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1. INTRODUCTION

Industrial applications require that voltage supplied to electrical loads maintains good regulation
capability while being cheaper and efficient [1]. It is estimated that 90% of electrical energy is processed
through power converters before their final use [2]. The bad regulation generates in the equipment significant
damages in its internal components, loss of information, and bad operation [3].

A power inverter is a device that transforms the electrical signals from direct current (DC) to
alternate current (AC) to fulfill a specific task. Power inverters are used today because they offer efficiency,
safety, reliability, low cost, smaller size, and provide a regulated voltage level that allows working in
complex environments where it was challenging. Critical loads such as digital circuits, UPS, electric
soldering irons, telephone exchanges, photocopiers, among others, require the use of electronic converters for
their operation. The most desirable qualities in these devices are their robustness to load variations and
performance efficiency, which can be optimized through the use of controlled switching devices as solid state
switching devices [4].

Power inverters are used in microgrid [5, 6] to transfer electrical energy from direct to alternating
current (DC-AC) [7], as shown in Figure 1. This can be modeled as a piecewise linear system with three
topologies [8]. A complete introduction to power converters can be found in [9]. However, as different types
of loads are typically connected to these converters [10], some significant voltage variations are presented in
the network [11].

Journal homepage: http://iaescore.com/journals/index.php/IJECE



4768 O ISSN: 2088-8708

Photovoltaic panels

— Constant power load
o DC-AC power inverter controlled
j— with zero hysteresis
Wind turbines
A
— - Load
A
Batteries
L =
T — Load
AC Power grid —
A

Figure 1. Power inverter with zero hysteresis used in a microgrid

There are many theoretical and experimental works on different control techniques applied to
the design of a DC-AC converter. For example, in [2] and [12], the DC-AC buck converter was studied using
simulations with ZAD control techniques [13] and FPIC [14]. In [8, 15] a DC-AC buck converter controlled
with the ZAD technique was experimentally designed. The design and construction of an experimental
prototype of a DC-DC power converter controlled with zero hysteresis, capable of generating dc voltages,
was designed in [16]. The method was tested by using simulation and experiments that show the functioning
of the technique.

Numerical [17], analytical [18, 19], and experimental tests were also performed to validate
the different responses of DC-DC converters [20, 21]. However, many of these works have been dedicated to
showing the behavior of DC-DC converters, and only a few have focused on the design of DC-AC power
converters. Hence, studies on the development of DC-AC power converters should be done more broadly, to
identify the ways these converters respond in different operation conditions, and when load changes are
presented in the system.

The construction of an experimental prototype of the voltage-regulated inverter, capable of
producing various signals as a power generator that supplies AC or DC signals with variable frequency and
voltage amplitudes is of great interest for education. Therefore, this paper presents the design and
construction of DC-AC power inverter, configured in a closed loop and controlled analogically, capable of
delivering a regulated voltage and defined by the user, both AC and DC at the output. Because it is
a reducing voltage system, there will be a voltage output lower than the supply voltage, for the case under
study the system is fed with 30V DC. Tests were made changing resistive loads, obtaining good regulation
for various signals such as sinusoidal, triangular, square, and others [12]. The rest of the paper is divided as
follows: Section 2 presents the methods, Section 3 includes the results and analysis; and finally, Section 4
shows the conclusion and future research.

2. RESEARCH METHOD

There are many power converter topologies [4], which is broken down into two groups: those with
dielectric insulation between their input and output (Buck, Boost, Buck-Boost, and Cuk) and those without
(Flyback, Forward). This work presents the design of an electronic converter built with a buck converter.

2.1. Mathematical modeling

Figure 2 shows the basic scheme of a buck converter, which is fed with a DC voltage in either
direction depending on the control signal given by the controller with zero hysteresis. This is responsible for
calculating the time in that each of the sources will be connected, in such a way that a regulated voltage is
delivered to the output.
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Figure 2. Basic circuit outline of a buck converter

If the reference signal is an alternating type, the converter will behave as a DC-AC converter.
On the other side, if the reference signal is a continuous type, the power converter will behave as a DC-DC
converter. Both cases act as a voltage reducer and this is due to physical limitations inherent to each of
the devices that make up the system, with limitations in terms of switching frequency which affects
the output of the system. Therefore, a control with zero hysteresis is proposed, forcing the converter to switch
as fast as possible to have a regulated voltage at the output of the circuit.

