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Half-Sine Wave Modulation Technique a New
Method for Generating Variable Frequency

Sinusoidal Current
Sharifaddin Sharif

Abstract—In this paper, a new method for generating variable-
frequency sinusoidal current is proposed. This method is based on
the series resonant inverter and can be used in adjustable frequency
drives. In the proposed method, each half-cycle of the fundamental
frequency consists of a number of half-sine waves with different
amplitudes and widths, which are arranged side-by-side. In this
method, switching losses and output harmonic content can be sig-
nificantly reduced. The circuit needed to generate this waveform
can be implemented by a modified series resonant inverter with a
number of capacitors. A performance comparison of the proposed
method and the conventional sinusoidal pulsewidth modulation
technique is presented to evaluate improvements in the method.

Index Terms—Series resonant inverter, sinusoidal pulsewidth
modulation (SPWM), variable frequency drive.

I. INTRODUCTION

S INE wave inverters with the ability to control output ampli-
tude, frequency, and phase are very important in industry,

office, and home appliances. Examples of these applications
are renewable energy sources, uninterruptible power supplies,
adjustable speed drives (ASDs), etc.

The output of an ideal inverter is expected to be a perfect
sinusoidal waveform without harmonic. Many methods have
been developed to achieve this goal. The use of any of these
methods depends on the power range, the allowable loss, the
load sensitivity to the harmonics, and the cost.

The pulsewidth modulation (PWM) technique is very popu-
lar for generating sinusoidal output in converters and has been
discussed extensively in the literature [1]–[3].

A disadvantage of PWM converters is that PWM rectangu-
lar waveforms produce many harmonics and switching loss in
semiconductor devices, which limit the application of the con-
verters. Rectangular waveforms also inherently generate elec-
tromagnetic interference (EMI) [3], [4].

A review of the literature indicates that a number of strategies
have been developed to improve the performance and the quality
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of the PWM inverters. Most of these efforts have been focused on
reducing the output harmonics [5], [6], reducing the switching
losses, and enhancing the inverter efficiency [7]–[9].

Among these, resonant link inverters show better perfor-
mance to achieve switching loss as well as harmonic reduction
[10]–[12].

Classical PWM and resonant link inverters are attractive so-
lutions for low-power applications. But for medium and high-
power applications, they cannot switch as fast as their low-power
counterparts.

Multi-level converters are currently turned to a hot topic in
controlling the speed of induction motors in medium and high-
power applications. Their advantages are low harmonics and
ability to work at high voltages and powers [13]–[15]. But as
the number of levels increases, the power circuit and control
complexity due to a large number of devices increases.

The research work is going on to improve the drive efficiency
whereas reduce circuit complexity and enhance control algo-
rithm [16]–[26].

This paper proposes a new technique in the thyristor-based
inverters by following the concept of PWM pulses, using multi-
ple half-sine waves. This method can be called a half-sine wave
modulation (HSWM) technique. This technique is compared
to the classical SPWM method to describe its operation, and
characterize its performance as well as the reduction of output
harmonics and switching loss in this method.

II. DESCRIPTION OF THE PROPOSED HSWM TECHNIQUE

To illustrate the proposed method and characterize its perfor-
mance, it is good to compare it with the traditional sinusoidal
pulsewidth modulation (SPWM) technique.

A. Traditional SPWM Method

In a traditional SPWM method, for producing a sinusoidal
waveform, a sinusoidal reference signal is compared with a
triangular carrier waveform [2]. In SPWM, the pulses are rect-
angular and their amplitudes are equal, but their widths are
different. Pulses with larger widths are located at the midpoint,
and the width of the other pulses decrease on both sides as shown
in Fig. 1.

The Fourier analysis of the SPWM waveform has been widely
discussed in the literature [1]–[3]. Regarding Fig. 1, it can be
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Fig. 1. Traditional SPWM technique. Unipolar switching scheme with five
pulses per half-cycle.

Fig. 2. Proposed method for producing a sinusoidal output waveform.

