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Abstract: This paper considers the impact of high order harmonics on efficiency, power factor (PF), stator current, and
electromagnetic torque developed by a three-phase induction cage motor. In that regard, three cases are examined in detail: the first -
when the induction motor is connected to sinusoidal voltage, the second - when the induction motor is connected to voltage that contains
high order harmonics (second and third order) despite the fundamental harmonic, and the third - when the induction motor is connected
to voltage that contains both, i.e. fundamental and third order harmonic. Based on the simulation created in the Matlab SIMULINK
programming and numeric platform, an analysis was made of each of the three cases, clearly highlighting the differences observed.
The main aim of this paper is to make a comparison and estimate the error that could be made by neglecting the presence of one of the
supply voltage high order harmonics for the induction motor, as well as to highlight the importance of taking these harmonics into
account in calculations for operating characteristics of induction machines.
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BJIMJAHUETO HA BULIIUTE XAPMOHUMIHU HA ITPUKIYUYHUOT
HAIIOH BP3 PABOTHUTE KAPAKTEPUCTUKHN HA ACUHXPOHUTE
MOTOPH

Anctpakt: OBOj TpyJ 0 pasriiefyBa BIMjaHUETO HA BHIIMTE XapMOHHUIM BP3 KOS(HIUEHTOT Ha MOJIE3HO A€jCTBO, (aKTOPOT Ha
MOKHOCT, CTaTOpCKaTa CTpyja ¥ BP3 €IeKTPOMarHeTHHOT MOMEHT LITO T'O pa3BUBA TpU(aA3eH aCMHXPOH MOTOpP cO Kade3eH poTop.
Iputoa, neraiaHo ce pas3riieNaHu TP CIyYau: eHAII - KOra aCHHXPOHHOT MOTOpP € NMPHUKIY4YeH Ha YHCT CHHYCEH HAllOH, BTOpHAT -
KOT'a aCHHXPOHHOT MOTOP € IIPUKIIYYeH Ha HAIIOH KOj COJPKH BHIIM XapMOHIIM OJ] BTOP U Of TPET PeJ] U TPETIaT - Kora aCHHXPOHHOT
MOTOp € HPHKIIYYEH Ha HAallOH KOj TO COPKM OCHOBHHOT M TPETHOT XapMOHHK. Bp3 OCHOBa Ha cHMyJaldjata mTo ¢ u3paboTeHa BO
nporpamata Matmad CUMVYJIMHK, HampaBeHa e aHanmm3a Ha CEKOj OJ] CIIyYauTe, MPH IITO jJaCHO CE€ MCTAKHATH PA3JMKHUTE IITO CE
3abenexyBaat. [ 1aBHaTa I1e)1 Ha 0BOj TPYJ € Ja ce HalpaBH CIopeada M Jia ce MPOLICHH Ipelikara mTo OH ce HalpaBuia JOKOJIKY BO
OJIpE/ICHH CITy4au ce 3aHeMapH MPUCYCTBOTO Ha HEKOj O/ BUILIMTE XapMOHHIM Ha MPUKIYYHHOT HAIIOH Ha aCHHXPOHUOT MOTOP, KaKo
U J]a Ce MCTaKHEe BaKHOCTA OJ] 3eMambeTO IPEIBH Ha OBHE XapMOHHUIIM BO MPECMETKHUTE Ha PAOOTHHUTE KapaKTEPHCTHKU HAa MOTOPHUTE.

Kiyunu 360poBH: BUIIHM XapMOHHUIIM, €(pHKACHOCT, aCHHXPOH MOTOP.

In general, based on the direction of the magnetic fields
produced by the harmonics, all harmonics occurring in the
supply voltage can be divided into three groups [6]:
positive;

. INTRODUCTION

I nduction motors are rotating electrical machines that
should be used at rated frequency and sinusoidal form of °

voltage and load current. However, due to the increasing .

number of inverter-fed induction motors and feedback
effects of the grid, there is no doubt that the analysis of the
impact of high voltage and current harmonics on efficiency,
power factor, and power losses of induction motors holds
great importance. That is one of the main reasons why it is
of crucial importance for significant harmonics to be taken
into account when determining operating characteristics of
induction motors [7].

negative;

e  zero sequence harmonics.

