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This paper presents the control of grid-connected single-phase inverters with vector control
technology based on the D-Q spindle reference frame for photovoltaic systems. This
method begins with converting the grid current of the reference sinusoidal signal to a 90-
degree phase angle and converting it to a DC signal using the clack conversion principle.
The aim of this research is to control the current amount of the D-axis vector and adjust the
motion angle lag and lead the Q-axis vector. This mechanism control technology uses a
microcontroller TMS3020F28379D This allows control of the inverter modulation to
supply active and reactive power to the grid. As a result, the power factor in the system can
be controlled close to unity. The simulation results using MATLAB / Simulink, compared

to the prototype mechanism can confirm satisfactory accuracy.

1. INTRODUCTION

The impact of fossil energy use in Thailand and other
countries are increasing, causing massive environmental
destruction and ecological changes, resulting in climate
change in each region of the world. Today, in every sector of
organizations around the world, it is accelerating to explore
new renewable energy sources as well as developing
mechanisms to apply even more to renewable energy such as
solar, wind, etc. The renewable energy that has been
discovered and around the world is accelerating its
development is photovoltaic power generation because of its
obvious advantages. Over the years, however, researchers
have developed a highly efficient prototype mechanism to
allow photovoltaic power generation to connect a large
number of grids. Forecasts by the International Energy Agency
(IEA) are likely to show that within the next five years, solar
cell capacity and installation capacity will increase by more
than 50% all over the world.

Notwithstanding, in Thailand, photovoltaic systems can
provide grid-connected power for both single-phase and three-
phase systems. Public and private agencies mobilize
researchers and experts in collaboration with universities both
within and outside the country, expediting the development of
mechanisms to enable power transmission from photovoltaic
cells to be able to transmit power efficiently for domestic
energy security. In this research paper, experts from various
universities have joint research and focus on the method to
develop a mechanism for converting DC voltage to AC voltage
by using an inverter modulation technique with DQ vector
control technology. The controlling principle of this
mechanism uses an optimization method that can control the
current of the D-axis vector based on the DQ-axis reference
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system and adjust the motion angle according to the lagging
and leading of the Q-axis vector. For the modulation control
technology of the inverter, it is controlled with a
TMS3020F28379D microcontroller. This inverter controls the
distribution of active and reactive power to the grid, resulting
in almost unity of the power factor in the system. The process
of building and testing the prototype mechanism is discussed
in the next section.

