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1. INTRODUCTION

Because of parochial turn-on and turn-off capability of power semiconductor switching devices, a
time delay has to be added between the turn-on and turn-off gating signals of the two switching devices in the
same leg of a voltage source inverter circuits. This time delay is called as dead-time, which is inherently
needed in a voltage source type inverter to avoid short circuits between the switches in the same leg of
inverter during switching operation [1]-[4]. The dead-time value depends on type and the power rating of
devices used to build the power inverter circuit [5], [6]. The higher the switching speed, a proper dead-time
must be properly selected to ensure the inverter circuits works properly [7]. Improper selection of dead-time
will cause the inverter fails to work and make damage to the inverter circuits [8].

In fact, the value of dead-time is comparatively small if compared to the fundamental period of current
or voltage waveform. However, in a voltage-source power inverter, the cumulative dead-time in one cycle
will give significant negative effect such as increasing waveform distortion of the output current and voltage,
reducing the fundamental amplitude of output voltage and currents, and making the phase error [9]-[11].
When an ac motor is supplied by a voltage source power inverter, the stator voltages of the motor will
contain harmonics generated by dead-time effect. The motor operation will be badly influenced by these
harmonics, particularly at no-load and low frequencies operations, making more losses of machine, reducing
efficiency and make torque pulsation of the motor [12], [13].

The additional motor losses and torque ripple depend on the harmonic level of the voltage and current
supplied by the power inverter [14], [15]. For amplifier application, the dead-time generates more distortions
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of the output waveform [16]. In the renewable energy application, especially in a grid connected power
inverter, the harmonics of the inverter’s AC output current will also be transferred into the AC power grid
[17]. The harmonics will pollute the AC power grid and power load. Hence, reduction, elimination and
compensation are required to prevent the negative effects of dead-time in a power inverter’s driving signals.

Some methods have been developed and presented by many researchers to eliminate and
counterbalance the effects of dead-time. Basically, the traditional dead-time counterbalance methods of
inverter can be classified into two major types depending on the manner of dead-time effects addressed. In
the first type, the averaging theory is used. In this technique, the total dead-time effects in one cycle of the
modulating waveform is reviewed [18]-[20]. However, in this method, the speed of the compensating process
is slightly slow. For the second method, the compensation is conducted on a single pulse basis, per time-
switching rate, hence the compensation speed can be faster and more accurate [21], [22].

However, in these conventional techniques, the dead-time compensation is accomplished either by
decreasing or increasing the width of driving pulses of the inverter’s power switches, based on the current
polarity of the inverter. Therefore, in these methods the current sensing becomes very important [23]. The
polarity detection of the current waveform is very crucial round zero crossing to make the dead-time effect
compensation works effectively. To address this issue, some dead-time compensating methods apply
algorithms for current estimation as discussed in references [24], [25], [26] and [27]. However, these
techniques operate effectively only at low modulation index or low current condition. In the low modulation
index, it is possible to modify the pulse-width of the inverter gating signals without reaching the minimum or
maximum pulse width signals. Accurate small-signal model of the voltage source power inverter circuits
which includes model non-linearities as well as modulation and dead-time effects is very important in this
method [28].

In this research publication, a different dead-time compensation method suitable for voltage source
type inverter circuits is explained. The proposed method based on carrier based sinusoidal pulse width
modulation (CSPWM) strategy with level-shifted. The principle operations of the proposed new method are
presented and discussed. Validation through the computer simulations were conducted for the three-level
voltage source inverter. Furthermore, the proposed compensation method was implemented to the prototype
of three-level H-bridge voltage source inverter.

2. PROPOSED DEADTIME COMPENSATION METHOD

Figure 1(a) shows the conventional level shifted CSPWM with two triangular carrier waveforms,
Ve and V. These carrier signals have the same frequency, the same phase and the same peak-to-peak
amplitude. The carrier signals frequency sets the switching frequency of power switches used in the inverter
[29], [30]. The waveform V, is the sinusoidal modulating signal. Its frequency gives the main frequency of
the inverter output voltage waveform. This modulation method is commonly used for gating signals
generation of a three-level inverter [31], [32]. For the multilevel power inverter circuits with higher level
number of output voltage waveform, more triangular carriers are required with different offset values [33],
[34]. In practical, for all voltage source power inverter circuits, a dead-time is added to the generated signals
to drive the power semiconductor switches.

