. The
dc supply voltage is 600 V. The armature resistance is R, = 0.04 () and the field resistance
is Ry = 0.06 (). The back emf constant of the motor is K, = 12 mV/A rad/s. The average
armature current is maintained constant at /, = 350 A. The armature current is continuous
and has negligible ripple. If the average voltage across the dc—dc converteris V, = 300 V,
determine (a) the duty cycle of the dc—dc converter; (b) the power regenerated to the
dc supply P,; (¢) the equivalent load resistance of the motor acting as a generator, R.;
(d) the m1n1mum permissible braking speed w;,; (¢) the maximum permissible braking
speed wp,,,; and (f) the motor speed.

A dc—dc converter is used in rheostatic braking of a dc series motor, as shown in Figure
14.17. The armature resistance R, = 0.04 () and the field resistance Ry = 0.04 Q). The
braking resistor R, = 5 (). The back emf constant K, = 14 mV/A rad/s. The average
armature current is maintained constant at I, = 200 A. The armature current is continuous
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14.18

14.19

14.20

14.21

14.22
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14.24
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14.26

and has negligible ripple. If the duty cycle of the dc—dc converter is 60%, determine
(a) the average voltage across the de—dc converter V,; (b) the power dissipated in the re-
sistor Py; (¢) the equivalent load resistance of the motor acting as a generator, R.g; (d) the
motor speed; and (e) the peak dc—dc converter voltage V),.

Two dc—dc converters control a dc motor, as shown in Figure 14.21a, and they are phase
shifted in operation by m/m, where m is the number of multiphase dc—dc converters. The
supply voltage V; = 440V, total armature circuit resistance R,, = 6.5 (), armature cir-
cuit inductance L,, = 12 mH, and the frequency of each dc—dc converter f = 250 Hz.
Calculate the maximum value of peak-to-peak load ripple current.

For Problem 14.17, plot the maximum value of peak-to-peak load ripple current against
the number of multiphase dc—dc converters.

A dc motor is controlled by two multiphase dc—dc converters. The average armature current
is I, = 300 A. A simple LC-input filter with L, = 0.35 mH and C, = 5600 wF is used. The
rms fundamental component of the dc—dc converter-generated harmonic current in the sup-
plyis I;; = 6 A. Determine the frequency f at which each dc—dc converter is operated.

For Problem 14.19, plot the rms fundamental component of the de—dc converter-generated
harmonic current in the supply against the number of multiphase dc—dc converters.

A 40-hp, 230-V, 3500-rpm separately excited dc motor is controlled by a linear converter
of gain K, = 200. The moment of inertia of the motor load is J = 0.156 N - m/rad/s,
viscous friction constant is negligible, total armature resistance is R,, = 0.045 (), and total
armature inductance is L,, = 730 mH. The back emf constantis K, = 0.502 V/A rad/s and
the field current is maintained constant at Ir = 1.25 A. (a) Obtain the open-loop transfer
function w(s)/V,(s) and w(s)/T; (s) for the motor. (b) Calculate the motor steady-state
speed if the reference voltage is V, = 1 V and the load torque is 60% of the rated value.
Repeat Problem 14.21 with a closed-loop control if the amplification of speed sensor is
K; = 3mV/radss.

The motor in Problem 14.21 is controlled by a linear converter of gain K, with a closed-
loop control. If the amplification of speed sensor is K; = 3 mV/rad/s, determine the gain
of the converter K, to limit the speed regulation at full load to 1%.

A 60-hp, 230-V, 1750-rpm separately excited dc motor is controlled by a converter, as
shown in the block diagram in Figure 14.29. The field current is maintained constant at
Iy = 1.25 A and the machine back emf constant is K, = 0.81 V/A rad/s. The armature
resistance is R, = 0.02 ) and the viscous friction constant is B = 0.3 N-m/rad/s. The
amplification of the speed sensor is K; = 96 mV/rad/s and the gain of the power control-
ler is K, = 150. (a) Determine the rated torque of the motor. (b) Determine the refer-
ence voltage V, to drive the motor at the rated speed. (¢) If the reference voltage is kept
unchanged, determine the speed at which the motor develops the rated torque.

Repeat Problem 14.24. (a) If the load torque is increased by 20% of the rated value,
determine the motor speed. (b) If the reference voltage is reduced by 10%, determine the
motor speed. (¢) If the load torque is reduced by 15% of the rated value and the reference
voltage is reduced by 20%, determine the motor speed. (d) If there was no feedback, as in
an open-loop control, determine the speed regulation for a reference voltage V, = 1.24 V.
(e) Determine the speed regulation with a closed-loop control.

A 40-hp, 230-V, 3500-rpm series excited dc motor is controlled by a linear converter of gain
K, = 200. The moment of inertia of the motor load J = 0.156 N - m/rad/s, viscous fric-
tion constant is negligible total armature resistance is R,, = 0.045 (), and total armature
inductance is L,, = 730 mH. The back emf constant is K, = 340 mV/A rad/s. The field
resistance is Rf = 0.035 Q and field inductance is Ly = 450 mH. (a) Obtain the open-loop
transfer function w(s)/V,(s) and w(s)/T; (s) for the motor. (b) Calculate the motor steady-
state speed if the reference voltage, V, = 1 V, and the load torque is 60% of the rated value.
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Repeat Problem 14.26 with closed-loop control if the amplification of speed sensor
K; = 3mV/radss.

The parameters of a separately excited dc motor drive are R,, = 0.6 ), L,, = 3.5 mH,
K,, = 0.51 V/rad/s, J = 0.0177 kg-mz, B = 0.02 Nm/rad/s, and a speed of 1800 rpm. The
armature dc supply voltage is 220 V. If the motor is operated at its rated field current
Iy = 1.5 A, determine the load torque developed by the motor.

The parameters of the gearbox shown in Figure 14.7 are B; = 0.035 Nm/rad/s, o =
300 rad/s, B,, = 0.064 kg-m?, J,, = 0.35kg-m?, J, = 0.25 kg-m?, T, = 25 Nm, the gear
ratio GR = 15. Determine (a) the w,, (b) the effective motor torque Ti, (¢) the effective
inertia J, and (d) the effective friction coefficient B.

The parameters of the gearbox shown in Figure 14.7 are B; = 0.034 Nm/rad/s, w; =
490 rad’s, B,, = 0.064 kg-m?, J,, = 0.35 kg-m?, J; = 0.25 kg-m?, the effective motor torque
71 = 0.2 Nm, and w, = 35 rad/s. Determine (a) the gear ratio GR = N,/N, (b) the motor
torque 75, (c) the effective inertia J, and (d) the effective friction coefficient B.

Repeat Example 14.14 if the maximum permissible motor current is 40 A and the ac
supply frequency is f; = SOHs.

Repeat Example 14.14 if the converter is supplied from a single-phase 120 V ac source at
60 Hz.

Repeat Example 14.14 if the converter is supplied from a single-phase 120 V ac source at
50 Hz.

Repeat Example 14.14 if the converter is supplied from a single-phase 240 V ac source at
50 Hz.

For Example 14.14, (a) plot the transient response w,(#) in Eq. (14.124) from 0 to 100 ms,
and (b) the rise time, the maximum overshoot, and the settling time.

For Example 14.14, (a) plot the transient response w,(#) in Eq. (14.126) from 0 to 100 ms,
and (b) the rise time, the maximum overshoot, and the settling time.



CHAPTER 15

Ac Drives

After completing this chapter, students should be able to do the following:

Describe the speed—torque characteristics of induction motors.

List the methods for speed control of induction motors.

Determine the performance parameters of induction motors.

Explain the principle of vector or field-oriented control for induction motors.
List the types of synchronous motors.

Determine the performance parameters of synchronous motors.

Describe the control characteristics of synchronous motors and the methods for speed
control.

Explain the methods for speed control of stepper motors.

e Explain the operation of linear induction motors.

¢ Determine the performance parameters of linear induction motors.

Symbols and Their Meanings

Symbols Meaning
E.; E, Rms and peak rotor induced voltage per phase, respectively
fi Ve Supply frequency and dc supply voltage, respectively
Jass fpss fo Stator variables in the a- frame, respectively
fass gss fo Stator variables in the d-q frame, respectively

lyss Lds; Lgrs Lgr | Stator and rotor current in the g-d synchronous frame, respectively

I I, Rms stator and rotor currents in their self-windings, respectively

Pj; Pg; Py, P, | Input, gap, developed and output powers, respectively

R; X, Stator per phase resistance and reactance in the rotor windings, respectively

R X] Rotor per phase resistance and reactance reflected in the stator windings,
respectively

R,;; X, Magnetizing resistance and reactance, respectively

S5 Sm Slip and slip or maximum toque, respectively

T.; Ty, T Ty | Load, electromagnetic, starting, developed, maximum and breakdown
T Trum torques, respectively

Vyss Vas; Vgrs Vgr | Stator and rotor voltages in the g-d synchronous frame, respectively

Vs Las(2) Peak and instantaneous stator current, respectively

(continued)

764
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Symbols Meaning

ViV, Rms supply and rms applied voltages, respectively

a; 0 Delay and torque angles, respectively

B;b Frequency ratio and voltage-to-frequency ratios, respectively

g W; W,,; ®p; | Synchronous, supply, motor, base and slip speeds, respectively in rad/s

W/

O K,;; b Flux, motor constant and voltage ratio, respectively

15.1 INTRODUCTION

Ac motors exhibit highly coupled, nonlinear, and multivariable structures as opposed
to much simpler decoupled structures of separately excited dc motors. The control of ac
drives generally requires complex control algorithms that can be performed by micro-
processors or microcomputers along with fast-switching power converters.

The ac motors have a number of advantages; they are lightweight (20% to 40%
lighter than equivalent dc motors), are inexpensive, and have low maintenance com-
pared with dc motors. They require control of frequency, voltage, and current for
variable-speed applications. The power converters, inverters, and ac voltage control-
lers can control the frequency, voltage, or current to meet the drive requirements.
These power controllers, which are relatively complex and more expensive, require
advanced feedback control techniques such as model reference, adaptive control,
sliding mode control, and field-oriented control. However, the advantages of ac
drives outweigh the disadvantages. There are four types of ac drives:

1. Induction motor drives
2. Synchronous motor drives
3. Stepper motor drives
4. Linear induction motor
Ac drives are replacing dc drives and are used in many industrial and domestic
applications [1, 2].
15.2 INDUCTION MOTOR DRIVES

Three-phase induction motors are commonly used in adjustable-speed drives [1] and
they have three-phase stator and rotor windings. The stator windings are supplied
with balanced three-phase ac voltages, which produce induced voltages in the rotor
windings due to transformer action. It is possible to arrange the distribution of sta-
tor windings so that there is an effect of multiple poles, producing several cycles of
magnetomotive force (mmf) (or field) around the air gap. This field establishes a spa-
tially distributed sinusoidal flux density in the air gap. The speed of rotation of the
field is called the synchronous speed, which is defined by

2

p
where p is the number of poles and w is the supply frequency in rads per second.

(15.1)

Wy
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If a stator phase voltage, v, = V2V, sin wt, produces a flux linkage (in the rotor)
given by

b(t) = b, cos(wy,t + 8 — wgt) (15.2)

the induced voltage per phase in the rotor winding is

e, = Nrczl—dt) = Nr%[d)m cos(w,,t + 8 — w,t)]
= _Nr(bm(ws - wm) Sin[(ws - mm)t - 8] (153)

= —sE,sin(sw; — d)
= —sV2E,sin(sw, — )

where N, = number of turns on each rotor phase;
w,, = angular rotor speed or frequency, Hz;
o = relative position of the rotor;
E, = rms value of the induced voltage in the rotor per phase, V;
E,, = peak induced voltage in the rotor per phase, V.
and s is the slip, defined as

O T O (15.4)

Wy

which gives the motor speed as w,, = w,(1 — §). w; can be considered as the maxi-
mum mechanical speed w,,, that corresponds to the supply frequency (or speed) w and
the slip speed becomes wy; = w,,, — w,, = 0y — w,,. It is also possible to convert a
mechanical speed w,, to the rotor electrical speed w,, of the rotating field as given by

0, = gwm (15.4a)
In that case, w is the synchronous electrical speed, w,,. The slip speed becomes wy =
® — w,, = ® — w,. Thus, the slip can also defined as

s = =1 - (15.4b)

Which gives the rotor electrical speed as
o, = o(l =) (15.4¢)

This relates directly to the supply frequency w and is often convenient for analyzing induc-
tor motor drives (Section 15.5.2). The motor speed is often set to a desired value and the
rotor speed is added to the slip speed to calculate the desired the supply frequency.
The supply frequency and the slip are varied to control the motor speed (Section 16.3).
The equivalent circuit for one phase of the rotor is shown in Figure 15.1a,

where R, is the resistance per phase of the rotor windings;
X, is the leakage reactance per phase of the rotor at the supply frequency;
E, represents the induced rms phase voltage when the speediszero (ors = 1).
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SX}’ ./XS RS ]Xr
oYY Y, O Y
+ 1, + YWV +
Ir
sE, §Rr Vi Vin=Es Ny N, E, R,
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(a) Rotor circuit (b) Stator and rotor circuit
+ Is ]/\/s Rs Y Im ]Xr [;
i R
Vv , :
5 JXom R, ~
Vm = ES
g J—
(c) Equivalent circuit
FIGURE 15.1
Circuit model of induction motors.
The rotor current is given by
sE
L =—" (15.5)
" R+ jsX,
E,
= —7T 15.5a
R/is + jX, ( )

where R, and X, are referred to the rotor winding.

The per-phase circuit model of induction motors is shown in Figure 15.1b, where
R, and X are the per-phase resistance and leakage reactance of the stator winding. The
complete circuit model with all parameters referred to the stator is shown in Figure 15.1c,
where R,, represents the resistance for excitation (or core) loss and X, is the magnetiz-
ing reactance. R; and X, are the rotor resistance and reactance referred to the stator. /;
1s the rotor current referred to the stator. There will be stator core loss, when the supply
1s connected and the rotor core loss depends on the slip. The friction and windage loss
P 10aa €Xists when the machine rotates. The core loss P. may be included as a part of
rotational loss P, pad-

Performance Characteristics

The rotor current /, and stator current /; can be found from the circuit model in
Figure 15.1c where R, and X, are referred to the stator windings. Once the values
of 1, and [, are known, the performance parameters of a three-phase motor can be
determined as follows:

Stator copper loss

P,, = 3I’R, (15.6)
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Rotor copper loss

P, = 3(I))’R; (15.7)
Core loss
b 3V, 3V 158
c Rm - Rm ( * )
Gap power (power passing from the stator to the rotor through the air gap)
R;
P, = 3(1;)27 (15.9)
Developed power
' ZR;
Py =P, — P, = 3(I}) T(l — ) (15.10)
= P,(1 — ) (15.11)
Developed torque
T, = fa 15.12
=t (15.12)
P,(1-s) P
8 g
== — 15.12
o, (1 —s) oy ( a)
Input power
P. =3V, cos 6, (15.13)

=P+ P, + P, (15.13a)

where 0,, is the angle between I and V,. Output power
P, = Py — Pio1oad
Efficiency

"‘]_

Pn Pd - Pno load
— 15.14
P ( )

1 B P ¢ T Psu + P, g
If P, > (P. + Py,) and P; >> Py, 0a4, the efficiency becomes approximately

P, P(1-—y5)
~ 45 7 _q_ 15.14
n TP, P, s (15.14a)
The value of X, is normally large and R,,,, which is much larger, can be removed from
the circuit model to simplify the calculations. If X2, > (R? + X?), then V, = V,,
and the magnetizing reactance X,, may be moved to the stator winding to simplify fur-

ther; this is shown in Figure 15.2.
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FIGURE 15.2

< ‘ Approximate per-phase equivalent circuit.

The input impedance of the motor becomes

=X, (X; + X;) + X, (R, + R//s
7, = i ) JXn (R ) (15.15)
R, + R//s + j(X,, + X; + X))

and the power factor (PF) angle of the motor

0. = —t —1&—'——]2;/5‘4_ t —1Xm +)(-"+X; (15 16)
m TR T xr Y TR 4 RUs '
From Figure 15.2, the rms rotor current
Vs
I = (15.17)

[(R, + R/s)> + (X, + X])?]'”
Substituting I, from Eq. (15.17) in Eq. (15.9) and then P, in Eq. (15.12a) yields

T, = SRV (15.18)
T so (R, + RUs) + (X, + X))7] '

Torque-Speed Characteristics

If the motor is supplied from a fixed voltage at a constant frequency, the developed
torque is a function of the slip and the torque—speed characteristics can be determined
from Eq. (15.18). A typical plot of developed torque as a function of slip or speed is
shown in Figure 15.3. The slip is used as the variable instead of the rotor speed because
it is nondimensional, and it is applicable to any motor frequency. Near the synchronous
speed, that is, at low slips, the torque is linear and is proportional to slip. Beyond the max-
imum torque (also known as breakdown torque), the torque is inversely proportional to
slip as shown in Figure 15.3. At standstill, the slip equals unity, and the torque produced
1s known as standstill torque. To accelerate a load, this standstill torque has to be greater
than the load torque. It is desirable that the motor operate close to the low-slip range for
higher efficiency. This is due to the fact that the rotor copper losses are directly propor-
tional to slip and are equal to the slip power. Thus, at low slips, the rotor copper losses are
small. The operation in the reverse motoring and regenerative braking is obtained by the
reversal of the phase sequence of the motor terminals. The reverse speed—torque charac-
teristics are shown by dashed lines. There are three regions of operation: (1) motoring or
powering,0 = s = 1; (2) regeneration, s < 0; and (3) plugging, 1 = s = 2.
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In motoring, the motor rotates in the same direction as the field; as the slip in-
creases, the torque also increases while the air-gap flux remains constant. Once the
torque reaches its maximum value, 7,, at s = s,,, the torque decreases, with the increase
in slip due to reduction of the air-gap flux. For a low slip such that s < s,,, the posi-
tive slope of the characteristic provides stable operation. If the load torque is increased,
the rotor slows down and thereby develops a larger slip, which increases the electro-
magnetic torque capable of meeting the load torque. If the motor is operating at a slip
s > s,,, any load torque disturbance will lead to increased slip, resulting in less and less
torque generation. As a result, the developed torque will diverge more and more from
the load torque demand leading to a final pullout of the machine and reaching standstill.

In regeneration, the speed w,, is greater than the synchronous speed w, with w,,
and w, in the same direction, and the slip is negative. Therefore, R//s is negative. This
means that power is fed back from the shaft into the rotor circuit and the motor op-
erates as a generator. The motor returns power to the supply system. The torque—
speed characteristic is similar to that of motoring, but having negative value of torque.
A negative slip causes a change in the operating mode from the generation of posi-
tive torque (motoring) to negative torque (generating) as the induced emf in phase is
reversed. The regenerating breakdown torque g is much higher with negative-slip
operation. This 1s due to the fact that the mutual flux linkages are strengthened by
the generator action of the induction machine. The reversal of rotor current reduces
the motor impedance voltage drop, resulting in a boost of magnetizing current and
hence in an increase of mutual flux linkages and torque.

In reverse plugging, the speed is opposite to the direction of the field and the slip
1s greater than unity. This may happen if the sequence of the supply source is reversed
while forward motoring, so that the direction of the field is also reversed. The devel-
oped torque, which is in the same direction as the field, opposes the motion and acts
as braking torque. For example, if a motor is spinning in the direction opposite to that
of a phase sequence (abc) and a set of stator voltages with a phase sequence (abc) is
applied at supply frequency, this creates a stator flux linkage counter to the direction
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of rotor speed, resulting in a braking action. This also creates a slip greater than one
and the rotor speed is negative with respect to synchronous speed. This braking action
brings rotor speed to standstill in a short time. Because s > 1, the motor currents are
high, but the developed torque is low. The energy due to a plugging brake must be dis-
sipated within the motor and this may cause excessive heating of the motor. This type
of braking is not normally recommended.

At starting, the machine speed is w,, = 0 and s = 1. The starting torque can be
found from Eq. (15.18) by setting s = 1 as

3RV?

L= R TR + (X + X)) (13.19)

The slip for maximum torque s, can be determined by setting d7,/ds = 0 and Eq. (15.18)
yields
R !
Sm= T : 15.20
R+ (X, + X" (1920

Substituting s = s, in Eq. (15.18) gives the maximum developed torque during motor-
ing, which is also called pull-out torque, or breakdown torque,

3V?
Tmm =
20R, + VR + (X, + X!)?]

(15.21)

and the maximum regenerative torque can be found from Eq. (15.18) by letting

s = =S,

3V?2
T, = s (15.22)
20[-R, + VR + (X, + X})?]

