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In this paper, sliding mode control (SMC) e direct power controller (DPC) based active and

reactive power controller for three-phase grid-tied photovoltaic (PV) system is proposed.

The proposed system consists of two main controllers: the DC/DC boost converter to track

the possible maximum power from the PV panels and the grid-tied three-phase inverter.

The Perturb and Observe (P&O) algorithm is used to transfer the maximum power from the

PV panels. Control of the active and reactive powers is performed using the SMC-DPC

strategy without any rotating coordinate transformations or phase angle tracking of the

grid voltage. In addition, extra current control cycles are not used to simplify the system

design and to increase transient performance. The fixed switching frequency is obtained by

using space vector modulation (SVM). The proposed system provides very good results

both in transient and steady states with the simple algorithms of P&O and SMC-DPC

methods. Moreover, the results are evaluated by comparing the SMC-DPC method devel-

oped for MPPT and the traditional PI control method. The proposed controller method is

achieved with TMS320F28335 DSP processor and the system is experimentally tested for

12 kW PV generation systems.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

There has been an increasing demand for natural resources as

fossil fuels and energy depending on the increasing world

population, industrialization and increasing production and

trade facilities. Fossil fuels play an important role to meet the

energy demand in the world and they seem to maintain their

importance in the future. However, the need for renewable

energy sources has beenmore apparent when considering the

fact that fossil fuels will not meet the energy demand in the

world with the limited known reserve amounts. Therefore,
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Photovoltaic (PV) systems have been one of the most popular

renewable energy sources [1,2]. Fossil-fuel power stations give

negative effects on environmental. On the contrary, it has

been found in recent years that the energy obtained from solar

gives no negative effects on environmental. Therefore, this

subject has gained more attention for the researchers [3].

PV systems are widely used inmany fields such as grid-tied

inverters, irrigation systems, farm houses, off-grid systems,

space vehicles and military applications [4]. Although PV

panels have many advantages in energy generation, the effi-

ciency is very low depending on some environmental factors

such as temperature, radiation level, shading and dirt.
evier Ltd. All rights reserved.
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Fig. 1 e The flow chart of P&O method.
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Therefore, it is a crucial issue to transfer themaximum power

from PV panels. Besides, a DC/DC boost converter is used be-

tween PV system and load to transfer the maximum possible

power. The maximum power is obtained by operating the

converter using power tracking algorithm [5,6]. There are

many control algorithms for maximum power point tracker

(MPPT). The most common control methods are Perturb &

Observe (P&O) and Hill Climbing methods due to their

simplicity, practicality and high efficiency [7]. Moreover, the

most important advantage of these methods are that they are

independent from PV characteristic, temperature and radia-

tion level while tracking the maximum power point. As a

result, maximum power point can be achieved more sensi-

tively, which are important conditions for grid-tied inverter

providing active/reactive power control [8].

In literature, there have been some studies on grid-tied

inverters. While in some studies inverters are designed in a

way to inject only active power to the grid, multi-functional

grid-tied inverters are also examined [9,10]. The operating

modes of the inverters obtained in the studies are as follows:

(1) The available maximum active power providing mode (2)

The reactive power providing mode depending on the voltage

(3) The available maximum reactive power providingmode (4)

The reactive power and power factor determination mode

[11]. Grid-tied PV systems consist of a wide range of processes

such as DC/DC conversion, maximum power tracking control,

grid-tied inverter technology and the optimization of all fac-

tors. In addition, the studies on grid-tied three phase inverters

have focused on a better performance, high efficiency and

reliability. Many problems have been encountered during the

development process and some new innovations have been

found while solving the problems. In particular, grid-tied

three phase inverters have gained importance due to the in-

crease in renewable energy sources [12]. Therefore, these

studies on the integration of the renewable energy sources

with the grid-tied inverters have been gained more

importance.

