
Xu, Dezhi, Wang, Gang, Yan, Wenxu and Yan, Xinggang (2018) A novel 
adaptive command-filtered backstepping sliding mode control for PV grid-connected 
system with energy storage.  Solar Energy, 178 . pp. 222-230. ISSN 0038-092X. 

Kent Academic Repository

Downloaded from
https://kar.kent.ac.uk/71366/ The University of Kent's Academic Repository KAR 

The version of record is available from
https://doi.org/10.1016/j.solener.2018.12.033

This document version
Author's Accepted Manuscript

DOI for this version

Licence for this version
UNSPECIFIED

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site. 
Cite as the published version. 

Author Accepted Manuscripts
If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type 
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) 'Title of article'. To be published in Title 
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date). 

Enquiries
If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record 
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see 
our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies). 

https://kar.kent.ac.uk/71366/
https://doi.org/10.1016/j.solener.2018.12.033
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies


Solar Energy 00 (2018) 1–17

Solar
Energy

1

A Novel Adaptive Command-Filtered Backstepping Sliding Mode
Control for PV Grid-Connected System with Energy Storage

Dezhi Xua,∗, Gang Wanga, Wenxu Yana, Xinggang Yanb

aSchool of Internet of Things Engineering (Institute of Electrical Engineering and Intelligent Equipment), Jiangnan University, Wuxi, 214122,
China

bSchool of Engineering and Digital Arts, University of Kent,Canterbury, CT2 7NT, U.K.

Abstract

To solve the problems of power fluctuation in the photovoltaic (PV) grid-connected system and the nonlinearity inthe model
of inverters, a projection-based adaptive backstepping sliding mode controller with command-filter is designed in the system, in
order to adjust the DC-link voltage and the AC-side current in the PV grid-connected system. Firstly, the mathematic model of the
inverter in PV system is established,then backstepping control method is applied to control it, and the command filter is added
to the controller to eliminate the differential expansion of the backstepping controller.Furthermore, the adaptive law based on
Lyapunov stability theory is designed to estimate the uncertain parameters in the grid-connected inverter.A projection algorithm
is introduced in the adaptive controller due to the demand ofguaranteeing the bounded estimated value. Additionally, a sliding
mode controller is increased to improve its robustness in this system.With the consideration ofthe influence of irradiation and
temperature changes, a battery-energy-storage-system isapplied to the DC-side to suppress the fluctuation of output power of the
PV system. Finally, the simulation resultsdemonstratethat the presented strategy can control the grid connected inverter precisely.

c© 2011 Published by Elsevier Ltd.

Keywords: Photovoltaic system, battery energy storage, projection adaptive, command-filtered backstepping, sliding mode.

1. Introduction

Nowadays,because ofthe rapid growth of the grid-connected photovoltaic (PV) system, the controller of the
systemis confronted withthe tremendous challenges of maintaining grid stability and reliability [1]. In Fig. 1, two
key factors of the energy storage PV grid-connected system should be realized [2]. The first factor is the effects of
weather conditions which include irradiation, temperature and some other meteorological conditions. Another factor
is the impact of the inverter, the PV controller and the load in the system [3-4]. Obviously, the weather conditions are
uncontrollable, soa battery-energy-storage-system is considered in the DC side of the PV system to compensate the
fluctuation of output power of PV system when the irradiationand temperatureare changing [5-6]. At same time, it is
necessary to design and control the inverter effectively to ensure the output power quality of the PV system.The grid
converts the maximum power of a PV power generation system into the high power quality, which is the primary goal
of a PV grid-connected power generation system, i.e.,despite ofthe changes in atmospheric conditions, the power
factor of PV grid-connected system is closed to unity. This requires that the inverter switchwould be designed to
inject no harmonic current into the grid[7-8].

∗Corresponding author
Email address:xudezhi@jiangnan.edu.cn, lutxdz@126.com (Dezhi Xu)

1



Dezhi Xu et al./ Solar Energy 00 (2018) 1–17 2

DC/AC

DC/DC

DC/DC

DC Bus AC Bus

Grid

Load

PV Array

Energy Storage

Figure 1: Topology of PV power system with energy storage.

