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1. Introduction

Energy plays an important role in the paradigm of sustainable development. Nowadays,
energy consumption is one of the key factors to measure the development of a country.
According to the IEO2010 Reference case report (U.S. Energy Information Administration,
2010), world energy consumption will increase by 1.4 percent per year, from 495 quadrillion
Btu in 2007 to 739 quadrillion Btu in 2035, as shown in Fig. 1.

The increasing of global energy consumption and the great concern to preserve the
environment in the face of the current scenario which includes global warming, the
greenhouse effect and the depletion of natural resources, aroused the awareness of
governments, along with non-governmental organizations, to accelerate adopting policies
and practices that will promote efficient use of energy (IEEE-USA, 2010).
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Fig. 1. World Marketed Energy Consumption, 1990-2035 (U.S. Energy Information
Administration, 2010).
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According to the WEC (World Energy Council, 2009), in industrialized countries three main
sectors are responsible for three quarters of electricity consumption: electric motors, 45%,
lighting, about 15%, and home appliances and consumer electronics, also around 15%.
Global energy consumption of electric motors is around 9000 TWh per year. These data
show the impact that electric motors produce on electrical energy consumption. Therefore,
the manufacturers in this sector are investing heavily in the energy efficiency of their
products.

From the establishment of the vector control approach for field-oriented control and the
evolution of microelectronics and power electronics, the induction motor has come to
occupy a prominent position among variable-speed electric drives (Leonhard, 1988).

The same technological developments that allowed the use of induction motors in variable
speed drives to replace DC motors also enabled the development of soft starting electronic
devices that allow better control of the induction motor starting and stopping process. This
equipment, beyond controlling the starting current value suited to the demands of the
energy utilities, allows better control of motor acceleration and deceleration (Bruce et al.,
1984), (Colleran & Rogers, 1983), (Nevelsteen & Aragon, 1989).

In this chapter, the authors present a study of energy efficiency obtained by using a soft
starter to start a 300 HP induction motor. Experimental results are shown comparing the
energy efficiency of a soft starter using two different control techniques: current control and
torque control.

2. Induction motor starting characteristics using a soft starter

Soft starters are devices that use silicon-controlled rectifiers (SCRs) for providing a low

voltage to the motor from a grid voltage and fixed frequency. The value of the voltage

applied to the motor can be varied over a wide range, from very small values up to the

value of the grid by controlling the firing angle of the SCRs.

The consequences of this reduction in the value of the applied voltage are the decrease in

electric current drawn from the grid and the reduction of the torque developed during the

process of starting or stopping. Fig. 2 shows a basic schematic diagram of a soft starter with

anti-paralle] SCRs and the feedback from current and voltage.

The interface circuit is responsible for acquiring and processing measured voltage and

current signals, which are processed digitally by the control program. The command signals

from the digital processing are then sent by control to a firing circuit, responsible for driving

the SCRs and consequently, the induction motor.

Soft start devices provide two major benefits in their application (Gritter et al., 2000):

e  Less stress on the motor mechanically coupled to the load due to the reduced amplitude
of the pulse of the starting torque motor;

e Smoothing the motor acceleration and reducing the demand for energy flow in electric
power systems due to the reduction of peak current when starting the motor.

Usually two techniques are employed to control the soft starter: voltage-ramp and current

control.

The voltage-ramp technique is performed through a firing-angle ramp of SCRs. Thus,

although better than the non-electronic starter methods, it does not guarantee a more

effective control over current and acceleration during starting process and over deceleration

during stopping process.
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Fig. 2. Basic diagram of a soft-starter.

The angle ramp, shown in Fig. 3, is called voltage-ramp, due to the fact that the majority of
commercial soft starters do not possess voltage feedback applied to the motor, i.e., the
induction motor voltage is controlled through a firing angle ramp in an open loop. This
technique is simple, and it is used in low-cost commercial soft starters. It will always
produce a starting quadratic torque curve that can be applied to small hydraulic pumps and
small fans.
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Fig. 3. Basic block diagram of the voltage-ramp technique.

Considering the starting motor using the voltage-ramp technique, the waveforms of
electromagnetic torque and motor current are shown in Fig. 4.
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Fig. 4. Electromagnetic torque and motor current waveforms using the voltage-ramp
technique.

