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Abstract: A new variable switching frequency is proposed to reduce the output current ripple of
single-phase PWM inverters. This proposed method will keep the peak-to-peak output current
ripple constant, instead of varying as the function of current angle in the conventional constant
switching frequency operation. By keeping the constant peak-to-peak current ripple, the output
current ripple can be reduced without sacrificing the efficiency. Analytical expression for the
optimum switching frequency variation is derived. Experiment results are included to show and
verify the effectiveness of the proposed method.
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1. Introduction

Along with the development of power semiconductor devices and the associated controller,
more widespread use of power electronics can be seen in the last decades. One type of power
converter that is widely used is the inverter. For small and medium power applications, a
single-phase inverter is commonly used [1]. In the recent years, a single-phase full-bridge
inverter has also been proposed as a basic building block for a large power and high-voltage
applications.

There are many PWM technigques have been developed to control the output voltage and
frequency of single-phase inverters. Carrier-based PWM technique is the most popular because
the implementation is simpler. In this technique, the ON-OFF signals for the inverter switching
devices are obtained by comparing a sinusoidal reference signal to a high-frequency triangular
carrier signal. To reduce the output current ripple, the carrier or switching frequency must be
increased. By increasing the switching frequency, however, the inverter switching losses are
also increased. Until now, soft switching techniques are not commonly used in high power
applications because of the increased voltage or current stresses on the inverter switching
devices. Variable switching frequency techniques to reduce the output current ripple of three-
phase inverter have also been proposed [2]-[5]. Other works in the field of variable-band on
hysteresis current control to achieve nearly constant switching frequency are also have been
proposed [6]-[10], but most of the proposed methods require more complex control thus
sacrifice the well-known advantage of hystereris current controller, which is simplicity. Until
now, however, no works have shown what is the optimum switching frequency variation that is
useful for single-phase full-bridge inverters.

In this paper, a new approach to reduce the output current ripple of single phase PWM
inverter without sacrificing the inverter efficiency is proposed. At first, the optimum switching
frequency variation that results in minimum output current ripple is determined. Simulated and
measured results are included to verify and show the effectiveness of the proposed concept.

2. Single-Phase PWM Inverter

Figure 1 shows the scheme of inverter that is used in this study. The load is represented as a
series connection of a resistance R, and inductance L, and a sinusoidal emf e. The dc voltage
source E; is assumed as a constant and free of ripple. It should be noted that this inverter
scheme can also be used to represent a single-phase PWM rectifier, by reversing the power
flow direction.
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In this paper, it is assumed that the ON-OFF signals for the switching devices are obtained
by using a carrier based PWM technique. In this technique, two identical sinusoidal reference
signals that opposite in phase are compared to a high-frequency triangular signal as shown in
Figure. 2, this is well-known as unipolar PWM technique. Comparison results between the first
sinusoidal signal and carrier signal are used to control switching devices on the left leg (S1 and
S2). On the other hand, comparison results between the second sinusoidal signal and carrier
signal are used to control switching devices on the right leg (S3 and S4). In the analysis that
will be described in the next sections, it is assumed that the inverter switching devices are ideal
switches.

S'1 S3

S 2 S4

Figure 1. Single-phase full-bridge PWM inverter.

S
B

Figure 2. PWM signal generation (upper) and inverter output voltage (lower).

3. Output Current Ripple Analysis

In order to reduce the output current ripple, the switching frequency is usually much higher
than the fundamental output frequency. Under this condition, the reference signals over one
carrier period can be assumed as constants as shown in Figure. 3(a). Based on Figure. 3(a), the
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output voltage over one carrier period can be obtained as shown in Figure. 3(b). Figure. 3 is
valid during positive half fundamental period of output voltage.
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Figure. 3. Waveforms of the inverter over one carrier period. (a) Reference voltage, (b) Output
voltage, (c) current ripple

The output voltage over one carrier period can be expressed as follow:
0 for t,<t<t

E, for t <t<t,

v, =30 for t,<t<t, 1)
E, for t,<t<t

0 for t,<t<t,

Where v, is the output voltage of single-phase inverter, as in Figure. 1. Based on Figure. 3,
the time intervals are:

TO

2 =1V 2
T ¥ )
Loy ®
T,

Where v, is the voltage reference signal, and its value is determined by
v, =ksin@ (4)

Where k is the modulation index, Ts =1/Fs is the carrier period, and € is the angle of the
reference signal at the moment of corresponding period of carrier signal.
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Based on the scheme in Figure. 1, the voltage across the load is

v, =Ri, +L di, +e ®)
dt

Where i, is the output current.
If the voltage and current are separated into the average and ripple components, Eq. (2) can
be rewritten as

v, +V, =R, +1 )+ L%(i'u +Tu)+e (6)

where bar and tilde over variables denote average and ripple components, respectively.
Average and ripple components on the left hand side of Eq. (6) must be equal to average and
ripple components on the right hand side and, therefore, the followings are obtained:

v, =Ri, + L3 e (7)
dt
V,, =V, -V, =Ri, + L9 ®)
dt

The average output voltage as a function of the reference signal can be written as
v,, =KE; sin@ 9

When the switching frequency is high, the ripple voltage across the load resistance is
usually small and can be neglected. Thus, Eg. (8) can be approximated by

- di
v =L 10
uv at (10)

Thus, the current ripple can be expressed as

=~ 1(- 1 =
|u = EJ‘Vuvdt = EI(VUV _Vuv)dt (11)