Fig. 3. If the half-sine pulses are far from each other, the period of the funda-
mental harmonic increases and the frequency decreases.

shown in the form of the following equation:

Bn =
p∑

m=1

2VS

nπ
(cos nαm − cos nα′

m ) (1)

for n = 1, 3, 5, 7, . . . where Bn is the amplitude of the nth
harmonic, p is the number of pulses per half-cycle, VS is the
amplitude of the pulses, and αm and α′

m are the start and the
end point of mth pulse, respectively.

B. Description of the Proposed Method

Fig. 2 shows the proposed method for producing a sinusoidal
output waveform.

As can be seen, each half-cycle of the fundamental frequency,
consist of a number of half-sine pulses with different amplitude
and width, which are arranged side-by-side. The largest half-
sine pulse is located at the midpoint, and the other small halves
are symmetrically located on both sides.

This method is almost similar to the SPWM, except that
instead of rectangular pulses with constant amplitudes, semi-
sinusoidal pulses are used with different amplitudes. Obviously,
the resultant of these pulses are closer to a sinusoidal wave and
have fewer harmonics.

Changing frequency is very simple. If the half-sine pulses are
far from each other, the period of the fundamental harmonic
increases (see Fig. 3). On the other hand, if the half-sine pulses

Fig. 4. If the half-sine pulses are close to each other, the period of the funda-
mental harmonic decreases and the frequency increases.

Fig. 5. Half-sine pulses can overlap each other to produce a higher output
frequency.

Fig. 6. (a) Circuit diagram of a thyristor based series resonant inverter.
(b) Current waveform through the circuit.

are close to each other, the period of the fundamental harmonic
decreases (see Fig. 4). To produce a higher output frequency,
the half-sine pulses can overlap each other as shown in Fig. 5.
The fundamental component of the waves is also shown in the
figures by the dashed line.

III. GENERATING THE HALF-SINE PULSES

In order to generate half-sine pulses and implementation of
the half-sine modulation, a circuit based on a series resonant
inverter is used. Therefore, first, a review of a simple series
resonant inverter is provided.

A. Conventional Series Resonant Inverter

Series resonant inverter topology is a familiar circuit in the
field of power electronics. They have been widely applied to dc–
dc converters, photovoltaic power conversion system, battery
chargers [27]–[35], and induction heating.

A circuit diagram of a thyristor-based series resonant inverter
is shown in Fig. 6. The switches are driven by non-overlapping
gating signals with a small dead time at the operating frequency.
The series resonant circuit formed by L, C, and R must be
underdamped [1].

When thyristors T1 and T2 are fired, a positive resonant pulse
of current flows through the load and the current falls to zero at
time t1 , then T1 and T2 are self-commutated. Firing of thyristors
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Fig. 7. Circuit diagram of the proposed multi-capacitor series resonant inverter
(MCSRI) with three capacitors for three half-sine pulses per half-cycle.

T3 and T4 , generates a negative resonant current through the load
and T3 and T4 are also self-commutated. Sequential triggering of
thyristors generates a current similar to the sinusoidal waveform
in the circuit. The instantaneous load current is described by the
following equations and can be found in detail in [1]:

i(t) =
V1

ωrL
e−α tsinωr t (2)

where ωr is a resonant frequency

ωr =
(

1
LC

− R2

4L2

)1/2

(3)

and

V1 =
VS ez

ez
− 1 (4)

where z = απ/ωr and α = R/2L. (5)

B. Design and Description of the Proposed Circuit
for Implementing the HSWM Technique

Fig. 7 shows the circuit diagram of the proposed inverter for
generating the half-sine waves. It is a modified circuit of the con-
ventional thyristor base series resonant inverter with additional
capacitor and switches. Because of the number of capacitors, it
can be called MCSRI.

The circuit diagram in Fig. 7 is designed with three capacitors
for three half-sine pulses per half-cycle. By providing C1 = C3
and C2 > C1 and C3 , the waveforms of the HSWM can be
generated. The switching scheme for generating the positive
half-sine pulses are T1T3–T1T5–T1T7 and for generating the
negative half-sine pulses are T2T8–T2T6–T2T4 .