Moreover, in literature many studies have been focused on

the control of grid-tied inverters. PI, PID or PR controllers are

generally used to control the grid-tied inverters [13,14]. How-

ever, PI and PID controller cannot eliminate steady state error

for sinusoidal signals. Although the PR controller has the

ability to track sinusoidal signals without steady state errors,

some deviation of the frequency of the selected harmonic

component greatly disturbs the control performance [15].

Sliding mode control is an effective controller based on a

variable structure control strategy developed to remove these

negative effects in nonlinear systems. It has a robust control,

simple application and fast response features under the ex-

change of all system parameters. However, when the system

is under control, it can cause undesirable chattering in cur-

rents. Therefore, direct power control (DPC) using a sliding

mode scheme has been proposed to remove this drawback

[16]. The principle of the DPC method is inspired by a direct

torque control (DTC) technique [17] applied to the drive sys-

tems of electrical machines. According to this principle the

choice of transducer switching states is based on a predefined

commutation table. The most significant disadvantage of this

technique is the variable switching frequency, which pro-

duces an undesirable wide band gap harmonic spectrum
Please cite this article in press as: €Ozbay H, et al., SMC-DPC based acti
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range. As a result, a sliding mode direct power control (SMC-

DPC) with no extra current loop and low crackling level has

been proposed [18].

This study presents the experimental results of a DSP

based active and reactive power flow control algorithm for a

grid-tied three-phase PV inverter. Maximum power transfer is

achieved with DC/DC boost converter and P&O algorithm. In

the proposed system, maximum power is tracked by DC/DC

boost converter and the current injected to the grid is

controlled by the three phase inverter. The controller adjusts

the line current without exceeding limitations. Furthermore,

the inverter can inject inductive or capacitive reactive power

demanded by the grid. By doing this, the grid requirements are

met by giving only reactive power support to the grid even

when there is no solar radiation. All the controls in the

designed system are achieved by TMS320F28335 DSP proces-

sor. System controller is tested and verified in PSIM software

and the embedded code is generated in accordance with the

DSP. The generated codes are compiled and loaded into the

DSP. Therefore, the changes in the system or the control al-

gorithm could be performed easily with the help of the

embedded code generation. The control algorithm and the

output power control of the system are carried out and the

results are evaluated. The results show that the designed

control system operates successfully and gives dynamic re-

sponses to the MPPT process and the system demands.

In the study, the proposed control algorithm is presented

which combines the maximum power point tracker algo-

rithm, direct power control strategy, sliding mode control

approach and space vector modulation operating with a

constant frequency. Therefore, a very dynamic controller is

obtained which can arrange the active and reactive powers of

the grid-tied PV inverter directly.
Description and modeling of proposed system

MPPT control algorithm

P&O is the most widely used MPPT techniques due to high

accuracy at MPP [19e21]. In P&O method, PV panel power is

calculated bymeasuring the PV voltage/current and compared

with the previous one. The operating point of the converter is

changed according to the power measurements. If the power

increases, perturbation direction is not changed. Otherwise,
ve and reactive power control of grid-tied three phase inverter for
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perturbation direction is reversed. This process will be applied

until MPP is achieved [22]. The flow chart of the P&O algorithm

is shown in Fig. 1.

Operating voltage of the PV system is changed with a small

increase ofDV. Therefore,DP is also changed. The power of the

PV system is compared with the previous one. If the power is

higher than the previous one (DP > 0) and the voltage of the PV

system is higher than the previous one (DV > 0), the duty ratio

is increased. If the voltage of the PV system is smaller than the

previous than (DV < 0), the duty ratio is decreased. On the
Fig. 2 e (a) IeV curves with varying irradiance

Fig. 3 e (a) The grid-tied three phas

Fig. 4 e The block diagram o
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other hand, if the power of the PV system is smaller than the

previous one (DP < 0) and the voltage of the PV system is

higher than the previous one (DV > 0), the duty ratio is

decreased. However, if the voltage is smaller than the previ-

ous one (DV < 0) the duty ratio is increased.

