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property. The PI, Slide, and MPC methodologies are
used to test three distinct inverter current control
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dynamic performances of the traditional PI control
technique are slightly better and smoother than the
other two inverter control techniques. The unity power
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using the PI and MPC methods. MPC's DC link
voltage readings are also consistent and match the
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1. Introduction
PV (photovoltaic) systems have many advantages,
including flexibility, non-polluting, noise-free
operation, low-maintenance, and ease of installation
in any location with sun irradiation availability.
Customers in many countries are being encouraged
to install solar systems in order to support traditional
energy sources and enhance the contribution of
renewable energy and reduce global warming. The
typical layout of a PV based grid connected system
needs different transformers, inverters and PV arrays.
The transformers convert the voltages to the
appropriate value, while the inverters are used to
convert the DC to either DC and then to AC voltage
(like, multistring inverter) or directly DC to AC
voltage (like, central inverter). The central inverter is
suitable for the large scale PV system (around 1 to
100 MW) whereas the multistring inverter is used to
boost the maximum power point for the solar cell
operation. The multistring inverter is more efficient
than the central inverter. However, the cost and
maintenance of the second type is better. The DC
power generated from PV modules is transferred as
real power injected into the power grid. MPPT
controls the DC/DC conversion that is depending on
the environment conditions like temperature and
irradiation. Utilizing PWM or SVM technique in the
DC/AC part, power transformation and grid
synchronization will be done. Different procedures
such as current or/ and voltage references and the
active power references can be employed to control
the overall system [1], [2]. The complete diagram of
DC/DC and DC/AC conversions is as shown in
Figure 1.
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Figure 1. The DC/DC and DC/AC conversions diagram
[3]
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2. Characteristics of Grid-Connected PV
Systems
Based on numerous PV researches [4], [5], [6], [7],
[8], [9], [10], [11], [12], the most essential features of
PV grid on systems are:












Almost all existing PV-based inverters are
incapable of supplying any reactive power or
voltage. As a result, PV systems normally
operate at unity power factor, and VAR supplies
are handled by the utility.
By
regular
standards,
when
the
voltage/frequency grid deviates from its standard
ranges, the inverter should immediately separate
itself from the power grid until returning normal
conditions.
When the power grid is available, the
photovoltaic generators and their inverters must
be connected in a parallel arrangement to the
general grid, and the loads will be supplied
correctly. Moreover, the energy produced by
photovoltaic generation will reduce the apparent
power demand and then the excess energy will
flow into the electrical grid.
Many factors related to the environment of PVs
including weather, location, day-time and nighttime are crucial and must be taken into account
while designing PV systems.
There is a lack of coordination between
photovoltaic resources and other conventional
plants. For very high PV production, the reactive
power management for linked feeds is not built
correctly.
Because of the system's lower cost, it's preferable
to work without considering extra energy storage
devices. It's challenging to have enough capacity
to deploy photovoltaic system auxiliary services.

voltage source DC/AC inverter with current
controlling was chosen because of its numerous
suitable technical qualities [13].
The synchronization of designed PV system with
main
grid
and
loads
is
satisfied
by
designing suitable control mechanisms. Three phase
three level NPC voltage source DC/AC inverter has
been used because of its several suitable technical
properties compared with other types of DC/AC
inverters. The current controller is employed to
control the injected power values to the utility grid
and loads by adjusting the injected current values
according to reference or desired values of the
injected currents. Table 1. describes the advantages
and disadvantages of the current controller of DC/AC
inverter.
Table 1. Advantages and disadvantages of the current
controller of DC/AC inverter
Advantages
Design: Simple
Static and dynamic
response: Stable and
fast

Disadvantages
Voltage regulation:
DC-link voltage
regulation is required
Complexity: As stage
level increases, the
complexity to balance
the DC-link rises

Switches voltage
rating: Low rating
Efficiency: High
Power output
control: It has the
capacity to give a
redundant
supplementary ride
through facility

4. Controllers Reference Structures

A large-scale solar power system with two stages
and a 250KW-1MW three-phase on-grid system was
proposed in this research. It demonstrated effective
electrical management solutions for controlling
DC/AC conversion characteristics in order to
maintain proper synchronization between the PV side
and Grid side.