A lot of efforts have been devoted to PVmicro-gridin the past. In reference [9], a fractional order sliding mode
controller was applied to an islanded distributed energy resource system, and the output voltage tracking control was
realized. However, in the simulation, the authorsused the DC source instead of the distributed energy.When the PV
array was connectedto the DC side of the system, the control effect of the designed controller was unknown. The
work in [10] proposed a voltage and frequency control strategy for the distributed energy resource system, different
types of loads were used to be simulated the control effect, and the parallel operation of multiple distributed-resource
units was simulated. However, there was no use of the distributed energy resource in the author’s simulation, and the
energy storage unit was not considered in the system. Also inthe work of [11], the maximum power point tracking
(MPPT) was realized through the use of sliding mode control.Then the Lyapunov function-based control methodwas
utilized in VSC, the simulation showed that the controller had bettercontrol effect. However, the control algorithm
presented in this workpossessedsome limitations, and the control effectalso had space for improvement, in addition,
the energy storage unit was also not considered in the system.

At present, the linear control theory has been widely investigated to power converters [12-14]. Due to the dynamic
of the power,converters are nonlinear, and some parameters cannot be measured accurately. Hence,a large number
of nonlinear control methods are introduced to solve problems of the nonlinearity and uncertainty of power converters
[15-21]. As a kind approach of nonlinear control,the backstepping which is widely used in grid-connected system
is considered to deal with the nonlinearity and uncertainty[20-22]. In [23], the backstepping controller is designed
in the PV power supply systemof telecommunication equipment. By controlling the DC-DC buck-boost circuit, the
DC side voltage is stable,and it ensures thatthe total harmonic misalignment rate of the AC side is withinthe s-
cope. Consequently, the effectiveness of the backstepping controller is verified by simulation. In order to estimate the
unknown parameters in the system, adaptive backstepping approach has been proposed,and this strategy which can
achieve satisfactory control performance is proved to be effective[24]. In [25], an adaptive backstepping controller is
designed for permanent magnet linear synchronous motor, and the tracking of the motor position is realized. Experi-
ment shows that the control effect of designed adaptive backstepping controller is betterthan proportion-integral (PI)
controller. However,on account of some main drawbacks of the backstepping control, such as the derivative of the
virtual control and problems of control saturation, which can increase the amount of calculation and affect the control
effect of the controller. Some methods have been put forward to solve this shortcoming, such as the dynamic surface
control [26] and the command-filter [27-28], in which command-filtered backstepping is more effective than dynamic
surface control. The amplitude, speed and bandwidth constraints are introduced into the command filtering process,
which aremore convenient for modulation and restriction of virtual control signals andactual control signals so as to
meetthe actual control requirements [29].

In this paper, an improved adaptive command-filtered backstepping controller is designed for inverter of battery-
energy-storage-system with PV (BESS-PV) grid-connected system, which is used to stabilize DC side voltage and
control output power of PV system. In this proposed controller, an adaptive law based on Lyapunov stability theory
is introduced to estimate the uncertain parameters (including DC-link capacitor, output resistance and inductance) of
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grid-connected inverter. Considering the demand of guaranteeing for the bounded estimated value, a projection algo-
rithm is proposed in the adaptive law. Additionally, the integral sliding mode control method is added to the control
systemfor improvingthe robustness of close-loop control systems. In the controller design procedure, the command
filter and compensation are usedto solve the problems of the differential expansion about virtual control signal and
the control input saturation. At same time, the stability of the control systemis presentedto be asymptotically stable
by using the Lyapunov stability theory. In section II,the model of inverter in PV system is established. In section
III, the controller is derived and the stability of the system is proved by Lyapunov stability theory. In section IV,
the advanced nature of the designed controller is demonstratedin MATLAB /simulink. Finally, some conclusions are
given in section V.

2. PV Grid-Connected System Model

2.1. PV Cell and Array Modeling

Fig. 2 shows a circuit diagram of a photovoltaic cell. The diode currentID can be written as [30-31]
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Figure 2: Circuit diagram of a PV cell.
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where Is is the photocurrent,Rsh is the shunt resistor,Rs is the shunt resistance,q is the electron charge which
q = 1.6×1019 C, I0 is the reverse saturation current,A is the dimensionless junction material factor,k is the Boltzmann
constant, andT is operating temperature of solar cell (in Kelvin).

