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ABSTRACT Power inverters are one of the devices of great importance used in power grids to convert
DC to AC, especially for grids with attached solar panels or wind turbines. The world is getting warmer
due to coal- and oil-based power generation. So human existence is threatened due to the increased
amount of carbon-dioxide in the air. As a result, integration of renewable energy sources (RESs) with
the grid became mandatory. So, the demand of grid-connected inverters is increasing as more RESs are
connecting with the grid; this necessitates developing a low-cost grid connected inverter system. This
paper presents a comprehensive study and hardware implementation of a grid tied inverter. In this research,
we have demonstrated a cost-efficient grid tied inverter design using low cost DSP controller applying fixed
point arithmetic. The fixed-point arithmetic and Digital Signal Processing (DSP) implementation results in
superior performance over conventional methods of calculation. This paper also proposes a hardware model
of such a bi-directional grid tied inverter. A current controlled Voltage Source Inverter(VSI) is used in the
paper and a PI controller is suggested for current error compensation. To generate gating pulse for appropriate
voltage, Space Vector Pulse Width Modulation (SVPWM) technique is employed. Synchronous Reference
Frame Phase Locked Loop (SRF-PLL) is chosen for performing grid synchronization. The feasibility of the
hardware model is verified by performing simulations on Simulink.

INDEX TERMS Inverter, grid-tied inverter, PWM-Rectifier, microgrid, renewable energy grid integration,
energy storage systems, SVPWM, PI controller, synchronous reference frame PLL (SRF-PLL).

I. INTRODUCTION

Inverters are the most salient part of a grid for integrating
renewable energy sources (RESs). They play a crucial role in
DC to AC conversion. Electrical energy is usually stored as
DC in energy storage systems (ESSs). To recover the stored
energy, it is necessary to convert it into AC to feed to the
utility grid for consumption. A grid tied inverter differs from
a conventional inverter to a few extents. Grid tied inverters
continuously maintain synchronization with the grid as well
as control real and reactive power. Two systems are said to
be synchronized when the voltages are in phase with each
other and the frequency is the same. So, when inverters are
synchronized to the grid, it means that the inverter output
voltage and the grid voltage should have a phase difference
of 0◦ and the two voltages should have the same frequency.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ramazan Bayindir .

Solar panels or wind turbines used as sources in grids
produce DC voltage which needs to be converted to AC
voltage for supplying to utility. For grids focused on pho-
tovoltaic (PV), several grid-connected inverter models have
been proposed. A soft switched inverter consisting of reduced
component size and power switches are demonstrated in
[1]. An improved cascade-type control scheme is proposed
in [2] to achieve fast transient response and low total har-
monic distortion (THD). It was noticed in [3] that parasitic
capacitors between PV panels and the earth causes leakage
current in cascaded-multilevel inverters. To mitigate such
problems, filter-based solutions have garnered popularity.
A single phase LLCL filter based Aalborg inverter [4] can
vary its input DC value for a wide range and save the total
inductance for the conventional voltage source inverter (VSI).
Transformerless inverters have recently paved their way into
the field because of their light weight and low cost. Amodular
buck-boost transformer less inverter is represented in [5]
for low voltage solar panels. Current control mode is used
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to control the inverter for the purpose of shaping current
to adjust power delivery. A modified multilevel cascaded
H-Bridge inverter has been designed and implemented [6] for
PV systems. Another compact three phase multilevel inverter
has been designed in [7] using a single DC source in each
phase for generating multiple level output voltages. This is
suitable for low and medium voltage applications, including
grid integration of renewables or energy storage systems.
The contributions of this paper are to manifest a cost-

efficient grid-tied inverter using fixed point arithmetic and
digital signal processing and to implement a small-scale
hardware prototype grid tied inverter. A current controlled
VSI is used in the paper and a PI controller is suggested
for current error compensation. To generate gating pulse for
appropriate voltage, Space Vector Pulse Width Modulation
(SVPWM) technique is employed. Synchronous Reference
Frame Phase Locked Loop (SRF-PLL) is chosen for per-
forming grid synchronization. The feasibility of the hardware
model is verified by performing simulations on Simulink.
The schematic diagram of the proposed system is illustrated
in Figure 1.
Similar works have been performed by many researchers

