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Abstract

This paper focuses on the control of islanded photovolfai€) (microgrid and designs a controller for PV system. Beeafghe
system operates in islanded mode, the reference voltag&eneency of the AC bus are provided by the energy storagersys
We mainly designed the controller for the PV system in thipgsgaand the control objective is to control the DC bus vatag
and the output current of the PV system. Firstly, we set up thenaatical model of the PV system. In the design process of
PV system controller, we use command-filtered backsteppimgrol method to construct the virtual controller, andigeghe
final controller by using sliding mode control. Considerihg uncertainty of the circuit parameters in the matherabtiwdel
and the unmodeled part of the PV system, we have integratggtiael control in the controller to realize on-line iderttifiion

of component parameters of PV system. Meanwhile, we use fuaatrol to approximate the unmodeled part of the system. In
addition, the projection operator guarantees the bouretesdof adaptive estimation. Finally, the contréieet of the designed
controller is verified by MATLABSIimulink software environment. By comparing with the cohtesults of proportion-integral
(PI) and other controllers, the advanced design of the obatiis verified.

© 2011 Published by Elsevier Ltd.

Keywords: Fuzzy control, command-filter backstepping, parameteptads sliding mode, photovoltaic (PV), islanded openatio
mode.

1. Introduction

At present, the traditional fossil energy has dried up gadigluand renewable energy source has played an impor-
tant role increasingly [1-2]. Photovoltaic (PV), as a kirfdenewable energy source, has been widely applied [3-5].
PV power generation system can improve enerdjgiency and power qualityfectively, reduce carbon emissions
and energy consumption, and enhance power system reiigbiir]. Fig.1 shows the topology of the islanded mi-
crogrid we adopted. A PV power generation system can be csatpaf PV panels, maximum power point tracking
(MPPT) equipment, DOC converter, voltage source converter (VSC), LC filter asadsformer [8]. PV microgrid
has two operation modes: grid connected and islanded mdEH{& paper mainly focuses on the control of islanded
PV microgrid. The PV microgrid operation in islanded moda paovide power for the load which away from the
large power grid [10]. However, due to the islanded PV miciebtacks of reference voltage and frequency provided
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by external power grid, therefor, we need to add the main pearce in the system to generate voltage and frequen-
cy reference in AC bus [11-12]. For the selection of the maiwegr source, it can not be a kind of unstable power
supply, such as PV panels or wind turbines. Thus, this paglects energy storage system (ESS) as the main power
source of islanded PV microgrid, providing reference \gdtand frequency for AC bus. Due to the output power of
the system is supplied to the load directly in islanded PVragdd, it is worth noting that the output power of the PV
system and the rated power of the load can not be exactly the EB-14]. Therefore, the energy storage device not
only provides the reference voltage and frequency for tiséesy, but also can absorb the excess power generated by
the PV system, and compensates the load power to achievatéiepower when the output power of the PV system
is less than the rated power of the load [15]. In the contr@ 98, we us&/ f control strategy to stabilize the voltage
and frequency of AC bus. This paper mainly designs a coetrfil the VSC in PV system to control the stability DC
side bus voltage of VSC and the output active and reactiveepoithe system.

Filter and
DC/DC — VSC — transformer | |—_| Distribution
network
pe/ne I vse | Filterand | | Load
transformer
Ba ttéry AC bus

Figure 1: Topology of the islanded microgrid.