Grid-connected inverters generally use a variety of
control approaches. According to the reference kinds,
these approaches can regulate and measure the
reference control parameters current or voltage. They
are divided into three types depending on the stage
levels: single, double, and triple stage systems. These
controller types are briefly illustrated as:

3. The DC/AC Inverter Control Techniques in
PV System

4.1. abc Reference Scheme [14], [15], [16], [17],
[18], [19]

The synchronization of designed PV system with
main
grid
and
loads
is
satisfied
by
designed suitable control mechanisms. The control
mechanisms of the DC/AC inverter have been
designed in this part to suit the grid and load
requirements. In comparison to other types of
DC/AC inverters, the three phase three level NPC

In abc reference approach as shown in Figure 2.,
each phase grid current is separated without any
transformation and applied directly to control the
synchronization. The type of connections (star or
delta), necessity be taken into consideration while
designing this controller.
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Figure 2. The abc Reference scheme [14]
𝑃𝑎𝑟𝑘 𝑀𝑎𝑡𝑟𝑖𝑥

4.2. dq Reference Scheme [20], [21], [22], [23]
The three-phase (abc) current and voltage are
converted into synchronous current and voltage
components (Id /Vd and Iq /Vq) using Park
transformation as shown in equations (1), (2). The
control variables are transformed from the sinusoidal
domain into reference coordinate system (dq0
coordinates) which can easily be controlled and
filtered with good steady state output values as
shown in Figure 3.
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Figure 3. The dq Reference scheme [20]

4.3. αβ Reference Scheme [24], [25], [26]
In this reference frame, the three phases currents
(𝐼 , 𝐼 , and 𝐼 ) and voltages (𝑉 , 𝑉 , and 𝑉 ) are
altered into angle αβ variables (𝐼 and 𝐼 ) and (𝑉 and
𝑉 ) using a Clark transformation respectively. It
works in both three-phase and single-phase systems.
The Clark transformation has symmetrical form as in
equations (3-4):
𝐶𝑙𝑎𝑟𝑘𝑒 𝑀𝑎𝑡𝑟𝑖𝑥
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𝐶

1
0

√

√

(3)

𝑋∝_
𝑋 _
𝑋
𝑋
𝑋

𝐶

𝑋
𝑋
𝑋

_
_
_

and

𝑋∝_
𝑋 _

𝐶

_
_

(4)

_

Although the hardware of the αβ frame is complex
as shown in Figure 4., the control variables are
converted easily into two stable sinusoidal quantities,
which can reduce the steady-state errors and achieve
a high gain around resonance frequency (𝑓 ).
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Figure 4. The αβ Reference scheme [24]

5. Maximum Power Point Tracking (MPPT)
System
The efficiency of solar panels is very low.
Moreover, the PV voltage and current is time-variant
and depend on the irradiation quantity and
environment temperature. As a result, it's crucial to
keep track of the solar modules' maximum power
point and operate at that level. Perturb-and-observe
(P&O) [25], [26], one of numerous MPPT algorithms
that can maximize the power point, is the most

extensively used algorithm due to its ease of
implementation and simplicity. Figure 5. shows the
flowchart for the (P&O) algorithm. The algorithm
changes the duty cycle by small increasing or
decreasing duty cycle step size (∆D) and then
measuring the change in PV power (P). If P>0, the
operating point has moved closer to the maximum
power point MPP, and thus the duty cycle has been
perturbed further in the same direction; otherwise,
the direction has been reversed. Until the MPP is
reached, this process is repeated on a regular basis.

Figure 5. Typical P&O MPPT algorithm [25]

6. The Proposed Three Phase Current
Controlled System
The simulations have been carried out for single
PV array under the control of the DC to DC boost
converter with duty based P&O, as well as DC/AC
with different current control. All simulations were
run in a MATLAB/SIMULINK environment.
TEM Journal – Volume 11 / Number 3 / 2022.