as numerous attempts have been made to improve inverters
for grid connection for renewable energy penetration. For
instance, in 2012, Abdalrahman et al have demonstrated a
comprehensive simulation and implementation of a three-
phase grid-connected inverter using the PSIM simulation
package [8]. In 2014, Al-Durra et al have presented a three-
phase grid tied DC/AC inverter with active and reactive power
(VAR) control for medium size renewable and distributed DC
energy sources [9]. In 2018, Sevilmiş et al have simulated
an experimental three-phase grid tied inverter controlled by
SVPWM method for RESs [10]. A compact three phase
multilevel inverter for low and medium power PV systems
has been explored in [7]. Inverters are a relatively new subject
in the field of power electronics, and are under continual
development. This study is a humble attempt at enriching that
branch with an updated and improved technology.
The rest of the paper is organized as follows: Section II

presents the modelling of the proposed system using relevant
equations. Section III represents the real and reactive power
control methods of the inverter and involves derivation of the
different transformation and control techniques for grid tied
inverter with simulation results. Section IV explains the grid
synchronizing process using SRF-PLL system and the gener-
ation of the gating pulses using SVPWM method. Section V
discusses the fixed-point arithmetic and how it is used in
the proposed system to calculate the PLL angle. Section VI
analyses the experimental results and demonstrates the inte-
grated hardware implementation. Section VII draws out the
conclusion to the paper.

II. SYSTEM MODELLING

A DC motor torque equation is governed by

If Ia = kId Iq (1)

Here If and Ia are field current and armature current
respectively. So, the torque of a DC motor can be controlled
precisely using a standard PI controller, which works robustly
on DC quantities of If and Ia. However, a PI controller inher-
ently cannot maintain zero steady state error for sinusoidal
reference. The integral action removes the error if reference
value is constant in steady state. So, to control the sinusoidal
output current, it is convenient to transform the sinusoidal
or alternating current or voltage into DC quantities through
dq transform. Thus, the model in dq frame is derived from
three phase a-b-c frame. The conversion process comprises
of two steps: firstly, from abc frame to αβ frame by means
of Clarke Transformation, and then from αβ frame to the dq
frame using Park Transformation.
The basic circuit for a three-phase grid tied inverter is

depicted in Figure 2. The sinusoidal three phase output volt-
age of inverter is as follows

via = Asin (ωt) (2)

vib = Asin

(

ωt −
2π

3

)

(3)

vic = Asin

(

ωt +
2π

3

)

(4)

Here, A is the amplitude of voltage, ω is the angular fre-
quency and via, vib, vic are three phase inverter side voltages.
The generic equation for a single phase is derived as

vi = vL + vR + vg (5)

vi = L
di

dt
+ iR+ vg (6)

vg = vi − L
di

dt
− iR (7)

The equation matrix for three phase stationary frame is





vga
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vgc
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dt
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(8)

The equation for the transformation of three phase stationary
(abc) to two phase stationary (αβ) would be
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[

vgα
vgβ

]

=







viα − L
diα

dt
− Riα

viβ − L
diβ

dt
− Riβ






(11)
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FIGURE 1. Schematic diagram of the whole proposed system of the three-phase grid tied DC/AC inverter, comprising of a three-phase inverter, a current
control system, gating pulse generator for the inverter switches and a grid synchronizing system.