Many scholars have done some related work in improving tinérobeffect of islanded microgrid. Reference [16]
establishes the mathematical model for VSC in islandedaygiid, and a fractional-order sliding mode controller is
designed for VSC. The designed controller realizes thkimngmf the three-phase voltage to reference voltage at the
end of the islanded microgrid. Therefore, the problem ofeference voltage and frequency in the islanded microgrid
is solved. However, the article uses DC source instead trillised energy resource, and the model established in
this article is only suitable for some stable power sourdasaddition, reference [16] also lacks consideration for
the ESS. The work in [17] discusses the application of igt@hEV system in cluster of house. In the article, the
interconnection of multiple islanded microgrid is disesrealizes the transmission of energy in multiple systems
and the energy storage system is connected to the AC sidaievaenergy storage and release. But the author chose
proportion-integral (PI) controller to control VSC. Whemetsystem is disturbed, it isfdcult for the Pl controller
to show high robustness. Meanwhile, there is a lack of commpamwith other control methods in this article. In
reference [18], droop control is applied to the islanded BC-microgrid. AC bus and DC bus are supplied power
to AC and DC loads respectively, and connected by interigldonverter. However, as in reference [17], the article
also fails to compare the proposed control method with otleetrol methods to demonstrate the advanced nature
of the proposed control method. In reference [19], the gealtand frequency in the islanded system are controlled
by fully decentralised control framework. This control imed proposed is dfierent from centralized and distributed
control. The authors establish a sliding mode observertimate the information of other distributed generator sinit
and verify the reliability of the method. However, this medmust model the control object accurately, so the control
strategy still needs improvement.

In recent years, advanced control has been applied in magigezmring practices [20-22]. Advanced control in-
cludes predictive control, fuzzy control, neural contranlinear control and robust control et al, and it has better
control gfect than the traditional Pl controller. From the sectiomié know that the mathematical model we estab-
lished is a second-order model. Thus, we construct thealicantroller by using backstepping control. Backstepping
control is a kind of nonlinear control, and it is widely usedthe control of higher-order models [23]. In order to
reduce the dferential process of the controller, we introduce the condxdter in the controller [24]. The work
in [25] applies command-filtered backstepping control talm@ar multi-agent tracking problems. The controller is
designed and the stability of the system is verified basedyaplinov stability theory. It can be seen from simulation
that the designed controller has satisfactory controlggeréince. In the model established for the PV system, the pa-
rameters of the resistance, inductance, and capacitattoe @ircuit are included. However, the measurement of these
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parameters can not be very precise. Therefore, we consid@daptive estimation of circuit parameters in the con-
troller. In reference [26], a command-filtered backstegmantroller is designed for compliant actuators robot arms
with parameters estimation. The controller adaptivelinesties the parameters while realizing the control objestiv
From the simulation, it can be seen that the controller withpgarameter adaptive controller reduces the chattering
of the control torque compared with Pl and sliding mode cdlgr. Therefore, the performance of the controller is
improved. In addition, we also take into account the incatgriess of the PV system model, the chattering can easily
stimulate the unmodeled characteristics in the systemolie shis problem, we use fuzzy control to approximate the
unmodeled part of the system and improve the performandeafdntroller [27-28]. We also introduce sliding mode
control in the controller, which further increases the isthess of the controller [29].

In brief, this paper mainly design a adaptive fuzzy slidingda command-filtered backstepping (DFSCB) con-
troller for the PV system, which control the DC bus voltagd antput power of the PV system. The chapters of this
article are arranged as follows. In section Il and Ill, weald® the topology of the whole system and derive the
mathematical model of the PV system. In section IV, we elatmthe design flow of DFSCB controller. In section
V, we build the simulation model and give the output wavefaifithe system. We summarized the full text and gave
some conclusions in section VI.

2. Structure of theislanded microgrid with PV array and ESS

The structure of islanded microgrid with PV array and ESShiews in Fig.2. The PV system and ESS are
connected to the AC bus directly and supply the power to thd.lin the PV system, we use PV array instead of DC
source to simulate the actual operation of PV system. Thdendystem is in the islanded operation mode and it not
connected to the external power grid.

