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Abstract: The aim of the study was to suggest optimal solution for the impact of harmonics on the 
performance of Capacitor-Run Motor (CRM), the most commonly used single-phase motor. Therefore, 
investigations were carried out over the entire slip from no-load condition up to the locked-rotor 
condition, for harmonics of various orders in the case of using Pulse-Width Modulation (PWM) speed 
control. The investigations gave the ability to optimize the performance of CRM by choosing the 
appropriate parameters of the PWM inverter. Mathematical model for CRM supplied from voltage 
source contained harmonics was presented. The work was conducted by using a digital computer 
simulation (MATLAB software).  
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INTRODUCTION 
 
 Over the past few years, the number and effect of 
single-phase nonlinear harmonic-producing devices 
connected to electrical drive systems have increased 
significantly. This has resulted in non-sinusoidal 
currents propagated through the supply network causing 
distortion in the supply voltage. Therefore, the supply 
voltage is taking non-sinusoidal forms which cause 
unbalance and asymmetry between motor phases[1]. 
 Capacitor-Run Motors (CRMs) are widely used in 
fields where there are no three-phase lines (domestic 
and agricultural) and in low-powered loads[2]. Many 
areas have only single-phase power, which means that a 
large number of single phase motors is used. In such 
cases, it is important to minimize the energy 
consumption by enhancing the performance of these 
motors. Also, enhancing the motor performance results 
in minimizing the power line transformer and 
distribution losses[3]. CRMs suffer from heating 
resulting from unbalance of motor operation[4] caused 
by harmful harmonics. The search presented in the 
study was devoted to study the effect of the number of 
pulses upon the harmonics on the output of the PWM 
inverter and, hence, the performance of the motor by 
using symmetrical component method for the motor 
modeling and MATLAB software for the simulation. 
Knowing the harmful harmonics leads to an easy 
treatment of heating. Power consumption, efficiency 
and, displacement power factor for various level-orders 
of harmonics were investigated. Also, the total 
harmonic distortion of current (THDI), total harmonic 

distortion of voltage (THDV) and true power factor 
versus slip were plotted.  
 

EQUIVALENT CIRCUIT 
 
 Harmonics cause the deformation of the sinusoidal 
form of the motor supply voltage. Therefore, the 
produced field in the CRM has a rectilinear, an 
elliptical or a circular form, depending on the balance 
of the motor[5]. The non-sinusoidal stator voltage can be 
resolved into fundamental and harmonic components by 
Fourier analysis[6]. For a symmetrical waveform, only 
the odd harmonics will be presented. Utilizing the 
symmetrical components method, the unbalanced motor 
variables can be decomposed into positive (forward) 
sequence components and negative (backward) 
sequence components. So, the slip at the hth harmonic 
for the positive and negative sequences, respectively, 
can be given as[2]: 
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where, the number of harmonic h = 1,3,5,7,….n. 
 For the mostly used single-phase CRM with the 
principle circuit as in Fig. 1 and the equivalent circuit 
as in Fig. 2, the harmonic current of the positive and 
negative sequences can be calculated as[7]: 
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Fig. 1: Circuit diagram of the CRM 
 

 
 
Fig. 2a: Equivalent circuit of CRM for the auxiliary 
phase 
 

 
 
Fig. 2b: Equivalent circuit of the CRM for the main 

phase. 
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where, positive (forward) and negative (backward) 
sequence impedance of the hth harmonic can be 
calculated from the equivalent circuit as[8]: 
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MATHEMATICAL MODEL OF THE CRM 

 
 For the single-phase CRM with the principle circuit 
as in Fig. 1, the positive (forward) sequence torque is 
defined as: 
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 (5) 

 
 Similarly, the negative (backward) sequence torque 
is defined as: 
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 The motor torque is given by: 
 
   Th = T(1)h−T(2)h (7) 
 
and the motor output power and input power are: 
 
  P2h = Thωh = Thω0h (1-S(1)h) (8) 
 
   P1h = =VhIh cosφh (9) 
 
 So, the power factor is: 
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and the efficiency is: 
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 Total distortion factors of voltage and current, the 
true power factor and the displacement power 
factor,respectively, are[9-11]: 
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 The true efficiency determined as: 
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SIMULATION AND RESULTS 

 
 The entire work was conducted by using a digital 
computer simulation (MATLAB software). The 
specifications  of  the  motor used in the simulation 
were as follows: 
 
Motor   type   KDO   83-4,  Vn = 380 V,    Pn = 45 kW, 
IL = 137 A,       IB = 77 A,       IA = 100 A,    VK = 540 V, 
n = 1430RPM,   C = 590 µF,   Tn = 312 N.m,    K = 1, 
Sn = 0.0465,   cosϕ = 0.985,     efficiency(η) = 87.9%, 
RS = 0.065 Ohm,    R'r = 0.26 Ohm,    XS = 0.25 Ohm, 
X'r = 0.12 Ohm, Rm = 0.14 Ohm, Xm = 6.12 Ohm. 
 