It should be noted that positive sequence harmonics
(1,4,7, etc.) produce magnetic fields and currents rotating
in the same direction as the fundamental frequency
harmonic. On the other side, negative sequence harmonics
(2,5,8, etc.) produce magnetic fields and currents that rotate
in direction opposite to the fundamental frequency
harmonic. Finally, zero sequence harmonics (3,9,15, etc.)
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do not produce usable torque, but additional losses in the
machine [12].

As a result of interaction between positive and negative
sequence magnetic fields and currents, torsional
oscillations of the motor shaft can be generated, leading to
shaft vibrations that result in huge damage to the motor.

Il. MATHEMATICAL MODEL OF INDUCTION MOTOR

According to Fourier analysis, it is well-known that any
non-sinusoidal waveform can be given as a sum of multiple
sine waveforms with different frequency. In that respect,
non-sinusoidal voltages and currents can be expressed as
[10]:

V() = V2, sinat + SV sinket +9)] (1)
k=2

i) =V2[lsinapt+ Y 1, sinkat +6)]
k=2

where:

V1, |1 are fundamental voltage and current;

Vi, Ik are k™ order harmonic voltage and current;

o, Ok are phase angles of k" order harmonic voltage and
current; and

wo, is radian frequency of the fundamental wave.

Continuous

powergui

According to relevant IEEE standards, the total voltage
harmonics distortion factor (THD-U) is defined as:
< 2
> Vi

Vl

and the amount of voltage distortion due to k™ order
harmonic is measured by the voltage distortion factor
(VDF) as [10]:

V,
VDF (%) = —* %x100%
Vl
On the other side, the total current harmonics distortion
factor (THD-I) is defined as:

THDu (%) = @)

(4)

THD: (%) = (5)

I1l. SIMULINK MODEL OF INDUCTION MOTOR

In order to make qualitative and quantitative analysis of the
impact of high order harmonics on operating characteristics of
induction motors, a Simulink model was created, as shown in
Figure 1.
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Fig. 1. Simulink model of induction motor

The analysis considered a three-phase induction squirrel-
cage induction motor: P,=4 kW, U,=400 V, n,=1430 rpm,
fn=50 Hz.

The block from Simscape library named “Three Phase
Programmable Voltage Source” was used as a three-phase
voltage source. This block implements a three-phase zero-
impedance voltage source. Time variation for amplitude,
phase, and frequency of the fundamental can be
preprogrammed. In addition, two harmonics can be
superimposed on the fundamental.

In order to measure the active and reactive power that the
motor takes from the grid, a power block is also used, ensuring
measurement of instantaneous active and reactive power.

It should be noted that each of the blocks is adapted to
nominal parameters of the induction motor considered.

Table I provides an overview of general data for each of the

harmonics taken into account during the analysis, such as
amplitude of the harmonic in terms of the fundamental
harmonic, its order, and sequence of the harmonics.

TABLE |
GENERAL DATA OF HARMONICS
hOrder (.)f Amplitude Phase

armonics Sequence
(h) (pu) (degrees)
1 1 0 Positive
2 0.15 35 Negative
3 0.22 -25 Zero
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IV. RESULTS AND DISCUSSION

A. Total Harmonic Distortion

Based on the Matlab simulation of an induction motor,
results were obtained for the total harmonic voltage and
current distortion. Data presented in Table Il show the values
of the total harmonic voltage (THD-U) and current (THD-I)
distortion, respectively.

TABLE Il
TOTAL HARMONIC VOLTAGE AND CURRENT
DISTORTION
Order of
harmonics 1 land3 1,2and 3
(h)

THD-U 0.0062 0.2228 0.2678
THD-I 1.49-108 0.009599 0.5724

It can be noted that the presence of harmonics significantly
affects the total harmonic distortion, making it clear that they
should not be neglected in calculations. The presence of both
harmonics (2nd and 3th) greatly worsens the total harmonic
distortion, which can be one of the main reasons for
additional power losses that occur in induction machines. The
value of the total voltage harmonic distortion when all
harmonics are taken into account is 43.19 times higher than
its value when they are neglected.