Energy control both active accordingly reactive of single-
phase voltage source inverter (VSI) for grid-connected
photovoltaic systems. The proposed method is to control the
vector of energy by separating the active accordingly reactive
current control to enter the active accordingly reactive current
energy into the grid. The objective is to control the power
factor at the grid and improve the overall efficiency of the solar
power transfer to convert AC power into the grid and reduce
the current distortion of the single-phase voltage source
inverter. Nevertheless, the results of the system simulation
using MATLAB/Simulink software show that the grid input
power factor of the grid is nearly unity. The distortion of the
system current decreases, resulting in a total harmonic
distortion of 5% [1, 2]. Synchronous D-Q frame controllers are
recognized because of their high efficiency compared to
stationary o-B frames while working with DC quantities
causing zero constant errors. In a single-phase system, the D-
Q controller using PI cannot be used directly, because the
number of input signals is reduced compared to a three-phase
system. The method in a single-phase system is to create a
signal perpendicular to the base signal of the system in order
to obtain DC quantity by converting a-f to D-Q witch
components of orthogonal methods. The basic the release of
such delay in the system will reduce the dynamic response
which will slow down accordingly sway. Nevertheless, using
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a D-Q controller that does not need to create a perpendicular
phase signal makes it easier to operate [3-9]. The current
control scheme for the inverter with a D-Q frame connecting
to a single-phase grid, signal blocks are required orthogonal
(OSQ) to create a perpendicular virtual signal. This OSG block
will make the control system more complex accordingly more
distracting, resulting in decreased performance. The current
controller based on the D-Q frame can be simplified using the
OSG method, which does not change the control circuit in any
loop [10-13]. D-Q current controller design the frame for a
single-phase inverter is a challenging task, as there is only one
real current signal in the circuit, so it is necessary to create an
orthogonal signal block to create a virtual orthogonal signal.
Nevertheless, AC variable can be changed to equivalent DC
variable via a-p/d-q transformations. However, the OSG block
complicates the control system and causes temporary
distractions and decreased dynamic performance. The method
for creating reference currents using OSG includes the
analysis of the d-q axes fragment controller, which is widely
discussed for a three-phase system but is often ignored for a
single-phase system. The two techniques of separation are
referenced-current feed-forward control and the quasi-
complex vector proportional — Integrator control is used and
analyzed [14]. The two-step inverter control topology for
photovoltaic applications connected to a single-phase grid is
reliable and works well. In general, the second step converts
solar energy into alternating current, while the first step uses
an increase in photovoltaic voltage when tracking the highest
energy points. This configuration typically uses a
boost/flyback topology of type DC/DC. However, the
converter has faults such as low efficiency and limited voltage,
due to power loss. The topology that brings a low-voltage
photovoltaic panel that can be connected to the power grid via
an inverter using a DC/DC high-gain converter, which has a
special feature of controlling current continuously with an AC
controller module, resulting in poor control performance due
to the gain at the desired frequency. The plug-in duplication
control is therefore used to achieve lower total distortion
(THDs) and unity power factor and a low input current THD
[15]. D-Q vector control is a powerful technique used in high-
performance dynamic inverters. The conversion of AC to DC
allows zero steady-state error. Nevertheless, AC currents
accordingly voltages with PI controllers can be easily applied
to a three-phase inverter, nevertheless for a single-phase
inverter there are some challenges. The orthogonal (B)
required for rotating frame motion is created by the real sliding
phase (o)), by one-quarter of a line cycle which reduces the
dynamic response. Consequently, the dynamic response
concept of a single-phase inverter controlled by a vector
controlled by the simulation of an orthogonal circuit similar to
a three-phase inverter, amplified for working with grid
frequencies, can be found in micro-grids [16-19]. The current
control methods for inverters connecting single-phase grids to
enable and control reactive power. A direct-quadrature (D-Q)
synchronous frame reference method can be used for single-
phase converters. This method changes the orthogonal pair
which consists of the inverter output current accordingly shifts
the time of the current from a stationary frame to a rotating
frame synchronous with the basic output frequency.
Consequently, the current control options that are mentioned
will use the constant-state components in the d-q rotated frame
as a DC, and PI will be used to control the error to zero [20].
Nevertheless, from the aforementioned literature, there are
many different ways to control mechanisms by simulating and
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implementing them. This research further studied the relevant
literature and proposed the design of the prototype mechanism.
For controlling single-phase inverters connected to the grid,
using inverter voltage regulation principles using PWM signal
modulation techniques, the research team focused on inverter
controls the distribution of active and reactive power. to the
grid, resulting in almost unity of the power factor in the system.
A distinctive feature of this research is the current
configuration in the DQ control reference frame using solar
cells as a source to the inverter, For the control, this inverter is
processed using the TMS320K28379D microcontroller to
independently adjust the current in the D-axis and adjust the
phase angle to lagging and leading on the Q-axis as mentioned
above.

In the next section we will discuss Proposed mechanism of
single-phase grid-connected inverter for a photovoltaic system,
related theories and principles, results of experiments and
analysis, as well as their conclusions and applications.

2. PROPOSED SCHEME AND RELATED PRINCIPLES

Figure 1 is a prototype mechanism that can be divided into
two parts, consisting of a portion of the conductivity of solar
cells through a voltage converter mechanism capable of
stabilizing the voltage. However, when considering DC-link
capacitors they are very important for voltage regulation
before being supplied to single phase inverters for grid
connection. The second is a vector motion control topology
along the D-Q spindle reference frame by converting the grid
current to the Clark conversion signal to a phase angle of 90
degrees. Park converter which is equal to the peak of the
sinusoidal current fed into the mechanism. For the controller,
the PI controls the current according to the specified
conditions of the reference frame. The PI controller detects the
current to meet the mechanism control conditions to allow the
pulse width modulation (PWM) of the inverter device to
function for the intended purpose.
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Figure 1. Proposed mechanism of single-phase grid-
connected inverter for a photovoltaic system



The next section discusses the mathematical principles
involved in the research, including D-Q axis transform, the
systematic vector control analysis principle, the D-Q axis
reference frame transfer function. Notwithstanding, the
simulation results are compared with the prototype mechanism
produced, in order to verify the results and verify their validity
for conclusions and further application.

