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T, and turns them off. A cycle of Va is
turn-off of T and Ts.

fluctuates. Sinceé torque fluctuates
he fluctuations, giving nearly a

n of Tj and T; reverse biases T, and
eted when T, and T, are turned-on at (7 + Q) causing

mature current i, is not perfect dc, the motor torque
y of 100 Hz, motor inertia is able to filter out t

d and rippleless E.

, at Ot Conductio
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ata f[equenc
constant Spe€
ous Conduction

£ motor terminal voltage Uy,

& .
a < wt < B) when motor 1s connected to the s

Fig. 5.26(b)):

piscontiny
the drive operates in two intervals (

Inacycle ©
ource and Uy = Us

(i) Duty interval (
(ii) Zero current interval (B< @t S 7 + ) when i, =0 and U, = E
. . . ' a - )
Drive operation is described by the following equations: |
di |
v, =R,i e :
o= Raia+ La7; +E=V,sinot,foras wt< B (5.72)
v,=E and i,=0 for fSwtsT+ X (573Q
Vo /Z) sin (@t - ¢), and

Solution of Eq. 5 72) has two components—one due to the ac source (

ther due to b k -
other due to back emf ( EIR,). Each of these components has in turn a transient compone

these be represented by a single exponent Kje™/*, then
-t foraS wt< P (5.74)

nt. Let

, v,
iy (1) = 2 sin (@ - 9) - -If— + Ke
)

where

Z= R+ (0L,)?
y (5.75)

¢ = tan™* (wLy/R) -
(5.76)

value of K; so obtained in Eq. (5.74) yields

. Vo
i,(wt) = Z [sin (@t - @) —sin (@ — ¢)e-(wt-a)cot¢]
E
== o (@x-a)cotd
o R, ], foras< V
Since i,(8) = 0, from Eq. (5.77) "= o
|2
B sin (B~ 9) - o+ | % L/
- N e ¢)]e“”'“)°°" =0
S (5.78)

P can be ev :
Since voli::iug‘:fidr by iteralive solutionvof B, (5.75)
is zero op across the armature inducta;lce .due to d
0 dc component
of armature ¢
urrent

Va=E+ IR, '
(5.79)
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The quadrant I operation of a hoist requires the movement of the cage um

i ise direction here. Thi > Which Correg

to the positive motor speed which is in .antlclf)ckwxse. dlrec.:tlon. ere. l1s motion wj) be o 5

if the motor produces positive torque in ar.ltlcloc.k.wwe :.lrgct;on eqt:la to thg Magnityq, . Neg

torque T};. Since developed motor power 1s positive, this is .orlwar xr;otmjm OPeratiqp,

Quadrant IV operation is obtained when a ¥oadefi cage 1s lowered. Since the Weigh, o

loaded cage is higher than that of a counter \.Ne}ght, it is able to come down dye to the grayj :
itself. In order to limit the speed of cage within a safe value, motor mugt Produce poSit‘;ty
torque T equal to T}, in anticlockwise direction. As both power and speed are Negative, drivevie
operating in reverse braking. . . N

Operation in quadrant II is obtained when an empty cage is move.d up. Since g countey Weigh |

N is heavier than an empty cage, it is able to pull it up. Il? order tO‘llmlt the Speed withiy, as ft 1

X value, motor must produce a braking torque equal. to Tpin clockw1§e (negatnvs) directiop, Sinc: |

" speed is positive and developed power negative, it is forwar‘d braking Operation,

Operation in quadrant I11 is obtained when an empty cage is lowered. Sl.

a lesser weight than a counter weight, the motor should pr?d}lce atorque i

' Since speed is negative and developed power positive, this is reverse mo

\ g,
{ )
1

NCe an empty cage by,

n clockwige direction '
toring Operation,

Q & 2.3 EQUIVALENT VALUES OF DRIVE PARAMETERS

Different parts of a load may be coupled through different mechanisms, such as
| b and crankshaft. These parts may have different speeds and different types of m
| rotational and translational. This section presents methods of finding the equival
: i inertia (J) of motor-load system and equivalent torque components, all referred

gears, V.pejy,

Otions such 45
€nt moment of

L to motor shafy.