If the impact of the second harmonic is neglected, the total
harmonic voltage distortion will be reduced by only 1.17
times, signifying that no significant error occurs.

B. Efficiency and Power Factor

TABLE Il

EFFICIENCY AND POWER FACTOR (PF)

Order of

harmonics 1
(h)

Efficiency

(%)

Power Factor
(PF)

land3 1,2and 3

88.5 88.5 88.32

0.825 0.825 0.8264

It should be noted that this paper puts the emphasis on the
impact of the second and third harmonics, and since
harmonics of this order usually have a larger amplitude
compared to harmonics of higher orders, it is clear that their
influence cannot be neglected.

Values for the induction motor’s efficiency and power
factor for each of the cases considered are given in Table I1I.
It can be seen that these values do not differ greatly for each
of the cases considered, making it clear that they can be
neglected in some cases.

C. Stator Current of Induction Motor

It is known that the fundamental component of the stator
current is determined by the motor load and therefore it is
clear that the relative harmonic content of the motor current
is significantly higher at lower than at higher loads. This
high harmonic content can cause a significant increase in
power losses in unloaded machine, compared to its values
when the machine is connected to sinusoidal voltage [12].

If Vi denotes the ki harmonic component of the supply
voltage, the corresponding stator current harmonic is
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k=Vi/Zx, where Zy is the k™ harmonic input impedance. For
positive- and negative-sequence harmonics, Zi=K(X1+Xz).
Thus:

V
P S IVRNEVARY (6)
k(X;+X3)
for zero-sequence harmonics, Z=kXo; and
Vk
=k 7
iz, ()

These formulas allow rapid evaluation of harmonic
currents due to non-sinusoidal voltage waveform with
known harmonic content. Usually, there are no zero-
sequence harmonics and no even-numbered harmonics,
thus the total rms harmonic current is given by [10]:

=12+ 12412412+ 412+ (8)

I, = /Zlk2 ©
k1

If I:ms denotes the motor’s fundamental root mean square
(rms) current, it is clear that the total rms stator current,
including the fundamental, can be calculated as [10]:

Lo =12+ 12+ 12 1124124412 4. (10)
[12 2
Irms = Il + Ihar (11)

It can be noted that, for a given voltage waveform, the
relative harmonic content of the stator current is closely
related to the motor’s leakage reactance. In calculations
and analyses, it is very practical to express the motor
current, as well as the leakage reactance, in normalized or
per-unit form (pu). They actually represent a ratio between
the actual value of current or reactance and their base
values.

The k™" harmonic current can be expressed in per-unit
form as fraction of the rated full-load current. Thus:

i (12)
KXy,

where Vi is now the per-unit k™ harmonic voltage based
on the rated sine wave voltage of the motor.

For operation at rated frequency, Xpu is the normal per-
unit leakage reactance parameter of the motor, but obiously
this reactance varies linearly with frequency. It is
convenient to retain X,y as the per-unit reactance at rated or
base frequency and to take into account the frequency
dependence of leakage reactance by means of a multiplying
factor f1, which is the per-unit fundamental frequency, and
has value 1 at rated motor frequency. The k™ harmonic per-
unit current at a per-unit fundamental frequency, fi, is then
given by:

Vk
Ik =
KX

For the six-step voltage waveform, the magnitude of
each harmonic voltage is inversely proportional to the
order of the harmonic. Thus:

(13)

(14)

and if this expression is substituted in equation (13), the
following expression can be obtained:
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_ Vl
Kk2f. X
1N pu

Fundamental airgap flux is directly proportional to
stator induced electromotive force (emf), E1, and inversely
proportional to frequency. In order to obtain a good
approximation, except at low frequency, airgap flux is
therefore proportional to V/f. If the base value of airgap
flux is that corresponding to the rated terminal voltage, Vg,
at rated frequency, fr, then the per-unit fundamental airgap
flux can be expressed as:

I (15)

(16)

where V1 and f1 are also expressed in per-unit form.

