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ABSTRACT. Synchronous motors when fed from a power system polluted with harmonic voltages will
exhibit harmonic rotating fluxes. The speed of each harmonic flux will correspond to the harmonic
voltage frequency, and the direction of rotation will depend on the harmonic voltages sequence. The
backward rotating fluxes (produced by the negative sequence harmonic voltages) produce braking
torques. Harmonic voltages and the associated currents and fluxes result in additional copper and iron
losses. Therefore, the motors, which are fed from polluted-voltage supply, should be derated otherwise
the motor temperature would exceed its rated value. This endangers the windings, insulation and bearings
of the motor, hence shortening its life span. In the present paper, the proper derating factors for the
synchronous motors are determined when fed from polluted supply to avoid thermal stresses.
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1. Introduction

A major effect of voltage and current harmonics in rotating machinery (induction
and synchronous) is the increased heating due to iron and copper losses. The
harmonic contents thus affect the machine efficiency, and derating of the machines
is necessary [1-7].

For synchronous motor each voltage harmonic induces a corresponding
current harmonic in the stator of the machine. These currents will induce additional
heating in the stator windings, thus adding to the temperature rise caused by the
fundamental current [8]. Other generally greater concern is the flow of harmonic
currents in the rotor circuits. The flow of each current in the stator will produce
magnetic fluxes in the air gap that will induce current in the rotor circuits of the
machine. There are two major concerns with these rotor current harmonics; (i)
resultant rotor heating and (ii) pulsating or reduced torques [8].

In addition to the copper losses, additional iron losses are encountered. Due
to the resulting harmonic fluxes, there will be additional stator iron losses. Also, the
rotor will suffer from appreciable iron losses. These losses appear due to the relative
speed between the harmonic fluxes and the rotor which rotates at the fundamental
synchronous speed. Also, the rotor iron core is normally not laminated which gives a
chance to increased iron losses. The main effects of the harmonics on the motor are
reduction in efficiency and decrease of life of the machine which may lead to quick
damage of it. Therefore, derating of the motor is necessary to avoid these problems.

2. Effect of Voltage Harmonics on the Electrical Performance
Voltage harmonics are classified as follows:
a) Positive Sequence Harmonics:

Harmonics of order n=3k+1; where k=1,2,3,...., are called positive sequence
harmonics. These harmonics generate rotating fluxes in the same direction of
rotation of the flux produced by the fundamental voltage. Torque components
produced by these harmonics are accelerating components.

b) Negative Sequence Harmonics:

Harmonics of order n=3k-1; where k=1,2,...., are called negative sequence
harmonics. These harmonics generate rotating fluxes in the opposite direction of
rotation of the flux produced by the fundamental voltage. Torque components
produced by these harmonics are decelerating components causing a braking effect
on the rotor.

c) Zero Sequence Harmonics:

Harmonics of order n=3k; where k=1,2,3,...., are called zero sequence or
triplen harmonics. The net flux of these harmonic components in the air gap is zero.
Therefore, they neither contribute in the torque output nor induce currents in the rotor.
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3. Mathematical Modelling of Polluted-Supply Fed Synchronous Motor

The synchronous motor is modeled in the dgo reference frame by the circuit shown
in Fig. 1 [9]. The equations governing the performance of the motor are given in the
matrix form in the time domain for p.u quantities as follows [9]:

[v] = [RI[i] + p[X][i] + om [G][i] )
Where
[V] = [Vadv Vitd, Vkd, Vaq, qu]T (2)
[11 = [iad, itd, ikd, Tags ikq]" (3)
[ ] 4
[
]
[ ] ®)
[ ]
[ ] (6)
[ ]

p is the normalized time derivative operator , and wn i the per-unit speed of the motor.
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Fig. (1). DQ representation of synchronous machine

At steady-state and when the motor is fed from a polluted voltage supply
while the field is fed from a pure d.c voltage, the motor equation may be split into
many equation; one for the fundamental voltage and others for the harmonic
voltages. For the harmonic voltages, [v] is replaced by a voltage phasor vector; [V],
and [i] is replaced by a current phasor vector; [I], The time operator p is replaced by
jh where h = n -1 for positive sequence voltage harmonics; i.e forn =4, 7, 10,
...while h =n + 1 for negative sequence voltage harmonics; i.e forn=2,5, 8, ....

