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ABSTRACT In modern electrical systems, solar energy extracted is integrated into electrical grid using

power converters. In most cases, several inverters are connected across the same dc link so that the

circulating currents between the inverter are made zero and the input power is shared among the available

inverters. Because of the nonlinear nature of grid-tied photovoltaic (PV) system and the inherent modeling

uncertainties, conventional control schemes cannot provide satisfactory performances under all operating

conditions. Nonlinear control techniques for grid-tied inverter have been explored in this paper. However,

the design of nonlinear controllers for the control of grid-tied parallel inverters has been rarely reported.

Therefore, the purpose of this paper is to design a nonlinear controller for the control of grid-tied parallel

inverter system. A novel control strategy is devised that utilizes backstepping inspired integral sliding

mode control to maintain a constant dc link voltage and control power flow to the grid. An algorithm is

developed, which determines the number of inverters connected across the dc link. The control strategy

employs Lyapunov approach to ensure stability in an event of disturbance and guarantees robustness.With the

proposed control scheme, better and superior performance is observed in transient response, total harmonic

distortion minimization and integrating power into the grid at unity power factor. Furthermore, with the

control strategy, the available power from the PV array is successfully distributed among multiple inverters

operating in parallel.

INDEX TERMS Backstepping, dc link, ISMC, parallel inverters.

I. INTRODUCTION

In a grid-tied renewable energy system, power converters

are used to transfer the DC power extracted from the PV

array into AC power and integrate into the grid. Modern PV

systems have the capability of generating power in several

hundred megawatts. For such systems, it is desirable to divide

the available input power among parallel inverters. Such

an arrangement has a number of advantages over a system

that employs a single inverter, e.g., it does not suffer from

single point failure and has lower initial and maintenance

costs [1]–[3]. For grid-tied inverters, the important control

objectives are to keep the voltage and the frequency synchro-

nized with the grid, control active and reactive flow to the

grid and keep harmonic distortion below a standard limit [4].

For parallel operation of inverters, it is necessary to minimize

the circulating currents among inverters [5]. For inverters

connected across a commonDC link capacitor, the circulating

currents are no longer a problem as each inverter unit pro-

duces the same pulse width modulated (PWM) output [6].

The control of parallel inverter system has been carried

out extensively in various studies [1], [7]–[18]. Control tech-

niques employed in the literature are concentrated control [7],

master-slave control [1], [8] and droop control [9]. Droop

control is widely adopted because this control scheme does

not require a communication line and truly forms a distributed

system. In this control scheme, control is designed such that

each inverter unit behaves as a synchronous machine, whose

output voltage and frequency become a function of the active

and reactive power drawn from it. The problems with this

control scheme are slow tracking response, poor harmonic

111982
2169-3536 
 2018 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 6, 2018

https://orcid.org/0000-0001-7208-6374
https://orcid.org/0000-0001-5094-3152


A. Ahmad et al.: Robust Control of Grid-Tied Parallel Inverters Using Nonlinear Backstepping Approach

handling when feeding nonlinear loads and the inability of the

controller to provide balanced power sharing when operating

under impedance mismatches of the line. In [11], a virtual

impedance based droop control is proposed for balanced

power sharing among inverters. The idea is to use a virtual

impedance loop that dominates the impedance of the line.

Although, balanced power sharing among various inverters

is achieved, the power sharing is still poor. Meng et al. [12]

proposed a generalized droop control (GDC) that derives

from both the conventional droop and the virtual synchronous

generator (VSG) controls. Using GDC, satisfactory perfor-

mance is achieved in both grid connected and islanded modes

of operation of the inverters. In [13], the conventional droop

is modified such that active and reactive power are controlled

considering a more general and realistic case of a systemwith

complex impedance. This control strategy is more generic

and is shown to control active and reactive power among

several inverter units in case of resistive, inductive and com-

plex impedances with a good transient response. Recently,

a universal droop controller (UDC) is proposed in [14].

With UDC, the complete system is shown to be stable for

impedance angle variation in the range θ ∈ (−π/2, π/2).

Similarly, other modified forms of the droop control such

as adaptive droop control [15]–[17] and robust droop con-

trol [18] have also been presented. These techniques give

better power sharing with increased system stability.