Now, for converting from the αβ frame to the synchronous
d-q frame

[

vgd
vgq

]

=
[

cosωt sinωt

−sinωt cosωt

] [

vgα
vgβ

]

(12)

[

vgd
vgq

]

=
[

cosωt sinωt

−sinωt cosωt

]







viα − L
diα

dt
− Riα

viβ − L
diβ

dt
− Riβ






(13)

[

vgd
vgq

]

=
[

vid
viq

]

−R
[

id
iq

]

−L
[

cosωt sinωt

−sinωt cosωt

]







diα

dt
diβ
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(14)

Now,

[

cosωt sinωt

−sinωt cosωt

]







diα

dt
diβ

dt






=

d

dt

[

id
iq

]

+ ω

[

−iq
id

]

(15)

So, the electrical dynamics of inverter in d-q synchronous
frame is derived as

[

vgd
vgq

]

=
[

vid
viq

]

− R

[

id
iq

]

− L
d

dt

[

id
iq

]

− ωL

[

−iq
id

]

(16)
[

vid
viq

]

=
[

vgd
vgq

]

+ L
d

dt

[

id
iq

]

+ ωL

[

−iq
id

]

+ R

[

id
iq

]

(17)

The resistance R can be practically neglected and the differ-
ential equation of synchronous frame becomes

d

dt

[

id
iq

]

=
1

L

[

vid − vgd
viq − vgq

]

− ω

[

−iq
id

]

(18)

The equation describes that the dynamics of one axis cur-
rent is dependent on the other axis current. This is analo-
gous to the electric machine where direct axis flux produces
quadrature axis back EMF. The control scheme is illustrated
in Figure 3.

To control the currents idandiq, a PI controller is proposed.
Thus, the inverter input reference voltage would be

[

v∗id
v∗iq

]

=
[

vgd
vgq

]

+







(kp +
ki

s
)(i

∗

d
− id )

(kp +
ki

s
)(i∗q − iq)






+ωL

[

−iq
id

]

(19)

Here, the asterisk (∗) sign indicates the reference variable.

III. REAL POWER AND REACTIVE POWER CONTROL

There are two control strategies for three phase Voltage
Source Inverters (VSI): current control and voltage control.
Voltage controlled VSI uses the phase difference between the
inverter output voltage and grid voltage to control the power
flow. Current-controlled VSI provides high-accuracy con-
trol of instantaneous current, protection from peak-current,
overload mitigation, and superior dynamics [11]. In the past
few years, many current control strategies have been devel-
oped. The major types of pulse width modulation (PWM)
based current control strategies are linear and non-linear.
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FIGURE 2. Circuit diagram of a three-phase grid tied inverter. The inverter consists of six switches paralleled by freewheeling diodes. A dc-link
capacitor stores the voltage temporarily before transmitting it to the inverter. The inverter is connected to the AC grid by means of lines that are
equivalent to RL branches.

FIGURE 3. Block diagram of Control Schema derived from the mathematical model of grid tied inverter.

Linear control strategies include Proportional Integral (PI)
Controller, Proportional Resonant (PR) Controller, Predictive
Dead-beat Controller and Repetitive Controller. Non-linear
control strategies include Hysteresis Controller, Delta modu-
lation and On-line optimized controller.
Predictive controller has a very good steady-state perfor-

mance and provides a good dynamic performance. However,
its performance is sensitive to system parameters. The hys-
teresis controller has fast transient response, non-complex
implementation and an inherent current protection. However,
the hysteresis controller has some drawbacks such as variable
switching frequency and high current ripples. These cause
poor current quality and introduce difficulties in the output
filter design [12], [13].

The main principle of current control is to force the con-
troller current to follow the reference signal. In case of current
control strategy, active and reactive components of the cur-
rent injected into grid are controlled separately using PWM
techniques. The proposed model of inverter operates in linear
current control mode because the grid controls the operating
voltage and frequency. The inverter has nothing to do with
voltage and frequency as it is connected with infinite bus.
The controller sets the current reference by which it controls
real and reactive power as shown in Figure 3. A prominent
advantage is that current control is less sensitive to distorted
grid voltage and its response is faster. For these reasons,
current control has advantages over voltage control meth-
ods. Thus, for grid connected application, current control is
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TABLE 1. Comparison among the three main current controllers.

recommended. The current controller for controlling current
in the grid connected inverters are vastly classified according
to Figure 4.
Table 1 summarizes the advantages and disadvantages of

three principle current controllers: hysteresis current con-
troller, predictive current controller and linear PI current
controller. Based on these judgements, the linear PI control
algorithm is found to be the best choice to implement the
grid connected inverter [14], although PI controllers also have
some problems, such as limited bandwidth, poor disturbance
rejection and introduction of delay into the control loop [?].

