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Abstract: In this paper, a high performance inverter, including the functions of stand-alone and grid connected power
supplies, is developed so that distributed generation units can operate individually or in a microgrid mode. Off-grid
islanding describes the condition in which a microgrid or a portion of the power grid, which consists of a load and a
distributed generation (DG) system, is isolated from the remainder of the utility system. In this situation, it is important
for the microgrid to continue to provide adequate power to the load. Under normal operation, each DG inverter system
in the microgrid usually works in constant current control mode in order to provide a preset power to the main grid.
When the microgrid is cut off from the main grid, each DG inverter system must detect this islanding situation and
must switch to a voltage control mode. In this mode, the microgrid will provide a constant voltage to the local load.
This paper describes an Adaptive Total Sliding Mode Control (ATSMC) scheme for the DG inverter with full bridge
framework. Hence the proposed inverter with the ATSMC scheme has low Total Harmonic Distortion and high power
factor to provide an ac output with high power quality. The effectiveness of the proposed high performance inverter
with the ATSMC is verified using MATLAB / Simulink software environment.

Keywords: Adaptive control, distributed generation (DG), grid connection, stand-alone power supply, total sliding mode control
(TSMCO).

I. INTRODUCTION

In order to protect the natural environment on the Earth, the development of clean energy without pollution has a
major representative role. The problems with energy supply and use are related to environmental concerns such as air
pollution, acid precipitation, ozone depletion, forest destruction, and radioactive substance emissions. To prevent these
effects, some potential solutions have evolved including energy conservation through improved energy efficiency, a
reduction in fossil fuel use and an increase in environmentally friendly energy supply. Energy generated from clean,
efficient and environmentally-friendly sources including fuel cell, photovoltaic, and wind energy, have been widely
applied for distributed generation (DG) installations. However, the DG units often cannot directly support the electrical
appliances with the same power qualities of the grid in terms of frequency and amplitude. There arises the need for a
high-performance inverter with the abilities of both stand-alone operation and utility grid connection to ensure efficient
utilization of DG units [1]. DG systems commonly need dc—ac converters or inverters as interfaces between their
single-phase loads and sources. The basic mechanism of a PWM inverter is to convert the dc voltage to a sinusoidal ac
output through the inverter-LC filter blocks. The performance is evaluated by the total harmonic distortion (THD), the
transient response, and the efficiency. Thus, much attention has been paid to the closed-loop regulation of PWM
inverters to achieve good dynamic response under different types of load. Synchronization issues are predominant
when the PWM inverter is connected to the grid. For achieving a higher power factor in the grid connection, digital
PLL can be used. Sliding Mode Control is one of the effective nonlinear robust control approaches since it provides
system dynamics with an invariance property to uncertainties once the system dynamics are controlled in the sliding
mode. The insensitivity of the controlled system to uncertainties exists in the sliding mode, but not during the reaching
phase, i.e., the system dynamic in the reaching phase is still influenced by uncertainties. Recently, some researchers
have adopted the idea of total SMC (TSMC) to get a sliding motion through the entire state trajectory, i.e., no reaching
phase exists in the control process, so that the controlled system through the whole control process is not influenced by
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uncertainties. This paper attempts to extend the Adaptive TSMC (ATSMC) methods to voltage and current control of a
single PWM inverter [3].

This paper is organized into five sections. Following the introduction, the system description of a high
performance inverter are described in section II. In section III, the control based on ATSMC methods are developed for
the stand-alone and grid-connected power supply modes respectively. In addition, simulation analysis are performed to
demonstrate the efficiency and applicability of the developed methodologies in Section IV. Finally, some conclusions
are drawn in Section V.

II. SYSTEM DESCRIPTION

Fig. 1 shows the proposed high-performance inverter scheme, including a unipolar PWM full-bridge inverter,
an ac output circuit, and a closed-loop control method. The PWM inverter framework includes four power switches
(Ta+ Ta., Tps, and Tg) and a low-pass filter (L¢ and C; ). Moreover, Z; represents an output load in the stand-alone
power supply mode, and v, denotes the utility voltage in the grid connected power supply mode. The switch T, in Fig.
1 is designed to transfer different power-supply modes. In general, the inverter is working in the grid connected power
supply mode to transmit the power of DG units into the power grid. When a fault on the utility is detected, the inverter
is disconnected from the power grid by changing the switch Tg to supply the power of DG units for specific stand-
alone loads, e.g., emergency electrical equipment with sustainable power capacity. If the utility power recovers, the
proposed inverter is operated at the grid connected power supply mode again. All loads are supplied by the utility
power if it is available. According to the change of control modes, the closed-loop control method can manipulate the
output current (ig) with a high power factor in the grid connected power supply mode or control the output voltage (v,)
with a low THD in the stand-alone power supply mode[3].

