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Fractional order sliding mode control (FOSMC) strategy for a solar based DC-AC inverter is presented in
this work. First FOSMC is implemented to voltage source inverter with a fixed DC input voltage of 400V to
drive a load of 2.3 kW at a power factor of 0.8 lag. Here the load voltage and current through capacitor as
state variables and a linear sliding surface are considered. FOSMC using Gao’s reaching law is derived for
inverter circuit. FOSMC is implemented at load bus to control output voltage of inverter with linear and
nonlinear loads to desired values. FOSMC controls the output voltage with good voltage regulation, less
steady state error of 1.32 %, settling time of 0.15 ms, good dynamic response, and convergence to origin with
less chattering compared to classical SMC. FOSMC based solar based VSI is presented. The maximum
power from PV array is extracted using P&O MPPT algorithm. A boost converter is used to step up input
voltage of 200 V to 400 V. P-V and I-V characteristics are obtained for a typical solar cell of 2.5 kW
FOSMC requires less control efforts to obtain a pure sinusoidal output voltage waveform of 230 V (rms) with
output voltage THD of 0.135% well within IEEE standards. PSCAD/EMTDC v4.6 is used for simulation
work
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1. INTRODUCTION

In India, many remote locations and areas are blessed with abundant sun energy. Therefore the
photovoltaic panels, DC-DC converters, DC-AC inverters can be integrated to generate and distribute
power to a distributed energy resource system (DES) which can supply power to these remote
locations. It reduces the burden on the grid. Here the voltage source inverter (VSI) plays an important
role in the conversion. A VSI develops a pure sinusoidal waveform of desired magnitude and phase
difference for all practical applications in the industry. It needs a good controller. The controller can
be a variable frequency one like a hysteresis controller or a fixed frequency controller like a PWM. All
loads require a stable AC voltage. It’s always challenging to develop new control strategies for a VSI
to such industrial loads [1].

There are many inverter control methods like the hysteresis current control, model predictive control,
variable structure control like SMC techniques. These techniques have merits and demerits in
producing a pure sinusoidal output voltage waveforms. Most of them are well developed and available
in the literature [1-2]. All these controllers should possess black start capability [2] good stability and
fast transient responses. Also they should be insensitive towards parametric variations in the system.
In total the response should be robust and dynamic in producing a pure sinusoidal output voltage
waveform.

Sliding Mode Control (SMC) is a robust controller which guarantees excellent tracking during systems
exposure to parametric variations and external perturbances [3]. Designing a novel sliding surface that
suits the system for closed loop operation is the first step in SMC. Next is to design a suitable control
law such that the desired state variable trajectories follow and slide on the sliding surface to the origin.
The system is then said to be stable [4].

The merits of SMC are its high precision and simple to implement. Chattering due to high frequency
oscillations nearby sliding surface due to defined control law which is always discontinuous in SMC.
Chattering affects the system in terms of decreasing the control accuracy, more heat losses in electrical
circuits and lessens the life of mechanical parts. Using higher order SMC like twisting, super twisting,
enhanced exponential reaching law based SMC, terminal SMC etc. the chattering can be reduced [5-8]
to realize excellent control accuracy. These controllers based on SMC are developed by using integer
order calculus. A fractional order SMC (FOSMC) involves fractional order integrator and
differentiator giving better performance when it is utilized for closed loop control of fractional order
systems than the conventional SMC. It provides additional control parameters for obtaining optimum
dynamic response. Since fractional calculus is a well-developed area of mathematics, one can utilize it
to design FOSMC [9]. Presently, FOSMC is used in all engineering applications in the fields of
feedback control, systems theory, robotics and signals processing. It is used in wind energy conversion
systems, PV systems, lighting control systems sensorless vector controlled induction motors etc., in
the field of electrical engineering [2].

Designing the sliding surface is based on Fractional calculus theory in FOSMC. Robustness and
accuracy improvement is provided by the fractional order term which gives an extra level of freedom
for SMC. The characteristics of fractional calculus in FOSMC adds towards reduction in high
frequency oscillations in the system. From the robust control view, a FOSMC is meritorious owing to
its extra design parameters i.e. controllable non-integer differentiator / integrator fractional order [10-
14]. Fig. 1 shows the generalized block diagram for FOSMC. Sliding surface S is obtained when
actual variable X, is compared with the desired variable X, [15]. This sliding surface is processed
through the FOSMC block to produce the gating pulses to the VSI circuit. The output voltage
waveform is well regulated in a VSI.
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Figurel. FOSMC generalized block diagram.

