energies MBPI|

Article

Full-Order Terminal Sliding-Mode Control for Soft Open Point

Minghao Zhou !, Hongyu Su !, Haoyu Zhou ?, Likun Wang »*, Yi Liu ® and Haofan Yu !

School of Electrical and Electronic Engineering, Harbin University of Science and Technology,
Harbin 150001, China; zhouminghao@aliyun.com (M.Z.); suzuhys@163.com (H.S.);
yuhaofanfiary@163.com (H.Y.)

School of Electric Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
y00450200631@njit.edu.cn

School of Electrical and Electronic Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China; liuyi82@hust.edu.cn

*  Correspondence: wlkhello@163.com

Abstract: In this paper, a full-order terminal sliding-mode control method is proposed for the rectifier
side and the inverter side of the soft open point (SOP). The rectifier-side DC voltage control system
consists of the voltage- and current-loops with controllers which are designed using full-order
sliding-mode (FOSM) to enhance the dynamic performances and anti-disturbance. The integral type
virtual control signal without chattering is designed to compensate for the unmatched uncertainties
including external disturbances and some parameter perturbations. The full-order terminal sliding-
mode (FOTSM) controller for the current-loop can force the current response to track its reference in
finite time. The inverter side power control system is designed to regulate the power. The FOTSM
controller for the power-loop ensures the power-tracking accuracy under a disturbed condition.
Finally, the simulations demonstrate the effectiveness of the proposed controllers for the rectifier and
inverter sides in the soft open point (SOP).
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are PI control [17]; however, the PI controller is also sensitive to the parameter perturba-
tion and will result in large overshoot or extended response time [18]. Therefore, some
advanced control methods such as sliding-mode control (SMC) are utilized to enhance the
anti-disturbance of the SOP control system [19]. In [20], a linear sliding-mode controller is
designed for the SOP. Although the SMC method brings strong robustness to the control
system, it has irreducible chattering which may cause an unmodeled dynamic in the control
loop. In [21], a quasi-sliding-mode controller is proposed for the outer loop. However,
this method attenuates the chattering by sacrificing precision of the DC voltage and power
tracking. A disturbance-observer-based sliding-mode controller is proposed in [22]; how-
ever, the control method can only weaken the chattering but not eliminate that. Therefore,
the chattering-free control performance of SMC needs to be further improved.

The conventional sliding-mode control can only compensate for the matched uncertain-
ties existing in the same channel with the control input [23]. However, the uncertainties may
not satisfy the so-called matched condition, which becomes a challenge for sliding-mode-
controller design [24]. To compensate for the unmatched uncertainties, many improved
SMC methods have been proposed, such as integral-sliding-mode control (ISMC) [25],
disturbance-observer-based sliding-mode control (DOBSMC) [26] and backstepping [27].
In [28], the high-frequency-switching gain in ISMC can force the system states to converge
to the equilibrium in the case of unmatched uncertainties. However, the integral action
brings large overshoot and long setting time to the control system. In [29], the disturbance
observer is designed to deal with the parameter variation in the SOP. Nevertheless, these
methods can only suffer a class of time-invariant or slow-time-varying uncertainties [30].

According to the above analysis, the main problems in the control system of the SOP
can be summarized as follows:

1. The influence of the parameter perturbation in the SOP is not considered completely
in the existing controller design.

2. The uncertainties in the SOP control system cannot be compensated for by the existing
control methods such as PI and MPC. Therefore, the PI and MPC controllers cannot
satisfy the requirements of power and voltage control precision.

3.  The conventional sliding-mode controller in the SOP control system cannot com-
pensate for the unmatched uncertainties, and the inherent chattering problem may
stimulate the unmodeled dynamic of the system.

To enhance the robustness and dynamic performance of the SOP control system, this
paper proposes a novel virtual-control-technique-based full-order sliding-mode (FOSM)
controller for the rectifier side to establish the DC-side voltage. In addition, a full-order
terminal sliding-mode (FOTSM) controller is designed for the inverter side to ensure
the stabilization of the power exchange. The main contributions of the paper can be
summarized as follows:

1. The precision, rapidness and robustness of the SOP control system are improved by
adopting the full-order sliding-mode control method.

2. On the premise that the anti-disturbance of the SMC is kept, the chattering in the
conventional sliding-mode controller is eliminated by the integral-type control law;
thus, the smoothed outputs of the controller can be obtained.

The paper is organized as follows: Section 2 introduces the mathematical model of
the soft open point and the outer-loop and the inner-loop subsystem. Sections 3 and 4
present the FOTSM controllers for the rectifier side and the inverter side. Section 5 gives
the simulation results. Finally, the conclusion is shown in Section 6.