D1 and D2 are freewheeling diodes. Note that the other thyris-
tors do not require anti-parallel diodes because they create new
paths that the capacitors voltage are disturbed.

The generated waveform when three capacitors are in the
circuit is shown in Fig. 8. As mentioned earlier, by increas-
ing or decreasing the interval between the triggering of the
switches, the frequency of the fundamental output component
can be changed.

In an underdamped circuit, by neglecting R, the width of each
half-sine pulse is π

√
LCm and the amplitude of each half-sine

pulse is VS

√
Cm

L , where Cm is the corresponding capacitor [1].
The output harmonic content is reduced by increasing the

number of half-sine pulses per half-cycle. For this purpose, the
number of capacitors and the number of thyristor arms should

Fig. 8. Output waveform of MCSRI with three capacitors in the circuit.

Fig. 9. Cross location of each parallel line with the triangle legs, determine
the trigger time of the switches (or the start of each half-sine pulse). Varying α
or h can determine the interval between half-sine pulses.

be increased. Obviously, there must be a compromise between
the number of pulses and the output harmonic content.

The algorithm for generating the gating signals is similar to
that of SPWM except that, instead of the sinusoidal control
signal, several equidistant parallel lines (equal to the number of
capacitors) are used. As shown in Fig. 9, each line corresponds
to one capacitor. The cross location of each parallel line with
the triangle legs, determine the trigger time of the switches (or
the start of each half-sine pulse). The middle line corresponds
to the C2 and the upper and lower lines correspond to the C1
and C3 , respectively.

As can be observed in Fig. 9, α (the angle between the hor-
izontal parallel lines and the triangle legs), or h (the distance
between parallel lines), can determine the interval between the
half-sine pulses (d). If α gets smaller, or, if parallel lines get
farther apart, the interval between the half-sine pulses will be
greater and vice versa.

Since the relation between α and its tangent is highly non-
linear, it is preferred to fix α and change h.

By fixing α = 45°, when the parallel lines are closing to each
other, the interval between the half-sine pulses will be smaller.
The minimum value of h is corresponding to a state in which
the half-sine pulses due to C1 and C3 lie together. This situation
shows in Fig. 10. The minimum of h and d, are shown by hmin
and dmin , respectively.

It is notable that the waves due to C1 and C3 must not overlap
each other. Because this means that the two thyristors are simul-
taneously triggered in an arm, which leads to a power supply
short circuit.
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Fig. 10. Minimum value of h is corresponding to a state in which half-sine
pulses due to C1 and C3 lie together (m = 1).

In this case, regarding α = 45°

hmin = dmin . (6)

Note that the dmin is equal to the half-duration of the half-sine
pulse due to C1 (or C3). Then

hmin = dmin =
1
2
π
√

LC1 . (7)

It can be seen in Fig. 10 that a fundamental output period at
maximum frequency is equivalent to eight times the distance
between parallel lines or equal to the four times the half-period
corresponding to the resonant of C1 (or C3). Thus, the capaci-
tance of C1 determines the maximum output frequency

Tmin =
1

fmax
= 8hmin = 4π

√
LC1 (8)

where Tmin is the period and fmax is the maximum output
frequency.

The modulation index (m) can be defined as follows:

m =
hmin

h
. (9)

By this definition, m = 1 is a case in which the distance
between the parallel lines is minimal.

When the parallel lines move away from each other, as shown
in Fig. 9 (m < 1), the interval between the half-sine pulses will
also be greater. In all the cases

h = d =
hmin

m
(10)

T = 8d = 8h = 8
hmin

m
(11)

f =
1
T

=
m

8hmin
= mfmax (12)

where T is the period and f is the fundamental frequency of
output current.