The presence of a modulated control signal (control command ON or OFF) allows modeling
the system as one of variable structure because it switches from one topology to another each time the control
signal changes. This fact allows to introduce a controller based on zero hysteresis, where the user gives
the reference signal, the voltage is measured at the output, the error is calculated, the control pulses are
generated for different switches, and the filter and load are fed with +E or - E. The state-space representation
of the system extensively studied in [22, 23], is shown in (1).

- [ H+H

[1 oJv

@

This expression is then simplified as x = Ax + Bu and y = Cx, because the control signal u takes
two values +1 and -1. Then the system is nonlinear but smooth in sections, with two different linear
topologies form by each sampling period.

2.2. System configuration in closed loop

Figure 3 shows the diagram of the system configured in a closed loop. In this case, the control action
is generated when the error signal is processed by a comparator, which is equivalent to a control with zero
hysteresis [16].
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Figure 3. Block diagram of the system working in a closed loop

The error signal is calculated as shown in (2); where a is the gain of the voltage sensor in charge of
measuring the output voltage v in the load or the capacitor, v, is the reference voltage, the control rule to
implement aims at tracking the reference voltage v,.r, achieving minimum regulation error.

e =Upey — QU 2
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The strategy is described by (3), corresponding to a controlled system with zero hysteresis [24].

xz{Ax+Bu withu =+1 when e >0 ?)
Ax + Bu withu=—-1 when e<0

For a buck converter designed to control voltage by zero hysteresis band, the system generates
a regulated output without ripple, ideally, with the implication of an infinite switching frequency. However,
from the experimental test, it is not possible to implement the control with ideal zero hysteresis, due to
non-linearities, delays and dead times present in electronic components [16]. Thus, when configuring
the system and trying to control it with zero hysteresis, it is expected that low ripple is presented at the output
due to the existence of a natural hysteresis associated with the physical characteristics of the elements, which
are not considered in the mathematical model.

2.3. H bridge design
An H bridge is an actuator that consists of 4 switches (Figure 4) driven by an activation logic, which

switch in such a way that the converter is powered to +E or - E, depending on the control signal u.
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Figure 4. H-bridge circuit

The four switches are MOSFET transistors, where M1 and M2 are channel P, and M3 and M4 are
channel N. These transistors are put in cut or saturation using a control signal u, which determines how long
the converter will be connected to the source +E or —E at the input of the converter.

2.4. Activation circuits for H-bridge transistors
Figure 5 shows the electronic circuit used to perform the activation of the transistors. Thus, the filter

LC of the buck converter is feed with voltage +E or - E, as required.
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Figure 5. Circuit designed to activate the transistors used in H-bridge
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When u = +1, the transistor Q1 goes into saturation which causes the current flowing from
the source of +30 Vpc to ground, through R1 and R2, forming a voltage divider which polarizes the transistor
M2 with a negative voltage V. Applying the Kirchhoff’s laws to the branch of i;, the following expression
is obtained: E + i, R, + i;R, = 0if Q1 is in saturation. Thus, the current can be expressed as in (4).

. E
U= R Q)

1

After considering V;s = —i;R;, the expression in (5) is obtained:

Ri _ _Ves
Ri+R,  E ®)

To obtain an activation voltage V;5 = -5 V when R, = 300 kQ, then a resistance with a value of
R; = 6.6 kQ is required. However, as this resistance value is not commercially found the following value is
used for the test R; = 6.8 kQ, which leads to Vg =-5.12 V. Therefore, when there is a control pulse u = +1,
it is possible to have Vs = -5.12 V, which makes the transistor M2 be ON (in conduction mode); and when
u = —1, then V;4= 0 V and the transistor is OFF (ho conduction mode).