Nowadays for meeting the increasing load demand, the effective integration of renewable energy
sources like Photovoltaic (PV) is very much necessary. PV systems are used to convert solar energy
into electrical energy. A PV cell has a highly nonlinear characteristic and the output voltage depends
on ambient temperature and solar irradiation. Therefore the loads cannot be directly connected to the
solar PV panels. A maximum power point tracking (MPPT) algorithm is required to optimize the
extraction of DC power from the PV panels and also to increase its efficiency. Therefore many MPPT
algorithms have been developed in the literature such as Perturb and Observe, Incremental
Conductance, Hill Climbing etc. to extract maximum energy from the PV panel using a power
electronic converter circuit [4]. Most of these algorithms are 90% to 95% efficient in the energy
conversion.

The PV system comprises of an array of solar panels known as a PV array, a DC-DC boost converter
and a VSI for standalone and grid interface applications [15]. A boost converter converts the low
voltage obtained from a PV array using MPPT algorithm with suitable controller to a required high
voltage and then fed to a VSI to generate a desired output AC voltage waveform. More details about
PV systems and MPPT algorithm are presented in the later part of the work.

In Ref. [16], FOSMC based on PI and PID controllers are proposed for a DC-DC Buck converter for
robustness and less sensitivity towards perturbations is presented. The work presented here is the
application of FOSMC for a VSI circuit for robustness. The state space model is derived in a classical
way to find the control input equation using a PID sliding surface. In [17] a Fractional order Terminal
Sliding Mode controller (FTSMC) is proposed for a DC-DC buck converter for finite convergence of
the output voltage and also for good dynamic response during load changes. With the basic application
of FOSMC presented here, it can be extended to a FTSMC for a VSI circuit for grid as well as
standalone operation as a future scope. Similarly, Adaptive FTSMC proposed in [18] for a DC-DC
buck converter can very well be extended for DC-AC inverter for smaller steady state error and finite
convergence. In Ref. [19] the authors presented a FOSMC based on PI controller, which provides
robustness, noise attenuation and reduced overshoot with fast dynamic response of 3ms. This work
uses a PID sliding surface and provides good dynamic response in 0.15 ms. In [20] a FOSM current
controller is proposed for a QZSI for PV grid connected inverter in which the inductor current is taken
as a state variable and achieved higher robustness and stability for input side disturbances. In this
work, a Solar based DC-AC inverter with FOSMC voltage controller is simulated with voltage cross
the capacitor and the current through the capacitor as state variables to regulate the output voltage and
to reduce chattering present in a classical SMC during standalone operation. In Ref. [21], a chattering
free response is presented with FOSMC for a three phase DC-AC inverter during grid operation for
active and reactive power control. Compared to this work, the paper presents phase plane portraits for
chattering observation for FOSMC when VSI is connected to different loads.

The main contributions of the work are as follows: (i) FOSMC is presented for a single phase VSI
working in standalone mode of operation. The state space model of VSI is derived and the control
input equation is obtained for FOSMC based on PID sliding surface, (ii) Performance parameters such
as dynamic response, steady state error, settling time, THD, chattering through phase plane portraits
are presented. (iii) A solar based DC-AC inverter with FOSMC is presented as an application with
different loads along with the performance characteristics using P&O MPPT algorithm, (iv) A
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comparison with the classical SMC is presented to highlight the features of FOSMC of less settling
time, steady state error and chattering.

The work presents a model of the VSI and FOSMC control development in Section 1 followed by the
modeling of VSI and FOSMC development in Section 2. Section 3 presents the implementation of
FOSMC with simulation results of a single phase VSI feeding different loads in Section 4. The
dynamic and the steady state responses are realized. Section 5 presents the solar based DC-AC inverter
with FOSMC. Simulation results are presented in PSCAD v4.6 in Section 6.The conclusions stand in
the last section.

2. MODEL OF VSI AND FOSMC CONTROL DEVELOPMENT

rocy

Vie Source : C/T Ve Z
Figure 2. Power circuit of a 1-Phase VSI.
The state space equations are given by Eq. (1) and Eq. (2)
x=Ax+Bu )
y=Cx 2)

Where state variable is x, xis derivative of the state variable, uis the control input and the output
variable is y, state transition matrix is represented by A, B is the input matrix. The mathematical model
of VSI circuit is derived using i; and v, as state variables and is given by Eq. (3)

AN AN
- + L |u (3)
: 1 -1 v 0

vC
Cc ZC

In this paper, the sliding surface of FOSMC for VSl is considered as Eq. (4):