Notations: Let R"~" and R™ be the sets of n — m real matrices and m-dimensional
Euclidean space, respectively. For a vector x = [x1, ..., x;]T € R", ||x|| denoting the 2.norm
of the vector |x||,, and |x[|, = (=N, (x?))!/2. In addition, for a square matrix A € R"*",
|A|| denoting the 2.norm of the vector ||A|,, and [A]|, = [max {A;(AHA)}]1/2.
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The back-to-back voltage source converter is a typical topology of the SOP. Each port
of the SOP consists of a three-phase voltage source converter which is connected to the
common DC bus. With its excellent real-time power controllability, the SOP has been
widely used in electricity distribution networks to deal with the problems caused by the
access of distributed power generation equipment to the distribution network. The related
work about the model and control strategy of the soft open point can refer to [14], and the
related work about the sliding-mode control methods can refer to [31].

2. Preliminary
2.1. Dynamic Model of the SOP

The structure of the two-port SOP is displayed in Figure 1 [32], where the rectifier side
and the inverter side are interconnected by the capacitance of the DC side.

Rectifier side Inverter side

l1de izdc

>
) Udc

Ss I &Xs, J@ Ss J@ S

Figure 1. Structure of the two-port SOP with the rectifier side and the inverter side.

The mathematical model of the rectifier side and the inverter side in the stationary
coordinates can be obtained by

[ €1a 1 d ila Haq U1g

e | =Lig| fw | tR| i | + | uw (1)
L €1c | ¢ e Ui |
[ ez ] Upq d i2g ing |

e | = | My | ~Log| i | —Ra| iz (2)
L €2¢ | Upe 12¢ ¢ |

where e is the gird voltage, i the current, u the voltage, the subscript [-], - represents states

in abc-axes, [-]1 2 represents the input states from the rectifier side and the output states

of the inverter side, L1 and L, the inductance of the rectifier side and the inverter side,

respectively, Ry and R; the resistance of the rectifier side and the inverter side, respectively.
The switching states are defined as follows

1, the upper switch is on and the lower switch is off
L —abe ()

, X
0, the lower switch is on and the upper switch is off
Then, the voltages of each converter can be calculated by
Ui, y 2 -1 -1 Sa
up | =< -1 2 -1 Sy ()
Uje -1 -1 2 Se

where 1, is the capacitor voltage of the DC link.
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The current of the DC side in the d-q coordinates can be expressed as

dug,

Cdt

= i14c + ipge = 1.5(=S1gi14 + S14i1q) + 1.5(—Soaig + Soqizg) ©)

where i1, and iy, are the currents in the DC side from the rectifer side and the inverter side,
respectively, i1y and iy, the input currents of the rectifier side in d- and g-axes, respectively,
irg and iy, the output currents of the inverter side in d- and g-axes, respectively, S1; and Sy,
the switching states of the rectifier side in d- and g-axes, Sy5 and Sy, the switching states of
the inverter side in d- and g-axes.

Since the structure of each port of the SOP is the same, in this paper, one port of the
VSC is selected to build the mathematical model. The dynamic mathematical model of the
SOP in the d-q coordinates can be represented by

dildq Ry, 0 w1 |.
dr _Elldq + { —w; 0 ]lldq - fluldq + fleldq (6)
Rq

= ——1iy4, + Hyi —iu +ie
- L ldq 1*1dq L 1dq L, 1ldq

where i14, = [i1g, ilq]T is the rectifier-side current vector in d- and g-axes, w; the angular
speed of the grid voltage, u14; = [114, U14] T the rectifier-side voltage vector in d- and g-axes,

e1qy = le1d, elq]T the rectifier-side grid voltage vector in d- and g-axes.

2.2. Proposed Model of the SOP
2.2.1. Outer-Loop Subsystem

The outer-loop subsystem of the rectifier side in the SOP is the DC-side voltage
control subsystem. The parameter variation results in the unmatched uncertainties in
the outer-loop subsystem. The voltage controller uses 1. as the input and 7145 as the
output to establish the reference value of iy4, which is designed to stabilize the DC-side
voltage. According to the aforementioned mathematical model of the SOP, the tracking
error dynamic of the DC-side voltage can be expressed by

, . . . 3 ; . 3 ) .
€u = Udcref — Ude = Udcref + f(sldlld - Slqllq) + E(SZdZZd - SZqIZq) @)

Due to i14.f = 0 being adopted as the current control strategy, substituting the
switching states S1; = (e1g — Ryi1g)/ug. and Spy = (epy — Raipg)/uye into the above,
(7) can be rewritten as

3(e1q — Rlild)l- 3(exq — Rzizd)l- ®)
2Cudc 1 2Cudc 2d

€u = Udcre f +
Considering the variation of the parameters caused by the change of temperature and
frequency in the SOP, the resistance, the inductance and the capacitance can be expressed by
Ri=Rj+AR;, Li=Lj+AL;, C=C+AC, j=1,2 )
where [-] and A[-] represent the nominal and the changed value of the parameters.
The above parameter perturbations can be assumed to be bounded as follows

|ARj| < Mg, |ALj| < My, |AC| < Mc, j=1,2 (10)

where M R;s M L and M are positive constants
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ey = udcref +