———— e — — — — —— o —— — — — — — — — — — — — — — — — — — — — — — ——— — — —— — — —— — — — — —

; MPPT
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Figure 2: Structure of islanded microgrid with PV array arg5=

2.1. The structure of ESS

As shown in Fig.2, in the design of the ESS topology of thigckat we choose the battery as the energy storage
equipment, and we define the ESS as the main power source wiile system to provide reference voltage and
frequency for the AC bus. In the DC side of the ESS, the batsecpnnected to the VSC through a two-way buck-
boost circuit. The buck-boost circuit is controlled by Phtol, the control objective is to increase the output \gdta
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of the battery and realize constant voltage charging arehdrging. The flow chart of the control of the buck-boost
circuit is included in Fig.2.

In the AC side of ESS, we use VSC to turn direct current inte¢hphase alternating current. ResistaRge
represents the on state resistance of VSC, and inductanaapacitanc€&, constitute the LC filter. The VSC in
ESS is controlled by/f controller. The reason why we choose W& controller is that we need to provide stable
voltage and frequency for the AC bus in islanded microgrie &pecify the reference voltage and frequency for the
V/f controller, and the controller realizes the tracking of H&S output voltage and frequency to the given values. It
is different from the PV system that the rotation angle ESS is provided by voltage controlled oscillator (VCO).

2.2. The structure of PV system

The controller of ESS is not what we want to discuss emphiatid&le only use PI controller to realize the function
of ESS. This article mainly discusses the design and pegoomimprovement of PV system controller.

2.2.1. Structure of PV array

In our simulation, the equivalent circuit of PV cell is usedsimulate the output characteristics of PV cell. The
equivalent circuit of PV cell is shown in Fig.3. PV cell candmnsidered as a current source. According to Fig.3, the
output current of the PV cell has the following relations [30]:

QU +IR) ) _U+IRs

AKT Rsn (1)

I =1lpnh— Is(exp
wherel p, is photo-generated currert, k are the constants whigh= 1.602x 10-1°C andk = 1.381x 10°2J/K. A
andT are the characteristic cfieient of the diode and ambient temperature. It needs to blaieegl that the output
current of a single PV cell is very small, so we make a numbéh\btells in the simulation to make up the 100kW
PV array to provide power for the system.

R, I
] ® NN—P—0
T
@ Iph SZ D g Rsh v
] ® %)

Figure 3: Equivalent circuit of PV cell.

2.2.2. Incremental conductance maximum power point tregki

As shown in Fig.4, the output voltage and power of the PV aar@ynot linear when irradiance and temperature
remain constant. Therefore, under fixed irradiance andéeatpre, there exists an output voltdgg, corresponding
to the maximum powePr, output of PV array. For this point, we call the maximum poweinp (MPP). The
MPP changes with the change of irradiance and temperatuldparacking for the MPP is realized by incremental
conductance maximum power point tracking (MPPT) controlle

From Fig.4, we know that the derivative of P-U curve is 0 at MA#e incremental conductance MPPT algorithm
is calculated as follows [30]. The output powpf the PV array in Fig.3 can be expressed as:

P = Ul 2
Find the derivative of equation (2), one obtains:

£=I+Uﬂ

: (3)
du " du
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Figure 4: P-U curve of PV cell.

When (3) is equal to 0, the at this time is the voltage corresponding to MPP, which esged as:

Al
I+U AU 0. (4)

2.2.3. AC side

Similarly, we use VSC to connect the DC side and the AC sRlerepresents the turn-on resistance of V&€,
andC; constitute the LC filterugpe, Uapc andigne are the three-phase terminal voltage of VSC and PV systenthand
three-phase output current, respectively. The DFSCB obetiis designed img-frame, therefore, we converted the
three-phase variablegapcandisancto thedg-frame and provide to the controller. Because of the voltagkfrequency
of the AC bus is controlled by ESS, thus the rotation angie provided by phase locked loop (PLL), which is the
same as the rotation angle in AC bus. Modulation signglandrq in do-frame is produced by DFSCB controller,
then, the signalsy andrq are converted to thabcframe to form three-phase modulation wayg.. Finally, we use
10kHz triangular wave and three-phase modulation waygto generate six-pulse signals to control VSC, so as to
achieve control objectives.