Fig. 2 shows the used PV model characteristic under con-

stant temperature (25 �C). As the solar radiation rises, the

maximum available power increases. Therefore, it becomes

important to transfer maximum available power from PV

cells.
(b) PeV curves with varying irradiance.

e inverter (b) Equivalent circuit.

f the proposed system.
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Grid-tied inverter model

The grid-tied three phase inverter and equivalent circuit are

shown in Fig. 3. The inverter consists of a DC voltage source

(Vdc), six power switches (S1eS6), line filter inductors (Lg).

The relationship between the power supply, inverter

voltage and line currents in the stationary reference frame

according to Fig. 3 (a) is given as follows [23,24];

Vgab ¼ Rg þ Ig þ Lg
dIgab
dt

þ Ugab (1)

The active and reactive power outputs on the network side

can be defined for a balanced three-phase system as follows:

Sg ¼ Pg þ jQ g ¼ �3
2
Ugab � Igab

Pg ¼ �3
2

�
ugaiga þ ugbigb

�

Q g ¼ �3
2

�
ugbiga � ugaigb

�
(2)

The derivations of instantaneous active and reactive power

changes can be described as follows;
Fig. 5 e PSIM circuit of the proposed system
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dPg

dt
¼ �3

2

�
uga

diga
dt

þ iga
duga

dt
þ ugb

digb
dt

þ igb
dugb

dt

�

dQ g

dt
¼ �3

2

�
ugb

diga
dt

þ iga
dugb

dt
� ugb

digb
dt

� igb
duga

dt

� (3)

According to Equation (1), the a, b components of the

instantaneous changes in currents can be expressed as

follows;

diga
dt

¼ 1
Lg

�
uga � Rgiga � nga

�

digb
dt

¼ 1
Lg

�
ugb � Rgigb � ngb

� (4)

As a result, the obtained following equations can be used to

design the proposed direct power control technique.

dPg

dt
¼ � 3

2Lg

��
u2
ga þ u2

gb

�
� �

uganga þ ugbngb
��� Rg

Lg
Pg � ugQ g

dQ g

dt
¼ � 3

2Lg

�
ugangb þ ugbnga

�� Rg

Lg
Q g þ ugPg

(5)
and embedded code generation method.
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Proposed SMC-DPC based model for PV system

The overall block diagram of the proposed system consisting

of the PV generator, the MPPT control algorithm, the SMC-DPC

control algorithm, the DC/DC boost converter and the three

phase inverter are shown in Fig. 4.

In the proposed system, total 63 PV panel arrays (nine

series arrays and then seven parallel arrays) are connected

and 325 V is obtained from these panels. In order to achieve

MPPT, PV voltage is increased by the boost converter and

applied to three phase inverter. The converter and the

inverter are controlled at 10 kHz. In the proposed system the
Table 1 e The parameters of the proposed system.

Parameters Values

Maximum PV power (KW) 12

PV input capacitor (mF) 470

Boost inductor (mH) 2.0

Boost capacitor (mF) 4700

Filter resistance (m ohms) 10

Filter inductance (mH) 4.0

Line to line rms voltage (V) 190

AC supply frequency (Hz) 50

Table 2 e Control Parameters of the proposed SMC-DPC.

Parameters Values

Positive gains KP and KQ 3000

Control gains KP1 and KQ1 105

Width of boundary layer dP and dQ 50, 100

Fig. 6 e Simulation results of maximum power tracking under

with P&O algorithm (b) Conventional controller with P&O algor

Please cite this article in press as: €Ozbay H, et al., SMC-DPC based acti
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controller is simulated in PSIM software and is based on

embedded code generation in C language for TMS320F28335

DSP processor. PV and grid current/voltage values are

measured by sensors and transmitted to DSP in order to

calculate the instantaneous active and reactive powers. With

the proposed SMC-DPC with MPPT algorithms, DSP generates

directly inverter voltage reference in the stationary reference

frame according to active and reactive power errors. Control

of the nonlinear systems having time-varying parameters

and complex dynamics is more difficult compared to the

classical controllers. SMC is an effective control method in

the control of such systems. The purpose of applying the

SMC method to closed-loop control systems is to send the

error to the sliding surface or, alternatively, to the switching

surface and to hold the error on this surface. For DC/AC in-

verters, the control targets are to track or slide along the

predefined active and reactive power trajectory. For a good

transient response and minimum steady-state error, the

switching surfaces can be integral and can be defined as

follows [16];

