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This article presents a cost-effective variable frequency drive for starting and oper-
ating large three-phase squirrel cage induction motors. The proposed drive employs
the constant V/F control scheme, which regulates the rotor frequency such that it is
always kept below a predetermined value. This has the effect of drastically reducing
the motor shaft torque oscillations and significantly limiting the maximum value of
the motor line current. In addition to its simplicity and hence cost-effectiveness, the
proposed scheme is shown to be capable of (i) reducing the shaft torque oscillations
to approximately 22% of that of the direct on-line start of the large motor, and (ii) lim-
iting the motor line current to approximately 36% of that of the direct on-line start
value.
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1. Introduction

In the starting process of large induction motors (IMs) and large synchronous motors
started as IMs, two problems evolve: high starting current and shaft torque oscillations.
High starting current has many drawbacks, e.g., potential adverse effects, especially on
weak utility networks and a drop in the motor terminal voltage, which, in turn, reduces
the motor starting and accelerating torques. As for the shaft torque oscillations, they may
reach hazardous levels that could lead to cyclic fatigue fracture of the shaft torque.
One of the techniques proposed to reduce the high starting current involved voltage
reduction of the motor terminals [1]. This was achieved by inserting a series reactor be-
tween the motor and the utility network during the starting period. Alternatively, reduction
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of the motor terminal voltage was achieved by supplying the motor through an autotrans-
former [1]. After the starting period was over, the series reactor, or the autotransformer,
was bypassed. Although the above two techniques were successful in reducing the motor
starting current, they yielded reduced starting and accelerating torques which, in turn,
resulted in a prolonged starting period, which led to motor overheating.

A third technique for reducing the motor starting current was the capacitor-start
method [2]. In that method, an energized capacitor was connected at the time of the motor
startup period, thus providing the reactive current drawn by the motor and supporting the
utility voltage. Upon reaching rated speed, the capacitor was switched off. That method,
however, added to the risk of transient over-voltage and harmonic resonance.

Reduction of the shaft torque oscillations during startup with an autotransformer or
star/delta switching has been achieved by the proper choice of the switching instant, as
improper switching may reinitiate the shaft torque oscillations [3].

Another technique for suppressing the shaft torque oscillations was through using
the slip frequency control (SFC) [4]. That control scheme employed two nested feedback
loops; namely, an inner current loop and an outer speed feedback loop. Although the SFC
scheme has been successful in drastically reducing the oscillations in the shaft torque
and in limiting the motor starting current to a preset value, it necessitated the use of two
current sensors, which resulted in higher system cost.

In the present work, it is proposed to use the constant V/F control scheme as an
alternative control strategy for reduction of the oscillations in the shaft torque and for
limiting the motor starting current to a maximum of 2.0 p.u. The constant V/F control
scheme is advantageously cost-effective since it does not require any sensing of the line
current; hence, it is simple to implement. The performance of the large three-phase IM
system using constant V/F control scheme has not yet been reported in the literature.

2. Model of Large Motor System

Figure 1 shows the layout of the large motor system. It consists of a large squirrel cage
induction machine driving a high inertia load through an elastic shaft. The electrical
model of the motor in the stationary frame of reference is given by [5]:
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where
Xss = X5 + X,

and

igs is the quadrature component of the stator current,
igs 1s the direct component of the stator current,

igr is the quadrature component of the rotor current,
igr is the direct component of the rotor current,

wy, 18 the motor angular speed of rotation,

w, is the nominal supply synchronous speed,

X, 1s the motor magnetizing reactance,

x; is the stator leakage reactance,

X, is the rotor leakage reactance,

rs 1is the stator resistance, and

r is the rotor resistance.

The developed electromagnetic torque, T, is given by

T, = xm(iqsidr - iqrids)

Xpp = Xp + X,
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The equation of motion of the rotating mass including the torsional dynamics of the

shaft is given by [3]:
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Figure 1. Layout of the large motor system.
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where

6; is the load angular position,

0,, is the motor angular position,

w; is the load angular speed of rotation,

K is the stiffness coefficient of the motor shaft,

H,, is the motor inertia,

D,, is the viscous friction coefficient of the motor,

D,,; is the mutual damping coefficient,

H; is the load inertia,

Dy is the viscous friction coefficient of the load shaft, and
T; is the load torque.

Equations (1) to (4) were employed to simulate the behavior of the large motor
system using MATLAB/SIMULINK [6].

3. Analysis of Starting Period

This section offers a comprehensive overview of the production of various torque com-
ponents of the large motor during its starting phase when fed by a sinusoidal supply and
when fed by a non-sinusoidal (square wave) supply.