Control techniques employing droop based control

changes the output voltage and frequency depending upon

the active and reactive power demands. In an AC grid,

the frequency and voltage are predetermined andmust remain

constant. Therefore, in addition to the droop control, arrange-

ments for the restoration of frequency and voltage amplitude

have to be made once the system is loaded. Furthermore,

synchronization schemes for voltage and frequency must also

be incorporated in the control before making connection with

the electrical grid. In [19]–[21], two additional control loops

known as secondary and tertiary control loops have been

proposed. Secondary control is used to restore the frequency

and voltage amplitude while tertiary control is used for

synchronization with the grid. The proposed control loops

successfully restore the frequency and voltage as well as

synchronize the PIS with the grid. However, it increases the

complexity of the system and introduces a communication

line between various stages of the control. Furthermore,

because of the delays introduced in each stage, system might

become unstable [22].

Control strategies designed on droop control use linear

regulators to achieve control. A grid-tied PV system is a

nonlinear system with inherent uncertainties. Linear con-

trol methods cannot guarantee stability under all operat-

ing conditions. Based on H∞, the control of output current

of inverter while taking into account the uncertain grid’s

impedance is reported in [23]. Khajehoddin et al. [24] have

applied feedback linearization (FBL) to the control of grid-

tied inverter. The nonlinear model of the system is translated

into an equivalent linear model. Decoupling of active and

reactive power is carried out using the dq transformation and

PI controllers are used to track the direct and quadrature

current components. Exploiting Lyapunov’s theory, a robust

nonlinear control scheme using partial feedback linearization

is devised in [25]. Similarly, in [26], a nonlinear controller is

designed in abc frame to control active and reactive power

in a microgrid. Using direct power control (DPC), a sliding

mode controller (SMC) is designed to track the references

for active and reactive powers [27]. The control is carried out

in αβ reference frame so that information about the grid’s

angle is omitted. The controller is able to track active and

reactive power and has a fast transient response. However,

the scheme does not take into account the DC link dynamics.

Benchagra et al. [28] have presented a nonlinear backstep-

ping approach to control DC link voltage and power flow to

the grid. Although, DC link voltage is controlled, there appear

large oscillations in the output power. Similarly, in [29],

a control scheme based on feedforward approach is devised.

The controller gives a satisfactory transient response and

minimizes the harmonics injected into the grid. An adaptive

nonlinear control scheme based on backstepping approach

is proposed in [30]. The design is verified to inject all the

available power into the grid while controlling DC link volt-

age for step changes in the filter’s inductance and DC link

capacitance. Similarly in [31], another adaptive backstepping

controller is designed for the control of grid-tied inverter.

The controller is able to regulate active and reactive power

flow to the grid. However, large oscillations still exist in the

active and reactive powers. Furthermore, as the number of

inverters connected to the system are increased, harmonics in

the output current increase significantly.

In this paper, a novel control scheme for the control of

grid-tied PIS using backstepping approach is devised. This

paper considers the two stage grid-tied PV system in which

the first stage deals with maximum power point tracking

(MPPT). In this way, the power extracted from the PV array

becomes independent of the level of DC link voltage. The

three-phase model of the grid-tied PIS is converted into a

rotating two phase system using dq transformation. The idea

is to decouple active and reactive powers. A virtual control

signal is used to control DC link voltage, whereas the actual

control signals are used for tracking the direct and quadrature

components of the current. The novelty of the paper lies in

the fact that a backstepping inspired ISMC is designed for

the control of grid-tied PIS. To the best knowledge of the

authors, nonlinear controller using backstepping approach

has not been designed for the control of grid-tied PIS.

This paper is organized as follows. Section II introduces

the grid-tied PIS and details its modeling in dq reference

frame. Control objectives and complete derivation of control

laws based on Lyapunov’s theory are given in section III.

An algorithm that determines the number of inverters con-

nected across the DC link is also developed in this section.

Section IV shows validity of the control laws in achieving

the control objectives in a simulation environment. Finally,

conclusions are drawn in section V.
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FIGURE 1. A grid-tied parallel inverter system fed by a PV source and
connected across a common DC link capacitor.