2.1 Vector control principle with D-Q spindle
transformation

Vector transformations are generally applied to three phase
induction motors. However, in this research it will be applied
to single-phase inverters to control vectors according to the D-
Q axis reference frame. This single-phase inverter control is
primarily intended to independently control the active and
reactive power, which is an advantage of vector control based
on the D-Q axis reference frame. This vector coordinate
transformation is a variable conversion of voltage and current
along the stationary o-f axis reference frame to the D-Q axis
reference frame. Likewise, switch from the D-Q axis reference
frame to the mobile a-f reference frame, known as Clark's
transformation and Clark inverse transform, as shown in
Figure 2.

However, considering Figure 3, if V. is the inverter voltage
obtained by converting the photovoltaic DC voltage, Ls and R
is the transmission system impedance, V, is the system voltage
grids [21-23]. Analysis of vector control systems for power
transmission the grid system can express the equation of the
basic system using Kirchhoff's law as Eq. (1).

di .
Vo +Lg- —++Rij+V, =0 (1)
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Figure 3. The equivalent circuit for the transmission of grid
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Consequently, the inverter voltage will be as:
dig .
VC = LS . E-i— ng +Vg (2)

From (2) where i is the current flowing into the grid system,
and write the Laplace transformation equation as:

Ve(S) =5k - 1,(S)+Ri (S)+V,(S) 3)
So the current flowing into the grid system is:

1

WO 6

- (V(8)-Ve(8)) )

From Eq. (2), rewrite the time domain form (5)
Vee ”* = (sl +R)- Qe +v e i* (5)

When considered in the expression of j&e from (5), can be
written in the Laplace transform equation as:

Ve (S) =RI,(S)+5Ls1,(S)+ jarLsl (S)+V,(S)  (6)
Consider the park's transformation D-Q rotating reference
frame as:

cos@ sind
-sin@ cos@

J xVe (S) (7

The conversion of a D-Q axis, the current and voltage
converter is displayed in the D-Q reference frame two-axis
rotate simultaneously at the specified AC frequency (®) as:

q,c

Vo | _| Li+R  jeels || 1|} Vs, ®
v —Jjoely  Li+R || i,q Vyg

Moreover, the voltage equation in the synchronous reference
frame D-Q as:

Vd,c :(SLS+R)Igd—jCOeLS|Sq+ng (9)
Voo :(SLS+R)|gq_jwe'-s|sd +Vgq (10)

From the theories and principles mentioned above, when
considering the application of D-Q control technology with
hysteresis control and others. It was found that the controls
were more accurate and resulted in lower losses in switching
devices. Likewise, the D-Q control method can be
implemented in real time with accurate voltage and current
sensing, but the D-Q control has its design drawbacks which
are complicated and complicated. Considering Figure 2. fore
it, it is found that in the frame rotation, o and B components
are required, with zero order components being ignored. Zero
order components were ignored as they were balanced
components. Based on this principle, this research is applied
to energy control by controlling the d-axis component and the
reactive power by the q-axis component, as it responds faster
compared to other control strategies.



2.2 D-Q spindle reference frame transfer function

The current flow control transfer function within the loop
can be done in the D-Q spindle reference frame, which is based
on the fundamental relationship of the system model. The
control loop consists of a PI controller, which is separated into
decoupling factors and feed-forward, can explain the current
flow control in the loop by showing the block diagram as
shown in Figure 4.

Consider from Figure 4. The equation can be written to the
control of PI as:

Ki 1+7,- s
RES) =K, +—=K,- : (11)
S T-s
I o Pr 4 PWM 14 System T
Controller Converter Transfer Function

Figure 4. The block diagram transfer function

Nevertheless, in the case of the proportion of the criteria and
the time constant are:

(12)

From (12)to the specified parameters, then the controlling
block of PI as:

(1 e (S)—Ig(S))[Kp +%J =V,(S) (13)

Considering the PWM converter block, the output voltage
is based on the reference signal of the average delay equal to
half of the switching circuit due to the switching of VSC.
Consequently, write in the equation as:

Y(S)=;

14T, s (14)

From the (14) when, T, = TSTW consequently, for converting

a block as:

1

VC(S) m:

Ve (S) (15)

Moreover, the system transfer function block, from the
behaviour of the control system refers to (9) the VSC model
equation in a synchronous reference frame with more than one
output and more than one input, which is difficult to control
[14, 15]. The system equation was therefore rewritten as:

di . .