3. Dynamic mode of PV system and fuzzy algorithm

3.1. Dynamic mode of PV system
The dynamic model of PV system is established in this seckwam PV system in Fig.2, by using Kirchfits
voltage law, the three-phase voltage and current in thesykas the following relationship:
di.
Li— = _Rli—s)_U;“'Ut)» ()
dt
where vectori—s), T; andUs are the space vector of the three phase variahlg Utanc and Usane Furthermore, the
terminal voltage of the VS@; can be expressed @ = (ugc/2)7, where? is the three-phase PWM modulating
wave. So equation (5) can be rewritten as:
die u
- d
L]_d—ts = —-Ryis —U;+ ?C—T) (6)
Then, convert equation (6) tig-frame fromabcframe, one obtains:

disg R;. . Usd Ud
d_?c =—L—llsd+wlsd——s+—ch, (1)

di R;. . u u
— = - wisg— 2+ g, (8)
dt L]_ 5 1
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According to the power conservation theorem (ignoring thpedance o€y, VSC, and LC filter), the power in
the system has the following relation[31]:

. 3 . .
Udc! pvout = E(Usd| sd + Usgl sa)» 9

whereipyoutin Fig.2 represents the output current of the buck-boostitir Then, the calculation of the current relation
at the capacitandgy. is calculated as:

duge . .
Cdcd—tC = Ipvout— ldc- (10)

As a result, by combining (9) and (10), we can get the follgnielation:

dUdc S(USdl sd + uSq| Sq) _ Id_C

dt B 2CqcUdc Cdc.

(11)

Integrating the equation (11), (7), and (Cq), we get thediassithematical model of PV system. In the design of
controller, we consider the adaptive estimation of unmedekrt and parameter. Therefore, the mathematical model
of PV system is rewritten as follows:

dUgc 3(Usdisd + Usqi 50) ;
= | ——F ] + 6,
a " 2Ugc )T
disg : , Ud
d_st = —M2lsd + Wlsq— 73Usd + )73767'(] + 02, (12)
dlsq . . udC
E = _T]2|sq — Wlsd — T]3u5q + 7]37Tq + 63’

wheren; = 1/Cqc, 12 = Ri/L1, n3 = 1/L;1, andé, 62, d3 represent the unmodeled nonlinear parts of the dynamic
model of PV system.

3.2. Fuzzy algorithm

Fuzzy algorithm is applied in this paper to deal with the udeled part of PV system. Using the following fuzzy
rules to construct a fuzzy system [32]:

IF x; is Al and...and % is Ar, Then y is S, (13)

wherel; =1,2,...,m,i =1,2,...,n. The fuzzy controller can be calculated as:

N n .
2, 6 T1 15(x5)
i=1  j=1 T
(0 = ="M, (14)

> T 4 (x;)
i=1j=1

. Mai)

whereé(x) = [£1(X), £2(X), . .., &n(¥)]", inwhicn&(X) = v+ ,y'j(x,-) is the membership degree of fuzzy system,
Z 11 #56)

and@ = [61, 6, ...,6xN]" is the ideal constant weight vector.
According to the fuzzy universal approximation theoreny(¥) is defined as a function of compact sktfor any

constanj > 0, there exists a fuzzy system satisfying sefy(x) — f(X)| < u.
f(x)eQ
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4. Design process of DFSCB controller

4.1. Controller design

In this section, we design the DFSCB controlieg and my for the PV system irdo-frame. First of all, we
approximate the unmodeled part by fuzzy function:

81 = 01£1(X), 62 = 6;£2(X), 63 = 63&3(X). (15)

. We definedy, = 6p — 6 (b = 1,2,3) as an estimated error, whdigare the adaptive estimated valuedpf and
ob = 0} &n(x) are the fuzzy approximation value &f.
For parameters,, (a = 1,2, 3), we define adaptive estimation errongs="7, — na , Wherer are the estimate of

