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Abstract: This paper proposes a new control strategy for single-phase voltage source inverters that
does not rely on switching based on Pulse Width Modulation. The technique is similar to conventional
current hysteresis control, but instead of the output current, the low-pass-filtered inverter output
voltage is utilised as the feedback signal. Nevertheless, the switching instants are not determined
by a predefined band, but rather by a low-cost Complex Programmable Logic Device (CPLD)-based
control logic, which ensures a nearly constant switching frequency. Similar to hysteresis-based control
methods, the proposed method ensures a rapid dynamic response. Notable characteristics of the
proposed method include a quick dynamic response, a well-defined harmonic spectrum, and an
improved total harmonic distortion (THD), particularly during load current and source voltage
changes. The proposed method is implemented on a 1 kW, 230 V, 50 Hz prototype. Simulation and
experimental results are presented to validate the proposed concept, which demonstrates a superior
dynamic response and enhanced THD during load and source voltage variations.

Keywords: voltage source inverter; voltage mode control; hysteresis-based control; limited switching
frequency; total harmonic distortion

1. Introduction

Voltage source inverters are widely used in applications such as uninterruptible power
supplies, adjustable speed AC motor drives, and induction heating [1]. Moreover, the
distributed power-generation systems, such as solar and wind power stations, require
inverters as an interface to the grid [2-5]. In all these applications, inverters are demanded
to operate with higher efficiency and lower total harmonic distortion (THD). One approach
to improve the THD is to reduce the cut-off frequency of the passive filters, which will result
in bulky components and a higher implementation cost [1]. Another approach is to develop
switching techniques that can optimise the inverter performance to obtain improved
THD over a wide range of load conditions. Several switching techniques have been
proposed for single-phase and three-phase inverters to meet the aforesaid objectives [6-19].
The most commonly used method for generating the switching pulses is carrier-based pulse
width modulation, where a high-frequency carrier signal is compared with a low-frequency
reference sine wave. PWM methods employing carrier signals are highly preferred as they
offer a constant switching frequency, reduced current ripple, and well-defined harmonic
spectrum [6,7]. However, this technique provides a linear relationship between the output
and reference voltage within a limited range [6]. Various strategies have been investigated
to extend the linear modulation range by using non-sinusoidal modulating signals, resulting
in improved inverter performance [8,9]. Further studies introduced the concept of space
vector PWM, which is used in three-phase inverters [10,11].

Other approaches reported in the literature for generating inverter switching pulses
are delta modulation, hysteresis band control, variable hysteresis band control, and optimal
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PWM [12-20]. In the delta modulation technique, the integrated output of the modulator
and the reference wave is compared to generate the error signal such that the feedback
signal follows the reference in between two boundary limits [12,13]. This method has
become popular due to its simplicity in implementation, easy control, and lower THD [13].
Another commonly used control method is hysteresis band control, where the output tracks
the input within a predefined band [14]. It is one of the simplest and most extensively used
current control methods for voltage source inverters. However, the switching frequency is
variable and may exceed the maximum switching frequency of the active devices at certain
instances. To overcome this problem, various adaptive band hysteresis control methods
have been proposed, where a constant switching frequency is maintained during opera-
tion [15]. The implementation complexity is high and it has a drawback of load-dependent
switching frequency [15-17]. Several improved and less load-dependent controllers are
also listed in the literature, introducing hysteresis controllers with inner feedback loops [18].
Another approach is controllers based on sinusoidally varying bands with respect to the
fundamental voltage [19]. This type of controller gives a better spectral output in contrast
with fixed band controllers, but the switching frequency is very high near the zero crossings
of the reference sine wave [19]. Certain other works reported the generation of constant
frequency signals without actually having a band [20-22].