If R, is considered small compared with other circuit impedances, which is usually a valid ap-
proximation for motors of more than 1-kW rating, the corresponding expressions become

3RV?
T, = 5 5 (15.23)
sou[(Ryfs)” + (X, + X;)7]
3R,V?
T, = 5 5 (15.24)
og[(R;)” + (X + X7)7]
RI
= +t—— 15.25
Tym = —T,, = 3Vs (15.26)
T 2oy(X + X)) |
Normalizing Eqgs. (15.23) and (15.24) with respect to Eq. (15.26) gives
T, 2R} (X, + X] 2
d _ ( s ) . SSm (1527)

Tom  S[(RUs)2 + (X, + X)) s2 + s°
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and
T 2R, (X, + X7) 28
— = 5 5= (15.28)
Tmm (R;) + (Xv + Xr’) Sm + 1
If s < 1,s* < s2,and Eq. (15.27) can be approximated to
1, 2s 2(wy = 0y)
T s, S o (15.29)
which gives the speed as a function of torque,
Sm
W, = ol 1 - 2Tmde (15.30)

It can be noticed from Egs. (15.29) and (15.30) that if the motor operates with
small slip, the developed torque is proportional to slip and the speed decreases with
torque. The rotor current, which is zero at the synchronous speed, increases due to the
decrease in R/s as the speed is decreased. The developed torque also increases until
it becomes maximum at s = s,,. For s < s,,, the motor operates stably on the portion
of the speed-torque characteristic. If the rotor resistance is low, s,, is low. That is, the
change of motor speed from no-load to rated torque is only a small percentage. The
motor operates essentially at a constant speed. When the load torque exceeds the break-
down torque, the motor stops and the overload protection must immediately disconnect
the source to prevent damage due to overheating. It should be noted that for s > s,,, the
torque decreases despite an increase in the rotor current and the operation is unstable
for most motors. The speed and torque of induction motors can be varied by one of the
following means [3-8]:

Stator voltage control

Rotor voltage control

Frequency control

Stator voltage and frequency control
Stator current control

Voltage, current, and frequency control

A o

To meet the torque—speed duty cycle of a drive, the voltage, current, and frequency
control are normally used.

Example 15.1 Finding the Performance Parameters of a Three-Phase Induction Motor

A three-phase, 460-V, 60-Hz, four-pole Y-connected induction motor has the following equivalent-
circuit parameters: Ry = 0.42 (), R; = 0.23 O, X; = X; = 0.82 Q, and X,, = 22 (). The no-load
loss, which is Py, 10.¢ = 60 W, may be assumed constant. The rotor speed is 1750 rpm. Use the
approximate equivalent circuit in Figure 15.2 to determine (a) the synchronous speed wy; (b) the
slip s; (c) the input current [;; (d) the input power P; (e) the input PF of the supply, PF; (f) the gap
power P,; (g) the rotor copper loss P,,; (h) the stator copper loss Py,; (i) the developed torque Tj;



(j) the efficiency; (k) the starting current /,, and starting torque 7;; (1) the slip for maximum
torque s,,; (m) the maximum developed torque in motoring, 7,,,; (n) the maximum regenerative

15.2 Induction Motor Drives

developed torque 7,,,; and (0) 7,,,, and T,,, if R, is neglected.

Solution
f=60Hz,p =4, R, =042 Q, R, =023 O, X; = X, = 082 O, X,, = 22 Q,
1750 rpm. The phase voltage is V, = 460/V3 = 265.58 V, ® = 27 X 60 = 377 rad/s, and

w,, =1750 w/30 = 183.26 rad/s.

a.
b.

From Eq. (15.1), o, = 2w/p = 2 X 377/4 = 188.5 rad/s.
From Eq. (15.4),s = (188.5 — 183.26)/188.5 = 0.028.
From Eq. (15.15),

=22 % (0.82 4 0.82) + 22 X (0.42 + 0.23/0.028)

7. =
! 0.42 + 0.23/0.028 + j(22 + 0.82 + 0.82)
Vi 26558 o .
;= Z =S /—30.8° = 34.35/—30.88°A
The PF of the motor is

PF,, = cos(—30.88°) = 0.858 (lagging)
From Eq. (15.13),
P, =3 X 265.58 X 34.35 X 0.858 = 23,482 W

The PF of the input supply is PF; = PF,, = 0.858 (lagging), which is the same as the

motor PF, PF,,, because the supply is sinusoidal.
From Eq. (15.17), the rms rotor current is

265.58
I, = . — =301A
[(0.42 + 0.23/0.028)2 + (0.82 + 0.82)2]

From Eq. (15.9),

3 X 30.1* X 0.23
8 0.028

From Eq. (15.7), P,, = 3 X 30.1> X 0.23 = 625 W.

The stator copper loss is P, = 3 X 30.1> X 0.42 = 1142 W.
From Eq. (15.12a), T, = 22,327/188.5 = 118.4 N-m.

Py =P, — P,y — Pyoload = 22,327 — 625 — 60 = 21,642 W.
Fors = 1, Eq. (15.17) gives the starting rms rotor current

I, = 26558 = 1505 A
" [(0.42 + 0.23)% + (0.82 + 0.82)%]"2

From Eq. (15.19),

= 22,327 W

13X 023 % 150.5%

§ 1885 = 829N-m
From Eq. (15.20), the slip for maximum torque (or power)
2
R 0.2 — +0.1359

~[0.42% + (0.82 + 0.82)%]"?

= 7.732 /30.88°
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m. From Eq. (15.21), the maximum developed torque
. 3 X 265.58°
2 % 188.5 X [0.42 + V0.422 + (0.82 + 0.82)7]
= 265.64 N'm
n. From Eq. (15.22), the maximum regenerative torque is
. 3 X 265.58°
2% 188.5 X [-0.42 + V0.422 + (0.82 + 0.82)7]
— —440.94N-m
o. From Eq. (15.25),
0.23
= 4+ = 4
= 082+ os2 A2
From Eq. (15.26),
3 X 265.58
Ton=—T,, = = 3422 N-
mm mr 1885 X (0.82 + 0.82) m
Note: R, spreads the difference between T7,,, and T,,. For R, =0,7T,,, =
- T, = 3422 N-m, as compared with 7,,,, = 265.64 N-m and 7,,, =—440.94 N - m.
15.2.3 Stator Voltage Control

Equation (15.18) indicates that the torque is proportional to the square of the stator
supply voltage and a reduction in stator voltage can produce a reduction in speed. If
the terminal voltage is reduced to bV, Eq. (15.18) gives the developed torque

3R;(bV,)’

Td - ’ 2 "2
SO‘)S[(RS + Rr/s) + (Xv + Xr) ]

where b = 1.

Figure 15.4 shows the typical torque—speed characteristics for various values of b.
The points of intersection with the load line define the stable operating points. In any
magnetic circuit, the induced voltage is proportional to flux and frequency, and the rms
air-gap flux can be expressed as

Ve = bVy = K,yod
or

V, bV
= = 15.31
¢ K,o K,o ( )

where K, is a constant and depends on the number of turns of the stator winding. As
the stator voltage is reduced, the air-gap flux and the torque are also reduced. At a
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Torque-speed characteristics with variable stator voltage.
lower voltage, the current can be peaking at a slip of s, = % The range of speed control
depends on the slip for maximum torque s,,. For a low-slip motor, the speed range is
very narrow. This type of voltage control is not suitable for a constant-torque load and
is normally applied to applications requiring low-starting torque and a narrow range of
speed at a relatively low slip.

The stator voltage can be varied by three-phase (1) ac voltage controllers,
(2) voltage-fed variable dc-link inverters, or (3) pulse-width modulation (PWM)
inverters. However, due to limited speed range requirements, the ac voltage control-
lers are normally used to provide the voltage control. The ac voltage controllers are
very simple. However, the harmonic contents are high and the input PF of the control-
lers is low. They are used mainly in low-power applications, such as fans, blowers, and
centrifugal pumps, where the starting torque is low. They are also used for starting
high-power induction motors to limit the in-rush current.

The schematic of a reversible phase-controlled induction motor drive is shown
in Figure 15.5a. The gating sequence for one direction of rotation is T4 T,T3T4T5T
and the gating sequence for reverse rotation is 7' 1,,15,74T5,T¢,. During the reverse
direction, the devices T,, T3, T5, and Ty are not gated. For changing the operation
from one direction to the reverse direction, the motor has to be slowed down to zero
speed. The triggering angle is delayed so as to produce zero torque, and then the load
slows down the rotor. At zero speed, the phase sequence is changed and the triggering
angle is retarded until it can produce currents to generate the required torque in the
reverse direction. The trajectory for changing the operating point from P; (w,,;, 7,1 ) to
P, (—w,;, —T,) is shown in Figure 15.5b.

An induction motor can be modeled as an equivalent resistance R;, in series with
an equivalent reactance X;,, of an equivalent circuit. Neglecting the effect of R, in
Figure 15.1c, the equivalent parameters can be determined from the motor parameters
and the slip.

X2, R,
R, = R, + —= (15.32)
2
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FIGURE 15.5
Reversible phase-controlled induction motor drive.
I\ 2
(3) + 0, + x
Xip = X, + =005 X, (15.33)
(—r> + (X, + X))?
S

Therefore, the equivalent impedance and power factor angle are given by

Z, = VR, + X3, (15.34)

X,
6 = tan' ’”) 15.35
(% (15.39)
For a triggering delay angle «, the voltage applied to the motor equivalent circuit is
given by
v(t) = V,,sin (of + a) (15.36)
The corresponding stator current can be expressed as
V —f
I(t) = Z_m sin (wgf + @« — 6 ) — sin (a — 6 )etn? } for 0= ot =B (15.37)
The conduction angle B is obtained from Eq. (15.37) when the current becomes zero.
That is,
: _ (B _
las(t) = las J =0 (15.38)

This gives the nonlinear relationship as
—B
sin(B +a —0) — sin(a —0)e@n? =( (15.39)
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This transcendental equation can be solved for 3 by an iterative method of solution
using Mathcad or Mathlab to find the instantaneous stator current. When the triggering
angle a is less than the power factor angle 0, the current will conduct for the positive
half-cycle, from « to (7 + o). During the negative half-cycle starting at (7 + «) and
for a < 0, the positive current is still flowing and the voltage applied to the machine is
negative. The stator current in Eq. (15.37) contains harmonic components. As a result,
the motor will be subjected to pulsating torques.

Example 15.2 Finding the Performance Parameters of a Three-Phase Induction Motor
with Stator Voltage Control

A three-phase, 460-V, 60-Hz, four-pole Y-connected induction motor has the following parameters:
R, =101 Q,R/=0.69 Q, X, =13 Q, X, =194 O, and X,, = 43.5 (). The no-load loss, P, 1pad
is negligible. The load torque, which is proportional to the speed squared, is 41 N - m at 1740 rpm. If
the motor speed is 1550 rpm, determine (a) the load torque 77, (b) the rotor current /,, (c) the stator
supply voltage V,, (d) the motor input current [;, (¢) the motor input power P, (f) the slip for maxi-
mum current s,, (g) the maximum rotor current /,(max), (h) the speed at maximum rotor current w,,
and (i) the torque at the maximum current 7.

Solution

p =4, f=60Hz, V, =460/V3 = 26558V, R, =1.01Q, R, =069Q, X, =13Q, X, =
194 Q, X, =435 Q,0 = 2w X 60 = 377 rad/s, and w; = 377 X 2/4 = 188.5 rad/s. Because
torque is proportional to speed squared,

T, = K02, (15.40)

At w,, = 1740 w/30 = 182.2rad/s, T, = 41 N-m, and Eq. (1540) yields K, = 41/182.22 =
1235 X 107 and o, = 1550 w30 = 1623 rad/s. From Eq. (154), s = (188.5 — 162.3)/
188.500 = 0.139.

a. From Eq. (15.40), T; = 1.235 X 107 X 162.3> = 325 N-m.
b. From Egs. (15.10) and (15.12),

/

R,
Pd = 3(1;)2T(1 - S) = TLwy, + Pnoload (15'41)

For negligible no-load loss,

[ sTio 12
I = ﬁ] (15.42)

[0.139 X 32.5 X 162.3 "2
= = 2028 A
|3 X 0.69(1 — 0.139) }

c¢. The stator supply voltage

R’ 2 172
vV, = I’,KRS + —’) + (X, + X',)Z} (15.43)
S

12

0.69 \?
<1.01 + —) + (1.3 + 1.94)2} = 137.82

= 20.28 X
2028 0.139
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d. From Eq. (15.15),

—435 X (1.3 + 1.94) + j43.5 X (1.01 + 0.69/0.139)

zZ, = = 6.27 /35.82°

1.01 + 0.69/0.139 + j(43.5 + 1.3 + 1.94)

V. 137,
=t = BER /106 = 2 [-3580°A

PF,, = cos(—35.82°) = 0.812 (lagging). From Eq. (15.13),
P =3 X 137.82 X 22.0 X 0.812 = 7386 W

Substituting ,, = w,(1 — s) and T, = K,,w2, in Eq. (15.42) yields

STme } 12 <Smes )1/2
=" = (1= 5)e, 15.44
' {31{;(1 —5) =)ol Fg, (1544)

The slip at which I’ becomes maximum can be obtained by setting dl,/ds = 0, and this
yields

Su =% (15.45)

Substituting s, = % in Eq. (15.44) gives the maximum rotor current

4Km(’3s )1/2

I/r(max) = ws( '
LR, (15.46)

4 X 1.235 X 1073 x 188.5
81 X 0.69

12
= 188.5 X ( ) =243 A

The speed at the maximum current
0, = o,(1=s,) = (2/3)w; = 0.6667w

(15.47)
= 188.5 X 2/3 = 125.27rad/s or 1200 rpm

From Egs. (15.9), (15.12a), and (15.44),

r

R

Ta = 91% max)
(max)

5 (15.48)

0.69
=9 X 24.3% % = 1945N-
188.5 m

15.2.4 Rotor Voltage Control

In a wound-rotor motor, an external three-phase resistor may be connected to its slip

rings, as

shown in Figure 15.6a. The developed torque may be varied by varying the

resistance R,. If R, is referred to the stator winding and added to R,, Eq. (15.18) may
be applied to determine the developed torque. The typical torque—speed characteris-
tics for variations in rotor resistance are shown in Figure 15.6b. This method increases
the starting torque while limiting the starting current. However, this is an inefficient
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FIGURE 15.6

Speed control by motor resistance.

method and there would be imbalances in voltages and currents if the resistances in
the rotor circuit are not equal. A wound-rotor induction motor is designed to have a
low-rotor resistance so that the running efficiency is high and the full-load slip is low.
The increase in the rotor resistance does not affect the value of maximum torque but
increases the slip at maximum torque. The wound-rotor motors are widely used in ap-
plications requiring frequent starting and braking with large motor torques (e.g., crane
hoists). Because of the availability of rotor windings for changing the rotor resistance,
the wound rotor offers greater flexibility for control. However, it increases the cost
and needs maintenance due to slip rings and brushes. The wound-rotor motor is less
widely used as compared with the squirrel-case motor.

The three-phase resistor may be replaced by a three-phase diode rectifier and a
dc converter, as shown in Figure 15.7a, where the gate-turn-off thyristor (GTO) or an
insulated-gate bipolar transistor (IGBT) operates as a dc converter switch. The induc-
tor L, acts as a current source /; and the dc converter varies the effective resistance,
which can be found from Eq. (14.40):

R, = R(1 — k) (15.49)

where k is the duty cycle of the dc converter. The speed can be controlled by varying
the duty cycle. The portion of the air-gap power, which is not converted into mechani-
cal power, is called slip power. The slip power is dissipated in the resistance R.

The slip power in the rotor circuit may be returned to the supply by replac-
ing the dc converter and resistance R, with a three-phase full converter, as shown in
Figure 15.7b. The converter is operated in the inversion mode with delay range of
w/2 = a = m, thereby returning energy to the source. The variation of the delay angle
permits PF and speed control. This type of drive is known as a static Kramer drive.
Again, by replacing the bridge rectifiers by three three-phase dual converters (or cy-
cloconverters), as shown in Figure 15.7¢c, the slip PF in either direction is possible and
this arrangement is called a static Scherbius drive. The static Kramer and Scherbius
drives are used in large power pump and blower applications where limited range of
speed control is required. Because the motor is connected directly to the source, the
PF of these drives is generally high.
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Slip power control.



15.2 Induction Motor Drives 781

Assuming n, is the effective turns ratio of the stator and the rotor windings, the rotor
voltage is related to the stator (and line voltage V) by

V,
y, = L (15.50)
nr
The dc output voltage of the three-phase rectifier is
11.35sV,
V, =135V, = + (15.51)
Neglecting the resistive voltage in the series inductor L,
Vd - _Vdc (1552)
Ve, which is the output voltage of a phase-controlled converter, is given by
Ve = 1.35V, cos a (15.53)
where
Nll
‘/t - _VL = n; VL (1554)
Np

where n, is the turns ratio of the transformer in the converter side. Using Eq. (15.51) to
(15.54), the slip can be found from

§ = —n,n,Ccos o (15.55)
This gives the delay angle as
-1 )
o = Ccos (15.56)
n,n,

The delay angle can be varied in the inversion mode from 90° to 180°. But the power
switching devices limit the upper range to 155, and thus the practical range of the delay
angle is

90° = s = 155° (15.57)
which gives the slip range as

0=s= (0906 X n,.n,) (15.58)

Example 15.3 Finding the Performance Parameters of a Three-Phase Induction Motor
with Rotor Voltage Control

A three-phase, 460-V, 60-Hz, six-pole Y-connected wound-rotor induction motor whose
speed is controlled by slip power, as shown in Figure 15.7a, has the following parameters:
R, = 0.041 Q, R/ = 0.044 ), X, = 0.29 ), X} = 0.44 ), and X,, = 6.1 (). The turns ratio of the
rotor to stator windings is n,, = N,/Ng; = 0.9. The inductance L, is very large and its current /, has
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negligible ripple. The values of Ry, R,, X;, and X, for the equivalent circuit in Figure 15.2 can be
considered negligible compared with the effective impedance of L ;. The no-load loss of the motor
is negligible. The losses in the rectifier, inductor L, and the GTO dc converter are also negligible.
The load torque, which is proportional to speed squared, is 750 N - m at 1175 rpm. (a) If the
motor has to operate with a minimum speed of 800 rpm, determine the resistance R. With this
value of R, if the desired speed is 1050 rpm, calculate (b) the inductor current /,, (c) the duty cycle
of the dc converter k, (d) the dc voltage V,, (e) the efficiency, and (f) the input PF, of the drive.

Solution

V, =V, =460/\/3 =26558V, p =6, o =2m X 60 =377rad/s, and o, =2 X 377/6 =
125.66 rad/s. The equivalent circuit of the drive is shown in Figure 15.8a, which is reduced to
Figure 15.8b provided the motor parameters are neglected. From Eq. (15.49), the dc voltage at
the rectifier output is

V, = IR, = I,R(1 — k) (15.59)

and

N,
E, = sVsﬁ = sVin,, (15.60)

s
For a three-phase rectifier, Eq. (3.33) relates E, and V, as
V, = 1.654 X V2 E, = 2.3394E,
Using Eq. (15.60),
V, = 2.3394sVn,, (15.61)

Ideal transformer

(b) Approximate equivalent circuit

FIGURE 15.8

Equivalent circuits for Example 15.3.
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If P, is the slip power, Eq. (15.9) gives the gap power

and Eq. (15.10) gives the developed power as

P, 3P(1 —s)
Py=3(P,—PB) =3 -PR)=""—— (15.62)
Because the total slip power is 3P, = VI, and P; = T; »,,, Eq. (15.62) becomes
(1 = s5)Valy
P, = — - Tiw,, = Tio,(1l —s) (15.63)
Substituting V, from Eq. (15.61) in Eq. (15.63) and solving for I, gives
TL(")S
(15.64)

L= ——
47 23394V,n,,

which indicates that the inductor current is independent of the speed. Equating Eq. (15.59) to
Eq. (15.61) gives

2.3394sVin,, = L;R(1 — k)

which gives

_ L,R(1 - k) 15.65
YT 23394V, (15.65)
The speed can be found from Eq. (15.65) as

= (1 —5) = { LaR(1 - k)] 15.66
on = 0s(1 =5) = o, 2.3394V,n,, (15.66)

T,0R(1 — k
= v[l - TrouR( z] (15.67)

(2.3394V,n,,)

which shows that for a fixed duty cycle, the speed decreases with load torque. By varying k from
0 to 1, the speed can be varied from a minimum value to w;.

a. o, = 800 w/30 = 83.77 rad/s. From Eq. (15.40) the torque at 900 rpm is

800

2
ﬁ) = 347.67 N-m

TL=750><<

From Eq. (15.64), the corresponding inductor current is

_ 347.67 X 125.66
4™ 23394 X 265.58 X 0.9

= 7813 A

The speed is minimum when the duty cycle & is zero and Eq. (15.66) gives the minimum
speed,

78.13R
83.77 = 125.66 (1 " 2.3394 X 26558 X 0.9)

and this yields R = 2.3856 ().
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b. At 1050 rpm

1050'\?
= X | — et . .
T; = 750 <1175> 598.91 N-m

598.91 X 125.66

] —
4™ 23394 X 265.58 X 0.9

= 1346 A

¢ w, = 1050 w/30 = 109.96 rad/s and Eq. (15.66) gives

134.6 X 2.3856(1 — k)
23394 X 265.58 X 0.9

109.96 = 125.66 {1 —

which gives k = 0.782.
d. Using Eq. (15.4), the slip is

_125.66 — 109.96

125.66 = 0125

From Eq. (15.61),
Vi = 23394 X 0.125 X 265.58 X 0.9 = 699V
e. The power loss,
P, = V,l; = 699 X 134.6 = 9409 W
The output power,

P, = Ty, = 598.91 X 109.96 = 65,856 W

The rms rotor current referred to the stator is

2 2
I = \@ Ln,, = \E X 134.6 X 0.9 = 989 A

The rotor copper lossis P, = 3 X 0.044 X 98.9> = 1291 W, and the stator copper loss
is P, = 3 X 0.041 X 98.9> = 1203 W. The input power is

P, = 65,856 + 9409 + 1291 + 1203 = 77,759 W

The efficiency is 65,856/77,759 = 85%.

f. From Eq. (10.19) for n = 1, the fundamental component of the rotor current referred
to the stator is

N,
Ih = 07797 = 0.77971,m,,

N

= 0.7797 X 134.6 X 0.9 = 9445 A

and the rms current through the magnetizing branch is

V, 26558
"X, 6l

= 4354 A
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The rms fundamental component of the input current is

V 27172
I, =1 (0.7797L;n,,)* + (X—> } (15.68)
m

= (94.45% + 43.54°)12 = 104 A

The PF angle is given approximately by

V/X,,

0, = —tan"! —"
m = AN 07797,

(15.69)

43.54
= —tan! ——— = /-24.74°

94.45

The input PF is PF; = cos (—24.74°) = 0.908 (lagging).

