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Abstract—Increasing demands for renewable energy
encourage the development of inverters as a solution for
converting energy from direct photovoltaic current (DC)
output to alternative current (AC) at a maximum output
power. Several nation standard systems are three-phase four-
wired (TPFW), which means that the TPFW inverter must be
used. The issue arises because the TPFW inverter is operated
through an open-loop system, which has the problem of
preventing the inverter from adjusting the voltage and current
as needed. Hence, the open-loop system must be converted to a
closed-loop system which is usually used only single control.
The single strategy control is not effective because this strategy
cannot regulate voltage and current at the same time. It only
controls either voltage or current. The output voltage or
current is changed when the load value is changed. Due to its
weaknesses, the study proposes a new double-control strategy
method that utilizes a PI strategy (P) controller as a voltage
controller and a proportional strategy control as a current
controller. This strategy is tested and measured by using
simulation, showing a THD value of 1.07%. Accordance to
IEEE standards, the THD value is within the recommended
limit. Therefore, the output voltage and current produced have
a good signal with a low ripple and stability without fluctuation.

Keywords—Inverter; Photovoltaic; PI; proportional; THD;
voltage control; current control; MPPT

. INTRODUCTION

Increasing development in power electronics becomes
critical in a modern environment, and it is the core of the
latest application energy conversion system [1]-[4].
Flexibility in utilization creates a technical hurdle in terms of
the control method and topology used [5]. These TPFW
inverters are commonly used for the application of hybrid
power systems based on renewable energy [6]-[8]. These
converter advancements are primarily used in renewable
energy and industrial appliances. The method works by
processing the output of the photovoltaic in the direct current
(DC) form. After that, MPPT will maximize the direct current
(DC) output power, and the last, direct current output power
will be converted to alternate current (AC) by inverter as a
source for industrial and home appliances [9]-[12].

The 3-phase inverter topology usually uses three pairs of
power switches that have losses at high voltage and require
high frequencies and a large inductor [13]-[15]. TPFW
inverters generally utilize a three-phase four-leg
configuration, which results in a high-stress level of voltage
[20][26][30]. To archive the minimum of stress in the

generated voltage, this study proposes a new TPFW
configuration. In this study, the TPFW inverter was created
according to the presented topology. The inverter itself has
two types of control, which are voltage and current controlled
inverter [16]. The output voltage is produced on a three-phase
four-wire commonly regulated by an open-loop system.
However, the major disadvantage of the open-loop system is
the voltage and current cannot be adjusted as desired
[17][25][29]. As a result, a control strategy is utilized by the
TPFW inverter to modulate the output voltage and current
[19]. Even the solution cannot solve all the problems, such as
it produces an unstable sinusoidal waveform when passing
through zero level output voltage [18][21]. The actual output
voltage cannot follow the reference signal quickly because of
fluctuation, and the resulting current is distorted. The impact
of these problems is inefficiencies in power consumption. To
solve this problem, the open-loop system must be converted
to a closed-loop system, usually only a single control
strategy. When a non-linear load is used in an industrial
application, the voltage and current are usually distorted. As
a result, the control strategy must be responsible for
controlling both the output voltage and current. This strategy
of double-loop control is required.

In order to resolve those problems, the needs for a new
control strategy that can control the output voltage and
current at the same time are crucial. This paper proposes a
new method of control strategy called double-loop strategy
control three-phase four-wired voltage and current regulated
inverter. This method is the combination of switching using
control strategy PI (proportional integrator), which is used as
a voltage controller, and a proportional control strategy used
as a current controller. The double-loop control demonstrated
in this study produced a steady signal and reduced distortion
caused by the non-linear load. When the value of the load is
changed, the output voltage and current are not distorted.
This strategy has been confirmed through computational
simulation and hardware implementation utilizing the
STM32F407 microcontroller. This research focuses on
inverter and system control but also demonstrates how this
strategy improves the output voltage and current regulated.

1. INVERTER OPERATION AND CONTROL STRATEGY

This work employs a procedure that includes a theoretical
background, statement of the problem, simulation,
implementation detail, and testing to arrive at a conclusion.
A theoretical review of the TPFW inverter was conducted,
and several issues were uncovered, leading to the formulation
of the inverter difficulty. Using power simulator (PSIM)
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software, a simulation was run to ensure that the hardware
design would function. The conclusion is reached after the
creation and testing of hardware.