A digital implementation of the hysteresis controller is presented in [23], where the
switching frequency is limited by controlling the sampling rate. This technique, however,
suffers from higher levels of current and frequency distortions. To solve these problems, a
fully digital predictive hysteresis modulation technique is proposed in [24]. This method
provides a fast dynamic response such as the hysteresis control method, and the harmonic
spectrum is comparable with the PWM techniques. However, this method is computation-
ally intensive and, hence, its benefits are limited. Many works employing sliding mode con-
trol (SMC) techniques with good output voltage regulation have been presented in [25-29].
SMC is robust, highly stable, and offers a fast transient response, but suffers from variable
switching frequency with increased power loss and severe electromagnetic interference.
The sliding mode control method proposed in [25] offers a fast dynamic response, simple
and practical implementation, and high robustness, but at the cost of variable switching
frequency. Further, the generation of reference current is based on the values of filter compo-
nents and, therefore, any change in the filter values may introduce a steady-state error in the
system. A single-phase unipolar inverter based on the sliding mode controller is presented
in [26], which makes use of a pulse width modulator for pulse generation and obtaining a
fixed switching frequency. An SMC-based cascaded two-level inverter that incorporates
a systematic adaptive methodology to determine the hysteresis band is presented in [27].
It gives a fixed switching by controlling the hysteresis band. Another SMC-based control
technique is proposed in [28], where a lower average switching frequency is ensured by
tuning the hysteresis band. A microcontroller-based sliding mode control of voltage source
inverters is proposed in [29], which offers a fixed switching frequency, faster response, and
lower THD. The performance of these digitally implemented schemes based on bandwidth
adjustment is still limited due to the restrictions in sampling frequency.

This paper proposes a novel hysteresis-based control method for the voltage control
of a single-phase voltage source inverter. While preserving the inherent features of the
hysteresis control method, a constant switching frequency operation is additionally guar-
anteed by employing the frequency-limiting switching algorithm. Instead of using the
current feedback, the first-order low-pass-filtered voltage from the output of the inverter
is used as the feedback signal and offers a fast dynamic response comparable to that of
the hysteresis-based control techniques. Compared to the sinusoidal PWM techniques, the
proposed method provides a well-defined harmonic spectrum and improved THD content
for cases in which the source voltage or load current vary. The control algorithm is designed
using Verilog HDL and implemented in a Complex Programmable Logic Device (CPLD).
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2. System Description

Figure 1 shows the schematic of the voltage source inverter along with the proposed
controller. The voltage controller consists of a first-order low-pass filter, differential to single
ended converter, comparator, microcontroller, and a CPLD. The sinusoidal reference signal
generated by the microcontroller is compared with the low-pass-filtered pole voltages of
the inverter to obtain a one-bit logic signal. The CPLD converts this one-bit feedback signal
to gate pulses, ensuring a nearly constant switching frequency.

¢ % [
Switching Vi Sh AN Ly/2
pulses — l 0= §RL Vo
R
% 4 ¢

CPLD

=~

controller

Figure 1. Schematic of voltage mode controller based single-phase full bridge voltage source inverter.

The reference sinusoidal signal generated by the microcontroller is denoted as v* and
the feedback signal obtained by filtering the pole voltages is denoted as v.. A detailed
algorithm of the proposed control method is presented in Figure 2 and the corresponding
switching logic is given in Table 1.

Start

Figure 2. Control algorithm of the proposed method.
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Table 1. Switching logic for generating gating pulses.

Conditions Ve < U Ve > 0
; + + < .
TRANSITION if (ti 137 < T):
OFF STATE TO ON STATE if (i e, > T):
OFF STATE
iflt, +t .. <T):
if ( on Flopp = ) TRANSITION
v* <0 OFF STATE FROM
if (t;n i 2 T); ON STATE TO OFF STATE
off =

ON STATE

Let ON state be defined as the state wherein switches S1, S are ON and S3, S4 are OFF.
Similarly, let OFF state be defined as the state wherein switches S1, Sp are OFF and S3, S4

are ON. Let t,, and to+f £ denote the on-time and off-time during the positive half cycle of

the reference wave and t,,, and tors denote the on-time and off-time during the negative
half cycle of the reference wave, respectively.