= Udcre f +

n 1.5(ATycers — ATR, /cizg)ing n L5(ATy/ce1q — ATg, /ciid)ing n

Therefore, considering the parameter perturbation and the external disturbance, the er-
ror dynamics of the DC-side voltage can be rewritten as

3lerq — (Ry + ARl)ild]i ) 3leag — (Ro + ARp)ing] .
2(C+AC)uge 2(C + AC)uy,

by = udcref + 2d +pl( ) (11)

where p1 (t) is the external disturbance which can be upper-bounded as |1 ()| < M, (t).
The virtual control signal is defined as ¢ = g1i14rer = 1.5(T1/ce1q — TR, /ci1a)idref / des

where Ty /¢ = 1/C, Tr,/c = Ry/Cand g1 = 1.5(Ty ceyy — Tr, /ci1a)/ Uqe, the d-axis current

tracking reference value can be calculated by i14,ef = g1 14) = ugcp/1.5(Ty/ce1qg — Tr, /cira)-
Define the d-axis current tracking error as follows

Cid = i1drer — 114 = &1 ' — id (12)

To simplify the equation, let fi = ileer + 1.5(T1/ce2q — TR,/ci2a)izd/ thac, Where
Tr,/c = Ro/ C. Then, the tracking error dynamic of the DC-side voltage can be repre-
sented by

3lerg — (Ry + AR1)11d] i 3leas — (Ro + ARp)ing] .
(C—l—AC)udc (C+AC)MdC
1.5(Ty yceaq — Tr,/clad)izg n 1.5(Ty cerq — Tr, /ciia)ina
Uge Uge

irg + p1(t)

= Udcre T+

4 1-5(AT1/C62d — ATRZ/CiZd)iZd i 1-5(AT1/Celd — ATRI/Cild)(ildref — eid)

t
Uge Uge p1( )

1.5(Ty/ceaq — TR, /ciaa)iag N L5(Ty/cerq — Tr, /cira) (idref — €id)
Uge Uge

(13)

+ o1 (¢
Uge Uge P()

=fi+¢+Ag187 ¢ — g1 +di(t) +p1(t)
= A+o+A85187 "¢ — g1 +di(t)

where di(t) = di(t) + p1(t) is defined as the lumped unmatched uncertainty in the
rectifier-side system of the SOP, d (t) = 1.5(ATy/cepq — ATR, /cloa)izg/ tac+1.5(ATy jce1q —
ATR,/cira)eia/ dc-

To analysis the lumped unmatched uncertainty d; (t), the following uncertainties are
defined as

ou = Ag1/&1 (14a)
o, = ATy, /Ty, (14b)
Ag1 = —1.5(AF;cerq — AFR, scing) / tac (14c)
AT )¢ = —AC/(C(C + AC)) (14d)
ATy, = —ALy/(Li(L; + ALy) (14e)

ATg;/c = —(CAR; — R;AC)/(C(C + AC)) (14f)
ATg,/1; = —(LiAR; — RiALy) /(Li(Lj + ALy)), j=1,2 (14g)



Energies 2022, 15, 4999

6 of 18

According to (10), the aforementioned uncertainties (14) can be upper-bounded as

|5ll| S Méu < 1/

5L1‘ < M, <1, |ATyc| < Myyc, ijd’ < Ljdmaxs
’Agl| < 1'5(M1/Celdmax - MRl/Cildmax)/udc = Mg1/ (15)
’ATl/Lj‘ < My, ATR]-/C‘ < Mg;/c, ATRj/Lj‘ < Mgy j=1,2

de‘ < Ujdmax,

where M; , M(;L’., My c, Myg,, My, L/ MR]. /c and MR]. /L; are positive constants.
Hence, the lumped unmatched uncertainty d; (t) satisfies

~

d(t) = di(t) + p1(t) = L.5(ATy/cepq — ATr,/cloa)ing/ g + My, (t) (16)

where dl(t) satisfies |d1(t)| < 1'\ls(]\/ll/CeZdnmx - MRl/Cideax)ideax/udc = Mﬂh(t)'
The lumped unmatched uncertainty and its derivative are bounded by ‘dAl (1) ‘ = My, (t) +

My, (£) < Mg () and ]d‘l(t)] < M (t).

2.2.2. Inner-Loop Subsystem

The inner-loop subsystem of the rectifier side in the SOP is the current-control sub-
system. To ensure independent dynamic characteristics of the d-q currents, a feedforward
compensation designed as #i; = —uy4, + €145 + LiH, i144 1S used to achieve dynamic decou-
pling and avoid the interaction effect of the coupled voltage.