Example 15.4 Finding the Performance Parameters of a Static Kramer Drive

The induction motor in Example 15.3 is controlled by a static Kramer drive, as shown in Figure 15.7b.
The turns ratio of the converter ac voltage to supply voltage is n. = N,/N, = 0.40. The load torque
is 750 N - m at 1175 rpm. If the motor is required to operate at a speed of 1050 rpm, calculate (a) the
inductor current /;; (b) the dc voltage V; (c) the delay angle of the converter «; (d) the efficiency;
and (e) the input PF of the drive, PF;. The losses in the diode rectifier, converter, transformer, and
inductor L, are negligible.

Solution

V, =V, =460/\/3 = 26558V, p =6, ® = 2w X 60 = 377 rad/s, w, = 2 X 377/6 = 125.66
rad/s, and w,, = 1050 w/30 = 109.96 rad/s. Then

_125.66 — 109.96

125.66 = 0125
T, = 750 x <@)2 — 59891 N-m
L 1175) T

a. The equivalent circuit of the drive is shown in Figure 15.9, where the motor param-
eters are neglected. From Eq. (15.64), the inductor current is

59891 X 125.66
4™ 23394 X 265.58 X 0.9

= 1346 A

b. From Eq. (15.61),
Vy; = 2.3394 X 0.125 X 265.58 X 0.9 = 69.9V

¢. Because the ac input voltage to the converter is V. = n.V,, Eq. (10.15) gives the aver-
age voltage at the dc side of the converter as

3V3V2n.V,
Vie = —+ cosa = —2.3394n_.V,cos a (15.70)
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FIGURE 15.9
Equivalent circuit for static Kramer drive.
Because V,; = V., Eqgs. (15.61) and (15.70) give
2.3394s5Vin,, = —2.3394n.V;cos a
which gives
—HN.COS
§=— (15.71)
N
The speed, which is independent of torque, becomes
n.cos a
0, = ol —s5) = u)s<1 + > (15.72)
nm
0.4
109.96 = 125.66 X (1 + %)

c.

which gives the delay angle, « = 106.3°.
The power fed back

P =V, =699 X 134.6 = 9409 W
The output power

P, = Tiw, = 598.91 X 109.96 = 65,856 W

The rms rotor current referred to the stator is

1—\[1dnm fx1346x09—989A

= 3 X 0.044 X 98.9> = 1291 W
P, = 3 X 0.041 X 98.9> = 1203 W
P, = 65,856 + 1291 + 1203 = 68,350 W

The efficiency is 65,856/68,350 = 96%.

From (f) in Example 15.3, I}; = 0.77971;n,, = 94.45 A, I,, = 265.58/6.1 = 43.54 A,
and I;; = 104 /—24.74°. From Example 10.5, the rms current fed back to the supply is

2 2
I, = \g Iin./—a = \@ X 134.6 X 0.4 /—a = 41.98 /—106.3°
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The effective input current of the drive is

L=1,; + 1, = 104 /—24.74° + 41.98 /—106.3° = 117.7 /—45.4° A

The input PF is PF; = cos(—45.4°) = 0.702 (lagging).

15.2.5

Note: The efficiency of this drive is higher than that of the rotor resistor control
by a dc converter. The PF is dependent on the turns ratio of the transformer (e.g.,
ifn, =0.9,a = 97.1°and PF; = 0.5;if n, = 0.2, « = 124.2° and PF; = 0.8).

Frequency Control

The torque and speed of induction motors can be controlled by changing the supply
frequency. We can notice from Eq. (15.31) that at the rated voltage and rated frequency,
the flux is the rated value. If the voltage is maintained fixed at its rated value while the
frequency is reduced below its rated value, the flux increases. This would cause satura-
tion of the air-gap flux, and the motor parameters would not be valid in determining the
torque-speed characteristics. At low frequency, the reactances decrease and the motor
current may be too high. This type of frequency control is not normally used.

If the frequency is increased above its rated value, the flux and torque would
decrease. If the synchronous speed corresponding to the rated frequency is called the
base speed w;, the synchronous speed at any other frequency becomes

W, — B(’)b

and

s=b Mo (15.73)

The torque expression in Eq. (15.18) becomes

B 3R V?
sBwp[(Ry + Ry/s)* + (BX, + BX})?]

T, (15.74)

The typical torque—speed characteristics are shown in Figure 15.10 for various values
of B. The three-phase inverter in Figure 6.6a can vary the frequency at a fixed voltage.
If R, is negligible, Eq. (15.26) gives the maximum torque at the base speed as

B 3Va
" 20,(X, + X))

T, (15.75)

The maximum torque at any other frequency is

3 A%
= Den (X, + X)) (E) (15.76)

and from Eq. (15.25), the corresponding slip is

R;
Sm = m (15.77)
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FIGURE 15.10

Torque characteristics with frequency control.

Normalizing Eq. (15.76) with respect to Eq. (15.75) yields

T, 1
— = — 15.78
Tmb Bz ( )
and
T8> = T (15.79)

Thus, from Eqgs. (15.78) and (15.79), it can be concluded that the maximum torque
is inversely proportional to frequency squared, and 7,,3% remains constant, similar
to the behavior of dc series motors. In this type of control, the motor is said to be
operated in a field-weakening mode. For 3 > 1, the motor is operated at a con-
stant terminal voltage and the flux is reduced, thereby limiting the torque capability
of the motor. For 1 < B < 1.5, the relation between 7,, and (3 can be considered
approximately linear. For § < 1, the motor is normally operated at a constant
flux by reducing the terminal voltage V, along with the frequency so that the flux
remains constant.

Example 15.5 Finding the Performance Parameters of a Three-Phase Induction Motor
with Frequency Control

A three-phase, 11.2-kW, 1750-rpm, 460-V, 60-Hz, four-pole Y-connected induction motor has the
following parameters: Ry, = 0, R, = 0.38 ), X; = 1.14 Q, X;] = 1.71 Q, and X,, = 33.2 Q. The
motor is controlled by varying the supply frequency. If the breakdown torque requirement is
35 N - m, calculate (a) the supply frequency and (b) the speed w,, at the maximum torque.

Solution
V, =V, = 460/\/3 = 258 X 58V, w, = 2w X 60 = 377 tadls, p = 4, Py = 11200 W, T, X
1750 w/30 = 11,200, 7,,,, = 61.11 N-m, and 7,, = 35 N-m.
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a. From Eq. (15.79),

T [61.11
=,/ == =132
¥ T, 35 .

w, = Bw, = 1.321 X 377 = 498.01 rad/s

From Eq. (15.1), the supply frequency is

4% 49801
2

b. From Eq. (15.77), the slip for maximum torque is

_RYB 0381321
T X X, 114 + 171

w, = 498.01 X (1 —0.101) = 447.711rad/s or 4275 rpm

= 996rad/s or 15851 Hz

[Q)

= 0.101

15.2.6

Note: This solution uses the rated power and the speed to calculate T,,,.
Alternatively, we could substitute the rated voltage and the motor parameters in Eqs.
(15.75), (15.78) and (15.77) to find T,,,, B and s,,,, We may get different results because
the motor ratings and parameters are not accurately related and dimensioned. The
parameters were selected arbitrarily in this example. Both approaches would be correct.

Voltage and Frequency Control

If the ratio of voltage to frequency is kept constant, the flux in Eq. (15.31) remains constant.
Equation (15.76) indicates that the maximum torque, which is independent of frequency,
can be maintained approximately constant. However, at a high frequency, the air-gap flux
1s reduced due to the drop in the stator impedance and the voltage has to be increased to
maintain the torque level. This type of control is usually known as volts/hertz control.

If oy = Bw,, and the voltage-to-frequency ratio is constant so that

= q (15.80)

The ratio d, which is determined from the rated terminal voltage V; and the base speed
oy, 1s given by

Vs
d = oy (15.81)
From Egs. (15.80) and (15.81), we get
Vs
V, = do, = 0)_ Bw, = Viwy, (15.82)
b

Substituting V, from Eq. (15.80) into Eq. (15.74) yields the torque 7, and the slip for
maximum torque is

R,
S p—
"R+ BA(X, + XA

(15.83)
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FIGURE 15.11

Torque-speed characteristics with volts/hertz control.

The typical torque-speed characteristics are shown in Figure 15.11. As the fre-
quency is reduced, B decreases and the slip for maximum torque increases. For a given
torque demand, the speed can be controlled according to Eq. (15.81) by changing
the frequency. Therefore, by varying both the voltage and frequency, the torque and
speed can be controlled. The torque is normally maintained constant while the speed is
varied. The voltage at variable frequency can be obtained from three-phase invert-
ers or cycloconverters. The cycloconverters are used in very large power applications
(e.g., locomotives and cement mills), where the frequency requirement is one-half or
one-third of the line frequency.

Three possible circuit arrangements for obtaining variable voltage and frequency
are shown in Figure 15.12. In Figure 15.12a, the dc voltage remains constant and
the PWM techniques are applied to vary both the voltage and frequency within the
inverter. Due to diode rectifier, regeneration is not possible and the inverter would
generate harmonics into the ac supply. In Figure 15.12b, the dc—dc converter varies
the dc voltage to the inverter and the inverter controls the frequency. Due to the dc
converter, the harmonic injection into the ac supply is reduced. In Figure 15.12¢, the dc
voltage is varied by the dual converter and frequency is controlled within the inverter.
This arrangement permits regeneration; however, the input PF of the converter is low,
especially at a high delay angle.

The control implementation of the volts/hertz strategy for the circuit arrange-
ment in Figure 15.12a is shown in Figure 15.13 [23]. The electrical rotor speed w, is
compared with its commanded value w,* and the error is processed through a control-
ler, usually a P;, and a limiter to obtain the slip-speed command, w,;*. w, is related to
the mechanical motor speed by o, = (p/2) w,,. The limiter ensures that the slip-speed
command is within the maximum allowable slip speed of the induction motor. The
slip-speed command is added to electrical rotor speed to obtain the stator frequency
command, ® = wy + o,. Thereafter, the stator frequency command fis processed as
in an open-loop drive.

Using the equivalent circuit in Figure 15.1b, we get the per-phase stator voltage

V.=V, = L(R +jX,) + V,, = L(R + jX,)) +j(\uly)o (1584
= LR, + j(LX, + NuIyo) = LR, + jo,(LL, + Nuly)
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Voltage-source induction motor drives.

This can be normalized to per-unit value as given by

Van = IsnRsn + jwn(IS'nL.S'n + )\mn) (15843)
I, I,R I,L A
where o, = 5 = 5 Ry = U Ly, = Z’Vb;‘*b’% "=

Therefore, the magnitude of the normalized input-phase stator voltage is given by

Viw = V (IyRy)? + 02 (IyyLyy + Ny )2 (15.85)

The input voltage is dependent on the frequency, the air-gap flux magnitude, the stator
impedance, and the magnitude of the stator current. It can be shown by plotting this
relationship that is approximately linear and can be approximated by a preprogrammed
volt-to-frequency relationship as given by

‘/a == [SRS‘ + vaf - V() + vaf (1586)
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FIGURE 15.13

Block diagram of V-V inverter for implementation of volts/hertz control strategy [23].

K, is the volt-to-frequency constant for a given flux and can be found from Eq. (15.31)

as given by
V, 1 V,
K,=-"2= _“> 15.
EA 2¢er¢( f (15.87)
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The stator voltage V, in Eq. (15.86) equals the phase voltage V,, of the three-phase
inverter and is related to the dc-link voltage V4. by

Vo=V = % i/j% = 045V, (15.88)
Equating Eq. (15.86) to Eq. (15.88), we get
045V =V, + V,,(ZE;) =V, + Ky f (15.89)
This can be expressed in a normalized form as
045Vyy = Voo + Egp = Vo + 1 (15.90)
V. v, Koef
where Vien = 5 Vin = 75 Ean = va;b = fi = fb

K4 = 0.45 is the constant of proportionality between the dc load voltage and the sta-
tor frequency. A typical normalized relationship is shown in Figure 15.13b.

Example 15.6 Finding the Performance Parameters of a Three-Phase Induction Motor
with Voltage and Frequency Control

A three-phase, 11.2-kW, 1750-rpm, 460-V, 60-Hz, four-pole, Y-connected induction motor
has the following parameters: R; = 0.66 (), R, = 038 Q, X, = 1.14 Q, X, = 1.71 Q, and
X,, = 33.2 Q). The motor is controlled by varying both the voltage and frequency. The volts/
hertz ratio, which corresponds to the rated voltage and rated frequency, is maintained constant.
(a) Calculate the maximum torque 7,, and the corresponding speed w,, for 60 and 30 Hz.
(b) Repeat (a) if R, is negligible.

Solution
p =4V, =V,=460\/3 = 26558 V,» = 2w X 60 = 377 rad/s, and from Eq. (15.1), ) =
2 X 377/4 = 188.5 rad/s. From Eq. (15.80),d = 265.58/188.5 = 1.409.

a. At60Hz w, = o, = 188.5rad/s, 8 = 1, and V, = dw, = 1.409 X 188.5 = 265.58 V.
From Eq. (15.83),

0.38
[0.66% + (1.14 + 1.71)2]'"2

Sy = 0.1299

w, = 1885 X (1 — 0.1299) = 164.01 rad/s or 1566 rpm

From Eq. (15.21), the maximum torque is

X 265.582
T 3 65.58

= = 156.55N-m
2 X 188.5 X [0.66 + V0.66> + (1.14 + 1.71)?]
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At 30 Hz, o, = 2 X 2 X w30/4 = 9425 rad/s, B = 30/60 = 0.5, and V, = dw, =
1.409 X 94.25 = 132.79 V. From Eq. (15.83), the slip for maximum torque is

L 0.38

" 10.66% + 0.5% X (1.14 + 1.71)3]'2

, = 9425 X (1 — 0.242) = 71.44rad/s or 682rpm
3 X 132.79?

T, = = 125.82N-m
2 X 94.25 X [0.66 + V0.66% + 0.5 x (1.14 + 1.71)?]

= 0.242

b. At 60 Hz, w, = o, = 188.5 rad/s and V, = 265.58 V. From Eq. (15.77),

0.38
s B
= 1 4 11 01333

o, = 188.5 X (1 — 0.1333) = 163.36rad/s or 1560 rpm

From Eq. (15.76), the maximum torque is 7,, = 196.94 N - m.
At 30 Hz, o, = 94.25 rad/s, B = 0.5, and V, = 132.79 V. From Eq. (15.77),

0.38/0.5
= Taa v 1 2000

®,; = 9425 X (1 — 0.2666) = 69.11 rad/s or 660 rpm

From Eq. (15.76), the maximum torque is 7,, = 196.94 N - m.

Note: Neglecting R, may introduce a significant error in the torque estimation,
especially at a low frequency.

15.2.7 Current Control

The torque of induction motors can be controlled by varying the rotor current. The
input current, which is readily accessible, is varied instead of the rotor current. For a
fixed input current, the rotor current depends on the relative values of the magnetizing
and rotor circuit impedances. From Figure 15.2, the rotor current can be found as

- J Xl

= =1/ 15.91
" R+ Rls+j(X,+ X, + X)) Al ( )
From Eqgs. (15.9) and (15.12a), the developed torque is
3R.(X,I)?
T, = (Xl (15.92)

so[(Ry + Ryls)” + (X, + X, + X))
and the starting torque at s = 1 is

3R/ (Xnl)®
T, = 5 5 (15.93)
o[ (Ry + R))® + (X, + X, + X)?]
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The slip for maximum torque is

RI
i r
(R} + (X, + X, + X))°]'"?

(15.94)

Sm

In a real situation, as shown in Figure 15.1b and 15.1c, the stator current through R
and X; is constant at ;. Generally, X, is much greater than X; and R, which can be ne-
glected for most applications. Neglecting the values of R, and X, Eq. (15.94) becomes

R;
Sm = im (15.95)

and ats = s,,, Eq. (15.92) gives the maximum torque,

312
2(L,, + L)

3X2
T, = "

= 2 —
20,(Xpy + X))

I (15.96)

The input current /; is supplied from a dc current source /; consisting of a large in-
ductor. The fundamental stator rms phase current of the three-phase current-source
inverter is related to 1; by

V2V3
1y

I

=1 =

(15.97)

It can be noticed from Eq. (15.96) that the maximum torque depends on the
square of the current and is approximately independent of the frequency. The typi-
cal torque-speed characteristics are shown in Figure 15.14a for increasing values of
stator current. Because X, is large as compared with X and X', the starting torque is
low. As the speed increases (or slip decreases), the stator voltage rises and the torque
increases. The starting current is low due to the low values of flux (as 7, is low and X,
is large) and rotor current compared with their rated values. The torque increases with
the speed due to the increase in flux. A further increase in speed toward the positive
slope of the characteristics increases the terminal voltage beyond the rated value. The
flux and the magnetizing current are also increased, thereby saturating the flux. The
torque can be controlled by the stator current and slip. To keep the air-gap flux con-
stant and to avoid saturation due to high voltage, the motor is normally operated on
the negative slope of the equivalent torque—speed characteristics with voltage control.
The negative slope is in the unstable region and the motor must be operated in closed-
loop control. At a low slip, the terminal voltage could be excessive and the flux would
saturate. Due to saturation, the torque peaking, as shown in Figure 15.14a, is less than
that as shown.

Figure 15.14b shows the steady-state torque-slip characteristic [23]. The maxi-
mum torque, when saturation is considered, becomes much smaller compared to the
unsaturated case. The torque-speed characteristic is also shown for nominal stator
voltages. This characteristic reflects operation at rated air-gap flux linkages.

The constant current can be supplied by three-phase current-source inverters.
The current-fed inverter has the advantages of fault current control and the current



796 Chapter 15 Ac Drives

\ Torque, T,
Increasing I

[sl > 1s2 > [s3 > 1s4

1

N

0 Speed, w,,
U')S
(a) Torque-speed characteristics
6.() T T T T T T T T T T
5.0 \
4.0
NI |
30
~ A _
. B los=2 x rated \\ 4
— |
1.0 e
rate | 0.5 xrated |
0.0 —_—
00 01 02 03 04 05 06 07 08 09 1.0

Slip
(b) Torque versus slip characteristic

FIGURE 15.14

Torque—speed characteristics by current control.

is less sensitive to the motor parameter variations. However, they generate harmon-
ics and torque pulsation. Two possible configurations of current-fed inverter drives
are shown in Figure 15.15. In Figure 15.15a, the inductor acts as a current source and
the controlled rectifier controls the current source. The input PF of this arrangement
is very low. In Figure 15.15b, the dc—dc converter controls the current source and the
input PF is higher.

Example 15.7 Finding the Performance Parameters of a Three-Phase Induction Motor
with Current Control

A three-phase, 11.2-kW, 1750-rpm, 460-V, 60-Hz, four-pole, Y-connected induction motor has the
following parameters: R; = 0.66 ), R; = 0.38 Q, X; = 1.14 Q, X; = 1.71 Q, and X,,, = 33.2 Q).
The no-load loss is negligible. The motor is controlled by a current-source inverter and the
input current is maintained constant at 20 A. If the frequency is 40 Hz and the developed
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Current-source inductor motor drive.

torque is 55 N -m, determine (a) the slip for maximum torque s,, and maximum torque 7,,,
(b) the slip s, (c) the rotor speed w,,, (d) the terminal voltage per phase V,, and (e) the PF,,.

Solution

Viratea) = 460/V/3 = 26558V, I, =20A, T, =T, =55N-m, and p =4. At 40 Hz
® =27 X 40 = 251.33 rad/s, o, = 2 X 251.33/4 = 125.66 rad/s, R, = 0.66 Q, R’ = 0.38 Q,
X, = 1.14 X 40/60 = 0.76 O, X, = 1.71 X 40/60 = 1.14 Q,and X,, = 33.2 X 40/60 = 22.13 ().

a. From Eq. (15.94),

0.38

=— —— = 0.0158
[0.66% + (22.13 + 0.78 + 1.14)?]

Sm

From Eq. (15.92) fors = s,,, T, = 94.68 N - m.
b. From Eq. (15.92),
s 3(R./s) (22.13 X 20)?
125.66 X [(0.66 + R.Js)* + (22.13 + 0.76 + 1.14)?]

which gives (R,/s)>—83.74(R]/s) + 578.04 = 0, and solving for R,/s yields

R;
— = 76.144 or 7.581
S

and s = 0.00499 or 0.0501. Because the motor is normally operated with a large slip in
the negative slope of the torque—speed characteristic,

s = 0.0501
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¢ w, = 125656 X (1 — 0.0501) = 119.36 rad/s or 1140 rpm.
d. From Figure 15.2, the input impedance can be derived as

Z =R +jX = (R + XD)""/On = Zi/bn

where
X2 (R, + R/Js)
R = : : (15.98)
(Ry + R/s)” + (X, + Xy + X)
=6.26Q
X, [(R, + R /s)*> + (X, + X)) (X, + X, + X,
X = ml ( ) 2( ) (X 2 )] (15.99)
(Ry + R /s)” + (X, + X; + X,)
= 3.899 ()
and
o =t 1 X 15.100
m an Ri ( . )
= 31.9°

Z; = (6.26% + 3.899°)12 = 7.38 O
V,=ZI =738 X20=1476V

e. PF,, = cos(31.9°) = 0.849 (lagging).