Figure 4 illustrates the motor starting using the voltage-ramp technique with a load which
has a quadratic torque curve (Tc). As can be verified, for each interval of 10% of
synchronous motor speed, 10% of rated motor voltage is added. Still, the variation of
electromagnetic torque (Te) and motor current (I) due to the variation of stator voltage can
be clearly seen. Using this type of ramp-voltage technique, the electromagnetic torque
produced by the motor is always quadratic (Palma, 1999).

On the other hand, the current control technique controls the current at a constant value and
one that is appropriate for the requirements for starting, solving the problem of the high
inrush current transient inherent in induction motors with direct starting. However, it does
not satisfactorily solve the issue of stress on mechanical coupling with the load. It also can
induce a more pronounced acceleration during the final period of the starting process
(Zenginobuz et al., 2001).

Fig. 5 shows the diagram of the current control technique. The three current signals are used
to calculate the true RMS current value. This current value (Irms) is used by the controller as
the feedback signal in order to keep the current constant at the pre-set value (Irgr) during
the motor starting process.

This technique will always generate an almost constant starting torque curve that can be
applied to a constant load torque. This technique has the advantage of adapting the
induction motor starting within the capabilities of the supplying utility.

For an example of a load with quadratic torque characteristics (Tc), Fig. 6 presents the
induction motor electromagnetic torque and current waveforms considering the motor
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starting using the current control technique, i.e., with current limitation. The current is kept
constant at a predefined value during the whole motor starting time, but the current control
can only operate under a rated voltage variation of 10 %.

From Fig. 6, it can be noted that through the current limitation (Imax) the initial
electromagnetic torque developed (Te) varies very little until 70% of the synchronous motor
speed. However, during the final period of the motor starting process, one can verify the
existence of a torque pulse, in which, for certain kinds of loads, an abrupt acceleration can
be generated (Palma, 1999). This technique also has problems with the starting of non-
constant loads, such quadratic loads, linear loads and loads with high resistive torque,
because it is difficult to predict the torque profile produced in this type of technique.
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Fig. 5. Basic block diagram of the current control technique.
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Fig. 6. Electromagnetic torque and motor current waveforms using the current control
technique.
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From the electromagnetic torque characteristics shown in Figs. 4 and 6, it is noted that, using
the voltage-ramp technique or the current control technique for limiting current, in both
cases a torque profile is obtained that does not adequately match with the load profile.
Although these motor starting techniques can provide an almost constant torque during the
beginning of the starting process, one can verify the existence of a torque pulse, in which for
certain kinds of loads, an abrupt acceleration can be generated.

Therefore, it seems that a good solution to solve the existence of a torque pulse is to directly
control the electromagnetic torque developed by the induction motor during the starting
and stopping processes, adapting it to the torque profile of the driven load.

3. Torque control technique

The difficulties related to implementing a soft-starter with torque control are more related to
limitations resulting from hardware (inability of the drive frequency variation due to SCRs)
than the theoretical knowledge associated with the control design.

Figure 7 shows the diagram of the torque control technique for limiting the electromagnetic
torque of the motor (Nied et al., 2008). From the motor voltages and currents measurements,
the flux estimation is calculated, and from that, one obtains the estimated electromagnetic
torque. The error signal generated from the difference between the torque reference signal
and the estimated torque signal is applied to a controller, which generates the appropriate
signal to the soft-starter trigger circuit.
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Fig. 7. Basic block diagram of the torque control technique.

In Equations (1-3), E is the back electromotive force, R¢ is the motor stator resistance, Vs
and Iy are, respectively, the measured stator supply voltages and currents in the
o — [ stationary reference frame:
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The stator flux is estimated through the integration of the back electromotive force as
described by the following equations:

Aos = _[Vas —Iys-Rgdt (5)
hgs = [ Vs = Ips-Redt. (6)

From the previous equations, the flux magnitude and angle of the estimated stator flux can

be written as:
|7”s| = \lxis + 7”[235 (7)

0=tan" [xﬁJ 8)

kas

Finally, the electromagnetic torque of the motor can be estimated using the following cross
product:

T,, = %.g.(xs xI;) 9)
where P is the number of poles of the induction motor.
From Equation (4), one can note that the induction motor stator flux can be estimated
through the integration of back electromotive force (Idris & Yatim, 2001), (Holtz, 2003),
(Zerbo et al., 2005). This method requires only the stator resistance parameter. Besides, it is
independent of the rotor position or the speed information. However, this method presents
inherent problems related to pure integration, mainly the motor operating at nearly zero
speed when the voltage drop in stator resistance become significant. This approach tends to
be inaccurate because the integrators do not operate well at speeds near zero as there is no
motor-induced back electromotive force.
When a pure integration is implemented in the discrete form, an error can arise. This error
comprises the drift produced by the discrete integration and also the drift produced by
measurement offset error present in the back electromotive force (Holtz, 2003), (Xu, X. &
Novotny, D. W. 1991). A small DC component can drive the pure integration into
saturation.
To reduce integration problems, (Nied et al., 2010) adopted a simple approach utilizing a
low-pass filter to estimate the induction motor stator flux.
As can be verified in Fig. 8, using the estimated stator flux and the measurement stator
current, the instantaneous electromagnetic torque produced by the induction motor is
obtained. The flux estimation method is based on the following steps:
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a. Using a high-pass filter after the stator voltage and current analog readings, designed
with cutoff frequency one decade below the excitation frequency to eliminate DC offset
presented in stator voltage and current analog readings, (Zerbo et al., 2005);

b. Using a low-pass filter designed with cutoff frequency one decade below the excitation
frequency to substitute the pure integrator and to eliminate high frequency noises
presented in analog readings (Idris & Yatim, 2001).
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Fig. 8. Diagram of the induction motor electromagnetic torque estimator based on an
integrator with offset minimization.

To eliminate the ripple presented in estimated electromagnetic torque, another first order
low-pass filter was used. The second low-pass filter was designed in the same manner as the
first low-pass filter, generating the filtered electromagnetic torque curve.

In the next section, the comparative results of two techniques are presented: current control
and torque control. Using the torque control technique for tracking a reference torque
results in an improved energy efficiency of induction motor starting.

4. Study of energy efficiency

Experiments were carried out to verify the performance of the torque control technique. One

standard induction motor with the following motor data in physical units was tested: power

300 CV (220 kW), rated voltage 440 V, rated current 345 A, rated speed 1790 rpm, 4 poles.

Due to the high current and power values, the experimental setup comprised a soft starter

with torque control and a rated current of 365 A, a dc machine (300 kW) working as a

dynamometer, an oscilloscope and an energy analyzer. Fig. 9 shows the hardware that was

used to obtain the experimental results. In addition, it must be noted that, for the two first

experiments the load torque (T1) was a constant value.

The induction motor starting waveforms of speed, acceleration and RMS line current versus

time are shown in Figs. 10-12. Three experiments were performed:

e  Experiment 1: starting performance using the current control technique (Fig. 10);

e  Experiment 2: starting performance using the torque control technique (Fig. 11);

e  Experiment 3: starting performance using the torque control technique and considering
three reference points for Trer (Fig. 12).

Figures 10 and 11 show the starting results obtained from the motor using two different soft-

starting strategies. As can be seen in Fig. 10, despite the fact that the line current is limited,

there is an acceleration pulse, i.e., the acceleration is almost constant except at the final

period of the starting process when the acceleration increases, at least, by two times. This

behavior is not desired, and it may damage the mechanical system components.
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Considering the current control technique, when starting the motor, the SCRs’ trigger angle
is controlled until the current limit is reached and remains under this limit until the motor
reaches its rated speed, when the SCRs’ trigger angle is minimum, i.e., the same as that of
the supply voltage. The current can thus be kept constant at a predefined value during the
whole motor starting time. However, with regard to the torque at the motor shaft, the
existence of a torque pulse close to nominal rotation is due to the SCRs’ trigger angle which
becomes minimum, imposing a feeding voltage and sudden motor acceleration.
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Fig. 9. View of the hardware used to obtain experimental results.
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In Fig. 10, it can be noted that the motor starting time is about 25 seconds. It can be verified
too that the current maximum value was limited to around two times as the nominal current
value.

It can be observed that the current control technique limits the high inrush current transient
inherent in induction motors with electromagnetic line starters. Besides, it can be noted
during most of the motor starting process that the acceleration is constant and around 1
rot/s2. However, during the final period of the motor starting process, one can observe an
abrupt acceleration around 2.5 times more than the constant acceleration.