The equations for calculation of current reference are
deduced as follows. As all the calculations are in the d-q
axis, thus the real and reactive power equations of inverter
are respectively governed by

Pdq =
3

2

(

Vd Id + VqIq
)

(20)

Qdq =
3

2

(

VqId − Vd Iq
)

(21)

Solving the equations, we can get the reference direct axis
(Id) and quadrature axis (Iq) current reference value

i∗d =
2

3

(

PdqVd − QdqVq

V 2
d + V 2

q

)

(22)

i∗q =
2

3

(

PdqVq − QdqVd

V 2
d + V 2

q

)

(23)

These reference currents represent idref and iqref in Figure 3,
which are fed into the PI Controller to push real and reactive
power into the grid.
The PI current control offers an excellent steady-state

response, low current ripple, constant switching frequency
and well-defined harmonic content. Moreover, the controller
is insensitive to system parameters since the algorithm does
not need system models [15]. In this system, PI controllers
are used to compensate the current vector components that
are defined in synchronous reference frame. Because of coor-
dinate transformations, id and iq are DC components, and
therefore reduce the error(s) between the reference current I∗d
(I∗q) and the actual current Id (Iq) to zero [12]. PI controller

performs better in stationary systems as d-q components of
current represent the AC parameters as dc quantities.

The equation of the PI controller is

u (t) = kpe (t) + ki ∫ e (t) dt (24)

After Laplace transformation, it becomes

U (s) = KpE (S) + Ki
E (S)

s
(25)

The equations can be shown in block diagram as shown
in Figure 5. When the PI controller reaches the actuator
limit, then the actuator becomes saturated. In this situation,
the system effectively operates in open loop. To limit the
integral windup, Figure 5 shows a significant anti-windup
control scheme [16]. In the figure, three PI loops are used to
control three interactive variables independently. The imple-
mentation is conventional and includes the term (Kc.Excess)
to limit integral windup. Excess is calculated by subtracting
the unlimited output (U ) and limited output (Out). The term
Kc multiplies the Excess and limits the accumulated integral
portion (Sum). The pseudocode of the modified PI controller
becomes:

Modified PI Controller pseudocode:
Error = Ref − FB

U = Sum+ (Kp∗Error)
If (U > outMax)

Out = outMax

Else if (U < outMin)
Out = outMin

Else

Out = U

Excess = U − Out

Typical closed loop systems use PI controller through feed-
back mechanism to maintain the desired result. PI controllers
can easily track DC quantities in low bandwidth condition.
In the system, 3 phase AC quantities cannot be directly
tracked by PI controller.
Thus, mathematical transformations such as Clarke and

Park transformation provide an aid to convert the quantities
into corresponding d-q components. Clarke Transformation
converts three-phase AC signals as shown in Figure 6(a)
into two-phase quadrature signals as shown in Figure 6(b).
The equation for converting a, b, c frame into α, β frame is
governed by the equation

[

fα(t)
fβ (t)

]

=
2

3









1 −
1

2
−
1

2

0

√
3

2
−

√
3

2













fa(t)
fb(t)
fc(t)



 (26)

For a balanced 3 phase system

fa (t) + fb (t) + fc (t) = 0 (27)

So, the Clarke transformation reduces into

fα (t) =
2

3
fa (t) −

1

3
(fb (t) + fc (t)) (28)
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FIGURE 4. Classification of current control methods for VSI. The two primary types are on/off control (where switches are either on or off) and PWM
control (where the pulse width of the signals can be controlled). From these two types emerge a vast classification of the current control methods.