In order to compensate the effect of dead-time, Figure 1(b) is the suggested the level shifted
CSPWM with dead-time compensating function. The visible difference compared to the conventional carrier-
based level shifted SPWM is the existence of intersection area between the upper and lower carrier signals.
This crossing area is not available in the conventional modulation method in Figure 1(a).

To make a clear analysis, an enlarged figure of the proposed modulation technique with
compensating capability of dead-time is presented in Figure 2. This figure depicts detail operation of the
proposed new dead-time compensating method. The voltage Vc is the triangular carrier waveform of the
conventional CSPWM. In the conventional modulation strategy, the minimum and maximum peak of the
triangular carrier waveform does not cross the intersection area, Ac. In another word, there is no part of a
triangular carrier crossing each other. The signal Vm is the modulating signal which is the sinusoidal
waveform. Its frequency is usually much lower than the carrier waveforms. Comparing the triangular carrier
and modulating signals in the comparator circuits will generate the PWM signal patterns for the power
inverter gating signals. In this figure, the voltage signal V¢’ is the triangular carrier waveform implementing
compensation of dead-time. In this modulation technique, there is a part of the carrier waveforms crossing
each other in the intersection area indicated by Ac. If the percentage of the crossing area denoted as C, we can
write:

C=AJ/A @)
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Where Ac is the magnitude of the crossed carrier waveform, and A is the rest magnitude of the
carrier as shown in Figure 1(b) and Figure 2. The AT is the dead-time value added to gating signal S. This
dead-time causes voltage signal losses indicated as AV. If the inverter switching frequency is f, the total
voltage drop in one cycle output voltage is:

Vp=2fAV 2
Where, Vb is the total voltage drop produced by the dead-time in one cycle PWM output voltage. In one

cycle of switching frequency, there will be a turn-on and a turn-off transition. Consequently, the higher the
switching frequency will cause a larger voltage drop.
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Figure 1. (a) Conventional level shifted CSPWM, (b) proposed level shifted CSPWM with dead-time
compensating function

In Figure 2, the gating signal with dead-time compensating capability is the S. It is generated by the
proposed modulation technique. The dead-time value is the same as AT. However, the great point in this
picture is that the voltage signal losses generated by the dead-time is compensated using the suggested
modulation. The compensating voltage pulse compensated by the dead-time compensation is indicated as
AV’. Utilizing the compensation method, the compensated output voltage Vo’ will be the same to the ideal
output voltage. The voltage losses produced by the dead-time will not be generated.
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Figure 2. Basic principle of the suggested method.

3. COMPUTER SIMULATION TEST RESULTS

Computer simulations were conducted to examine the proposed modulation method using software
power PSIM. The three-level H-bridge voltage source inverter circuit as shown in Figure 3 was tested. The
parameter tests are listed in Table 1. A 100 V DC voltage was used as the input power source of the inverter
circuits. The switching frequency was chosen as 22 kHz in order to push the switching harmonic components
into higher region and to prevent audible noise. The dead-time value was 3.5us. Inductive power load with
series resistance R 20 Q and inductor 3 mH was connected to the inverter. The fundamental output voltage
frequency was 60 Hz.

Figure 4 shows the test results using computer simulation of the three-level H-bridge inverter
presenting the waveforms of load current and output voltage when the modulation index was 0.9 with no
compensation. The harmonic spectra of the load current and PWM output voltage are described in Figure
5(a) and Figure 5(b). Furthermore, Figure 6 presents simulation test results of the load current and voltage
waveform when the compensation method was implemented. The intersection area of the carrier signals was
set to be 9%. The harmonic spectra of load current and voltage waveform are shown in Figure 7(a) and
Figure 7(b), successifely. Figure 8 denotes a relation between the intersection area value of triangular carrier
waveforms, C, and the total harmonic distortion (THD) of the load current waveform for the three-level H-
bridge inverter. The lowest current distortion value is achieved at intersection area value around 9%. This
value is used in the computer simulation and laboratory prototype experimental test.