Note: If the maximum torque is calculated from Eq. (15.96), 7,, = 100.49 and
V,(ats = s,,) is 313 V. For a supply frequency of 90 Hz, recalculations of the val-
ues give oy = 282.74 rad/s, X; = 1.71 Q, X = 2.565 Q, X,, = 49.8 Q, s,, = 0.00726,
T, =961 N-m,s = 0.0225, V, = 316 V, and V,(ats = 5,,) = 699.6 V. It is evident
that at a high frequency and a low slip, the terminal voltage would exceed the rated
value and saturate the air-gap flux.

Example 15.8 Finding the Relationship between the Dc-Link Voltage and the Stator
Frequency

The motor parameters of a volts/hertz inverter-fed induction motor drive are 6 hp, 220 V,
60 Hz, three phase, star connected, four poles, 0.86 PF and 84 % efficiency, R, = 0.28, R, = 0.17(},
X, = 2430, X; = 0.56Q, X, = 0.83(). Find (a) the maximum slip speed, (b) the rotor voltage
drop V,,, (c) the volt-hertz constant K, ;, and (d) the dc-link voltage in terms of stator frequency f.

Solution
HP = 6hp, V, =220V, f=60Hz, p = 4, PF = 0.86, m; = 84%, R, = 0.28, R, = 0.17Q,
X, =243Q0,X, = 056 Q, X, = 0.83Q).
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a. Using Eq. (15.25), the slip speed is

R! 0.17

== 39699 = 46.107rad/
X+ RC T 056+ 083 s

Wy

b. The stator phase current is given as

. P, _ 4474
3V, X PF X m; 3 X127 X 0.86 X 0.84

V, = LR, = 16254 X 028 = 4.551V

X =16.254A

I

c¢. Using Eq. (15.86), the volt-frequency constant is

Vo = Vo 127 — 4.551

K= 7 0 = 2.041V/Hz
d. Using Eq. (15.89), the dc voltage is
V, + Kyrf
V= "Tsvf = 222 X (4.551 + 2.041f)

= 282.86 Vat f = 60 Hz

15.2.8 Constant Slip-Speed Control

The slip speed wy; of the induction motor is maintained constant. That is, oy = so =
constant. The slip is given by
Wy W/

== L (15.101)

o W, + Wy

Thus, the slips = (o — o, )/w will be varying with various rotor speeds w, = (p/2)w,,
and the motor will operate in the normal torque-slip characteristic. Using the approxi-
mate equivalent circuit in Figure 15.2, the rotor current is given by

Vi V./w
I = : = : (15.102)

R, R
RS‘+T +(Xv+Xr’) Rs+ +](LS+LI’”)

W g

And the developed electromagnetic torque is

p P p 1%<R;> p _ BR
==X =3x=X "L )=3x=x-"" ,
Ty ="5x t=3x2x = 3x X (15.103)

Substituting the magnitude for I, from Eq. (15.102) into Eq. (15.103) gives

R_r’
Wy

> + (Ly+ L))?

(15.104)

T—3><13><<E)2><
- 2 " \ow ( R)

R, +
Wy
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Controlled
rectifier Lf Inverter
Three-phase + + Induct;
ac power O—— * v, TC Ve * nduction
supply - -4 J
A %
a I
n

FIGURE 15.16

Block diagram for implementation of constant slip-speed control [23].

Vs 2
= Kw(g) (15.105)
where torque constant K. is given by
K, =3 X ’2—) X = tl (15.106)
(RS + —r> + (Ly + L})?
Wy

According to Eq. (15.104), the torque depends on the square of the volts/hertz ratio and
is independent of rotor speed w, = (p/2)w,, This type of control has the capability
to produce a torque even at zero speed. This feature is essential in many applications,
such as in robotics, where a starting or holding torque needs to be produced. The block
diagram for the implementation of this control strategy is shown in Figure 15.16 [23].
The stator frequency is obtained by summing the slip speed w®; and the electrical rotor
speed w,. The error speed signal is used to generate the delay angle «. A negative speed
error clamps the bus voltage at zero, and triggering angles of greater than 900 are not
allowed. This drive is restricted to one-quadrant operation only.

Voltage, Current, and Frequency Control

The torque—speed characteristics of induction motors depend on the type of con-
trol. It may be necessary to vary the voltage, frequency, and current to meet the
torque-speed requirements, as shown in Figure 15.17, where there are three re-
gions. In the first region, the speed can be varied by voltage (or current) control
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FIGURE 15.17

Control variables versus frequency.

at constant torque. In the second region, the motor is operated at constant current
and the slip is varied. In the third region, the speed is controlled by frequency at a
reduced stator current.

The torque and power variations for a given stator current and frequencies below
the rated frequency are shown by dots in Figure 15.18. For § < 1, the motor operates
at a constant flux. For § > 1, the motor is operated by frequency control, but at a con-
stant voltage. Therefore, the flux decreases in the inverse ratio of per-unit frequency,
and the motor operates in the field weakening mode.

When motoring, a decrease in speed command decreases the supply frequency.
This shifts the operation to regenerative braking. The drive decelerates under the in-
fluence of braking torque and load torque. For speed below rate value w,, the voltage
and frequency are reduced with speed to maintain the desired V to f ratio or constant
flux and to keep the operation on the speed—torque curves with a negative slope by
limiting the slip speed. For speed above w,, the frequency alone is reduced with the
speed to maintain the operation on the portion of the speed—torque curves with a neg-
ative slope. When close to the desired speed, the operation shifts to motoring opera-
tion and the drive settles at the desired speed.

When motoring, an increase in the speed command increases the supply fre-
quency. The motor torque exceeds the load torque and the motor accelerates. The op-
eration is maintained on the portion of the speed—torque curves with a negative slope
by limiting the slip speed. Finally, the drive settles at the desired speed.

Key Points of Section 15.2

e The speed and torque of induction motors can be varied by (1) stator volt-
age control; (2) rotor voltage control; (3) frequency control; (4) stator voltage
and frequency control; (5) stator current control; or (6) voltage, current, and
frequency control.

e To meet the torque-speed duty cycle of a drive, the voltage, current, and fre-
quency are normally controlled such that the flux or the V to f ratio remains
constant.
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FIGURE 15.18

Torque-speed characteristics for variable frequency control.

CLOSED-LOOP CONTROL OF INDUCTION MOTORS

A closed-loop control is normally required to satisfy the steady-state and transient per-
formance specifications of ac drives [9, 10]. The control strategy can be implemented
by (1) scalar control, where the control variables are dc quantities and only their mag-
nitudes are controlled; (2) vector control, where both the magnitude and phase of the
control variables are controlled; or (3) adaptive control, where the parameters of the
controller are continuously varied to adapt to the variations of the output variables.

The dynamic model of induction motors differs significantly from that of
Figure 15.1c and is more complex than dc motors. The design of feedback-loop pa-
rameters requires complete analysis and simulation of the entire drive. The control
and modeling of ac drives are beyond the scope of this book [2, 5, 17, 18]; only some
of the basic scalar feedback techniques are discussed in this section.

A control system is generally characterized by the hierarchy of the control loops,
where the outer loop controls the inner loops. The inner loops are designed to execute
progressively faster. The loops are normally designed to have limited command excur-
sion. Figure 15.19a shows an arrangement for stator voltage control of induction mo-
tors by ac voltage controllers at fixed frequency. The speed controller K; processes the
speed error and generates the reference current .p). K is the current controller. K3
generates the delay angle of thyristor converter and the inner current-limit loop sets
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the torque limit indirectly. The current limiter instead of current clamping has the ad-
vantage of feeding back the short-circuit current in case of fault. The speed controller
K| may be a simple gain (proportional type), proportional-integral type, or a lead-lag
compensator. This type of control is characterized by poor dynamic and static perfor-
mance and is generally used in fans, pumps, and blower drives.

The arrangement in Figure 15.19a can be extended to a volt/hertz control with the
addition of a controlled rectifier and dc voltage control loop, as shown in Figure 15.19b.
After the current limiter, the same signal generates the inverter frequency and provides
input to the dc-link gain controller K5. A small voltage Vj, is added to the dc voltage
reference to compensate for the stator resistance drop at low frequency. The dc volt-
age V, acts as the reference for the voltage control of the controlled rectifier. In case
of PWM inverter, there is no need for the controlled rectifier and the signal V,, controls
the inverter voltage directly by varying the modulation index. For current monitoring, it
requires a sensor, which introduces a delay in the system response.

Because the torque of induction motors is proportional to the slip frequency,
wg = 0, — 0, = sw,, the slip frequency instead of the stator current can be con-
trolled. The speed error generates the slip frequency command, as shown in Figure
15.19c¢, where the slip limits set the torque limits. The function generator, which pro-
duces the command signal for voltage control in response to the frequency wy, is non-
linear and also can take into account the compensating drop V,, at a low frequency.
The compensating drop V,, is shown in Figure 15.19c. For a step change in the speed
command, the motor accelerates or decelerates within the torque limits to a steady-
state slip value corresponding to the load torque. This arrangement controls the torque
indirectly within the speed control loop and do not require the current sensor.

A simple arrangement for current control is shown in Figure 15.20. The speed
error generates the reference signal for the dc-link current. The slip frequency,
wg = o — w,, 1s fixed. With a step speed command, the machine accelerates with a
high current that is proportional to the torque. In the steady state, the motor current is
low. However, the air-gap flux fluctuates, and due to varying flux at different operating
points, the performance of this drive is poor.

Speed Current  Three-phase supply
controller controller ? ? ?
w, * e 1‘{ k. %, | Controlled
> + 2 - rectifier
w, 17 [_ Firing
s circuit ]
Iy d

Slip regulator
Wy +

.
>

Current-source
inverter

s
I

YE

Ao

r

FIGURE 15.20 S%gd @

Current control with constant slip. sensor
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A practical arrangement for current control, where the flux is maintained constant,
is shown in Figure 15.21. The speed error generates the slip frequency, which controls the
inverter frequency and the dc-link current source. The function generator produces the
current command to maintain the air-gap flux constant, normally at the rated value.

The arrangement in Figure 15.19a for speed control with inner current control
loop can be applied to a static Kramer drive, as shown in Figure 15.22, where the
torque is proportional to the dc-link current /,. The speed error generates the dc-link
current command. A step increase in speed clamps the current to the maximum value
and the motor accelerates at a constant torque that corresponds to the maximum cur-
rent. A step decrease in the speed sets the current command to zero and the motor

decelerates due to the load torque.

'/1
)
/]

|
Speed
Sensor

K1 K3 :OL
Speed Current Elrlng
controller limiter circuit

FIGURE 15.22

Speed control of static Kramer drive.

Three-phase
supply
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Key Points of Section 15.3

e The closed-loop is normally used to control the steady-state and transient
response of ac drives.

e However, the parameters of induction motors are coupled to each other and the
scalar control lacks in producing fast dynamic response.

DIMENSIONING THE CONTROL VARIABLES

The control variables in Figures 15.19 to 15.22 show the relationship between the
input and outputs of control blocks with gain contents. Example 15.8 illustrates the
relationship of the dc-link voltage V4. to the stator frequency f. For practical imple-
mentation, these variables and the constants must be scaled to the control signal
levels. Figure 15.23 shows the block diagram of the volts/hertz-controlled induction
motor drive [23].

The external signal v* is generated from the speed command w,* and scaled by a
proportionality constant K* as given by

K=t =% (15.107)
w

where V,, is the maximum control signal and its value is usually in the range of *10V
or £5V. The range of v* is given by

Vo <0<V, (15.108)
Controlled
rectifier ' Inverter
i, Ry Lg Lic
O—
Three-phase A T + Induction
ac power o—— * v, Ve - motor
supply | | i:Y f
O K, hd
y ) A
¢ . Ve K‘va » Is Tachogenerator Kzg
K, ®
! K
ﬁ W+ @y Vsl+vlg v
K, <—1Ig p Wy
b
THE -
A
v::<

FIGURE 15.23

Block diagram of the volts/hertz-controlled induction motor drive [23].
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The gain of the tachogenerator block is adjusted to have its maximum output corre-
sponding to *V,,, for control compatibility. Thus, the gain of the tachogenerator and
the filter is given by

K, = — g 15.109
“w(p2) 2 ( )

The maximum slip speed corresponds to the maximum torque of the induction motor
and the corresponding slip voltage is given by

vsl(max) = K*(’)sl(max) (15110)

The sum of the slip-speed signal and the rotor electrical speed signal corresponds to
the supply speed. That is, wy; + ®w, = w. Therefore, the gain of the frequency transfer
block 1s

1
K, = 15.111
f 21TK* ( )

Using Egs. (15.109) and (15.110), the stator frequency fis given by

= Kf(K*u)Sl + %K*wm> = KK (0 + ) (15.112)

Using Eq. (15.89), the control voltage of the output rectifier is given by

222
= 0ask Vo T Kf) = 7~ (Vo + Kogf) (15.113)

Uc

where K, is the gain of the controlled rectifier. The output of the rectifier is given by
v, = Ko, =222 X (V, + Kyf) =222 X [V, + KKK (0y + ©,)]  (15.114)
Using Eq. (15.112), the supply speed o is given by
o =2mf=2mKK (0g+ o) (15.115)
and the slip speed is given by
oy = fio0" = ) = fie(v" = 0uKy) = (K o, = 0,Ky) - (15.116)

where f,. is the speed controller function.

Example 15.9 Finding the Dimension Factors of the Control Variables

For the induction motor in Example 15.8, find (a) the constants K*, K, Ky and (b) express
the rectifier output voltage v, in terms of slip frequency wy if the rated mechanical speed is
N = 1760rpm and V,,,, = 10V.
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Solution
p = 4,N=1760 rpm, w,, = (2wN)/60 = (27 X 1760)/60 = 157.08 rad/s,w, = (p/2) X w,, =
(4/2) X 157.08 = 314.159 rad/s, w,(par) = w, = 314.159 rad/s.

From Example 15.8, K, = 4.551 V/Hz

a. Using Eq. (15.107), K* = Vel ®y(max) = 10/314.159 = 0.027 V/rad/s
Using Eq. (15.109), K,, = (p/2)K* = (4/2) X 0.027 = 0.053 V/rad/s
Using Eq. (15.111), K; = 1/(2nK*) = 1/(2 X = X 0.027) = 6Hz/rad/s

b. Using Eq. (15.114), the rectifier output voltage is

v, =222 X[V, + KufoK*(‘Dsl + o,)]
= 2.22 X [4.551 + 2.041 X 6 X 0.027 X (0g + o,)]
= 10.103 + 0.721 X (g + o,)

15.5

15.5.1

VECTOR CONTROLS

The control methods that have been discussed so far provide satisfactory steady-state
performance, but their dynamic response is poor. An induction motor exhibits non-
linear multivariables and highly coupled characteristics. The vector control technique,
which is also known as field-oriented control (FOC), allows a squirrel-cage induction
motor to be driven with high dynamic performance that is comparable to the charac-
teristic of a dc motor [11-15]. The FOC technique decouples the two components of
stator current: one providing the air-gap flux and the other producing the torque. It
provides independent control of flux and torque, and the control characteristic is lin-
earized. The stator currents are converted to a fictitious synchronously rotating refer-
ence frame aligned with the flux vector and are transformed back to the stator frame
before feeding back to the machine. The two components are d-axis i;, analogous to
field current and g-axis i,, analogous to the armature current of a separately excited dc
motor. The rotor flux linkage vector is aligned along the d-axis of the reference frame.

Basic Principle of Vector Control

With a vector control, an induction motor can operate as a separately excited dc motor.
In a dc machine, the developed torque is given by

where I, is the armature current and Iy is the field current. The construction of a dc ma-
chine is such that the field flux linkage W, produced by /; is perpendicular to the arma-
ture flux linkage ¥, produced by I,. These flux vectors that are stationary in space are
orthogonal or decoupled in nature. As a result, a dc motor has fast transient response.
However, an induction motor cannot give such fast response due to its inherent coupling
problem. However, an induction motor can exhibit the dc machine characteristic if the
machine is controlled in a synchronously rotating frame (d° — ¢°), where the sinusoidal
machine variables appear as dc quantities in the steady state.

Figure 15.24a shows an inverter-fed induction motor with two control current
inputs: i, and i;; are the direct-axis component and quadrature-axis component of
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Vector control of induction motor.

the stator current, respectively, in a synchronously rotating reference frame. With
vector control, i;; is analogous to the field current I; and ijt is analogous to armature
current /, of a dc motor. Therefore, the developed torque of an induction motor is
given by

Ty = KW, Iy = Ky, (15.118)

where ‘ff, is the absolute peak value of the sinusoidal space flux linkage vector ‘T’r;
I4s 18 the field component;
iy 1s the torque component.

Figure 15.24b shows the space-vector dlagram for vector control: i;; is oriented (or
aligned) in the direction of rotor flux 7\,, and zqé must be perpendicular to it under all
operating conditions. The space vectors rotate synchronously at electrical frequency
w, = . Thus, the vector control must ensure the correct orientation of the space
vectors and generate the control input signals.

The implementation of the vector control is shown in Figure 15.24c. The inverter
generates currents i, i, and i, in response to the corresponding command currents
iy, iy, and i, from the controller. The machine terminal currents i, i,, and i, are con-
verted to iy and iy components by three-phase to two-phase transformation. These
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are then converted to synchronously rotating frame (into i, and i,, components) by
the unit vector components cos 6, and sin 6, before applying them to the machine. The
machine is represented by internal conversions into the d¢ — ¢ model.

The controller makes two stages of inverse transformation so that the line con-
trol currents i,. and i;: correspond to the machine currents iy, and i ,, respectively. In
addition, the unit vector (cos 0, and sin 6,) ensures correct alignment of i, current with
the flux vector W, and i,, current is perpendicular to it. It is important to note that the
transformation and inverse transformation ideally do not incorporate any dynamics.
Therefore, the response to i, and i, is instantaneous except for any delays due to com-
putational and sampling times.

Direct and Quadrature-Axis Transformation

The vector control technique uses the dynamic equivalent circuit of the induction motor.
There are at least three fluxes (rotor, air gap, and stator) and three currents or mmfs (in
stator, rotor, and magnetizing) in an induction motor. For fast dynamic response, the
interactions between current, fluxes, and speed must be taken into account in obtaining
the dynamic model of the motor and determining appropriate control strategies.

All fluxes rotate at synchronous speed. The three-phase currents create mmfs
(stator and rotor), which also rotate at synchronous speed. Vector control aligns axes
of an mmf and a flux orthogonally at all times. It is easier to align the stator current
mmf orthogonally to the rotor flux.

Any three-phase sinusoidal set of quantities in the stator can be transformed to
an orthogonal reference frame by

_cos 0 cos (6 — 2_7;) CoSs (6 — 4_11)
3 3

fos 2 2 47 Jas
Jos | = 3 sin 6  sin (8 — ?> sin (6 — ?> Ths (15.119)
f;) 1 l l f;‘S

where 0 is the angle of the orthogonal set a-3-0 with respect to any arbitrary reference.
If the a-B-0 axes are stationary and the a-axis is aligned with the stator a-axis, then
0 = 0 at all times. Thus, we get

L1
P 2 20y
s 2 3 3 as
ful =210 V3oV3 £ (15.120)
; 3 2> 2|4
oS l l l CcS
2 2 2

The orthogonal set of reference that rotates at the synchronous speed w is referred to
as d—q—0 axes. Figure 15.25 shows the axis of rotation for various quantities.
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Axis of rotation for various quantities.

The three-phase rotor variables, transformed

frame, are given by

15.5 Vector Controls

es
6)’
-B
-y
-q

811

stator phase axis angle
rotor phase axis angle
stator fixed reference frame
rotor fixed reference frame

synchronous rotating
reference frame

to the synchronously rotating

cos (o — )t cos <(oo — W)t — 2%) cos ((w — o)t — %‘T)
fdr 2 21 4m f“r
| = 5| s = o sino - onr =) (o - o= ) | i
; | 1 1 Jor
- _(15.121)

where the slip is defined by Eq. (15.4a).

It is important to note that the difference w — w, is the relative speed between
the synchronously rotating reference frame and the frame attached to the rotor. This
difference is slip frequency wg, which is the frequency of the rotor variables. By apply-
ing these transformations, voltage equations of the motor in the synchronously rotating
frame are reduced to,

R, + DL, oL, DL, wL,, i

qs
Vg | —wL, R, + DL, —wl,, DL, Ly
Vyr DL, (0 — o)L, R .+ DL, (0 — o)L, || iy
Vyr —(o — w,)L,, DL,, —(o —w,)L, R, + DL, Iy

(15.122)

where o is the speed of the reference frame (or synchronous speed), w, is rotor
speed, and

Ls = Lls + Lma Lr = Llr + Lm
Subscripts / and m stand for leakage and magnetizing, respectively, and D represents

the differential operator d/dt. The dynamic equivalent circuits of the motor in this
reference frame are shown in Figure 15.26.