The input voltage vectors are as follows:

[V1] = [Vad, V1, 0, Vg, O], for the fundamental stator voltage and the d.c field
voltage

[Vn] = [Vadn, 0, 0, Vagn, 0]7, for the n' order stator voltage harmonic

There will be a resulting current phasor corresponding to each voltage phasor such
that

[12] will correspond to [V1], and is given by
[11] = [lag, 5, Tka, lag, ka]”

[1n] will correspond to [Vn], and is given by
(1] = [lagn, Tan, Do Tagny Tkanl"

Each current-phasor vector can be determined independently from the others,
assuming linear circuit parameters as follows:

[Vi] = [Z:] [l] (7
[Vn] = [Zn] [In] 8)
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The general forms of the components of [Z,] are as follows:

[Ro] = (9)
[ ]
[Xa] = (10)
[ ]
[Gn] = (11)

[ ]

For zero sequence (n =3, 6, 9, ..), the following equations are used
Zy = (Ra+jnXy) (12)
Vn=2ZnIn (13)

X; is the zero sequence reactance of the armature per phase.

The input voltage-phasor vector for a fundamental balanced armature applied
voltage having rms value of Vi, and a field applied voltage V: will be the
conventional following vector [9]:

[V1] = [V1sind, Vi, 0, -V1 cosd, 0]" (14)

Where 9 is the torque angle.

For higher order positive sequence harmonic voltages (n=4, 7, 10, ..), the input
voltage-phasor vector will be as follows:

[Vn] =[Vh,0,0,jVa,0]" (15)

For negative sequence harmonic voltages (n=2, 5, 8, ..), the input voltage-phasor
vector will be as follows:

[Vn] =[Va,0,0,-jVa, 0] (16)
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4. Calculation of the Losses

The losses when the motor is fed from an ideal pure sinusoidal supply, Py, are
calculated as follows:

PLi = Peur + Pin (17)

Where, Py is the copper losses due to the ideal condition currents, and Py is

the iron losses due to the fluxes at this ideal condition. The additional losses when
the motor is fed from a polluted supply, P.n are calculated as follows:

Pih = Peuh + Pirn (18)

Where Pcn are the additional copper losses due to the resulting harmonic
currents, and Py, are the additional core (iron) losses due to the flux harmonics.

4.1 Copper Losses
Pcur is calculated from the following equation:

Peu = |dl2 R. + |f2 R + lql2 Ra (19)
Peun = Z (20)

4.2 lron Losses

The air gap g- and d- axis flux-density components are directly proportional to
the rotational induced voltage components in the d- and g- axes, respectively. Thus,

Ban @ Eqn o |0 (Lag lgh + Lakg lkgn)| (21)
Ban o Ean 00| @ (Lad lan + Laf Itn + Lakd lkan)| (22)

a) Stator iron losses

The stator iron losses; Pysn, due to the voltage harmonic of order n are the
sum of eddy current losses; Pesn, and hysteresis 10sses; Phsn.

Pirsn = Pesn* Phsn (23)
For the fundamental voltage (n = 1), Pys1 = Pes1 + Prs1

Pen o Bn? fu? 0 En? fo2 (24)
Prn o Bn? fn a Eq? fn, 2 = 1.6-2.2, and in our case h may be taken = 2, so that,

Phn an fn ot En2 fa (25)
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The stator iron losses due to the fundamental voltage may be split into eddy
and hysteresis loss as follows:

Pes1 = a1 Pirs, and Prst = (1 —az) Pirsa

ai may be found experimentally or from the design data.

Each of the eddy current losses and the hysteresis losses has two components,
namely; direct-axis and quadrature-axis components. Thus

Pes1 = Pesa1+ Pesqt (26)
Pesa1 a qulflz

Pesqr o Egy £ 2 (27)
Phs1 = Pusdr + Prsqr

Phsar o Eqi4 f (28)
Phsq1 o0 Egi% f (29)

Consequently, for positive and negative sequence harmonic voltages of order n

Pesan = Pesa1 (Eqn/Eqr)” 0 (30)
Pesqn = Pesqt (Ean/Eqi)? n? (31)
Prisan = Prisat (Eqn/Equ)’ N (32)
Phsan = Phsq1 (Ean/Eq1)® N (33)
Pirsn = Pesan + Pesgn + Prsan + Prsan (34)

b) Rotor Iron Losses

At stand-still, the rotor iron losses may be split into eddy and hysteresis loss
as follows:

Per1 = @2 Pir1 and Pur1 = (1 — a2) Pirt (35)

a, may be found experimentally or from the design data.