3.1. Sinusoidal Supply

The time response of the motor under study when the utility full voltage is applied at
the motor terminals is shown in Figure 2 (the data are given in the appendix). Figure 2a
shows that the developed electromagnetic torque has a decaying oscillatory component

S
k<2
g -

>
g =3
e g
) <3
=

(o]
2 =
% =

©
€ <
S %)
=
(&)
°©
L
S o i 7 7 T
a8 D 300 |------i----yee————————
= B | | | |
S e : | : :
£6 © | | : :
3 = 200} e S B
o ] ! ! ! !
o 4 3 : : :
£ a | ! |
- @ 100 Rt EEREEE
= 2 . ! ! ! !
] o i I I I
"6 -—
§ 0 § 0 I 1 1 1

0 0.5 1 1.5 2 25
Time (sec.) Time (sec.)

Figure 2. Motor behavior for direct on-line start.
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at the supply frequency. However, as shown by Figure 2b, the shaft torque oscillates at a
frequency different from that of the developed torque and such shaft torque oscillations
could reach hazardous levels as high as 7.34 p.u. While the electromagnetic torque
oscillations diminish, the shaft oscillations continue to build up to a certain degree.

Figure 2c shows that the motor staring current could reach as high as 7.9 p.u. The
motor speed is depicted in Figure 2d, where it is shown that the motor reaches its steady-
state operating speed after approximately 1 sec.

To explain the nature of the torque response, it should be noted that the sudden
application of the supply produces transient currents with AC and DC components at both
stator and rotor windings. As shown in Figure 3, these currents produce the following
MMFs in the motor air gap [3]:

1. Mg, supply frequency stator MMF rotates with synchronous speed (wy),

2. M., stationary stator MMF produced with the stator DC current, i.e. w = 0,

3. M,,, rotor MMF produced with the DC rotor current, rotates with rotor speed
(@m),

4. Mg, , rotor MMF produced with the slip frequency rotor current, rotates with the
synchronous speed (wy).

The interaction of Mg and My, produces the main unidirectional component of the
torque. The interaction of M, and M, produces the supply frequency component of the
torque. The interaction of My and M, produces a torque [slip frequency torque (SFT)]
with a slip frequency of s x f;. The interaction of M,s; and M,, produces a torque with
a speed frequency of (1 —s) X f;.

The speed frequency component has a small magnitude and can usually be ne-
glected [3]. Nevertheless, it is the SFT that is responsible for the high shaft torque
oscillations. This component starts with the supply frequency at s = 1 and continues to
decrease as the motor speeds up. This is demonstrated by torque building up as the slip
frequency approaches the torsional frequency. A maximum value is encountered when
the motor speed reaches 166 rad/sec (s = 0.47). This gives s x f; = 23.6 Hz, which
is the same as the natural torsional frequency of the mechanical system calculated by
Eq. (5) [3, 71

&)

Figure 3. MMFs produced in the air gap by sinusoidal supply.



1168 N. M. B. Abdel-Rahim and A. Shaltout

However, as the motor speed continues to grow, the slip frequency departs from the
natural frequency and the shaft torque starts to decay. The aforementioned analysis has
been confirmed in [4], where it was shown that the frequency spectrum of the devel-
oped torque comprises two components; namely, the unidirectional component, which
produces the speed acceleration, and the SFT. The latter results in magnified shaft torque
oscillations when it coincides with the natural torsional frequency.

3.2. Square Wave Supply

This subsection offers an explanation of the production of various torque components
when the large motor is fed by a non-sinusoidal supply. The type of non-sinusoidal supply
chosen here is the square-wave supply, which has the advantage of producing a predefined
frequency spectrum at the motor terminals, allowing for straightforward explanation of
the motor behavior.

For a Y-connected motor fed from a square wave voltage supply, the stator current
contains the fundamental and non-triple-n odd harmonic components. The fundamental
current produces torque components similar to those of the sinusoidal supply. The 5th
harmonic current produces an MMF, M5, which rotates with speed 5w; in the opposite
direction of the fundamental component. This component produces a current in the rotor
conductors with a frequency of (6 — s) f;. The induced current produces an MMF, Ms5,.,
which rotates with speed (6—s)w; with respect to the rotor conductors and with speed 5wy
in space. These additional MMF components are illustrated in Figure 4. The interaction
of these additional MMFs produces the following torque components:

1. Ms, interacts with Ms, to produce a unidirectional torque, which is an opposing
torque.

M5, interacts with My, to produce a torque with 6 f; frequency.

M5 interacts with My, to produce a torque with (6 — ) f; frequency.

M5, interacts with Mg to produce a torque with 6 f; frequency.