S=K,e+K,D*+K,D"e (4)
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Where pand Aare fractional order derivative and integral and e is the error voltage given by e =v, - v

c

v, is the required voltage and v, is the sensed output voltage of a VSI circuit. Taking the first
derivative, we have Egs. (5,6):

S'=K,e'+K,D e+ K, D" (v, —v)) 5)
S'=K,e'+K, D" e+ K, D" (v' =v!") (6)
Using Gao’s Reaching Law [11, 12];
S' = —K sgn(S) (7)
By equating both the Eq. (6) and Eq. (7), ,one gets
-Ksgn(S)=K,e' +K,D'""e+ K, D" (v} =v.") (8)
K,D"'(v,' =v') ==K, (v =v)) = K, D" (v, =v,) ~ K sgn(S) )

Now, using Eq. (3), we obtain the second derivative of output voltage as Eq. (11):

Vi=Lto—y, (10)

We—yp 4259 (11)

Simplifying and rearranging the terms the control input uis obtained as Eq. (13):

K LC i KL KL
D"’lu=;[vi—i—ch]+D”’1L+LD"’Iv§.—’—CDH[vr—vc]— i Cngn(S)—ﬂD*‘*‘vi (12)
Kd VDC C ZC VDC VDCZ Kd VDC Kd VDC VDC
K LC KILC K L _LC. K.LC _,._
u:v([L]w;[ e 82,0t | K D" v [—2—] +v)'[ ]+ ———D"*K sgn(S) (13)
VDC VDC ZC Kd VDC Kd VDC Kd VDC VDC Kd VDC

The FOSMC control equation is given by Eq. (13) based on a PID sliding surface [21-23].

3. FOSMC IMPLEMENTATION

A first order sliding surface sis derived using the current through the capacitor i. and voltage across
the capacitor v, as state variables. In Fig. 3, S passes through a FOSMC block and Srogsc 1s obtained
as Eq. (4). To generate the switching pulses, PWM (the obtained output signal is compared with a
carrier wave) [24-26] is used comprising of a triangular waveform operating at 10 kHz switching
frequency.
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Figure 3. Proposed FOSMC control scheme.

V., =Ve, =V, sinot (14)
dv, dv,
i =c dt”"’ =c. dt”"’ (15)

The pulses so obtained are used to turn on the IGBT switches and hence the load gets connected to the
source and the power transfer takes place. The reference capacitor voltage and reference capacitor
current values are obtained as Eqgs. (14,15). S tends to zero and derivative of S being zero are the two
conditions to be satisfied for the existence of FOSMC [1]. Eq. (16) defines the control law as;

|+ LforS>V, 16
| -1fors <V, (16)

tri

V., is the repetitive signal with a suitable switching frequency. Lyapunov function defines the stability
using the Eq. (17) [1].

V(1) :%S2 ) +%é ) (17)

4. SIMULATION RESULTS

A VSI circuit with an LC filter on the output side is operated using the proposed FOSMC. The circuit
works at a constant switching frequency of 10 kHz. For a given desired sinusoidal output voltage of
Vorer = 230 sin (wt) simulation results are presented for different types of loads. Those are linear and
non-linear loads. Table 1 refers to the configuration parameters used for the work. #, the control input
u is obtained from Eq. (13) and is given by Eq. (18):

w=v'[6.66x10"J+v, '"[281x107 D" +v "[-6.19x10 "]+
6.197 x ksgn(s)D"° +0.909

(18)
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Table 1 Configuration Variables

Variables Value
Input voltage V. 355V
Power frequency f 50 Hz
Inductance L, 1 mH
Capacitance C; 220 pF
Load Z Non Linear Load —Diode bridge with series RL on the dc side 2.3 kW, 0.8 pf lag
Switching frequency f; 10 kHz
Tuning parameters ki,k, 100, 0.1
PID k,, ki, ky 100,0.01,0.1
Fractional order differentiator and integrator variables u, A 1,0.5

switchina nulses
= siswitching -

1.20
1.00
0.80
0.60
0.40
0.20
0.00
-0.20

magnitude

= sPswitching
1.20

1.00
0.80
0.60
0.40
0.20
0.00
-0.20

magnitude

Figure 4. Complementary IGBT Gating Pulses.