FIGURE 5. Block diagram of the closed loop system of the PI (proportional-integral) controller used in VSI along with associated equations.
Here, kp and ki are the proportional and integral constants respectively, and e(t) is the error function of the input signal r(t); and y(t) is the
output signal.

fα (t) =
2

3
fa (t) −

1

3
(−fa (t)) (29)

fα (t) = fa (t) (30)

Similarly, fβ (t) reduces into

fβ (t) =
fa (t) + 2fb (t)

√
3

(31)

The Park transformation results in DC quantities (d and q
components) which can follow PI controller reference signal
easily. The Park transformation of three-phase AC signals
in Figure 6(a) results into the DC signals shown in Fig-
ure 6(c). The value of fd and fq can thus be derived from the
predetermined value of fα (t) and fβ (t) using the following
equation

[

fd
fq

]

=
[

cosθ (t) sinθ(t)
−sinθ (t) cosθ (t)

] [

fα (t)

fβ (t)

]

(32)

The advantage of the reduced equations (30) and (31) is that
it requires lesser number of multiplications than the equation

(26). So, the transformation can be easily implemented into
the dsPIC33F family microcontroller. These equations also
dictate that only two phases (phase a and b) of voltage or cur-
rent are needed to be sampled for the transformation.

IV. GRID SYNCHRONIZATION

The voltage amplitude and the frequency of the inverter and
the grid need to be synchronized with each other when they
are connected [17]. In the traditional synchronous generator
system, the generator output voltage and frequency are the
governing parameters to synchronize with the grid. After
proper matching of amplitude and frequency, the generator
synchronizes with the grid at the Point of Common Coupling
(PCC). It needs to be continuously tracked on-line whether
or not the synchronization is continually maintained. The
condition of synchronization determines the firing signals for
the inverter [18]. A grid tied inverter mimics the behavior
of synchronous generators. So, to inject power into the grid,
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FIGURE 6. (a) Three-phase AC signals; (b) Clarke transformation of the AC
signals; (c) Park transformation of the AC signals; (d) PLL angle of the AC
signals.

it has to synchronize with the grid frequency and amplitude.
There are several techniques for synchronization, such as
[19]:

• Duplicate grid voltage output so that the output current
reference has the same phase as the grid voltage

• Phase locked loop (PLL), a technique which samples
grid voltage (Stationary frame PLL)

• Synchronous Reference Frame (d-q) PLL (SRF PLL)

SRF-PLL is used widely in ideal grid conditions for
three-phase grid-connected power converters for its sim-
ple implementation and fast and accurate estimation of the
phase/frequency [20]. Phase Locked Loop (PLL) is the heart
of a grid tied inverter system, keeping track of the grid
frequency and phase. More accurately, the role of PLL in
a three-phase system is to estimate the angle measuring the
instantaneous voltage waveform. The control of the grid tied
inverter mainly depends on the synchronization algorithm.
PLL synchronization techniques are prominently used in
practical applications. A detailed discussion on PLL tech-
niques can be found at [21]. Suppose, the PLL estimated
angle is θ , then the a-b-c to d-q transformation can be
described as




vd
vq
v0



 =
√

2

3





cos (θ) sin (θ) 0
− sin (θ) cos (θ) 0

0 0 1









cos (ωt)

sin (ωt)

0



 (33)

=
√

2

3





cos (ωt) cos (θ)+sin (ωt) sin(θ)
− sin (θ) cos (ωt)+cos (θ) sin(ωt)

0



 (34)

Using trigonometric identity, the equation reduces to




vd
vq
v0



 =
√

2

3





cos (ωt − θ)

sin (ωt − θ)

0



 (35)

Under ideal grid conditions, the determined phase angle
(θ ) is equal to the phase angle of the grid (ωt) and as can
be seen from the following equations; while vq is equal to
zero. The block diagram of the SRF-PLL system is illus-
trated in Figure 7. It is mandatory to assume that PLL is in
locked mode during PLL design which means input signal
and feedback signal are in phase and same frequency. When
PLL angle is close to instantaneous voltage vector angle,
(ωt − θ ) is small or close to zero. The term can be linearized
for controlling using PI controller.