M5, interacts with M, to produce a torque with 5 f; frequency.

wk e

The 7th harmonic current produces an MMF M7; which rotates with speed 7wy in
the forward direction. This component produces a rotor current in the rotor conductor
with a frequency of (7 —s) fi. The induced current produces an MMF M7, which rotates

Figure 4. MMFs produced in the air gap by non-sinusoidal supply.
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with speed (7 — s)w; with respect to the rotor conductors and with speed 7w, in space
(see Figure 4).
The 7th harmonic component produces the following torques:

1. M7 interacts with M7y, to produce a unidirectional torque component in the
forward direction (aiding torque).

M7, interacts with My, to produce a torque with a frequency = 6 f;.

M7 interacts with M,, to produce a torque with a frequency = (6 + s) f;.

My interacts with Ms, to produce a torque with a frequency = 12 f;.

M7, interacts with My to produce a torque with a frequency = 6 f;.

M35, interacts with M, to produce a torque with a frequency = 7 f;.

M7, interacts with M5, to produce a torque with a frequency = 12 f;.

Nk wD

It can, thus, be concluded that during the starting period, the S5th and 7th harmonic
currents produce torque components with 12 f; as well as torque components in the
frequency band 5 f; to 7 f;. At the end of the starting period, the transient components
Mg and M, decay while only the 5 f; to 7 f; and 12 f; components remain. The 12 f;
component has high frequency and will be ignored in this study. On the other hand,
torque components in the frequency band 5 f; to 7 f; Hz, in the system under study, is
far from its natural torsional frequency. Therefore, they only have minimal impact on the
shaft torque. However, when the motor is started with variable frequency inverter (where
the frequency is gradually increased) the 5 f; to 7 f; torque components may coincide
with the natural torsional frequency at low values of f, and hazardous torsional torques
will be encountered. Therefore, special care has to be exerted to examine the problem
and alleviate its impact in inverter-fed large induction motors.

In order to control the frequency of the SFT component, a static voltage-source
inverter is used to control both the motor terminal voltage and its frequency. Investigation
of the motor performance using the constant V/F control scheme is presented in the next
section.

4. Constant V/F Control Scheme

Figure 5 shows the constant V/F control scheme of the variable frequency drive of the
large motor system. The power circuit consists of a three-phase bridge rectifier, a second

Supply T
- S
éBridge DC I

Rectifier: Filter 3-Ph Inverteréz Motor + Load
To Inverter f Switches
: Constant V/F control :

Figure 5. Constant V/F control scheme.
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order filter, a three-phase bridge inverter, the large three-phase IM, and the load. The
three-phase supply voltage is first rectified and a second order filter is used to smooth
the voltage in the DC link. This DC voltage is converted into a three-phase AC voltage
using six-step three-phase bridge inverter. The inverter switching devices are controlled
such that the ratio of the fundamental component of the motor terminal voltage to its
frequency is kept constant and is equal to the same ratio when the motor is supplied
from rated voltage and frequency.

The following subsections present two scenarios of applying the constant V/F control
scheme.

4.1. The Uncoordinated Scheme

In this scheme, the motor supply frequency, and hence its voltage, is increased in regular
steps. The motor supply is increased in a step of 5 Hz with a time duration of one cycle
for each frequency step. Figure 6a shows the motor developed (electric) torque while
Figure 6b shows the shaft torque. Figure 6b shows that the shaft torque oscillations
could reach as high as 6.2 p.u. Figure 6¢ shows the time variation of the magnitude of
the motor line current which is given by

lis| = /i3, +i2 (6)

The figure shows that the motor line current could reach an undesirably high value of

9.8 p.u. Figure 6d shows that the motor takes approximately 1.0 second to reach its
steady-state speed.

Figure 6 shows that the rate of increasing the supply frequency in this case is

not properly set. The rated voltage has already been reached before the rotor has gained
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Figure 6. Motor performance with the uncoordinated constant V/F scheme.
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enough speed, which results in an undesirable increase in the stator current. Furthermore,
the figure show that when the torsional torque coordination is not taken into account,
hazardous torsional torque may build up. In order to avoid excessive values of motor
line current and guard against excitation of the mode of torsional torque oscillations, a
coordinated control strategy should be adopted. This strategy is explained in the next
subsection.

