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Abstract: Grid-connected and islanding operations of a microgrid are often influenced by system
uncertainties, such as load parameter variations and unmodeled dynamics. This paper proposes a
novel adaptive higher-order sliding mode (AHOSM) control strategy to enhance system robustness
and handle an unknown uncertainty upper bounds problem. Firstly, microgrid models with
uncertainties are established under islanding and grid-connected modes. Then, adaptive third-order
sliding mode and adaptive second-order sliding mode control schemes are respectively designed for
the two modes. Microgrid models” descriptions are divided into nominal part and uncertain part,
and higher-order sliding mode (HOSM) control problems are transformed into finite time stability
problems. Again, a scheduled law is proposed to increase or decrease sliding mode control gain
adaptively. Real higher-order sliding modes are established, and finite time stability is proven based
on the Lyapunov method. In order to achieve smooth mode transformation, an islanding mode
detection algorithm is also adopted. The proposed control strategy accomplishes voltage control
and current control of islanding mode and grid-connected mode. Control voltages are continuous,
and uncertainty upper bounds are not required. Furthermore, adjustable control gain can further
whittle control chattering. Simulation experiments verify the validity and robustness of the proposed
control scheme.

Keywords: microgrid control; adaptive higher-order sliding mode; unknown uncertainty upper
bounds; robustness

1. Introduction

A microgrid, which mainly includes a direct current (DC) form, an alternate current (AC) form,
and an AC-DC form, is a small power system consisting of a distributed microsource, energy storing
device, energy conversion device, and a load and control protection device [1]. It can provide
clean energy for a remote area, island or city community and achieve combined cooling, heating,
and power [2,3]. Microgrids have become a new driving force for the development of distributed
renewable energy sources [4]. Microgrid operations consist of a grid-connected mode and an islanding
mode. In grid-connected mode, voltage and frequency references are provided by the main grid
and each distributed generation unit (DGu) achieves active power and reactive power regulation via
current control. In islanding mode, voltage and frequency reference are maintained by the main DGu
of a microgrid [5].
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In the form of DC distribution, distributed microsources of a DC microgrid are merged together
and coordinately controlled. Study on DC microgrid control has procured plentiful and substantial
progeny [6,7]. However, for the AC microgrid, microgrid voltage control under the two modes is
one of the key technologies for achieving safe and stable operation [8,9]. Many control methods are
applied in the microgrid operation [10]. Droop control is a common voltage control method under
islanding mode [11,12]. However, conventional droop control has some drawbacks, such as slow
transient response and high dependence of filter impedance [13]. Dynamic load is also not included
in the control loop, of which rapid or large variation may result in instability of voltage or frequency.
Moreover, this method is not robust for microgrid parameters perturbation and external disturbance
and can only make the microgrid steadily operate around a small operating region, which severely
restricts the popularization and application of microgrid technology [14].

Sliding mode control, viewed as a variable structure nonlinear control method, has many
advantages, such as rapid response and insensitivity to parametric variation and disturbance. It is
suitable for power system robust control. Recently, some attempts have been made to study microgrid
sliding mode control under grid-connected mode or islanding mode and have achieved corresponding
robustness with parametric variation and external disturbance [15-19]. However, this literature does
not only have its own drawbacks, such as single mode operation and lack of mode transformation
strategy but also has the common problem of first-order sliding mode, which is a notorious control
chattering phenomenon. Chattering can severely shorten the service life of power electronic devices in
a microgrid system.

Higher-order sliding mode (HOSM), with higher sliding accuracy, is suitable for high relative
degree systems and can further restrain chattering by means of increasing system relative degree and
hiding discontinuous term under time derivative of control term [20,21]. HOSM control has been a
hot topic and widely applied in power system control [22,23]. Some scholars have attempted to study
HOSM control for microgrid operation. Cucuzzella et al. [24] designed a suboptimal second-order
sliding mode control scheme for islanding operation of a master-slave microgrid. Yet, the system
relative degree was also two, which signified that the output control voltage of the voltage source
inverter (VSI) was discontinuous and that the inhibitory effect of chattering is poor. In [25], third-order
sliding mode control for the microgrid inverter was accomplished based on a combined linear sliding
surface. However, the system only had asymptotic stability. Finite time stability for islanding operation
was achieved based a third-order sliding mode control scheme in [26]. However, the microgrid model
(controlled object) was treated as a black box in this method, which led to conservative parameter
choice. Though control action can be continuous by artificially increasing relative degree, conservative
control parameters will undoubtedly aggravate chattering. Meanwhile, an islanding mode detection
algorithm is not mentioned which may extend transient response and cannot comply with IEEE Std.
1547-2003 [27].