A. Inverter Three-Phase Four-Wired and Strategy Control

Fig. 1 shows the topology inverter three-phase four-
wired (TPFW). Inverter three-phase four wired is a
combination of three full-bridge inverters connected to each
other using a single DC source.

The transformer used for inverter three-phase four-
wired has two winding, namely primary winding N,, and the
secondary winding N;. The number-based comparison
number between the secondary winding and primary
winding can determine the primary voltage V4 and
secondary voltage V; on the transformer. To determine the
value of the winding and transformer voltage (Ty), shown by
the equation (1).

N;

=

S ©

According to Fig. 1, each of the inverters has a 120° shift
angle for output current. The transformer is used to
interconnect each phase of the inverter from the primary side
(T1, T2, T3) to the output using the wye technique. The
angle of the first phase from the transformer secondary side
(T1) is 0° degrees for the second phase from the transformer
secondary side (T2) is 120° degrees, and the of the third
phase (T3) is 240 degrees [23]-[27].

B. Inverter Switching Mode Operation

The latest research on double-loop control for the TPFW
system was the result of modifying a full-bridge inverter
consisting of four power switches semiconductors that

L1

operate on high power applications. The four power switches
of the full-bridge inverter can be controlled by two operation
modes, namely bipolar and unipolar. The topology full-
bridge inverter is illustrated in Fig. 2.

As depicted in Fig. 2, in this mode of operation, the
power switch semiconductor PSS1 and PSS4 conduct, and
the current load comes from the DC link (+E) across PSS1,
then through the resistor as the load, and back to the source
through the resistor bypassing the power switch PSS4. As a
result of this process, the output voltage is positive [21][28].
The equation of operation mode 1 is described in (2) to (5).

E= V(L)+ V(o) (2)
LAigy = At.(V(yy-E) 4
LAi(L) =. t(on)~(V(o) -E) (5)

The second mode of operation is a freewheeling mode.
There are two stages in this condition positive cycle and
negative cycle. The polarity from voltage through load
changes to inductive load, and PSS3 and PSS4 are disabled
in this mode to prevent the inverter from floating.
Freewheeling occurs as a result of the L filter collecting
electric current in the form of the magnetic field PSS1 and
PSS2 ON to generate a zero-level output voltage. The
operation mode 3, the current flows from the power switch
PSS2 to the inductor to the R load, then passes through the
PSS2 power switch semiconductor diode and back to the
inductor as the filter. The equation of operation mode 2 and
3 is described in (6) to (9).

T1

PSS2

r------ﬁ------
N~

INVERTER 2

R2

INVERTER 3

L3

I |

R3

Fig. 1. Topology TPFW inverter
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Fig 2. Topology full-bridge inverter
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Operation mode 4, PSS2, and PSS4 will be conducted.
From that, the current flow from the DC source (E) will pass
PSS2 through the load and back to the DC source, passing
the PSS4, and producing a negative output voltage [29]-[30].
Operation mode 4 is expressed in equations (10) and (12).

-E=Vit Vo (10)
di,
(L)
-E-V,,,=L—— 11
(0) dt ( )
V(o): mE (12)

The transfer function of inverter and transformer (Kinv) is as
follows

(13)

. S
Kinvg=m—
N,

Where m = modulation index

C. Strategy Control

The control circuit is required to enable the power circuit
to operate a semiconductor power switch. The strategy
control is composed of two components the power circuit
and the control circuit. The power is composed of (PSS1-
PSS4), and also the SPWM s calculated utilizing the
proposed strategy control. Both the reference and real power
grid signals are determined using the voltage sensor. The
reference signal and the actual voltage are compared, and the
difference is calculated using a proportional-integral
controller. The calculated value will be decremented by the
current rate. For final result will be processed by a
proportional controller to achieve switching PSS1 and PSS2,
while PSS3 and PSS4 generate zero-crossing detection to
enable the inverter to operate in unipolar mode. Fig. 7
illustrates the power and control schematic.