Vye—Vy = L$+ Riy —oll, (16)
di . )

Voo —Vq = Ld_'s+ Ri, — oL, (17)
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The use of internal loop controllers iy, i; and independent
isolates. Causes the output of the reference voltage signal of
the two axes to feed to the converter, resulting in two
references in the system which are the components of D-Q as:

. . ) K. 1

V. =0 .—1) | K +—]+ —————
d,c (d,ref d) ( p SJ (1+STa) (18)
. . . K, .

quc = (|d'ref —|q)- Kp +? + ol +V, (19)

From (18), substituting (19) and substituting the system
equations in (16)and (17) as:

di, ..

Lﬁ+ Ri, =V, . 20)
di,

LE-F qu :Vq,c (21)

Nevertheless, a complete system block diagram can be
illustrated in Figure 5.
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Figure 5. Complete control block diagram

Figure 5 from the equation of all feedback control systems,
it can be mathematically modeled and proportional to the plant
in the control system as:

_Ye _L©)

cO=0e V.o

(22)

The feedback proportional system of the electrically
coupled inductor as:

1 1
G(s)=—
© R sr+1 (23)
where, 7 is the time constant, that is Ls/ R.

Likewise, the equation of a closed system as:

[ sTii+1 1 1 1
G, o (8) = kpi - = 24
o (8) =kp [ sTii J sTa+1R sc+1 @4

Based on the mathematical model of the aforementioned D-
Q spindle reference frame transfer function, it can be proved



that the control is highly stable compared to the hysteresis
control. From the analysis with mathematical and electrical
equations it can be seen that control variables can be
determined for their intended purpose. In this research, the
researchers determined the independent control of active and
reactive power to the grid, and this technology could further
stabilize the switching frequency conditions. This
determination of switching frequencies results in reduced
losses from switching devices, which is an advantage
mentioned above.

Presenting the literature research and the above-mentioned
principles, this research has produced a prototype starting from
the design of the control circuit, the power circuit of a single-
phase inverter connected to the grid. This prototype consists
of'a DC voltage capacitor, current filter inductor, IGBT circuit,
gate drive circuit, delay circuit, current detection circuit, and a
voltage detection circuit. Accordingly, writing commands for
processing with the math model function of MATLAB/
Simulink programs into microcontrollers [24-31]. Moreover,
active power and reactive power control with vector simplified
optimization techniques based on the D-Q spindle reference
frame for single-phase grid-connected inverter. The following
sections will present the results of the prototype compared to
the MATLAB/Simulink program, moreover review the results
for further development.

3. RESULTS AND DISCUSSION

Nevertheless, the following section is a simulation
experiment with MATLAB / Simulink, to compare it with the
prototype mechanism produced. An experiment for
controlling a single-phase grid-connected inverter using a
vector control technique based on the D-Q spindle reference
frame for photovoltaic systems, consisting of simulating the
grid voltage reference sinusoidal signal along the axis
reference frame D-Q is compared to the prototype mechanism.
Simulate the amplitude control of the current according to the
D-axis reference frame supplied to the grid. In addition to the
simulation and experiment of the current amplitude control
reference frame of the D-axis supplied to the grid, details are
given below.

Figures 6 (a) and (b) show the use of a vector control
technique based on the D-Q spindle reference frame of a
single-phase grid. Performing a transformation in the form of
a Clark shift that adjusts the angle of the lagging motion
voltage equal to 90 degrees, can be confirmed in principle.
Likewise, Figures 7 (a) and (b), when transformed in the Park's
transformation model using the magnitude of the reference
sine voltage and modulating the PI controlled current, the
principle can be confirmed as a principle and purpose.
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Figure 6. Grid reference voltage signal on Clark’s
transformation axis
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Figure 8. The control of grid currents by specifying the
reference current D-axis

Figure 8 (a) simulates grid current control by assigning the
reference current of the D-axis equal to 2-A. accordingly,
Figure 8 (b) the Total harmonic distortion (THD) is 13.20%.
Furthermore, from Figures 8 (c) and (d), when testing the
prototype compared to the simulation, THD values the
increase to 13.43%, but also found that the third harmonic and
fifth harmonic trends persisted due to the loss of the IGBT
switch in the inverter.