The MOSFET IRF640 (channel N - M3) and transistor Q3 are activated when the signal u = +1.
Therefore, the transistor Q2 is not activated and induces to the power transistor terminals V¢ a positive
voltage, created by the voltage divider equal to the voltage in R,. As a result, transistor M3 enters in
saturation due to the positive voltage V. This case considers Vg = 5.12 V with R; = 33 kQ. The activation
of —E is the same, but in this case, the control signal is obtained. Similar activations are used for transistors
M1 and M3 to obtain - E, when the control signal u = —1.

2.5. Analog control circuit

The control action is implemented using an analog control circuit. The voltage at the output is
regulated to a reference AC or DC voltage given by the user because the voltage sensor includes a factor
a=1/11. Then, the reference voltage is scaled to the same units, to obtain values in the linear range of
operational amplifiers [-10, +10]. Load voltage regulation at the output of the inverter is achieved by
switching the power transistors, driven by error dynamics and synchronized correctly to avoid short circuits.

The control stage is shown in Figure 6, where the TLO84CN operational amplifiers are polarized
with V* = 10 and V- = - 10. The control action is computed using the error (e), which is obtained by
implementing the difference operator through an operational amplifier, where the inputs are the reference
voltage —10V <wv,.r <10V and the inverter output voltage (voltage in the load) v conditioned with
a =1V /11V, so that they are in the same range. Using the scale factor a, it is possible to extend the control
circuit to any range of output voltage, allowing to have a feedback signal Vsensor, admissible in the linear range
of operational amplifiers.

Buck converter

L
50k
Control with Calculation of C §R
zero hysteresis the error W 5k
_ A 14

V _1k
. y "v“1 f V+ Voltage sensor
+
V s, i
Control vV
output

=

Figure 6. Analog control circuit to implement the zero-hysteresis control using operational amplifiers
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Additionally, an operational amplifier is used as a voltage follower to increase the input impedance
of the control circuit, while keeping the voltage divider resistance invariant. Considering the tracking error
computed as e = v, — av, authors also note that for experimental purposes, the reference voltage v,..r is
obtained from a signal generator, which corresponds to the desired voltage in the load scaled by the same
factor a, that is v..r = a * Vgegireq. Various signals are generated using the signal generator and applied in
the analog controller also using a voltage follower. Reference inputs can include any shape, e.g. sinusoidal,
square, ramp, triangular and others. So, the presented inverter also allows to transfer different signals to
a load with the same time shape and frequency spectrum, of course with higher power and voltage levels,
in other terms authors are proposing a system able to emulate a power signal generator, capable of being
scaled to different power/voltage levels.

2.6. Optocoupling of the control and power stages

Control and power network requires adequate ground management [25] and coupling because
the generator has one earth for the power part and another for the control. Therefore, the electronic circuit to
solve the problem is shown in Figure 7, which functions to execute the switches of the H-bridge from
the output of the control system. The grounds of the control and power stage have been labeled with indexes
1 and 0, respectively.
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Figure 7. Opto-coupling circuit

2.7. Current and voltage measurement

It is necessary to have information about system state variables, for control purposes, system
analysis and monitoring. Therefore, the load and inductor current were measured using Hall effect sensors.
Furthermore, the capacitor voltage is measured using a voltage divider using resistors with factor a = 1/11.
Thus, it is possible to deal with 30 V or a higher voltage by scaling its value to a suitable range in the analog
control circuit. Therefore, if a higher voltage level is preferred in the load, e.g. 180 volts peak to peak,
the divider factor must be changed; otherwise, the feedback/measured voltage will saturate the operational
amplifier output, in the case of 180 volts peak to peak, the factor must be a = 1/18

3. RESULTS AND ANALYSIS

The signal generator has been tested for different operating conditions required by the users,
in which the converter is able to regulate the voltage at the output for different load values. In this case,
the load will be resistive and variable in time, which for the tests carried out will change instantaneously.