Additionally, uncertainty upper bounds of the microgrid are supposed to be known in all
aforementioned studies. However, no matter what, it is difficult to factually estimate the modeling
error of VSI or system parameters. Conservative parameter choice may increase control action and
intensify chattering phenomenon. Thus, HOSM control combining with an adaptive control gain
method can fit well with this situation. Control gain can be adaptively regulated according to the
amplitude of uncertainty upper bounds; meanwhile real HOSM is established. Paper [28] proposes
an adaptive suboptimal second-order sliding mode control method for grid-connected operation.
The control gain can be regulated according to uncertainty variation and control chattering is greatly
whittled. However, the known part of the system model is viewed as uncertainty which increasing the
controller burden.

In this paper, a novel AHOSM control strategy is proposed for islanding and grid-connected
operations of a microgrid. Mathematic models of microgrids under islanding mode and grid-connected
mode are established first. The HOSM control problem is then converted to a finite time stability
problem under islanding mode and adaptive third-order sliding mode voltage controller is designed
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combining homogeneous control law with adaptive sliding mode control law. In grid-connected mode,
an adaptive second-order sliding mode control scheme is proposed to track current demand. Microgrid
control under islanding and grid-connected modes are both based on adaptive higher-order sliding
mode (AHOSM), which can conquer unknown uncertainty upper bounds, whittle control chattering,
and achieve voltage or current regulation. Islanding event detection and reconnection algorithm is
also adopted to achieve smooth mode transformation.

The paper is organized as follows: Section 2 is microgrid modeling. The control strategy including
adaptive third-order sliding mode control for islanding mode, adaptive second-order sliding mode
control for grid-connected mode, and an islanding event detection and reconnection algorithm is
proposed in Section 3. Section 4 presents some simulation results. Finally some, concluding remarks
are given in Section 5.

2. Microgrid Modeling

A single-line diagram of a master-slave microgrid with nDGus [26,29] is shortly shown in Figure 1.
Each microsource is a generally renewable energy type and is represented by a DC voltage source,
which is connected with the main grid via VSI, RL filter, and PCC. Three-phase balanced RCL load is
connected with the microgrid.
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Figure 1. Single-line diagram of a master-slave microgrid.

Voltage magnitude and frequency of PCC are determined by the main grid under grid-connected
mode. Thus, the microgrid is stiff synchronous with the main grid, and the reference angle of Park
transformation is provided by PLL. d-q component of load voltage v, and VSI output current i; ;. are
defined as Vj, V;, Iy4, Ity PI control is adopted to stabilize V; = 0 to lock main grid phase. Then active
power and reactive power can be respectively represented as P = 3/2V;l;y, Q = 3/2V;ly;. Thus,
each DGu executes current control to regulate active power and reactive power.

The microgrid turns to islanding mode when breaker SW5 is open. Due to the power mismatching
between the DGu and load, PCC voltage and frequency can acutely deviate from the nominal value
at this time. Thus, the DGu should control voltage to track load voltage reference under islanding
mode. Park angular transformation is provided by inner oscillator and here it is set as nominal angular
frequency wy = 27t fy. The islanding event detection algorithm should be designed to smoothly transfer
from grid-connected mode to islanding mode. Hence, the inner oscillator needs PLL to provide phase
angle as the initial condition under islanding mode and PCC voltage must be synchronous with the
main grid when the microgrid is reconnected.

Figure 1 shows a master-slave microgrid control scheme. All DGus implement current control to
achieve active power and reactive power regulation under grid-connected mode. The master DGu
switches to voltage control to maintain desired microgrid voltage and frequency, and the slave DGus
still regulate power when the islanding event happens.
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Considering the symmetrical balanced system shown in Figure 1, according to the Kirchhoff
voltage and current law, the DGu governing equations under islanding mode is:

. 1 . do
Lt abe = Kvubc + 11, abe +C dl;fbc
diy g .
Ot abe = Lt ;/; <+ Rtlt,ubc + Uape (1)

dip g .
Ugpe = L d? <+ RllL,abc

where, i; gpe, Uape, i1 abes Ut abe are the DGu output current, load current, inductive load L current and
VSI output voltage. According to the Clark and Park transformation, every three phase variables in
Formula (1) can be represented under a d-g rotating coordinate system:

Vi=—geVatwoVy+ &l — Ll

Vg = —woVa— gcVy + ¢ty — ¢

Iy = —£Va— Bla+ wolig + £ Via + £uvsy, o)
Iy = — 1V — woly — %Itq + £ Vig + Luvs,

