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Induction motor drives are commonly used for applications with vast
variations in mechanical load for torques under nominal values. HVAC loads
are among these loads. The most ideal scheme for induction motor drive
design should include drive loss reduction, or efficiency improvement,
proportional to load torque such that optimal performance of drive is not

affected. In this paper, using analytical methods, an accurate model is

proposed for induction motor drive design. This model allows us to utilize
Keyword: real control and classical control theory for better performance of drive
control system. The most damaging mechanical load for induction motor
. L drive is impulse load or so-called periodic load. A scheme proposed for
EﬁlClgncy optimization power loss control includes loss control for this type of load, meanwhile,
Induction motor robustness of drive system and stator frequency stability are retained. Main
Linkage flux advantages for this scheme are applicability and implementation on various
Loss induction motor drives with various powers, without any specific

requirements and the least possible computation for the processors.

Control system.
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1. INTRODUCTION

Electric production cost decrease is an important issue which is absorbed many attentions by
electrical engineers. Electrical motors have a great contribution to electric power consumption. In practice,
three-phase induction motors consume about 60% of industrial power demand [1], [2]. The ever-increasing
growth of using induction motors in servo exciters led to great attention on transient torque-load profile
characteristics. Thus, induction motor drives are important in terms of accuracy, efficiency control and low
level of power loss. The efficiency increase and power loss reduction are not only important due to reduced
power consumption and cooling convenience, but also they are vital for environmental pollution control.
Power loss and efficiency of drive is a complex function of motor type, converter structure, type of semi-
conductor switches and converter modulation algorithm. Thus, control system is of importance in terms of
efficiency and power loss [1], [3].

Nowadays, about one third of generated power all over the world is consumed by induction motors.
Efficiency of this type of motor is varied significantly by motor mechanical load dynamics. A control
strategy can, therefore, used to save huge amount of energy. Power loss in induction motor comprised of
three components: copper loss of stator and rotor, core loss and mechanical loss. Due to induction motors'
special design, core loss and copper loss are not well-balanced in non-nominal loads. This result in efficiency
drop and power loss rise [4].
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In converters supplying induction motors, optimal use of maximum converter current is of great
importance from economic aspects. In low loads, this optimization requires motor performance to be in high
torque to current rate (T/A). Thus, maximum output torque is obtained for mechanical load's fast
acceleration. In many cases, loads with high torque amplitudes are employed on drive system iteratively. In
such systems, converter current correction for specific flux and torque generation will be a dynamic issue.
Machines with iterative processes are among this type of systems [3]. Major power loss in a converter
composed of rectifier conduction loss, inverter conduction loss and inverter switching loss. Power loss
related to the inverter is the main part among these power losses which is dependent on motor control
strategy [5],[6]. Induction motor drive should, as a base role, appropriately react to output torque and/or
speed variations considering design criteria. In most electric drives, especially in systems driving HVAC
loads, drive works usually in low-load condition, leading engineers to design drive for optimizing efficiency
and minimizing power loss [7]. One degree of freedom is available in drive control system by which one can
influence power loss and efficiency. This degree of freedom is drive flux. Drive control systems often operate
in fixed flux rates. Of course, considering the type of drive, its flux can be those of rotor, stator and air gap.
In low load level, operation in nominal flux results in core loss increase and, in turn, drive efficiency
decrease. Considering that drives operate mostly in loads under nominal value, thus, optimal efficiency can
be achieved through planning on drive flux [1], [5]. In this regard [8]-[10] can be considered as the
onset of research.

In this paper, contrary to the reported works in literature in this field, a power loss model for
induction motor drive is proposed. This model is comprehensive and accurate comprising of all power loss
related to flux in drive. Compared to the past research, this model can be implemented in control system in
real-time. In addition, this model obviates computation time-consuming issue which was prevalent in past
research [11]-[14]. The reason behind being less time-consuming is that this model does not need non-linear
methods, including genetic algorithm (GA), artificial neural network (ANN), fuzzy systems and non-linear
models reported in [15]. Past works [16]-[19] required especial requirements such as special inverter, special
drive algorithm, special modulation, and etc. as initial conditions in order to implement power loss control
algorithm. However, in this paper there exist no specific requirements and limitations of power and voltage
for set of machine and converter. Here, power loss balance design is examined in terms of robustness.
Analysis is done for all induction motor drives with desired power compared to some previous research [14].