Fig. 4 represents the switching pulses obtained by using FOSMC. These gating pulses are given to the
IGBT switches which connect the load and the source. Fig. 5 represents the tracking of the desired 230
V rms output voltage with the corresponding sensed output voltage. The FOSMC is able to track the
desired reference with 7.7 ms settling time and steady state error of 1.32 %. Fractional order sliding
surface with a magnitude of 1V (peak) is shown in Fig. 6. The load current and voltage in phase for a
resistive load as shown in Fig. 7. Fig. 8 shows the dynamic response plot obtained when the load is
suddenly reduced to half from 0.1 s to 0.15 s and again from 0.2 s to 0.25 s. The waveform clearly
shows that the voltage remains unchanged from its sinusoidal nature during the dynamic changes in
the load. It follows the property of insensitivity for load variations in a FOSMC. Hence the controller
is said to be robust in nature.

Fig. 9 shows the tracking of output voltage for an inductive load. The load current is lagging behind
the voltage by 0.8 pf. Fig. 10 displays the performance of FOSMC when VSI is fed to a non-linear
load constant output voltage following the desired voltage. The instantaneous switching frequency
waveform obtained shows a constant switching frequency operation at 10 KHz (Fig. 11(a,b)).Analysis
of the output voltage gives the total harmonic distortion value of THD 0.135 % as shown in Fig. 12.
According to IEEE 519-1992 standards lower voltage THD values less than 5 % are acceptable and
hence the controller is able to deliver acceptable sinusoidal output voltage waveform.The FOSMC is
able to follow the desired voltage with minimum settling time and less steady state error. To verify the
insensitivity to parametric variations, the filter inductor value is changed from 1mH to 1.5 mH and the
simulation is performed.
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Figure 5. Tracking of reference AC voltage with the actual AC voltage.
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Figure 6. Fractional order sliding surface based on (4).
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Figure 7. Load current and voltage when driving a resistive load.
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output voltage and bad current for sudden change in load
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Figure 8. Dynamic response plot FOSMC.

| load voltage and load current for RL load

0.40 O referecne IE‘Ioad voltage lAload current l

AN

A

A A

0.10 A ’

i

\

—
—

o] \\ \’ \vf\’/

1

A
A\

V

V

V

v

SRAR!

Y

-0.40

ts)  0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175  0.200
Figure 9. Voltage tracking with load current for an RL load.
| load voltage and load current for NON LINEAR load
6 O referecne ID load voltage A load current ‘
A WY W NA AN
€
g 020
o
S 0.10
3
5 0.00
5
S -0.10 i ‘ \
< \¥ ! l \ l
W VVV VYV VYV
S  -0.30 v V
o
8 -0.40
t(s)  0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180

Figure 10. Output voltage tracking when non-linear load is connected.
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Figure 11.(a) Instantaneous carrier frequency waveform of 10 kHz, (b) zoomed view showing maximum of 10.2
kHz and minimum of 8.7 kHz
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Figure 12. THD spectrum of output voltage.

Fig. 13 shows voltage across the load tracks well the reference irrespective of perturbations from 0.1s
to 0.3 s. Fig. 14 shows the control efforts of SMC and FOSMC. Figs. 15 and 16 show the convergence
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plotsby using the classical SMC and FOSMC, respectivelyon reaching at the origin.It is clear that the
FOSMC is 8 times less in amplitude than SMC. Hence FOSMC consumes less energy and is superior
in performance. FOSMC is reaching the origin in 0.37 s and requires less control energy. SMC
requires 4.2 s to reach the origin.
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Figure 13. Tracking performance of FOSMC for filter inductor parameter variation.
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Figure 14. Sliding surface of SMC and FOSMC.
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E] chattering waveform for SMC
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Figure 15. Convergence plot using classical SMC reaching the origin.
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Figure 16. Convergence plot using FOSMC reaching origin.
Figs. 17 and 18 shows the zoomed view of FOSMC and SMC surfaces clearly indicating the less

settling time of 0.15 ms for FOSMC and 8.7 ms for SMC. Having implemented FOSMC for a VSI
circuit, the authors have implemented for solar based VSI circuit which is discussed in Section 5.
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Figurel8. Amplified view of SMC showing the settling time.
5. SOLAR BASED DC-AC INVERTER WITH FOSMC

I-V characteristics of solar PV are widely non-linear for a PV module and have a single maximum
power point.The module’s highest energy output can be obtained independently of solar radiation
circumstances, temperature and electrical load properties by MPPT [26]. They are Perturbing and
observing (P&0), short-circuit fractional current, open-circuit fractional violation, constant voltage,
neural technique and fugitive logic. There is a distinct operating point known as maximum power
point (MPP) on the characteristics in which PV power is maximized. It is a simple method among the
MPPT techniques [10]. It is derived from simple mathematical operations, i.e. Egs. (19-21):

dpldv=0;V =V (19)
dpldv=0;V <V (20)
dpldv=0;V >V __ (21)
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Read:
vie). i)

P(t) = V((j*1(1)
AV(t) =Vit) - Vit-At)
AP=P(f) - p(tAD)
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Vref Vref Vref Vref

Figure20. P&O algorithm flow chart.