SP ¼ ePðtÞ þ KP

Z t

0

ePðtÞdt� ePð0Þ

SQ ¼ eQðtÞ þ KQ

Z t

0

eQðtÞdt� eQð0Þ
(6)

where eP ¼ Pgref � Pg ve eQ ¼ Qgref � Qg are the errors between

reference values and instantaneous actual values of active

and reactive powers. KP are KQ positive control gains. SP ¼ 0

and SQ ¼ 0 manifold states show that the active and reactive

powers of the inverter are precisely monitored. As a result,

sufficient condition for the formation of sliding mode can be

derived from the following equations;
300e600e900 W/m2 solar radiation. (a) Proposed SMC-DPC

ithm [25].

ve and reactive power control of grid-tied three phase inverter for
x.doi.org/10.1016/j.ijhydene.2017.04.020

http://dx.doi.org/10.1016/j.ijhydene.2017.04.020
http://dx.doi.org/10.1016/j.ijhydene.2017.04.020


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 06
dePðtÞ
dt

¼ �KPePðtÞ
deQðtÞ
dt

¼ �KQeQðtÞ
(7)

The aim of designing SMC law in the proposed system is to

force the system trajectory to the switching surface interac-

tion in order to generate inverter output voltage reference.

This can be obtained by deriving Equation (6);

dSP

dt
¼ dePðtÞ

dt
þ KPePðtÞ ¼ � d

dt
Pg þ KP

�
Pgref � Pg

�
dSQ

dt
¼ deQðtÞ

dt
þ KQeQðtÞ ¼ � d

dt
Q g þ KQðQ gref � Q gÞ

(8)

When Equation (5) is substituted in the obtained equation;

dS
dt

¼ Fþ DVg (9)

where; F ¼ ½ FP FQ �T Vg ¼
�
nga ngb

	T
D ¼ � 3

2Lg



uga ugb

ugb �uga

�T

FP and FQ values are expressed as follows;

FP ¼ 3
2Lg

�
u2
ga þ u2

gb

�
� Rg

Lg
Pg � ugQ g þ KP

�
Pgref � Pg

�

FQ ¼ Rg

Lg
Q g � ugPg þ KQðQ gref � Q gÞ

(10)

Quadratic Lyapunov function must be chosen as follows;

W ¼ 1
2
STS (11)
Fig. 7 e Verification of the proposed controllers using PSIM for v

DPC with P&O algorithm (b) Conventional controller with P&O
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The time derivative of Quadratic Lyapunov function is as

follows:

dW
dt

¼ STdS
dt

¼ ST
�
Fþ DVg

�
(12)

When the Ss 0, the switch control law the derivative of W

must be chosen as correctly as to be negative:

Vg ¼ �D�1

�

FP

FQ

�
þ


KP1 0
0 KQ1

�

sgnðSPÞ
sgnðSQÞ

�

(13)

The instantaneous active and reactive powers in the grid-

tied inverters are tracked quickly by SMC method. However,

fast switching can produce unexpected chattering. This situ-

ation has an undesired effect since it can cause unpredictable

instability. In order to remove this drawback, the discontin-

uous part of the controller is softened by using a boundary

layer around the sliding surface. As a result, the continuous

function around the sliding surface is as follows;

sgn
�
Sj

� ¼

8>>>><
>>>>:

1; if Sj > dj

Sj

dj
; if

��Sj

�� � dj

�1; if Sj < � dj

(14)

where d > 0 represents the width of the boundary layer, j

represents the active and reactive power. Thus, using Equa-

tions (10) and (14), the voltage reference of the inverter at the

stationary reference frame is obtained and transferred to the

SVM module to generate the required switching voltage vec-

tors and durations.
arious solar radiation and various Qgref. (a) Proposed SMC-

algorithm [25].
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PSIM simulation results and embedded code
generation

In order to verify the performance of the proposed SMC-DPC

method, simulation studies are performed with PSIM soft-

ware. The obtained results are compared with the conven-

tional controller system [25]. The simulation step durations

are adjusted as 1 ms. The switching frequency is adjusted as

10 kHz, dead time 2 ms. However, the sampling frequency is

selected as 40 kHz to increase the system performance.