" Then, the tracking error of DC voltage is defined as:
€1 = Udc — Udcref, (16)
We choose the Lyapunov function as:
Vi= e (17)

and the derivative 0¥, can be calculated as:
Vl =eé =€ (Udc - L.Jdcref)
3 Udid + uqiq (18)
= _Cle% + 91[771[7( )

> - idc] + 61 £1(X) — Uderet + C1€1
Udc

wherec; > 0 is a designed constant. To stabilizg and consider adaptive parameter estimation and fuzzyappr
mation, we choose the virtual controller as:

N 2u A Usgf
~d _ dc _ _ T . PR _ sQ'sq
leg = e ( 1€ — 03 £1(X) + Ugcret + Ul'dc) Usg (19)

In order to reduce the computational complexity of the caligr, we introduce an instruction filter in the con-
troller, and the structure of the command-filter is shownim%:

AN
v 1 1 ‘
—) & 240—7“' - - ’L)
: 2 : s s
Magnitude Rate limiter
limiter
Figure 5: Structure of the command-filter.
The state equation of the command-filter can be written as [33
7l f |
e | = o . 20
[w 26 [Sr(%2 (SO - ¥°)) - ¥ (20)

wherey® andy* are the input and output signal of command-filter respelgtittee waveform of the two signals should
be the same. Then and(; are the bandwidth and damping in the filter. If we design titusi controlleri‘s‘d as the
input of the command-filter, then we can get the derivativevidtial controllerig, through integral part, thereby

reducing the computation of the controller. The filteringpers defined as:

: 3Usd1 /. :
£=—Ce+ % ('gd - Igd)' (21)
%'dc
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Then, we redefine the DC voltage tracking error and the ctitrecking error in the system as:
Bi=e-& &=iug—ily &=isxgq—il (22)
and we need to redefine Lyapunov function to stabiéizeimultaneously:

Vs, = %éﬁ (23)

According to (18), (19), (21) and (22), the derivativeafcan be calculated as:

Vz=€151=§1('el—é)

— ~ 3(Usdisd + Usgf 24
01§2+ dmelez—ng(X)Jrﬁl(idc—M : (24)
Udc
We define the sliding mode surfacesiframe andy-frame as:
Sl = k]_é]_ + €, 82 = kzez. (25)

In order to facilitate the computation, we first seek thedgives ofS; andSs as:

S1 =k + &

. . . A ~ ..U Ar (26)

= keey + (72 — 712) isa + wisq + (fiz — f13) Usa + (713 — 773) %ch + (6 - 8) &2 — 1S

S; = ks

Yy . . . ..u o~ (27)

=k ((772 —12) isq— wisa + (3 — 113) Usq + (713 — fi3) %Tq + (95 - 9;)5300 - |§q),

wherek; > 0, k; > 0 are the gains of the sliding mode surfaces.
In order to stabilize the entire system, we select the Lyapdunction once again as:
1 1 o @2 616, 636, 636

Va=Vp+ 352+ 252+ i T T Ly 22 8% (28)

27173 21+2r2+2r3+2/11+2/12+2/13’

wherer, > 0,1, > 0, (a,b = 1, 2, 3) are the designed gains of adaptive law. Combination exqué4), (26) and (27),
the derivative ol can be calculated as:

Fiby o, fishy 0101 610, 616
771771+772772+773’73+11+22+23
I ) ra A A2 13

—a&+ Zd'“elez ~ 0252 - c5S15at(S) — €453 — C5S;5al(S)

V3 =€1€1 + Slsl + SzSg +

+S; (klel — M2l sd + wisq— 73Usd + 773 S1q + 03 £2(X) — 1S4+ C2Sy + cssat(S))