Now, in Fig. 2, the Kirchhoff’s law of current is applied, and the output current ofipv produced by the PV battery
can be expressed as

ipv =Is − I0
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The luminous currentIs depends on the solar radiation which can be associated with

Is = (Isc+ ki (T − Tn))
R
Rn

(3)

whereIsc is the short-circuit current,R is the solar radiation,ki is the parameter of PV cell short-circuit current, and
Tn is the reference temperature of PV cell. The saturation current changing with the temperature of the cell isI0 with

I0 = IRS

(

T
Tn

)3

exp

[

qEg

Ak

(

1
Tn
−

1
T

)]

(4)

whereEg is the PV cell semiconductor band-gap energy.IRS is the reverse saturation current under the reference
temperature and the irradiation.

3



Dezhi Xu et al./ Solar Energy 00 (2018) 1–17 4

pv
v

s

s

p

N
R

N

s

sh

p

N
R

N

PV
i

p
N

s
Np s

N I

Figure 3: Circuit diagram of a PV array.

Photovoltaic cells are usually connected in series and in parallel to form PV array which can help get the power.
Fig. 3 represents the circuit diagram of a PV array, whereNs andNp are the series and parallel number of PV cells,
respectively. In this way, the output currentipv can be written as

ipv = NpIs − NpID
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The manufacturing characteristics of each PV cell are givenin Table 1.The power of the entire photovoltaic array
is: 5·66·302.226≈ 100.7kW. The power-voltage (P-V) performance characteristic underdifferent weather conditions
of a given PV array are shown in Fig. 4.

Table 1: The Basic Parameters of The PV Cell

Parameter Symbol Value

Maximumoutput power Pp 302.226 (W)

Open circuit voltage Voc 64.2 (V)

short-circuit current Isc 5.96 (A)

Voltage at maximum power point Vmp 54.7 (V)

Current at maximum power point Imp 5.58 (A)

Number of cells in series Ns 5

Number of cells in parallel Np 66

As illustrated in Fig. 4, the maximum power point varies withthe weather conditions. The power converter switch
is controlled by the MPPT approach to map the maximum output power of the PV array. In the simulation of this
study, we use incremental conductance algorithm to realizethe control of MPPT. As Fig.4 shows that the output power
P, currentI and voltageU of PV array have the following relationship

P = UI (6)

If the irradiance and temperature remain the same, the derivative at the maximum power point of the P-V curve at
this irradiance and temperature is 0. So, we need to calculate the derivative of (6)

dP
dU
= I + U

dI
dU
= 0 (7)
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Figure 4: P-V charateristics of a PV array.

then,the relationship can be achieved
dI
dU
= −

I
U

(8)

when the change rate of output voltage is equal to the negative value of transient conductance of the output, we
can make sure that the PV array is works at the maximum power point. We need to sample the voltage and current
of PV array. Because the method has high control precision and fast response speed, it is suitable for occasions with
relatively rapid changes in atmospheric conditions.

2.2. Energy Management Strategy of BESS

Due to the changeable environment of weather, such as the uncertainty of light radiation and temperature, which
lead to the fluctuation of grid-connected power.Therefore, in this paper, we incorporate a rechargeable battery module
on the DC side to ensure power stability of PV grid-connectedsystem disturbance when light radiation and tempera-
ture are changing.

A simple energy management strategy of PV and BESS module on the DC side is given in Fig. 5. In practical
applications, reducing the charge and discharge times of the battery energy storage system must also be considered.
In Fig. 5, Pg represents the power requirement of the grid,Ppv represents the power which is provided by PV array,
Pbt is the power of the battery module.
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2.3. Description of PV Grid-Connected System

Fig. 6 shows the diagram of the structure about the grid connected BESS-PV system,which includesPV array,
filter capacitor, output R-L filter, inverter, and three-phase grid. Then, the dynamics model of grid-connected dc-to-ac
inverter system underd-q frame can be calculated as

did
dt
= −

R
L

id + ωiq −
Ed

L
+

udc

L
kd

diq
dt
= −

R
L

iq − ωid −
Ed

L
+

udc

L
kq

(9)

whereEd, Eq and id, iq are the grid voltages and currents underdq-axis, respectively.kd andkq are thedq-frame
components switching function, respectively.