During the simulation and practical implementation, the maximum switching fre-
quency of the inverter switches is limited to 20 kHz by providing a minimum time du-
ration (T) of 50 us between two consecutive turn-off instants in the positive half cycle
and two consecutive turn-on instants in the negative half cycle of the reference sig-
nal. The equivalent circuit of the system for different switching states is indicated in
Figure 3. When switches 51,5, are ON, the capacitor C, charges to a voltage of +Vj,
through an equivalent resistance R. Similarly, when switches S3, S4 are ON, the capacitor
C, charges to a voltage of — V.. The expression for the instantaneous voltage across the
capacitor v is given by

Ve = Ufingl + (Uz‘nitiul - Ufinal) o t/RC 1)

where vy and vjpitiq) are the final value and the initial value of the capacitor voltage,
respectively. The approximate slope of the capacitor voltage waveform just after a state
change is given by

do 1 _
(th = RG, (Ufinal - vim’tial>e /R ()
do 1
(th ~RG, (Ufinal - vinitial) 3)
—1 T
Vae| Sl 23
_ Ci T~ §RL Vo
S
54 52
-
L/2
RIC,ZR
2 2
/UC
<—

Figure 3. Cont.
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Figure 3. Equivalent circuit of the system when (a) S1, S2: ON and (b) S1, S2: OFE.

The nature of the slope of the capacitor voltage waveform is different during each
of the half cycles of the sinusoidal reference signal, and the control algorithm needs to
consider the positive and negative half cycles separately. The cases are analysed below.

2.1. Case I: Slope of the Capacitor Voltage (v.) during Positive Half Cycle of the Reference Signal
In the positive half cycle of the reference signal, the instantaneous value of the capacitor
voltage (v.) is positive. When switches S1, Sy are ON, from (3), the slope of capacitor

voltage is
1

ON RCZ(
In the OFF state, the slope of capacitor voltage is

do,

E Vdc - Z)C) (4)

-1

do, _ (
orr  RG

dt

Vdc + UC) (5)

2.2. Case II: Slope of the Capacitor Voltage during the Negative Half Cycle of the Reference Signal

In the negative half cycle of the reference signal, the instantaneous capacitor voltage
(v¢) is negative. The slope of capacitor voltage, when switches Sq, S, are ON and OFF, are
given by (6) and (7), respectively.

do, 1

- = (V

dt oy ~ RG, Ve F7) ©)
du, -1

—_— —_— — - 7
dt OFF RC2 (VdC UC) ( )

3. Implementation of the Proposed Switching Algorithm

As the rising and falling edges of the capacitor voltage waveform have different slopes,
as given in Equations (4)—(7) during each of the half cycles of the reference sine wave,
the switching criteria are different for the positive and negative half cycles. A detailed
explanation is provided below.

3.1. Switching Criteria during the Positive Half Cycle of Reference Sine Wave

From Equations (4) and (5), it is evident that the falling slope of the capacitor voltage
waveform is much larger compared with the rising slope in the case of the positive half
cycle. So, the logic selected during the positive half cycle is to control the falling edges
of gate pulses g1 and g, using a counter-based approach to ensure a switching period of
50 ps and the rising edge by the comparator output. By this logic, the minima of the
capacitor voltage waveform will always coincide with the reference sine wave during the
positive half cycle. Variation of v, v* and the gate pulses g1 and g» during the positive
half cycle is shown in Figure 4a. At the time instant f(, switches S; and S; are turned



Energies 2023, 16, 783

6 of 19

OFF and the capacitor voltage v, decreases rapidly. A digital counter is also started from
0 at this instant to control the switching period. At the time instant ¢, v, falls to v* and
the comparator output changes from low to high. In response to this change, switches
51 and S; are turned ON by the control logic and the voltage v, rises slowly with a slope
given by (4). When the counter reaches a count value corresponding to the switching
period of 50 ps, switches S1 and S, are turned OFF, and this time instant is denoted as t,.
Now, the capacitor voltage decreases rapidly and continues until the time instant t3.
At t3, v. equals v*, switches S; and Sy are turned ON again, and this process contin-
ues. Thus, the switching period is controlled to obtain a constant value of 50 pus, and
the minima of the capacitor voltage waveform will always coincide with the reference
sine wave.

Sy, .52 Si. 5.
OFF Ol’Nz

to t1 to t3

! )
Sy, 8.
91, 92 %1,]52 OFF |

t, th ty

Figure 4. Sketch of voltage waveform within two switching cycles during (a) positive half cycle
and (b) negative half cycle.