Each of the eddy current losses and the hysteresis losses has two components,
namely; direct-axis and quadrature-axis components. Thus
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Per1 = Pera1 + Pergt (36)
Perar o Eq3f 2 (37)
Perqr 0 Eq4f 2 (38)
Phr1 = Phra1 + Phrat (39)
Phra1 o Eqi3 (40)
Prrqr o Eg13 f (41)

Consequently, for positive and negative sequence harmonic voltages

Peran = Perar (Eqn/Equ)” 0 (42)
Pergn = Perqt (Ean/Ear)’ h? (43)
Prrdn = Prira1 (Eqn/Eq)” h (44)
PHrgn = PHRq1 (Edn/Edl)2 h (45)
Pirrn = Perdn + Pergn + PHrdn + PHRan (46)

It is worth to mention that the rotor eddy current losses and the rotor
hysteresis losses due to the fundamental voltage both are equal to zero at the
synchronous speed where the relative speed of the rotor and the flux of the
fundamental voltage is zero.

The iron losses due to the zero sequence harmonic voltages are zero as the
resultant main (iron) flux due to the zero sequence voltages is zero.

5. Power, Torque and Efficiency Calculations

The input power is that due to all the input voltages and the corresponding currents,
in addition to the input power necessary to cover the stator and rotor iron losses. It
should be kept in mind that the rotor iron losses are associated with stator to rotor
power flow which, for each harmonic voltage, equals the rotor iron losses divided by
the slip of the rotor with respect to the resulting rotating flux (h/n).

Pn=21
- 12 (47)

where Vg is the direct-axis voltage of the n'" voltage component, lqy is the
corresponding current and Pfq, is the power factor; Vgn, lgn and Pfg, are those of the
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g-axis; and Von, lon and Pfon are the zero sequence values. Vs and Is are the field coil
voltage and current respectively.

The output mechanical power in this case, and consequently the output
torque, contains components corresponding to the eddy currents and hysteresis
energy. It is calculated as follows

Pm = Pin— (Pcul + Pint Peun + Plrh) — Psw (48)

Where Ps,, is the friction and windage losses.
The motor efficiency is given by

n= Pm/Pin (49)
The output torque is calculated using the output power as follows:
Tm = Pm/(Dsyn (50)

Where wsyn is the synchronous speed in rad/sec.

6. Derating of the Motor

The total motor losses shall not exceed their rated values in order not to exceed the
thermal limits of the motor. Therefore, when there are additional losses because of
the supply harmonic voltages, the motor should be derated such that the total losses
are not allowed to exceed their values when the motor operates from a pure
sinusoidal voltage of the rated voltage. The derating factor is defined as the ratio of
the reduced load torque to the rated torque.

6.1 Method of Determination of the Derating Factor
The motor is derated by a factor determined through the following steps;

1.Variation of the motor losses with the armature current when the motor is
operated from the rated pure sinusoidal voltage keeping the power factor constant is
determined, and depicted in a diagram. The method of obtaining the losses curve is
given in section 6.2.

2.Calculation of the motor total losses for the given terminal voltage
waveform.

3.The excess losses as a result of the pollution are determined as a per-unit of
the motor losses when fed from a pure sinusoidal supply. Let this to be “e”.

4.A new load value of the motor will be looked for such that the motor losses
due to the fundamental voltage will be (1-e) times its normal value. This is achieved
through under-loading the motor while reducing the field current to keep its power
factor constant at its working value.
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5.Using the losses/armature current diagrams obtained at constant power-
factors, the new value of the armature current is determined. Consequently, using
Eqns. 51-56, the field current is determined.

6. The new output power and torque are, then, calculated using Eqgn. 47-50.
7.Using the calculated torque, the corresponding derating factor is calculated.
6.2 Losses Curves

The motor losses when the motor is fed from a pure sinusoidal supply may be
calculated at different field currents and developed torques with the power factor as
a parameter as follows:

e At an assumed value of the armature current at a certain power factor, the
torque angle (8) can be calculated from the following formula [1]:

tan 8 = - (la Xq cos 0 + Ia Ra sin 0)/( V1 + I Xq sin 0 - Ia Ra cos 0) (51)

where, 0 is the power factor angle.

e Hence, the field current is calculated as follows:

lg = lasin (8 - 6) (52)
lg=- lacos (3 - 0) (53)
Vg=V1sind (54)
Vq=-Vicosd (55)
It = (- Vg — lg Xa + lq Ra)/Xar (56)

The total copper losses and iron losses are then calculated as explained in
section 4 for the case of an ideal pure sinusoidal supply.

This is repeated at other values of power factors, and diagrams giving the
motor total losses against the armature current for different power factors are plotted.