; ! 3.1 Loads with Rotational Motion

Let us consider a motor driving two loads, one coupled directly to its shaft and of
gear with n and n, teeth as shown in Fig. 2.4(a). Let the moment of inertia of

| directly coupled to its shaft be Jo. motor speed and torque of the directly coupled
e o Tyo respectively. Let the moment of inertia, s

be Jy, @y and Ty, respectively. Now,

her through 5
motor and Joaq

load be O and
peed and torque of the load coupled through a gear |

Om n L
— i e— a = ¥
On  n : 23)
b where a, is the gear tooth ratio.

' If the losses in transmission are ne

glected, then the kinetic energy due to equivalent inertia
must be the same as kinetic energy of various moving parts. Thus

L g 5
| > Jon = %Jowﬁ, i Jiw?,
L

| > 2.4)
v From Egs. (2.3) and (2.4)

l, : J=Jo+allJ, (2.5)

a :l Power at the loads and motor must be the same. If transmission efficiency of the gears be 7,
& then




' b | L~ s

‘ r
- \'Yp
4 G\» / Dynamics of Electrical Drives 15
! t
= B 'F e Jo —
| Wy ,
oy \l Load ‘ (]
i i - Motor 7, T ) ‘ = J;
! Load
- ik | Tiy (
i Gear
(a) Loads with rotational motion
a1 - Jo —
4
Wit \“n_| Load } Rotational to lincar ]
' I’ Tio motion (ransmission
Mass
e M 1"1
T f force
1 £y
,'.-.‘ ; (b) Loads with translational and rotational motion
] ? Fig. 2.4 Motor load system with loads with rotational and linear motions 2
q ¢
Tho 2
Ti0Om = Tiop, + ——" (2.6) o
«
where T} is the total equivalent torque referred to motor shaft. ‘ o |
From Egs. (2.3) and (2.6) ‘!' |
a7, !
Ti=To+ —= &) ‘
j m
l If in addition to load directly coupled to the motor with inertia Jo there are m other loads with #
: moment of inertias J,, J3, . . . , J,, and gear teeth ratios of ay, as, . . . ay then i
1
i J=Jy+all, +aily+ ... +akl, (2.8) .
If m loads with torques Ty, 7}y, . . ., T,y are coupled through gears with teeth ratios ay, ay, . . *‘ {
! am and transmission efficiencies 7y, 715, . . . , fm. in addition to one directly coupled, then i
§
o T, a, T, an,T,
' HeTes bl 22002 0y G lim, 2.9
om T M 129 it
If loads are driven tirra.gh a 2ot drive instead of gears, then, neglecting slippage, the equivalent ;,‘,‘f
inertia and worque cur be chisimd from Eqgs. (2.8) and (2.9) by considering a,, a;, . . ., a,, each ft
to be the ratios of dimeiers of whezls diven by motor to the diameters of wheels mounted on ;
the load shaft. ll{l‘
JG./Z Loads with Translational Motion ‘,:
i

Let us consider a motor driving two loads, one coupled directly to its shaft and other through a
] :
Ji
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2 Fundamentals of Electrical Drives

source is de and an induction motor is to be employed, then the power modulator is required to
convert de into a variable frequency ac,
(iv) Selects the mode of operation of the motor, i.e. motoring or braking.

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

Controls for power modulator are built in control unit which usually operates at much lower
voltage and power levels. In addition to operating the power modulator as desired, it may also
generate commands for the protection of power modulator and motor. Input command signal,
which adjusts the operating point of the drive, forms an input to the control unit. Sensing of
certain drive parameters, such as motor current and speed, may be required either for protection
or for closed loop operation,

1.2 ADVANTAGES OF ELECTRICAL DRIVES
Esrenamcyrs

Electrical drives are widely used because of the following advantages:

L. They have flexible control characteristics. The steady-state and dynamic characteristics of
electrical drives can be shaped to satisfy load requirements. Speed can be controlled and, if
required, can be controlled in wide limits. Electric braking can be employed. Control gear
required for speed control, starting and braking is usually simple and easy to operate.