There is no longer external disturbance but only parameter variation in the inner-loop
subsystem, which belongs to the matched uncertainties. The current controllers use 4y, ¢
as the input and i1; as the output to generate the SVPWM modulation signals. According
to the aforementioned mathematical model of the SOP, the inner-loop subsystem can be
obtained by

dildq R1 .

1 .
ar L et fl(—uldq + e14q + L1H1i14,) (17)

Considering the parameter variation, the inner-loop subsystem can be rewritten as

dildq Rl 1
=i+ —(— L Hyi
dt I g + I ( Uygq + €1dq + L1 111dq)
_Ri+ ARy, (18)

(—t14q + €140 + (L1 + AL1)Hyiyg,)

1
L+ AL, T T+ AL
= —Tr,/1yi1dq + (Tiy1, + ATy1,) (— gy + ergg + LiHyingg) + da(t)

where Ty, = 1/ L4, TR, /1, = Ry/1L1, and the lumped matched uncertainty do(t) =
ATy, j1,i1ag + (Tij1, + ATin, )AL Hyingg and satisfies [[d(8) | < M, 1, |ivag | + (Tu/e,
+ Ml/Ll)MLlHlHildq‘

Introducing the feedforward compensation ity = —uy4, + €14, + ilHlildq into (18) yields
Yy i+ Ty + ATy i+ 8 1
ar = Trndig + Ty + ATy, i + 2 (1) (19)

where the lumped matched uncertainty and its derivative can be upper-bounded as
|0 < My, (1) and ||ax(0)| < M.

Lemma 1 ([33]). Consider a system x = f(x), £(0) = 0, x € R", if there exists a positive definite
continuous function V(x): U — R, real numbers ¢ > 0and 0 < a < 1, and an open neighborhood
Uy C U of the origin such that V + cV*(x) < 0, x € Up{0}, and then V(x) can approach zero in
a finite-time, t, < V1=%(x(0))/(c(1 — a)).
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3. Full-Order Sliding-Mode Control for the Rectifier Side

Let Ty /1,41 = u;; and combine the outer-loop voltage subsystem and the decoupled
inner-loop current subsystem, the mathematical model of the SOP can be summarized as a
second-order system with matched and unmatched uncertainties in the following form.

{éu = fi+ ¢+ 0up — g1eq + d1(t) (20)

i14g = —TRr, /1, f1dq + it + 01, up + da(t)

where ¢ = g1i14yef is the virtual control signal of the outer-loop subsystem.

In this section, a novel virtual-control-technique-based full-order sliding-mode con-
troller is proposed for the rectifier side of the SOP. The virtual control signal ¢ is designed
to deal with the unmatched uncertainties d; (t) and force the DC-side voltage tracking error
ey to converge to zero. In addition, the actual control signal u;; is designed to compensate
for the matched uncertainties d,(t) and make the rectifier-side input current vector i14q

track its reference i1450f = g7 L accurately.

3.1. Voltage Controller Design for the Outer-Loop

A full-order sliding-mode manifold s; € R! is designed for the outer-loop subsystem
with the form as follows
§1 = €y +C1ey (21)

where ¢ is a positive constant.

Theorem 1. If the sliding manifold is selected as (21) and the virtual control law ¢ is designed as
follows, the outer-loop voltage-tracking error dynamics can be regulated to reach the ideal manifold
in a finite time t,; < (|s1(0)|/11), thereafter remaining on it and converging to an equilibrium
point asymptotically after the current tracking error e;; and its derivative é;3 converge to zero.

¢ = Peg + Pn (22)

Peq = —f1 — Creu (23)
= sgn(s:)dr (24)
k= Ms, Meq (i):r Af/ﬁ;l (t)+m 5)

where M, and M ; (t) are defined by (14a) and (16), Mae(t) is the upper bound of the derivative
1
of the equivalent virtual control law (23), and 1y is a positive constant.

Proof of Theorem 1. Substituting the error dynamic of the DC-side voltage (13) into the
sliding manifold (21), yields

$1 =¢€y +c1ey = fl + 4) + 51447 — 9184 + Cil (t) + c1ey (26)

According to the designed virtual control law (22), the derivative of the sliding mani-
fold can be represented by

$1.= u + 6up + d1(t) — g16ia — g6 (27)
defined by a Lyapunov function as V; = 0.5s2. The derivative of V; can be obtained by

Vl = 35181 = 514’;1 + 515u¢gq + 515114.771 + SldAl<t) — 818164 — S181€i4 (28)