3.2. Switching Criteria for the Negative Half Cycle of Reference Sine Wave

During the negative half cycle, the magnitude of the turn-on slope is much higher
compared with the turn-off slope, as evident from (6) and (7). Therefore, the capacitor
voltage v, rises faster and falls slower in the negative half cycle. Figure 4b shows the varia-
tion of v, during the negative half of the reference. The logic selected during the negative
half cycle is to control the rising edges of gate pulses g; and g, using a counter-based ap-
proach to ensure a switching period of 50 ps and the falling edge by the comparator output.
Switches 51 and S; are turned OFF when voltage v, rises to reference voltage v*.
Thus, the reference voltage v* forms the upper bound for the capacitor voltage v, in
the negative half cycle. Switches S; and S, are then turned ON only when a minimum
duration of T seconds has elapsed after the previous turn-on. Thus, the switching period
is controlled to obtain a constant value of 50 ps, and the maxima of the capacitor voltage
waveform will always coincide with the reference sine wave.

Figure 5a,b show the variation of v, over one cycle of v* after applying the control
logic. A constant switching frequency of 20 kHz can be observed at all angles of the
reference sinusoidal wave except for the zero crossings. From the figure, it is observed
that the resultant voltage envelope lies above the reference and below the reference during
the positive and negative half cycles, respectively. Moreover, the harmonic content of the
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resultant output waveform does not meet the harmonic requirement as per IEEE standards.
In order to address these issues, a modification of the reference signal is proposed in [30-32].
It can be achieved by adding an offset to shift the reference waveform downwards during
the positive half cycle and upwards during the negative half cycle to obtain the improved
waveforms, as shown in Figure 5b. Further improvement of THD and a constant switching
frequency at the zero crossings can be achieved by a variable offset approach.

z

]

an

=

©

>

0 0.005 0.01 0.015 0.02
Time (s)
(a)
Zero crossing
Obtained waveform Required waveform
40 >0
0 0 DAVAVAVAVAVQV%A

Z-60 -50

) 0.01 0.01
8 Positive peak
§ Obtained waveform Required waveform

330

325 320

320 310

0.005 0.005
Time(s) Time(s)
(b)

Figure 5. (a) Variation of v, v* over one cycle of reference signal. (b) Variation of v, along with their
ideally required waveshape near zero crossings and near the positive peak.

3.3. Computation of Offset Voltage

Figure 6 shows the capacitor voltage denoted by v, the reference voltage v*, and the
modified capacitor voltage denoted by v... The offset should be added in such a way that
the midpoint of the rising and the falling sections of the capacitor voltage waveform is
coinciding with the reference sine wave. The peak-to-peak ripple of the capacitor voltage
waveform is denoted by Av, and the corresponding offset to be added is Av. /2. The offset
needed for the positive half cycle can be calculated by referring to Figure 4a, assuming
that the reference sine wave v* is a constant during the switching period. The capacitor
voltages at time instants t; and ¢, can be written as

do
ve(t1) = ve(to) + g~ - (8)
do
ve(ty) = ve(ty) + t5,. dtc O )
N

The offset to be added to the reference wave during the positive half cycle can be
calculated from Equations (4), (5), (8), and (9) and is given by
Av,  —Vi 402

c

ZYc __ _ de ¢ 1
2 " WVufiRG 10)
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where f; is the switching frequency. The corresponding offset for the negative half cycle is

Ave dec — 02
2 AVifoRG

(11)

From (10) and (11), it is evident that the offset depends on the instantaneous value of
ve and V.

Figure 6. Deviation in output voltage.

3.4. Modification of the Reference Sine Wave

Offsets specified in Equations (10) and (11) can be used to modify the reference sine
wave to obtain a nearly constant switching frequency and good spectral characteristics.
Figure 7 shows the flowchart representation of the modification of the reference signal,
where v’ is the modified reference signal. Another simpler method is also discussed in
which a fixed offset is used for the entire cycle of the reference sine wave.

(Start)

Y

Read
‘/;16 5] ’UC

half-cycle

positive negative

Calculate Aw, Calcu léte Av,
2

using equation (10)

using equation (9)

Y

'Ul =" — AUc ! AUC

v =0v"+
2
I

——
Figure 7. Modification of the reference signal.