Ing=tvi— Sy + wolpy

Ing = 1V — wolig — 11y

where, uygy, and uyg 1, are matched uncertainties caused by VSL x = [V, Vo, L, Itg, Ipa, 1 Lq] is chosen
as system state variable, u = [V}4, Vi4] is the control input and y; = [V, V] is an output vector.
The DGu state space model under islanding mode is:

21() = —gexi(t) + woxa(t) + #x3(t) — £x5(t)

() = —woxi (£) — gexa(t) + Exalt) — Exe(t)

x3(t) = =3 () = Fras(t) + woxa(t) + fun () + fuvs,

(1) = —fxa(t) — woxs(t) — Trxa(t) + frua(t) + fruvsy, 3)
x5(t) = 1x1(t) — Thas(t) + woxe(t)

%(t) = pxa(t) — woxs(t) — T-x6(t)

yia = x1(t)

Yig = X2(t)

x1(t) = —gex1(t) + wxo(t) + Exs(t) — Lxs(t) — Lxp(t)
Yo (t) = —wxr (1) — gexa(t) + Exa(t) — Ex6(t) — Exs(t)
x3(t) = —£-x1(F) — Tras(t) + wxa(t) + Lur(f) + Luvsy,
x4(t) = —£xo(t) — wxs(t) — Fraa(t) + fua(t) + Luvsy,
xs5(t) = pri(t) — Tas(t) + wxe(t) @)
%6(t) = fx2(t) — wxs(t) — Txe(t)
7(1) = o () = By (1) + 0xs() = fuga(t
xg(t) = fxa(t) — wxp(t) — %xs(f) I Ugq(t)
Yea = x3(t)
Ygq = x4(t)
where x = [V, Vo, It Itg, Ipa, Ing, Lga, ng] is the state vector, u = [Vy, th] is the control input,

YG = [Lia, Itg] is the output, Iog, Igq, Uga, Ugq are the exchange current and d-q voltages of main grid,
Ugg, ligq are the constant rated nominal values.
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3. Control Strategy

The AHOSM control scheme for islanding mode and grid-connected mode operation and the
islanding event detection algorithm are presented in this section.

3.1. Adaptive Third-Order Sliding Mode Control for Islanding Operation of the Microgrid

In islanding mode, the master DGu is switched to voltage control manner to maintain voltage
stabilization of the microgrid system. Sliding mode variables are chosen as:
s =V -V
51 = quref -V

The system relative degree is easily calculated as two and is artificially increased to three for
whittling high frequency oscillation of control variables and alleviating the harmonic influence of the
electric signal. Then:

_ 2wy R
= i (s + ) (40 - Bot >+wox4< )+ L)
chz +wh+ ¢ C + Lc)x1 + % ( le — woxs(t) — %M(t) + L%Mz(t))
2
+re + T)xS + 26 + picitvsi - (@ + LTtC> Tuvst, + S fuvsy, ©

+ricttd + Vidres
= fla+Afra+ (814 + Ag1a)va

y 1 - 1 R 1 2wy 1 . .
where vy = 1y, Afiq = r,clvsia — (@ + LTtC) zuvsy, + L uvst, + Afiav, Af1ap is the uncertainty
including model error and parameter deviation of f;;, Agj, is the uncertain part of g;.

§ig = — (@B g o+ 1k )i2 = 20 (—Eat) - Bras(t) + woxa(t) + ()

+5i + (g + Ltc) (—Lixz(t) — woxs(t) = Fxg(t) + fua(t)) + 2D
—(—% - 5&)356 + fettysig — 22 Luysy, + (ﬁ + LI%) Luvs,
+Vigres + Tc ity

= fig+Afig+ (819 + Ag1g)0g

@)

where vy = Uy, Afly = L}—Cuvs,q — Z%thuvsld + (%CZ + Llf—tc) L%Mvs[q + Afig0, Afi1go is the uncertainty
including model error and parameter deviation of f1;, Agj, is the uncertain part of gp,.

Afri and Agy; (i = d,q) are both bounded and the upper bounds are unknown in the microgrid
A fli‘ < fﬁ, 0<idp <1 fli is unknown. Third-order sliding
mode control with respect to sy; is equivalently converted to a finite time stabilization problem:

system and satisfy |g;; " 'Agy|< 1—ay;,

Z1i = 2o
Zpi = Z3i ®)
z3i = fri + Afri + (81 + 81i)vi

where z1; = sy, zo; = 51; and z3; = 5j;. Considering state feedback control:

vi=gi (—fii+7T) )

Then:
Z1i = Zj
Zpi = 23 (10)
z5i = Agri + g ' Agrifri + (1+ 3 A1) T
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To design the auxiliary control law 1;:
Ti = Tnomi + Tsmi (11)

where 7,4, is adopted to achieve finite time stabilization of the nominal part of Formula (8), T7;,op,; is
designed as:

. . , 1/3
Tinomi = —C115ig1(211) | 21117 — Craisign (zi) |zail1/5 — craisign (zai)|zail (12)

As long as the choice of cyy;, cpp;, c13; satisfy the Holwitz condition for polynomial p3 + cy3 p2 +
cpip + cni, the nominal part of Formula (8) can be stabilized in finite time [30].