Three different types of DC/AC inverter control
mechanisms are proposed, implemented and
compared, as shown in Figure 6. All techniques are
three phases, three levels NPC current control
techniques with Proportional/Integral (PI), sliding
mode control and discrete time Model Predictive
Control (MPC) techniques.
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Figure 6. 250KW three-phase PV grid connected system

6.1. Proportional Integral (PI) Current Control
Technique
The main objective of PI current controller is to
control the injected power values to the utility grid
and loads by adjusting the injected current values
according to the reference or desired values of the
injected currents. Figure 7. illustrates the complete PI
control structure of the DC/AC inverter with LCL
filter. It should be mentioned that before applying the
Park’s transformation, the phase of the utility grid
has to be attained by using PLL mechanism [27],
[28].
According to almost all current controlled systems,
the first control loop is the DC voltage regulator step.
The difference between the measured DC voltage
and the reference DC voltage is used to determine the
reference active current value 𝐼𝑑_𝑟𝑒𝑓 which is then
passed through proportional integral control loop.
The injected active and reactive power can be
calculated in 𝑑𝑞 frame as:
𝑃
𝑄

𝑉𝐼
𝑉𝐼

𝑉𝐼
𝑉𝐼

(5)
(6)

Where 𝑉 , 𝑉 are the 𝑑𝑞 voltages at the point of
common connection, 𝐼 , 𝐼 are the 𝑑𝑞 components of
the injected current. The grid frequency was locked
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on via a phase locked loop, and 𝑉 was set to zero
[29].
The corresponding active and reactive power
values are also written in 𝑑𝑞 coordinate system as:
𝑃
𝑄

𝑉𝐼
𝑉 𝐼

(7)
(8)

Which means that if the 𝑉 is quite constant, 𝐼 and
𝐼 can govern the real and reactive power injections
from the PV array.
𝐼 is controlled to follow a defined direct reference
to be able to inject real power from the
current 𝐼 _
is set
inverter, the quadrature reference current 𝐼 _
to zero in order to make the reactive power equal to
zero and provide a unity power factor.
The reference or control voltage are assigned
according to equations (9 and 10) below for
generating switch pulses to control DC/AC inverter
as [30]
𝑉
𝜔𝐿𝐼

𝐾
𝑉

𝐼

𝑉
𝜔𝐿𝐼

𝐾
𝑉

𝐼

𝐼

𝐾

𝐼

𝐼

. 𝑑𝑡
(9)

𝐼

𝐾

𝐼

𝐼

. 𝑑𝑡
(10)

Where 𝐾 and 𝐾 are the PI controller constants.
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Figure 7. DC/AC inverter structure with PI current control technique [27]

Inverter terminal and for phase a:

6.2. Sliding Mode Current Control Technique
The sliding mode control approach can be used to
control a three phase grid connected PV system
effectively. It has a large capacity for disturbances
and a robust response in steady state outputs [31].
Figure 8. shows the entire structure of the three phase
three level sliding mode current control grid
connected DC/AC inverter.
There are two control loops, the first is the outer
control loop that is also identified as voltage
controller which is used for generating reference
injected current in the grid side, and hence active and
reactive reference power and the second is the inner
control loop, also known as the current controller,
which was designed involving the sliding mode
current control technique.
The system has three phases, each phase with two
sides (inverter and grid) and three terminals (inverter,
grid and filter). It may demonstrate the following
using the basic principle of electrical circuit basis:

TEM Journal – Volume 11 / Number 3 / 2022.

_

𝐿

𝑉

𝑉

_

(11)

_

Grid terminal and for phase a:
_

𝐿

𝑉

𝑉

_

(12)

_

Filter terminal and for phase a:
𝐶

𝐼

Where,
𝑉
𝐼

𝑉
.𝑅

𝐼

𝐼
𝑉

_

(13)

𝐼

𝐼

.𝑅
(14)

The (abc) natural coordinate system is converted to
the (dp) rotating reference coordinate system for ease
of use after performing Park's transformation.
Inverter side:
𝐼
𝐼

_
_

𝑉
𝑉

_
_

𝑉
𝑉

𝜔𝐿

𝐼
𝐼

_
_

(15)
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Figure 8. DC/AC inverter structure with sliding mode current control technique [27]

𝑆
𝑆

Grid side:
𝐼

_

𝐼

_

𝜔𝐿

𝑉
𝑉
𝐼
𝐼

𝑉
𝑉

_
_

_

_

𝑒
𝑒

_

𝑉

_

𝐼
𝐼

_
_

_

𝑉
𝑉

𝜔𝐿

_

(17)