3.4.1. Fixed Offset Correction

The simplest way to modify the reference wave is to add a fixed offset calculated from
Equations (10) and (11). The method adopted during the simulation and experiment is to
find out the fixed offset value for which the THD content is minimum.
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During the calculation, the capacitor voltage v, is assumed to be equal to the reference wave.
The maximum offset occurs at the zero crossings of the reference, and it is given by

Av, ) Vdc
= 12
( 2 max 4f sRCy (12)

The minima depend on the modulation index of the reference wave, and they are

given by
(Avc> V(1 —m?)
2 ) in 4f;sRCy

(13)

. .. . 7T
where m is the modulation index. The minima occur at odd multiples of —.

Figure 8 illustrates how the output THD is affected by the modification of the reference
signal with different fixed offset values. From the illustration, it is clear that the THD
improves significantly as the offset varies from its minimum given by (13) to the maximum
given by (12). Thus, the maximum offset given by (12) is chosen here as the offset value,
which is subtracted from the reference wave during the positive half cycle and added to
the reference wave during the negative half cycle to obtain the modified reference wave v'.
Figure 9 shows the waveforms of the modified reference signal v/, reference signal v*, and
the feedback voltage v.’ after providing the {fixed offset given by (12). The zero-crossing
distortion observed in Figure 5 is corrected, the switching frequency is maintained constant,
and there is a significant improvement in THD. It can also be observed from Figure 9 that
the modulation index decreases after providing the offset to the reference signal v* and the
resultant modulation index ' can be calculated using the expression given by (14).

!
1
m =m(l— ———=— 14
0 20 40 60 80 100
Offset(%)
Figure 8. THD vs. Fixed offset.
’f ZCro Crossing
v v * v
200 100 v .
0 o A RAAALS
E-ZOO -100
5 | | |
&n
£ 0 0.01 0.02 0.01
§ positive peak negative peak
N A
300 -350 3
0.005 0.015
Time (s) Time (s)

Figure 9. Waveforms of v./, v*, and v with fixed offset correction.
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3.4.2. Variable Offset Correction

Here, the reference is modified with the offsets specified in Equations (10) and (11),
and this calculation is needed for each switching cycle. Figure 10 shows the waveforms
of the modified reference signal v/, reference signal v*, and the feedback voltage v, after
adding the variable offset to the reference signal. The maximum offset is given during zero
crossings, and the minimum offset is given during positive and negative peaks of the input
signal. The zero-crossing distortion observed in Figure 5 is absent, the maximum switching
frequency is maintained constant, and the THD content has improved. Since the offset
provided during each switching instant varies according to Equations (10) and (11), the
change in modulation index is insignificant here.

ZE€rOo Crossing

200 v v 0 v
0 0 Ve
=200
) -50
g 0 0.01 0.02 0.01
§ 330 positive peak negative peak
2190 -310 [
310 i
-330
0.005 0.015
Time (s) Time (s)

Figure 10. Waveforms of v./, v*, and v’ with variable offset correction.

4. Simulation Results

The proposed control method is tested by simulating the system using MATLAB/
SIMULINK R2020a software. A 1 kW, 230 V, 50 Hz VSI feeding a resistive load is considered
here. The other simulation parameters are V. =400 V and f; = 20 kHz. To attenuate the
high-frequency switching components from the output of the inverter, an LC filter for
a 1 kHz cut-off frequency is designed. The corresponding values of filter elements are
L1 =2.5mH and C; = 10 pF, which provide an attenuation of 52 dB at 20 kHz switching
frequency. Under full load conditions, the drop across the filter inductor is obtained as
3.14 V, which is quite small compared with the output voltage and, hence, neglected here.
Furthermore, this drop can be compensated by providing additional current feedback and
properly controlling the modulation index.

In Figure 1, v, is the first-order-filtered inverter pole voltage, which is being fed to the
comparator as the feedback signal. The peak-to-peak ripple of v, is related to the cut-off
frequency f. of the feedback path and affects the system performance. The simulations are
performed for a range of cut-off frequencies to examine the effect of filtering of the feedback
signal on the system. Figure 11 shows the simulation results for the fixed offset correction
method where the waveforms of v/, v*, and v’ are shown for different values of f..
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Voltage(v)

0.02 0.025 0.03 0.035 0.04

200 1

Voltage(v)
o

-200 A
0.02 0.025 0.03 0.035 0.04
Time (s)
(b)

Figure 11. Fixed offset correction: Simulated waveforms of v./, v*, and v’ for different cut-off
frequencies. (a) fc = 0.5 kHz; (b) f. = 1.5 kHz.