Sliding mode control item Ty5,,; is designed to conquer uncertainty. To define sliding mode
function o7p;:

U.—Ii = 23; + Tauxi (13)
Tauxi = —TUnomi
Then:
ori = (1+ 85 A8) Trsmi — 817 A& fri + Afri + & ' A Tinomi (14)
Tismi is designed as:
Trsmi = —Brisign(or;) (15)

Choosing Lyapunov function V (op;) = %(7[21. to confirm the range of 3;; so as to stabilize the system.

V(0y;) = o101 = oy {(1 + 85 D81 T — 85 Agrif1i + Afri — TInomz}
= oy [—(1 + 81 Agri) Brisign (o1i) — &5 &rifri + Afri + g;ilAgliTlnomi} (16)
< Brilogi|+(1 = ap) Brilon |+ (1 — ag) | fril +A f1i + (1 — 45) | Trnomil

When g;; > (A =1) ([ Tnomi |+ | f1i DA fri 115

7 is satisfied, then:

V(oyi) < agBri|oni|+[(1 = a1) (ITwomi |+ f1i]) + Afrl|ori| < nri| o (17)

T[i = Tinomi + Tismi 1S substituted to Formula (8) and the equivalent closed loop dynamic similar
to nominal integral chain is then procured. Finite time stabilization of system (8) is achieved and
third-order sliding mode with respect to sj; is established.

The designed sliding mode control law (14) is based on the assumption that the upper bounds
of Afy; and Agy; are known. However, unmodeled dynamics and the parameter variation of the
factual microgrid system are unknown. Uncertain upper bounds are difficult to determine. Control
chattering will be increased and power electronic device may be easily damaged if the upper bounds are
conservatively set. Therefore, $1; should be constructed to increase or decrease adaptively, according
to the uncertainty variation.

The adaptive law of Bj; is designed as:

. kii|pi| 1 Brisign (pi) if Bri> Pimi
Pii=1 pp, if Bri < PBmi (18)

wii =51+ Sul 7 31|~ i

where ¢; > 0, 7 is the sampling period and pg,, > 0 can be arbitrarily small to guarantee positive

of Bii.



Energies 2018, 11, 1459 7 of 17

Theorem 1. Considering system (3), the control laws are designed as Formulas (9), (11), (12), (15), and adaptive
control gain is constructed as (18), then the real third-order sliding mode with respect to sy; will be established in
finite time, that is:

S1i S1i

2
S 'leTt ’

’51i’§ YoiTH, < 72Tt (19)

where yg; > 0, v1; > 0, yp; > 0. The microgrid system under islanding operation mode achieves finite time
stabilization.

Proof. to choose the Lyapunov function:

V(on) = 50h + 5 (i~ By 0)

where B7; is upper bounds of Bj;. The uncertainty of the microgrid system is bounded, thus B}
is bounded.
To calculate the first-order time derivative of V(o7p;):

V(o) = o0+ Br(Bri — BL)

. . . (21)
= 0707 + ki |pri }Iﬁuﬂg”(ﬂli)(ﬁu - B1)

0107

0yi

_ﬁli (1 + gﬂlAgll) + [gﬂlAin(Tnomi - fli) + Aflz} ori
—a1ipii Uli‘+ [(1 — A1) (| Taomi |+ f1il) +f11}

Consider the following two cases.

(22)

IN

0ri

Case 1: uj; > 0. This means that third-order sliding mode with respect to sj; is not established.

. 17 - . 1-ay; nomi i Ai' i
Control gain B; will increase until f; > (=241) ([ o ’JHfI D+t

is satisfied, according to adaptive

ari
law (18). Then:
01301 < — 11|07 (23)
V(i) < —nm|on —kli’mi 1Brim |Bri = PT;
2 . B*. 2\ 2
< —nilori| — 12l Bri — Bl < —1711(02” + “3“25”'> (24)

1
< —nVi(oy)

where #pp = —ku’}lu';ﬁum, N = min(ﬁmil,ﬁmg). Thus, p;; < 0 is satisfied in finite
4
time and real third-order sliding mode with respect to sj; is established in finite time, satisfying
Isri| < vortd, [$1i] < 1) 81| < vaie- )
(U=a1:) (| Tnomi |+ | f1i )+ Friitni

Case 2 y; < 0. Control gain Bj; will decrease and satisfy f;; < | ,

ari

according to Formula (18). The signal of V(¢7;) is uncertain and closed-loop stability could not reached.

