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ABSTRACT This paper shows the effectiveness of adaptive terminal sliding mode control in grid con-
nected hybrid solar PV and wind system for improvement in error tracking performance under different
disturbances. Lead acid battery arrangement is made to support hybrid system. To analyze hybrid system,
d-q axis circuit models are independently derived for both PMAC (Permanent Magnet AC) generator and
inverter. An adaptive Lyapunov-based rapid terminal sliding mode control is superior over the traditional
PI control because of its faster error tracking capability and robustness. Q-V-based inverter control is
employed to interface single phase grid and the hybrid system. To substantiate the proposed theory a number
of case studies have been conducted like parametric changes of converters, inverter and the changes occurring
in the hybrid system. Experimental results of proposed control are obtained from a laboratory prototype
of 250 W PMAC and 500W PV hybrid module with 100 ampere-hour battery system. Small-signal stability
at different disturbance points are analyzed using dynamic simulations on MATLAB/Simulink.2014R(b).
Real time controller is implemented through programming in Lab-VIEW on NI c-RIO 9082.

INDEX TERMS Hybrid System, Lyapunov based fast terminal sliding control, NI c-RIO 9082
(compact reconfigurable input output).

NOMENCLATURE
SOLAR PV
Id: Diode current in single diode model of PV.
Ise: Reverse saturation current.
Rse: Lumped Series Resistance.
Rsh: Lumped Shunt Resistance.
K: Boltzman Constant.
C2: Output capacitor to PV panel.

WIND SYSTEM
id: Direct axis current.
iq: Quadrature axis current.
9f: Magnitude of flux.
ωr: Mechanical angular speed.
Te: Electromagnetic torque.
P: Number of Pole.
RS: Stator resistance.
Cp: Efficiency factor.

BUCK-BOOST CONVERTER
iL: Inductor current.
Vc: Capacitor Voltage.
LE: Inductor value.
Rc: Parasitic resistance of capacitor.
RL: Parasitic resistance of inductor.
Vg: Source voltage to the buck-boost converter.
D: Duty ratio.

1−ϕ INVERTER AND CONTROL PARAMETER

Z: Load impedance.
rc: Parasitic resistance of filter capacitor.
rL: Parasitic resistance of filter inductor.
L: Filter inductor.
α, β : Stationary reference frame parameters.
d-q : direct and quadrature axis parameters.
Cd: Common DC link capacitor.
uqn = Nominal control parameter.
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uqr = Robust control parameter.
σq = Sliding surface for reactive power.
σdc = Sliding surface for reactive power.

I. INTRODUCTION
By harnessing energy from unconventional energy radix, pro-
lific unsullied energy which is free of cost can be accorded.
However, these unconventional radixes of energy are inter-
mittent in nature owing to the reorienting climatic conditions
which disrupts uninterrupted power supply. Genuine power
and deduction in storage capacity is allocated by combination
of diverse unconventional energy resources which can be a
realizable solution to overwhelm imperfections. However, a
massive hybrid structure fulfills the load ultimatum, which
is needlessly lavish [1]. A miniature hybrid structure is pru-
dential, but it is inadequate to fit to the load ultimatum
demand. The ideal gradation of the unconventional energy
power entity reckons on the mathematical prototype of sys-
tem peripherals [2]–[4]. Similarly, with the advancement in
manufacture technology of semiconductor, the efficiency of
photovoltaic solar (PV) cells have escalated. Cost of PV with
higher installed capacity comparatively has fallen. Collating
PV systems with the wind systems turbine generators, less
conversion efficiency, low power consistency, and exorbi-
tance has discerned drawbacks of the PV system [4]–[7].

This paper abridges mathematical modeling [8], [9] and
small signal analysis of PV andwind system [10]–[13]. A sin-
gular control technique is essential to control the voltage and
frequency as well as extraction of the maximum power [11].
Hybrid structure has complicated restraint structure in part
to alliance of two or more divergent power fountains. Con-
trol technique of hybrid renewable energy systems to supply
power to the outlying autonomous areas has been summarized
in this article. A repercussion of aggravation in preserving
the stability of grid, power mismatch, power quality, energy
management, efficient protection tasks, power control etc.
may be resulted due to the tremendous boosting capabil-
ity of grid tied solar PV and wind generation system [14].
The literature [14]–[16] presents the interpretation of diverse
techniques of active and reactive control for the flow of
power in the 3 phase grid tied PV system. Voltage source
inverter (VSI) is employed for the interfacing of the grid
with the solar PV array. Hysteresis band type controllers and
proportional integral (PI) controllers are predominant among
the controllers. Proportion resonant (PR) controller [24]
is implemented in static a-b-c reference framework or
PI controller in synchronously moving reference d-q frame.
Linear controllers are suitable for less perturbation around
stable operating point and can only eliminate steady state
error [19], [31]. In [17], anticipative controller based current
control strategy is proposed in utilization in synchronously
reference frame. Tuning of controllers (PI) are adhered by
trial and error method and their attainment declines with
change of guiding circumstances. The work reported in [18]
focuses on various linear and nonlinear controllers for
the control of reactive and active flow of power in the

