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

Dezhi Xi#*, Gang Wang Wenxu Yar, Xinggang Yaf

aSchool of Internet of Things Engineering (Institute of Eieal Engineering and Intelligent Equipment), Jiangnanitkrsity, Wuxi, 214122,
China
bSchool of Engineering and Digital Arts, University of KeBanterbury, CT2 7NT, U.K.

Abstract

To solve the problems of power fluctuation in the photovol{&V) grid-connected system and the nonlinearityhia model
of inverters, a projection-based adaptive backsteppingnglichode controller with command-filter is designed in thetegn, in
order to adjust the DC-link voltage and the AC-side currarthe PV grid-connected system. Firstly, the mathematicehofithe
inverter in PV system is establishettien backstepping control method is applied to contrcdiid the command filter is added
to the controller to eliminate the fiierential expansion of the backstepping controllearthermore the adaptive law based on
Lyapunov stability theory is designed to estimate the uadeiparameters in the grid-connected inverteprojection algorithm
is introduced in the adaptive controller due to the demanguafranteeing the bounded estimated val@dditionally, a sliding
mode controller is increased to improve its robustness igairsstemVith the consideration othe influence of irradiation and
temperature changes, a battery-energy-storage-syst@pplied to the DC-side to suppress the fluctuation of outputep of the
PV system. Finally, the simulation resuttsmonstrat¢hat the presented strategy can control the grid connectedtér precisely.

© 2011 Published by Elsevier Ltd.

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

1. Introduction

Nowadays,because othe rapid growth of the grid-connected photovoltaic (PV3teyn, the controller of the
systemis confronted withthe tremendous challenges of maintaining grid stabilitg egliability [1]. In Fig. 1, two
key factors of the energy storage PV grid-connected systenlg be realized [2]. The first factor is th&excts of
weather conditions which include irradiation, temperatand some other meteorological conditions. Another factor
is the impact of the invertethe PV controller and the load in the system [3-4]. Obvigusie weather conditions are
uncontrollable, s@ battery-energy-storage-system is considered in the 8&dfithe PV system to compensate the
fluctuation of output power of PV system when the irradiatiod temperaturare changing [5-6]At same timeit is
necessary to design and control the invertegctively to ensure the output power quality of the PV syst&hre grid
converts the maximum power of a PV power generation systemttie high power quality, which is the primary goal
of a PV grid-connected power generation system, despite ofthe changes in atmospheric conditions, the power
factor of PV grid-connected system is closed to unity. Thiguires that the inverter switchiould be designed to
inject no harmonic current into the gifd-8J.

*“Corresponding author
Email addressxudezhi@jiangnan.edu.cn, lutxdz@126.com (Dezhi Xu)
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Figure 1: Topology of PV power system with energy storage.

A lot of efforts have been devoted to RWicro-gridin the past. In reference [9], a fractional order sliding mod
controller was applied to an islanded distributed energpuece system, and the output voltage tracking control was
realized. However, in the simulation, the authosed the DC source instead of the distributed en&vgn the PV
array was connectetd the DC side of the system, the contrélleet of the designed controller was unknown. The
work in [10] proposed a voltage and frequency control strategy for thilolited energy resource systentfatient
types of loads were used to be simulated the conffete and the parallel operation of multiple distributed-reseu
units was simulated. However, there was no use of the diséribenergy resource in the auts@imulation, and the
energy storage unit was not considered in the system. Alffzeinvork of [11], the maximum power point tracking
(MPPT) was realized through the use of sliding mode confrieén the Lyapunov function-based control methads
utilized in VSC, the simulation showed that the controller had bettertrol gfect. However, the control algorithm
presented in this workossessegome limitations, and the contrafectalso had space for improvemeint addition,
the energy storage unit was also not considered in the system