2. POWER LOSS REDUCTION BY FLUX LEVEL

Principle of power loss reduction based on flux control is shown in Figure 1. Flux and current
vectors diagram of induction motor are illustrated in loads under nominal load for three flux levels. In
diagram-a, motor works in nominal flux where stator current is high while rotor current is low. Thus, core
power loss and stator copper loss are high, however, rotor copper loss is low. In diagram-b, flux is decreased
by 50%, leading to twice the rotor current. This results in core loss decrease and rotor copper loss increase.
As mentioned previously, induction motor design is done in a way that the operation is within saturation
region. So, flux decrease in Figurel-b and reduction in motor magnetizing current, motor will exerted from
this region, leading to remarkable decrease in flux and current of stator. Overall, further core loss decrease
will be seen. Total power loss of motor in Figure 1-a is lower than that of in Figure 1-b. If motor flux is
decrease further, core loss will be also decreased. However, rotor and stator copper losses increase, resulting
in overall increased power loss. It can be concluded that for a specific load torque there exist an optimum
flux level minimizing drive power loss. It should be noted that stator current increase means increased
converter power loss. This will be proved in the next sections. If motor core loss is neglected, optimum flux
level will be independent of speed. Optimum flux level is directly depending on the load torque [1], [5].

a)

Figure 1. Flux and Current Vectors Diagram of Induction Motor in Under Nominal Load for Three Flux
Levels. (a) Nominal, (b) Optimal, (c) Low.
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3. EFFICIENCY AND POWER LOSS IN INDUCTION MOTOR
Power losses included in energy transmission from power system to mechanical load can be divided
into four parts:

a.  Power system loss: Although rectifier has a power factor of unity, it absorbs harmonic currents resulting
in power losses. This power loss is only affected by dc filter and power system performance and flux
level has no effect on it.

b.  Converter loss: In general, since converter loss is due to motor current, thus all power loss by converter
is directly affected by drive flu level. In addition, other components such as modulation algorithm and
load shifting ratio, motor power factor, have effect on this power loss.

¢.  Induction motor loss: Copper and core losses which are depended on flux level are main parts of power
loss in induction motors. Other types of losses such as those related to windage and friction are
negligible and independent of flux level. Thus, they are not considered in optimization or
minimization process.

d. Mechanical loss: This type of power loss is related to mechanical energy transferring loads. The
amount of this loss is negligible.

4. MODELING CONVERTER LOSS

As mentioned previously, converter loss is divided into two main parts: 1) rectifier conduction loss;
2) converter conduction and switching loss. Due to low level of leakage current in blocking condition, thud
this condition can be ignored.

Considering structure of converters commonly used for induction motor drives, this paper assumes
that the inverter is comprised of IGBT and rectifier is constituted of diode (see Figure (2)). However,
combination of other semiconductors has no different results.

Figure 2. Structure of Converters Used for Induction Motor Drive

As the rectifier is only composed of power diodes, especial switching loss is not considered for it.
Whereas, with IGBT, both switching and conduction losses are regarded for transistors and anti-parallel
diodes. Overall, sum of conduction and switching losses for IGBT and diode is given by Equation. (1).
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Where, m is modulation index, cose is shifting factor or cosine of the angle between current first
component and modulation reference wave, Ry is differential resistor across semiconductor and V, V; is
threshold voltage of semiconductor.

Equation. (1) implies that conduction loss is directly related to motor power factor, motor voltage
level, modulation index, and motor current. Equation. (1) can be rewritten as Equation. (2).