Based on voltage expression in Eq. (1) and current ripple expression in Eq. (11), the current
ripple waveform can be obtained as shown in Figure. 3(c). This current ripple can be expressed
as

-v,,(t-t,) for t <t<t,
—VUVTI°+(Ed—\7UV)(t—t1) for t <t<t,
i]:%x -V, (t-t;) for t, <t<t, (12)

—VuVTZO+(Ed—\7UV)(t—t4) for t, <t<t,
—v,,(t-t,) for t, <t<t,

Based on Eq. (12), the peak to peak value of current ripple, 7, ,,,,, is defined as
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- _V TO

b pp = %? (13)
Substituting Egs. (2), (4), and (9) into Eq. (13), the following is obtained

T =S gsin O(1-ksin @) (14)

“PPILF

S

Where F; is the switching frequency of the PWM inverter. The average value of peak-to-
peak current ripple over one fundamental output period, fu,pp is defined as
1~
i, ..do (15)

upp — _ ), lupp
)

=1

Substituting Eq. (14) into Eq. (15) and performing the integration, the result is

~ E k
Iu,pp = 4LdFsﬂ(4_k7Z) (16)

Based on Eq. (14), the peak to peak output current ripple varies with switching frequency
and angle 6. If the switching frequency is modulated, the peak to peak current ripple can be
made constant or almost constant as in Eq. (16). How to vary the switching frequency will be
discussed in the next section.

Variable Switching Frequency

It has been shown in the previous section that the peak to peak current ripple varies with the
time, as a function of angle 6. Figure. 4(c) shows simulated results that shows the variation of
peak to peak value of current ripple as a function of time. The current ripple is zero when the
current is zero. In this case, is assumed that the DC voltage source is 200 Vdc, the load
resistance is 15 ohm, the load inductance is 1 mH. The switching devices are switched at 3 kHz
switching frequency.

If the switching frequency on Eg. (14) is modulated to maintain the peak-to-peak current
ripple at constant value as given by Eq. (16), by equalizing Eq. (14) and Eq. (16), the switching
frequency must vary according to the following equations:

by pp = rLu)p (7
E, . . . E k
ksin@(1-ksin@)=—4—(4—k 18
2Lf, ( ) FS7Z( ﬂ) (18)
f.=F, 2712 sin O(1—ksin ) (19) (19)
— KT

Where f; is the new varying switching frequency. Although it varies over time, however the
average value of the switching frequency over one fundamental period is still constant at F;. As
the average switching frequency is constant, it is expected that the switching losses are almost
constant. Figure. 5 shows simulated result under variable switching frequency. It can be seen
that the peak-to-peak current ripple is almost constant over one fundamental output period, as
shown in Figure. 5(c).
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The mean square value of the output current ripple over one carrier period is
-~ 1 to+Ts =~

12=— i 2dt (20)

——2 2 A A AR N

AAA&-‘;&} “.éi_“xthL

0 5 10 15 20 t(ms)

Figure. 4. Constant switching frequency operation. (a) Carrier waveform, (b) output current
ripple, and (c) inverter output current.

i
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0 5 10 15 20 t(ms)

Figure. 5. Variable frequency operation. (a) Carrier waveform, (b) output current ripple, and (c)
output current.

Substituting Eq. (12) into Eq. (20) and performing the integration, the following is obtained
2 . .
2 _[Edk sin? 91— ksin O’
LR 48

(21)

The rms value of output current ripple over one fundamental output period can be
determined as

I = "12d6 22)
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Under constant switching frequency, the result of Eq. (22) is

1/2
16 3 2
T rms = d 3z 4 (23)
' LFg 96
Under variable switching frequency, the rms current ripple is
_Egk (4 kﬂ')
(24)

u,rms — LF 872'\/—

In the next section, experimental results will be shown to verify the effectiveness of the
proposed method.

Experimental Results

In order to verify the proposed concept, a small single-phase PWM inverter was
constructed. Power MOSFETS were used as the switching devices. The load resistance is 15
ohm and load inductance is 1 mH. No load emf is used during the experiments. During the
experiments, the dc source voltage is maintained constant at 200 VVdc. The PWM controller is
digitally implemented using FPGA. A low switching frequency of 3 kHz is used so that the
current ripple can be easily measured.

Figures 6 and 7 show the measured current waveforms under constant and variable
switching frequencies. It can be seen that the peak-to-peak current ripple can be maintained
constant by the proposed variable frequency method in Figure.7, instead of varying peak-to-
peak current ripple in the conventional constant switching frequency operation, as in Figure. 6.

Figure 8 shows the measured rms current ripples under constant and variable switching
frequency. It can be seen that by using the proposed variable switching frequency, the rms
value of the output current ripple is lower than under constant switching frequency. Losses of
the proposed and conventional methods are measured during the experiments. Measured results
(Figure. 9) shows that the losses under both techniques are almost equal. Thus, the current
ripple has been successfully reduced without increasing the switching losses.

Vuv
lu

250V / div
8.75A/ div

A A J
)

Figure 6. Measured output voltage (upper) and output current (lower) waveforms under
constant switching frequency.
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Figure 7. Measured output voltage (upper) and current (lower) under variable switching

frequency.
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Figure 8. Measured rms values of output current ripple.
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Figure 9. Measured losses of PWM inverter.
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Conclusion

A new approach to enhance the performance of single-phase PWM inverter is proposed in
this paper. The proposed variable switching frequency method is reducing the output current
ripple without sacrificing switching losses. The expression for the required switching
frequency is derived. Simulated and experimental results are included to show the effectiveness
of the proposed method.
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