According to Kirchhoff’s voltage and current laws, the relationship in the DC side of inverter is expressed as

C
dudc

dt
= i0 − idc (10)

thereinudc is the DC-link voltage,i0 and idc are the output current of the boost circuit and the input current of the
inverter, respectively.

According to the conservation of energy, if the power loss ofinverter is neglected, the power balanced relation
between the system output and the DC side is provided as

udci0 =
3
2

(

EdId + EqIq

)

(11)

However, the average value ofEq is equivalent to zero in a steady state. Then, submitting (11) to (10), the DC-link
voltage dynamic is expressed by following

dudc

dt
=

3EdId

2Cudc
−

idc

C
(12)
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Now, the full dynamic model of inverter for PV grid-connected system can be represented as

dudc

dt
=

3Edid
2Cudc

−
idc

C
did
dt
= −

R
L

id + ωiq −
Ed

L
+

ud

L
diq
dt
= −

R
L

iq − ωid −
Eq

L
+

uq

L

(13)

In the above mathematical model, theR, L, andC are the values of resistance, inductance, and capacitance in the
system.

In fact, it is very difficult to measure the value of the parameter accurately in the system. Therefore, in the design
of the controller, these parameters can be regarded as unknown or uncertain, which can be written as following

η1 =
1
C
, η2 =

R
L
, η3 =

1
L

(14)

Submitting (14) into (13), equation (13) can be rewritten as

dudc

dt
= η1

(

3Edid
2udc

− idc

)

did
dt
= −η2id + ωiq − η3Ed + η3ud

diq
dt
= −η2iq − ωid − η3Eq + η3uq

(15)

In the section III, we will design the controller based on this model (15) with unknown parameters. Since the
sliding mode control has strong robustness [32], we providean novel projection-based adaptive command-filtered
backstepping controller with sliding mode, and which willbe discussedin the following sections.
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baU

+

-

PVi

bai

baU

bai

baP

refP

Proposed controller

GridTransformer

di qi

dE qE

dci

dci

du

qu

2S

3S

1C
C

2C

1L

2L

w

Energy Storage

Grid Connected PV System

Battery

PLL

0i
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3. Proposed Controller Design

3.1. Controller Design for Grid-Connected Inverter
In this section, in order to inject the expected reactive andactive power into the power grid, the control lawud and

uq are designed to make the reference value ofid andiq. Take the following steps to get the controller.
Firstly, we define the tracking error of the system as

e1 = udc− uc
dc (16)

e2 = id − icd (17)

e3 = iq − icq (18)

In order to stabilize the DC bus voltage error, the Lyapunov function is selected as

V1 =
1
2

e1
2 (19)

By substituting the value ofudc in (15) into (16), we can write that

ė1 = η1

(

3Edid
2udc

− idc

)

− u̇c
dc (20)

Now the derivative ofV1 can be written as

V̇1 = e1ė1 = e1

(

η1

(

3Edid
2udc

− idc

)

− u̇c
dc

)

(21)

In order to satisfy Lyapunov stability condition, we want tomake sure thaṫV1 ≤ 0, thus we choose the virtual
controlleridd as

idd =
2udc

3Edη1
(η1idc+ u̇c

dc− k1e1) (22)

wherek1 > 0 is a designed constant. Then, by inserting the equation (22) into equation (21),̇V1 can be calculated as

V̇1 = −k1e2
1 (23)

Because the parametersη1 is unknown, we replaceη1 with η̂1 in equation (22), that is

îdd =
2udc

3Edη̂1
(η̂1idc+ u̇c

dc− k1e1) (24)

whereη̃1 = η1 − η̂1 is the parameter estimation error.
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In the design of the controller, we need the derivative of the virtual controller, so a large number of differential
processes will affect the stability of the controller. Thus, command-filter isproposed to solve the problems of dif-
ferential expansion and input saturation, besides that, itcan also eliminate the time derivative of (24).The structure
diagram of the command-filter is shown in Fig. 7. The state equation of command-filter can be described as
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where
[

q1

q2

]

=

[

xc

ẋc

]

, u = xd (26)

whereξ andωn are the damping and bandwidth of the filter, respectively. And SR(.) andSM(.) represent the rate and
magnitude limit, respectively [24].