At present, the linear control theory has been widely irigastd to power converters [12-14]. Due to the dynamic
of the powerconverters are nonlingzeind some parameters cannot be measured accurately. Fdaoge number
of nonlinear control methods are introduced to solve prokslef the nonlinearity and uncertainty of power converters
[15-21]. As a kind approach of nonlinear contrtile backstepping which is widely used in grid-connectedesys
is considered to deal with the nonlinearity and uncerta20¢22]. In [23], the backstepping controller is designed
in the PV power supply systeof telecommunication equipment. By controlling the DC-D@k-boost circuit, the
DC side voltage is stablesnd it ensures thahe total harmonic misalignment rate of the AC side is witthia s-
cope. Consequently, théectiveness of the backstepping controller is verified byusation. In order to estimate the
unknown parameters in the system, adaptive backsteppprgagh has been proposechd this strategy which can
achieve satisfactory control performance is proved toffexgvd24]. In [25], an adaptive backstepping controller is
designed for permanent magnet linear synchronous motdrthetracking of the motor position is realized. Experi-
ment shows that the controffect of designed adaptive backstepping controller is b#ttar proportion-integral (PI)
controller. Howeverpn account of some main drawbacks of the backstepping dpatrch as the derivative of the
virtual control and problems of control saturatjevhich can increase the amount of calculation affieica the control
effect of the controller. Some methods have been put forwardite shis shortcoming, such as the dynamic surface
control [26] and the command-filter [27-28], in which comrddiitered backstepping is mor&ective than dynamic
surface control. The amplitude, speed and bandwidth cainsdrare introduced into the command filtering process,
which aremore convenient for modulation and restriction of virtuahtrol signals andctual control signals so as to
meetthe actual control requirements [29].

In this paper, an improved adaptive command-filtered bapisihg controller is designed for inverter of battery-
energy-storage-system with PV (BESS-PV) grid-connecystes, which is used to stabilize DC side voltage and
control output power of PV system. In this proposed corgrolin adaptive law based on Lyapunov stability theory
is introduced to estimate the uncertain parameters (imduidC-link capacitor, output resistance and inductanée) o
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grid-connected inverter. Considering the demand of guaeamg for the bounded estimated value, a projection algo-
rithm is proposed in the adaptive law. Additionally, theeigital sliding mode control method is added to the control
systemfor improvingthe robustness of close-loop control systems. In the chatidesign procedure, the command
filter and compensation are ustdsolve the problems of the ftérential expansion about virtual control signal and
the control input saturatiorAt same time, the stability of the control systéspresentedo be asymptotically stable
by using the Lyapunov stability theory. In sectionthe model of inverter in PV system is establishda section

[, the controller is derived and the stability of the systés proved by Lyapunov stability theory. In section 1V,
the advanced nature of the designed controller is demaedireMATLAB /simulink. Finally, some conclusions are
given in section V.

2. PV Grid-Connected System M odel

2.1. PV Cell and Array Modeling
Fig. 2 shows a circuit diagram of a photovoltaic cell. Theddi@urrenip can be written as [30-31]

(D ¥ R, v,

Figure 2: Circuit diagram of a PV cell.

o ) .

AKT

Ip = Io(exp

wherels is the photocurrentRg, is the shunt resistofRs is the shunt resistance, is the electron charge which
q = 1.6x10%C, |y is the reverse saturation curreAts the dimensionless junction material factois the Boltzmann
constant, and is operating temperature of solar cell (in Kelvin).

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

) q (va + R pv) Vpv + Rsipy
. _ _q s 2
ipv =ls—1lo {eXp AKT N Re (2)
The luminous current; depends on the solar radiation which can be associated with
lo= (ot k (T = To) = @)
S — sc n Rn

wherelg is the short-circuit currenR is the solar radiatiork; is the parameter of PV cell short-circuit current, and
Tn is the reference temperature of PV cell. The saturatioreotichanging with the temperature of the cellgsvith

lo = IRS(_I_ln)3 exp[% (T_ln - %)] (4)

whereEy is the PV cell semiconductor band-gap enertps is the reverse saturation current under the reference
temperature and the irradiation.
3
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Figure 3: Circuit diagram of a PV array.

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

q (vpv +Rd pv)

AKT [\L NsRsh

- ] N, Vpv + Rsipy (5)

ipv = Npls— NpID[exp

The manufacturing characteristics of each PV cell are giv@lable 1.The power of the entire photovoltaic array
is: 5-66-302226~ 100.7kW. The power-voltage (P-V) performance characteristic udd®srent 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 lsc 5.96 (A)
\oltage at maximum power point Vinp 54.7 (V)
Current at maximum power point [mp 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 wtike weather conditions. The power converter switch
is controlled by the MPPT approach to map the maximum outpuiep of the PV array. In the simulation of this
study, we use incremental conductance algorithm to re@dzeontrol of MPPT. As Fig.4 shows that the output power

P, currentl and voltageJ of PV array have the following relationship

P=UI (6)

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

dP dl
— = —_— = 7
qU I+4UdU 0 (7)
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(a) P-V charateristics of array at 25 deg.C.
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(b) P-V charateristics of array at 1000/W?.