7. Results and Discussions

A computer program has been developed to calculate the current phasors in the
motor circuits corresponding to the fundamental voltage and the imposed voltage
harmonics. Also, the program calculates the derating factor. The program enables
the calculations for different ratings and motor types supplied with voltage
waveforms of different levels of distortion. Two different salient-pole synchronous
motors have been investigated. The first motor is 494 kVA, 12 pole and the second
motor is 831 kKVA, 6 pole. The parameters of the two motors used in the calculations
are given in Appendix A.
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In order to investigate the effect of certain harmonic content on the derating
factor of the motor, harmonic component of orders 2 to 7 have been included
individually in the voltage waveform at six levels of voltage harmonic distortion
factors (VHF); 2.5%, 5%, 7.5%, 10%, 12.5% and 15%. The motor input power, total
losses, output mechanical power and efficiency against the voltage distortion factor
were calculated at the different VHF for each harmonic voltage component.

The calculations have shown that lower order harmonic components,
specially the 2" and 3™ harmonic components, have the worst effect on the motor
losses and efficiency and hence the derating factor.

Figs. 2-4 show the variation of the input electrical power, total losses, output
mechanical power, and efficiency for the first synchronous motor (494 kVA, 12
pole) fed by a distorted voltage waveform up to 15% VHF for the 2", 3 and the 4%
harmonic components as examples. Figs. 5-7 show the same curves for the second
motor (831 kVA, 6 pole).

For the same distortion level, the 3" harmonic gave the worst efficiency and
losses. This is due to the low zero sequence impedance experienced by the
synchronous motor which results in high stator currents, and consequently high copper
losses. The 2™ harmonic voltage comes secondly. This is because the 2" harmonic
causes stator copper losses and iron losses in both the stator and rotor. Also, this
harmonic, being a negative sequence component, has a braking effect which absorbs
mechanical power from the shaft and converts it to copper losses in the rotor [10-11].
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To help in calculating the derating factors the performance characteristics of
the synchronous motors, when derated (operated at reduced armature current)
keeping the power factor constant at the rated value, were calculated. These
performance characteristics are shown in Figs. (8 and 9).
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With the help of all the curves of figures (2-9) the derating factors are
calculated for the different voltage harmonics at 0.15 VHF for the two synchronous
motors. The results are shown in Tables (1 and 2).

Table (1). Derating factors of the first motor.

Harmonic order 2 3 4m 5 &M 7m
Motor armature current, p.u 0.85 0.68 0.9 0.92 0.89 0.98
Motor field current, p.u 1.55 1.37 1.6 1.62 1.59 1.68
Derating Factor 0.856 0.69 0.92 0.923 0.91 0.988

Table (2). Derating factors of the second motor.

Harmonic order 2" 3 4m 5" 6" 7"
Motor armature current, p.u | 0.27 falaieiaiale 0.85 0.91 0.35 0.95
Motor field current, p.u 1.53 Fokkkokk 2.05 2.10 1.64 214
Derating Factor 0.272 falaieiaiae 0.8514 0.911 0.352 0.9505

*#**k%* The motor can’t be operated even at no-load.
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It is clear that the zero sequence voltages have the worst effect. The negative
sequence voltages come after the zero sequence. The positive sequence voltages have
the least effect.

8. Conclusion

A detailed study has been conducted in this paper to investigate the electro-
mechanical performance of three phase synchronous motors, of different ratings,
when fed from a polluted voltage supply. The synchronous motor at steady state has
been deeply studied. An accurate method for calculating the derating factor based on
developed equivalent circuits for the synchronous motors have been presented. The
method is based on constraining the output power and torque of the motor such that
the total losses (copper plus iron) due to the fundamental voltage and the voltage
harmonics do not exceed the losses of the motor when operates from pure sinusoidal
voltage at its rated conditions. The calculations have been carried out for different
types and rating of synchronous motors at different percentages of individual
harmonic components. The program outputs confirmed the following points:

e Synchronous motors are much more sensitive to the 3 and 2" harmonic
orders than to any other orders.

o If at a certain percentage of distortion the no load losses exceed the rated
losses, the motor should not be allowed to operate.
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Appendix A: Motors Parameters

The first motor is 494 kVA, 12 pole and the second motor is 831 kVA, 6 pole. The
parameters of the two motors in p.u are given in Table (3).

Table (3). Parameters of the synchronous motors

Parameter First motor Second Motor
0.01502 0.00877
0.00168 0.00064
0.02799 0.00677
0.02858 0.00877
1.51941 0.85555
1.31151 0.74650
0.96484 0.56425
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Continue table (3).

Parameter First motor Second Motor
1.40107 0.82680
0.81911 0.48401
0.77027 0.43772
0.73504 0.42615
0.50897 0.31940
0.47556 0.29929

Iron losses at rated voltage and speed for the first motor = 0.015 p.u

Iron losses at rated voltage and speed for the second motor = 0.0149 p.u
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