PV inverters evoking d-q current peripherals as changing
variables. Thus instead of linearizing the system it is better to
investigate non-linear control strategy which aims to derive
global asymptotically stable closed loop system. Lyapunov
based nonlinear control technique is widely adopted in many
literatures [24]–[27]. The major improvement possible in this
approach is the correct estimation of region of attraction in
stable operating point under sudden disturbances [28]–[32].
Adaptive back stepping approach on lyapunov based control
is giving good control for multicellular grid connected single
phase inverter [32]. Lyapunov based digital control is adopted
for rapid prototyping and online control under dynamic oper-
ating condition [26], [27]. Literature [19] renders description
on finite time Lyapunov based sliding mode control and the
terminal sliding mode control (TSM) control has been delin-
eated in [20]. TSM control handles model uncertainty and
yields a chattering free operation as well. The proposed termi-
nal sliding mode controller has high-speed concurrence time
anticipated by changing feedback technique and is persevered
in charge of error tracking. In this paper after modeling
hybrid Solar PV array with modified maximum power point
tracking (MPPT) for solar PV, the modeling of VSI is con-
ferred. Control of independent reactive and active power,
at inverter side (VSI) with concurrent stabilization of volt-
age at the dc link and power at point of common cou-
pling (PCC) is acquired by proposed nonlinear control using
robust lyapunov based fast terminal sliding mode(LYPSM).
It ensures high-speed response and helps in apprehending
error to scope the sliding surface in finite time attained
through lyapunov’s theorem of direct stability. A fast termi-
nal sliding surface (FTSS) has been conceived using virtual
state feedback technique to concentrate the apprehended error
with it.

This paper is catalogued in seven sections. In section
Nomenclature, section-I Introduction, section-II representa-
tion of model of PV array and wind system and in section-III
small signal stability and control through NI c-RIO
9082 based system is discussed. In section-IV Study of
VSI with flexible LYPSM controller is mentioned. Sim-
ulation results and diverse test cases including change in
short-circuits, solar irradiation, power reference changes,
etc. are granted in section-V to focus the admirable perfor-
mance of the new one. The proposed system is verified in
Matlab/Simulink platform. Finally, section-VI concludes the
paper.

II. SOLAR AND WIND HYBRID SYSTEM MODELING
Modelling of solar PV and wind system is obvious for
dynamic study and stability analysis of hybrid system when
connected to grid. Different parts of the dynamic system is
modelled separately as explained below and simulated in
Matlab/Simulink 2014 (b).

A. PV MODELLING
Single diode model is considered for simplicity in
analysis [1], [2]. The photovoltaic solar cells are low-voltage
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and high-current generating devices. An equivalent circuit
of a single diode solar PV cell in Fig.1 (a) where diode
is connected in parallel with a current source with two
resistances which are shunt and series resistance. Iph is
generated current source and output available current is
I = Iph − Id − Ish where Id = Ise[exp(

V+IRse
nVt

) − 1],
Ish =

V+IRse
Rsh

. Thus, I = Iph − Ise[exp(
V+IRse
nVt

) − 1] −
V+IRse
Rsh

and Vt =
TcK
q where K: Boltzmann constant (K =

1.38× 10−23J/K). n: diode quality factor Rse: lumped series
resistance. Rsh: lumped shunt resistance. q: charge of the
electron (q = 1.6 × 10−19C) Isc: reverse saturation current,
Tc: temperature of the operating cell (◦C), V: Open circuit
PV voltage.

FIGURE 1. (a) Equivalent circuit design of Single diode model of solar cell
(b) Power Vs Voltage curve of a solar PV cell.

B. WIND SYSTEM MODELLING
To simplify the response of PMAC it is necessary to trans-
form the equations from the stationary reference frame to
d-q axis using Park Transformations. The mathematical
model of PMAC can be described in the d-q reference system
as follows [2], [3], [13].

did
dt
=
−Rsid + LqPωriq + ud

Ld

diq
dt
=
−Rsiq − LqPωrid − Pψfωr + uq

Lq

 (1)

Te = 1.5P(ψ jiq − (Ld − Lq)idiq) and ωe = Pωr where ud
is d-axis voltage, uq is q-axis voltage, id is d-axis current,
iq is q-axis current, Rs is stator resistance, Ld is the d-axis
inductance, and Lq is q-axis inductance, ωr is mechanical
angular speed, Te is electromagnetic torque, ψf is magni-
tude of flux, P is number of pole and Jeq is moment of
inertia.

The drive transient equation is dωr
dt =

1
Jeq

(Te−Bωr−Tm).
In this paper wind energy system, consists of wind tur-

bine, gear system, rotor, generator, current limiter, rec-
tifier and buck boost converter. It can supply between
10% to 30% of the originalenergy available in the wind.
The efficiency factor denoted by Cp can be expressed
as:

CP =
Power Output by wind terbine

Power in the wind and this can roughly
be estimated Cp is 28.8% for simulation
purpose [13].

FIGURE 2. Stationary reference frame model of single phase inverter.

C. DC - DC BUCK-BOOST CONVERTER
The state space equations of DC-DC buck boost Converter
are given below [6], [7]:

d
dt

[
iL
vC

]
=

 Rc(1+ D)− RL

LE

(D− 1)
LE

(D− 1)
C

(2D− 1)
RC

[ iL
vC

]

+

 D
LE
0

Vg

vo = −
[
(1− D)Rc 1

] D
LE
0

Vg


(2)

Where IL is current through inductance LE, vC is capacitor
voltage, vo is converter output side voltage, D is duty ratio,
R is load resistance Vg is input voltage, Rc and RL is the
parasitic resistance of capacitor and inductor respectively.