Hence, p; will exceed zero and B; > (lfﬁl")(|Tl"°"”ﬁ|:|fl"|)+f1ii+77’ is satisfied. Then V(Uh-) < 717,1-v% (o77)
is achieved.

The establishment of real third-order sliding mode with respect to sj; means the realization of
reference voltage tracking and the tracking error satisfies |s Ii | < ’inTE’ . Then the microgrid system
under islanding operation mode achieves finite time stabilization. [

During the control design process, the involved first-order and second-order time derivative of s;
can be observed via a dynamic gain exact robust differentiator [31].
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3.2. Adaptive Second-Order Sliding Mode Control for Grid-connected Operation of the Microgrid

All DGus in the microgrid system work at current control manner under grid-connected operation.
The main control objective is to make the VSI output current track the desired value via terminal
voltage control and then achieve active and reactive power regulation. Sliding mode variables are
chosen as:
{ sGa(t) = YGd,ref — Yad 25)
SGq(t) = YGdref —YGq

First-order time derivative is deduced as:

Scalt) = halt,)-+ ga(t, 1 (1) -
= YGdref L%xl(t) + Thxa(t) — wxg(t) — L%”l(ﬂ - L%”VSId

éGq(t) = Iflq(tr X) +1gq(t/ x)”Z(t) R . . (27)
= Ygarer + 1;%2(t) T wxs(t) + 7rxa(t) — fyua(t) — Luysy,

The system relative degrees are one. It; and I, can track the reference values by designing a
first-order sliding mode control law for Formulas (26) and (27). However, the control chattering is
severe, which is harmful to VSI operation and has a strong impact on the lifetime of a power electronic
device. Thus, the system relative degree is enhanced to two, meanwhile, system modeling error and
parameter disturbance are considered. Then:

(1) = (0 (0,46 + g )
{mm:wm i=d,q )

where v;(t) is the first-order time derivative of actual control variable u;(t). f; and g; are respectively
represented as:

fae (), u(D) da(t) = = (ke + )00 + Fx() + (0 + de = ) xs(0)

2“’fo (£) — pexs(t) — pexr(b) + %ud(t) — pruq(t) + Xz ref(t) + da(t) (29)
= fa+da(t)
mm><><»=——mwf@ﬁ+%pwrﬁ%nm
(e ) xa(8) = gee(t) — fes(t) + Lua(t 40)
Bty (1) + g g (1) + g 1)
- fq + dl]( )
1
=g = 31
8d = &q L (31)
R w 1.
dg(t) = féuswd ~ L, v, + I, vy + Ag (32)
R w 1.
dg(t) = 7 ugyr, + sVl + I, sV, + Ay (33)

where A; and A, are the parameter uncertainties. The nominal value and signal of g; is known in
advance. Even so, there is an uncertain part for L;. Thus, Formula (28) can be represented as:

sgi(t) = filx(t),u(t), di(t)) + givi(t) (34)
= fi(x (), u(t)) +di(t) + (8; + &i)vi(t)
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d;(t) and g; (i = d,q) are both bounded and the upper bounds are unknown in the microgrid
<1-ga, ‘di(t) ‘ <d;, 0 < a; < 1. Second-order sliding mode control with
respect to s¢; is equivalently viewed as a finite time stabilization problem:

21 = 2;
{Zm=fmamuw>+¢w+w&+gwmw )

system and satisfy ]gi—l $i

where zq; = sg; and z; = s5¢;. Considering state feedback control:

v =g (—filx(t)u(t) + 1) (36)

Then:

21 = 2o
{Zx—¢m+&*$ﬁu@mu»+u+&*gma> 7

To design:
TGi = TGnomi + TGsmi (38)

where 7¢,,0,; is adopted to achieve finite time stabilization of the nominal part of Formula (37), Tg,omi is
designed as:

. . 1/5
Tenomi = —Cc1isign(211)|2i1|1/3 — ceaisign (22)|zai] " (39)

As long as the choices of ¢y, cgp; satisfy the Holwitz condition for polynomial P* 4 ccaip + cGiis
the nominal part of Formula (37) can be stabilized in finite time [30].