Moreover, the embedded code generation is provided for

TMS320F28335 DSP controller using PSIM program. Therefore

the application procedure has gained practicality. The PSIM

schema of the proposed system is given in Fig. 5. The pa-

rameters of the simulation model and the applied system are

given in Table 1. The control parameters for the proposed

SMC-DPC method are listed in Table 2.

Solar radiation varies throughout the day. Simulation re-

sults carried out at 300e600e900 W/m2 solar radiation levels
Fig. 8 e (a) The PV panel arrays (b) Expe

Please cite this article in press as: €Ozbay H, et al., SMC-DPC based acti
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are shown in Fig. 6. Duty cycle of the boost converter is

changed between 10 and 70% to track the MPP at 10 kHz.

Therefore, the maximum power extracted from PV panels

even during the rapid climate changes is tracked by P&OMPPT

algorithm. The algorithm also generates Pgref reference for

three phase inverter. The results obtained from the proposed

SMC-DPC method and the results of the conventional PI

controlledmethod obtained from the previous study are given

in Fig. 6 (a) and (b), respectively. As can be seen from Fig. 6,

since the proposed SMC-DPC method can perform the

instantaneous power control directly, less oscillation occur

compared to conventional PI controller. In addition, SMC-DPC

method, which is recommended for instantaneous power

changes, makes the transition of the currents transferred to

the grid more dynamic.

In the active and reactive power test scenario, at time

20 ms, the PWM generator is started with 300 W/m2 solar ra-

diation. At time 200 ms, the Qgref is rapidly changed from 0 to

3000 VAR lagging (inductive) reactive power. At time 300 ms,

the solar radiation is rapidly changed from 300 to 600W/m2. At
rimental setup of proposed system.

ve and reactive power control of grid-tied three phase inverter for
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time 500ms, the solar radiation is rapidly changed from 600 to

900 W/m2. Finally at time 600 ms, the Qgref is rapidly changed

from 3000 to �5000 VAR leading (capacitive) reactive power.

Although the active and reactive power transient responses of

both proposed and conventional controllers occurred in as

short a few milliseconds, the proposed SMC-DPC controller

has better steady-state during power changes. The related

simulation results are shown in Fig. 7.
Fig. 9 e Experimental results of the proposed system for

P ¼ 8.5 kW, SR ¼ 720 W/m2. (a) Transition from the active

to reactive power operations (b) MPPT startup (c)

Qgref ¼ 3 kVAR. (d) Transition from the 3 kVAR inductive to

¡5 kVAR capacitive reactive power operations.
Experimental study

In this study, nine series arrays and then seven parallel arrays

connected PV panel arrays are used. The PV panels parame-

ters are as follows: Vmp¼ 36 V, Imp¼ 5.28 A and 190W output

power. The panels are installed at 40� tilt angle at Bilecik Seyh

Edebali University, Centre Campus and three phase grid tied

inverter is designed and implemented. Fig. 8 (a) and (b) shows

the PV generation system and the experimental setup of the

proposed converter/inverter respectively. The system is detail

obtained when the power extracted from PV panels is trans-

ferred to the grid by the three phase inverter.