D. SINGLE PHASE DC - AC INVERTER
State space average model of the single phase inverter in real
and imaginary stationary reference frame [8], [26], [27] is
given below and circuit model is shown in fig.12.

d
dt

⌊
Iα
Iβ

⌋
=

⌊
uα
uβ

⌋
1
L
−

⌊
Iα
Iβ

⌋
1
L

(
rL +

Zrc
Z+ rc

)
−

⌊
Vα
Vβ

⌋(
1
L
−

rc
L(Z+ rc)

)
d
dt

⌊
vαc
vβc

⌋
=

⌊
Iα
Iβ

⌋
Z

C(Z+ rc)
−

⌊
Vα
Vβ

⌋
1

C(Z+ rc)


(3)

The d-q model of the inverter can be developed by applying
transformation matrix to equation (3) and given below.[

Xd

Xq

]
= T

[
Xα
Xβ

]
where,T =

[(
cosωt sinωt
−sinωt cosωt

)]
and finally neglecting rL and rc as in practical they have very
small value d-q model of single phase inverter is derived from
above equation (3)

d
dt

⌊
Id
Iq

⌋
=

⌊
ud
uq

⌋
1
L
+

[(
0 −ω
ω 0

)]⌊
Id
Iq

⌋
−

1
L

⌊
Vd

Vq

⌋
d
dt

⌊
vd
vq

⌋
=

⌊
Id
Iq

⌋
1
C
+

[(
0 −ω
ω 0

)]⌊
Vd

Vq

⌋
−

1
CZ

⌊
Vd

Vq

⌋

(4)
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FIGURE 3. State of charge vs terminal voltage.

The dynamic modelling of hybrid system components are
required for efficient controller design for both grid integrated
mode and standalone mode.

E. SYSTEM ARRANGEMENT
The overall system arrangement is given below in Fig. 4.
Wind turbine is connected to gear system which is further
coupled with PMAC generator. Output of the wind system
is connected to three phase full wave rectifier to convert
generated AC voltage to DC voltage. Buck-boost converter
is required to regulate output DC voltage from full wave rec-
tifier. PV panel integrated buck boost converter withmodified
P&O based MPPT controller is adopted to get maximum
power. These two sources are then connected to common
capacitor Cd. Battery arrangement is required to manage
shortage of power from both solar PV and wind system.
SOC based control arrangement is made for charging and dis-
charging the battery on availability of power form hybrid sys-
tem. Solar PVwith wind system arrangement is the first stage
of hybrid system. Stage 2 is inverter control to feed power
to load or grid integration. This scheme is effective in both
standalone and grid connected systems. Lyapunov based fast
terminal sliding mode control is applied for inverter control
for faster response under disturbances. The main objectives
of this article are (a) Stabilization of generated hybrid system
voltage (b) Effectiveness of proposed fast terminal sliding
mode control over classical PI control in grid tied inverter.

III. STABILIZATION OF HYBIID SYSTEM AND CONTROL
THROUGH c-RIO
Stabilization of DC link voltage before grid tied inverter
is critical in hybrid system. In this work common DC link
voltage is considered as 24 volt. By sensing common DC link
voltage buck-boost converter is controlled. Tight voltage
regulation is adopted to prevent circulating current between
two different sources. Here modified P&O based fast acting
digital MPPT algorithm is implemented on buck-boost con-
verter connected to the output of PV panel. State of charge
based supervisory control helps to select different operating
modes in hybrid system. These modes are (a) Normal hybrid

mode (b) Semi-hybrid system (c) Battery mode and discussed
in Table-1.

TABLE 1. Mode of operation of hybrid system.

PV output voltage and current signal is connected to the
analog module channel i.e NI 9225 & NI9227 respectively.
These modules are used for sensing PV voltage and current
respectively. The digital data is processed through proposed
MPPT technique based on simple perturb and observe (P&O)
algorithm as shown in Fig. 8.

During non-availability of any power from any power
source corresponding source should be isolated from the
hybrid system. A simple technique is used to stabilize DC link
voltage based on state of charge (SOC) and power availability
of sources.

A. BATTERY MODEL AND CURRENT TRACKING
DC link voltage before inverter is important since it is pri-
mary source of power which is delivered to load or to grid.
Lyapunov based adaptive terminal sliding mode nonlinear
control technique is adopted for active and reactive power
flow control discussed in section V taking this DC link volt-
age as a control variable. Maintaining DC link voltage is done
primarily through lead acid battery. When sufficient power is
available from both PV and Wind system then battery is in
charging mode and if any deficiency is observed that would
be maintained by the same battery through discharging mode
(Fig. 11). For simplicity CIEMAT based dynamic battery
model [33] is adopted in this paper. Series capacitor model
is used and the terminal voltage.

For Ebat < η Eg Ebat(t) = η [Ecb(t) + Ecp(t)] and SOC =
(Ecb(t)−2)/0.16. Whereas, Ebat > η Eg, Ebat(t) = η [Ecb(t)+
R(t)ibat(t)], SOC = 1 and, Ecb(t) = 2.16 V.