For industrial IGBTS, it is assumed that R; s = Rg;¢; and V., = V; can be valid.

syl s
A

Thus power loss relations are simplified as Eq. (3)

@

c 72'
IGBT — (2 Isw ce 2 2 dlff) )

Summing up Equation. (3) and switching loss relation leads to inverter par loss in the converter.
Since the rectifier is not controlled, thus power factor is close to unity working in maximum modulation
index. Therefore, rectifier conduction loss is obtained by Equation. (4).

ol T 2
dlod (Vf sw[ 4:|+Rd|ff sw|:4 3:| (4)

5. MODELING INDUCTION MOTOR LOSS

Main power loss in induction machines are related to magnetic core and windings, characterizing
energy conversion efficiency in motor. Overall, copper and core losses of induction motors are expressed by
Equation. (5).

R}U = 3(R + RI’ Iar) (5_1)

=(K,.w, + K, W) A

CO re

(5-2)

Where, Am is magnetizing linkage flux, @, is stator rotating angle, K. and K are coefficients of
Eddy and Hysteresis losses in motor core, respectively. Core loss is usually modeled by a resistor, R¢, in
single phase equivalent circuit of motor in steady state. Although this resistor is changed by the change in
drive frequency for various speeds, this frequency variation is not high enough to worsen Ry, accuracy for
modeling in drive [20].

6. MAGNETIZING SATURATION EFFECT ON TORQUE AND POWER LOSS

Magnetizing saturation in induction motors greatly influence motor drive. Among the most
important effects one can mention the followings:
a. Effect of torque-current rate (T/A)
b. Effect of efficiency and motor loss
c. Operational limitations on torque and linearity of motor
d. Variation of motor parameters

High current is required in order to produce high magnetizing flux. Measurements indicate that
twice as much as nominal magnetizing current is needed to generate flux level of 1.3-1.4 times the nominal
value. These high reactive currents affect drive and supply system performance. For a specific ratio between
currents of d-g axis, maximum torque per current is obtained for the drive. This phenomenon is increased in
the presence of magnetizing saturation. That is, higher currents are needed to reach maximum T/A [21]. For
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example, with NG =lgs = lqs' maximum T/A is produced. While, considering magnetizing
saturation phenomenon leads to a higher value. That is, higher currents and, in turn, higher power losses for
converter and motor. Figure (3) depicts torque-current-saturation percentage of core for a typical IFOC drive.
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[y}

Figure 3. Typical T/A Coordinates for an Induction Motor

As seen in Figure (3), in full saturation condition, motors produce the maximum torque per square
of current rate. Thus, by decreasing flux level, this rate is also reduced, pulling out machine form optimal
dynamic operation area. Maximizing torque per current rate in saturation area is an issue considered in
economical design of electrical machines. T/A rate can be, totally, described as the motor dynamic
robust operation.

7. DRIVE FLUX LEVEL SELECTION

Selection of proper flux level is the most important aspect of minimization of induction motor drive
loss. Flux reduction disadvantages can be: stator frequency rise when flux is decreased for a load with
defined torque and speed, increased sensitivity of motor with respect to load disturbance, relatively
devastated dynamic operation of drive.

Due to economic considerations, induction motors are designed in a way to be in saturation
condition magnetically when they work in nominal load. In these conditions, not only maximum magnetic
capacity of motors are achieved, but also core and copper losses are equal, meaning that the efficiency is
maximum. In previous section, the effect of magnetic saturation is examined for T/A rate. With the decrease
in motor flux level, motor will deviate from magnetic saturation area to reduce power losses. Thus, magnetic
saturation is not considered when optimal motor loss operation-dynamic calculation is accomplished.