FIGURE 2. Simplified circuit diagram of the kth grid-tied inverter.

II. GRID-TIED PIS MODEL AND CONTROL OBJECTIVES

A. MODELLING OF GRID-TIED PIS

Fig. 1 shows a typical two stage grid-tied PIS. It is worth

mentioning that the dotted lines in Fig. 1 indicate that, besides

the three shown inverter units, the system can have many

more inverter units. As mentioned in the previous section,

such an arrangement decouples the power extracted from

the PV array and DC link voltage. We assume that there

are no switching losses in the power converters. Therefore,

whatever power is extracted from the PV array, is readily

available at the input of capacitor. This power is called input

power or Pin. Each inverter is then connected to the grid

through an L-filter. The purpose of the filter is to attenuate

the harmonics generated as a result of switching phenomenon

inside the inverters. Fig. 2 shows a simplified circuit diagram

of the kth grid-tied inverter. Application of KVL to Fig. 2

leads to

i̇a,k =
1

L

(

via,k − vga
)

(1a)

i̇b,k =
1

L

(

vib,k − vgb
)

(1b)

i̇c,k =
1

L

(

vic,k − vgc
)

(1c)

Here, iabc,k , L, vgabc and viabc,k represent the currents fed

into grid, filter’s inductance, grid’s voltage and inverter’s

output voltage respectively. The three phase system repre-

sented by (1a) through (1c) can be converted into dq frame as

follows. First abc−αβ transformation is obtained by applying

Clarke’s transformation matrix

[

vα
vβ

]

=
2

3

[

1 −1/2 −1/2

0
√
3/2 −

√
3/2

]





va
vb
vc



 (2)

Usingαβ−dq transformationmatrix, the stationary two phase

quantities are transformed into synchronously rotating two

phase DC quantities that rotates with angular velocity ω.
[

vd
vq

]

=
[

cos θ sin θ

− sin θ cos θ

] [

vα
vβ

]

(3)

The final equations in dq frame are given by

i̇d,k = ωiq,k +
1

L
(vid,k − vgd ) (4a)

i̇q,k = −ωid,k +
viq,k

L
(4b)

The subscript k in (4a) and (4b) represents the parameters

related to kth-inverter. Similarly the subscripts d and q repre-

sent the direct and quadrature components of the two phase

quantities. It should be noted here that when the grid’s angle

θ = ωt is used as a reference for dq transformation, the value

of vgq becomes zero. Referring to Fig. 1, the power equation

can be written as

Pdc = Pin −
n
∑

k=1

Pk (5)

and

Pdc = Cdcvdcv̇dc (6)

Using the assumption that no switching losses occur in the

inverter, the power absorbed by each inverter, represented

byPk , equals the power it feeds to the grid. Thus for dq frame,

the relation for the output power of the inverter is given by (7)

Pk =
3

2
vgd id,k (7)

Using (6) and (7), (5) is re-written as

v̇dc =
1

Cdcvdc

[

Pin −
3

2

(

vgd

n
∑

k=1

id,k

)]

or

v̇dc =
1

Cdcvdc

[

Pin −
3

2
nvgd id,k

]

(8)

(4a), (4b) and (8) give the state-space model of the three-

phase grid-tied PIS.

B. CONTROL OBJECTIVES

Following are the main control objectives of this paper.

1) Maintain a constant DC link voltage i.e. vdc = v∗dc.
2) Transfer all the available DC power into AC and inte-

grate into electrical grid.

3) Keep a unity power factor.

4) Minimize THD.

5) Share the available power among various inverter units.

111984 VOLUME 6, 2018



A. Ahmad et al.: Robust Control of Grid-Tied Parallel Inverters Using Nonlinear Backstepping Approach

FIGURE 3. Cascaded structure used for backstepping control.