Energies 2022, 15, 4999 8 of 18
Substituting the integral-type switching-control law (24) into the above, gives
Vi < —kalsi| +kals1l|6ul + [s1]|6u||feq| + |51|‘jl(t>‘ — $1816id — S181€id 29)
< —kalsi|(1 = My, ) + M, |s1]|deq| + 51| M () = s1816ia — 5181614
Then, the derivative of the Lyapunov function V; satisfies
Vi < —[s1][(1 = Ms, )k1 — My, Meg(t) — M; ()] = s181¢ia — s181€ia (30)

where M, (t) is the upper bound of ¢;.
If the switching gain k; satisfies k1 = (M, Meq(t) + M 4 (t)+m)/(1— Ms,), it yields

Vi =s181 < —m1ls1| — 5181614 — 181604 (31)

According to Theorem 2, the inner-loop tracking error e;; and its derivative é;; can be
forced to converge to zero in finite time. Then, the above becomes

Vi < —mlsi] < —V2ip VY2 <0 (32)

According to Lemma 1, if the current-tracking error e;; and its derivative é;; can
converge to zero in finite time, the DC-side voltage tracking error dynamic will be forced
to reach the ideal sliding manifold (21) in a finite time t,; < (|s1(0)|/#1) under the de-
signed virtual control law (22). In addition, the system trajectory will converge to zero
asymptotically along the sliding manifold. It is obvious that the integral-type control law
can compensate for the unmatched uncertainties completely and make the control signal
smooth. This completes the proof. [

The calculation flowchart of the FOSMC is depicted in Figure 2.

Udcref + €y

s, =6, +Ce, —L» sgn | 1/s

U slidng-manifold (21)  sign function Integrator
dc

Figure 2. Calculation flowchart of the full-order sliding-mode control method.

3.2. Current Controller Design for the Inner-Loop

The current tracking error is defined as ej; = fijgref — f1d4q = [i1dref — 14,0 — ilq]T.
According to the current subsystem (), the error dynamic of the rectifier-side current can be
obtained by

e = tiagres + TRy /1411dq — i1 — O, i1 — da(t) (33)

A full-order terminal sliding-mode manifold s, € R? is designed for the inner-loop
subsystem to have the form of [33]

So=¢éej1+ Cze?l/p (34)

where ej1 = [i1gref — 14,0 — ilq]T; Cp = diag(cy1, cp) is the positive diagonal matrix, ¢z
and ¢y are positive constants and g and p are odds and satisfy 0 < q/p < 1.
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Theorem 2. Based on the designed sliding surface (34), the virtual control law (22) and the
following actual control law, the inner-loop current-tracking error dynamics can be regulated to
reach the sliding surface sp(t) = 0 in finite time t,p < (||s2(0)||/#2). Then, the inner-loop tracking
error ey and its derivative can converge to zero along the ideal sliding manifold in finite time

to < max{p/[(ca1(p — 9))lena(tna) "7}, p/ [(caa(p — 9))|eing (tng) |71} 1311,

U] = Ujleq T Uity (35)
-1 . 2.
- + +k - :
Uiteg = g1 ler(f1+ g1i1a) ' 158n(s1)] — 8, “19 ] + Try /1, vy + C2e?1/p (36)
't

Uy, = /0 kosgn(sy)dt (37)
. My, Miteq(t) + Mg, ) + &1 (Mg +eMy (1) + ‘8f2g1‘(Mf2+C1M,jl(f)) +12 58
2 = 1= My, (38)
where the known M, ,, My (t), M (t) and M ; (t) are defined by (15), (16) and (19), respectively;

1 1

Mi144(t) represents the upper bound of the equivalent actual control signal ujy.,, which satisfies
Huﬂeq H < Ml‘ldq(t) ; My and My, are assumed as the upper bound of the known function f and
its derivative, which satisfy | fl‘ < Mp, f1| < Mp,.

Proof of Theorem 2. Substituting the current tracking error dynamic (33) into the sliding
manifold (34), yields

K . . /
82 = Liggref + TR1/L111dq —ujp — Op U1 — dy(f) + Czelzl P
¢ . . a/p (39)
=[ 0 ]+ TR, /1y 1dq — i1 — O, mi1 — da(t) + Caey]

Considering the designed virtual control law (22), the above becomes

5 = [ g [=fi—cr(fi + g1ina +di(1)) — kisgn(sy)] — g 2419
0 (40)
+ TR, /1, 1dq — i1 — O, — da(t) + Cze?l/p-

Substituting the actual control law (35) into the above, then we obtain

P I e | dA t A
Sy = |: gl fl Ogl ¢l 1() :| *uiln*é‘Llul‘lidZ(t) (41)

and the derivative of the sliding manifold (34) can be calculated by

15 2. 1. % 2. ~ X
5 = [ -8 h+g°&1h —glo c1d1(t) + gy "grc1dr () ] — ity — Op it — da(t)  (42)

We define a Lyapunov function as V, = 0.55% s, and its derivative is expressed as
. T. —Sguiln —555L1ﬂi1n —S%éLlﬂilgq —S%&z(i‘) —Sggflfl
V2=98 < T 2. ¢ T -1 4 T 2. & (43)
+5,81 8151 — 5281 cadi(t) +s387 "g1c1di(t)