Figure 12 shows the simulated waveforms of v/, v*, and v’ using variable offset

correction method.

Voltage(v)

0.02 0.025 0.03 0.035 0.04
Time (s)

(@)

S I

o AR | —
E.

0248 0.025 0.0252

200

Voltage(v)
]

-200

0.02 0.025 .0.03 0.035 0.04
me (S

(b)
Figure 12. Variable offset correction: Simulated waveforms of v./, v*, and v’ for different cut-off
frequencies. (a) f. = 0.5 kHz; (b) f. = 1.5 kHz.
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The relationship between the cut-off frequency f. of the feedback path and the output
voltage THD using fixed offset correction and variable offset correction is illustrated in
Figure 13. At higher values of f., the ripple content is high, resulting in higher THD at
the output. At low values of f;, the peak-to-peak ripple is significantly less such that
it is comparable with the noise voltages present in the system, which may cause un-
wanted switching of the devices in the circuit. In addition, the system response will be
slower under dynamic operating conditions for lower values of f;. As a trade-off between
the higher and lower values of cut-off frequencies, f. = 0.5 kHz is suitably chosen here.
The corresponding THDs observed for fixed offset correction and variable offset correction
are 1.25% and 0.76%, respectively. Thus, a THD improvement is obtained using the variable
offset correction method.

—6—fixed offset correction
2 |—®—variable offset correction

I
I
I
3

0.5 1 1.5
cut-off frequency, fC(kHz)

Figure 13. Relationship between THD and f, using the fixed and variable offset correction methods.

Figure 14 shows the waveforms of reference signal v*, feedback signal v./, and inverter
output pulses v;,, during positive peak, negative peak, and zero crossing using the variable
offset correction method, and Figure 15 shows the frequency spectrum of the output voltage.
A minimum switching period of 50 ps is ensured and the computed THD is 0.76%.

*

. v VC vfrw
positive peak zero crossing negative peak
325 20 315
g \
v
&320 0 -320
©
-
315 . 20 -325
400 — 400 400
Z
0
& 0 0 0
=
>
-400 -400 -400
0.005 0.01 0.015
Time (s) Time (s) Time (s)

Figure 14. Inverter output pulses for variable offset correction during positive peak, zero crossing,
and negative peak.



Energies 2023, 16, 783

13 0of 19

Fundamental (S0Hz) = 326.7 , THD= 0.76 %

x104

5
0.5+ ‘ 1
0

18k 20k 22k 24k

Mag

0 5 10 15 20 25
Frequency (kHz)

Figure 15. Output voltage THD.
4.1. System Response to Variations in DC Bus Voltage

The system’s dynamic performance with sudden changes in source voltage is sim-

ulated here. Figure 16a shows a step reduction in input voltage from 400 to 350 V at
t = 0.0425 s. For the proposed method, the output voltage remains regulated, as shown
in Figure 16a. The enlarged feedback voltage waveform for this transition is shown in
Figure 16b. It is observed that the switching frequency is kept constant before and after the

step change. The voltage ripple amplitude after the step change became smaller since the
voltage ripple is a function of input dc voltage, as shown in (10) and (11).

Figure 16a also shows the response of the system for the same reduction in input
voltage by employing the conventional Sine PWM control technique. It can be seen that the
magnitude of output voltage reduces by about 40 V in the case of Sine PWM, whereas the
reduction in output voltage for the proposed method is only about 3 V.

= 400 _ B
sy ‘—dc link voltage|
&0
&
G
> 350 4 , . L
s . ==== Proposed
£ 200 { < Sine PWM|
200 :
'©-200 A r
> T T T
0.02 0.03 0.04 0.05 0.06
Time (s)
(a)
260 -
Ve change in ripple voltage
S ) 7
<> L PR R
g -
s
© 220 1 "
>
200 - ‘ ’S‘Ous i i i F
0.0422  0.0423 0.0424 0.0425 0.0426 0.0427  0.0428
Time (s)
(b)

Figure 16. Variation of output voltage for a step reduction in Vj.: (a) Simulated waveform of output
voltage for varying dc bus voltage. (b) Output voltage waveform enlarged around step change.