Figure 4: P-V charateristics of a PV array.

then,the relationship can be achieved

dl |
FTVAY] ®)

when the change rate of output voltage is equal to the negedilue of transient conductance of the output, we
can make sure that the PV array is works at the maximum powat.pd/e need to sample the voltage and current
of PV array. Because the method has high control precisidifast 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 thetamty of light radiation and temperature, which
lead to the fluctuation of grid-connected powEherefore, in this paper, we incorporate a rechargeableryahodule
on the DC side to ensure power stability of PV grid-connesiesiem disturbance when light radiation and tempera-
ture are changing.

A simple energy management strategy of PV and BESS modulkeoD€ side is given in Fig. 5. In practical
applications, reducing the charge and discharge timesedbdiitery energy storage system must also be considered.
In Fig. 5, Py represents the power requirement of the giigl, represents the power which is provided by PV array,
Pyt is the power of the battery module.

5
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Figure 5: Energy management strategy of BESS.

2.3. Description of PV Grid-Connected System

Fig. 6 shows the diagram of the structure about the grid coledeBESS-PV systemwhich includesPV array,
filter capacitor, output R-L filter, inverter, and three-paa@rid. Then, the dynamics model of grid-connected dczto-a
inverter system undet-q frame can be calculated as

did_ R. . Ed Udc
dt_—L|d+w|q— L+ Lkd ©
%—_Bi _ i_E_;_%
gt - LeTYe Tk

whereEq, Eq andig, iq are the grid voltages and currents undeyaxis, respectivelyky andky are thedog-frame
components switching function, respectively.
According to Kirchhdt’s voltage and current laws, the relationship in the DC sidewerter is expressed as

duge
dt

thereinugy is the DC-link voltagejo andigc are the output current of the boost circuit and the inputenirof the

inverter, respectively.
According to the conservation of energy, if the power losgnwérter is neglected, the power balanced relation
between the system output and the DC side is provided as

C =10 —ldc (10)

3
Uaclo = 5 (Eala + Eqlq) (11)

However, the average value Bf is equivalent to zero in a steady state. Then, submittinyt@L(10), the DC-link
voltage dynamic is expressed by following
dugc _ 3Eq4lqg B Iﬂ3 (12)
dt  2Cuyc C
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Now, the full dynamic model of inverter for PV grid-conned&ystem can be represented as

dugc _ 3Eqig _ Iﬂ:

dt  2Cu C
dig R. . Eq Ug
—d__= -4, x 13
gt~ LYt T (13)
diq R. N = V¥
F T I

In the above mathematical model, tRel, andC are the values of resistance, inductance, and capacitatice i

system.
In fact, it is very dificult to measure the value of the parameter accurately inyters. Therefore, in the design

of the controller, these parameters can be regarded as wnlaraincertain, which can be written as following

1 R 1
= — = — = — 14
n C’]72 R L (14)

Submitting (14) into (13), equation (13) can be rewritten as
dUdc (3Edid . )
=m —ldc

di . .

d—: = —1n2ld + wlg — T]3Ec| + n3Ug (15)
dig .

ot = 'ela — wia = 13Eq + 713Uq

In the section Ill, we will design the controller based orsthiodel (15) with unknown parameters. Since the
sliding mode control has strong robustness [32], we prowideéovel projection-based adaptive command-filtered
backstepping controller with sliding mode, and which kalldiscusseih the following sections.

oy

Vpr

Figure 6: The structure of the proposed controller for BESSgrid-connected system.
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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 reactiveaatiye power into the power grid, the control lawand
ug are designed to make the reference valuig ahdiq. Take the following steps to get the controller.
Firstly, we define the tracking error of the system as

€ = Ugc — U§, (16)
€ =ig—Ig 17)
€3 =iq—Ig (18)
In order to stabilize the DC bus voltage error, the Lyapunmcfion is selected as
1 2
Vi = Eel (19)
By substituting the value afy. in (15) into (16), we can write that
. 3E4iq . e
_ _ _ 2
€1 771( PUge |dc) Udc (20)
Now the derivative o¥; can be written as
- _ 3E4ig . .
Vi =eér = e (1| S —iae) - U5 (21)
2Udc