4.2. The Coordinated Scheme

Figure 7 shows an approximate equivalent circuit of the large motor. The motor line
current is given by

Iy =1L+ Iy @)

where I is the rotor current referred to the stator circuit and /,,, is the motor magnetizing
current.
The rotor current, I, is given by

L= V. @®)
refs +rs + jxr + xg)

Since ry K r/s, Eq. (8) can be rewritten as

|4 sxV

= . = . ©))
re/s + Jj(xp + xs) rr 4 Jjs(xr + xs)
where
g= D5 " Om _ ﬁ’ (10)
Wy Wy
wy is the supply frequency, and
w, is the rotor slip frequency, and
Xr = wgLy, Xs = wgLyg, Xm = @s L (1D
Equation (9) can be rewritten as
1%
L= wr X V/wg (12)

rr + jor(Ly + Ly)
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Figure 7. Equivalent circuit of the large motor.
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Similarly, I,, is given by

Vv \%
Iy = — = _j Y/ (13)
JXm Lm

From Egs. (7), (9), and (13), the magnitude of the motor line current can be written as

V| wy | V/wg
rr + jor(Ly + L) / L

|| = (14)
Since the ratio of V /w; is kept constant during the starting and the steady-state operation
of the motor, the relationship between the magnitude of |I;| and w, is shown in Figure 8.
Figure 8 is obtained by setting the ratio of V/w; to its value when the motor is driven
using rated voltage and rated frequency, i.e.,

K _ 1 (p.u)

=P 5e3 1073 1
o " Ixmxs0 o183l (15

Figure 8 shows that in order to keep the magnitude of the motor line current at a
maximum of 2.0 p.u., the rotor frequency should be <16.0 rad/sec.

In order to limit the magnitude of the motor line current within a maximum of
2.0 p.u. throughout various stages of the motor operation, and to avoid exciting the
torsional mode of oscillations of the large motor, the coordinated constant V/F control
strategy is employed.

Figure 9 shows the proposed coordinated V/F control scheme. The operation of the
scheme is carried out by starting the motor with a 10 Hz supply. This ensures that the
5 fs-to-7 f; Hz torque and the SFT components are both far from the natural torsional
frequency. Also, it ensures that the fundamental component of the inverter output voltage
is high enough to start the motor.
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Figure 9. Coordinated constant V/F control scheme.

The inverter output frequency is kept constant until the rotor frequency becomes
lower than 16 rad/sec. The inverter output frequency is then increased in a step of 1 Hz.
The frequency step is kept small to minimize the transient torques associated with every
step change. The motor speed is then sensed and employed in a rotor frequency calculator
within the control scheme such that the rotor slip at the next operating frequency is less
than 16 rad/sec. With rotor frequency kept below 16 rad/sec, the motor slip becomes
less than Spax, where Smax is the slip at which maximum torque takes place [8]. This
ensures that the motor operates in the stable (linear) region of its torque-speed curve.
Also, this mode of operation guarantees positive damping of the torsional oscillations
and reduces surges in the stator current. Furthermore, a provision is made to guard
against the slip frequency (s x f;) having a value coinciding with that of the natural
frequency.

Figure 10 shows the time response of the motor developed torque and the shaft
torque when using the coordinated constant V/F control scheme. Figure 10b shows that
the maximum value of the shaft torque oscillations is 1.58 p.u. This is approximately
equal to 22% of that of the direct on-line start of the motor. Figure 10c shows the
magnitude of the motor line current given by Eq. (6). The figure shows that, except for
the starting instant where the constant V/F scheme is not yet in effect, the coordinated
scheme has been successful in keeping the magnitude of the line to its predetermined
value [2.0 p.u. rms (= 2.83 p.u. peak)]. This amounts to approximately 36% of that of
the direct on-line start. Figure 10d shows that the coordinated scheme takes about 3.0
seconds to bring the motor from standstill to steady-state.

5. Conclusions

This article shows that large induction motors may be subjected, in the starting period, to
hazardous torsional torques in addition to high starting currents. Special consideration is
given to the high torsional torques, which are usually overlooked by many drive system
designers. A detailed analysis of the various torque components is presented (i) when the
motor is supplied with a sinusoidal supply, and (ii) when supplied with a non-sinusoidal
supply, where the problem of torsional torques is more acute.
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Figure 10. Motor performance with the coordinated constant V/F control scheme.

The constant V/F inverter fed motor is considered, where it is shown that improper
coordination of this scheme may result in high starting currents and torsional torques.
Hence, this article presented a coordinated V/F scheme that counteracts both problems.
The proposed control strategy is explained and its capability is verified. Computer sim-
ulation of the motor under study shows that, with proper coordination, the value of the
torsional torque oscillations is reduced to 22% of that of the direct on-line start and the
value of the starting current is limited to 36% of that of the direct on-line start.

6. Appendix: System Parameters

The following system parameters are given in p.u.

6.1. Electric Motor Data

1000 hp, 2300 V, 50 Hz, 1483 rpm
Xm = 2.042, x55 = 2.1195, x, = 2.0742, ry = 0.0453, r, = 0.0272.

6.2. Mechanical Data

D, = 0.002, D, = 0.0, D, = 0.0, H, = 03 s, H = 0.75 s, Ky = 30.0 p.u./rad,
T, = 0.0.
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