4.2. System Response to Load Variations

The response of the proposed system to sudden changes in load current is discussed
here. For the experiment, the internal resistance of MOSFET switches Ry, is taken as
0.05 ), and the source resistance is taken as 1 (). In Figure 17, at t = 0.042 s, the load
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current increases suddenly to about three times the initial value. It may be observed
that the output voltage dips initially but restores suddenly within 1 ms.
The proposed method effectively compensates for the voltage drop across the switches and
source impedance during transient operating conditions, thereby regulating the output
voltage across the load.

sudden inctease in
load current

ge(v) Current(A)
>

=
= Proposed
c
=200 Sine pwm _
0.02 0.03 0.04 0.05 0.06

Time (s)
Figure 17. Variation of output voltage waveform for a sudden change in load current at t = 0.042 s.

A comparison of the proposed method against the conventional Sine PWM in terms
of response to load changes is also presented here. For the same increase in load cur-
rent, the output voltage drops by about 25 V for the Sine PWM-based control. Thus, the
Sine PWM method needs an extra PID controller for regulating the output voltage at the
reference value [33], whereas, in the proposed method, the output voltage regulation is pro-
vided by the switching algorithm itself without any additional requirement of controllers.
Further, the stability problems associated with PID controllers should be separately
addressed [34], whereas the proposed hysteresis-based control method is free from such
stability problems.

The system performance under nonlinear load conditions is also experimented. Figure 18a
shows the simulated waveforms of load voltage and current while feeding a nonlinear load and
Figure 18b shows the corresponding output voltage harmonic spectrum.
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Figure 18. Simulation results of the system while feeding a nonlinear load. (a) Output voltage and
current waveforms. (b) Harmonic spectrum of output voltage.
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4.3. THD Comparison with Conventional Sine PWM

A comparison in terms of THD is made for a special case in which the rectified voltage
of a three-phase diode bridge rectifier is taken as the dc-link voltage. Figure 19 illustrates
the THD variation for different modulation indices by employing the proposed control and
Sine PWM techniques. It may be noted that the THD obtained for the proposed method is
comparatively low; the average reduction in THD is around 2%.

89 —#—proposed method
\‘\; —*—Sine pwm

* 2 L2 o

THD(%)

6
4
7L
0 . .
01 02 03 04 05 06 07 038

Modulation index

Figure 19. Voltage THD (%) for the proposed method and Sine PWM method for different modulation
indices, where dc link voltage is the rectified output of a three-phase diode bridge rectifier circuit.

5. Hardware Implementation

The proposed control technique is tested on a single-phase full-bridge inverter, and the
hardware set-up is shown in Figure 20. The prototype’s parameters are input
dc voltage = 400 V, switching frequency f; = 20 kHz, output fundamental frequency
fo=50Hz, L1 =2.5mH, C; =10 uE, C; =0.01 pF, and R =4 MQ).

j' .
inVerter unit

| -’ e isol agioF
" S y . trans ner
current probe STM32 ndicrocontroller 4

Figure 20. Hardware set up.

The inverter circuit comprises four IGBT(SKM100GB12T4) switches driven by isolated
gate drivers. The control algorithm specified in Table 1 is implemented using XC9536 CPLD.
The 32-bit STM32F334C8 microcontroller is used to generate the modified sine reference.
As shown in Figure 1, the CPLD generates gate pulses for the inverter switches ensuring a
nearly constant switching frequency. Figure 21a shows the variation of v., when v* is given
as the reference signal to the comparator. The zero crossing distortion of v, can be clearly
seen, which is corrected in Figure 21b, where the modified reference v’ is given as reference
signal to the comparator. The corresponding switching signals are shown in Figure 21c.
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Figure 21. Experimental results under steady state (a) top trace: v* (2 V/div), bottom trace: v, (2 V/div);

(b) top trace: ¢’ (1 V/div), bottom trace: v,/ (2 V/div); (c) top trace: ¢1,¢> (2 V/div), bottom trace:
' .

v/ (1 V/div).

The load voltage and current waveforms obtained during the experiment for different
load conditions are given in Figure 22.