R(t) =
1
C10

(
6

1+ i0.6bat((t))
+

0.48

(1− (Ecb(t)−2)
1.6 )1.2

)
Cb(t) =

1.67C10

1+ 0.67
(
ibat((t))
I10

)0.9 1
0.16η

, (5)
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FIGURE 4. Proposed scheme.

And

I10 =
C10

10
.

Ebat(t) = Battery voltage, η = Number of Cells, ibat(t) =
Battery. Current (A), Eg = 2.35V Ecp = Polarization
voltage, Ecb = Electromotive force, SOC = Battery State
of Charge, R(t) = Internal Resistance. I10 = Charge current
corresponds to C10. Model parameters are for two lead-acid
STECO 3000 batteries. For each battery, the nominal capacity
is C10 = 100Ah, the nominal voltage is 12V and the number
of cells is 6. In the battery pack, the serial/ parallel connection
of four batteries is chosen to get a 24V full voltage with two
sets in parallel of two batteries in series (see Fig.23 (a)). Cp is
chosen as 2000F from model for constant 5amp current.
Battery Current Tracking: The battery current tracking

algorithm is shown in Fig. 5. it is designed to determine the
current and power references necessary to charge the battery.
The estimation of the current and power reference is based on
the battery model, which was proposed previously.

- During the battery charging, if the battery current is main-
tained at a constant high level, the battery voltage increases
fast until it reaches gassing voltage (Vg = 2.35V).

During the battery charging, the internal resistor still
depends on battery SOC. Its value increases at a high rate
when battery SOC is high. In this case, with a constant battery
current, the battery losses are more important. Consequently,
the battery efficiency is lower.

If the battery is fully discharged and with constant battery
current ibmax = C10/5, SOC battery can only reach 68%.With
constant battery current ibmin = C10/100, SOC battery can
reach 95% but the charging time becomes longer than before.
In order to ensure a high SOC battery, a shorter time charging,
an overcharge security and a high efficiency, it is important to
reduce battery losses and to keep the battery voltage below the
voltage gassing value. This can be achieved through battery
current tracking algorithm in Fig.5.

B. MPPT FOR PV SYSTEM
Maximum power point tracking for PV system with simple
P&O based technique is reported in many literatures. Higher
sampling rate (High resolution ADC) with fast processor can
accurately provide duty ratio to the power electronics con-
verter for tracking maximum power from solar PV. But high
speed ADC increases cost of the system. Here averaged
sampled digital P&O technique is implemented.
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FIGURE 5. Flowchart of battery current tracking algorithm.

FIGURE 6. Representation of digital data in a pair of sample interval.
(b)Representation of power point in the loop sampling interval.

The sampling rate of ADC is higher than sampling rate of
digital loop.

Calculation of 1P requires to have at least two values of
power samples.

PKa(avg)|m
2
=

PK1 + PK2 + . . . Pm/2
m/

2
Where, m/2 = (loop sampling per interval)/2, For next
samples,

PKb(avg)|m
2
=

PK1 + PK2 + . . . Pm/2
m/

2
The average power in one loop sample interval is

PK(avg)|m =
PKa(avg)|m

2
+ PKb(avg)|m

2

2
Similarly, the average value of power in the next loop sam-
pling interval will have the same process followed. Thus
the average power in the next consecutive one loop sample
interval is PK(avg)|2m.
1P is calculated from PK(avg)|2m − PK(avg)|m and

checked if 1P > 0. Then 1V is calculated. This value of

FIGURE 7. MPPT of PV system.

error in voltage is calculated by the same procedure as per
the calculation of error in power 1P.

VKa(avg)|m
2
=

VK1 + VK2 + . . .Vm/2
m/

2

VKb(avg)|m
2
=

VK1 + VK2 + . . .Vm/2
m/

2

VK(avg)|m =
VKa(avg)|m

2
+ VKb(avg)|m

2

2

Average voltage in the next consecutive one loop sample
interval is VK(avg)|2m.
1V is calculated from VK(avg)|2m − VK(avg)|m and

checked if 1V < 0. The error values of both 1P and 1V
are calculated. The error in Voltage once compared with zero
with respect to that the value of duty ratio is calculated i.e Dk
as mentioned above flow chart. This digital MPPT ensures
faster response and tracksmaximum power as shown in Fig.8.
These algorithm is implemented in Lab View based program-
ming in NI c-RIO 9082 based system. The capacitor value
C2 connected to PV output has a great influence on giving
accurate MPPT tracking. If capacitor value is not selected
properly then change in voltage due to change in irradiation
may not be reflected at output from where voltage sensing is
done for MPPT. Here buck-boost converter is connected to
PV system. Thus input impedance looking form the load side
is required to find out condition for maximum power transfer.

The programmability and online monitoring capability of
NI c-RIO 9082 based system makes it suitable for hybrid
system monitoring and modelling. The above discussed part
ensures the stability of DC link voltage and ensuresmaximum
power is extracted from solar PV system based on dynamic
environmental condition on PV panel. Thus hybridization and
stabilization is done online through c-RIO based controller
which is described in detail in result and discussion section.
But it is difficult to integrate this hybrid system to the grid.

Battery Storage is important for hybrid system due to
intermittent nature of PV and wind power. Both the renew-
able sources are incapable of providing constant power over
time. Thus battery charging and discharging cycle is required
for smooth operation. Total power is sum of wind, PV and
storage power. The available power which is fed to the grid
is calculated by subtracting source side converter loss from
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FIGURE 8. Digital P& O algorithm for MPPT.