Switch Driving Output Current [~ Output Current Command (izng)
Circuit , L Control (& Output Current Feedback Signal (i)

l l l l l Output Voltage[* Output Valtage Command (V)
LoTaTnTn-Ty Control 4~ Output Voltage Feedback Signal (v,
Closed-Loop Control

I

+
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Unipolar PWM Full-Bridge Inverter AC Output Circuit

Fig. 1 High performance inverter

III. PWM INVERTER CONTROL

A. ATSMC for Stand-Alone Power Supply Mode

The objective of the ATSMC in the stand-alone power supply mode is to force the system state (x = v) to track a
reference output voltage (Xq = Vemg) Under the possible occurrence of system uncertainties. Define a voltage control
error (e,) and a stand-alone sliding surface (s;) as

€y =X—X4 = Vo~ Vemd (1)
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sit) = e—ey — fOtAedt 2)

0

Where e = [eV e'V]T, A= Kk Kk ], in which k; and k, are nonzero positive constants and e is the initial state
—Rz2 7Kg

of e (t). The block diagram of ATSMC system for stand-alone power supply mode is shown in Fig. 2.

The ATSMC system is divided into three main parts. The first part addresses the performance design. The
objective is to specify the desired performance in terms of the nominal model, and it is referred to as the baseline model
design (u,). Following the baseline model design, the second part is the curbing controller design (u.) to totally
eliminate the unpredictable perturbation effect from the parameter variations and external disturbance so that the

baseline model design performance can be assured. Finally, the third part is the adaptive observation design (P) to

estimate the upper
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Fig. 2 Block diagram of ATSMC for stand-alone power supply mode

bound of the lumped uncertainty to alleviate the chattering phenomenon caused by the inappropriate selection of a
conservative constant control gain in the curbing controller. The entire control methodologies of the ATSMC system
are summarized in the following theorem [9] [3].

Theorem 1: If the PWM inverter scheme is controlled by the three part ATSMC system described by eqn (3) — eqn (5)
with the adaptive observation design shown in eqn (6), then the stability of the ATSMC system for the voltage control
of the PWM inverter can be guaranteed.

u= up +u, 3)

up = —bpn(@pnX + Cpnz — Xg + Ky €, + ky€,) 4)
uc = —p(Dbpisgn(si(t) 5)

(D) = bpalsi(I/2 ©)

Where A is a positive constant, x(t) = v, (ac output voltage), u(t) = Veon, apn = —1/ (L¢Cs), by = Kpwm/ LiCy), cpn =

Vcon Va . . .
and Kpwy = —, where v, is a sinusoidal

— —

Vir1 Vir:
control signal as the control input and Vi, is the amplitude of a triangular carrier signal (vy;).
Proof: According to the Lyaponov analyses, the stability of the controlled system can be assured [12] [13].

—1/Ct, z(t) =1y. Define the duty cycle and the power gain as D;=

B. ATSMC for Grid Connected Power Supply Mode

The objective of the ATSMC in the grid connected power supply mode is to force the system state (x, = i) to
track a reference output current (Xoq = img) under the possible occurrence of system uncertainties. Define a voltage
control error (e;) and a grid connected sliding surface (s,) as

€ = Xg —Xgd = i — icma @)
sg(®) = ei(t) — e;(0) + o [ e;(t)de ®)

Copyright to IJAREEIE www.ijareeie.com 397



ISSN (Print) : 2320 - 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An ISO 3297: 2007 Certified Organization)
Vol. 2, Special Issue 1, December 2013

¢;(0) is the initial value of e;(t) and a is a positive constant.

The proposed ATSMC system for the grid connected power supply mode, as shown in Fig. 3, can be
divided into three main parts. The first part addresses the performance design. The objective is to specify the desired
performance in terms of the nominal model, and it is referred to as the baseline model design (ug). Following the
baseline model design, the second part is the curbing controller design (u,) to totally eliminate the unpredictable
perturbation effect from the parameter variations and external disturbance so that the baseline model design

performance can be assured. Finally, the third part is the adaptive observation design (ﬁg) to estimate the upper bound
of the current lumped uncertainty to alleviate the chattering phenomenon caused by the inappropriate selection of a
conservative constant control gain in the curbing controller. The entire control methodology of the ATSMC system is
summarized Theorem 2.