This flowchart in Fig. 8 depicts the program when the
current and voltage sensor read the actual signal, and the
state electrical company creates a signal of reference.
Subtract that reference signal voltage from the signal voltage

to obtain an error value. Using the PI control equation, the
error signal will be processed, and the estimated result is
decremented to correspond actual current signal. The value
will be evaluated against the error using P control in order to
generate PWM from the logic gate during power switching.
The STM32F407 microcontroller implements this double-
loop control TPFW inverter control circuit. The
microcontroller is used to read the reference and sensor
signal.

A proportional controller (P) is the simplest system for
implementing a continuous control strategy in a closed-loop
system. The proportional control strategy minimizes process
variable fluctuation. It also gives a faster reaction than the
majority of other control methods, initially allowing the
proportional control strategy to respond a few seconds faster.
However, as the strategy control becomes more complicated,
the difference in response time may compound, allowing the
proportional control to reply several minutes faster [14][16].
Proportional control generates a deviation from the set-point
referred to as an offset. Proportional (P) control establishes
a linear correlation between controller output (actual signal)
and the error. The control function proportional controller
has shown in equation (14).

P=K, (14)

Thus, the proportional (P) control method establishes a
linear link between the error value system and the output
control system. Proportional (P) control gives a reaction
depending on the signal regulating the system. Otherwise,
any oscillation is eradicated, and the system will return to a
steady state, the set-point, the signal, and bias. The
proportional (P) strategy control calculates the difference
between the set-point and the signal, which is the error value
these values will be transmitted to and the algorithm. Bias
will be paired with the error value this algorithm indicated
that the controller should take.

Adjusting the voltage is accomplished by the use of a
proportional-integral controller (PI), a closed-loop control
method that is a combination of proportional and integral
control. By comparing the present and previous values of an
error value, the proportional plus integral controller may
restore the real signal to the reference point. The control
function proportional plus integral controller is in equation
(15).

1
p[:KP+T_

is

(15)

Where Py as the controller output K,, was proportional gain
T, as integrator gain.

D. Double Loop Control

The voltage-current control system is a type of double
closed-loop control. This comparison is made between the
output voltage and the reference waveform, and the
divergence is sent off to the outer Pl controller, where it
serves as the reference for the output current. The current
control system is obtained after comparing the result of the
outer PI controller with the actual output current, and then it
will be calculated by the inner P controller. The system
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control block diagram is shown in Fig. 3. The comparison
process for the value of P to process the PWM output signal
from the inverter K\ then the output signal is processed
by filtering (L+R) to produce a smooth sinusoidal waveform.

Fig. 4 illustrates the system model block diagram of a
double-loop control scheme in which the voltage is
controlled by PI, (G.,,) to create a stable voltage loop. Fig.

5 illustrates the voltage control system to process the Pl
algorithm. The equation demonstrates in (16) to (17).

Vo SK,+K;
Vit SHC+S2C+S.Kp+K;

(16)

Vo S’t+S
Vb $tC+SC+SK,+K;

an

The value compared to the current P control (G, to
produce the current regulated value, based on Fig. 6 shows
the regulated current control system from the system shows
the equation (18) to (19).

I_o= Ger Kivy (18)
Lee L+GerKiny
I_o _ Ky Kp (19)
Iref L+Kp 'KINV

Vei e B

~ Current P
controller

Voltage PI
controller

Fig. 3. Double-loop control system

l»vo
C

Voltage PI Current P
controller controller

Fig. 4. System model block diagram

Vre f ‘

Voltage P1
controller

Fig. 5. Voltage control system

+

Iref

Gep —aKiny

Current P
controller

Fig. 6. Current control system

Current
sensor

Voltage
sensor

Pss1
PSs2
Zero Crossing
Detector - PSS3
Zero Crossing | -S4
Detector

- Control Circuit

Fig. 7, Power circuit along with inverter three-phase four-wired control
circuit

From the current calculation value of P, the value
compared with an inverter to produce a waveform, the signal
output needs a filter to produce sinusoidal voltage output for
the inverter. The equation is described in (20).

v,
Kinv=( W ) (20)

1. RESULT AND ANALYSIS

The TPFW inverter double-loop control was designed
using power simulation (PSIM) software and developed in
the laboratory. The simulation and hardware implementation
parameters are shown in Table 1.