If the voltage V: is expressed from equation (16) and if
this value is substituted in equation (15), the k™ harmonic
of the current can be obtained:

— (Dl

k?X

At normal conditions, i.e. with constant volt-hertz
regulation, the base frequency @& is unity, so now the
equation can be written as:
1

k?X

Since Xpy IS the per-unit reactance at base frequency, it
is evident that harmonic current amplitudes are
independent of supply frequency and motor load if the
volts/hertz ratio is constant.

Figure 2 shows the stator current flowing through one of
the phase windings. Figure 2a shows the waveform of the
stator current when high order harmonics are neglected. On
the other side, Figure 2b shows the stator current waveform
when high order harmonics are taken into account. At the
same time, it should be noted that the current largely
deviates from its sinusoidal shape in the cases when the
harmonics of the supply voltage are not neglected, which
leads to increased power losses in the induction motor’s
windings. Based on the graphic, it can also be observed that
the initial value of the motor inrush current is almost no
different for each of the cases considered.

I @17

I (18)

Reaty Sample based | T=1000

@)

Ready Sample based  T=1.000
(b)
Fig. 2. Stator current of induction motor: a) when high order
harmonics are neglected, b) when high order harmonics are not
neglected

D. Electromagnetic Torque

On the other hand, Figure 3 shows the electromagnetic
torque developed by the induction motor. Figure 3a shows
the electromagnetic torque assuming higher harmonics are
neglected, while Figure 3b shows the electromagnetic
torque of the induction motor taking into account higher
harmonics.

It can be seen that in the cases when the higher harmonics
are not neglected, the torque gets a constant value, but this
is not the case when the high order harmonics are present
[12].

The presence of time harmonic magnetomotive force
(mmf) waves in the airgap results in additional harmonic
torques on the rotor. These torques can be divided into two
groups: steady harmonic torques and pulsating harmonic
torques.

Constant or steady torques are developed by the reaction
of harmonic airgap fluxes with harmonic rotor mmfs, or
currents, of the same order. However, these steady
harmonic torques, which are a very small fraction of rated
torque, have negligible effect on motor operation. This may
be verified by calculating the torque contribution from the
harmonic equivalent circuit, just as fundamental torque is
derived from the fundamental equivalent circuit. Thus, the
fundamental torque is given as:

m R

T=ty2 2 (29)
27, © s

Similarly, based on the corresponding electrical

equivalent circuits for each of the harmonics, the following
expression can be rewritten for the k™ harmonic of the
moment;

T\= i—pml |22k M

27kf, Sk
where forward torque due to a positive-sequence
harmonic is positive and backward torque due to a
negative-sequence harmonic is negative.

The fundamental slip, si, is small for normal full-load
operation of the induction motor, and consequently the
following expression can be written for the harmonic slip
[12]:

(20)

(21)
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The Impact of Higher Order Harmonics of the Supply Voltage on the Operating Characteristics of the Induction Motors 91

Substitution in equation (20) gives the following:
Tk =+ pml |22k RZk
27, k¥l

Thus, the k™ harmonic torque, expressed as a fraction
of the fundamental torque, is:

(22)

(23)

2
Tyl | [Rac | 81
T, \1, )R, \kx1

1
Il ‘jH\Hlﬁ‘llll‘u#\\H]I‘III\“IJH%Ei‘lllll‘w I|f|lll!iﬂ\L\II’IIII‘I‘HJHH‘I‘IIIIWH‘
i

i\\\\I\'ihllll‘if\\\\'fﬂhllﬂ i

Sample based | T=1.000

(b)
Fig. 3. Electromagnetic torque: a) when high order harmonics
are neglected, b) when high order harmonics are not neglected

If the motor operates at rated load, then I, is near rated
current and (lz/ 12) is approximately equal to the per-unit
k™" harmonic of the current, as given in equation (13).
Substituting this expression in equation (23) gives the
general equation:

2
Ty Ry |81
T, (KX, ) LRy Nkl

In the case of a six-step voltage waveform, the per-unit
value of Iy, is given by equation (17), and substituting la/l2,
in equation (23) gives the corresponding harmonic torque
equation as:

2
Tyl @ (R_j( 5 j
T, k*Xo ) LRy kT2
where @ is the per-unit airgap flux, as defined in equation
(16).

Now consider the fifth harmonic torque in the case of
an induction motor operating on a six-step voltage supply.