Substituting (37) into the above gives
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— a1 = Ma,,) + M, [lineg | + [ a(8)]| + [ ]

. (44)
+ ‘gfzgd“fl! +C1|81|71‘0i1(t)‘ +C1’8f2g1HdA1(t)’

Va < |2

assume |f1| < Mgy, |fi| < Mg and |[itj1eq]| < Mi1eq(t), considering the upper bounds of
the lumped uncertainties (16) and (19), the above becomes

—ka(1 = My,,) + My, Mirgg () + My () + [ | My

V2 < |lsa| (45)

+ ‘gfzgl ‘Mﬂ + C1|g1|71MdA1(t) +0 lgfzgd ’Mjl(t)
If the switching gain ks satisfies ko = (Mg, Miteq (t) + My, (£) + (1] (Mp1 + 1My (1)) +
’gfzg'l ’ (Mg +c1My (1) +112) /(1 — Ms,, ), the derivative of the Lyapunov function V; satisfies

Vo < —mpfsall < —vV212V, 2. (46)

According to Lemma 1, the above means that the error dynamic can approach the ideal
sliding manifold s; = 0 in a finite time t,» < (||s2(0)]|/#2). Thereafter, the tracking error of
the rectifier-side input current and its derivative will converge to the equilibrium point in

a finite time t < max{p/[(ca1(p —q))lena(tra)|'~ 7], p/ [(ca(p — 9)) leng (trg) |71}
This completes the proof. [

The calculation flowchart of the FOTSMC is depicted in Figure 3.

i1dgref + i1 S2

s,=6,+C,el? > sgn —» 1/s

i sliding manifold (34)  sign function Integrator
1dq

Figure 3. Calculation flowchart of the full-order terminal sliding-mode control method.

4. Full-Order Sliding-Mode Control for the Inverter Side

The controller for the inverter side is designed to control the output active power and
reactive power of the load power grid. The output active power P, and the reactive power
Q, of the inverter side in the d-g coordinates can be expressed by

Py = eggizg + eaging, Qo = exging — exging (47)

where ey and ey, are the inverter side grid voltages in the d- and g-axes, iy and iy, the
output currents of the inverter side in the d- and g-axes.

Aligning the voltage vector of the AC system with the d-axis of the rotating coordinate
system, e; = 0 can be obtained, and ¢; is a constant, then

P, = 1.5e4ip4, Qo = —1.5e4in, (48)

which illustrates that the power output from the inverter side to the grid can be controlled
independently by controlling the inverter-side output currents ip; and ip;. Therefore,
the design of the current controllers can refer to Theorem 2.

The tracking error of the output power can be defined as e, = [Py, = P2, Qoper — Q2] T,
According to the inner-loop subsystem (20), the error dynamic can be represented by
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o PZref [ Leing | _ dizag c o]
‘o [ Q2r6f —1.5€2d1:2q =k dt = E[Tr,/1,i2dq — iz — O1, 12 — d3 ()] (49)

where E = diag(1.5e54, —1.5e54), uj> the decoupled control signal with the form as following
up = Ty y1,dly = —trgq + ex4q + LoHaingg, Hy = [0, wa; —wy, 0] (50)

where p;(t) is the external disturbance which can be upper-bounded as ||p2(t)|| < My, (t),
and the lumped uncertainties ds(t) = —ATgr,/1,024q + (T1/L, + ATi/1,)ALoHaizg, + pa(t),
which satisfy [|d3(£)]| < Mg, /1, iquH +(Ty, +M1/L2)ML2H2H1'2qu + M, (t). The lumped

o <

uncertainty and its derivative can be upper-bounded as ||ds(t)|| < M 2, () and
A full-order terminal sliding manifold is designed as follows

S3 =€, + C3€Z/p (51)

where C3 = diag(c31, ¢32) is the positive diagonal matrix,c3; and x3; are positive constants
g and p are odds and satisfy 0 < q/p < 1.

Theorem 3. If the sliding manifold is selected as (50), the output-power-tracking error dynamics
can approach the sliding manifold in finite time. The system trajectory will remain on sliding
manifold and converge to zero under the designed control law as follows.

Ui = Uineq + Uidy (52)

Uineg = TRy /1,yi1ag + C3E1el/" (53)

Ui, = ./O't kssgn(s3)dt (54)

b M, Migeq (£) + My + 173 55)
1—Ms,

where the known M, and M ds (t) are defined by (14b) and (49), respectively,and M, (t) rep-

resents the upper bound of the equivalent actual control signal uj,,, which satisfies Huizgq| <
Mingy(t).