The power converter, in buck configuration controlled with zero hysteresis, was built with
the following parameters: an inductor of L = 179 mH with an internal resistance of 3 Q and C = 2 nF.
The load consists of two rheostats connected in series from 0 to 100 Q each, the switching frequency of
the bridge reaches up to 10 kHz. This generator can follow different types of continuous and alternate
signals, with certain limitations in terms of high frequencies and amplitude values close to the supply voltage
E. Results are shown for some AC reference signals such as square, triangular and sinusoidal, varying
frequency, amplitude, and disturbances in the load.

Figure 8 shows the output voltage as a sinusoidal signal of amplitude 15 Vs and frequency of 60
Hz in the upper part of the diagram. Now, in the lower part of this figure, the reference signal is shown when
with an amplitude of peak voltage of 15 Vpeak With a frequency of 60 Hz. Figure 9 shows the voltage output
in the upper part of the diagram when the reference voltage in the lower part of the diagram is a triangular
signal with a peak of 7.5 V and a frequency of 181.8 Hz.
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Figure 8. Sinusoidal signal of 60 Hz. CH1: v Figure 9. Triangular signal of 181.8 Hz. CHL1: v
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Figure 10 shows the current in the load (upper graph) when the reference signal (lower graph) has
a peak voltage value of 10 V and a frequency of 60 Hz. Figure 11 shows the current in the inductance with
the same operating conditions and with inverse polarity.
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Figure 10. Current in the load. CH1: i Figure 11. Current in the inductor. CHL1: i
and CH2: v,..¢ and CH2: v,..¢

To verify the robustness of the system, in terms of voltage regulation at the output, disturbances are
made in the load. Figure 12 shows the voltage and current in the load when the load changes from 200 Q to
100 Q and after a small period, the load of 200 Q is connected again. For this test, the reference signal to
follow has a peak voltage of 5 V and a frequency of 50 Hz. With the idea of perceiving the robustness of
the system in terms of instantaneous variation of the reference signal, Figure 13 shows the voltage output in
the load when changing the reference signal (square, sinusoidal, triangular) in small periods. For this case,
the reference voltage has an amplitude of 5 V and a frequency of 1.020 Hz.

Finally, Figure 14 shows the voltage at the output of the bridge (upper diagram) that feeds the buck
converter and the voltage at the output after the filter (lower diagram), for a sinusoidal reference signal. It is
important to note that the duty cycle of the PWM signals delivered by the bridge is not constant, and this
varies depending on the operating conditions.

DC-AC power inverter controlled analogically with zero hysteresis (Fredy E. Hoyos Velasco)



4774 O ISSN: 2088-8708

Figure 14. Voltage at the output of the bridge. CH1: PWM and CH2: v

The prototype implemented has weaknesses in the regulation at high working frequencies, because
the amplifiers introduce delays in the process. Another problem found in the developed prototype was that
for amplitude values of the output signal near the E voltage and with high frequencies, the H bridge presents
a strong overheat which is caused by short circuits that are generated due to errors of the amplifiers.

4. CONCLUSION

A prototype of an electronic inverter controlled by zero hysteresis using analog electronics circuits
has been designed, capable of generating output voltages of various shapes, including sinusoidal, triangular,
square ramp and others, which handle powers up to 80 W. The closed loop configuration and the control with
zero hysteresis present proper operation and response to disturbances in the load. The system has a switching
frequency of up to 10 kHz, which reflects the existence of a natural hysteresis and which, for fast response
electronic devices such as TL084 amplifiers, offer a higher frequency of operation, achieving better
regulation with less ripple.

From this work, new tasks are derived such as: to improve in terms of handling more power;
managing to solve the problem of monitoring and regulating the signals at high frequency and amplitude,
avoiding the overheating of the H bridge; to perform the design of a H bridge for higher voltage, in the order
of 300 Vpc to then be controlled with the same control technique and provide to the user with industrial
output voltages less than 300 V variable in frequency and type of signal (square, triangular, sinus, ramp, DC);
and to study the control by means of other digital control techniques with a DSP such as ZAD, FPIC, SMC,
adaptive hysteresis and others that provide better regulation due to the processing speed.
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