Drive losses are depending on the level of flux only in two parts of motor loss and converter loss.
Drive size is important in loss division between motor and converter. The less the drive size (low power), the
more the contribution of motor in drive loss. Increasing drive size results in increased converter share in
power loss. In many prior research works, it was observed that only motor loss is considered as drive loss. In
fact, such approximation in small drives, low power, can be acceptable; however, it leads to tolerance in
drive flux level. This tolerance is observed as higher selected flux than the level in which optimal operation
of motor occurs in terms of efficiency and power loss. This issue has also positive effect. Highly selected
optimal flux level means increased torque level and more robust drive respect to load disturbances.
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8. MODELING DRIVE LOSS

As previously mentioned, drive losses are divided into five components: rectifier conduction loss,
inverter conduction loss, inverter switching loss, motor copper loss and motor magnetic core loss. These
components which are directly/indirectly related to drive flux level, stator current level, comprise
approximately 99% of drive losses.
For standard converter, as seen in Figure (2), power losses are based on Equation. (8).

Pow=Pr +P + P

conv nv nv ract (8-1)

6fsw Esw sw | 2
(2 Isw ce Rdlff) T t— (Vf SWI: 4i|+R((jj|ff szw{zl 3:|) (8'2)

First it should be noted that as harmonic losses related to motor and converter are ignored, thus no
harmonic contents are available in drive. Even if there exist any harmonics, they will be filtered by harmonic
filters. Rectifying process is a process in which energy conversion is done from AC to DC form. In practice,
in a given condition, power flowing may be reversed. In this case, circuit will operate in inversed sate. Thus
the circuit is capable of energy conversion in both sides. Considering fixed current of dc bus, zero output
harmonics for inverter and the fact that modulation index of voltage source inverter is not changed due to
constant voltage of motor stator, current flowing through all-controlled inverter's semiconductors with any
desired modulation will be equal to line commutation rectifying diodes' current. In fact, mentioned conditions
nullify the modulation effects and mean current through each semiconductor is considered equal to the
current of rectifying diodes with lone commutation. Diodes' current in three-phase full-wave rectifier of line
commutation is one-third of input first phase line current [22].

In order to find dc-link current, switching function concept with modulation can be utilized. When
switching function is used, based on Eq. (9), motor current is related to dc-link current using a time-
dependent function which is in Fourier expansion form. Since drive harmonics are ignored, thus this time
function known as switching function will be only in sinusoidal form.

f.(t) =ikn cosQwt +v, )—tehamonies of () —k cos,t+V,)

= (9-1)
!ias (t) = IdC' 1:a (t)lth
f (t) Zk COS@Wt-I—V . ) no harmonics o £ (t)lth :k1COSWEt+V1—2—;Z-)
(9-2)
Ibs (t) dc’ fb (t)lth
fo(t)= Zk cosQwt +v, +—)——>nO armonies )" =klcos(/vet+v1+2—§z)
(9-3)

Jies () = T T O

In fact, switching functions can be found in time-independent fashion using reference machine
transformation.

O
f, @)™ |=P| f;" | p=referenceframe matri»
f (t)lth folth

(10)
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The switching function on time domain
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Figure 4. Switching Function of Voltage Source Inverter Connected to Induction Motor

High amplitude pulses are also seen in Figure (4). These pulses are appeared as a result of
modulation which can be eliminated using capacitive-inductive filters in dc-bus.
One can use modulation index principle instead of switching function. Modulation index is defined as Eq.
(12).

ath

Am pac

—_ Mac 11
\/EAmpdc ()

Amp is voltage or current amplitude of output modulated wave. Dc-link wave amplitude is obtained
replacing modulation index and amplitude of first component of stator wave. This technique is of special
advantageous when current source inverters are used in the drive.

Figure (5) illustrates power loss diagram of a typical converter as a function of first component of
converter output current.

Converters loss in logaritmic scale
10

10 s

=
o

N,
Y
™N

-
~

10

Converters loss (watt)
=
o
~
™~

10

10

0 1 2 3 4 5 6
Motor currents(pu)

Figure 5. Power Loss Diagram of a Typical Converter as Function of First Component of Motor
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As seen in Figure 5, motor loss is increased sharply around nominal current. However, in higher
currents, this experiences extreme decrease. This reduction is of special advantage in starting condition and
or in non-nominal speeds because, in this condition, currents are more than nominal values.