Proof of Theorem 3. According to the output-power-tracking error dynamic (48), the slid-
ing manifold (50) can be rewritten as

s3 = E(Try/1,024g — ttin — O, uip — d3(t)) + Cael/? (56)
Substituting the control law (51) into the above, yields
s3 = E(—utigy — 61,12 — d3(t)) (57)
Thus, the derivative of the sliding manifold (50) can be calculated by
83 = E(—itigy — b1t — d3(t)) (58)
We define a Lyapunov function as V3 = 0.5s]s5, and the derivative is

Vs = sls3 < sTE(—itp, — Spitip — ds(t)) (59)
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Substituting (53) into the above gives
Vs < llssll[—ks (1 = May,) + M [itizeg | + |d3(0) (60)

assuming ||itjzeq|| < Migeg(t). Then, it can be obtained from the designed switching gain
(54) that

V3 < ||53|| [—k3(1 — M§L2) + MzSLzMiZeq(t) + Mfig] < —\/51731/31/2 (61)

which illustrates that the output-power-tracking error dynamic can be forced to reach the
sliding manifold in a finite time. Thereafter, the system trajectory will converge to zero
along the sliding manifold in finite time. This completes the proof. [

According to Theorems 1-3, the block diagram of the control scheme of the SOP is
shown in Figure 4. The phase-locked loop (PLL) is used to obtain the angular speed of the
grid voltage which is omitted here for space due to its simplicity.

ST e— abc*—Cianc i1g—— abc < i1anc
€1q*— dq —0; i1q<— dq —06; Or<— PLL
€y abc€2anc i2g4—— abc|[<— l2anc
€oq dq 0, i +—]| da 0,
————— ===
Uy FOSM FOElY, |
cref + i1dref 4 d-axis
Voltage
| Current Upg
Controller dq
| Controller Up S1abe
Ude ) > SvPWM |21k, J
| Fotsm | Eut@ililyg of
i =0 g-axis
| Ldref Current Uq |
Controller T
o o
. de
l ___________eJh_"'wlLllld __)
FOTSM
p + Active
aref \ Power Uad | gg J
Controller u | Sot
P, ) ‘SVPWM Cy
FOTSM | €aatalaizg of ]
Q=0 + Reactive i2anc
aref X Power Uz
Controller Te
Q2 . 2
€29+ w2lalzg
l— i
PZ (B B— iZd €2abc
Power Calculation(10) 2 0, «—— PLL |[e—2X_—
——— €24
Qoe— I—TY

Figure 4. Block diagram of the control scheme of the SOP.

5. Simulations
5.1. Empirical Research Methodology

To demonstrate the effectiveness of the proposed method under a serious condition,
a model predictive control (MPC), a linear sliding-mode control (LSMC) and a full-order
sliding-mode control (FOSMC) were used to design the controllers for performance com-
parison in MATLAB/Simulink. The parameters of the SOP are listed in Table 1 [14],
and the controllers design parameters of the rectifier side and the inverter side are listed in
Tables 2 and 3, respectively.
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Table 1. The parameters of the SOP.

Symbol Mean Value
€1abe Grid-phase voltage 220V
€2abe Load-grid-phase voltage 220V
Fi» Voltage frequency 50 Hz

Uge DC-side voltage 850 V
C DC-side capacitor 5000 pf
R4 Grid resistance 0.01 O
Ry Load-grid resistance 0.01 0
Lq Grid inductances 20 mH
Ly Load-grid inductance 20 mH

Table 2. Controller design parameters for the rectifier side.

Control Outer-Loop Controller Inner-Loop Controller
MPC PI controller K, = 50, K; = 0.1 Model predictive controller
LSM k1 = 4000 ky = 6000
FOSM c1 = 155,k; = 15,000 1 = ¢ = 8000,k =15,000,9/p =3/5

Table 3. Controller design parameters for the inverter side.

Control Controller
MPC Model predictive controller
LSM k = 5000
FOTSM C3] = (32 = 1000, k3 = 6000, q/p =3/5