 The plots are obtained for the following inverter 
data: 
 DC supply voltage of the inverter = 600 V, 
frequency of the output voltage = 50 Hz, modulation 
index = 0.895, the frequency of the carrier signal = 500, 
2000 and 3500 Hz. 
 An attempt was made to obtain the optimal 
frequency of the inverter to get the best motor 
performance. The PWM mechanism is shown in Fig. 3 
together with the output waves for fc = 500Hz. For all 
analyses, exact values were calculated and are shown in 
Table 1. The harmonic analyses of PWM output for 
different   values   of carrier frequency are shown in 
Fig. 4a-5c. 
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Fig. 3: Technique of PWM, (a): Triangular carrier (Vt) 
and modulating sine waves (Vm) and (b): PWM 
output 

 

 
 
Fig. 4a: Harmonic voltages, fc = 500 Hz 

Table 1: Effects of harmonics on the motor at rated speed  
Frequency Fundamental Inverter 
(Hz) voltage(V) output (V) THDV THDI PFdis. PFtrue EFfund. EFtrue 
500 379.35 449.1 0.63366 0.97476 1 0.6317 0.91279 0.86712 
2000 380 424 0.49498 0.19804 0.9937 0.87366 0.91279 0.91084 
3500 379.82 379.83 0.00685 0.00969 0.9916 0.9916 0.91279 0.91278 

 

 
 
Fig. 4b: Harmonic voltages, fc = 2000 Hz 
 

 
 
Fig. 4c: Harmonic voltages, fc = 3500 Hz 
 

 
 

Fig. 5a: Output voltage of the inverter and fundamental 
harmonic voltage, fc = 500 Hz 

 
 These figures show that when fc = 500 Hz, the 
significant amplitude of lower order harmonics is 
included in the PWM output voltage. As fc

 is increased, 
these harmonics decrease to negligible values. Really, 
hence fc determines the number of pulses in the half-
cycle of the PWM output (m), the small m obtained by 
fc = 500 Hz is rich of lower level harmonics. 
 Figure 6a-6c show the contribution of above 
fundamental    harmonics   to   the   rms   value  of    the 

 
 
Fig. 5b: Output voltage of the inverter and fundamental 

harmonic voltage, fc = 2000 Hz 
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Fig. 5c: Output voltage of the inverter and fundamental 

harmonic voltage, fc = 3500 Hz 
 

 
 
Fig. 6a: Total harmonic distortion of current and 

voltage, fc = 500 Hz 
 
fundamental one. It is obvious that increasing fc 
decreases the total harmonic distortion of voltage THDV 

and  current THDI  to  negligible values but for small m 

 
 
Fig. 6b: Total harmonic distortion of current and 

voltage, fc = 2000 Hz 
 

 
 
Fig. 6c: Total harmonic distortion of current and 

voltage, fc = 3500 Hz 
 

 
 
Fig. 7a: True power factor and displacement power 

factor, fc = 500 Hz 
  
(say  at  fc = 500 Hz),  THDV   and  THDI  values  are 
not acceptable. 
 Power  Factor (PF) and efficiency are shown in 
Fig. 7a-8c. As seen from these Figures, the motor 
performance for small m (fc = 500 Hz) is the worst, 
because of asymmetry of stator phases (elliptical field 
form)  due  to  the presence of lower order harmonics in 
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Fig. 7b: True power factor and displacement power 
factor, fc = 2000 Hz 

 

 
 
Fig. 7c: True power factor and displacement power 

factor, fc = 3500 Hz 
 
the motor terminal voltage. For fc = 2000 Hz, lower 
order harmonics are absent, but the performance of the 
motor is not optimal, because higher order harmonics 
are present and they cause losses in the iron core and 
copper wires due to the hysteresis and skin effect. For 
large m (fc = 3500 Hz), the performance is the best and 
no contribution of harmonics in the motor consumed 
power and output power is observed. 
 As it is well known, CRMs suffer from the 
imbalance of the stator currents due to the elliptical 
field form,  as  slip changes its value. So, the presence 
of  harmonics  will   deteriorate   the motor    balance 
and cause increased copper lossses. Therefore, it is 
great importance to minimize the influence of 
harmonics on the the motor performance via techniques 
which can eliminate or reduce the distortion caused by 
harmoics. 

 
 

Fig. 8a: True efficiency and efficiency caused by the 
fundamental harmonic, fc = 500 Hz 

 

 
 
Fig. 8b: True efficiency and efficiency caused by the 

fundamental harmonic, fc = 2000 Hz 
 

 
 
Fig. 8c: True efficiency and efficiency caused by the 

fundamental harmonic, fc = 3500 Hz 
 

CONCLUSION 
 
 The study presented mathematical model for a 
CRM exposed to harmonics. The influence of 
harmmonics on the power factor,efficiency, effective 
output voltage of the inverter and current distortion was 
discussed. As shown from the figures, the harmonic 
current distortion level tended to fall into the low, 
medium and high levels depending upon the slip value. 
 Results showed that lower order harmonics can be 
neglected by increasing the carrier frequency and hence 
the number of pulses in the output of PWM to a 
convenient one. It was shown that the carrier frequency 
fc = 2000 Hz was suitable to get the negligible influence 
of the lower order harmonics on the motor 
performance. If no filters are used, the carrier frequency 
should be increased to a convenient value such as fc = 
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3500 Hz to neglect the effects of both lower order and 
higher order harmonics on the motor performance.  
 Based on the results of study, the optimal carrier 
frequency to eliminate the influence of both lower order 
and higher order harmonics was found to be 3500Hz 
which created 35 pulses in the half-cycle of the PWM 
output. So, the PWM technique is recommended to 
neglect the effect of harmonics on the performance of 
single-phase CRMs without the need to use filters or 
additional devices. 
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