MPPT and the grid-tied three phase inverter are controlled

with TMS320F28335 DSP. Both the boost converter and the

three phase inverter outputs are limited to prevent the dam-

age on the circuits. To measure line voltage and current,

voltage and current sensors are used. The isolation of the

inverter is required for the system safety. Therefore, in system

190/380 V three phase transformer is used to isolate the

inverter form the grid. P&O MPPT algorithm is used for the

experimental study. The currents transferred to the grid and

the voltage of the A phase are measured. The experimental

study results are obtained under 720 W/m2 solar radiation

level. Approximately 8.5 kW power is obtained from PV panels

and transferred to the three phase grid successfully. Reactive

power support is provided in achieving MPPT as in simulation

studies. Fig. 9 shows the 8.5 kWmaximumpower command of

PV panels and the currents obtained when 3 kVAR and

�5 kVAR reactive power command is supplied.

When the reactive power command is given to the system,

the currents have a soft transient and the system has fast

steady state response. 3 kVAR & �5 kVAR reactive power and

8.5 kW active power are transferred to the grid in a way that

the total power extracted from PV panels will stay stable.

Therefore, the proposed system performs the inductive and

capacitive power supports successfully while the active power

is transferred to the grid. If the apparent power injected to the

grid is needed limit for inverter safety, the algorithm can be

run without the MPPT. Thus, the power obtained from the PV

panel is regarded as apparent power and is equal to the sumof

the active power and the reactive power. The experimental

study results of constant apparent power are obtained under

950 W/m2 solar radiation level. Approximately 11.4 kW power

is obtained from PV panels and transferred to the three phase

grid successfully. Fig. 10 shows the 11.4 kVA maximum

apparent power command of PV panels and the currents ob-

tained when 3 kVAR and�5 kVAR reactive power command is

supplied.
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Fig. 10 e Experimental results for the inverter in safe mode

when over current without MPPT, S ¼ 11.4 kVA. (a) MPP

tracking under 950W/m2 solar radiation (b) Pgref ¼ 10.9 kW,

Qgref ¼ 3 kVAR. (c) Pgref ¼ 10.2 kW, Qgref ¼ ¡5 kVAR.
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Conclusions

In this study SMC-DPC based active and reactive power flow

control algorithm is proposed for grid-tied three-phase PV

inverter system. In proposed system maximum available

power is transferred from PV panels to the grid using MPPT

algorithm. The proposed controller also receives an active

power command (Pgref) from the MPPT algorithm. Further-

more, if it is necessary, the utility grid sends a reactive power

command. The proposed SMC-DPC method provides directly

power control of the grid-tied inverter for PV systems. When

the conventional and proposed method are compared under

transient and steady-state conditions for the active and

reactive power operation, the proposed controller has good

response time and very stable in steady-state conditions. In
Please cite this article in press as: €Ozbay H, et al., SMC-DPC based acti
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the proposed SMC-DPC method, the processing load of the

DSP processor is reduced since the rotational coordinate

transformation and the angular information of the mains

voltage are no required. Therefore, since the operations are

faster, the harmonics are adjusted to the standards by

reducing the chattering of the currents transferred to the

network. The proposed system is also suitable for battery

chargers, hydrogen generation since it has high current con-

trol capability from grid or PV system.

According to the experimental results, the proposed sys-

tem is quite suitable for active power and reactive power

tuning capacity. Moreover, the proposed system has soft

transition and fast response to MPPT control. The perfor-

mance of the proposed control method is experimentally

carried out for different active/reactive powers and at 720 W/

m2 and 950 W/m2 radiation level. The obtained active power

from PV panels transferred to the three phase grid success-

fully by the proposed system. An experimental setup is

developed for the proposed system and it was operated at

3 kVAR inductive and �5 kVAR capacitive reactive power

while 8.5 kW power is transferred from PV panels. Further-

more, the experimental setup was operated at 11.4 kVA

maximumapparent power obtained from PV panels to protect

the inverter at power limits. During this time it was operated

at 10.2 kW active power, �5 kVAR reactive power and 10.9 kW

active power, 3 kVAR reactive power. The proposed system

controller responds to the commands of active power and

reactive power in less than 2 ms time. Consequently, this

paper has shown that a grid-tied three phase inverter for PV

system is a candidate for reactive power support to utility grid.
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