2
1 1
+ kzsz( N2isq— Wisd — N3Usq + 773 2 S1q + O3 E3(X) — k—20432 + k—zcssat(S)) (29)
m 3(Usdi sd + Usqi'sq) 2 (x . .
o (,h _ rm(% . dc)) + 22 iy = 2 (-is0S1  keiscS2)

ﬁ_j (773 —I3 (Sl( Usd + %Td) + koS> (—usq + u%”,rq)))
o a i
# (B2 = b @E100)) + (B2 = e (S12() + = (B3 — da (laSa£a09)
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wherec,, cs, ¢4, Cs > 0 are the designed controller parameters. According totequé?9), in order to ensure the
convergence of the system, we design the controlledsframe andy-frame as:

2 I . R ~ :
T4 = Pl (—klel + N2lsd — Wlsq+ ngusd—ggfz(X)Hgd —CS; — CgS&t@l)) S (30)
C
2 A = . ~ "T :d
T oot (ko (72isq + wisa + flatisq — B3 £5(X) +i%g) — C4S2 — CssatSy)). (31)
The function satj is the saturation function which expressed as:
1, S>>y
satS) ={ S/¢. ISI<y (32)
-1, S<-y
where O< ¢ < 0.5 is the layer of the sliding surface.
Still according to equation (29), the adaptive laws of engiystem are designed as follows:
3(Usdisd + Usq
= rlprOJ( ( ( Sdszd sdso idc) - mlﬁl),
Udc
= rzF’rC’J( 2, —15dS1 — Kais¢S2 — mz772)
3 = rapr Mo ) +kos
773 =Tr3p OJ( ( Usd + 7Td)+ 2 2( Usq+ ) msns) (33)
0, = /hPrOJ( 1, &1é1(X) - n191)
b, = /12PTOJ(92, S162(X) — n292)

b3 = /13Pf01(93, k2S263(X) — n393)

wherem, > 0, n, > 0(a, b = 1, 2, 3) are the designed parameters. The function Biioj(33) represents the projection
operator (see in reference [34]), which guarantees thatdhptive parameter estimation is bounded.

A

ﬁz ﬁ} 53
-d
lsq ¢
isq . €; | Sliding surface Sz o | g-frame controller Tq abc i: N N
Eq.(25) > Eq.31) > dq » PWM » VSC
u i e Iy e TdT ~
dc € Virtual controller| “sd Command filter| "5¢ 2 4—772
—> > —> Sliding surface | S, | d-frame controller A
Eq.(19 . s 1
a19) ; Ha20) Eqs) | »| Eqco) (€D
udcref T T <_52 N
A A Filter error & G Projection-based 01 > 92 > 03 »|  Fuzzy é,:l
73 51 compensation [——P> e > adaptive » oo S
Eq.21) T 2 Eq.33) e A A~ | algorithm > h
63_> q. UIBUIXUR ,5
3
Figure 6: Signal flow diagram of the DFSCB controller.
4.2. Stability proof
Substituting (30), (31) and (33) into (29), the is computed as:
=& + chl €16 — C;S? — c3S;satSy) — 1S3
~r A 34
gggb ( )

3
- CsSpsatSy) - Z ma% = 22

a=1

a b=1
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Define 0< y < 1, then from (34) we can obtain that,&; + 3“$d;’1§1e2 < —ci(1- e - clenf* + 3;;2;“ ler] el
If we makesgzzm &1l o] — copler? < 0, that isler| > 3“3‘"”‘62‘ . then we can get the conclusion thay & + 3““"“ ge <

—cl(l—,u)éf. Moreover, we can know thagSlsat_Sl) 2 O CsSpsatS,) > 0 according to the definition in thls article.
Therefore, combining with the above conclusiovishas the following inequalities relationship:

. B 3 ~T~ 3 éTéb
V3 < —Ci(1 - )& — CS% — ¢4S5 - Z maM - Z np——. (35)
a=1 fa b=1

Furthermore, according to the Young’s inequality, we cataiokthat:

. i N
—GEGb = —Hg (Hb + Hb) < —GTHb + Tb + bTb
Py T (36)
0, 9b 0, 9b
<-—+—,((0b=1273),
2
similarly:
~T~
e T 0= 123 @)
Substituting equation (36) and (37) in (35), one obtams.
Vg < —Cl(l - /1)52 - CQS% - C4S§
B Z(manana ~ rna’];’]a) ~ i(nbégéb - anEGb) (38)
=1 Zra 2ra =1 2/1[) Z/lb
< —Q’V3 +IB

a
wherea = min{2c;(1 - u), 2C,, 2C4, Mg, Ny}, 8, b=1,2,3,8 = 2 maz’é”a 2 nbebeb.

As a result, we get the following conclusion from (38):

Va(t) < (Vg(to) _ g) galt-t) 4 g o)
< Vg(to) + g, Vit > to.

In conclusion, it is proved that the system is bounded arestd he signal flow diagram of the DFSCB controller
is shown in Fig.6.

5. Simulation results and studies

In this section, we built the 100kW islanded PV power genenatystem with ESS in MATLABSIimulink, see in
Fig.7, and the whole simulation lasts 2s.

The circuit parameters in PV system and ESS are shown in Tabkt1l, the parameters of designed control laws
are shown in Table Ill. The membership function of the fuzzstem is defined a§uij = exp[—(xj +1x 2)2/3], where
|=-5-4,---0,---,5, seein Fig.8.

In ESS, we make the output voltage of ESS to tracking the eafar voltage (450V), and then raise the voltage
through the transformer to stabilize the AC bus voltage &2 PV system, in order to observe the change of output
power of PV system under fliérent irradiance and temperature, the irradiance and tetype curves are given as
shown in Fig.9. At = 1.6s, irradiance and temperature remain stable.

Fig.10 illustrates the parameters adaptive estimationesurAs we can see from the Fig.10, the estimated curve
fluctuates near the real value and presents a convergedt f&nll shows the fuzzy adaptive estimation curves. The
estimation of the fuzzy system actually compensates fodyimamic changes of the system. It can be seen that the
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Table 1: Parameters of PV system

Parameters Value Description
Lpv 5mH PV inductor
Cov 100uF PV capacitance
Cdc 6 mF DC-link capacitance
Ry 2mQ Filter resistance
Ly 250uH Filter inductor
Ci 500uF Filter capacitance
T 0.2625kV/kV Transformer ratio

fuzzy system has estimated the unmodeled part of the systednhas improved the performance of the system by
matching with parameter adaptive.

Fig.12 illustrates the output active power waveform of Psteyn under dferent control methods. The controller
in PV system intervened &t0.05s. Wheri=0.4s, MPPT controller starts to work, and the system workiseaMPP.
Whent=0.6s-1.6s, the output power varies with irradiation andperature, and at1.6s-2s, the output power of
the system is stable at 100kW. &t0s-1.8s, the load is 42kW, &t1.8s-2s, the load mutation to 128kW. It can be
seen from Fig.12(a) that the output power under Pl conirble large chattering, in addition, the load mutation has
an impact on output power &t1.8s. From Fig.12(b) we can see that the sliding mode com#fikaed backstep-
ping (SCB) controller has better performance than the Pirober, the output power curve under SCB controller is
smoother than that under PI controller, but there is stélittédring, moreover, when load mutated-at.8s, the impact

11
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Table 2: Parameters of ESS