2 3000V 4 5003/ 56003 50003/ Auto 1 2 3 000w 4 5003/ 56001 50003/ Auto

) Vo / . Vo

i Fas ' Vi P
(a) (b)
1os00vr 2 3 4 5 00A7 00s 20003/ Stop 1 200V/ ev 5004/ 61.702 5.0003/ Stop
vO
Vo - S I N ‘}

(AVAVAVAVAVAVAVA!

(c) (d)

Figure 22. Experimental results under steady state (a) top trace: load voltage v, (10 V/div), bottom
trace: load current i, (500 mA /div) for R load = 10 ), 10 W; (b) top trace: load voltage v, (10 V/div),
bottom trace: load current i, (500 mA/div) for R-L load, R =10 (2, 10 W, L = 12 mH; (c) top trace:
load voltage v, (50 V/div), bottom trace: load current i, (5 A/div) for 100 W lamp load; (d) top trace:
load voltage v, (200 V/div), bottom trace: load current i, (5 A/div) for 1000 W load.
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The output voltage harmonic spectrum is shown in Figure 23 and the THD obtained
is 3.65%.

Fund tal (S0Hz) = 65.42 , THD= 3.65%

Mag (% of Fundamental)

1 2 3 4 5 6 7 8 9 10
Harmonic order

Figure 23. Harmonic spectrum of output voltage.

The experimental results for a sudden increase in load current due to the addition of
an extra load (100 W lamp load) in the system is shown in Figure 24. For the Sine PWM
method, the sudden rise in load current creates a drop in output voltage by around 9 V.
In contrast, the same increase in load current causes a voltage reduction of below 2 V in the
proposed method.

1500V 2 200A/ 3 4 18545 20 00%/ Stop 1800V 2 3 4 2008/ 14785 20 00%/ Stop

V, v,
° P PN 7 P A A A

] AA AN AT T AN
iAWV vAWAIwAW WAVAVAVAVAVAVAVAVR

—
—l

\/ \/ \/ \/ \/ V v VIVIV VIV VIV VV VIV VY
8 T v i I AVAVAVAVAVAVAV,

/

sudde¢n increase in load currept

(@ (b)
Figure 24. Performance comparison of the proposed system with conventional Sine PWM during
transient operating conditions. (a) Sine PWM: sudden addition of extra 100 W load, top trace:
v, (50 V/div), bottom trace: i, (2 A/div). (b) Proposed logic: sudden addition of extra 100 W load,
top trace: v, (50 V/div), bottom trace: i, (2 A/div).

Figure 25 shows the system’s dynamic response when subjected to a sudden reduction
in dc link voltage of around 20%. The output voltage drops by about 12.5 V for the Sine
PWM method, whereas the output voltage remains regulated irrespective of this change
for the proposed control method, as can be seen in Figure 25b.

1o500v 2 3 4 52002 100 0%/ Stop 1500V 2 3 4 0 0s 50003/ Stop

T T T Ty JHI' I AUI? T T T W W B W N B B 4 "'n" et
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(a (b)
Figure 25. Performance comparison of the proposed system with conventional Sine PWM during a
reduction in dc-link voltage of 20%. (a) Sine PWM: top trace: v, (50 V/div), bottom trace: i, (2 A/div).
(b) Proposed logic: top trace: v, (50 V/div), bottom trace: i, (2 A/div).
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6. Conclusions

This paper proposes a hysteresis-based control method for the voltage control of
single-phase voltage source inverters that does not employ pulse width modulation.
The switching signals are generated by a CPLD-based control algorithm that maintains
the essential characteristics of the hysteresis control technique while ensuring a nearly
constant switching frequency. Using the low-pass-filtered inverter output voltage as the
feedback signal ensures a quick dynamic response comparable to the hysteresis control
method. The proposed method also provides a well-defined harmonic spectrum compa-
rable to the conventional Sine PWM method during steady-state operation and a better
harmonic spectrum when the dc link voltage fluctuates significantly. The system’s steady-
state and dynamic conditions are experimentally validated and the results are presented.
A comparison between the proposed technique and conventional Sine PWM is also per-
formed to determine its efficacy. The simulation and experimental results demonstrate
that the proposed control method is capable of regulating the output voltage during load
and source side variations. As a future scope, the proposed method can be applied to
three-phase systems feeding industrial and motor loads.
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