Sliding mode control item 7ggy,; is designed to conquer uncertainty. To define sliding mode
function og;:

0Gi = 22i T Tauxi (40)
Tauxi = — TGnomi
oci = (148 &) Toomi — & "8f i + di(t) + &' §TGnom (41)
To design:
Tomi = —Baisign(oGi) (42)

Choosing the Lyapunov function V(og;) = %0(2; ; to confirm B; so as to stabilize the system.

V(oGi) = 0GioGi = 0Gi [(1 +87'81) TG — & ' &if +d(t) — TGnomi]
= 0Gi [—(1 + 87 8i)Bisign(oGi) — & ' &if +d(t) + gi_lgiTGnomi} (43)

< ﬁi)(fci’Jr(l —a;)Bi|oGi|+(1 —a;) 71"""31' + (1 =) | TGnomi
When Bg; > (1_Ei)(|r"”"’iﬁ|j|f i+t is satisfied, then:
V(o) < @Biloci +{(1 —ﬁi)(’Tcnomi +|f; )+Hz} oGi| < 1i|oGi (44)

TGi = TGnomi + TGsmi 18 substituted to Formula (37) and an equivalent closed loop dynamic similar
to nominal integral chain is then procured. Finite time stabilization of system (37) is achieved and
second-order sliding mode with respect to s¢; is established.

The designed sliding mode control law (42) is based on the assumption that the upper bounds of
a; and d; are known. However, unmodeled dynamics and parameter variation of factual the microgrid
system are unknown. Uncertain upper bounds are hard to been determined. Control chattering
will be increased and the power electronic device may be easily damaged if the upper bounds are
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conservatively set. Therefore, B; should be constructed to increase or decrease adaptively according
to the uncertainty variation.
Adaptive law of B¢; is designed as:

. ki|uci|1Bisign(puci) — if  Bi > Pumi
Pei =9 ep, if Bi<PBmi (45)

pGi =|si|+|si|—pit?

Theorem 2. Considering system (4), the control laws are designed as Formulas (36), (38), (39), (42),
and adaptive control gain is constructed as (45), then the real second-order sliding mode with respect to
sg; will be established in finite time, that is:

< Y06iT [$Gi| < Y16iT (46)

‘SGi

where yogi > 0, v1G6i > 0. The microgrid system under grid-connected operation mode achieves finite time
stabilization.

Proof. to choose Lyapunov function:

V(eei) = 50+ 5(Boi — B’ )

where B¢, is upper bounds of B;. Microgrid uncertainty under grid-connected mode is bounded,
thus B¢, is bounded.
To calculate first-order time derivative of V (og;):

V(o) =0cioci+ Boi(Bei — B

: . . (48)
= 0Gi0Gi + kGi‘VGi‘iﬂGiSlgn(VGi)(ABGi - B&i)

0Gi0Gi = —ﬁci<1 +§i_1§’i) 0Gi +[§f1§i (Tnomi — i +d1} 0Gi )
< —a;B:i|oGi +{(1 —ﬁi)( Taomi| | f ) +d;| |oGi

Considering the following two cases.

Case 1: pug; > 0. This means that second-order sliding mode with respect to sg; is not established.

(17@) ( | Tnonlil+ |}T1 | )+ai+7/i
a

Control gain Bg; will increase until Bg; >
law (45). Then:

is satisfied according to adaptive

0GioGi < —1cit|vGi] (50)
V(ogi) < —nci|oci|—kei|pai 1BGim|Pci — Bai
1
2 L B*. 2 2
< —ngi|oGi|—Mci2|Bci — BGi|< —7761'(72& + [Pa—peil” zﬁc" ) (51)

1
< —n6iVa(og)

where #gip = *kci‘]lci 1BGim, 1Gi = min(v/216i1, vV24Gin). Thus, ug; < 0 is satisfied in finite
4

time and real second-order sliding mode with respect to sg; is established in finite time satisfying

sGi| < Y06t |SGi| < MGiT:-

Case 2 jig; < 0. Control gain S; will decrease and satisfy Bg; <

(1fﬁi)(|rnumii|+|?i|)+Ei+’]i

7 according

to Formula (45). The signal of V((TGi) is uncertain and closed-loop stability could not be reached.
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(1—a;)( ‘ TnomilJr ‘?1 | )+di+1i
aj

Hence, y; will exceed zero and Bg; < is satisfied. Then V (0¢;) < —ﬂGiV% (o6i)
is achieved.