From Fig. 19, with increase in PV voltage, power increases during its operation on left side of the
MPPT point and decreases when on right side. So for any increase in power increase, the disturbance
remains unchanged to reach the MPPT. The reverse occurs for power decrease. Fig. 20 shows the flow
chart of the algorithm. The instantaneous current and voltage are / and V" and AV is the incremental
change in voltage within a small A¢ time period. Fig. 21(a) shows the circuit diagram for the Solar
based FOSMC, while the PV characteristics is presented in Fig. 21(b,c).
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Figure 21. (a) Solar based FOSMC circuit diagram. PV array characteristics: (a) P-V and (b) I-V used in
simulation under standard test conditions.

6. SIMULATION RESULTS AND DISCUSSIONS

Table 2 shows the PV parameters and boost converter parameters.

A\ PI CONTROLLER
Switching pulses
To
Vi 2 Vinppt Boost converter
" MW
iy
pv E
Carrier wave

Fig. 22 MPPT tracking using PI controller for a Boost Converter.
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Table 2 Boost Converter and PV parameters

Variables Simulated Value
Rated PV array voltage 200 V

Inverter rating 2.5kVA

Solar radiation, G 1000 W/m’

Cell temperature, T 25°C

DC input voltage 400 V

Switching frequency, f;,, 10 kHz
Capacitor filter, C 220 puF

Inductor filter L 1.3 mH

Proportional plus Integral Controller parameters k,and z; 0.5, 0.1s

The proposed Solar based DC-AC inverter with FOSMC is simulated in PSCAD v4.6. The
photovoltaic array is composed of 36 cells in series to form a PV module and 29 such modules are
series connected to obtain 200V. Fig. 22 shows the MPPT controller for solar PV. Fig. 23 shows the
MMPT tracking of 200 V from the PV source using P&O algorithm. Figs. 24,25 show the output
voltage 230V rms tracking with load current and error voltage for linear and non-linear loads. Good
steady state characteristics are observed when operated with the controller. Fig. 26 shows the system
converging to origin with a short settling time.

Vmppt and Vpv

=V _MPPT = Ea
0.300 -

0.250

0.200

0.150 ,
0.100 /
0.050 /f
-0.050 =

) 110 120 130 1.40 150 1.60 170 1.80 1.90 2.0

voltage(KV) (kV)

0.000

Figure 23. Tracking of MPPT voltage with PV voltage of 200V .

Main : VOLTAGE TRACKING for RL load
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Figure 24. Output voltage tracking with error voltage and load current when feeding an R; load.
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Main : VOLTAGE TRACKING for NON LINEAR load
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Figure 25. Output voltage tracking with error voltage and load current for a nonlinear load.
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Figure 26. Phase plane plot of FOSMC of convergence.

7. CONCLUSION AND FUTURE SCOPE

The paper has designed a FOSMC control algorithm for a solar based DC-AC inverter circuit for good
tracking and dynamic response of AC output voltage. It is derived from the fractional order calculus
which imparts finite convergence of output AC voltage in a DC-AC inverter during steady state and
when perturbed during parametric variations. By using the Lyapunov principle and using Gao’s
law,the FOSMC is developed. The proposed controller for DC-AC inverter is found to be better than
that presented in the literature discussed in the introduction in terms of chattering, finite time
convergence and steady state error with good dynamic response. Simulation results are presented for a
single phase VSI to develop a sinusoidal AC voltage of 230 V (rms) as well as for Solar based DC-AC
inverter circuit to realize the performance of FOSMC over the classical SMC available in the
literature. For the linear and non-linear loads, FOSMC is able to generate a sinusoidal voltage with
negligible error voltage for lagging as well as unity power factor loads. For a dynamic change in load
within 0.2 s, the controller works well to regulate the output voltage. As compared to classical SMC,
FOSMC is observed to be better in convergence, steady state error of 1.32 %, settling time of 0.15 ms,
THD of 0.135 % and nearly 8 times less consumption of control energy. It is verified through phase
plot, chattering is less compared to SMC. The FOSMC is found to be effective for both linear and
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nonlinear type of loads in delivering a pure sinusoidal waveform of 230 V (rms) to the load. The work
can be extended to a distributed generation system comprising of Solar and a battery using FOSMC. It
can be used very effectively along with fast terminal SMC in higher order power electronic circuits for
faster convergence.
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