FIGURE 9. Power flow diagram of hybrid system.

the generated power and DC link power is formed. It is
responsible for providing power to grid as shown in Fig.9

From the grid power reference power control algorithm is
designed as shown in Fig.10. Grid side total power require-
ment is calculated by taking inverter loss and filter power
requirement which are low with grid power reference. This
total requirement with DC link power loss gives to DC link
power. Battery power reference is calculated after subtracting
wind and PV power. Here PV and wind power is not the
direct power available from these sources. After subtracting
converter loss from direct input power, PV and Wind power
is determined. PPV_Ref is determined from MPPT algorithm
explained in Fig.8. Battery current tracking algorithm provide
Ibat_ref to the controller.

Different control variable in input side hybrid system needs
to be designed carefully for stabilization as well as proper
operation under dynamic condition. Current sensor provides
information regarding PV,Wind, and battery power if DC link

FIGURE 10. Power control diagram of hybrid system.

TABLE 2. System equation.

is maintained constant which is true in steady state. Under
dynamic condition error from reference current helps the con-
troller to decide accurate duty ratio of the input side converter
to maintain output voltage and power. Control parameter
equation of hybrid system is given in table 2 below.

Local Energy flow profile in 24 hours is significant in
hybrid system as it provides information regarding charging
and discharging requirement of battery. Also it is important
to find out PV and Wind power availability over hour since
charging of battery is also depend on these power.

The capability of this hybrid system to supply power to grid
and to charge lead acid battery depends on the availability of
wind and PV power.

Effective management and control of power is possible in
threemodes as discussed earlier (table-1) (a) Hybridmode (b)
Semi hybrid mode (c) Battery mode. But non-availability of
power leads to disconnection from the grid. Fig 11. provides
local energy profile of both the sources.

Overall System parameter of hybrid system is given
in table 3.
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FIGURE 11. Local Energy profile of the proposed wind solar hybrid
system.

TABLE 3. Hardware System components.

In this paper an adaptive lyapunov based rapid terminal
sliding mode control for inverter is adopted for single phase
grid integration. The novelty of this method is that it can
actually act faster than conventional control available in the
literature. In the next section this method is described with
suitable control diagram.

IV. LYAPUNOV BASED FAST TERMINAL SLIDING
MODE Q-V CONTROL
From the dynamic modelling of inverter explained in
section II control technique is designed. PWM modulation
is used inverter (VSI) which interface between PV array and
grid.The traditional control scheme for active and reactive
power flowing from the inverter to the grid is based on the
control of the instantaneous direct and quadrature axis com-
ponents of current. Thus to calculate the active and reactive
power flows from the converter a phase frame of reference
is used to measure the phase or line voltages and currents.
Fig.4 shows schematic diagram of the hybrid system inter-
faced with load and grid. The interface impedance between
PCC and VSI is Ri + jωeLi, where angular frequency. The
impedance of line segment between PCC and grid is Rg +

jωeLg. Transformed d-q axis current can be written as follows

piid =
−Ri

Li
iid + ωeiiq +

Vid − Vsd

Li

piiq =
−Ri

Li
iiq − ωeiid +

Viq − Vsq

Li

 (6)

Where inverter voltage can be written in d-q axis as Vid =
mVdccosδ√

2
, and Viq =

mVdcsinδ√
2

, where m and δ are the PWM
Modulation index and firing angle of Inverter. DC link capaci-

tor voltage dynamics can bewritten as 1
Cd

dV2
dc

dt2
= Phybrid−Pdc,

and Pdc = Pt + PLoss. If inverter loss is neglected for then
power from DC source is transferred to inverter bus. Instan-
taneous active and reactive power is at PCC in d-q reference
frame is given as Pi = Vsdisd +Vsqisq, Qi = Vsqiid −Vsqiiq.
The instantaneous current in d-q reference frame is expressed
as iid =

PiVsd+QiVsq

V2
s

, iiq =
PiVsq−QiVsd

V2
s

and V2
s = V2

sd + V2
sq.

For simplified analysis of power flow Vsq = 0, and Vsd =

Vs is considered. Thus the active and reactive power flow
from the converter becomes Pi = Vsiid, and Qi = −Vsiiq
respectively. The dynamics at PCC is written as

dPi
dt
=
−Ri

Li
Pi − ωeQi +

1
Li
[VsUdVdc − V2

s ]

dQi

dt
=
−Ri

Li
Qi + ωePi +

1
Li
[−VsUdVdc]

 (7)

Where Ud =
mcosδ
√
2
, and Uq =

msinδ
√
2
.