5.2. Simulation Results
5.2.1. Start-up Response in the Case of Parameter Perturbation

To characterize the parameter perturbation, the resistances and inductances in the
rectifier and inverter sides are set to 300% of the original value, and the capacitance in the
DC side is set to 150% of the original value. The simulation starts at 0 s and runs for 0.5 s
in total. The reference value of the DC-side voltage 1,4, and the load grid current i, are
850 V and 40 A, respectively. The DC-side voltage response under the the MPC, the LSM
and the FOTSM controllers is depicted in Figure 5. It can be seen from Figure 5 that the
settling time of the DC-side voltage under the MPC, the LSM and the FOTSM is 0.096 s,
0.061 s and 0.032 s, respectively, which means that the proposed FI'SM controller has the
most rapid dynamic response. The DC-side voltage response under the MPC controller
cannot be forced to reach the reference value and has a steady-state error of 2.5 V. The MPC
controller cannot satisfy the control requirements in the SOP. Figure 6 shows the d-axis
current response in the rectifier side. The voltage response under the MPC controller fails
to track the reference value in the case of parameter perturbation due to the controller’s
characteristics of model dependance. This also results in the steady-state error in the
DC-side voltage response. In Figure 5, it is obvious that the DC-side voltage response
under the LSM and the FOSM tracks the reference value. This demonstrates that the two
controllers can compensate for the uncertainties caused by the parameter perturbation.
It can be seen from Figure 6 that the output of the LSM controller contains chattering,
and the output of the FOSM controller is smooth thanks to the integral-type control law.
The load grid active and reactive power responses are shown in Figures 7 and 8. In the
case of parameter perturbation, the MPC controllers cannot force the active and reactive
power-tracking errors to converge to zero. It is evident that the ripple of the active and
reactive power under the FOSM controller is smaller than the LSM controller in Figure 7
because of the integral-type control law and the adaptive switching gain.
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Figure 7. The load grid active power responses under the MPC, the LSM and the FOTSM.
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Figure 8. Theload grid reactive power responses under the MPC, the LSM and the FOTSM.

5.2.2. Load-Adding Response in the Case of External Disturbance

To attest the excellent dynamic performance and robustness of the proposed control
method, the load grid current i»; is changed from 40 A to 80 A at 0.2 s, and the external
disturbance p1(t) = 5sin (100t) and p;(t) = diag(100sin (100¢), 100 sin (100¢)) are added
at 0.4 s. The parameters of the resistances, inductances and capacitance are set to the original
value. The simulation starts at 0 s and runs for 0.6 s in total. From Figure 9, the setting time of
the DC-side voltage response under the MPC, the LSM and the FOSM are 0.094 s, 0.0017 s and
0.0026 s, respectively. Moreover, the DC-side voltage drop under the three control methods are
7.2V,2.7V and 2.6 V, which means that the proposed FOSM controller has a better dynamic
performance in anti-disturbance and rapidness. After the external disturbance p; (t) is added
at 0.4 s, it is obvious that the outer-loop PI controller cannot suffer the external disturbance in
the form of sinusoid. The FOSM controller can deal with the added external disturbance p1 ()
and force the DC-side voltage-tracking error to converge to zero owing to the integral-type
virtual control law. The LSM controller can also eliminate the external disturbance; however,
the irreducible chattering exists in the control signal as shown in Figure 10. Figures 11 and 12
show the load grid active and reactive power response under the three control methods. It can
be seen that the MPC controller fails to deal with the sinusoidal disturbance p2(t), which results
in the tracking error after the external disturbance is added at 0.4 s. The LSM and FOTSM
controllers compensate for the external disturbance completely and force the tracking error to
converge to zero. However, the chattering still exists in the control law of the LSM and leads
to a larger rippler than the FOTSM in the active and reactive power responses as shown in
Figures 10 and 11.

1000
2
<800
=
@ 600
S
S 400
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[a] 0 FOSM
0 0.1 0.2 0.3 0.4 05 0.6
Time (s)
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845 — I 26V !
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845 | I
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Figure 9. The DC-side voltage responses under the MPC, the LSM and the FOTSM.
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Figure 12. The load grid reactive power responses under the MPC, the LSM and the FOTSM.

6. Discussion

In this paper, a full-order sliding-mode control algorithm is designed in u;4.-Q and
P-Q working modes, and a corresponding simulation verification is carried out. However,
the dynamic process of switching between different working modes is not taken into
account. Combined with the dynamic process of the SOP, it will be the aim of a future work
to verify the control effect of the proposed method in an electricity distribution network.

7. Conclusions

In this paper, a full-order terminal sliding-mode control theory is proposed to enhance
the rapidness and robustness of the rectifier-side and the inverter-side controllers in a
soft open point converter. The matched and unmatched uncertainties in the control sys-
tem including external disturbances and parameter perturbation are considered in detail.
The main contributions of the paper can be summarized as: (1) The proposed virtual-
control-techinique-based full-order sliding-mode control method can improve the dynamic
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performance and anti-disturbance of the SOP control system with matched and unmatched
uncertainties. (2) The integral-type control law eliminates the chattering and guarantees
the current references and smooth responses . Finally, the simulations have demonstrated
the effectiveness of the proposed full-order sliding-mode controllers.
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Abbreviations

The following abbreviations are used in this manuscript:

SOP Soft open point

VSC Voltage source converter

AC Alternating current

DC Direct current

LSM Linear sliding-mode

FOTSM Full-order terminal sliding-mode
FOSM Full-order sliding-mode

PI Practical proportional-integral
MPC Model predictive control

SMC Sliding-mode control

ISMC Integral sliding-mode control

DOBSMC  Disturbance observer-based sliding-mode control
SVPWM  Signals of space vector pulse width modulation

PLL Phase look loop
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