vq = sin (ωt − θ) ≈ (ωt − θ) (36)

Thus, it can be concluded that, for balanced three-phase
system, the q axis component Vq is close to zero when PLL
angle is locked [22]. So, the q axis property is used in SRF-
PLL as phase detector (PD) and low pass filter/PI controller
is then used to eliminate steady state error and output is fed
to voltage-controlled oscillator (VCO) which generates the
angle and sine wave.
The transfer function of the PLL circuit is given by

H (s) =
kps+ kp

Ts

s2 + kps+ kp
Ts

(37)

We choose Ts = 0.04 and ζ = 1/
√
2. So, the parameters of

the PI controller can be calculated as

kp = 2ζωn =
9.2

Ts
(38)

Ti =
Tsζ

2

2.3
(39)

where, the natural frequency is given by

ωn =
4.6

ζTs
(40)

Figure 8 shows the three phase AC signals and the PLL angles
for the signals.

All the necessary algorithms to implement grid tied invert-
ers have been presented previously. This segment aims to
present the PWM technique for generating output signal
of inverter. There are many methods for generating PWM
signals. In this application, Space Vector PWM (SVPWM)
technique is implemented for its robustness [23].

The SVPWM subroutine can be implemented in three
steps. In the first step, the sectors are calculated from the
PLL angle. Secondly, the time durations t0, t1 and t2 are to be
calculated. After that, the duty cycle for different sectors can
be easily determined according to the flowchart of Figure 9.

As shown in the figure, the first step to implement the
SVPWM subroutine is to determine the sector from the PLL
angle. That is done by comparing the extracted grid phase

VOLUME 8, 2020 89221



S. Shuvo et al.: Fixed Point Implementation of Grid Tied Inverter in DSP Controller

FIGURE 7. Block diagram of SRF-PLL for synchronizing the inverter to the grid. The three phases in abc frame are converted to the dq
frame. Only the q axis component is used as phase detector for grid synchronization of the inverter.

FIGURE 8. Simulation of the three-phase AC signals represented in red,
blue and yellow (top) and the PLL angles (bottom).

TABLE 2. Duty cycles in sectors.

angle with angle range of each sector, as illustrated in Fig-
ure 10. Table 2 demonstrates the duty cycles of the three upper
switches of the inverter in the six different sectors.
The software implementation dsPIC controller is explained

in the flowchart shown in Figure 11. The grid voltage and
the current injected to the grid will be sensed firstly through
ADC module of the dsPIC controller. Then the grid angle is
extracted by the PLL algorithm. After that, the PI controller

is executed for the current control loop. Finally, SVPWM
subroutine is executed.

The second step to implement the SVPWM subroutine is
to calculate the modulation index (m) and the time duration
T1,T2,T0 that can be determined by the following equations

m =
uref

uDC/2

(41)

T1 =
√
3

2
Tsm.sin

(π

3
− θ

)

(42)

T2 =
√
3

2
Tsmsin (θ) (43)

T0 = Ts − T1 − T2 (44)

where uref is the amplitude of desired output fundamental
component, uDC is the available dc-bus voltage, Ts is the
sampling period, and s is the phase angle of the grid voltage
that extracted by PLL.
The gating signals are generated when PWMmodule inter-

rupts. The interrupt service routine for the PWM module
is shown in Figure 12. In this routine, the duty cycle for
each pair of PWM output (PWMxH/PWMxL) is loaded in
its associated PWM duty cycle register (PDCx). After imple-
mentation of the SVPWM subroutine, the waveshapes of the
three phases are represented in the simulation diagram shown
in Figure 13.