III. BACKSTEPPING ISMC CONTROLLER DESIGN

A. VIRTUAL CONTROL LAW

The two step cascade arrangement of the grid-tied PV system

shown in Fig. 3 allows the exercise of backstepping control

techniques to its control. The first subsystem has been named

as the actual control subsystem since the actual control signal

is the input to this block, whereas the succeeding subsystem is

called the virtual control subsystem as the direct component

of the current id,k is its input and DC link voltage is its output.

id,k can be used as a virtual control signal to control the

magnitude of the DC link voltage. Let v∗dc be the reference

DC link voltage and let ϑdc = v∗dc − vdc be the corresponding

tracking error. Let i∗d,k be the virtual control signal that drives

vdc upon v
∗
dc. With ISMC, the integral of the error becomes

a variable of interest which raises the relative degree by

1 [32]. Therefore, the sliding manifold for the error in DC

link voltage becomes

9dc = ϑdc + ξdc

∫

ϑdcdt (9)

where ξdc > 0. The time derivative of (9) yields

9̇dc =
1

Cdcvdc

(

3

2
nvgd id,k − Pin

)

+ ξdc(v
∗
dc − vdc) (10)

By setting (10) equal to zero, it is observed that ϑ̇dc =
−ξdcϑdc which represents the first order asymptotically stable

dynamics. The virtual control signal i∗d,k is then written as

i∗d,k =
2Pin

3nvgd
−

2Cdcvdcξdc

3nvgd
(v∗dc − vdc) (11)

B. ACTUAL CONTROL LAWS

The active power flow to the grid is regulated by enforcing

id,k to follow the trajectory of i∗d,k . This reference current is

dictated by (11) which in itself is domineered by the power

extracted from the PV array. Similarly, the reactive power is

dominated only by the quadrature component of the current

iq,k . The reference for this current i
∗
q,k = −2Q∗

k
3vgd

is kept zero

to ensure power feeding at unity power factor. The tracking

errors in the direct and quadrature currents are given by (12a)

and (12b) respectively

ϑd,k = i∗d,k − id,k (12a)

ϑq,k = i∗q,k − iq,k (12b)

Consider the derivative of i∗d,k

i̇∗d,k =
d

dt

[

2Pin

3nvgd
−

2Cdcvdcξdc

3nvgd
(v∗dc − vdc)

]

(13)

Because vgd remains necessarily constant, therefore

i̇∗d,k =
2Ṗin

3nvgd
−

d

dt

[

2Cdcvdcξdc

3nvgd
(v∗dc − vdc)

]

or

i̇∗d,k =
2Ṗin

3nvgd
−

2Cdcv̇dcξdc

3nvgd
(v∗dc − 2vdc) (14)

where Ṗin and v̇dc represent the derivatives of Pin and vdc
respectively. The sliding trajectories for the direct and quadra-

ture currents are defined as

9d,k = ϑd,k + ξgd

∫

ϑd,kdt (15a)

9q,k = ϑq,k + ξgq

∫

ϑq,kdt (15b)

where ξgd and ξgq are both greater than zero. Taking deriva-

tive of (15a) and (15b) gives

9̇d,k = ϑ̇d,k + ξgdϑd,k (16a)

9̇q,k = ϑ̇q,k + ξgqϑq,k (16b)

Also using (4a) and (11), the following are obtained

ϑ̇d,k =
2Ṗin

3nvgd
−

2Cdcv̇dcξdc

3nvgd
(v∗dc − 2vdc) − ωiq,k

−
1

L
(vid,k − vgd ) (17)

ϑ̇q,k = ωid,k −
viq,k

L
(18)

In order to obtain the actual control laws, the candidate

Lyapunov energy-like functions are defined as

8d,k =
1

2
92
d,k > 0 (19a)

8q,k =
1

2
92
q,k > 0 (19b)

For asymptotic stability, the derivative of (19a) and (19b)

must always be negative, thus

8̇d,k = 9d,k9̇d,k < 0 (20a)

8̇q,k = 9q,k9̇q,k < 0 (20b)

Realizing that the two phase output voltages of each inverter

are the product of vdc and the corresponding switching signal

(control signal) i.e. vid,k = ud,kvdc, viq,k = uq,kvdc, (16a) and

(16b) are re-written as

9̇d,k = i̇∗d,k −
[

ωiq,k +
1

L
(ud,kvdc − vgd )

]

+ ξgd (i
∗
d,k − id,k ) (21)