Theorem 2: If the PWM inverter scheme is controlled by the three part ATSMC system described by eqn (9) —
eqn (11) with the adaptive observation design shown in eqn (12), then the stability of the ATSMC system for the
current control of the PWM inverter can be guaranteed[11].

U= Uug, + Ug ©)
Ugy = —dé}_@mg — Xgq + a€;) (10)
uge = —pg(Ddpnsgn(sg () (n
pe(© = [sg(©]/Ag (12)
Where 7‘~g is a positive constant, Xg(t) =iy (ac output current ), u(t) = Veon, fon = —1/L¢,  dpn = Kpwm/ Lg
and g(t) = v, (utility voltage). Define the duty cycle and the power gain as D;= ‘:;;:1 and Kpwym = % , where v, is a

sinusoidal control signal as the control input and Vi, is the amplitude of a triangular carrier signal (vy;).
Proof: According to the Lyaponov analyses, the stability of the controlled system can be assured [12][13].
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Fig. 3 Block diagram of ATSMC for grid connected power supply mode
C. Digital PLL Control
In order to achieve a unity power factor in the grid-connected power-supply mode, a digital PLL control

scheme shown in Fig. 4 is introduced into the proposed ATSMC to produce the unit grid-connected current command
(i"ema)- The phase angle (0) of the reference grid-connected current (icg) is assumed to take the following form:

0= [fodt+0, = ot+0,+0, (13)
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Where 0, is the compensation angle generated by a proportional — integral (PI) compensator, ® is the
predetermined angular velocity of the utility power and 6, is the predetermined initial phase angle.

o= 2f ——w{ [( - )t

Ios=0
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! sin( ) | > cos(+) —» costl

Fig. 4 Digital PLL control scheme

By passing through a low pass filter, the signal (Iyy) with only dc components can be expressed by the
definitions of the estimated phase angle 0. = 0y + 0, and the phase angle error 0, = 0 g — 0, where 0, ¢ is
the phase angle of the utility voltage v,. The PI compensator produce the compensation phase angle which will
gradually force the phase angle error to converge to zero. It means that the phase angle of the utility voltage can be
obtained to compute the unit grid connected current command (igmd = c0s0). According to Theorem 2, the ATSMC
system with the adaptive observation in can guarantee the stable current control of the inverter in the grid connected
power supply mode, i.e., the current control error will converge to zero. Since the reference current command (i.pq)
with cosine waveform is produced by the digital PLL control, the THD within the grid connected current can be
controlled in the grid connected power supply mode, even when the grid is noticeably distorted [11][13].

The detailed processes of the transfer between the stand-alone and grid connected power supply modes are
summarized as follows.

1. Grid connected power supply mode to stand-alone power supply mode.
Detect a fault on the utility.
Sample the utility voltage and frequency
Check for under/over voltage (OUV) and under/over frequency (OUF).
If there are OUV and OUF, then open T,, inorder to transfer to stand-alone mode.
Implement ATSMC for stand-alone power supply mode.
2. Stand-alone power supply mode to grid connected power supply mode.
e Detect that the grid is operating in nominal condition.
e  Adjust the reference grid connected current (i.,,q) to match the frequency and phase of the grid voltage
e Close T, inorder to transfer back to grid connected mode.
e Implement ATSMC for grid connected power supply mode.

IV. SIMULATION RESULTS

The performance of the proposed control strategy was evaluated by computer simulation using MATLAB /
Simulink power system toolbox

A. Stand-Alone Power Supply Mode

The ATSMC provides triggering pulses for the switches in the PWM inverter. DC battery provides the constant DC
voltage for the proposed inverter. In the unipolar PWM full- bridge inverter, an insulated-gate bipolar transistor module
including four power switches is adopted, and a low-pass filter with the values of Ly = 80 mH and C; = 50 pF is selected
by considering the switching frequency and the output fundamental frequency. In this paper, the dc bus voltage (V) is
set at 360 V., and the reference ac output voltage (v.nq) is set at 220 Vs at 50 Hz in the stand-alone power-supply
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mode. The parameters for the ATSMC system in the stand-alone power supply mode are chosen to achieve the best

control performance by considering the requirement of stability as follows:
k=72, k,=0.3, A=0.5
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Fig. 5 Output voltage of proposed system with rectifier with RLC load

The experimental voltage response of the stand-alone power supply mode with the proposed ATSMC under the
nonlinear load composed of a rectifier with a resistor (500 Q) inductor (500 puH) capacitor (500 uF) (RLC) load is
shown in Fig. 5. From FFT analysis as shown in Fig. 6, the THD within the output voltage can be constricted inside 2%
to maintain low output voltage harmonic, even under the nonlinear load condition. The proposed ATSMC can provide
over 29.5% THD reduction than the proportional resonant voltage controller under the occurrence of dc bus voltage
variations. Moreover, the proportional integral voltage controller usually need manual retuning before being transferred
to the process under different operation conditions and uncertainties in practical applications [3].