IV. HARMONIC ANALYSIS OF THE HSWM WAVEFORM

In order to compute the harmonic content of HSWM wave-
form, we assume P as the number of half-sine pulses per
half-cycle. Note that the waveform has an odd and half-wave

Fig. 11. One pair of the half-sine pulses in a period of fundamental frequency.

symmetry. The general form of a Fourier series of an odd func-
tion is as follows:

i(t) =
∞∑

n=1,3,5,....

Bn sinnωt (13)

where Bn is the amplitude of the nth harmonic. Bn can be
determined by considering a pair of pulses in one period, and
compute the Fourier coefficient for these pairs; and then, the
effects of all pulses can be combined together. Fig. 11 shows a
pair of half-sine pulses in a period of the fundamental frequency.
If the positive half-sine pulse of the mth pair, starts at ωt1 = α1
and ends at ωt′1 = α′

1 , the Fourier coefficient for a pair of
pulses (bn ) is

bn =
2
π

∫ α ′
1

α1

f(θ)sinnθdθ. (14)

According to Fig. 11, f(θ) is equal to

f(θ) = Am sin
ωm

ω
(θ − α1) (15)

where Am is the amplitude and ωm is the angular frequency of
the mth half-sine pulse.

By substituting (15) in (14), yields

bn =
2
π

∫ α ′
1

α1

Am sin
ωm

ω
(θ − α1)sinnθdθ. (16)

In Fig. 11, we have t′1 − t1 = (α ′
1 −α1 )
ω = π

√
LCm and in

a resonant inverter in underdamped condition ωm ≈ 1√
LCm

.
Hence, it results in that: ωm

ω (α′
1 − α1) = π.

Given this relation and simple algebraic manipulation, the
Fourier coefficient is obtained for a pair of sine pulses as follows:

bn =
1
π

Am

[
2(ωm

ω )

(ωm

ω )2 − n2
(sinnα1 + sinnα′

1)

]
. (17)

The coefficient Bn in (13) (i.e., the amplitude of the nth
harmonic) can be obtained by combining the effects of all sine
pulses

Bn =
1
π

p∑

m=1

Am

[
2(ωm

ω )

(ωm

ω )2 − n2
(sinnαm + sinnα′

m )

]
(18)

for n = 1, 3, 5, 7, . . . where p is the number of half-sine pulses
per half-cycle.
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Fig. 12. THD versus C2 /C1 in three-pulse mode HSWM technique.

V. COMPARING THE HARMONIC SPECTRUM OF SPWM WITH

THE PROPOSED HSWM TECHNIQUE

The minimum number of pulses per half-cycle in the SPWM
technique is three. Therefore, it might be a good idea to compare
the SPWM technique with the proposed HSWM technique in
terms of the total harmonic distortion (THD) in three pulses
per half-cycle and for 60-Hz maximum output frequency. This
comparison can be generalized to waveforms with more pulses
and reveals some aspects of the HSWM.

For three-pulse mode, three capacitors are needed. Then, first
of all, the capacitance of C1 , C2, and C3 must be computed.

It should be noted that C1 and C3 (C1 = C3) determine the
amplitude and duration of the lateral sine pulses. From (8)

Tmin = 4π
√

LC1 . (19)

Tmin = 1/60 ms and if L = 32 mH then from (19) the result
is C1 = C3 = 55 μF.

To compute C2 (which determines the amplitude and dura-
tion of the central sine pulse), it is noteworthy that its capaci-
tance should be such that the amplitude of fundamental output
harmonic should be maximized and the other harmonics ampli-
tude should be minimized. In other words, the THD should be
minimized.

If assuming the capacitance of C1 (C3 = C1) as the base, by
computing the THD in terms of the ratio of C2 /C1 , the result as
shown in Fig. 12 shows that the best ratio for minimum output
harmonic distortion is 2.2–2.4.

That is, in three-pulse mode HSWM technique in order to
have the lowest THD, the capacitance of the C2 must be 2.2–2.4
times the C1 capacitance. Hence

C2 = 2.2C1 then C2 = 121 μF.