9̇q,k = ωid,k −
1

L
uq,kvdc + ξgq(i

∗
q,k − iq,k ) (22)
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Now the equivalent control laws, represented mathematically

by udeq,k and uqeq,k enforce the system to follow the desired

trajectories 9d,k = 0 and 9q,k = 0 and are given by

udeq,k =
L

vdc

[vgd

L
− ωiq,k + i̇∗d,k + ξgd (i

∗
d,k − id,k )

]

and

uqeq,k =
L

vdc

[

ωid,k + ξgq(i
∗
q,k − iq,k )

]

or

udeq,k =
L

vdc

[

vgd

L
− ωiq,k −

2Cdcv̇dcξdc

3nvgd
(v∗dc − 2vdc)

+
2Ṗin

3nvgd
+ ξgd (i

∗
d,k − id,k )

]

(23)

and

uqeq,k =
L

vdc

[

ωid,k + ξgq(i
∗
q,k − iq,k )

]

(24)

C. ROBUSTNESS OF CONTROL LAWS

The equivalent control laws guarantee stable tracking of

the system’s trajectories. However, the steady state tracking

performance might get affected in an event of disturbance.

To achieve tracking even in the presence of disturbance, the

equivalent control laws (23) and (24) are modified by adding

discontinuous signum terms sign(9d,k ) and sign(9q,k ) such

that the net control laws take the form

ud,k =
L

vdc

[

−ωiq,k +
2Ṗin

3nvgd
−

2Cdcv̇dcξdc

3nvgd
(v∗dc − 2vdc)

+
vgd

L
+ ξgd (i

∗
d,k − id,k )

]

− ζd,ksign(9d,k ) (25)

uq,k =
L

vdc

[

ωid,k + ξgq(i
∗
q,k − iq,k )

]

− ζq,ksign(9q,k )

(26)

where ζd,k and ζq,k are some positive constants.

D. PROOF OF ROBUSTNESS

Let the maximum of disturbances in the system dynamics

defined by (4a) and (4b) be represented by Υd,k and Υq,k
respectively, then after incorporating the disturbance terms

and substituting (25) and (26) into (20a) and (20b) respec-

tively, we obtain

9d,k9̇d,k = 9d,kΥd,k − ζd,k9d,ksign(9d,k )

9q,k9̇q,k = 9q,kΥq,k − ζq,k9q,ksign(9q,k )

or

9d,k9̇d,k = 9d,kΥd,k − ζd,k |9d,k | (27)

9q,k9̇q,k = 9q,kΥq,k − ζq,k |9q,k | (28)

FIGURE 4. (a). Algorithm for determining the number of inverters
connected across the DC link. (b). Simulation results.

For 9d,k < 0 and 9q,k < 0, both (27) and (28) are less than

zero and hence asymptotic stability is ensured. However, for

9d,k > 0 and 9q,k > 0, asymptotic stability is realized only

when the constants ζd,k and ζq,k are chosen such that

ζd,k > Υd,k (29a)

ζq,k > Υq,k (29b)

The gains of the ISMC controller can be tuned using a tech-

nique detailed in [33]. Newton’s optimization technique is

used to compute the optimal gains that minimize the tracking

errors. The gains of the ISMC controller ζd,k and ζq,k are

initialized to values defined by (29a) and (29b) respectively

before running the iterations for gain tuning. Furthermore,

since the tuning technique provides the gains that minimize

the error, we can safely deduce that error will converge to zero

asymptotically. It is also worth mentioning that because the

gains are tuned according to the existing state of the error,

robustness against disturbances is established once again.

This is because the error on a particular state increases in the

presence of disturbance. This increase in error can only be

minimized if the gains are tuned to values defined by (29a)

and (29b).
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FIGURE 5. Implemented system with a single inverter unit.