The involved sg; can be observed via a dynamic gain exact robust differentiator [31].
The establishment of real second-order sliding mode with respect to sg; means the realization of
reference voltage tracking and the tracking error satisfies |5Gi‘ < Y0Gi T - Then the microgrid system

under grid-connected operation mode achieves finite time stabilization. [J

During the design of HOSM controllers, as soon as the uncertain terms satisfy Ig IiilAgH‘ <1-ay,
‘Afli < fri,0<ap <1,|37'¢|<1—a,
according to Formulas (12), (15), (18), (39), (42) and (45), the system robustness can be guaranteed.

d;(t) ’ <d;,0 < @; < 1and the control parameters are chosen

3.3. Grid-Connected/Islanding Operations Transformation Strategy

An islanding event must be detected in advance before the microgrid breaks from the main
grid. Here, a DQ-PLL method [32] is adopted as shown in Figure 2. DQ-PLL consists of a Clarke
transformation, Park transformation, PI regulator and integrator. Vg is propelled to zero via a PI
regulator to achieve phase lock. The output of the PI regulator is frequency. DQ-PLL can also track
grid frequency. Therefore, voltage and frequency can be used to determine the start of an islanding
event. When 0.88 < V;,,, < 1.1 and 59.3 Hz < f < 60.5 Hz cannot both be satisfied, an islanding
event is denoted as happening and then VSI is converted to a suitable control mode. Synchronization
conditions must firstly also be judged when the DGu is converted to grid-connected mode from
islanding mode, which means the amplitude and phase angle of VSI terminal voltage should be
coincident with grid voltage. Otherwise, the transient process will be big and the microgrid system
may be damaged.

9!

Kp+ki/S T l/S

A 4

q
I/abc%ll abC I;?ﬁk aﬁ t
dq0 P2

of

Clarke Park
Transformation Transformation

17&‘ \0: *%

Figure 2. DQ-PLL structure.

4. Simulation Results

In this section, the proposed control strategy is applied to a master-slave microgrid containing
three DGus. System simulation was based on a MATLAB/SimPower Systems tool. Electrical
parameters of the microgrid [29] are shown as Table 1. Meanwhile, a load which can absorb active
power of 25 kW and reactive power of 1.5 kva was added to the system.

After parameter analysis and deliberate simulation, the control parameters are chosen as:
cng =35 x10%, cppg = 4.0 X 10, ¢35 = 6.2 x 10%, ¢jyg = 2.8 x 10°, cppg = 4.6 x 10°, ¢35 = 5.5 x 10°,
ki = kig = 01, pg, = 52, pgp, = 3.6, ¢g = ¢ = 1.0 x 10® under grid-connected mode,
and cgrg = 3.5 x 103, cgog = 4.0 x 10%, cgry = 2.8 X 10°, cgpy = 4.6 X 10%, kg = kga = 0.1 under
islanding mode. Sampling period for all the simulations is 7; = 1 x 10~ s.
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Table 1. Electrical parameters of the microgrid.

Quantity Value Description

Ve 1000 V DC voltage source

fe 10 kHz PWM carrier frequency

R 40 mohm VSI filter resistance

Ly 10 mH VSI filter inductance

R 4.33 ohm Load resistance

L 100 mH Load inductance

C 1pF Load capacity

Rs 0.1 ohm Grid resistance

fo 60 Hz Nominal grid frequency

Vi 120V Nominal grid phase-voltage
Vi ref 169.7 V d-componet of voltage reference
Vi ref ov g-componet of voltage reference

To the authors’ knowledge, other adaptive versions of an HOSM control scheme for microgrid
operation for both grid-connected and islanding modes does not currently exist. However, to highlight
the superiority of the proposed control scheme, the robust higher-order sliding mode (RHOSM)
control method in literature [26] and the PI method were also executed on the microgrid system.
The second-order sliding mode control parameters were designed as U; max = 4.8 x 107 and af =09
for the grid-connected mode and the third-order sliding mode control parameters were chosen as
w; =52 x 107, ay, = 1.2 x 10, ar, = 5.0 x 10" for the islanding mode. The control parameters
of the PI controllers were turned based on the standard Ziegler-Nichols method. The proportional
integral parameters were K,cg = 3.7 x 10?, K,gq = 1.9 x 10?, Kjgg = 7.9 x 10°, Kjgg = 4.1 x 10°,
Ky =29 x 10%, K,g = 2.7 x 10, Ky = 5.6 x 103, Kjjg = 2.3 x 10°.

Firstly, the microgrid transforms to islanding mode from grid-connected mode at 0.1 s, and then
turns to grid-connected mode at 0.3 s. Irg.f is set as 90 A from 60 A at 0.35 s. The current exchange
between the microgrid and main grid and voltage change of three phase load are shown in Figure 3.
As is observed, under both methods, the operation mode transformation was smooth, the response
was quick, and the overshoot was small. Mode transformation between voltage control and current
control was well done and voltage variation was not influenced by load current variation under
grid-connected mode.