812 Chapter 15 Ac Drives

0¥, (© - 0¥,

(b) Equivalent circuit in d-axis

FIGURE 15.26

Dynamic equivalent circuits in the synchronously rotating frame.

The stator flux linkages are expressed as

Wy = Lyigs + Ly (igs + i) = Ly

stqs + Lmlqr

\Ifds = Llsids + Lm(ids + idr) = Lsids + Lmidr

\f’s = \/(\Pés + \P%is)

The rotor flux linkages are given by
W, = Lyiy + Ly, (iys + iyy) = Lyiy + Lyyiy,
\Pdr = Llridr + Lm(ids + idr) = Lridr + Lmids

W, = V(¥2, + ¥3)
The air-gap flux linkages are given by
W,y = Ly (igs + iy)
Vna = Ly (lgs + iar)

A

‘I,m = \/(‘I’%iqs + qf%lds)

(15.123)
(15.124)

(15.125)

(15.126)
(15.127)

(15.128)

(15.129)
(15.130)

(15.131)
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Therefore, the torque developed by the motor is given by
T — 3_P [\Ifdsiqs - \Ifq.vidx]
) 2

where p is the number of poles. Equation (15.122) gives the rotor voltages in d- and
g-axis as

(15.132)

O = 0= Ly— =+ (0 = o) Lyig + (R + Lr)Tt’ + (0 — o,)L,i; (15.133)
dids . didr .
v, =0=1, ” + (0 — w,)Lyiyy + (R + L,) 0 + (0 — )Ly, (15.134)
which, after substituting ¥, from Eq. (15.126) and ¥4, from Eq. (15.127), gives
awv,, .
5 + Ry + (0 — 0,)¥,;, =0 (15.135)
d\Pdr .
o + Rig + (0 — 0,)¥, =0 (15.136)
Solving for i,, from Eq. (15.126) and i, from Eq. (15.127), we get
: 1 Ly .
lgr = L—r‘I’q, — L_r g (15.137)
. 1 Ly .
lyr — L_rq’dr - L_r:z Ly (15138)

Substituting these rotor currents iy, and iy, into Egs. (15.135) and (15.136), we get

d\PqHE\p Lo pi 4 v, =0 15.139

dt Rr qr Lr rlqs (m (’)r) dr — ( . )
av, L L

+ =¥, - Ri 4+ (00— )V, =0 15.140

dt Rr qr Lr erqs ((’) (‘)r) dr ( 5.14 )

To eliminate transients in the rotor flux and the coupling between the two axes, the
following conditions must be satisfied.

¥, =0and ¥, = VI3 + V2 =¥, (15.141)
Also, the rotor flux should remain constant so that
dqfdr dq,flr
= =0 15.142
dt dt ( )

With conditions in Egs. (15.141) and (15.142), the rotor flux ¥, is aligned on the
d‘-axis, and we get

L, R,
‘Pf’”fz‘qs (15.143)

r

W= 0, = 0y =
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and

L a¥, + W, = L,i (15.144)
Rr dt r = Loylys .

Substituting the expressions for i, from Eq. (15.137) into Eq. (15.126) and i;, from Eq.
(15.138) into Eq. (15.127), we get

L? L
W, = (LS - ?’”) s T f’"«yq, (15.145)
r r
L? L
Yy = (L - f’”) lgs + f’”‘lfd, (15.146)

Substituting ¥, Eq. (15.145) and V¥, from Eq. (15.146) into Eq. (15.132) gives the
developed torque as

. 3_p L,, (‘Irdriqs - q’qrids) . 3p L,,
> =

=5 2 L i (15.147)

If the rotor flux ¥, remains constant, Eq. (15.144) becomes

A

U =L, i, (15.148)

which indicates that the rotor flux is directly proportional to current iy. Thus, 7y
becomes

_3p Ly
4= 5% L, bl

= Kpiasis (15.149)

where K,, = 3pL2/4L,.

The vector control can be implemented by either direct method or indirect method
[4]. The methods are different essentially by how the unit vector (cos 6, and sin 0,) is
generated for the control. In the direct method, the flux vector is computed from the
terminal quantities of the motor, as shown in Figure 15.27a. The indirect method uses
the motor slip frequency w,; to compute the desired flux vector, as shown in Figure
15.27b. It is simpler to implement than the direct method and is used increasingly in
induction motor control. 7} is the desired motor torque, W, is the rotor flux linkage, 7,
is the rotor time constant, and L,, is the mutual inductance. The amount of decoupling
is dependent on the motor parameters unless the flux is measured directly. Without the
exact knowledge of the motor parameters, an ideal decoupling is not possible.
Notes:

1. According to Eq. (15.144), the rotor flux ‘ff, is determined by i,,, which is subject
to a time delay 7, due to the rotor time constant ( L,/R,).

2. According to Eq. (15.149), the current i, controls the developed torque T, with-
out delay.

3. Currents i; and i, are orthogonal to each other and are called the flux- and
torque-producing currents, respectively. This correspondence between flux- and
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Block diagrams of vector control.

torque-producing currents is subject to maintaining the conditions in Egs. (15.143)
and (15.144). Normally, i;, would remain fixed for operation up to the base speed.
Thereafter, it is reduced to weaken the rotor flux so that the motor may be driven
with a constant power like characteristic.

15.5.3

Indirect Vector Control

Figure 15.28 shows the block diagram for control implementation of the indirect
field-oriented control (IFOC). The flux component of current izs for the desired rotor
flux W, is determined from Eq. (15.148), and is maintained constant. The variation
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Indirect rotor flux-oriented control scheme.

of magnetizing inductance L,, can, however, cause some drift in the flux. Equation
(15.143) relates the angular speed error (., — w,) to iq’ﬁ by
VL,

iqix; = LR (wref - (’)r) (15150)

which, in turn, generates the torque component of current iq’f; from the speed con-
trol loop. The slip frequency v, is generated from i,; in feed-forward manner from
Eq. (15.143). The corresponding expression of slip gain Kj; is given by

wi _Lu R _R

1
K, === = 15.151
sl i;; '\Ifr Lr Lr l;;g ( )

The slip speed o] is added to the rotor speed w, to obtain the stator frequency w. This
frequency is integrated with respect to time to produce the required angle 6 of the
stator mmf relative to the rotor flux vector. This angle is used to generate the unit vec-
tor signals (cos 0, and sin 0,) and to transform the stator currents (i4, and i) to the dq
reference frame. Two independent current controllers are used to regulate the i, and
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iy currents to their reference values. The compensated i, and i, errors are then inverse
transformed into the stator a-b-c reference frame for obtaining switching signals for
the inverter via PWM or hysteresis comparators.

The various components of the space vectors are shown in Figure 15.29. The
d’—q’ axes are fixed on the stator, but the d"—¢" axes, which are fixed on the rotor, are
moving at speed w,. Synchronously rotating axes d°—¢g¢ are rotating ahead of the d"—q"
axes by the positive slip angle 6, corresponding to slip frequency wy;. Because the rotor
pole is directed on the d-axis and ® = w, + wy, we can write

0, = /wdt — /(oo, + wy)dt = 0, + 6 (15.152)

The rotor position 6, is not absolute, but is slipping with respect to the rotor at
frequency wy. For decoupling control, the stator flux component of current i, should
be aligned on the d“-axis, and the torque component of current iy, should be on the
g°-axis.

This method uses a feed-forward scheme to generate w,; from i, iqf, and T7,.
The rotor time constant 7, may not remain constant for all conditions of operation.
Thus, with operating conditions, the slip speed wg, which directly affects the devel-
oped torque and the rotor flux vector position, may vary widely. The indirect method
requires the controller to be matched with the motor being driven. This is because the
controller needs also to know some rotor parameter or parameters, which may vary
according to the conditions of operation continuously. Many rotor time constant iden-
tification schemes may be adopted to overcome this problem.
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Example 15.10 Finding the Rotor Flux Linkages

The parameters of an induction motor with an indirect vector controller are 6 hp, Y-connected,
three phase, 60 Hz, four poles, 220 V, R, = 0.28Q), R, = 0.17Q, L,, = 61mH, L, = 56 mH,
L, = 53mH, J = 0.01667 kg-m?, rated speed = 1800 rpm. Find (a) the rated rotor flux linkages
and the corresponding stator currents iy, and iy, (b) the total stator current I, (c) the torque angle
87, and (d) the slip gain Kj;.

Solution

HP = 6hp, P, = 745.7 X 6 = 4474W,V, = 220V, f = 60Hz, p = 4, R, = 0.28Q, R, = 0.170Q,
L, = 6lmH, L, = 56mH, L, = 53mH, J = 0.01667kg-m% N = 1800rpm. o = 27f = 27 X
60 = 376.991tadss, w, = (27N)/60 = (2w X 1800)/60 = 188.496radss, w, = (p/2) X w, =
(412) X 157.08 = 376.991rad/s, w,(ma) = w, = 314.159radss, Vyy = (V2V,)/V3 = (V2 x
220)/V/3 = 179.629 rmV, v, = 0

a. For oy = 0, Eq. (15.122) gives

lgs R, oL, 0 oL, \7" [ v, 0.126
s | _ [ —oL, R, —wlL, 0 ve | [ 8988
i | 0 wgl, R oyl, o] | o
Ly —wgl, 0 —wgl, R, 0 0

Thus, iy, = 0.126 A, iy, = 8.988A, i, = 0,and iy, = 0
From Eqgs. (15.123) to (15.125), we get the stator flux linkages as

W, = Ly + Ly, = 53 X 107 X 0.126 + 61 X 107 X 0 = 6.678mWb-turn

Wy = Lgigs + Lyigy = 53 X 107 X 8988 + 61 X 107 X 0 = 0.476 Wb-turn

W, = Vw2 + w3 = V(6678 x 102)? + 0476> = 0.476 Wh-turn

From Egs. (15.126) to (15.128), we get the rotor flux linkages as
W, = Ly, + Lyi, =56 X 107 X 0 + 61 X 107 X 0.126 = 6.678mWb-turn

W, = Ly, + Lyi, = 56X 107 X 0 + 61 X 107 X 8.988 = 0.548 Wb-turn

V,= VWV, +Vi = V4 (7.686 X 1072)2 + 0.548% = (0.548 Wb-turn

From Eqgs. (15.129) to (15.131), we get the magnetizing flux linkages as
W,y = L (igs + ip) = 61 X 107 X (0.216 + 0) = 7.686mWb
Wt = Ly + (igs + igy) = 61 X 107 X (8.988 + 0) = 0.548 Wb

v, =VVv,, +¥, = V4 (7.686 X 1072)% + 0.548° = 0.548 Wb

b. The flux-producing stator (or field) current to produce the mmf ¥, is

L= LNV2, + 2 = /8988 + 02162 = 8989 A
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And Eq. (15.132) gives the corresponding torque as

3 X4

3
T, = Tp(\PdSiqs — W) = (0.474 X 0.216 — 6.678 X 1073 X 8.988)
= 0 (as expected)

Equation (15.149) also gives the approximate value of the corresponding torque as

3p L% 3x4 (61 xX1073)?
T, =20 X M = X X 8.988 X 0.216 = 0.226N.
T T e T Ty 56 x 1073 .

c¢. The torque needed to produce the output power P, is T, = P,/w,, = 4744/
188.496 = 23.736 N.m. Equation (15.147) gives the torque constant K, = (3p/4)
(L,/L,) = (3 X 4/4) X (61/56) = 3.268 and the rotor current needed to produce
the torque T, is I, = i, =T,/(K,V,) = 23.736/(3.268 X 0.548) = 13.247 A.

Therefore, the total stator current is

L=V + 1= V898 + 132472 = 16.01A
f

And the torque angle §; = tan™ (L/ly) = tan~' (16.01/8.989) = 60.69°
d. From Eq. (15.151),

_ R 0.17 16.01

— = X = 5. /
a7 56 % 10 < 8989 5.06rad/s

L,R, 61 X107 » 0.17
U, L, 0.548 56 x 1073

= 0.338

15.5.4 Direct Vector Control

The air-gap flux linkages in the stator d- and g-axes are used for respective leakage
fluxes to determine the rotor flux linkages in the stator reference frame. The air-gap
flux linkages are measured by installing quadrature flux sensors in the air gap, as
shown in Figure 15.30.

FIGURE 15.30

Quadrature sensors for air-gap flux
for direct vector control.
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Equations (15.123) to (15.131) in the stator reference frame can be simplified to
get the flux linkages as given by

s 5
\Ifqm - Llrlqs

- L,,
W, = L

s L,, s -5
\Pdr D \Pdm - Llrlds

Ly,

(15.153)

(15.154)

where the superscript® stands for the stator reference frame. Figure 15.31 shows the
phasor diagram for space-vector components. The current i;; must be aligned in the
direction of flux ¥, and i, must be perpendicular to W,. The d°~¢° frame is rotating
at synchronous speed o with respect to stationary frame d*—¢’, and at any instant, the

angular position of the d‘-axis with respect to the d*-axis is 6, in Eq. (15.122).

The stationary frame rotor flux vectors are given by

which give the unit vector components as

FIGURE 15.31

Phasors d°~q° and d°-¢°* for direct

vector control.

Wi, = W,sin 0 (15.155)
v, = V¥, cos 0, (15.156)
)
dr
cos 0, = — (15.157)
7,
igs q°
AN
W, =0
— sin,
—> Y, )
| >4
e |
7 . ol
e Lis = Lis|
// I
i s ee :
// \I,dr |
// I
s/ |
il I
K _j | \pdr
_lqs ___________
cos 0, p
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v,
sin 0, = — (15.158)
¥,
where
|W,| = V(¥2)2 + (¥),)> (15.159)

The flux signals ¥, and W7, are generated from the machine terminal voltages and cur-
rents by using a voltage model estimator. The motor torque is controlled via the current
i,s and the rotor flux via the current i;. This method of control offers better low-speed
performance than the IFOC. However, at high speed, the air-gap flux sensors reduce
the reliability. The IFOC is normally preferred in practical applications. However, the
d- and g-axes stator flux linkages of the motor may be computed from integrating the
stator input voltages.

Key Points of Section 15.5

¢ The vector control technique uses the dynamic equivalent circuit of the induction
motor. It decouples the stator current into two components: one providing the
air-gap flux and the other producing the torque. It provides independent control
of flux and torque, and the control characteristic is linearized.

e The stator currents are converted to a fictitious synchronously rotating reference
frame aligned with the flux vector and are transformed back to the stator frame
before feeding back to the machine. The indirect method is normally preferred
over the direct method.

SYNCHRONOUS MOTOR DRIVES

Synchronous motors have a polyphase winding on the stator, also known as armature,
and a field winding carrying a dc current on the rotor. There are two mmfs involved:
one due to the field current and the other due to the armature current. The resultant
mmf produces the torque. The armature is identical to the stator of induction motors,
but there is no induction in the rotor. A synchronous motor is a constant-speed machine
and always rotates with zero slip at the synchronous speed, which depends on the fre-
quency and the number of poles, as given by Eq. (15.1). A synchronous motor can be
operated as a motor or generator. The PF can be controlled by varying the field current.
With cycloconverters and inverters the applications of synchronous motors in variable-
speed drives are widening. The synchronous motors can be classified into six types:

Cylindrical rotor motors
Salient-pole motors
Reluctance motors
Permanent-magnet motors
Switched reluctance motors

AN N

Brushless dc and ac motors.
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15.6.1 Cylindrical Rotor Motors

The field winding is wound on the rotor, which is cylindrical, and these motors have a
uniform air gap. The reactances are independent on the rotor position. The equivalent
circuit per phase, neglecting the no-load loss, is shown in Figure 15.32a, where R, is the
armature resistance per phase and X; is the synchronous reactance per phase. Vj, which
is dependent on the field current, is known as excitation, or field voltage.

The PF depends on the field current. The V-curves, which show the typical varia-
tions of the armature current against the excitation current, are shown in Figure 15.33.
For the same armature current, the PF could be lagging or leading, depending on the
excitation current Iy,

If 0,, 1s the lagging PF angle of the motor, Figure 15.32a gives

V=V, /0-1,(R, + jX,) (15.160)
=V, /0 - I,(cos 8, —jsin8,) (R, + jX;)
=V, —-1,X;sin6,,—I,R,cos 0,,— jI,( X;cos 0,,— R,sin0,,) (15.161a)
= V; /8 (15.161b)

where

—(1,X;cos 6,, — [,R,sin 0,,)

5 = tan™! 15.162
an V,—1,X;sin 0,,— I,R,cos 6,, ( )

and
Vi = [(V, — L,X;sin 0,, — I,R,cos 0,,)
+ (I,X,cos 0,, — I,R,sin 0,,)?]"? (15.163)

The phasor diagram in Figure 15.32b yields

V; = Vy(cosd + jsind) (15.164)
_ V,—V, [V,—V{cosd + jsind)](R, — jX,)
I, = e 7 ‘ (15.165)
R, + jX, R: + X?
la v
— Y AAA Va
Xs R /
+ ¢ .
@Vﬂ —jXl,
Z Vf
(a) Circuit diagram (b) Phasor diagram
FIGURE 15.32

Equivalent circuit of synchronous motors.
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/

Rated torque

No-load

FIGURE 15.33

Typical V-curves of synchronous motors.

0 Iy

The real part of Eq. (15.165) becomes
R,(V, — Vicos 8) — ViX;sin d

l,cos0,, = R+ X (15.166)
The input power can be determined from Eq. (15.166),
P, =3V,Icos9,,
_ 3[R, (V2 - m/;goi 6))(%— V,V;X;sin §] (15167
The stator (or armature) copper loss is
P,, = 3I°R, (15.168)
The gap power, which is the same as the developed power, is
Py=P, =P - Py (15.169)

If w is the synchronous speed, which is the same as the rotor speed, the developed
torque becomes

T, = fa 15.170
= (15.170)

If the armature resistance is negligible, 7, in Eq. (15.170) becomes

7, = 2 alsn® 15171
d — - Xvs(,l)s ( * )
and Eq. (15.162) becomes
1,X;cos 8

5 = —tan~! 430 T (15.172)

V,—I,X,sin 0,

For motoring 8 is negative and torque in Eq. (15.171) becomes positive. In the
case of generating, d is positive and the power (and torque) becomes negative. The
angle 9 is called the forque angle. For a fixed voltage and frequency, the torque depends
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Torque, T,
Motoring > Regeneration
T+ 1.0
0 90° 180°
(leading) . I I ' > (lagging)
FIGURE 15.34 o o
U >3 —-180" -90
Torque versus torque angle with
cylindrical rotor. —10

on the angle 6 and is proportional to the excitation voltage V}. For fixed values of V;
and §, the torque depends on the voltage-to-frequency ratio and a constant Volts/hertz
control can provide speed control at a constant torque. If V,, V, and & remain fixed, the
torque decreases with the speed and the motor operates in the field weakening mode.

If 8 = 90°, the torque becomes maximum and the maximum developed torque,
which is called the pull-out torque, becomes

3V, Vy

T,=T,=- 15.1
" e (15.173)

The plot of developed torque against the angle 8 is shown in Figure 15.34. For stability
considerations, the motor is operated in the positive slope of T,—& characteristics and
this limits the range of torque angle, —90° = & = 90°.

Note: v, = w,, and w, = (p/2) v,

Example 15.11 Finding the Performance Parameters of a Cylindrical Rotor
Synchronous Motor

A three-phase, 460-V, 60-Hz, six-pole, Y-connected cylindrical rotor synchronous motor has a
synchronous reactance of X; = 2.5 () and the armature resistance is negligible. The load torque,
which is proportional to the speed squared, is 7;, = 398 N - m at 1200 rpm. The PF is maintained
at unity by field control and the voltage-to-frequency ratio is kept constant at the rated value. If
the inverter frequency is 36 Hz and the motor speed is 720 rpm, calculate (a) the input voltage
V., (b) the armature current I,, (c) the excitation voltage V}, (d) the torque angle 3, and (e) the
pull-out torque 7.

Solution

PF = cos 0,, = 1.0, 0,, = 0, Vy(raeay = Vo = V; = 460/V/3 = 26558V, p =6, o = 2w X
60 = 377 rad/s, w, = 0, = w,, = 2 X 377/6 = 125.67 rad/s or 1200 rpm, and d = V,/w, =
265.58/125.67 = 2.1133. At 720 rpm,

720

= X
T, = 398 <1200

) = 14328N'm o, = o, = 720 X % = 75.4 rad/s

Py, = 143.28 X 75.4 = 10,803 W

a. V, =do; =2.1133 X 754 = 159.34 V.
b. Py=3V,,PF = 10803 or, = 10,803/(3 X 159.34) = 22.6 A.
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c¢. From Eq. (15.160),

V; = 15934 — 22.6 X (1 + j0)(j2.5) = 169.1 /=19.52°

d. The torque angle, 8 = —19.52°.
e. From Eq. (15.173),

3 X 159.34 X 169.1
P 2.5 X 75.4

= 428.82N-m

15.6.2 Salient-Pole Motors

The armature of salient-pole motors is similar to that of cylindrical rotor motors.
However, due to saliency, the air gap is not uniform and the flux is dependent on the
position of the rotor. The field winding is normally wound on the pole pieces. The
armature current and the reactances can be resolved into direct- and quadrature-axis
components. I, and I, are the components of the armature current in the direct (or d)
axis and quadrature (or g) axis, respectively. X, and X, are the d-axis reactance and
g-axis reactance, respectively. Using Eq. (15.160), the excitation voltage becomes
V=V, — jXd; — j X1, = R],

For negligible armature resistance, the phasor diagram is shown in Figure 15.35. From
the phasor diagram,

1, = I,sin(0,, — ) (15.174)
I, = I,cos(6,, — 3) (15.175)
1 Xy = V,c0o88 — V; (15.176)
I,X, = V,sin s (15.177)

Substituting /, from Eq. (15.175) in Eq. (15.177), we have
V,sind = X, I,cos(0,, — 3)

= X,1,(cos & cos 0, + sindsin6,,) (15.178)
— A
V(l
IXoly
0 0
> —>- - >
0 » 7X,l
m : V/ | dtd
|
- FIGURE 15.35
LF-—-————-2 1,
Phase diagram for salient-pole synchronous motors.