Figure 3. H-bridge inverter circuits [30]
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Table 1. Computer simulation test parameters

Variable Value
DC input voltage 100 V
Inverter switching frequency 22 kHz
Dead-time value 3.5us
Power load R =20Q, L =3mH
Fundamental output voltage frequency 60 Hz
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Figure 4. Load current and voltage waveforms of H-bridge voltage source inverter with no compensation
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Figure 5. (a) Harmonic spectra of load current waveform without compensation, (b) harmonic spectra of

voltage waveform without compensation.
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Figure 6. Load current and voltage waveforms of H-bridge voltage source inverter with proposed method
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Figure 7. (a) Harmonic spectra of load current with compensation, (b) harmonic spectra of output voltage
with compensation
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Figure 8. A relation between crossed area of the triangular carriers and THD of output current

Figure 9 represents the comparison of pulse-width of PWM output voltage waveform for the ideal
waveform (no dead-time), with dead-time but no compensation, and with dead-time equipped with proposed
compensation method. As can be observed in this figure, the suggested method recovered the loss of pulse-
width of PWM output voltage to the ideal waveform. Figure 10 presents the simulation results of a
comparison harmonic orders in case of using compensation and without compensation. The results show that

the magnitudes of the low frequency harmonics become much lower by implementing the dead-time
compensation method.

Figure 9.
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Figure 10. A comparison of output current harmonic components of H-bridge voltage source inverter
(computer simulation test result)

4. EXPERIMENTAL TEST RESULTS

Validation and verification of the proposed method experimentally were done in laboratory. A
laboratory prototype of the H-bridge voltage source power inverter was made using power MOSFET
FK30SM-6. This section presents laboratory experimental test results of the proposed new dead-time
compensation technique. Table 2 lists the experimental test parameters of the inverter prototype. A 50 V DC
voltage power source was used in the inverter prototype experiment. Figure. 11(a) shows the measured
triangular carriers and sinusoidal modulating waveform of the conventional SPWM with no compensation.
Whereas, Figure 11(b) presents the measured triangular and sinusoidal signals of the suggested compensation
method. The intersection area of the triangular carrier waveforms is chosen as 9%, which is the optimal value
for the output current distortion as determined in the previous computer simulation test results. Figure 12 is
measured dead-time added to the inverter gating signals. The measured dead-time was 3.5 ps.

Figure 13(a) displays the measured waveforms of the PWM AC voltage and load current in case of
no dead-time compensation. A distortion caused by the deadtime effect can be observed in the load current
waveform. Figure 13(b) presents the PWM voltage and load current waveforms of the H-bridge inverter
when the proposed method was employed. The load current was almost a pure sinusoidal waveform with
lower distortion. Furthermore, Figure 14 shows the more detail comparison of the low frequency harmonics
in case of no compensation, and when compensation was employed. The data were obtained by laboratory
experimental test. Experimentally, it confirmed that the new compensating method of dead-time worked well
eliminating dead-time effect, reducing the harmonic distortion produced by the dead-time.

Table 2. Experimental test parameters

Variable Value
DC input voltage 50 V
Inverter switching frequency 22 kHz
Dead-time value 3.5us
Load R=20Q, L =3mH
Main frequency of output voltage 60 Hz
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Figure 11. (a) The triangular carrier and sinusoidal modulating waveforms of SPWM in case of without
dead-time compensation, (b) The triangular carrier and sinusoidal modulating waveforms of SPWM in case
of with dead-time compensation
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Figure 13. (a) Measurement result of output voltage and load current waveforms in case of no compensation,
(b) The measured waveforms of voltage and load current when compensation was applied
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Figure 14. Comparison of current harmonic components of H-bridge inverter in case of no compensation and
with compensation (experimental test result)
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5. CONCLUSION

Dead-time is inherently needed in voltage source inverter circuits to stave off short circuit conditions
between the lower and upper switches of inverter’s power switches at the same inverter leg. Adding dead-
time in the driving signals of the inverter power switches will increase harmonic components of current and
voltage produced by inverter. Compensating the dead-time effects is mandatory to make inverter works
properly. A different dead-time effect compensation technique of the voltage source inverter using triangular
CSPWM was presented and discussed. The new compensation method has been confirmed and validated by
using computer simulations and experimentally in laboratory. The proposed method works properly
eliminating the dead-time impact in a power inverter
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