The harmonic spectrum of an HSWM waveform with three
half-sine pulses per half-cycle for m = 0.83 and the harmonic
spectrum of a unipolar SPWM waveform for three pulses per
half-cycle for m = 0.8 are shown in Figs. 13 and 14, respectively.

MATLAB fast Fourier transform analysis (FFT) was used to
evaluate these harmonic spectrums. The first 50 harmonics were
used for the THD calculation. Equations (1) and (18) can also
be used to obtain these harmonic spectrums.

The bar diagrams in Fig. 13 shows that in the HSWM tech-
nique, the THD is significantly reduced compared with that of
SPWM which is shown in Fig. 14. Reducing THD from 70.8%
in SPWM to 18.5% in the HSWM is very valuable.

Fig. 13. HSWM harmonic spectrum for three half-sine pulses per half-cycle
for m = 0.83, fundamental frequency 50 Hz and THD = 18.5%.

Fig. 14. SPWM harmonic spectrum for three pulses per half-cycle for m =
0.8, fundamental frequency 50 Hz and THD = 70.8%.

Fig. 15. Comparison of THD versus modulation index in two HSWM and
SPWM techniques in three pulses per half-cycle.

Comparison of the two figures also shows that in the HSWM
technique, higher order harmonics are completely attenuated.
Nearly, after the 19th harmonic, there are no high-frequency
harmonics in the HSWM technique in a three pulse per
half-cycle.

Generally, this type of modulation eliminates all high-
frequency harmonics. In other words, in the HSWM technique,
there is no EMI problem.

Graph of the THD versus the modulation index, in two
HSWM and SPWM techniques, is shown in Fig. 15. As can
be seen, for the entire domain of the modulation index, the
THD in the HSWM technique is much lower compared to the
conventional SPWM.

Similar the SPWM, in the HSWM technique, there is also
a linear relationship between the peak fundamental output and
the modulation index for m < 1. In other words, the amplitude
variation of the fundamental output component is linear with
respect to the modulation index; which, is a desirable feature,
especially in ac motor control. Fig. 16 shows this relationship.
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Fig. 16. Amplitude variation of the output fundamental component with
respect to modulation index in HSWM technique.

Fig. 17. Experimental circuit for HSWM technique in three-pulse mode.

Similar results are obtained by comparing the SPWM with
the HSWM technique for more pulses in a half-cycle.

VI. EXPERIMENTAL RESULTS

The HSWM technique was checked by experimental tests.
The experimental setup, as shown in Fig. 17, used BT151 thyris-
tors as switches. Normally, the thyristors require dv/dt protec-
tion and isolated drive circuits. The capacitor C is a 1000-μF
electrolytic capacitor parallel with supply to reduce the current
ripple caused by the resonant pulses.

A 110-V, 50-Hz, 1-A, 3000-r/min single phase induction mo-
tor has been used as a load, which was replaced instead R and L
in the circuit of Fig. 7. In fact, the resistance of stator winding is
used instead of the resistor R and the transient inductance of the
motor is used instead of the resonant inductance L in Fig. 7. The
stator resistance of the test motor was 3.4 Ω and the inductance
was 32 mH.

The motor current is measured by the voltage drop across a
0.1-Ω series resistance and waveforms are captured by an analog
oscilloscope.

For three-pulse mode, as explained in Section V, C1 = C3 =
50 microfarad and C3 = 120 microfarad was chosen. According
to (19), with the values of L = 32 mH and C1 = 50 μF, the
maximum output frequency would be about 63 Hz.

The gating signals for controlling the interval between pulses
were generated by an ATMEGA32 microcontroller, operating
with 8-MHz clock frequency, based on the described method in
Section III-B.

By changing the time interval between triggering the
switches, the frequency was changed and the motor speed could
be controlled.

Figs. 18 and 19 show steady-state waveforms of the motor
current in three-pulse mode, in two cases: 25-Hz frequency with

Fig. 18. Experimental output waveform of inverter (motor current) in a three-
pulse mode at frequency of 25 Hz, (Tim/Div = 5 ms).