To avoid some of the problems normally associated with
PI controllers, this chapter has explored the use of lyapunov
based sliding mode control. Theoretically the robustness of
sliding- mode control can ensure accurate tracking perfor-
mance even in the presence model or parameter uncertainties.
However, use of lyapunov direct stability theorem ensures the
possibility of adapting the control parameters during a sudden
transient change or when the gains appear to be high when the
state trajectory approaches the sliding surface. An important
requirement of the sliding mode control design is to choose
an appropriate sliding surface s(x) for the system state x so
that state trajectories will be constrained to lie on it ( s(x) 0).
However, the discontinuous nature of this control gives rise
to chattering phenomenon and thus there is a need to convert
the discontinuous control to a continuous one. For designing
lyapunov direct stability theorem based controller for the
grid connected PV array, the following lemma is followed:
For a continuous definite function V(t) to converge to the
equilibrium point in finite time the equation given below is
satisfied

V̇(t)+ βV(t)+ αVγ (t) < 0, ∀t > t0,

Hence the time of Convergence is

tft ≤ t0 +
1

β(1+ γ )
ln
βV γ−1(t0)+ α

α
, (8)

Where α > 0, β > 0 and 0 < γ < 1
The recommended adaptive FTSM control approach is

advantageous correlated to ordinary TSM in terms of driving
error remission capability with finite time, fast convergence
tract due to altered error trailling and sliding surface model.
Tracking errors are considered as follows:

eq = iiq −
∗

iiq

edc = Vdc −
∗

Vdc

39146 VOLUME 6, 2018



S. B. Santra et al.: Lyapunov-Based Fast Terminal Sliding Mode Q-V Control of Grid Connected Hybrid Solar PV and Wind System

Assuming
∗

iiq equals to zero, first derivative of eq is

ėq = ˙iiq

Feedback control law is introduced to implement fast trajec-
tory theory

ėq = λq = −γq
∣∣eq∣∣λ1 sign (eq) (9)

Where γq > 0 and 0 < λ1 < 1 To confirm the stability of
feedback control law in Eq.(9)

Lyapunov function Vq =
1
2e

2
q is obtained. Stability of

Lyapunov function is obtained if
V̇q = eqėq = −γq

∣∣eq∣∣λ1+1 < 0 It is to be considered that
eq is not equal to λq, error z1 is

z1 = ėq − λq = −
Ri

Li
iiq − ωeiid +

uq
Li
+ γq

∣∣eq∣∣λ1 sign (eq)
Control law is expressed as:

uq = uqn + uqr

Where uqn = nominal control parameter and uqr robust
control parameter

uqn =
a2iiq − ωeiid − γq

∣∣eq∣∣λ1 sign (eq)
a1

Where

a1 =
1

2
√
2

Vdc

Li
and a2 =

Ri

Li

Robust control

uqr = −kqrz1 +
∫

vqdt,

Where

vq =


ρq1sign(σ q)+ ρq2sign(σ q)
−βq1λq1 |z1|λq1+1 sign(z1)
−βq2λq2 |z1|λq2+1 sign(z1); z1 6= 0
ρq1sign(σ q)+ ρq2sign(σ q); z1 = 0

(10)

Where, ρq1, ρq2 > 0;βq1, βq2 > 0 and 0 < γq1, γ q2 < 1
fast terminal sliding surface is described as

σq = ż1 + βq1 |z1|λq1 sign(z1)+ βq2 |z1|q2 sign(z1)

Sliding mode control is made adaptive as

βq1 = ρq1
∣∣σq∣∣

βq2 = ρq2
∣∣σq∣∣

Similarly derivative of edc is

˙edc = V̇dc

Feedback control law is introduced to implement fast trajec-
tory theory

˙edc = λdc = −γdc |edc|λ2 sign (edc) (11)

Where γdc > 0 and 0 < λ2 < 1
To confirm the stability of feedback control law in Eq. (11)
Lyapunov function Vdc =

1
2e

2
dc is obtained.

Stability of Lyapunov function is obtained if

V̇dc = edc ˙edc = −γdc |edc|λ2+1 < 0

It is to be considered that ėq is not equal to λdc, error z2 is

z2 = ˙edc − λdc

=
1
Cdc

[
Ipv −

1

2
√
2

(
iidud + iiquq

)]
+ γq

∣∣eq∣∣λ1 sign (eq)
Control law is expressed as:

ud = udn + udr

Where udn = nominal control parameter and udr = robust
control parameter

udn =
1
iid

[
1
a3

ipv
Vdc
− iiquq +

γdc

a3
|edc|λ2 sign (edc)

]
where,

a3 =
1

2
√
2

1
Cdc

Robust control

udr = −kdrz2 +
∫

vddt

Where

vd =


ρdc1sign(σ dc)+ ρdc2sign(σ dc)
−βdc1λdc1 |z2|λdc1+1 sign(z2)
−βdc2λdc2 |z2|λdc2+1 sign(z2); z2 6= 0
ρdc1sign(σ dc)+ ρdc2sign(σ dc); z2 = 0

(12)

where, ρdc1, ρdc2 > 0;βdc1, βdc2 > 0 and 0 < γdc1,

γdc2 < 1 fast terminal sliding surface is described as

σdc = ż2 + βdc1 |z2|λdc1 sign(z2)+ βdc2 |z2|
λdc2 sign(z2)

Sliding mode control is made adaptive as

βdc1 = ρdc1 |σdc|

βdc2 = ρdc2 |σdc|

Frequency is obtained from the droop control strategy as

f− f0 = −Rdroop(Pi − Phybrid)

where fo = nominal frequency.
Finally to obtain the control laws for the VSC inter-

face, a positive definite Lyapunov’s function is chosen as
V = 1

2σ
2
dc +

1
2σ

2
q . The derivative of V is obtained as fol-

lows V̇ = a1σdc − a2σdcud + a3σq − a4σquq, hence from
lyapunov second law stability of inverter is guaranteed for
V̇ < 0 and to satisfy this condition, the control quantities are
to be chosen as

Ud = −
a1 + K1σdc + K2 |σdc|

λ sign(σ dc)
a2

Uq = −
a3 + K3σdc + K4 |σdc|

λ sign(σ dc)
a4

 (13)
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FIGURE 12. Control loop of grid connected inverter.