300
1
| N N\
o 100 / / / \
- l:' \ ! 'I { \
& ol
= 100 L i
N/ oo/
-200 N Ry
300
02 0205 021 0215 022 0225 023 0235 024 0245 026
Time {sec)
(a)
; Fandawental (30Hz) = L84 Arms, THD = 6.60%
-~ 4
i
i
g o3
H
%
g2
5
5
i
i} I i
] 10 20 30 40 S0
Huarmmonics order
(b)

TOHOTA @ SIS 2R Morwd e O £ ¥
finennt & EXP-7S ot
ak =y
Y —TRT —~
v,
&

v, =50V /div, iy = 5A/div. Time = Sms fdiv

(©)

Fumdanrentul (S0567) = 278 Adrmey, TID = 8745
. X \ . . .

i

4 i
3
E 3
i
E
2
q 4
l | N
¥ 10 20 El 40 ]
Hurmrnics wrder
(d)

Figure 9. Increasing the reference current of the D-axis

Consider from Figure 9 (a) and harmonic spectrum. Figure
9 (b) when adding the reference current of the D-axis to 4-A,
the simulation and comparison with the prototype, it is found
that if the current increases, it will cause changes in the good
direction. Nevertheless, considering the prototype, it is found
that the spectrum of THD is reduced to 9.74%, as shown in
Figure 9 (c) and (d). Moreover, it is also found that the
harmonic spectrum, third and fifth-order, fell to satisfactory.
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Figure 10. The grid current leading to the grid voltage and
harmonic spectrum

The topics presented here are the current control of the Q-
axis reference frame, which is the reference axis of the angle
between the voltage and current of the grid. Consider from
Figures 10 (a), and (c) that the current of the Q-axis reference
frame can be adjusted for objective purposes with a positive
value and that the current of the D-axis reference frame is
constant and greater. The simulation results show that the grid
current leading to the grid voltage. Moreover, when
determining that the Q-axis current is negative, it is found that
the grid current lagging on the grid voltage. Figures 10 (b) and
(d) is the harmonic spectrum of the grid currents when the
leading and lagging occurs are found, the effects of
microcontrollers are controlled TMS320k28379D of the
corresponding prototype, the results are satisfactory.

Moreover, Figure 11 (a) and (c) when determining that the
Q-axis current is negative, it is found that the grid current
lagging on the grid voltage. Figure 11 (b) and (d) harmonic
spectrum, the results are satisfactory.

Figures 12 (a) and (b) this section presents the efficiency of
the control mechanism of the prototype compared to the
simulation with sudden changes from 2-A to 6-A.
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Figure 11. The grid current lagging to the grid voltage and
harmonic spectrum

It was found that the response of the mechanism was
satisfactory. Moreover, when the grid currents controlled by
the currents along the D-axis reference frame with the currents
along the Q-axis reference frame equal to zero, accordingly the
angle between the voltage and currents of the grid is equal to
zero finds that the power factor is nearly unity.
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Figure 12. Performance testing of microcontroller prototypes

Moreover, Figures 12 (c) and (d) if the current decrease
from 6-A to 2-A in a sudden, the control mechanism can still
be satisfactorily controlled and can also control the modulation
of the inverter to supply active and reactive power to the grid.

4. CONCLUSION

The simulation results compared with the prototype, it is
found that the vector current control technique based on the D-
Q axis reference frame of the grid single phase, when
converting in the form of Clark's transformation at the angle
of both grid voltages lagging together 90-degree, can confirm
the accuracy according to moreover principle, grid current
control simulation by determining reference D-axis with 2-A
posture compared to the prototype were consistent and also
showed that the harmonic order the third and fifth remains the
system, because of the switch IGBT. Nevertheless, when
adding the reference current of the D-axis to 4-A found that
when the current increased, it was able to eliminate the third
harmonic, fifth order to be reduced as well. For control,
according to the Q-axis reference frame, which is the reference
axis of the angle between the voltage and current in the grid.
The comparison results show that from the grid current
prototype, the grid voltage and the harmonics of the grid when
the leading is less than the grid current lagging. Because of the
optimized D-Q vector control, the TMS320K28379D
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microcontroller of the prototype is still unstable, nevertheless,
when comparing the overall it is acceptable.

However, the research has many flaws, the researchers
recommend if someone is interested in applying it to other
types of energy systems. The vector control of the D-Q spindle
reference frame only calculated the amplitude current in a
fundamental frequency system at SOHZ, in the experiment of
supplying current to a continuous system with a non-linear
load connected to the same system. This causes other low-
frequency harmonic currents to be interpolated in the low-
magnitude portion of the reference current. Finally, if
interested parties should be careful of the output voltage noise
of the inverter circuit, such noise is quite large, the design
should add a snubber circuit to reduce the interference in this
section.
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