E. MECHANISM FOR DETERMINING NUMBER OF

CONNECTED INVERTERS

The reference current i∗d,k depends upon the number of invert-

ers n, connected across the DC link. Therefore, determining

this number while the system is up and running is of the

utmost importance. A wrong reference value might lead to

undesirable results. Let m be the maximum number of invert-

ers connected across the DC link and let I1, I2, I3, ..., Im be

the currents of the corresponding inverter units. Disconnected

inverters correspond to zero currents. This fact has been used

to our advantage. Fig. 4a shows the algorithm developed to

determine n. The algorithm reads in all the available currents

from various inverter units (I1 through Im) and stores them

in an array I (input current ports for disconnected inverters

might be grounded to read zero). Two variables sum and z

are defined and initialized to zero (z must be initialized to

1 if coding is to be carried out in Matlab). The algorithm

searches the array and increments the variable sum each time

it encounters a non zero entry. This process goes on until the

variable z becomes greater than the size of the array. If no

inverter unit is connected, the algorithm must output n = 1.

This is done to avoid infinite values of the reference i∗d,k . For

the case, where 0 < n ≤ m, the algorithm outputs the number

of connected inverters.

In order to verify the algorithm developed, four inverter

units are used. Initially all the inverters are disconnected so

that the algorithm outputs n = 1. At t = 0.05 s, two inverter

units are connected. The algorithm now outputs n = 2.

At t = 0.1 s, the remaining two inverters are also connected.

The algorithm must now output n = 4. At t = 0.15 s and

t = 0.2 s, the third and fourth inverter units are disconnected

respectively. Finally, at t = 0.23 s, the first two inverters are

also disconnected. The result of simulation shown in Fig. 4b

verifies the algorithm.

F. SYSTEM IMPLEMENTATION

Fig. 5 shows a two stage control in which the first stage

deals with extracting maximum power from the PV array.

The second stage is associated with the control of power

flow to the grid along with other control objectives given

in section II-B. In order to achieve maximum power point

tracking (MPPT), a SMC basedMPPT controller is designed.

However, for the sake of brevity its design is not included

here. The backstepping control laws derived in (25) and

(26) are used to pilot the SVPWM block that generates six

switching signals. These switching signals or sequences are

used to drive the six IGBTs of each inverter unit. Simulation

of the complete system is carried out in Matlab Simulink

(version R2017a) environment.

IV. SIMULATION RESULTS

The simulation for the control of grid-tied inverters is divided

into two parts. In first part, a single inverter is connected

across the DC link. In second part, multiple inverters are

connected across the same DC link capacitor.

A. SINGLE INVERTER UNIT

A PV array capable of generating 10 kW at 1 kWm−2 and

25 ◦C is designed to supply the input power. Simulation

results are given in Fig. 6. The initial voltage of the DC

link capacitor as well as its voltage reference v∗dc are both

kept at 550 V. The reference for direct component of the

current is governed by the amount of power available from

the PV array. Initially Pin is zero, however, during time

VOLUME 6, 2018 111987
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FIGURE 6. Simulation results for a single inverter unit. A comparison between the proposed controller and FBL controller. (a) Active and reactive power
fed into the grid. (b). DC link voltage. (c). Three-phase currents of the proposed controller. (d). Power factor analysis of the proposed controller. For better
viewing, three-phase currents are amplified six times. Corresponding voltage and current phases are in phase. (e). Three-phase currents of the FBL
controller. (f). Power factor analysis of the FBL controller. Although reactive power is zero, because of the small tracking error and relatively slow tracking
by the FBL controller, the power factor is not exactly 1. (g) THD in the output currents with the proposed controller and (h). THD in the output currents
with FBL controller at 2.5 kW and 1 kvar.

t = 0.0121 s−0.025 s it rises linearly to 10 kW and thereafter

remains constant. At t = 0.05 s, Pin suffers a ramp decay and

becomes constant at 8 kW. At t = 0.125 s, it suffers another

step decay to 6 kW and a step rise to 10 kW at t = 0.15 s.

It then undergoes another ramp decay at t = 0.175 s to reach

4 kW at t = 0.225 s after which it remains constant till the

end of simulation. The reference for reactive power is kept

zero all the time to ensure power feeding at unity power factor.

The circuit and control parameters for the proposed controller

are summarized in Table 1. For the sake of comparison with
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FIGURE 7. Simulation results showing the performance of the proposed controller in the presence of disturbances. (a). Disturbance in voltage of the
grid in form of voltage dips and rises. (b). 15%, 20% and 10% of reference signal is injected as disturbance (c). Active and reactive power profile in
response to voltage dips and rises. (d). Active and reactive power profile in response to disturbance shown in (b). (e). Three-phase currents in case of
disturbance shown in (a). (f). Three-phase currents in case of disturbance shown in (b).