A filter error will be produced in the command-filter. We must redefine tracking error ¯e1 = e1 − ε1, and designed
compensation signal is given by

ε̇1 = −k1ε1 +
3Edη̂1

2udc

(

icd − îdd
)

(27)

In order to facilitate the subsequent calculation, according to (24) and (27), thė̄e1 can be calculated as

˙̄e1=
3Edidη1

2udc
− η1idc− u̇c

dc+ k1ε1 −
3Edη̂1

2udc
icd +

3Edη̂1

2udc
îdd

=
3Edidη̂1

2udc
+

3Edidη̃1

2udc
− η1idc − u̇c

dc+ k1ε1 −
3Edη̂1

2udc
icd + η̂1idc+ u̇c

dc− k1e1

=
3Edη̂1

2udc
e2 − k1ē1 + η̃1

(

3Edid
2udc

− idc

)

(28)

In thed-axis controller, we use the ordinary first order sliding mode defined as

S1 = e2 (29)

We design the integral sliding mode forq-axis controller, and theq-axis integral sliding surface can be chosen as
follows

S2 = e3 + ∂1

∫ t

0
e3dt (30)

Among them,∂1 > 0 represents a designed parameter. Then, the control objective is equivalent to the sliding
surfaceSi = 0, i = 1, 2.

At present, the following part is adaptive update law, the following Lyapunov function is selected to obtain the
adaptive updated laws, and the dynamic stability of the response errors is obtained as following

V2 =
1
2


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+
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+
η̃2

3
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











(31)

whereλ1, λ2, andλ3 denote the adaptive gains. ˜η2 = η2 − η̂2 andη̃3 = η3 − η̂3 are the estimated errors of unknown
parameters. The derivative ofV2 can be calculated as following

V̇2 = ē1 ˙̄e1 + S1Ṡ1 + S2Ṡ2 −
η̃1

λ1

˙̂η1 −
η̃2

λ2

˙̂η2 −
η̃3

λ3

˙̂η3 (32)

From equation(17), (18) and (22),we can get the derivative of sliding surfacesSi , i = 1, 2 as

Ṡ1 =ė2

= − η2id + ωiq + η3 (ud − Ed) − i̇cd
= − η̂2id − η̃2id + ωiq + η̂3 (ud − Ed) + η̃3 (ud − Ed) − i̇cd

(33)

Ṡ2 =ė3 + ∂1e3

= − η2iq − ωid + η3

(

uq − Eq

)

− i̇cq + ∂1e3

= − η̂2iq − η̃2iq − ωid + η̂3

(

uq − Eq

)

+ η̃3

(

uq − Eq

)

− i̇cq + ∂1e3

(34)
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Taking equation (28), (33), (34) into equation (32), we thenobtain
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uq − Eq

)

− i̇cq + ∂1e3

)

−
η̃1

λ1

(

˙̂η1 − λ1ē1

(

3Edid
2udc

− idc

))

−
η̃2

λ2

(

˙̂η2 + λ2S1id + λ2S2iq
)

−
η̃3

λ3

(

˙̂η3 − λ3S1 (ud − Ed) − λ3S2

(

uq − Eq

))

(35)

In order to eliminate this influence ofη1, η2 andη3, we design the projection-operator-based parameters adaptive
law as follows

˙̂η1 = λ1Proj

(

η̂1, ē1

(

3Edid
2udc

− idc

))

˙̂η2 = λ1Proj
(

η̂2, −
(

S2id + S3iq
))

˙̂η3 = λ3Proj
(

η̂3, S2 (ud − Ed)+S3

(

uq − Eq

))