Fundamental (2OHZ) = 1423 | THO= 1 Bd%
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L] 200 40 B0 = L] 1000
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Fig. 6 FFT analysis of output voltage

B. Grid Connected Power Supply Mode

The parameters for the ATSMC system in the grid connected power supply mode are chosen to achieve the
best control performance by considering the requirement of stability as follows:

a=13,A=0.5

Referring to the sliding surface in eqn (8), the parameter o is decided by the convergent time of the current
control error at the nominal system. The positive constant A, in eqn (12) can be determined according to the adaptation
speed.
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Fig. 7 Response of digital PLL control

Fig. 7 shows the experimental response of the digital PLL control scheme, where i.,y denotes the grid
connected current command. As can be seen from Fig. 7, one can obtain that the grid connected current command can
be quickly controlled in phase with the utility voltage (v,) inside 50 ms. This performance is helpful to achieve the
objective of unity power factor in the grid connected power supply mode. The experimental voltage and current
responses of the grid connected power supply mode with the proposed ATSMC are shown in Fig. 8. As the inverter
current is synchronized with the utility voltage, the grid-connected power factor is measured to be 99%.
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Fig. 8 Synchronization of inverter current with grid voltage

The PWM inverter is designed for 1 KW. In grid connected mode, a 5 KW resistive load is connected between
the grid and the inverter. Therefore the load is served by both utility grid and the inverter. Normally the PWM inverter
operates in grid connected mode, then the ATSMC is in current control mode and provide triggering pulses to the
switches in the PWM inverter. If there is any fault in the utility grid then a trip command given to the transfer switch
and change the inverter to stand-alone power supply mode. At the same time, the ATSMC changes to voltage control
mode to provide switching pulses to the PWM inverter. The fault condition is detected by an intentional islanding
detection algorithm. Fig. 9 shows the load voltage waveform in both modes.
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Fig. 9 Output voltage response in stand-alone and grid connected mode
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During the fault condition the load is supplied by the PWM inverter with the DC battery in stand-alone power
supply mode. The ATSMC controls the output voltage of the inverter with a low THD. The PWM inverter maintains
the magnitude of the load voltage at 220 V as same as that of grid connected mode. If the fault is cleared and the utility
power recovers, then the transfer switch closes and the PWM inverter is operated in grid connected power supply mode
again. Then the load is supplied by both the inverter and utility grid. According to the change of power supply modes,
the ATSMC can manipulate the inverter current with a high power factor in grid connected power supply mode. Some
research works have investigated that the grid connected power factor is measured to be 97%, and the THD within the
grid connected current is about 12.5% for a PWM inverter with a conventional PI current controller in the grid
connected power supply mode. Although this degenerated grid connected response can be improved by adjusting the
control gains in the PI current controller, it will result in redundant human effort and time in the gain tuning of the PI
current controller [3]. So the inverter with the ATSMC indeed yields better grid connected performance with a higher
power factor and smaller THD values.

V. CONCLUSION

Renewable energy sources like solar, wind and micro-hydro power can be interfaced through the distributed
power generation modules with the micro-grid system, which can operate in islanded mode and grid-connected mode.
The modeling, control and simulation study of a Distributed Generation inverter developed using MATLAB / Simulink
was presented in this paper. Stable control strategies were designed for a single PWM inverter addressing the issues of
both stand-alone and grid connected power supply modes. An Adaptive Total Sliding Mode Controller was used for
voltage and current control of the single phase inverter in stand-alone and grid connected power supply mode
respectively. This lead to the minimization of THD in the output voltage and the improvement of power factor of the
output current of the inverter. Hence, the PWM inverter has been used to provide high power quality ac output through
the proposed control technique. Robust control performance, high stand-alone power supply quality, high grid
connected power supply quality and automatic transformation between the stand-alone and grid connected power
supply modes are the advantages of the DG inverter with the ATSMC scheme. The simulation results obtained using
the MATLAB/SIMULINK software environment were incorporated to verify the effectiveness of the proposed system.
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