Motor power loss components are obtained using single-phase equivalent circuit of motor. Overall, motor
loss can be rewritten as Equation. (12).

P™ =R, +P =3(Rydg +Rig) + f(We’ L), -

f(a)e, L) is a function of stator frequency and magnetizing inductance which are, in many works
reported in literature, modeled by fixed resistor of R¢, and R. [24].
Core loss is rewritten as Eq. (13) using single phase equivalent circuit in steady state shown in Figure (6).

Ry A a X,
O —e o— 000
T WA lfv:- .
+ | 4 + I
; - R
Y R, X T S5

'
b
Figure 6. Single Phase Equivalent Circuit of Motor in Steady State [24]
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Model (15) shows induction motor drive loss.

_ 2
pDrive _ {(Rl_if +R,i2) ++(M)}+{E 2V, +V, [l—£:| +2f,,.E)
R, 7r 4
3R, iR 2 )b ]k .
ﬂ_(sziff'FRdiff[Ar 3)})3]:\(0 ]3fa(t) -

Each drives of induction motors for tracking torque and command speed needs special requirement.
For example, for a typical IFOC drive based on rotor flux, requirements should be prepared by Eq. (15).

_ L i
H:] e _ 1 _ yields e __ m-qs
Lolg + Linlgs = 44 =0 Mo =
Lr
R o /19 dﬂ“gr _\/¢® _O After transientsyields | ;e _0
rlar _(We _Wr) qr + dt —Vdr — g = (15)
dz . Rig
Rt +(W —W )le + qr =Ve =0 After transientsyields 5i€ = rqr
rigr e r/74dr dt qr ds Lm (We _Wr)

According to condition (15) and synchronous reference machine in which g-axis phasor is equal to
phase-a, drive loss relation is rewritten as Equation. (16).
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Using above relation, minimum loss value is obtained by Equation. (18).
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Figure 7. Shows Equation. (18-2) in Terms of Stator Frequency Variation or Motor Speed
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Figure 7. Value of Equation. (18-2) in Terms of Stator Frequency Variation

9. CONTROL STRATEGY BASED ON MODEL OF EQ. (17)

In this section, validity of previous sections is examined illustratively. An IFOC drive is constructed
for this purpose. Characteristics of converter and motor are given in APPENDIX. Eq. (17) along with
induction motor torque in vector drives' algorithm [24-26] are considered as a reference for selecting optimal
motor flux in order to minimize drive loss. In fact, based on Figure (8), additional control block, shown in red
color, is added to the drive system, allowing the driver to select reference flux level for power loss control.
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Reference flux should be changed dynamically through calculated current for stator, Egs. (16) and (17),
based on drive loading condition and for the purpose of minimizing total drive loss.

—»
Input torque
—»
—a
A 9 - Tm Equations (17)&(18) enforcement point
+ [B—=a |+ -
t
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Asinput

Torque Equation(which differs for each drive types) Asoutput

Commanded torque |

Asnext input

Figure 8. Block Diagram of Power Loss Control System for Induction Motor IFOC's Drive With Details of
Block Containing Drive Loss Model

Red block in figure 8 is additional block containing drive loss model for which all kinds of
induction motor's drives should be added proportional to drive type for minimization purposes.

Figure 9 illustrates rotor flux level selected by loss control system proportional to load decrease. As
it can be seen, loss control system reduces flux level for loss minimization purpose. However, slowness of

L
control system can be tuned by a PID controller. In general, since motor has high power, T,, = R—r is such
r
that the motor is inherently slow. In literature [1, 5, 12-14, 25, 26], if base was real-time control, the use of

controller would be impossible for loss control system because look-up table or soft computing techniques
are used. For small size drives, fast transient response can be also achieved without controller. In Figure (9),
motor operates in nominal load and saturation condition prior to t=4 sec. When load decreases by half, drive
reference flux nominal value reduces sharply.
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Figure 9. Rotor Flux Level

However, drive loss exhibits a more complicated behavior. Figure (10-1) shows drive loss cycle
from transient to normal state. Motor current increases enormously in start-up even up to 6 times of nominal
value. Current reduction leads to power loss decrease such that minimum power loss is obtained in operating
point current. Curve arc is where the minimum value of drive loss occurs. Mechanical load reduction results
in power loss shift on power loss cycle arc. Figure (10-2) illustrates power loss reduction by flux level
control system. After t=4 sec when mechanical load decreases to half of nominal value, power loss decreases
steadily. This decreasing slop can be increased using proper controller.