The grid side or the injected reference active and
reactive power are obtained by employing a voltage
controller in the dq0 coordinate as follows:
𝑃

𝑉

.𝐼

𝑉

.𝐼

_ _

.𝐼

𝑉

.𝐼

𝑆
𝑆

(21)
(22)

𝐼
𝐼

𝐼
𝐼

_
_

(23)
(24)

_ _
_ _

𝑐 𝑒
𝑐 𝑒

𝑐 𝑒
𝑐 𝑒

𝑐 𝑒⃛
𝑐 𝑒⃛

𝑂
𝑂

(25)
(26)

The 𝑒 is calculated as:
𝑒

_

𝐼

𝜔𝐼

_

_ _

(27)

_

The 𝑒 is calculated as:

(19)
According to the unity power factor, 𝐼
and 𝑄
are adjusted to zero, thus
𝐼

0
0

To satisfy the stability and convergence criteria, 𝑆
and 𝑆 are set to zero, and their derivatives 𝑆 and 𝑆
are set to zero as:

(18)

𝑄
𝑉

𝑐 𝑒
𝑐 𝑒

The errors 𝑒 and 𝑒 can be assigned as:

(16)

_

𝐼
𝐼

𝑐 𝑒
𝑐 𝑒

where 𝑐 , 𝑐 and 𝑐 are positive constant values.

_

Filter terminal:
𝑉

𝑐 𝑒
𝑐 𝑒

_ _

.

_ _

.𝑃

_ _
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𝜔𝐼

(28)

_

The 𝑒⃛ is calculated as:

(20)

Sliding mode control technique has nonlinear
control mechanism [32], it can depend on the errors
(𝑒) and their derivatives (𝑒 and 𝑒) that are result from
an appropriate sliding with:

_

𝑒

𝑒⃛

𝐼

_

𝜔

𝑉

_

(29)

It can calculate 𝑒 , 𝑒 , and 𝑒⃛ by the same
procedure, thus the general control values for d and q
components are proved as:
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𝑉

_

_

𝑉

Where 𝑀

𝑀𝑆

_

𝜔𝐼
_

𝜔

_

𝐼

(31)
_ _

6.3. Model Predicative Control (MPC) technique
[33], [34]
Although model predictive control (MPC) is one of
many current control techniques, it has many
advantages, including efficient ability to track
reference voltage and current to meet the needs of the
utility grid, fast dynamic response, easy
implementation, less sensitivity to disturbances, and
good capability of handling the nonlinearities of
power system plant.
The discrete time model predictive with limited
switching states current control approach was
employed as finite state model predictive control.
The MPC algorithm determines predicted voltage
and current values based on these finite sets of
switching states. MPC mode current control grid
connected DC/AC inverter for three phase three level
is implemented as in Figure 9.
In this model, the state variables are the current of
the grid side inductor and the voltage of the filter
capacitor. The inverter side then estimates the current
values utilizing first order Euler forward
approximation in the DC-AC inverter. The producing
active reference power and current, as well as the
corresponding reactive reference power and current,
are adjusted depending on the difference between the
reference and predicated DC link voltages, as with
the sliding approach.
In each terminal of the three phase three level NPC
DC-AC inverter, there are four controllable switch
points. After identifying the switching states, the
inverter output voltage values are determined by

TEM Journal – Volume 11 / Number 3 / 2022.

𝑉 .𝑆

_

(32)

At the inverter and filter capacitor sides, the state
variables can also be created using Kirchhoff's
voltage law as:
𝑉

𝑀𝑆

𝐿𝐿 𝐶
.

𝑉
(30)

𝑉
𝑠𝑖𝑔𝑛 𝑆

𝐼

𝐿𝐿 𝐶

_

calculating the DC link voltage, which is represented
by VDC, by one switching condition of the switching
states.