826

15.6.3

Chapter 15 Ac Drives

Dividing both sides by cos & and solving for & gives
I, X, cos 0,
V, = 1,X,;sin 0,

1

d = —tan~ (15.179)

where the negative sign signifies that V} lags V,. If the terminal voltage is resolved into
a d-axis and a g-axis,

Vg = —Vysindand V,, = V,cos d
The input power becomes

P = _3(Idvad + Ianq)

= 31;,V,sind — 3[,V,cos § (15.180)
Substituting /; from Eq. (15.176) and I, from Eq. (15.177) in Eq. (15.180) yields
b VY V(KX
= X, sin > { XX, sin 281 (15.181)
Dividing Eq. (15.181) by speed gives the developed torque as
T, = - Zwvf sin d — 32Z2 [X‘X;Xf" sin za] (15.182)

The torque in Eq. (15.182) has two components. The first component is the same as
that of the cylindrical rotor if X is replaced by X; and the second component is due to
the rotor saliency. The typical plot of 7} against torque angle is shown in Figure 15.36,
where the torque has a maximum value at 8 = *39,,. For stability the torque angle is
limited in the range of —9,, = 8 = §,, and in this stable range, the slope of the 7,~8
characteristic is higher than that of cylindrical rotor motor.

Reluctance Motors

The reluctance motors are similar to the salient-pole motors, except that there is no
field winding on the rotor. The armature circuit, which produces rotating magnetic
field in the air gap, induces a field in the rotor that has a tendency to align with the

Torque, T,
Motoring Regeneration
s T
h ,/, I\ Resultant torque
7/ A\ Torque due to
At | 8Im saléency
. |
—180° \/ -3, \ [ ,/’ 180
\ /
FIGURE 15.36 W\, Torque due to
) N\ L field
Torque versus torque angle with —14 ~D
salient-pole rotor.
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armature field. The reluctance motors are very simple and are used in applications
where a number of motors are required to rotate in synchronism. These motors have
low-lagging PF, typically in the range 0.65 to 0.75.

With V; = 0, Eq. (15.182) can be applied to determine the reluctance torque,

r, = 3V {X" — N 281 (15.183)
d — Zws )(d)(q sin .
where
1,X,cos 0,
= —tan”! ’ 15.184
Y, S 1X,sin 6, (13-154)
The pull-out torque for 8 = —45°is
3‘/5 Xd - Xq]
= — 15.185
P 2wy { XX, ( )

Example 15.12 Finding the Performance Parameters of a Reluctance Motor

A three-phase, 230-V, 60-Hz, four-pole, Y-connected reluctance motor has X; = 22.5 () and
X, = 3.5 Q. The armature resistance is negligible. The load torque is 7; = 12.5N-m. The
voltage-to-frequency ratio is maintained constant at the rated value. If the supply frequency is 60
Hz, determine (a) the torque angle 8, (b) the line current /,, and (c) the input PF.

Solution
T, = 125N-m, Vy(rareq) = Vo = 230/V3 =13279V, p =4, o =27 X 60 = 377 rad/s, w, =
W, = w, = 2 X 377/4 = 188.5 rad/s or 1800 rpm, and V, = 132.79 V.

a. o, = 188.5 rad/s. From Eq. (15.183),

125 X 2 X 188.5 X 22.5 X 3.5
3 X 132792 X (22.5 — 3.5)

sin 20 =

and & = —10.84°.
b. Py = 12.5 X 188.5 = 2356 W. From Eq. (15.184),

3.51,cos 9,
132.79 — 3.51,sin 6,,

tan(10.84°) =

and P, = 2356 = 3 X 132.791,cos 6,,,. From these two equations, /, and 0,,, can be de-
termined by an iterative method of solution, which yields I, = 9.2 A and 6,, = 49.98°.

¢. PF = cos(49.98°) = 0.643.

15.6.4

Switched Reluctance Motors

A switched reluctance motor (SRM) is a variable reluctance step motor. A cross-
sectional view is shown in Figure 15.37a. Three phases (g = 3) are shown with
six stator teeth, N, = 6, and four rotor teeth, N, = 4. N, is related to N, and g
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~ O B

(b) Drive circuit

FIGURE 15.37

Switched reluctance motor.

by N, = N, £ N,/q. Each phase winding is placed on two diametrically opposite teeth.
If phase A is excited by a current i,, a torque is developed and it causes a pair of rotor
poles to be magnetically aligned with the poles of phase A. If the subsequent phase
B and phase C are excited in sequence, a further rotation can take place. The motor
speed can be varied by exciting in sequence phases A, B, and C. A commonly used
circuit to drive an SRM is shown in Figure 15.37b. An absolute position sensor is usu-
ally required to directly control the angles of stator excitation with respect to the rotor
position. A position feedback control is provided in generating the gating signals. If
the switching takes place at a fixed rotor position relative to the rotor poles, an SRM



15.6.5

15.6 Synchronous Motor Drives 829

would exhibit the characteristics of a dc series motor. By varying the rotor position, a
range of operating characteristics can be obtained [16, 17].

Permanent-Magnet Motors

The permanent-magnet motors are similar to salient-pole motors, except that there is no
field winding on the rotor and the field is provided by mounting permanent magnets at the
rotor. The excitation voltage cannot be varied. For the same frame size, permanent-magnet
motors have higher pull-out torque. The equations for the salient-pole motors may be
applied to permanent-magnet motors if the excitation voltage V/ is assumed constant. The
elimination of field coil, dc supply, and slip rings reduces the motor loss and the complex-
ity. These motors are also known as brushless motors and find increased applications in
robots and machine tools. A permanent-magnet motor can be fed by either rectangular
current or sinusoidal current. The rectangular current-fed motors, which have concen-
trated windings on the stator inducing a square or trapezoidal voltage, are normally used
in low-power drives. The sinusoidal current-fed motors, which have distributed windings
on the stator, provide smoother torque and are normally used in high-power drives.

Taking the rotor frame as the reference, the position of the rotor magnets
determines the stator voltages and currents, the instantaneous induced emfs, and sub-
sequently the stator currents and torque of the machine. The equivalent g- and d-axis
stator windings are transformed to the reference frames that are revolving at rotor
speed w,. Thus, there is zero speed differential between the rotor and stator magnetic
fields, and the stator g- and d-axis windings have a fixed phase relationship with the
rotor magnet axis, that is, the d-axis.

The stator flux linkage equations are [23]

Vo = Ryiyy + DV, + 0,9, (15.186)
Vis = Rdids + D\Pds - (J,)rqqu (15187)

where R, and R, are the quadrature- and direct-axis winding resistances, which are
equal to stator resistance R,. The g- and d-axis stator flux linkages in the rotor refer-
ence frames are

W = Lyigs + Ly, (15.188)
\Ifds = Ldids + Lmidr (15189)

where L,, is the mutual inductance between the stator winding and rotor magnets.

L, and L, are the self-inductances of the stator g- and d-axis windings. These
become equal to the stator inductance L, only when the rotor magnets have an arc of
electrical 180°. As the rotor magnets and the stator g- and d-axis windings are fixed
in space, the winding inductances do not change in rotor reference frames. The rotor
flux is along the d-axis, so the d-axis rotor current is i;. The g-axis current in the rotor
is zero, that is, i, = 0, because there is no flux along this axis in the rotor. Equations
(15.188) and (15.189) for the flux linkage can be written as

W, = Ly, (15.190)
\I’ds - Ldids + Lmidr (15191)
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Substituting these flux linkages into the stator voltage Egs. (15.186) and (15.187) gives
the stator equations as

(vqs> ) <Rq YLD el ><iqs> . <ermidr> 5192
Vs —u)qu Rd + LdD ids 0 '

The electromagnetic torque is given by

_3r

T, = EE(stiqs — W sdis) (15.193)

which, upon substitution of the flux linkages from Egs. (15.190) and (15.191) in terms
of the inductances and currents, gives

_3p

T, = 29 [ Lojigrigs + (Lg = Ly )igsia] (15.194)

and the rotor flux linkage that links the stator is
VY, = L, (15.195)

The rotor flux linkage can be considered constant except for temperature effects.
Assume sinusoidal three-phase inputs as follows:

lys = Igsin (w2 + d) (15.196)
: . 27T
Ips = I Sin (oo,t + 8 — ?) (15.197)
: .. 27
I = I sin (wrt + 8 + ?> (15.198)

where o, is the electrical rotor speed and 8 is the angle between the rotor field and
stator current phasor, known as the forque angle. The rotor field is traveling at a speed
of w, rad/s.

Therefore, the g- and d-axis stator currents in the rotor reference frame for a bal-
anced three-phase operation are given by

cos w, ! cos( t _2_11) cos< r + 2_17) [
<iqs> B ) W, Q% 3 W, 3 .as

=3 | - | ar l.b_‘, (15.199)
sin w,/  sin| o, — ER sin | w,f + 3 Les

Substituting the Egs. from (15.196) to (15.198) into (15.199) gives the stator currents in
the rotor reference frames [23]:

ids

ll"} E islsm 81 (15.200)

L COoS 0
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The g- and d-axis currents are constants in rotor reference frames, since 8 is a constant
for a given load torque. These are very similar to armature and field currents in the
separately excited dc machine. The g-axis current is equivalent to the armature current
of the dc machine. The d-axis current is field current, but not in its entirety. It is only
a partial field current; the other part is contributed by the equivalent current source
representing the permanent magnet field.

Substituting Eq. (15.200) into the electromagnetic torque Eq. (15.194) gives the
torque as

3 1
T, = 5% Wypiysind + S(Ly = Ly)i sin 20 (15.201)
which for 8 = w/2becomes
3.p . .
T, = 5% 5 X Wi = KpWyi,N-m (15.202)

where Ky = 3p/(4)

Thus, the torque equation is similar to that of the torque generated in the dc
motor and vector-controlled induction motor. If the torque angle 8 is maintained
at 90° and flux is kept constant, then the torque is controlled by the stator-current
magnitude and the operation is very similar to that of the armature-controlled sepa-
rately excited dc motor. The electromagnetic torque is positive for the motoring
action, if & is positive. The rotor flux linkage W, is positive. The phasor diagram for
an arbitrary torque angle d is shown in Figure 15.38.

A g-axis

=iy Wy J daxis
Stator reference FIGURE 15.38
frame
Phasor diagram of the PM synchronous
machine.
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FIGURE 15.39

Block diagram of the vector-controlled PM synchronous motor drive [23].

15.6.6

It should be noted that i, is the torque-producing component of stator current
and iy is the flux-producing component of stator current. The mutual flux linkage,
which is the resultant of the rotor flux linkages and stator flux linkages, is given by

v, = \/(‘lff, + Lyig)> + (Lyig)®* (Wb — turn) (15.203)

If & is greater than w/2, iy, becomes negative. Hence, the resultant mutual flux link-
ages decrease and cause the flux-weakening in the PM synchronous motor drives. If
0 is negative with respect to the rotor or mutual flux linkage, the machine becomes a
generator.

The schematic of the vector-controlled PM synchronous motor drive is shown in
Figure 15.39 [23]. The torque reference is a function of the speed error, and the speed
controller is usually of PI type. For fast response of the speed, a PID controller is
often used. The product of torque reference and air-gap flux linkage ¥, generates the
torque-producing component iy of the stator current.

Closed-Loop Control of Synchronous Motors

The typical characteristics of torque, current, and excitation voltage against frequency
ratio 3 are shown in Figure 15.40a. There are two regions of operation: constant torque
and constant power. In the constant-torque region, the volts/hertz is maintained con-
stant, and in the constant-power region, the torque decreases with frequency. Speed—
torque characteristics for different frequencies are shown in Figure 15.40b. Similar to
induction motors, the speed of synchronous motors can be controlled by varying the
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FIGURE 15.40

Torque-speed characteristics of synchronous motors.

voltage, frequency, and current. There are various configurations for closed-loop con-
trol of synchronous motors. A basic arrangement for constant volts/hertz control of
synchronous motors is shown in Figure 15.41, where the speed error generates the
frequency and voltage command for the PWM inverter. Because the speed of synchro-
nous motors depends on the supply frequency only, they are employed in multimotor
drives requiring accurate speed tracking between motors, as in fiber spinning mills,
paper mills, textile mills, and machine tools.

Three-phase supply

Le
Sync. motor
Controlled | Voltage-source
rectifier Ce T inverter
¢ |
|
f a<~— Dela s Speed
y sensor
K, angle "
() Y- Speed
V, ;
{ ;~< | K, (< K,
+

controller

FIGURE 15.41

Volts/hertz control of synchronous motors.
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15.6.7 Brushless Dc and Ac Motor Drives

A brushless dc motor consists of a multiphase winding wound on a nonsalient stator
and a radically magnetized PM rotor [24]. Figure 15.42a shows the schematic dia-
gram of a brushless dc motor. The multiphase winding may be a single coil or distrib-
uted over the pole span. Dc or ac voltage can be applied to individual phase windings
through a sequential switching operation to achieve the necessary commutation to
impart rotation. If winding 1 is energized, the PM rotor aligns with the magnetic field
produced by winding 1. When winding 1 is switched off while winding 2 is turned
on, the rotor is made to rotate to line up with the magnetic field of winding 2, and
so on. The rotor position can be detected by using either Hall-effect or photoelectric
devices. The desired speed—-torque characteristic of a brushless dc motor as shown in
Figure 15.42b can be obtained by the control of the magnitude and the rate of switch-
ing of the phase currents.

Brushless drives are basically synchronous motor drives in self-control mode. The
armature supply frequency is changed in proportion to the rotor speed changes so that
the armature field always moves at the same speed as the rotor. The self-control ensures
that for all operating points the armature and rotor fields move exactly at the same
speed. This prevents the motor from pulling out of step, hunting oscillations, and insta-
bility due to a step change in torque or frequency. The accurate tracking of the speed
is normally realized with a rotor position sensor. The PF can be maintained at unity by
varying the field current. The block diagrams of a self-controlled synchronous motor
fed from a three-phase inverter or a cycloconverter are shown in Figure 15.43.

For an inverter-fed drive, as shown in Figure 15.43a, the input source is dc.
Depending on the type of inverter, the dc source could be a current source, a constant
current, or a controllable voltage source. The inverter’s frequency is changed in propor-
tion to the speed so that the armature and rotor mmf waves revolve at the same speed,
thereby producing a steady torque at all speeds, as in a dc motor. The rotor position and

0 - T,

(a) Schematic (b) Speed-torque characteristic

FIGURE 15.42

Brushless dc motor.
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Self-controlled synchronous motors.

inverter perform the same function as the brushes and commutator in a dc motor. Due to
the similarity in operation with a dc motor, an inverter-fed self-controlled synchronous
motor is known as a commutatorless dc motor. If the synchronous motor is a permanent-
magnet motor, a reluctance motor, or a wound field motor with a brushless excitation,
it is known as a brushless and commutatorless dc motor or simply a brushless dc motor.
Connecting the field in series with the dc supply gives the characteristics of a dc series
motor. The brushless dc motors offer the characteristics of dc motors and do not have
limitations such as frequent maintenance and inability to operate in explosive environ-
ments. They are finding increasing applications in servo drives [18].

If the synchronous motor is fed from an ac source as shown in Figure 15.43b,
it is called a brushless and commutatorless ac motor or simply a brushless ac motor.
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These ac motors are used for high-power applications (up to megawatt range), such
as compressors, blowers, fans, conveyers, steel rolling mills, large ship steering, and
cement plants. The self-controlled motor is alsoused for starting large synchronous
motors in gas turbine and pump storage power plants.

Key Points of Section 15.7

* A synchronous motor is a constant-speed machine and always rotates with zero
slip at the synchronous speed.

e The torque is produced by the armature current in the stator winding and the
field current in the rotor winding.

e The cycloconverters and inverters are used for applications of synchronous
motors in variable-speed drives.

DESIGN OF SPEED CONTROLLER FOR PMSM DRIVES

The design of the speed controller is important to obtain the desired transient and
steady-state characteristics of the drive system. A proportional-plus-integral controller
is sufficient for many industrial applications. The selection of the gain and time con-
stants of the controller can be simplified if the d-axis stator current is assumed to be
zero. Under the assumption, that is, i;; = 0, the system becomes linear and resembles
that of a separately excited dc motor with constant excitation.

System Block Diagram

Assuming i;; = 0, Eq. (15.192) gives the motor g-axis voltage equation as
vy = (R, + L,D)iy + w,Lyiy = (R, + L,D)i, + V0, (15.204)
and the electromechanical equation is given by

P
S(T. = TL) = JDw, + Bio, (15.205)

where the electromagnetic torque 7, is given in Eq. (15.202)

3
T, = %7 X Wiy (15.206)

and the load torque for assuming friction only is given by
TL = BL(JJ,, (15207)

Substituting Egs. (15.206) and (15.207) into Eq. (15.205) gives the electromechanical
equation as
3 p

2
(JD + B))w, + {5 X (§> ‘l’,}iqs = Kriy, (15.208)
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where
Ky =2 x <3>2qf (15.210)
T 2 2 r .

The block diagram representing Egs. (15.204) and (15.208) is shown in Figure 15.44
including the current- and speed-feedback loops, where B, is the viscous friction of the
motor and the load.

The inverter can be modeled as a gain with a time lag as given by

K;

Gr(s) = m (15.211)

where

0.65V,

K, = —% (15.212)
‘/am

T, = L+ (15.213)

14 Zﬁ .

where V4. is the dc-link voltage input to the inverter, V,, is the maximum control volt-
age, and f, is the switching (carrier) frequency of the inverter.
The induced emf due to rotor flux linkages, e, is

e, = V0, (15.214)

q’u f

sT. Inverter

" C i;IkS an Vqs 1 iqs K Te 1 r
r A TisT,, Ry+sL, C 7 Bass

PI controller

Ye

Y

G,(s) G(s) Gu(s)

A

H

1+sT, ‘Gw( 5)
Tach + Filter

FIGURE 15.44
Block diagram of the speed-controlled drive system [23].
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15.7.2 Current Loop

The induced-emf loop for Eq. (15.214), which crosses the g-axis current loop, could be
simplified by moving the pick-off point for the induced-emf loop from speed to current
output point. This is shown in Figure 15.45 and the simplified current-loop transfer
function is given by

iqs(S) KinKa(l + STm)
¥ = (15.215)
igs(s)  HKKy(1 +sTy) + (14 sT,)[KKy, + (1 +5T,) (1 + 5T,)]
where the constants are given by
1 L, 1 J
Ki=— T,=— K,=— T,=—- K,=KiK,¥V 15.216
a Ra, a RS’ m BT7 m BT, b T™m *r ( )

The following approximations near the vicinity of crossover frequency would simplify
the design of the current and speed controllers.

1+sT, =1
1+ sT,, = sT,
(1 +sT)(1 +sT,) =1+s(T,+T,) =1+ sT,
where
T, =1, + T

With these assumptions, the current-loop transfer function in Eq. (15.215) can be
approximated as

iqS (S ) ( KuKin 1., )S ( 1,,Ki, S

i;g(s) N KKy + (T, + KK, T,H,)s + (TmTar)S2 Ky )(1 +sT) (1 +sT5)
(15.217)

It is found in practical system that 7} < T, < T, and thus (1 + s7;) = s7T>. As a
result, Eq. (15.217) can be further simplified to

wls) K (15.218)
in(s) (1+T) '
where
TmKin
K. = 15.219
=R (15:219)

T, =T, (15.220)
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A

FIGURE 15.45

Block diagram of the current controller.

15.7.3 Speed Controller

The block diagram of the simplified current-loop transfer function with the speed loop
is shown in Figure 15.46.

The following approximations at the vicinity of the crossover frequency can sim-
plify the design of the speed controller.