TABLE 1. System and control parameters.

the state-of-the-art control technique, the same scenario is

simulated using both the proposed controller and the FBL

controller [24]. Simulation results (see Fig. 6) establish the

superior performance of the proposed controller in tracking

reference signals, transient response and THD minimization.

Furthermore, Fig. 6h shows that even though the reactive

power reference is kept zero, power factor in case of FBL

controller is not exactly 1. This might be the result of the

relatively slow tracking of the FBL controller and the small

tracking error. On the other hand, the proposed controller has

done a better job at keeping a unity power factor.

B. DISTURBANCE REJECTION

Disturbance rejection capability of the proposed controller

was proved in section III-D. In this section, a disturbance

injection scenario is simulated to verify the reference tracking

capability of the proposed controller in the presence of distur-

bance. According to [34], one of the common disturbances in

an electrical grid is a voltage dip or sag. Specifically a voltage

drop (amplitude between 90% and 10%) or a rise (amplitude

between 110% and 180%) of the nominal voltage is observed.
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FIGURE 8. Simulation results for the multiple inverter units. (a). Power
sharing among four inverters. Power per inverter changes whenever a
unit is connected or disconnected. (b)-(d). Inverter-1 through inverter-4’s
currents.

Therefore, voltage variations in the nominal voltage of the

grid is introduced at different times. Initially at t = 0.03775 s,

a voltage dip (vrms = 10 V) is commenced that lasts till

t = 0.0625 s. Then at t = 0.1375 s, the voltage was

increased to 10% above the nominal value and was restored

at t = 0.15 s. Finally, another voltage dip is introduced

at t = 0.2 s which is immediately followed by a rise at

t = 0.2125 s. Simulation results of Fig. 7 depict that the

proposed controller is able to track the current references

despite the voltage dips and rises. As pointed out by one of

the reviewer, one possible disturbance scenario would be to

inject certain percentages of the reference signal at different

times. Therefore, 15%, 20% and 10% of the reference signals

are injected at t = 0.03775 s, t = 0.1375 s and t =
0.2 s respectively. Simulation results once again establish the

disturbance rejection capability of the proposed controller.

C. MULTIPLE INVERTER UNITS

In this section, the ability of the controller (along with the

developed algorithm) to share power among various invert-

ers is verified. A PV array capable of generating 90 kW

of power at standard conditions is used. The simulation is

carried out using four inverters. The size of L filter is changed

to 3 mH. Initially, no inverter is connected so that power

delivered to the grid is zero. At t = 0.025 s, three inverters

are connected. Of the total 90 kW, each inverter unit pro-

vides 33.3% or 30 kW. At the instant of 0.125 s, the fourth

inverter is connected such that the power delivered by each

inverter to the grid drops down to 25% or 22.5 kW. At t =
0.175 s the fourth inverter is disconnected and the power

per inverter rises up again to 30 kW. The simulation results

shown in Fig. 8 hence verify the effectiveness of controller in

achieving objective 5.

V. CONCLUSION

In this paper, a nonlinear backstepping inspired ISMC con-

troller is designed for the control of grid-tied PIS. The objec-

tives of the research work are to 1) maintain a constant DC

link voltage, 2) integrate the available power from the PV

array into the grid at unity power factor and 3) minimize

THD, 4) share available power among various inverters oper-

ating in parallel. Control scheme is designed such that the

reference for active current component changes each time

an inverter unit is connected to the system. An algorithm

is also developed which determines the number of inverters

connected across the DC link. Simulation results establish

that the proposed controller has superior performance in tran-

sient response, THD minimization and power regulation as

compared to the FBL controller. Furthermore, the proposed

controller is robust and is able to track the desired trajectories

despite the disturbances and the voltage dips on the line. It is

shown that with the proposed control scheme, power is shared

among multiple inverters operating in parallel. Close analysis

of the simulation results for single inverter unit and multiple

inverter units reveal that with an increase in the level of power,

the L-filter size can be reduced significantly without violating

THD limit.
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