Drives loss cycle

10

Drives loss cune

4000

d

3500

3000

Drive loss(Watt)

Loss(Watt)

2500

2000

[

=
Starting state / /
¥
Z ‘//
L Steady siate

50 100

150

200

250

Stator current(Amps)

(10-1)

1500

AN

ol

3 4 5

Timalear)

(10-2)

Figure 10. Typical IFOC drive power loss of induction motor. (1) Drive loss cycle. (2) Drive loss value

Figure 11. Depicts rms value of stator current in two proposed and conventional strategy of drive.
As seen, remarkable variations are observed.
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Figure 11. Typical RMS Value of Stator Current
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Robustness of power loss control system can be examined through periodic loads. Periodic loads are
the extreme load in different electrical drives. In some cases, these loads can even result in drive instability
and power off. Figure (12) illustrates power loss control behavior for normal reduction in mechanical load of
drive and impulse load on main parameters of induction motor. Figure (12-1) shows stator current for various
mechanical load conditions. Frequency variations are obvious in Figure (8). Figure (8) not only depicts
transient states' effects on drive stator frequency, but also gives main feature of power loss control system,
i.e. stator current reduction. Depending on drive operational condition, stator frequency is changed from
start-up to steady state, and from steady to transient state, and again from transient to steady state. Figure (12-
2) shows speed curves in two load modes. In ideal and high flux conditions, any load changes from no-load
to full-load states should not make any speed change. However, motor sensitivity respect to input mechanical
change is increased due to flux level reduction. In Figure (12-2), partial speed changes are observed in this
curve. Figure (12-3) depicts output torque waveforms. Comparison between tracked waveform by drive and
generated command waveform within drive without considering distortions resulting from modulation effect
reveals that performance of drive and power loss control system is accurate. Modulation and linearity effect
for generating motor drive algorithm is the most important torque disturbance. However, mechanical load
conversion system suppresses the distortions greatly. The drive has a proper accuracy for tracking torque
command proportional to overall power loss level of converter and machine.
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Figure 12. Power Loss Control System Effect of Normal Reduction in Drive Mechanical Load and Impulse
Load on Induction Motor Parameters. (1) Stator Current, (2) Mechanical Speed, (3) Electromagnetic Torque
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10. CONCLUSION

In this paper, a real-time technique with reduced computation and high accuracy for minimization or
optimization of induction motor drive power loss is proposed with desired power. Drive power loss is highly
dependent on motor power loss. In many reported works in literature, motor losses are considered as drive
overall power loss while converter loss is ignored. In high powers, converter power loss is increased sharply,
resulting in deviation of power loss control system coordinates from optimum point. Thus, using an exact
model of this paper for the drive can be advantageous. Of course, previous models include converter loss and
considered for drive power loss were very complicated. Using those models for real-time control of
complicated drives with high power, including non-linear control drives of induction motor are practically
impossible. Therefore, using proposed model in this paper for such drives might be ideal and even necessary.
In addition, due to existence of complicated loads operating periodically, the use of prior complex models for
optimization of power loss may be impossible. Because, previous techniques are either inaccurate or need
complicated models for increasing accuracy. Thus, periodic load can nullify drive stator stability, making it
to be unstable. The proposed model, in this paper, resolves this issue. Moreover, in addition to robustness of
power loss control system, controller design is possible in order to improve time response and reduction of
digital calculation. Despite previous models, this model can be implemented on various induction motor
drives such as scalar, vector and non-linear types. This model has also no power limitation.

Appendix
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