(36)

where Proj (·, ·) denotes the projection operator [33-34]. The projection operator is valid for robust adaptive controller
which needs multiple differentiation of the adaptive law. According to the projection operator, we have

η̃1

[

ē1

(

3Edid
2udc

− idc

)

−Proj

(

η̂1, ē1

(

3Edid
2udc

− idc

))]

≤ 0

η̃2

[

−S2id − S3iq−Proj
(

η̂2, −
(

S2id + S3iq
))]

≤ 0

η̃3

[

S2 (ud − Ed) + S3

(

uq − Eq

)

−Proj
(

η̂3, S2 (ud − Ed) + S3

(

uq − Eq

))]

≤ 0

(37)

Therefore, in view of above parameters adaptive update laws, equation (35) alsois simplified as

V̇2 ≤S1

(

3Edη̂1

2udc
ē1 − η̂2id + ωiq + η̂3 (ud − Ed) − i̇cd

)

+ S2

[

−η̂2iq − ωid + η̂3

(

uq − Eq

)

− i̇cq + ∂1e3

]

− k1ē2
1

(38)
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Figure 8:The simulationof BESS-PV grid-connected system.

In order to ensure the globally asymptotic stability of the whole PV grid-connected inverter. And the adaptive
parameter estimated method and integral sliding mode control algorithm as a whole must ensurethat V̇2 is negative
semi-definite, namely,V̇2 ≤ 0, so that, we choose

−k2sat(S1) = −
1
η̂3

(

3Edη̂1

2udc
ē1 − η̂2id + ωiq − η̂3Ed − i̇cd

)

−k3sat(S2) = −
1
η̂3

(

−η̂2iq − ωid − η̂3Eq − i̇cq + ∂1e3

)

(39)
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Table 2: The Basic Parameters of BESS-PV Grid-Connected System

Parameters Value

C = 6 (mF),C1 = 100 (µF), C2 = 1 (mF),uc
dc = 500 (V)

DC-link parameters L1 = 5 (mH),L2 = 1 (mH)

R= 2 (mΩ), L = 0.25 (mH),Vg = 260 (V)

AC-link parameters f =60 (Hz),kd=kq = 10 kHz, T : 260 V/ 25 kV

k1 = 560,k2 = 1500,k3 = 50,∂1 = 2

Controller parameters η1 = 1000,η2 = 2000,η2 = 300

wherek2 > 0, andk3 > 0 represent the adjustable parameters, and the function sat(·) represents the saturation function
defined as [35]

sat(S) =



















1, S > ϕ
S/ϕ, |S| ≤ ϕ
−1, S < −ϕ

(40)

where,ϕ represents the sliding layer, which is defined between 0 and 0.5. Then the control lawud anduq can be
acquired as

ud = −
1
η̂3

(

3Edη̂1

2udc
ē1 − η̂2id + ωiq − η̂3Ed − i̇cd + k2sat(S1)

)

uq = −
1
η̂3

(

−η̂2iq − ωid − η̂3Eq − i̇cq + ∂1e3 + k3sat(S2)
)

(41)
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Figure 9: Solar irradiation and temperature change.

According to the above controller law, adaptive parametersestimation law and Barbalat’s Lemma [36],the func-
tion is obtained as

V̇2 ≤ −k1ē2
1 − k2S1sat(S1) − k3S2sat(S2) ≤ 0 (42)

From (42) we can see, the whole system will be asymptoticallyby using designed controller. The controller
workflow is shown in Fig. 6.
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Figure 11: The battery’s SOC and the power responses of the BESS.

4. Simulation Results

In order to verify the validity of the designed controller, we built a simulation model in MATLAB/simulink
environment. And we primarily analyse the performance of dynamic, static, anti-jamming and robustness under the
proposed control and PI control algorithms. The simulationmodel for the whole system is shown in Fig. 8, which is
used to checkout the performance of the proposed controller. Moreover, the basic DC-link and AC-link parameters of
system are list in Table 2.