V. MATHEMATICAL OPTIMIZATION

Fixed point math is an efficient method of calculating floating
point number. In the computer processor perspective, all the
calculations are performed in integer domain. Floating point-
math takes many CPU cycles than fixed-point math whereas
the floating point unit (FPU) is not present in the processor.
Most of the 8-bit and 16-bit microcontrollers do not have
FPU. In this application, the dsPIC33f family microchip
microcontroller has been used, which is a 16-bit microcon-
troller with Digital Signal Processing (DSP) capabilities.
Q1.15 is a popular fixed point format for 16-bit processor.
Q1.15 represents 15 bits for fraction out of 16 bits. So, 16-bit
signed value in integer math have a range of −32768 to
+32767. In the Q1.15 math this range is represented as
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FIGURE 9. Flowchart depicting the steps for implementing the SVPWM subroutine. Firstly, the sectors are
calculated from the reference signal from the controller. Then the modulation index and the time durations
are calculated.

FIGURE 10. Determination of the sector of reference signal by comparing
the extracted grid phase angle with the angle range of each sector.

−1.0 to+0.9999. There is another reason of using fixed point
math instead of floating point math. That is, fixed-point
math tends to saturate like real world behavior. For instance,
the PLL angle varies from+π to π in real world applications,
whereas in Q1.15 format, this range represents −32768 to

TABLE 3. Some examples of fixed point implementation (in
Q1.15 format) of floating point numbers.

+32767.

Q15 (x) =

{

32768x − 0.5; x < 0

32767x + 0.5; x ≥ 0
(45)

Here, x represents any floating point value between −1 and
0.9999 and Q15(x) is fixed point representation of x in
Q1.15 format. A few operations of how fixed point math per-
forms floating point operations are demonstrated in Table 3.
As all the calculations are in 16 bits. So, 32 bits output
saturated into 16 bits.

VI. EXPERIMENTAL RESULTS

The proposed work is an assembly of several experimental
steps. The successive development of the proposed model
has been presented below through simulation diagrams. It is
noteworthy that all the results obtained have been taken in
fixed point arithmetic format and thereby, all the graphical
results produced are scaled in the Q1.15 format along the
vertical axis.
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FIGURE 11. Flowchart illustrating the main routine for the dsPIC software
prior to calling the SVPWM subroutine.

Here are the in short description of how we captured all the
hardware results.We capture all the data using serial terminal.
As serial terminal communication is low, so we used internal
buffer for the variables. When buffer was full, data was sent
through the serial terminal.

A. CLARKE TRANSFORMATION

The transformation from the abc-frame to the stationary αβ

frame is represented by Clarke transform, which is shown
in Figure 14. Only two of the three phase voltages are fed
into a Clarke transform to convert them from a three-phase
system (ia, ib, ic) to a two-dimensional orthogonal system (iα ,
iβ ). Note that it’s not necessary to measure all three currents,
since the sum of the three must equal unity (0). So, the third
current must be the negative sum of the first two.

B. PARK TRANSFORMATION

The transformation from the stationary αβ frame to the syn-
chronously rotating dq frame is represented by Park trans-
form, which is shown in Figure 15. A Park transform is used
to convert the two-axis stationary system (iα , iβ ) to a two-
axis rotating system (iq, id). The main purpose to transform
the three-phase instantaneous voltages and currents into the
synchronously rotating reference dq frame is to make compu-

FIGURE 12. The interrupt service routine for PWM for generating the
gating signals. Here, the duty cycle for each pair of PWM output
(PWMxH/PWMxL) is loaded in its associated PWM duty cycle register
(PDCx).

FIGURE 13. Output waveshapes of the three phases after implementation
of the SVPWM subroutine, shown in red, blue and yellow. The
waveshapes are not smooth sinusoidal.

tations much easier. Besides, it allows the system operator to
independently control the active (d-axis) and reactive (q-axis)
components of the currents.
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FIGURE 14. Demonstration of the Clarke Transformation: conversion of
the axes system from three axis abc system to a two-axis stationary αβ

frame.

FIGURE 15. Demonstration of the Park Transformation; conversion of the
axes system from the two axis stationary αβ frame to the two axis
rotating dq frame.

FIGURE 16. Simulation result of the implementation of the SVPWM
subroutine. The three SVPWM phases are marked in red, blue and green.