From Fig. 9, the hardware implementation uses an R, S,
T phase for the reference from the state electricity company,
LEM HX-10P as a current sensor, and LV-25P as the voltage
sensor, TLP 250 as a driver, and STM32F407 as a
microcontroller, inductor as the L filter, lamp as the non-
linear-load, the IGBT used running to a high and low
frequency of power switching.
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—»  Power Switch
PWM
L]
Fig. 8. Flowchart program
TABLE I. TABLE TYPE STYLES
NO PARAMETER VALUE
1 DC Power supply 32v
2 Inductor 1mH
3 Load 1200watt
4 Step-up Transformer 1:6.29
5 Switching frequency 5Khz
6 Kp Value 1
7 Ki value 1
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Fig 9. Hardware implementation double loop TPFW-Inverter
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Fig 11. Switching hardware results in PWM from inverter TPFW
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Fig 13. Result of implementation Non-filter output and Filtering output
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Fig 14. Result of simulation output voltage and output current
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Fig 15. Result of hardware implementation output voltage and output current
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Fig 16. Result of simulation output voltage inverter TPFW double loop
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Fig 17. Result of implementation output voltage inverter TPFW double loop
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Fig 18. Result of simulation output current inverter TPFW double loop
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Fig 20. Result of implementation output voltage inverter with additional load
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Fig 21. Result of THD Inverter TPFW

Fig. 10 and Fig. 11 show the gating signal on the power
switching from the inverter double loop three-phase four-
wired. From the Figure, we can see the high-frequency
SPWM switching leg from part of high-power switches that
operation of cycle switching making it unipolar operation
mode for the inverter. For the low gating signal part of
switching from Fig. 10 and Fig. 11 from the simulation and
hardware implementation, the switching operated at a low—
frequency based on the zero-crossing detector.

From part of high switching produced positive cycle and
from part of low power, switches produce negative cycle for
the inverter. There is a magnitude level voltage between 0 and
+32V for the positive cycle and 0 to -32V for the negative
cycle. The switching pattern generates a unipolar SPWM
signal, which is then filtered by an inductor to produce a
sinusoidal waveform, as seen in Fig. 12 and Fig. 13.

The output voltage (VO) and current (10) generated by an
inverter are displayed in Fig. 14 and Fig. 15. The output
current signal is phase-locked to the voltage to the non-linear
load, according to the flowchart program depicted in Fig. 9.
Output voltage before filtering and after filtering, shown in
Fig. 12 and Fig. 13, have been validated by hardware
implementation. The output voltage of the inverter after
thought step-up transformer produces 200 VPP alternating
current with a load of 400 watts. A current of 4 amperes is
obtained in each phase shown in Fig. 16 and Fig. 17. From
the Figure, a neutral current that is close to 0 amperes, an
angle of 0° has shown on the R phase voltage and current R,
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then the angle of 120° shown on the S phase voltage and S
phase current the angle 240° is shown on the T phase voltage
and T phase current.

The output current of each phase is shown in Fig. 18 and
Fig. 19. High THD value caused electrical equipment
damage. Fig. 20 shows the result of implementation output
voltage with the additional load. As we saw from the Figure,
when the inverter has an additional load, the inverter does not
cause a voltage drop. Based on further research from Fig. 21,
the THD wvalue can be generated by simulation by
1.07%.From the calculation 1.07e_4p, X 100%=1.07%. From
the result, the THD is less than 5% which corresponds with
the standard IEEE 5109.

V. CONCLUSION

The simulation and implementation on hardware prove
the double-loop control for a TPFW inverter. The SPWM
power control design on the double-loop control TPFW
inverter generates a stable sinusoidal waveform from the
regulated output voltage and current, allowing for a slight
reduction in switching loss and an increase in efficiency when
compared to conventional active power switch inverters.
According to the results, the double-loop control TPFW
inverter does not cause distortion for the output voltage and
current. The experiment is proven by changing the value of
the load using a non-linear load. The output voltage and
current maintain their shape and value given by the sinusoidal
waveform reference.

This inverter is compatible with the power grid injection.
This study established that the proposed strategy and control
strategy makes a good result device suitable. This work is
proven by the generated THD result, which has a value of
1.07% in accordance with the IEEE 519 harmonic standard.
Furthermore, this proposed control strategy can be upgraded
into a more advanced combination of control strategies, or
this strategy can be implemented in a newly proposed
topology.
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