Availability of semiconductor converters employing thyristors, power transistors, IGBTs and
GTOs, linear and digital ICs, and microcomputers have made the control characteristics even
more flexible. It is possible to reshape characteristics of drives almost at will to meet load
requirements in an optimum manner. Speed and torque, and transitions from one mode to
another can be controlled smoothly and steplessly. Optimal control strategies can be implemented
to achieve high dynamic performance, high efficiency or to minimime a suitable performance

index. Drives can be provided with automatic fault detection systems. Programmable logicl

controllers and computers can be employed to automatically control the drive operations in a
desired sequence.

2. They are available in wide range of torque, speed and power.

3. Electric motors have high efficiency, low no load Josses and considerable short time
overloading capability. Can be made in variety of designs to make them compatible with load.
Compared to other prime movers they have lenger life, lower noise. lower maintenance requirements
and cleaner operation.

4. They are adaptable to almost any operanng conditions such as explosive and radioactive
environment, submerged in hquids, veticai wiour ungs, and so on.

5. Do not pollute the environment.

6. Can operate in all the four qQuadrants cf speed-torque plane. Electric braking gives smooth
deceleration and increases life of the equipment compared to other forms of braking. When
regenerative braking is possible, considerable saving of energy is achieved. These features are
not available in other prime movers.

7. Unlike other prime movers, there is no need to refuel or warm-up the motor. They can be
started instantly and can immediately be fully loaded.

o
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48 Fundamentals of Electrical Drives

(i) Intermittent periodic duty.
(iv) Intermittent periodic duty with starting.
(v) Intermittent periodic duty with starting and braking.
(vi) Continuous duty with intermittent periodic loading.
(vii) Continuous duty with starting and braking.
(viii) Continuous duty with periodic speed changes.

These classes of motor duty are explained below.

(i) Continuous Duty (Fi
a duration long enough

Pumps and fans are some examples of continuous duty.
(ii) Short Time Duty (Fig. 4.2(b)): In this, time of drive operation is considerably less than the
heating time constant and machine i

» the machine can be overloaded until
temperature at the end of loading time reaches the permissible limit. Some examples are: crane
drives, drives for household applian

ces, turning bridges, sluice-gate drives, valve drives, and
many machine tool drives for position contro

(iii) Intermittent Periodic Duty (Fig. 4.2(c)):

It consists of periodic duty cycles,
of a period of running at a constant load and a

each consisting
rest period. Neither the duration of

running period

TL TL . Al TLAL
0 _*—\:’ 0 - 0
] o4 f 9 y !
5 Q &_‘ /\/\/\

! 0 ! 0 \:

(@ (b) ©

T Starting Running Tt

{
"
1 I |
o |

0 ™ r——
. : o4 !
0 est |

(@)

Fig. 4.2 Some classes of motor duty.
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N2
_ _ dN
= ,[ = IN‘ 9549 - 0.143N 0
-t
where Ny = 666.7 rpm and N, = 0.95 X — 666.7 = — 633.4 rpm*.
Integrating Eq. (1) yields ¢ = 25.58 S.

2.7 STEADY STATE STABILITY

Equilibrium speed Qf a motor-load system is obtained when motor torque equals the load torque.
Drive will operate in steady-state at this speed, provided it is the speed of stable equilibrium.
Concept of steady-state stability has been developed to readily evaluate the stability of an
equilibrium point from the steady-state speed-torque curves of the motor and load, thus avoiding
solution of differential equations valid for transient operation of the drive.

In most drives, the electrical time constant of the motor is negligible compared to its mechanical
time constant. Therefore, during transient operation, motor can be assumed to be in electrical
equilibrium implying that steady-state speed-torque curves are also applicable to the transient
operation.