Fig. 19. Experimental output waveform of inverter (motor current) in a three-
pulse mode at frequency of 50 Hz, (Tim/Div = 2 ms).

Fig. 20. Experimental output waveform of inverter (motor current) in a five-
pulse mode at frequency of 20 Hz (Tim/Div = 5 ms).

modulation index of 0.4 when the half-sine pulses are apart from
each other, and 50-Hz frequency with modulation index of 0.8,
when the half-sine pulses are overlapping.

At low frequencies, where sinusoidal pulses were far from
each other, the motor worked with vibration that was something
to expect. Therefore, for low-speed applications, the number of
pulses in half a cycle should be increased.

As another test, for a five-pulse mode, (by adding two capaci-
tors and two thyristor arms to the circuit of Fig. 17. The detailed
analysis for selecting the capacitor is out of the scope of the
present paper and is left for further.) C1 = C5 = 6.3 and C2 =
C4 = 20 microfarad and C3 = 50 microfarad was chosen.

Figs. 20 and 21 also show experimental results of the instan-
taneous current of the motor, in five-pulse mode, at 20 Hz and
50 Hz, respectively.

By using the spectrum analyzer or transmitting the current
waveform to the MATLAB environment, it could be checked the
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Fig. 21. Experimental output waveform of inverter (motor current) in a five-
pulse mode at frequency of 50 Hz (Tim/Div = 5 ms).

Fig. 22. Frequency spectrum of the motor current in a three-pulse mode at
frequency of 25 Hz (related to Fig. 18).

Fig. 23. Frequency spectrum of the motor current in a five-pulse mode at
frequency of 50 Hz (related to Fig. 21).

frequency spectrum and harmonics of motor current practically.
Figs. 22 and 23, which were obtained by sampling the motor
current in the MATLAB environment and using the “FFT” and
“THD” commands, show the frequency spectrum and THD of
the motor current in a three-pulse mode at frequency of 25 Hz
(related to Fig. 18) and in a five-pulse mode at frequency of
50 Hz (related to Fig. 21), respectively.

The frequency spectrums are revealed that the low-order
harmonics can also be reduced efficiently by using more pulses
(for instance 7–15 pulse) in a half-cycle.

VII. ADVANTAGE AND DISADVANTAGE OF HSWM

A. Advantages

1) The circuit structure and control strategy are simple.
2) The generation of triggering pulses is very easy because

they are just a time interval and can be implemented by a
conventional microcontroller.

3) The thyristors in the inverter turn ON and OFF only
once per cycle of the load current. In addition, because
of the resonance performance, the switching losses are
negligible.

4) High-frequency harmonics are reduced very fast and there
is no EMI problem.

5) THD is reduced significantly with respect to the standard
SPWM method.

6) The amplitude of the fundamental component is linear
with respect to the modulation index. It is a desirable
feature, especially in the v/f control method, which is the
most commonly used method for ASD.

B. Disadvantage

1) Due to a resonant characteristic of the inverter, the pulses
width and amplitude depend on the load parameter. There-
fore, in motor speed control applications, the switching
frequency may not be set to any value.

2) The frequency and amplitude of output voltage both vary
whit modulation index.

3) It requires more capacitors and switches (n capacitors and
2n + 2 switches for n pulses per half-cycle).

VIII. CONCLUSION

The main objective of this paper is to propose a new method
for generating a variable frequency sinusoidal current. The pro-
posed method surely has advantages and limitations.

However, the analysis indicates major improvements in the
THD of the proposed scheme over a standard SPWM scheme
in both low- and high-modulation indices. The major advantage
of the HSWM technique over the PWM technique is that in
the HSWM technique the half-sine pulses can overlap each
other, Whereas, in the PWM technique, overlapping pulses (over
modulation), lead to widening the center pulse and produce more
harmonics.

HSWM method should not be considered a general technique
for all loads. But because of the resonance nature and depen-
dence on the load characteristics, it is suitable for devices that
have an electric motor with their own drive, such as refrigera-
tors, washing machines and dishwashers, turning machines, air
conditioners, compressors, etc.
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