1+ 5T, = sT,
(1 +sT)(1 +sT,) =1+ sT,,
1+sT, =1
where
T,=T, + T (15.221)

With these approximations, the speed-loop transfer function is given by

KK,K:H,\ K, (1+sT,
—lmTT”)x—“x—( 5T,) (15.222)

GH(s) = ( T, " (1 + sTy)

which can be used to obtain the closed-loop speed transfer function as given by

K
K,—(1 + sT,)

ols) L it (15.223)
wi(s)  Hy| 3 2 K, .
T, + 57 + Kg?(l + sT)
where
KK, KH
= e (15.224)

8 Tm
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Simplified current-loop transfer function with the speed loop.

Equating this transfer function to a symmetric-optimum function with a damping ratio
of 0.707 gives the closed-loop speed transfer function as

(s) 1 (1 + sTy)
w,(s) :
oi(s) Mo (f—;)& ¥ (%ﬁ) 24 (T)s +1 (15.225)

Equating the coefficients of Eqgs. (15.223) and (15.225) and solving for the constants
yields the time and gain constants of the speed controller as given by [23]

I, = 671, (15.226)
K =1 (15.227)
Y 9K,T, '

The proportional gain, K,,,, and integral gain, Kj,, of the speed controller are derived as [23]

4

K, =K, = 15.228
PS A) 9KgTwl ( )

K, = A__1 (15.229)
T, 27K,TZ '

Example 15.13 Finding the Speed Control Parameters of a PMSM Drive System

The parameters of a PMSM drive system are 220 V, Y-connected, 60 Hz, six-poles, R, = 1.2(),
L, =5mH, L, = 84mH, V¥, = 0.14 Wb-turn, By = 0.01 N.mn/rad/s, J = 0.006kg-m2, fo =
2.5kHz,V,, = 10V, H, = 0.05V/V,H. = 0.8V/A, V4. = 200V.

Design an optimum-based speed controller for a damping ratio of 0.707.

Solution

V, =220V, V,, = VL\/B =127V, f=60Hz, p = 6, R, = 1.2Q, L, = 5mH, L, = 8.4mH,
¥, = 0.14 Wb-turn, By = 0.01 N.mn/rad/s, J = 0.006kg-m?, f. = 2.5kHz, V,,, = 10V, H, =
0.05V/V,H. = 0.8V/A, V4. = 200 V.
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Inverter gain from Eq. (15.212) K;, = 0.65V4./V,,, = (0.65 X 200)/10 = 13V/V
Time constant from Eq. (15.213) T, = 1/(2f.) = 1/(2 X 2.5 X 107°) = 0.2ms
Therefore, the inverter transfer function is

Ky 13
1 +sT, 1+ 0.0002s

G, (s)

Motor electrical gain from Eq. (15.216) K, = 1/R; = 1/1.2 = 0.8333s
Motor time constant from Eq. (15.216) T, = L,/R; = 8.4 X 1073/1.2 = 0.007s
Therefore, the motor transfer function is

K 0.8333
G = 4 =
) = T T 0007

Torque constant of the induced-emf loop from Eq. (15.210) is

3 P\? 3 (6)2
==-X|= ==-X(=) X014 = 1. :
Ky > <2> v, 5 5 0.14 = 1.89 N. m/A

Mechanical gain from Eq. (15.216) K,, = 1/B; = 1/0.01 = 100rad/s/N.m

Mechanical time constant from Eq. (15.216) 7,, = J/B7 = 0.006/0.01 = 0.6s

Emf feedback constant from Eq. (15.216) K, = K;K,,¥, = 1.89 X 100 X 0.14 = 26.46
Therefore, the emf feedback transfer function is

Ky, 2646
1+s7T,, 1+ 0.6s

Gy(s)

The motor mechanical transfer function is

G (s) = KrKn _ 189X 100 _ 189
m ) T ST, T 1+ 06s 1+ 06s

Electrical time constants of the motor can be solved from the roots of the following
equation

as> + bs + ¢ =0
where a = T,,(T, + T;,) = 0.6 X (0.007 + 0.2) = 0.004

b=T, + KK,T,H = 0.6 + 08333 X 13 X 0.6 X 0.8 = 5.8
¢ = K,K, = 0.8333 X 26.46 = 22.05

The inverse of the roots gives the time constants 7 and 7 as

1 b= Vb —dac _ —58 — V58 — 4 x0.004 X 22.05 T~ 07469 ms
T, 2a 2 X 22.05 T

1 —b+ Vb —dac  —58+ V58 — 4 X 0.004 X 22.05 o 262 2016me
T 2a 2 X 22.05 C 2 '

Current-loop time constant from Eq. (15.220) 7; = T} = 0.7469 ms
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Current-loop gain from Eq. (15.219)
K, = T, K,/ (T,K,) = 0.6 X 13/(262.2916 x 107 X 26.46) = 1.12388

The simplified current-loop transfer functions from Eq. (15.218) is

K; B 1.12388
(1 +sT;) 1+ 0.7469 X 10735

Gis(S) =

The speed controller constant from Eq. (15.224) is

o = KiKnKyH, _ 112388 X 100 X 189 X 0.05
8 T, 0.6

The time constant from Eq. (15.221) 7,; = T, + T; = 2ms + 0.7469ms = 2.7469 ms

The time constant from Eq. (15.226) T; = 67T, = 6 X 2.7469ms = 16.48 ms

The gain constant from Eq. (15.227) K, = 4/(9K,T,,;) = 4/(9 X 17.70113 X 2.7469ms) =
9.14042.

The overall speed-loop transfer function is

~ Gu(5)Gi(5)Gy(s)
Gsp(s) - 1+ Gm(S)Gm(S)Gi(S)Gs(S)

= 17.70113

where

1+ sT, . 1 + 0.01648T; 1 + 0.01648T;

( ‘):914042><( ‘)=554.58><( )
s 0.01648 S S

_ H, 005
14T, 1+0.002s

K
GS(S) = 7

Go(s)

15.8

15.8.1

STEPPER MOTOR CONTROL

Stepper motors are electromechanical motion devices, which are used primarily to
convert information in digital form to mechanical motion [19, 20]. These motors rotate
at a predetermined angular displacement in response to a logic input. Whenever step-
ping from one position to another is required, the stepper motors are generally used.
They are found as the drivers for the paper in line printers and in other computer pe-
ripheral equipment such as in positioning of the magnetic-disk head.

Stepper motors fall into two types: (1) the variable-reluctance stepper motor and
(2) the permanent-magnet stepper motor. The operating principle of the variable-
reluctance stepper motor is much the same as that of the synchronous reluctance
machine, and the permanent-magnet stepper motor is similar in principle to the
permanent-magnet synchronous machine.

Variable-Reluctance Stepper Motors

These motors can be used as a single unit or as a multistack. In the multistack opera-
tion, three or more single-phase reluctance motors are mounted on a common shaft with
their stator magnetic axes displaced from each other. The rotor of a three-stack is shown
in Figure 15.47. It has three cascaded two-pole rotors with a minimum-reluctance path
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of each aligned at the angular displacement 0,,,. Each of these rotors has a separate,
single-phase stator with the magnetic axes of the stators displaced from each other. The
corresponding stators are shown in Figure 15.48.

Each stator has two poles with stator-winding wound around both poles. Positive
current flows into as; and out as{, which is connected to as, so that positive current
flows into as, and out as;. Each winding can have several turns; and the number of
turns from as; to as} is N N/2, which is the same as that from as, to as,. 0,,, is refer-
enced from the minimum-reluctance path from the as-axis.

If the windings bs and cs are open circuited and the winding as is excited with
a dc voltage, a constant current i,; can be immediately established. The rotor a can
be aligned to the as-axis and 6,,, = 0 or 180°. If the as winding is instantaneously
de-energized and the bs winding is energized with a direct current, rotor b aligns
itself with the minimum-reluctance path along the bs-axis. Thus, rotor b would rotate
clockwise from 6,,, = 0 to 0,,, = —60°. However, instead of energizing the bs wind-
ing, if we energize the cs winding with a direct current, the rotor c¢ aligns itself with
the minimum-reluctance path along the cs-axis. Thus, the rotor ¢ would rotate anti-
clockwise from 6,,, = 0 to 6,,, = 60°. Thus, applying a dc voltage separately in the
sequences as, bs, cs, as, ... produces 60° steps in the clockwise direction, whereas
the sequence as, cs, bs, as, ... produces 60° steps in the counterclockwise direction.
We need at least three stacks to achieve rotation (stepping) in both directions.

If both the as and bs windings are energized at the same time, initially the as wind-
ing is energized with 6,,, = 0 and the bs winding is energized without de-energizing the
as winding. The rotor rotates clockwise from 6,,, = 0 to 8,,, = —30°. The step length
is reduced by one-half. This is referred to as half-step operation. A stepper motor is a
discrete device, operated by switching a dc voltage from one stator winding to the other.
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Each stack is often called a phase. In other words, a three-stack machine is a three-
phase machine. Although as many as seven stacks (phases) may be used, three-stack
stepper motors are quite common.

The tooth pitch (7,), which is the angular displacement between root teeth, is
related to the rotor teeth per stack Ry by

27
T, =— (15.230)
p RT
If we energize each stack separately, then going from as to bs to cs back to as causes
the rotor to rotate one tooth pitch. If N is the number of stacks (phases), the step
length §; is related to 7, by

TP 21T
SL = — =

N NRy
For N=3,Ry=4,Tp = 2w/4 = 90°, S, = 90°/3 = 30°; and an as, bs, cs, as, ...
sequence produces 30° steps in the clockwise direction. For N = 3, Ry = 8§, Tp =
2m/8 = 45°,§; = 45°/3 = 15° and an as, cs, bs, as, . . . sequence produces 15° steps in
the counterclockwise direction. Therefore, by increasing the number of rotor teeth
reduces the step length. The step lengths of multistack stepping motors typically range

from 2° to 15°.
The torque developed by multistack stepper motors is given by

(15.231)

Rr

T —
d 2

LB[l%sSin(RTGrm) + ilz)s Sin(RT(Grm x SL)) + l%sSin(RT(Grm x SL))]

(15.232)

The stator self-inductance varies with the rotor position, and Ly is the peak value at
cos(ph,,,) = *1. Equation (15.232) can be expressed in terms of 7}, as

Rr |, . (2w 5 . (2w 1y
T, = —TLB{zgs sin (?pﬁrm> + i3, sin (717(9”” + ?)>

o . (2w 7?7))]
+ 2 — + = 152
zcssm<T <6rm 3 (15.233)

4

which indicates that the magnitude of the torque is proportional to the number of
rotor teeth per stack Ry. The steady-state torque components in Eq. (15.232) against
0,,, are shown in Figure 15.49.

Permanent-Magnet Stepper Motors

The permanent-magnet stepper motor is also quite common. It is a permanent-magnet
synchronous machine and it may be operated either as a stepping motor or as a
continuous-speed device. However, we concern ourselves only with its application as
a stepping motor.

The cross section of a two-pole, two-phase permanent-magnet stepper motor is
shown in Figure 15.50. For explaining the stepping action, let us assume that the bs
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Steady-state torque components against the rotor angle 0,,, for a three-stack motor.
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Cross section of a two-pole, two-phase permanent-magnet stepper motor.
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winding is open-circuited and apply a constant positive current through the as wind-
ing. As a result, this current establishes a stator south pole at the stator tooth on which
the as; winding is wound, and stator north pole is established at the stator tooth on
which the as, winding is wound. The rotor would be positioned at 6,,, = 0. Now let
us simultaneously de-energize the as winding while energizing the bs winding with a
positive current. The rotor moves one step length in the counterclockwise direction.
To continue stepping in the counterclockwise direction, the bs winding is de-energized
and the as winding is energized with a negative current. That is, counterclockwise step-
ping occurs with a current sequence of iy, i, — I, —lpg Ly Ipg - - - - Clockwise rotation is
achieved with a current sequence of i, —ip; — Ly, Ipglugs —lps- - - -

A counterclockwise rotation is achieved by a sequence of i, i, — Iy, —ipg i
ips - - - . Thus, it takes four switching (steps) to advance the rotor one tooth pitch. If N is
the number of phases, the step length §; is related to 7, by

TP ™

=N NE (15.234)

SL

For N =2,R;y =5, Tp = 2w/5 = 72°,8;, = 72°/(2 X 2) = 18°. Therefore, increasing
the number of phases and rotor teeth reduces the step length. The step lengths typi-
cally range from 2° to 15°. Most permanent-magnet stepper motors have more than
two poles and more than five rotor teeth; some may have as many as eight poles and as
many as 50 rotor teeth.

The torque developed by a permanent-magnet stepper motor is given by

T; = =R\ [iax Sin(RTerm) — Ipy Sin(RTerm)] (15235)

where \;, is the amplitude of the flux linkages established by the permanent magnet as
viewed from the stator phase windings. It is the constant inductance times a constant
current. In other words, the magnitude of \;, is proportional to the magnitude of the
open-circuit sinusoidal voltage induced in each stator phase winding.

The plots of the torque components in Eq. (15.235) are shown in Figure 15.51.
The term =+ T, is the torque due to the interaction of the permanent magnet and
+ iy, and the term £ T, is the torque due to the interaction of the permanent mag-
net and *i,,. The reluctance of the permanent magnet is large, approaching that of
air. Because the flux established by the phase currents flows through the magnet, the
reluctance of the flux path is relatively large. Hence, the variation in the reluctance
due to rotation of the rotor is small and, consequently, the amplitudes of the reluc-
tance torques are small relative to the torque developed by the interaction between
the magnet and the phase currents. For these reasons, the reluctance torques are
generally neglected.

Notes:

1. For a permanent-magnet stepper motor, it is necessary for the phase currents
to flow in both directions to achieve rotation. For a variable-reluctance stepper
motor, it is not necessary to reverse the direction of the current in the stator



848

Chapter 15 Ac Drives

Torque

i SL SL i

FIGURE 15.51

Steady-state torque components against the rotor angle 6,,, for a permanent-magnet stepper motor
with constant phase currents.

windings to achieve rotation and, therefore, the stator voltage source need only
be unidirectional.

Generally, stepper motors are supplied from a dc voltage source; hence, the
power converter between the phase windings and the dc source must be bidi-
rectional; that is, it must have the capability of applying a positive and negative
voltage to each phase winding.

Permanent-magnet stepper motors are often equipped with what is referred to
as bifilar windings. Instead of only one winding on each stator tooth, there are
two identical windings with one wound opposite to the other, each having sepa-
rate independent external terminals. With this type of winding configuration the
direction of the magnetic field established by the stator windings is reversed, not
by changing the direction of the current but by reversing the sense of the winding
through which current is flowing. This will, however, increase the size and weight
of the stepper motor.

Hybrid stepper motors [21] whose construction is a hybrid between permanent
magnet and reluctance motor topologies broaden the range of applications and
offer enhanced performance with simpler and lower cost of power converters.
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Key Points of Section 15.8

e Stepper motors are electromechanical motion devices, which are used primarily
to convert information in digital form to mechanical motion. Stepper motors are
synchronous machines that are operated as stepping motors.

e Stepper motors fall into two types: the variable-reluctance stepper motor and the
permanent-magnet stepper motor. A variable-reluctance stepper motor requires
only unidirectional current flow whereas a permanent-magnet stepper motor re-
quires bidirectional flow unless the motor has bifilar stator windings.

15.9 LINEAR INDUCTION MOTORS

The linear induction motors find industrial applications in high-speed ground trans-
portation, sliding door systems, curtain pullers, and conveyors [24]. An induction
motor has a circular motion whereas a linear motor has a linear motion. If an induc-
tion motor is cut and laid flat, it would be like a linear motor. The stator and rotor
of the rotating motor correspond to the primary and secondary sides, respectively,
of the linear induction motor. The primary side consists of a magnetic core with a
three-phase winding. The secondary side may be either metal sheet or a three-phase
winding wound around a magnetic core. A linear induction motor has an open-
ended air-gap and magnetic structure owing to the finite lengths of the primary and
secondary sides.

A linear induction motor may be single sided or double sided, as shown in
Figure 15.52. In order to reduce the total reluctance of the magnetic path in a single-
sided linear induction motor with a metal sheet as the secondary winding, as shown
in Figure 15.52a, the metal sheet is backed by a ferromagnetic material such as iron.
When a supply voltage is applied to the primary winding of a three-phase linear
induction motor, the magnetic field produced in the air-gap region travels at the
synchronous speed. The interaction of the magnetic field with the induced currents
in the secondary exerts a thrust on the secondary to move in the same direction if

Secondary
conductor
Primary
winding )
Primary
Secondary winding
conductor
Magnetic
material
backing
(a) Single sided (b) Double sided

FIGURE 15.52

Cross sections of linear induction motors.
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Schematic of a phase winding and its mmf waveform.

the primary is held stationary. On the other hand, if the secondary side is station-
ary and the primary is free to move, the primary will move in the direction opposite
to that of the magnetic field. In order to maintain a constant thrust (force) over a
considerable distance, one side is kept shorter than the other. For example, in high-
speed ground transportation, a short primary and a long secondary are being used.
In such a system, the primary is an integral part of the vehicle, whereas the track
acts as the secondary.

Let us consider only one phase winding, say phase A, of the three-phase primary
winding, as shown in Figure 15.53a. The N-turn phase winding experiences an mmf of
NI, as shown in Figure 15.53b, and the fundamental of the mmf waveform is given by

S, = km% Ni, cos (2)\l ) (15.236)
where
k., = the winding factor
i, = the instantaneous value of the fundamental current in phase a
A = the wavelength of the field which equals to the winding pitch
n = the number of periods over the length of the motor
z = an arbitrary location in the linear motor

Each phase winding is displaced from the others by a distance of /3 and excited by a
balanced three-phase supply of angular frequency w. Thus the net mmf in the motor
consists of only a forward-traveling wave component as given by

3 2
3(z.1) = Fy cos (oot - )\lz) (15.237)
where
2 .
E, = - k,Ni, (15.238)

nmw
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The synchronous velocity of the traveling mmf can be determined by setting the argu-
ment of the cosine term of Eq. (15.237) to a constant value C as given by

2
ot — T“Tz - C (15.239)

This can be differentiated to give the linear velocity as

dz o\
== —_—— =\ 15.240
where fis the operating frequency of the supply. Equation (15.240) can also be ex-
pressed in terms of the pole pitch T as

V, = 27f (15.241)

Thus, the synchronous velocity v is independent of the number of poles in the primary
winding, and the number of poles need not be an even number. The slip of a linear
induction motor is defined as

(15.242)

where v, 1s the linear velocity of the motor. The power and thrust in a linear induction
motor can be calculated by using the equivalent circuit of an induction motor. Thus,
using Eq. (15.9), we get the air-gap power, P,, as

P, = 313 rs—z (15.243)
and the developed power, P, is
Py=(1-1s)P, (15.244)
and the developed thrust, Fj, is
P b "
Fp=—"=—"=3F— 15.245
T v 2 sv, ( )

The velocity—thrust characteristic of a linear induction motor is similar to the speed-—
torque characteristic of a conventional induction motor. The velocity in linear induc-
tion motor decreases rapidly with the increasing thrust, as shown in Figure 15.54.
For this reason these motors often operate with low slip, leading to a relatively low
efficiency.

A linear induction motor displays a phenomenon known as end effects because of
its open-ended construction. There are two end effects: static and dynamic. The static
end effect occurs solely because of the asymmetric geometry of the primary. This results
in asymmetric flux distribution in the air-gap region and gives rise to unequal induced
voltages in the phase windings. The dynamic end effect occurs as a result of the relative
motion of the primary side with respect to the secondary. The conductor coming under
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FIGURE 15.54 0

Typical velocity versus thrust characteristic.
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the leading edge opposes the magnetic flux in the air gap, while the conductor leaving
the trailing edge tries to sustain the flux. Therefore, the flux distribution is distorted
and the increased losses in the secondary side reduce the efficiency of the motor.

Example 15.14 Finding the Developed Power by the Linear Inductor Motor

The parameters of a linear induction motors are pole pitch = 0.5m, supply frequency f = 60 Hz.
The speed of the primary side is 210 km/h, and the developed thrust is 120 kN. Calculate (a)
the motor speed v, (b) the developed power P, (c) the synchronous speed v, (d) the slip, and
(e) the copper loss in the secondary P.,,.

Solution
AN =05m, f = 60Hz, v = 210km/h, F, = 120 X 10°N

Motor speed v,, = v/3600 = 210 X 10°/3600 = 58.333m/s
Developed power P, = Fv,, = 120 X 10° X 58.333 = TMW
Synchronous speed vy, = 2\ f = 2 X 0.5 X 60 = 60m/s

Slips = (vy — v,,)/v,, = (60 — 58.333)/60 = 0.028

Copper loss P, = F,sv, = 120 X 103 X 0.028 X 60 = 200kW

e ap T

15.10

Key Points of Section 15.9

¢ A linear motor has a linear motion whereas an induction motor has a circular motion.

¢ The stator and rotor of the rotating motor correspond to the primary and second-
ary sides, respectively, of the linear induction motor.

HIGH-VOLTAGE IC FOR MOTOR DRIVES

Power electronics plays a key role in modern motor drives, requiring high-performance
advanced control techniques along with other start-up and protection functions. The
features include gate driving with protection, soft-start charging of the dc bus and
linear current sensing of the motor phase current, and control algorithms from volt
or hertz to sensorless vector or servo control. The block diagram of a typical drive
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Functional block diagram of an inverter-fed drive, Ref. 25. (Courtesy of International Rectifier, Inc.)

and its associated functions are shown in Figure 15.55 [25]. Each function serves its
unique requirements but also has to couple with each other for the complete system
to work as a whole. For example, the IGBT gate drive and protection functions have
to be synchronized, and the feedback sensing and the regulator control and PWM
have to be matched.

The motor drives require functions such as protection and soft shutdown for the
inverter stage, current sensing, analog-to-digital conversion for use in the algorithm for
closed-loop current control, soft charge of the dc bus capacitor, and an almost bullet-
proof input converter stage. The simplicity and cost are important factors for applica-
tions such as in refrigerator compressors, air-conditioner compressors, and direct drive
washing machines.