0.2
c
0.2 0.3 0.4 0.1 0.15 0.2 0.25 0.3
Time(Sec) Time(Sec)

Figure 3. Exchange current and load voltage (a, b are under robust higher-order sliding mode (RHOSM)
and ¢, d are under higher-order sliding mode (AHOSM)).
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Secondly, the microgrid operated under islanding mode. A three-phase equilibrium load,
absorbing 3 kW active power, was added during 0.15-0.25 s. The master DGu output current and
load voltage are shown in Figures 4 and 5. Though Figures 4 and 5 indicate the master DGu output
current was increased and load voltage was maintained under both the control strategies, the system
has better robustness with respect to three-phase equilibrium load under the proposed control strategy
when the balanced load is changed.

100 100

50 50

-100 -100
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Time(Sec) Time(Sec)
Figure 4. Master distributed generation unit (DGu) output current (a is under RHOSM and b is
under AHOSM).
a b
200 200

100

vabc(v)
o

100

vabc(v)
o

100 fi|]! 100} ]!
-200 -200
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Time(Sec) Time(Sec)

Figure 5. Load voltage (a is under RHOSM and b is under AHOSM).

In order to further verify control performances, the balanced load was replaced with an
imbalanced load with three phase resistance 5R, 4R, 2R and three phase inductance 0,0,L. Figure 6
shows the output current of the main DGu and load voltage. The approximate calculation formula [33]
(46) was adopted to verify conformity of IEEE standard and evaluate the unbalance of PCC voltage.

2 2 2
82\/041173 + Uee + Ve

0

Vyp = x 100% (52)
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where Ugpe, Upee, Ucae are the line voltage errors and o = (v, + v + v¢)/3. Then the unbalance ratio
Vi/p is calculated as 2.3% under the RHOSM method and is 0.02%, which is far lower than the 3% of
IEEE standard.

a b
100 . - - . o 200
2
9
100 2000
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
c
100
<
2
9
-100
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Time(Sec) Time(Sec)

Figure 6. Output current of the main DGu and load voltage ((a,b) are under RHOSM and (c,d) are
under AHOSM).

Thirdly, in order to verify robustness for electrical parameters, it was supposed that filter resistance
and filter capacitance of the master DGu was changed to 80 mOhm and 20 mH. The simulation is
still executed under an unbalance load as shown in Figure 7. It was illustrated that control effect was
hardly influenced by filtering the parameter variation within tolerance range, which verifid the good
robustness of the proposed control strategy.

200

-200 B | ETaE ] A L - WY g =
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3

Time(Sec) Time(Sec)

Figure 7. Output current of the main DGu and load voltage ((a,b) are under RHOSM and (c,d) are
under AHOSM).

Factually, apart from robustness and tracking errors improvement, the highlighted merits of the
proposed control method were that it did not need to know uncertainty upper bound in advance and
the microgrid model is not treated as a black box. The zero crossings number of sliding mode variables
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and the performance indices Root Mean Square (RMS) were adopted to evaluate tracking errors and
control effects.

The zero crossing numbers of sy4, s, are listed in Table 2 which indicate chattering is greatly
restrained under the proposed AHOSM control strategy.

Table 2. Zero crossing number (%).

Case RHOSM AHOSM
Balanced 100% 69.3%
Unbalanced 100% 75.2%
Unbalanced with Electrical parametes variation 100% 64.8%
RMS is calculated as:
1 n
erMS = (| = ) € (53)
[

where ¢y is the k-th value of sj4, s, Table 3 shows the RMS value (%) under different cases.

Table 3. RMS of voltages tracking error.

Case PI RHOSM  AHOSM
Balanced 100% 54.2% 27.1%
Unbalanced 100% 32.8% 29.8%
Unbalanced with Electrical parametes variation =~ 100% 34.1% 31.6%

5. Conclusions

This paper proposes a novel AHOSM control strategy for microgrid operation control. The finite
time stabilization method was adopted to solve the HOSM control problem. The HOSM was achieved
by increasing relative degree and then the factual control effect was continuous. Adaptive control
gain was constructed to further alleviate chattering caused by the conservative estimate for unknown
uncertainty upper bounds. The adopted islanding event detection algorithm achieved smooth mode
transformation. Under the proposed control strategy, voltage control under islanding mode and
current control under grid-connected mode were favorably achieved, the control gain could be
regulated adaptively when the uncertainty upper bounds were unknown and the microgrid robustness
was enhanced.
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