FIGURE 13. Experimental Set-up (a) Inverter side (b) Source side hybrid
system.

And

V̇ =
1

CdVdcLi
(−k1σ 2

dc − k2 |σdc|
q

p+1 sign(σ dc))

− k3σ 2
q − k4

∣∣σq∣∣ q
p+1 sign(σ q)

As the lyapunov’s function derivative is close to zero,
the tracking error will be convergence to the sliding surface,
hence a robust controller.
Closed Loop Inverter Control: H(s) represents robust con-

troller. Inner current loop uses filter inductor as a feedback
signal. The outer voltage loop utilize the load voltage as a
feedback signal.

Droop functions (Rdroop) are used for grid connection using
(P-Q) and (Q-V) slope Here Q-V based robust control is pro-
posed for grid connection. Inverter set has to supply apparent

FIGURE 14. Buck Boost Converter (a) Gain plot (b) Phase plot.

TABLE 4. System parameter.

power to grid or to the load. This can be divided into different
ways. (a) Inverter exports active power to load and grid, load
imports reactive power from grid. (b) Load imports active and
reactive power from inverter (c) Inverter provides active and
reactive power to both grid and load.

V. RESULT AND DISCUSSION
Overall system is simulated in Matlab/Simulink 2014 R(b)
using mathematical models of the PV array, wind generator,
boost converter and the IGBT based VSC converter as shown
in Fig.3. Experimental set-up comprises of two sections i.e (a)
inverter side (b) source side hybrid system as shown in Fig13.
To demonstrate the effectiveness of the proposed lyapunov
theory based sliding mode controller in comparison to the
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FIGURE 15. (a) Steady state single phase inverter voltage (b) FFT of
output voltage.

FIGURE 16. Dynamic change of pulse with the change in battery link
voltage.

conventional PI controller, different case studies are done as
to show that proposed adaptive lyapunov based sliding mode
controller is capable to response faster than conventional.

The system data used for simulation study and practical
implementation are listed in Table-4. Loop Gain, Phase plot
of the compensated buck boost converter is important to
find source side system stability when connected to inverter.
Figs.14 (a) & (b) the bode and phase plot of the buck boost
converter is given. The green line is for stable system after
using proper compensator. PLL is used in the control block.

For simulation and hardware realization simple Sine Tri-
angle PWM is used to filter voltage harmonics. In hardware
filter circuit is designed as shown in Fig 13-(a). Steady state
AC voltage from single phase inverter output for modula-
tion index (M = 0.8) after filter contains less harmonics.
Secondary side voltage waveform of transformer is given
in Fig. 15(a).

FIGURE 17. Instability of the buck boost converter during energy
shortage.

FIGURE 18. Tracking of reference parameters.

There is zero fluctuation in DC link voltage in differ-
ent modes of hybrid system at steady state. But during
changeover from one mode to another fluctuation in DC link
voltage is common. Source side converter change duty ratio
to maintain DC link voltage. Changes in the DC link voltage
due to surplus of energy which is a typical case, pulse width
of source side converter changes simultaneously by controller
action. Again when step load changes then also DC link
voltage changes. Fig. 16 shows the change of PWM pulse
on voltage change due to load change. In hardware realiza-
tion same stabilization of DC link voltage is found as given
in Fig. 22 (a) which is close to simulated result.

As discussed in section (III) insufficient energy from
solar and wind as well as battery shortage due to environ-
mental condition, source side converter goes to instability.
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FIGURE 19. Tracking of maximum power for different insolation levels.

FIGURE 20. Comparision of convergence speed during grid fault.

Fig. 17 shows buck-boost converter operate unstably during
this time.

From the simulation and hardware realization it is found
that controller is capable of stabilizing the variability in the
hybrid system. As discussed in section II only hybrid sys-
tem stabilization is not important. Inverter (VSI) control for
smooth operation while connected to grid is also significant.
In this paper lyapunov theory based sliding mode controller
is proposed and performs better than conventional PI in dif-
ferent disturbance error tracking point All parameters are
taken in p.u. based after inverter for grid integration. Different
case studies are considered to show the effectiveness of the
proposed control scheme.
Case-1: Tracking capability of both the controllers are

examined by applying step commands to Piref from 0.7022
to 0.8658p.u., Qiref from 0.0744 to 0.4p.u. at t = 0.1s
respectively as shown in Fig.18. The PI controller gains are

FIGURE 21. (i). Digital Proposed MPPT technique Lab-View Programme,
(ii) (a) Online Solar Voltage, (b) Solar Current (c) Solar Power.
(iii) Hardware result of the laboratory prototype (a) Inverter Output
voltage before filter (b) Solar Current (c) PMMT dynamic pulse
(d) Buck-Boost Converter Inductor Current.

obtained using ITAE criterion.