The market demands for industrial motor drives, home alliance, and light
industrial drives have led to the development of high-voltage ICs for motor drives
known as power conversion processors (PCPs) by the power device manufacturer [25].
The motor drive IC family, which is the monolithic integration of high-voltage cir-
cuits with the gate drive, enables power conversion with advanced control fea-
tures to meet the needs of high-performance drives with ruggedness, compact size,
and lower electromagnetic interference (EMI). The architecture of the IC fam-
ily can be classified into three types: (1) two-level power conversion processing,
(2) single-level power conversion processing, and (3) mixed-mode power conver-
sion processing.

Two-level power conversion processing. The signal-processing functions are
implemented within an isolated low-voltage supply level that is remote from the power
level. All power devices are contained within the high-voltage supply level directly
connected to the ac main. Different types of technologies are then used to connect
the two levels. Gate drives are supplied through optocouplers, feedback functions
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FIGURE 15.56

Two-level power conversion-processing architecture, Ref. 25. (Courtesy of International Rectifier, Inc.)

are implemented through combination of linear optocouplers and hall-effect sensors,
and soft-start function is implemented through relay. A bulky multiple-winding trans-
former is also needed to supply the various isolated supplies for the different functions.
This type of architecture, as shown in Figure 15.56, is being phased out.

Single-level power conversion processing. All gate drive, protection, feedback
sensing, and control functions are implemented within the same level of the high-
voltage supply rail, and all the functions are coupled with each other in the same elec-
trically connected level. Protection is localized and more effective. The board layout
1s more compact, contributing to lower EMI and lower cost of the total system. This
type of architecture (as shown in Figure 15.57) is compact and most effective for
special-purpose drives such as for home appliances and small industrial drives less
than 3.75 kW; these are called microinverters (or microdrives).

Mixed-mode power conversion processing. The power conversion processing
i1s done primarily at the high-voltage supply level. A second level of signal process-
ing is used for motion profiling and communication. This second level helps facilitate
network and option card connections for general-purpose drives. Also, it simplifies
the encoder connection for position sensing in servo drives. The two levels of process-
ing are connected through an isolated serial bus. This type of architecture is shown in
Figure 15.58. A comparison between the different power conversion architectures is
listed in Table 15.1.
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TABLE 15.1 Comparison of Two-Level versus Single-Level Power Conversion Architecture

Two-Level Architecture Single-Level Architecture

Motion and power conversion processed together Motion and power conversion processed separately
Isolation by optodrivers (sensitive high-speed signals) Isolation by digital interface (high noise-margin signals)
Large dead time Small dead time

Complex switching supply Simple flyback supply

Large hall current sensors Small HVIC current sensors

Protection at signal level Protection at power level

Larger size and more EMI Smaller size and less EMI

One of the key features of the single-level and mixed-mode power conversion-
processing architecture is the integration of the gate drive, protection, and sens-
ing functions. The integration is implemented in a high-voltage integrated circuit
(HVIC) technology. Multifunction sensing chips that integrate current and voltage
feedback with both amplitude and phase information can simplify the designs of ac
or brushless dc (BLDC) motor drives. Monolithic integration of the gate drive, pro-
tection, linear current sensing, and more functions in a single piece of silicon using
HVIC technology is the ultimate goal. Thus, all power conversion functions for
robust, efficient, cost-effective, compact motor drives should ideally be integrated
in modular fashion with appropriately defined serial communication protocol for
local or remote control.

Key Points of Section 15.10

e An IC gate drive integrates most of the control functions including some protec-
tion functions to operate under overload and fault conditions. There are numer-
ous IC gate drives that are commercially available for gating power converters.

* The special-purpose ICs for motor drives include many features such as gate
driving with protection, soft-start charging of dc bus, linear current sensing of
motor phase current, and control algorithms from volts-hertz to sensor-less
vector or servo control.

SUMMARY

Although ac drives require advanced control techniques for control of voltage,
frequency, and current, they have advantages over dc drives. The voltage and frequency
can be controlled by voltage-source inverters. The current and frequency can be con-
trolled by current-source inverters. The slip power recovery schemes use controlled
rectifiers to recover the slip power of induction motors. The most common method of
closed-loop control of induction motors is volts/hertz, flux, or slip control. Both squirrel-
cage and wound-rotor motors are used in variable-speed drives. A voltage-source in-
verter can supply a number of motors connected in parallel, whereas a current-source
inverter can supply only one motor.

Synchronous motors are constant-speed machines and their speeds can be con-
trolled by voltage, frequency, or current. Synchronous motors are of six types: cylindrical
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rotors, salient poles, reluctance, permanent magnets, switched reluctance motors, and
brushless dc and ac motors. Whenever stepping from one position to another is required,
the stepper motors are generally used. Synchronous motors can be operated as step-
per motors. Stepper motors fall into two types: the variable-reluctance stepper motor
and the permanent-magnet stepper motor. Due to the pulsating nature of the converter
voltages and currents, it requires special specifications and design of motors for variable-
speed applications [22]. There is abundant literature on ac drives, so only the fundamen-
tals are covered in this chapter.
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REVIEW QUESTIONS

15.1 What are the types of induction motors?
15.2 What is a synchronous speed?
15.3 What is a slip of induction motors?
15.4 What is a slip frequency of induction motors?
15.5 What is the slip at starting of induction motors?
15.6 What are the torque-speed characteristics of induction motors?
15.7 What are various means for speed control of induction motors?
15.8 What are the advantages of volts/hertz control?
15.9 What is a base frequency of induction motors?
15.10 What are the advantages of current control?
15.11 What is a scalar control?
15.12 What is a vector control?
15.13 What is an adaptive control?
15.14 What is a static Kramer drive?
15.15 What is a static Scherbius drive?
15.16 What is a field-weakening mode of induction motor?
15.17 What are the effects of frequency control of induction motors?
15.18 What are the advantages of flux control?
15.19 How can the control characteristic of an induction motor be made to behave like
a dc motor?
15.20 What are the various types of synchronous motors?
15.21 What is the torque angle of synchronous motors?
15.22 What are the differences between salient-pole motors and reluctance motors?
15.23 What are the differences between salient-pole motors and permanent-magnet motors?
15.24 What is a pull-out torque of synchronous motors?
15.25 What is the starting torque of synchronous motors?
15.26 What are the torque—speed characteristics of synchronous motors?
15.27 What are the V-curves of synchronous motors?
15.28 What are the advantages of voltage-source inverter-fed drives?
15.29 What are the advantages and disadvantages of reluctance motor drives?
15.30 What are the advantages and disadvantages of permanent-magnet motors?
15.31 What is a switched reluctance motor?
15.32 What is a self-control mode of synchronous motors?
15.33 What is a brushless dc motor?
15.34 What is a brushless ac motor?
15.35 What is a stepper motor?
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15.36
15.37

15.38
15.39
15.40
15.41
15.42

15.43
15.44

PROBLEMS
15.1

15.2
15.3

154

15.5

15.6

15.7
15.8

What are the types of stepper motors?

What are the differences between variable reluctance and permanent-magnet stepper
motors?

How is the step of a variable reluctance stepper motor controlled?

How is the step of a permanent-magnet stepper motor controlled?

Explain the different speeds and their relationships to each other—the supply speed o,
the rotor speed w,, the mechanical speed w,,, and the synchronous speed w.

What is the difference between an induction motor and a linear induction motor?

What are the end effects of linear induction motors?

What is the purpose of dimensioning the control variables?

What is the purpose of making the damping factor close to 0.707 while designing a controller
for a motor drive?

A three-phase, 460-V, 60-Hz, eight-pole, Y-connected induction motor has Ry, = 0.08 (2,
R/ =01Q, X, =0.62Q, X; =092, and X,, = 6.7 (). The no-load loss, P, 10ad =

300 W. At a motor speed of 750 rpm, use the approximate equivalent circuit in Figure 15.2
to determine (a) the synchronous speed w,; (b) the slip s; (¢) the input current ; (d) the
input power P; (e) the input power factor of the supply, PF;; (f) the gap power P,; (g) the
rotor copper loss P,,; (h) the stator copper loss P,,; (i) the developed torque 7; (j) the effi-
ciency; (k) the starting rotor current 7, and the starting torque 7;; (I) the slip for maximum
torque s,,; (m) the maximum motoring developed torque 7,,,,,; and (n) the maximum regen-
erative developed torque 7,,,,.

Repeat Problem 15.1 if R, is negligible.

Repeat Problem 15.1 if the motor has two poles and the parameters are R, = 1.02 (),
R/ =035Q, X, =072 Q, X/ = 1.08 ), and X,, = 60 ). The no-load loss is P,y 19aa =

70 W and the rotor speed is 3250 rpm.

The parameters of an induction motor are 2000 hp, 2300 V, three phase, star-connected,
four poles, 60 Hz, full load slip = 0.03746, R, = 0.02Q, R; = 0.12Q, R, = 45Q,
X, =500, X; = X; = 0.32(. Find (a) the efficiency of an induction motor operating
at full load and (b) the per-phase capacitance required to obtain a line power factor of
unity by installing capacitors at the input terminals of the induction motor.

The parameters of an induction motor are 20 hp, 230 V, three phase, star-connected,
four poles, 50 Hz, full load slip = 0.03746, R, = 0.02Q), R; = 0.12Q, R, = 45Q,
X, =50Q, X; = X,/ = 0.32(). Find (a) the efficiency of an induction motor operating at
full load and (b) the per-phase capacitance required to obtain a line power factor of unity
by installing capacitors at the input terminals of the induction motor.

A three-phase, 460-V, 60-Hz, six-pole Y-connected induction motor has R; = 0.32 (),
R, =018 Q, X; = 1.04 Q, X; = 1.6 Q, and X,, = 18.8 (). The no-load loss, Py, i0ad> 1S
negligible. The load torque, which is proportional to speed squared, is 180 N -m at 1180
rpm. If the motor speed is 850 rpm, determine (a) the load torque demand 77 ; (b) the rotor
current /;; (¢) the stator supply voltage V,; (d) the motor input current /;; (e) the motor
input power P; () the slip for maximum current s,; (g) the maximum rotor current ,(max);
(h) the speed at maximum rotor current w,; and (i) the torque at the maximum current 7.
Repeat Problem 15.6 if R, is negligible.

Repeat Problem 15.6 if the motor has four poles and the parameters are R, = 0.25 (),
R =014 Q, X, = 0.7 Q, X; = 1.05 , and X,, = 20.6 (). The load torque is 121 N - m at
1765 rpm. The motor speed is 1425 rpm.
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A three-phase, 460-V, 60-Hz, six-pole, Y-connected wound-rotor induction motor whose
speed is controlled by slip power, as shown in Figure 15.7b, has the following parameters:
R, =011 Q,R, =0.09 Q, X, = 04 Q, X, =0.6Q, and X,, = 11.6 Q). The turns ratio of
the rotor to stator windings is n,, = N,/N; = 0.9. The inductance L, is very large and its
current, I;, has negligible ripple. The values of R, R;, X;, and X, for the equivalent circuit
in Figure 15.2 can be considered negligible compared with the effective impedance of L.
The no-load loss is 275 W. The load torque, which is proportional to speed squared, is
455 N »m at 1175 rpm. (a) If the motor has to operate with a minimum speed of 850 rpm,
determine the resistance R. With this value of R, if the desired speed is 950 rpm, calculate
(b) the inductor current I, (¢) the duty-cycle k of the dc converter, (d) the dc voltage V,
(e) the efficiency, and (f) the input PF of the drive.

Repeat Problem 15.9 if the minimum speed is 650 rpm.

Repeat Problem 15.9 if the motor has eight poles and the motor parameters are
R, =008 Q,R, =01Q,X, =0620,X, =092, and X,, = 6.7 (). The no-load loss
iS Poo1oad = 300 W. The load torque, which is proportional to speed, is 604 N -m at 785
rpm. The motor has to operate with a minimum speed of 650 rpm, and the desired speed
1s 750 rpm.

A three-phase, 460-V, 60-Hz, six-pole, Y-connected wound-rotor induction motor
whose speed is controlled by a static Kramer drive, as shown in Figure 15.7b, has
the following parameters: R, = 0.11 Q, R, = 0.09 Q, X;=04Q, X, = 0.6, and
X, = 11.6 ). The turns ratio of the rotor to stator windings is n,, = N,/N; = 0.9.
The inductance L, is very large and its current, I;, has negligible ripple. The values
of R, R}, X;, and X, for the equivalent circuit in Figure 15.2 can be considered negli-
gible compared with that of the effective impedance of L, The no-load loss is 275 W.
The turns ratio of the converter ac voltage to supply voltage is n. = N,/N, = 0.5. If the
motor is required to operate at a speed of 950 rpm, calculate (a) the inductor current 1,
(b) the dc voltage V,, (c¢) the delay angle o of the converter, (d) the efficiency, and
(e) the input PF; of the drive. The load torque, which is proportional to speed squared, is
455 N+ m at 1175 rpm.

Repeat Problem 15.12 for n, = 0.9.

For Problem 15.12 plot the power factor against the turns ratio ..

A three-phase, 56-kW, 3560-rpm, 460-V, 60-Hz, two-pole, Y-connected induction motor
has the following parameters: Ry = 0, R, = 0.18 ), X; = 0.13 Q, X, = 0.2 Q, and X, =
11.4 Q). The motor is controlled by varying the supply frequency. If the breakdown torque
requirement is 170 N - m, calculate (a) the supply frequency, and (b) the speed w,, at the
maximum torque. Use the rated power and the speed to calculate 7.

If R, = 0.07  and the frequency is changed from 60 to 40 Hz in Problem 15.15, deter-
mine the change in breakdown torque.

The motor in Problem 15.15 is controlled by a constant volts to hertz ratio corresponding
to the rated voltage and rated frequency. Calculate the maximum torque 7,,, and the cor-
responding speed w,, for supply frequency of (a) 60 Hz, and (b) 30 Hz.

Repeat Problem 15.17 if Ry is 0.2 ().

A three-phase, 30-hp, 1780-rpm, 460 V, 60-Hz, four-pole, Y-connected induction motor has
the following parameters: Ry = 0.30, R, = 0.20 Q, X, = 30 Q, X; = 0.6 Q, X,’ = 0.83 Q,
The no-load loss is negligible. The motor is controlled by a current-source inverter and the
input current is maintained constant at 50 A. If the frequency is 40 Hz and the developed
torque is 220 N - m, determine (a) the slip for maximum torque s,, and maximum torque 7,,,,
(b) the slip s, (c) the rotor speed w,,, (d) the terminal voltage per phase V,, and (e) the PF,,.
Repeat Problem 15.19 if frequency is 50 Hz.
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The motor parameters of a volts/hertz inverter-fed induction motor drive are 8 hp,
240 V, 60 Hz, three phase, Y-connected, four poles, 0.88 PF and 90% efficiency,
R, = 0.30, R/ = 0.20Q, X,, = 30Q, X; = 0.6, and X/ = 0.83 (). Find (a) the maximum
slip speed (b) the rotor voltage drop V,,, (¢) the volt-hertz constant K, ¢, and (d) the dc-link
voltage in terms of stator frequency f.

The motor parameters of a volts/hertz inverter-fed induction motor drive are 6 hp,
200 V, 60 Hz, three phase, Y-connected, four poles, 0.88 PF and 90% efficiency,
R, = 030,R' = 0200, X,, = 30Q, X; = 0.6Q, X/ = 0.83(). Find (a) the maximum slip
speed (b) the rotor voltage drop V,, (¢) the volt-hertz constant K, and (d) the dc-link
voltage in terms of stator frequency f.

The motor parameters of a volts/hertz inverter-fed induction motor drive are 8 hp,
240 V, 60 Hz, three phase, Y-connected, four poles, 0.86 PF and 90% efficiency,
R, = 030, R = 0.20Q, X,, = 30Q, X, = 0.6Q, X/ = 0.83(). Find (a) the constants K*,
K, Ky, and (b) express the rectifier output voltage v, in terms of slip frequency wy; if the
rated mechanical speed is N = 1780 rpm and V,,,, = 10V.

The motor parameters of a volts/hertz inverter-fed induction motor drive are 6 hp,
200 V, 60 Hz, three phase, Y-connected, four poles, 0.86 PF and 84% efficiency,
R, = 0.30, R = 0.20Q, X, = 30Q, X; = 0.6Q, X/ = 0.83(). Find (a) the constants K*,
K, Ky, and (b) express the rectifier output voltage v, in terms of slip frequency wy if the
rated mechanical speed is N = 1780rpm and V,,, = 10V.

The parameters of an induction motor are 5 hp, 220 V, Y-connected, three-phase, 60 Hz,
four poles, R, = 0.28Q,R, = 0.18Q,L,, = 54mH,L; = 5mH, L, = 56 mH, and stator to
rotor turns ratio, a = 3. The motor is supplied with its rated and balanced voltages. Find
(a) the g- and d-axis steady-state voltages and currents, and (b) phase currents iy, iy, i,
and iz when the rotor is locked. Use the stator-reference-frames model of the induction
machine.

The parameters of an induction motor with an indirect vector controller are 8 hp,
Y-connected, three phase, 60 Hz, four poles, 240 V, R, = 0.28Q, R, = 0.17Q,
L, =6lmH, L, =56mH, L, = 53mH,J = ().01667kg-m2, and rated speed = 1800rpm.
Find (a) the rated rotor flux linkages and the corresponding stator currents iz and iy,
(b) the total stator current /;, (¢) the torque angle 6, and (d) the slip gain Kj;.

The parameters of an induction motor with an indirect vector controller are 4 hp,
Y-connected, three phase, 60 Hz, four poles, 240 V, R, = 0280, R, = 0.17Q,
L, =6lmH,L, =56mH, L, = 53mH,J = 0.01667kg-m2, and rated speed = 1800rpm.
Find (a) the rated rotor flux linkages and the corresponding stator currents iy and i,
(b) the total stator current /;, (¢) the torque angle 6, and (d) the slip gain Kj;.

A three-phase, 460-V, 60-Hz, 8-pole, Y-connected cylindrical rotor synchronous motor
has a synchronous reactance of X; = 0.6 () per phase and the armature resistance is neg-
ligible. The load torque, which is proportional to the speed squared, is 7; = 1200 N-m
at 720 rpm. The power factor is maintained at (.88 lagging by field control and the
voltage- to-frequency ratio is kept constant at the rated value. If the inverter frequency
1s 40 Hz and the motor speed is 680 rpm, calculate (a) the input voltage V,, (b) the arma-
ture current /,, (¢) the excitation voltage V}, (d) the torque angle 8, and (e) the pull-out
torque 7.

A three-phase, 230-V, 60-Hz, 45-kW, eight-pole, Y-connected salient-pole synchronous
motor has X; = 3.5 () and X, = 0.3 ). The armature resistance is negligible. If the motor
operates with an input power of 25 kW at a leading power factor of 0.88, determine (a) the
torque angle 3, (b) the excitation voltage V;, and (c¢) the torque 7.
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A three-phase, 230-V, 60-Hz, 8-pole, Y-connected reluctance motor has X; = 18 () and
X, = 3.5 Q. The armature resistance is negligible. The load torque, which is propor-
tional to speed, is 7; = 15 N-m. The voltage-to-frequency ratio is maintained constant
at the rated value. If the supply frequency is 60 Hz, determine (a) the torque angle 9§,
(b) the line current I, for a PF of 0.65 lagging, and (c¢) the pullout torque.

The parameters of a PMSM drive system are 240 V, Y-connected, 60 Hz, six poles,
R, =14Q, L;=6mH,L, =9mH, ¥,=0.15Wb-turn, By = 0.01N.mn/rad/s, J =
0.006kg-m?, J = 0.006kg-m?, f. = 2kHz,V,,, = 10V, H, = 0.05V/V, H, = 0.8VI/A,
T, = 2ms, and V. = 240V. Design an optimum-based speed controller for a damping
ratio of 0.707.

A three-phase, 230-V, 60-Hz, 8-pole, Y-connected reluctance motor has X; = 18 () and
X, = 3.5 Q. The armature resistance is negligible. The load torque, which is proportional
tospeed,is 7;, = 15N-m. 7; = 3.5 ). The voltage-to-frequency ratio is maintained con-
stant at the rated value. If the supply frequency is 60 Hz, determine (a) the torque angle 3,,
(b) the line current /, for a PF of 0.65 lagging, and (c) the pullout torque.

A variable reluctance stepper motor has six stacks and the step length S; = 12°. The step
sequence is as, bs, cs, as, . . . Find (a) the tooth pitch Tp, and (b) the number of rotor teeth
per stack.

A variable reluctance stepper motor has three stacks and the step length S; = 12°. The
step sequence is as, cs, bs, as, . .. Find (a) the tooth pitch 7p, and (b) the number of rotor
teeth per stack.

A four-pole permanent-magnet stepper motor, which rotates in the clockwise direction,
has two stacks and the step length §; = 12°. Find (a) the tooth pitch 7p, and (b) the num-
ber of rotor teeth per stack.

The parameters of a linear induction motor are synchronous speed = 72 m/s, supply fre-
quency f = 60Hz. The speed of the primary side is 150 km/h, and the developed thrust is
100 kN. Calculate (a) the motor speed vy, (b) the developed power P, (¢) the pole pitch
\, (d) the slip, and (e) the copper loss in the secondary P,

The parameters of a linear induction motor are synchronous speed = 96 m/s, supply fre-
quency f = 60Hz. The speed of the primary side is 200 km/h, and the developed thrust is
250 kN. Calculate (a) the motor speed v,,,, (b) the developed power Py, (¢) the pole pitch
\, (d) the slip, and (e) the copper loss in the secondary P,