C. SVPWM

SVPWM is employed in this system to generate appropriate
gating pulses for the inverter. SVPWM has been proven to
be a better technique compared to the more commonly used
PWM or sinusoidal PWM (SPWM) techniques. SVPWM
is generates a more fundamental sine wave with a higher
voltage, dominant harmonic reduction and lower total har-
monic distortion (THD) when used in an inverter. The
three phases implementation of the SVPWM subroutine in
dspic33f microcontroller is shown in Figure 16.

FIGURE 17. Demonstration of the simulated three output phase voltages
of the inverter, shown in red, blue and green.

FIGURE 18. Simulation result of the PLL angles for one phase of the
three-phase AC system. The other two phases show similar results.

D. INVERTER PHASES

The inverter takes input from the DC voltage source and
converts it into three-phase AC voltage and feeds to the
grid. For the experiment, a DC source is used instead of a
solar array. The inverter converts the DC voltage into a three
phase AC voltage. The three phases of the inverter output
can be represented as the red, blue and green waveforms
in Figure 17.

E. PLL

Phase locked loop (PLL) control is an indispensable part
of the grid synchronization process. It helps to estimate the
angular difference in the phase of the inverter output voltage
and the grid voltage, based on which the VCO operates to
control the frequency of the inverter output. Figure 18 repre-
sents the PLL angle of the inverter output voltage with respect
to a certain phase of the grid.

F. PHASE SYNCHRONIZATION

Figure 19 shows the simulation of the grid synchronization
process. The simulation has been illustrated for one phase
only. The red waveform is the grid voltage and the green
waveform is the inverter output voltage; and it is evident that
these two waveforms are perfectly in phase with each other,
i.e. with a phase difference of 0◦. This implies that these two
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FIGURE 19. Simulation of the grid synchronization of one of the three
phases of the AC voltage signal. The grid voltage and inverter voltage are
in phase, implying that they are in synchronization.

FIGURE 20. Components of the hardware implementation of the
proposed three-phase grid tied inverter.

FIGURE 21. The three phases of the inverter output voltage as seen from
the oscilloscope screen.

signals are matched in phase and therefore, the inverter output
has been synchronized with the grid voltage.

G. HARDWARE IMPLEMENTATION

The components used in the hardware implementation of the
proposed model has been presented as an image in Figure 20.
The three-phase 400V, 50Hz AC signal output voltage of the
inverter, which is fed to the grid, is sampled by a sensor board,
which can be observed on the oscilloscope display, as shown
in Figure 21. There is a control board and a switch board
too. A serial converter aids to display the waveforms on the
monitor. The monitor depicts the live control of the device,
as shown in Figure 22. The monitor shows four waveforms:
the PLL angles, and the three SVM phases, which are similar

FIGURE 22. The simulation of the PLL angle (triangular) and the three
SVM phases (three colors) as seen from the monitor screen.

FIGURE 23. Image of the complete hardware implementation of the
proposed system of the grid tied three-phase inverter.

to Figure 8 (bottom) and Figure 14. The complete hardware
implementation setup is shown in the image of Figure 23. In
the hardware implementation, a DC source is directly used
instead of a PV system for the purpose of experimentation
and convenience.

VII. CONCLUSION

In this paper, a grid tied inverter has been proposed which
can be implemented using fixed point calculation and digi-
tal signal processing (DSP). The fixed point arithmetic and
DSP implementation have been found to perform better than
the conventional methods of calculation, yielding a low-cost
inverter. A hardware model of such a grid tied inverter has
also been implemented in this work. The current control
strategy has been used for the voltage source inverter in
the proposed system. PI controller has been used for the
current control strategy. Space Vector Pulse Width Modu-
lation (SVPWM) technique has been used for generating
the gating pulses. For the purpose of grid synchronization,
Synchronous Reference Frame Phase Locked Loop (SRF-
PLL) has been employed. MATLAB/Simulink platform has
been used for simulations and to assess the feasibility of the
hardware model. Future works will include improvisation
of the proposed system to make it more cost-effective and
tolerant of intermittencies of renewable sources of energy
by incorporating an energy storage system along with this
system.
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