The selection of controller parameters and adaptive parameters is very important for the control performance of
12
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the designated position tracking, and the selection steps of controller parameters are as follows: 1) Firstly, the adaptive
parametersλ1, λ2 andλ3 are set to zero, which are used to substitute the accurate parameter estimation values. Then,
we can try to adjust the parametersk1, k2 andk3 according to Lyapunov stability theory to realize the command
filter backstepping controller tracking for the PV grid-connected inverter. 2) As the larger adaptive parameters are
set, the adaptive values are converged to the real value faster, but the larger the adaptive parameters will produce a
larger overshoot, thus it is very important to adjust the controller parameterk1, k2 andk3, and then adjust the adaptive
parameters from small to large to obtain the appropriate adaptive parameters.
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In order to obtain better control effect, according to the above steps, the specific simulation parameters and adaptive
parameters can be seen in Table 2.

In this paper, the controller’s capability is tested under the given solar irradiation and temperature change. From
Fig. 9, we can see that the irradiation of the PV array is 1000 W/m2 until t = 0.5s. Then the light radiation dropped
to 250 W/m2. After 0.2 s, the irradiation is rising to 1000 W/m2. At same time, the ambient temperature of the first
two seconds is maintained at 25oC, and then the ambient temperature rises from 25oC to 75oC.

Fig. 10 shows the output current, voltage and power waveforms of the PV array. We can get from the diagram that
the power is provided by the PV array varies with the intensity of light and the temperature of the environment.

Because of the fluctuation of the power generated by the PV array, so battery-energy-storage module is added
to the DC side to compensate for the fluctuation. Fig. 11 showsthe state of charge (SOC) of the battery and the
compensation poweris produced bybattery-energy-storage.

Therefore, the out power from PV system to the grid is expressed in Fig. 12. From the Fig. 12, we can see
that the designed controller in this paper has better performance, static following and stronger robustness than the
command-filtered backstepping controller (CBC) and PI controller. Fig. 12 also shows that the DC voltageudc has a
good following effect at the enactment valueuc

dc = 500 V. And the single-phase grid current with the grid voltage and
the three-phase grid currentis presented in Fig. 13.

When the system is working under changes in solar radiation,the quality of the output power of PV system will
decline and can be described by THD, as shown in Fig. 14. It canbe seen that the THD of the grid current injected
by using the design controller is 1.88%, while the THD injected into the grid current is 2.06% of the CBC and 2.22%
under PI controller.

From the above analysis of simulation results, the controller designed in this paper has better dynamic perfor-
mance. Under various atmospheric and operating conditions, the proposed control method can make both the active
power and the reactive power of the power grid better improvethe power quality of the system output by comparing
with the CBC and PI controller.

Fig. 15 shows the estimation of the system parameters by designed controller. From Fig. 15, the projection adap-
tive updated algorithm can onlinecontinuously approximateto the true value, andit can bein constant approximation
adaptive law to effectively deal with the uncertain parameters of the PV system. Hence, the proposed controller has
important application value for the PV system when the modelparametersare unable to be obtained accurately. In
order to observe the convergence of the adaptive curve, we give the adaptive curve oft = 0− 5s. Fig. 16 depicts the
sliding surfaceS1 and integral sliding surfaceS2. From Fig. 16, we observe that the designed controller can guarantee
the robust convergence to the sliding surfacesSi = 0, i = 1, 2.

5. Conclusion

In this paper, a projection adaptive command filtered backstepping controller is designed to deal with theissues of
uncertainty of system parameters, the power fluctuation and the input saturation in the practical application of BESS-
PV system. Meanwhile, the designed controller adaptively estimates the parameters of the system.Furthermore, the
projection operator guarantees the bounded of the estimated parameters. Andintegral sliding mode is presentedin
the control system to enhance the robustness of the uncertainty. The simulation results showthe comparisonwith
the existing controller; the controller is designed to maintain steady operation under various operating conditions;the
robustness, uncertainty of parameters and time-varying external disturbances are considered to provide a satisfactory
performance. As can be seen from Fig. 12, the amplitude of themaximum fluctuation about the DC voltage does not
exceed 2% of the reference voltage. Referring to Fig. 16, it can be seen that the sliding surfaceS1 is controlled to be
about plus or minus 0.2, and the sliding surfaceS2 is controlled between -0.4 and 0.2.
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