𝜔

_

_

𝑉
𝑠𝑖𝑔𝑛 𝑆

𝜔𝐼

𝑉
𝑉

_

𝐿

_

_

𝐿

_

_

𝑅
𝑅

𝑉

(33)

_

𝐼

𝐼

(34)

_

Using the simplest form of the first order Euler
forward equation as follows, the incremental change
in inverter side currents can be predicted:
(35)
Where, 𝑇 is the sampling time. So, equation (36)
can be formed as:
𝑉

_

𝐿

_

𝑘

𝐼

_

𝑉

𝑅

𝑘

𝐼

(36)

_

Employing Clarke transformations, the dynamic
model equation of the three phase three level NPC
grid connected DC-AC inverter with LCL filter
system is written in stationary reference coordinate
system (coordinates) as in general form. The
dynamic model equations of the three phase three
level NPC grid are stated in stationary reference
coordinate system (coordinates) using Clarke
transformations as:
𝑉
𝑉

_
_

𝐿

_

𝑅 𝐼

_

𝐼

_

𝑉

_

(37)

𝐿

_

𝑅 𝐼

_

𝐼

_

𝑉

_

(38)

The predicted inverter side currents have been
obtained by using this first order Euler forward
approximation as [48]
𝐼
𝑉
𝐼
𝑉

𝑘

_
_

𝑘

𝑅
𝑘

_
_

𝑘

𝑅

1
𝐼
1
𝐼

𝐼

_

𝑘
𝐼

𝑘
𝐼

_

𝑘

𝑘

𝐼

𝑉_

𝑘

𝑘

(39)
𝑉

𝑘

_

𝑘
(40)

1371
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Figure 9. MPC current control DC/AC inverter design [27]

7. Experimental Results
Figure 10. depicts the dynamic responses of the PV
system's power case when weather temperature, solar
radiance, and overload conditions change. The
undershoot values of the sliding mode and model
predictive current control approaches are clearly little
more than that of classical PI approach.

Figure 10. The dynamic responses of power case for the
PV system under changing of the weather temperature,
solar radiance values and over load conditions
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Furthermore, as demonstrated in Figure 11., the
undershoot response in the current dynamic
responses of the classical PI current control approach
is slightly better than sliding mode and discrete time
model predictive current control techniques.

Figure 11. The dynamic responses of current state from
the PV system under the changing weather temperature,
solar radiance values and over load conditions

TEM Journal – Volume 11 / Number 3 / 2022.
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The dynamic responses of operating voltage from
the PV system that has been managed with the three
different inverter current controllers are roughly the
same, as shown in Figure 12.

Figure 13. The DC link voltage dynamic responses from
the PV system under the changing weather temperature,
solar radiance values and over load conditions

Figure 12. The dynamic responses of voltage state from
the PV system under the changing weather temperature,
solar radiance values and over load conditions

The dynamic responses of the three distinct
inverter control techniques in terms of their ability to
keep DC link voltage value steady at the
predetermined DC link voltage value under different
environments and load conditions is as given in
Figure 13. Little DC link voltage overshoot values
with fine responses in the PI and MPC types as
compared to sliding mode type. However, these
overshoot values do not affect the performance of the
designed system so they are negligible.
The phase voltage and current dynamic responses
of the grid connection side have been given in Figure
14., Figure 15. and Figure 16.
It is clear that the dynamic performances of the
three inverter current control techniques are almost
identical. They have smooth response with
approximately no ripple or drop. They can satisfy the
unity power factor under the changing of weather
temperature and solar radiance levels, less load and
over load operating conditions.

Figure 14. The dynamic responses of point of common
coupling (PCC) voltage and current for MPC technique
for grid connected conditions

Figure 15. The dynamic responses of PCC voltage and
current in classical PI current control technique for grid
connected conditions

TEM Journal – Volume 11 / Number 3 / 2022.
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Figure 16. The dynamic responses of PCC voltage and
current in sliding mode current control technique for grid
connected conditions

8. Conclusion
Three different inverter current control techniques
are implemented and examined which are PI, Slide,
and MPC approaches. Under grid connected
operating conditions, the dynamic performances of
the three inverter control techniques are nearly
identical, but the dynamic performances of the
classical PI control technique are slightly better and
smoother than the other two inverter control
techniques. All methods satisfied the unity power
factor criteria. The resulting output power levels
from the sliding mode inverter control approach are
higher than those produced through the PI and MPC
method. Also, the DC link voltage values in MPC are
constant and match the intended voltage levels.
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