In order to satisfy Lyapunov stability condition, we wantrtmke sure tha¥; < 0, thus we choose the virtual
controlleri§ as

2udc A - C
-k

d_
lg =

wherek; > 0 is a designed constant. Then, by inserting the equatiorirf2equation (21)V; can be calculated as
Vp = -k € (23)
Because the parameteysis unknown, we replace;, with 77; in equation (22), that is

2 2u

d dc o~ - - C

4= 3= —kie

d 3Edf71(m|d0+ Uge — ki€1) (24)

whereny = g1 — 11 is the parameter estimation error.

[0} 1 1 c
X > " > > - - %>
_ | 2o, s s

Figure 7: Structure of constrained command filter.

In the degjn of the controller, we need the derivative of the virtuahtroller, so a large number of fiierential
processes will fiect the stability of the controller. Thus, command-filtepi®posed to solve the problems of dif-
ferential expansion and input saturation, besides thaéritalso eliminate the time derivative of (24)he structure
diagram of the command-filter is shown in Fig. 7. The stateatiqn of command-filter can be described as

: 02
U 2 25
P R AT e
8



Dezhi Xu et al/ Solar Energy 00 (2018) 1-17 9

A [_| X

02 X
where¢ andwy, are the damping and bandwidth of the filter, respectivelyd 8a(.) andSy(.) represent the rate and
magnitude limit, respectively [24].

A filter error will be produced in the command-filter. We mustlefine tracking errag = e; — &1, and designed
compensation signal is given by

where

,u=xd (26)

s 3Edﬁl -c ~d
&1 = —klsl + 2Udc (Id - Id) (27)
In order to facilitate the subsequent calculation, aceardd (24) and (27), the; can be calculated as
- 3Egigm . c 3EaM.. 3Edfieg
=——= —n1igc— kieq — i§ i
2Udc Tlde UdC4_ 1e1 2Udc d 2Udc d
3Egign1 . 3Eqgigh1 - ¢ SEdf1.c 4 ¢
= + — M1ide — UG, + kKag1 — ig + Midc + Uge — K
T Pge N1ldc dc T K11 PUge g T Milde + Uge — Ki€1 (28)
_3Edin -

e
ez—k1e1+n1( Zudd —|dc)

2U4c dc

In thed-axis controller, we use the ordinary first order sliding ral&fined as
Sl = eZ (29)

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

t
Sz =€e3+ alf e3dt (30)
0
Among them,g; > O represents a designed parameter. Then, the control wkjéstequivalent to the sliding
surfaceS; = 0,i = 1,2.

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

1(. I
ngé(e%+812+822+ﬁ+@+@)

31
A1 A2 A3 (31)

whereA;, 12, andAz denote the adaptive gaing; = n, — 2 andns = n3 — 173 are the estimated errors of unknown
parameters. The derivative @§ can be calculated as following

i - Lo - (32)
A1

Vy = &6 + S$151 + S2S; - n2— 13
Ao A3

From equatiorf{17), (18) and (22)we can get the derivative of sliding surfacgsi = 1,2 as
Si =6
= — 12ld + wig + 173 (Ug — Eq) — I (33)
= — fj2lg — fl2id + wiq + 73 (Ug — Eq) + 773 (Ug — Eq) — 1§
S, =63 + 9163
=—T]2iq—(uid+7’]3(uq_Eq)_ia+ale3 (34)
= — fiaiq — fizlq — wia + 13 (Uq — Eq) + ffa (Ug — Eq) —i§ + 0163

9



Dezhi Xu et al/ Solar Energy 00 (2018) 1-17

10
Taking equation (28), (33), (34) into equation (32), we tbbétain
. 3B~ .. . :
Vo = Sl( 2 dmel —n2ld + wlg + 1713 (Ud — Ed) - Ig) — kléi
Udc
+ Sz (—f]ziq - wid + f]g (Uq — Eq) - Ig + (9163)
~ i ~ 35)
nifx _ (3Eg4iq . M2 /x . . (
i (G ) - R s+

- 71—2 (713 — A3S1 (Us — Ea) — 43S2 (ug — Eq))

In order to eliminate this influence af, n, andns, we design the projection-operator-based parametergiaelap
law as follows

i1 = A1Proj (fll» €1 (32%::(1 - idc))