As an example let us examine the steady-state stability of equilibrium point A in Fig. 2.9(a).
The equilibrium point will be termed as stable when the operation will be restored to it after a

" small departure from it due to a disturbance in the motor or load. Let the disturbance causes a

reduction of Aw,, in speed. At new speed, motor torque is greater than the load torque, consequently,
motor will accelerate and operation will be restored to A. Similarly, an increase of Awy, in speed
caused by a disturbance will make load torque greater than the motor torque, resulting into
deceleration and restoration of operation to point A, Hence the drive is steady-state stable at
point A. Let us now examine equilibrium point 8 which is obtained when the same motor drives
another load. A decrease in speed causes the joad torque to become greater than the motor
torque, drive decelerates and operating point moves away from B. Similarly, when working at
B an increase in speed will make mozor torgie greater than the Joad torque, which will move the
operating point away from B. Thus. B is ar anzteh'z Soint of equilibrium. Readers may similarly
examine the stability of points C and I giver in Figs. 2.9(c) and (d).

T T
N,
T
\T C
B o

Torque Torque 0 Torque 0 Torque
Fig. 2.9 Points A and C are stable and B and D are unstable

W T Wy

T
D

Above discugsion suggests that an equilibrium point will be stable when an increase in speed
causes load-torque to exceed the motor torque, i.e. when at equilibrium point following condition
is satisfied:

*Taking N, = 0.95 N, rather than 0.95 (N, — N;) for speed reversal gives more accurate estimation of «.
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Gubstituting these values in Eqs. (E.1) and (E.2) givcs
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d*w, dw :
27 5155 20 L 40460, = -349.75 (E.3)
di, di
ar 5155 —L +4.046i, = 1868 (E4)

Roots of the characteristic equation are:

~5.155 + /(5.155)2 4 x 4.046

-0y, =02 = 5 = -0.966, — 4.19
The solutions of Egs. (E.3) and (E.4) can now be written as
iy = 46.17 4 Ce 0956 o D419 (E.6)
Now @n(0) = 109.96, i,(0) = 0

From Eq. (5.19)

dia .~ V-Rid,-Ko, _220-0-2163
—O= L = o = —3635.83

From Eq. (5.20)
doy, ©) = Ki,-Bo,-T, -172

dt ] g = -21.5
Using these initial conditions, solutions of Egs. (E.5) and (E.6) are obtained as follows:
Om = — 86.44 + 136.24¢™0955' _ 26.28¢41% (E.7)
iy =46.17 - 1187.7¢09% 4+ 1141.56¢*!% (E.8)

These equations are valid up to standstill both for active and passive load torques. After

the motor accelerates in the reverse direction a passive load torque will change the sign.

Therefore, these equations will not be valid for passive loads after the speed reversal.
(c) If zero speed is reached at f = ¢; then approximately from Eq. (E.7)

—86.44 + 136.24¢°9%61 =

which gives ¢, = 0.47 sec.

;5% spEED cONTROL 4. b’

Accbrding to Eq. (5.5), speed can be controlled by any of the following methods:

(i) Armature voltage control
(ii) Field flux control
(iii) Armature resistance control
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| 88 Fundamentals of Electrical Drives
N Speed-torque curves of dc motors for these methods of speed control are showm i
i to 5.18. ‘ . '“ i
; Armature voltage control is preferred because of high efficiency, good transient respon
! good speed regulation. But it can provide speed control only below base (rated) speed b:: Ung
i ay
| il h
" ! i WO 4
. ] Vi Natural v,
! ! i .
’\ B : Vi v, Natural
N l_\ " : 1 V,
\«’“ “ M| Vz
B
& 0 > 0 —t
;? i . T T
1 0 B X (a) Separate *y (b) Series
"" P“; Fig. 5.16 Armature voltage control V, (rated) > V, > V,
PR
{ bl ) 4 4
[ T wm 3
{ b " @,
13 L
‘ ' ‘ | \
! g D, Natural
) { !"
| i »
1, ] oy Natural
o i i [y
I "R ' 0 - 0 i
I o s & T
b1 BB (a) Separate (b) Series
, P F R Fig. 5.17 Field flux control &, (rated) > &, > @,
| [ F |
! B W
= - O Increasing Wp 4
' | P o, LR '
i - mo Natural Increasing
o A
F L
b . %
“ v )
Natural
0 4 0 >
T 1

(a) Separately excited . (b) Series

Fig. 5.18 Speed torque curves of dc motors with resistance control. R, external resistance