34

a0 /
25

7
20 W

rfs

v

{

£

;
|

-0,8
900 |

800 }
I 1,
200 - ;

500
400
300
200
100 Al

-100

Fig. 10. Speed, acceleration and current obtained in Experiment 1 using the current control
technique.

Measures of energy consumption for this experiment were taken. The measured value for
the energy consumed due to active power was 0.531 kWh and the amount due to reactive
power was 3.592 kV Arh.

Similar current behavior is verified for the torque control technique in Fig. 11, which can be
obtained by setting Trer to a constant value, i.e., one point of reference. However, in this
case, there is no torque pulse, the speed is quite smooth, and an abrupt acceleration is no
longer recognized. Observe that the control is acting directly on the torque profile which is
different from the current-control case, where the control did not act directly on the torque
profile.
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From the torque control technique characteristics, it can be verified that:

e The speed slope is linear throughout the starting process, avoiding the pulse
acceleration recorded in the current control technique;

e The acceleration waveform presents approximately linear behavior;

e  The current waveform was very close to that observed in the current control technique.

34

30

-05
an0

00 fon L|
700 vt el e,

<t GO0 ‘\
a00 \
400 'L

300
200

o

-100

i] ] 10 15 20 28 30 38 40
s

Fig. 11. Speed, acceleration and current obtained in Experiment 2 using the torque control
technique.

Measures of energy consumption for Experiment 2 were taken too. The measured value for
the energy consumed due to active power was 0.550 kWh and the amount due to reactive
power was 3.691 kVArh.

In Fig. 12, three reference points for Trer were considered. In this case, unlike the waveforms
shown in Fig. 11, a torque ramp of two different shapes was tailored: In the first-half starting
period, a rising torque ramp was defined, and after that, a descending torque ramp was
defined. This behavior can be observed in the acceleration waveform. As a consequence, the
speed waveform looks like an S with a smooth behavior at the beginning and at the end of
the starting period. The motor RMS line current follows the shaft-torque reference behavior.
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Fig. 12. Speed, acceleration and current obtained in Experiment 3 using the torque control
technique and considering three reference points for Trgr.
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Fig. 13. Bar graph of the experimental results.
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Measures of energy consumption for Experiment 3 were taken. The measured value for the
energy consumed due to active power was 0.430 kWh and the amount due to reactive
power was 2.484 kVArh.

The bar graph shown in Figure 13 compares the values of consumed energy (active power
and reactive power) for the three experiments.

Comparing the values of energy consumed in Experiments 1 and 2, it appears that the
difference is not appreciable. This fact can be justified because of the similarity in the
behavior of the magnitudes shown in Figs. 10 and 11.

Based on the values of energy consumption obtained in Experiments 1 and 3, there is an
energy savings of about 19% in active power and reactive power at 31%. These savings of
energy were expected due to the fact that in Experiment 3, a current value higher than in
Experiments 1 and 2 was allowed in a shorter time.

5. Conclusion

Minimum standards for energy efficiency have been the basis for policies used by states and
government to save energy. The study presented in this chapter followed the idea of
developing innovations that bring better performance. It was shown that with a new control
technique for the soft-starter, it is possible to save energy by improving induction motor
drive.

The soft-starters for working with fixed frequency are devices that have some limitations for
the implementation of more sophisticated control strategies, for example, those employed in
three-phase inverters used in controlled speed drives. Despite this fact, it was shown that it
is feasible to implement a soft-starter with control of electromagnetic torque. Using this
control technique in the soft-starter allows the adjustment of motor torque curve to the
needs of the driven load, thus improving the performance of the drive during transient
starting and stopping. This technique becomes important in cases where the motor is
subjected to a regime of very intense work, such as elevators and large commercial presses.
The experimental results showed the effectiveness of the presented technique, eliminating
the peak torque occurring at the end of the motor starting process when using the current
control technique. Moreover, depending on the flexibility to adapt to the type of load inertia,
made possible by adjusting the torque reference, it was shown that it is possible to obtain an
energy savings of about 19% in active power and reactive power at 31% depending on the
type of drive that you need to perform.
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