C
72 = 21Proj(i2. — (Saia + Ssig)) (36)
73 = AaProj(iis. Sz (Ug — Eq) +S3 (uq — Eq))

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

~ |~ (3E4iq . (. — (3Egig .
m [91( g ldc)—PFOJ(Th, el(Tdc - |dc))
772 [—Szid - Sgiq—PrOj(ﬁz, - (Szid + Sglq))] <0 (37)
7is | S2 (Ua — Eq) + S (Uq — Eq)-Proj(iis, Sz (Us — Ea) + S (uq — Eq))| <0
Therefore, in view of above parameters adaptive update kegusation (35) alse simplified as
- 3Eq4in
V, <S
2= l( 2udc

<0

€1 — fald + wiq + 713 (Ug — Eq) - ig)

(38)
+ Sy | T2iq — wig + 713 (Ug — Eq) — IS + d1€3] — k1€
q q q q 1 157
-
Enery Storage
MPPT Controller —AAA —>— + !
o
I X T . «
4 1GBT1 || v T A A a . A
d. i RS o P v R
T c c c * < A @c
Irradiance PV Array b—‘ T T ’—:-Level Bridge RL l 100 kVA
Temp 260V /25 kV

< @ U
=

Figure 8:The simulatiorof BESS-PV grid-connected system.

In order to ensure the globally asymptotic stability of thieoke PV grid-connected inverteAnd the adaptive

parameter estimated method and integral sliding mode a@lcgigorithm as a whole must ensutetV, is negative
semi-definitenamely,V, < 0, so that, we choose

1 (3Eqm1 — . . :
—kpsatS;) = —— ( dnlel — f2lg + wiq — 713Eq — |g)
3\ 2U4c

1 (39)
—kssatSy) = -7 (~fialq — wia - 13Eq — if + d163)

10
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Table 2: The Basic Parameters of BESS-PV Grid-Connecte®Bys

Parameters Value
C =6 (mF),Cy = 100 F), C; = 1 (mF),ug, = 500 (V)
DC-link parameters L1 =5 (mH),L, =1 (mH)
R=2(mQ), L =0.25 (mH),V, = 260 (V)
AC-link parameters f =60 (Hz),kg=kq = 10 kHz, T : 260 V/ 25 kV
k; = 560,k, = 1500,k; = 50,91 = 2
Controller parameters n1 = 1000,n, = 2000,7, = 300

wherek, > 0,andks > 0 represent the adjustable parameters, and the functignrepresents the saturation function
defined as [35]

1, S>¢
satS) =1 S/e, ISI<¢ (40)
-1, S<—p
where,¢ represents the sliding layer, which is defined between 0 &d Then the control lavg andug can be
acquired as
1 (3Egm— .. . ~ H
Ug = —— ( 2un € — fj2ig + wiq — 3Eq — 1§ + kzsatﬁl))
i3 \ 2Udc (41)
“E 1000 —ir
=
S 5001 ]
9
g 0 L ; ‘ :
o 0.5 1 1.5 2 2.5
g 80 Tomn : w ‘ ‘
g 60 |
%40— |
5
= 20 ‘ : ‘ ‘
o 05 1 1.5 2 25

Time (s)
Figure 9: Solar irradiation and temperature change.

According to the above controller law, adaptive paramegstsnation law and BarbalatLemma [36],the func-
tion is obtained as

Vg < _kléi — koS1satS;) — ksSysatS,) < 0 (42)

From (42) we can see, the whole system will be asymptotidallyising designed controller. The controller
workflow is shown in Fig. 6.

11
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Figure 10: The output current, voltage and power of PV array.
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Figure 11: The battefy SOC and the power responses of the BESS.

4. Simulation Results

In order to verify the validity of the designed controllerevbuilt a simulation model in MATLABsimulink
environment. And we primarily analyse the performance ofatdyic, static, anti-jamming and robustness under the
proposed control and PI control algorithms. The simulatradel for the whole system is shown in Fig. 8, which is
used to checkout the performance of the proposed contrMiereover, the basic DC-link and AC-link parameters of
system are list in Table 2.