(24)

(29)
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Rated fundamental voltage and frequency are applied so
that @ is unity.

Let it be assumed that the resistance of the rotor
winding is three times greater as a result of the skin effect,
while the slip value of the fundamental harmonic is 0.03.
The relation between the moment for the fifth and the
fundamental harmonic can be written as:

T, -024.107°

Tl X ;z)u

Thus, for a leakage reactance of 0.1 pu, it can be shown
that Ts is 0.24 percent of the fundamental torque. For a
leakage reactance of 0.2 pu, Ts is only 0.06 percent of Ti.
This small counter-torque due to the negative-sequence
fifth harmonic is opposed by a somewhat smaller forward
torque due to the positive-sequence seventh harmonic. The
combined effect of the fifth and seventh harmonics is,
therefore, to produce a very small negative torque opposing
the fundamental motor torque.

On the other side, the pulsating torques are produced as
result of interaction between mmfs for each of the
harmonics of the rotor and rotating magnetic fluxes for the
harmonics of different order. Since the magnetic fluxes in
the air gap for each of the harmonics have small values, it
is clear that the dominant pulsating moments are actually
the result of interaction between the rotor currents (or
magnetomotive forces) and the fundamental rotating
magnetic flux. For example, the fifth harmonic of the stator
currents forms a system of inverse order and, at the same
time, for the fundamental harmonic, creates a space wave
of the magnetic voltage that rotates at a speed five times
greater than the fundamental synchronous speed, but in the
direction opposite to that of the fundamental magnetic
field.

The rotor currents produced by this time harmonic of
the magnetic field interact with the fundamental rotating
magnetic field, creating a pulsating torque whose
frequency is six times greater than the fundamental, as a
result of the fact that the speed of the rotor mmf waveform
for the corresponding harmonic in the air gap compared to
the fundamental magnetic field in the airgap is actually six
times greater than the synchronous speed of the
fundamental field. The seventh harmonic of the stator
current also creates a pulsating torque whose frequency is
six times greater than the fundamental. The order of the
seventh harmonic is direct (positive) and therefore this
harmonic creates a time harmonic of the rotating magnetic
field with a seven times greater speed than the
synchronous, in the same direction as that of the
fundamental magnetic field.

Again, it can be noted that the relative velocity of the
mmf waveform for the corresponding harmonic compared
to the fundamental magnetic field in the air gap is six times
greater than the synchronous velocity, but this time in the
opposite direction. It can be concluded that the mean value
of the pulsating torques is 0, but their presence creates an
angular velocity of the rotor that changes during rotation.
At very low speeds, motor rotation occurs in interrupted or
stepped motions, and this cannot be tolerated in some
applications.

When some high order voltage harmonics are applied to
an induction motor, it can result in production of pulsating
torque as a result of interaction between the harmonics and

(26)
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the motor's rotor slots. There is no doubt that the presence
of non-sinusoidal voltage component can impact smooth
rotation of the induction motor and this should not be
neglected during construction of induction motors.

V. CONCLUSION AND FUTURE WORK

Based on results and facts presented, it is not difficult to
conclude that high order harmonics have a huge impact on
several parameters of induction motors. That is one of the
main reasons that sometimes lead to a number of possible
side effects, such as mechanical damage or aging of
induction motors. The extent to which these damages occur
can be subject of further analysis and design of a solution
to address these problems. In the end, it should be
highlighted that, in all cases when the results obtained from
this paper will be taken into account, industrial companies
would clearly pay attention to the process of selecting the
right electrical motor for their applications, thus increasing
both economy and positive effect on the environment.
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