PI:Kp = 75, Kq = −1, Kdc = −0.73;

Kip = 3600; Kiq = −4820

The Lyapunov sliding mode controller gains are:

LYPSM: Kp = 150; Kq = 50; Kdc = −1.0;

ρdc = 10.4; ρQ = 6.3;

For the PI controller the corresponding settling times are
0.8 and 0.7sec respectively. Also it is observed that the
PI controller exhibits significant amount of high frequency
oscillations before settling to the final value whereas the
LYPSM controller settles faster.
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FIGURE 22. (a) Stabilization of DC link voltage with load change. (b)Grid
Injected voltage and current.

FIGURE 23. (a) Experimental Set Up for hardware realization,
(b) Roof-top PV and wind system.

Case-2: At t = 0.1s, there is a step increase in irradiation
level from the initial level of 500 W/m2 (50%) to 900W/m2

(90%) during a period of 0.1s to 0.4s. From 0.4s to 0.7s

FIGURE 24. Graphical programming for data acquisition.

the level of insolation is reduced again to 50%. At 0.7s the
insolation level is increased to 80% and preserved at that
level. Fig.19 shows the transient response of the PV array
showing clearly the capability of the LYPSM controller over
traditional PI controller.
Case-3: A 3-phase fault is initiated at time t = 0.1sec

and cleared at 0.2 sec. Prior to the fault, the values of ref-
erence active and reactive powers are: Piref = 0.7022 p.u.,
andQiref = 0.0744 p.u. Fig.20. shows that the controllers are
able to come back to the pre-fault after the fault is cleared.
As expected the LYPSM controller reduces the oscillations
much faster than the corresponding PI controller.

Other system parameters are: Ri = 15m�, Li = 0.637m�,
Rg = 10m�, Lg = 0.5m�, Cdc = 0.5mF. Qbase =

0.3kVAR, P = 0.5KW, Vbase = 230V, Vdc(base) = 24V,
Rdroop =.05; Based on the simulation result the designed
controller is implemented on laboratory based prototype. All
the discussion result shows a good match between simulated
and hardware findings shown in Fig.21. Sensing circuit for
controller design using lab-view (appendix) for the system is
presented.

Fig. 23 is the hardware set up, designed for the verification
of theoretical findings.

VI. CONCLUSION
This paper a new robust control technique is analyzed and
applied to 1− ϕgrid tied Solar PV and wind hybrid system.
Stabilization of hybrid system is done from the information
of DC link voltage, current signal from each source side
converter with power flow control. MPPT block inside the
programme gives maximum power from PV. Total control
mechanism is implemented in c-RIO 9082 module. The con-
trol approach on sliding mode applying lyapunov’s theorem
direct stability has been refined in this paper adopting voltage
of dc link & reactive power errors. The suggested function
of Lyapunov-based nonlinear control is simpler to tradi-
tional PI controllers. Furthermore, the spontaneous reactive&
active power waveforms are obtained. The simulation results
attained from Matlab/Simulink 2014 (b) based on hybrid
Solar PV system model display clearly shows that LYPSM
controller yields faster error tracking response in resemblance
with PI controller.

APPENDIX
Data Acquisition Programme through Lab-VIEW FPGA
interface is given below in Fig 24.
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NI-cRIO 9082 Module used for the programming is as
follows:
NI 9401: Digital input output module, NI 9225: Analog volt-
age sensor (300 Volt r.m.s), NI 9227: Analog Current sensor
(5 Amp) Inverter MOSFET: IRFZ44N

Buck Boost Converter Inductor: 2 mH for 7.5 Amp max-
imum current. Switching frequency of buck-boost converter
as well as for Inverter is 10 KHz. The control programming
of hybrid system is done through Lab-View given below
in Fig.25.

FIGURE 25. (a), (b) Control of hybrid system through lab-view.

Discrete Inverter Modelling:

d
dt

[
id(t)
iq(t)

]
= A

[
id(t)
iq(t)

]
+ Bu

[
ud(t)
uq(t)

]
+ Be

[
ed(t)
eq(t)

]
Where the matrix definition is given by,

A =
(
−R/Li −ω

ω −R/Li

)
, Bu =

(
1/Li 0
0 1/Li

)
,

Be =

(
−1/Li 0

0 −1/Li

)
.

The State space discrete model is represented by,
X(K+ 1) = FX(K)+ Gu((K)) and matrix is represented by

F = (SI− A)1, Gu = −Ge =
Ts∫
0
FdτBu. Ths the discrete time

state equation in grid tied model is represented by,[
id(k+ 1)
iq(k+ 1)

]
= F

[
id((k))
iq((k))

]
+ Gu

[
ud((k))
uq((k))

]
+ Ge

[
Vd((k))
Vq((k))

]
The sampling frequency is selected so that the grid dynamics
are significantly below the Nyquist limit associated with the
inverter sampling frequency. So, considering vd and vq to be
constant during one sample period [27].

Vd,k ∼= Vd,k−1, Vq,k ∼= Vq,k−1

The above assumption leads to:

ud,k = Li
id,k − id,k−1

Ts
− ωLi(

id,k + id,k−1
2

)

+R(
id,k + id,k−1

2
)+ ed,k−1

uq,k = Li
iq,k − iq,k−1

Ts
+ ωLi(

iq,k + iq,k−1
2

)

+R(
iq,k + iq,k−1

2
)+ eq,k−1
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