The selection of controller parameters and adaptive pasmes very important for the control performance of

12
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the designated position tracking, and the selection stepmroller parameters are as follows: 1) Firstly, the dnvap
parameterd;, A4, andAs are set to zero, which are used to substitute the accuraepter estimation values. Then,
we can try to adjust the parametédss k, andks according to Lyapunov stability theory to realize the comuha
filter backstepping controller tracking for the PV grid-o@gted inverter. 2) As the larger adaptive parameters are
set, the adaptive values are converged to the real valugr fésit the larger the adaptive parameters will produce a
larger overshoot, thus it is very important to adjust thetaler parametek;, k, andks, and then adjust the adaptive
parameters from small to large to obtain the appropriatptadaparameters.

150 ‘ ‘ ‘ Proposed Control
----- CBC Control
- = =PI Control
< 100
i IR
A 50 100 W |
L ; ]
80
ol . 0.1 0.2, 0.3 ) )
0 0.5 1 1.5 2 2.5
= 600

. ]

[&]

o

s :

54001510 1

Z (

x50 NN VN, W IRV

5 200 | 1

(@] 490 1 1 1 1

e 0 05 i 15 2 2.4
0 0.5 1 15 2 2.5

Time (s)

Figure 12:Active power and DC-link voltage.

Grid Voltage (kV) & Current (A)

Three Phase Grid Current
o

L.

Figure 13: Grid voltage and current.
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In order to obtain better controffect, according to the above steps, the specific simulaticanpeters and adaptive
parameters can be seen in Table 2.

In this paper, the controllrcapability is tested under the given solar irradiatiod samperature change. From
Fig. 9, we can see that the irradiation of the PV array is 100@nf\until t = 0.5s. Then the light radiation dropped
to 250 Wm?. After 0.2 s, the irradiation is rising to 1000 \m?. At same time, the ambient temperature of the first
two seconds is maintained at 26, and then the ambient temperature rises frorfiQ% 75°C.

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

Because of the fluctuation of the power generated by the Pay,as0 battery-energy-storage module is added
to the DC side to compensate for the fluctuation. Fig. 11 shbesstate of charge (SOC) of the battery and the
compensation powes produced byattery-energy-storage.

Therefore, the out power from PV system to the grid is exme@s$s Fig. 12. From the Fig. 12, we can see
that the designed controller in this paper has better pmidace, static following and stronger robustness than the
command-filtered backstepping controller (CBC) and P caler. Fig. 12 also shows that the DC voltagg has a
good following dfect at the enactment valug, = 500 V. And the single-phase grid current with the grid vodtagd
the three-phase grid curreistpresented in Fig. 13.

When the system is working under changes in solar radiatienguality of the output power of PV system will
decline and can be described by THD, as shown in Fig. 14. Ibeaseen that the THD of the grid current injected
by using the design controller is88%, while the THD injected into the grid current i98% of the CBC and.22%
under PI controller.

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

Fig. 15 shows the estimation of the system parameters bygmasicontroller. From Fig. 15, the projection adap-
tive updated algorithm can onlim@ntinuously approximatéo the true value, anid can bein constant approximation
adaptive law to #ectively deal with the uncertain parameters of the PV systdence, the proposed controller has
important application value for the PV system when the mpdeametersire unable to be obtained accuratelly
order to observe the convergence of the adaptive curve, weetlye adaptive curve af= 0 — 5s. Fig. 16 depicts the
sliding surfaces; and integral sliding surfacg,. From Fig. 16, we observe that the designed controller caregiiee
the robust convergence to the sliding surfaes 0,i =1, 2.

5. Conclusion

In this paper, a projection adaptive command filtered bagishg controller is designed to deal with fheues of
uncertainty of system parametgttse power fluctuation and the input saturation in the pcattipplication of BESS-
PV system. Meanwhile, the designed controller adaptivelyreates the parameters of the systémrthermorethe
projection operator guarantees the bounded of the estinp@e@meters. Anthtegral sliding mode is presentéau
the control system to enhance the robustness of the unagrtdihe simulation results shotlie comparisonvith
the existing controller; the controller is designed to ntaiimsteady operation under various operating conditites;
robustness, uncertainty of parameters and time-varyiteyeal disturbances are considered to provide a satisfacto
performance. As can be seen from Fig. 12, the amplitude ahidseémum fluctuation about the DC voltage does not
exceed 2% of the reference voltage. Referring to Fig. 1@&ritlme seen that the sliding surfeggis controlled to be
about plus or minus 0.2, and the sliding surf&gés controlled between -0.4 and 0.2.
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