Parameters Value Description

Lp 1mH Battery inductor

Cph 150uF Battery capacitance
Cedc 6mF DC-link capacitance

R, 3mQ Filter resistance

L, 300uH Filter inductor

C, 500uF Filter capacitance

w 100r rad's Nominal angular frequency
T 0.4520kV/kV Transformer ratio

Table 3: Parameters of designed control laws

Parameters Value Description
C1, Cp, C3, C4, Cs 1, 300, 360, 1200, 1000 Gains of DFSCB controller
ri, ra, ra 30,20,5 Gains of adaptive laws
m, Mp, My 0.01,0.01,0.01 Gains of adaptive laws
A1, Ao, A3 50, 100, 100 Gains of adaptive fuzzy laws
My, Ms, Mg 0.01,0.01,0.01 Gains of adaptive fuzzy laws
ki, ko 1.2,1.2 Gains of sliding mode surface

(a) (b)

«— 1000 — 60
E / ©
= 800 o 50
i \ : [ 1\
2 600 £ 40
8 \ =9 / \
e g
200 20
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s)

Figure 9: The curves of irradiance and temperature.

still exists. Fig.12(c) shows the output power curve undeSBB controller. It can be seen that DFSCB has the best
dynamic characteristics compared with Pl and SCB contrdiiés worth noting that parameters adaptive and fuzzy
system further weaken the chattering of output power, aintirgte the &ect of load switching on output power.

Fig.13(a) shows the load absorbed power, and Fig.13(b)skimevoutput power of ESS. The battery is absorbing
excess power from the PV system wheg; is negative, and wheRy; is positive, it represents that the PV system
can not supply the rated power what load needed, and ESSadigcto compensates the power shortage. Fig.13(c)
represents the state of charge (SOC) of the battery.

Fig.14 illustrates the DC bus voltage of PV system under DB8@ntroller. Under the influence of the DFSCB
controller,uq. realizes the tracking of the given reference voltagg.s = 500V regardless of changes in irradiance
and temperature. Fig.15 shows the three-phase voltagasarehtof AC bus at=1.85-1.95 under DFSCB controller,
under the control of the controller, the voltage and curegatstabilized. Fig.16 shows the total harmonic distortion
(THD) of AC bus current under PIl, SCB and DFSCB controllecah be seen that the current controlled by DFSCB
controller has the minimum THD, which further verifies thetol performance of the DFSCB controller.

12
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Figure 11: Fuzzy adaptive estimation curves.

6. Conclusion

In this paper, a 100kW PV system with ESS has been establishd&TLAB /Simulink environment software.
In the VSC in ESS, we adopted traditional Pl basgdl controller to stabilize AC bus voltage, and provide refeeen
voltage and frequency for PV system. Meanwhile, ESS implemthe storage and release of energy. We mainly
designed the DFSCB controller for PV system. DFSCB cordrddased on backstepping control method, and we
introduce the command-filter to eliminate thefdiential expansion of traditional backstepping contraloider to
increase the robustness of the system, we also introdwegtnode control in the controller. In addition, to increas
13
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Figure 12: Output active power curve of PV system (a) underdatrol, (b) under SCB control, (c) under DFSCB
control.

(a) (b)
40
1 2
= = M\
2 50 3 20
= = 40
0 60 —rJ \—‘J
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s)
(©
80.001 —
R —
& /
(@)
o) /
wn
80
0 0.5 1 15 2

Time(s)

Figure 13: (a) The power absorbed by the load, (b) output pofESS, (c) the SOC of battery.

the dynamic characteristics of the system, we consider daptave estimation of the parameters. Furthermore, to
reduce the influence of the unmodeled part of the system ocathieol éfect, we use fuzzy function to approximate
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Figure 14: DC bus voltage of PV system under DFSCB controller

x 10" a)

RNV ATARMAVANSAVAN AYANTAY
_\/,\ AN
W FAWFAW FAWS: A

oo

—_

[«

Ubus (V)

ibus (A)

1.85 1.9 1.95
Time(s)
—phase-a — — - phase-b phase-c

Figure 15: Three-phase (a) voltage and (b) current of AC lndeuDFSCB controller.

the unmodeled part of the system. The simulation resulta/ghat the system under DFSCB controller has better
dynamic characteristics and higher power quality compatigdPl and SCB controller.
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