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Abstract

This paper develops a perturbation observer based sliding-mode control (POSMC)
scheme for voltage source converter based high voltage direct current (VSC-
HVDC) systems. The combinatorial effect of nonlinearities, parameter un-
certainties, unmodelled dynamics and time-varying external disturbances is
aggregated into a perturbation, which is estimated online by a sliding-mode
state and perturbation observer. POSMC does not require an accurate sys-
tem model and only one state measurement is needed. Moreover, a significant

robustness can be provided through the real-time compensation of the per-
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turbation. Four case studies are carried out on the VSC-HVDC system,
such as active and reactive power tracking, AC bus fault, system parameter
uncertainties, and weak AC gird connection. Simulation results verify its
advantages over vector control and feedback linearization sliding-mode con-
trol. Then a hardware-in-the-loop (HIL) test is undertaken to validate the

implementation feasibility of the proposed approach.

Keywords: sliding-mode control, perturbation observer, VSC-HVDC

systems, HIL test

1. Introduction

Voltage source converter based high voltage direct current (VSC-HVDC)
systems using insulated gate bipolar transistor (IGBT) technology have at-
tracted increasing attentions due to the interconnection between the main-
land and offshore wind farms, power flow regulation in alternating current
(AC) power systems, long distance transmission (Flourentzou, Agelidis and
Demetriades, 2009), and introduction of the supergrid, which is a large-
scale power grid interconnected between national power grids (Hertema and
Ghandhari, 2010). The main feature of the VSC-HVDC system is that no ex-
ternal voltage source is needed for communication, while active and reactive

power at each AC grid can be independently controlled (Zhang, 2011).
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Traditionally, control of the VSC-HVDC system utilizes a nested-loop
d-q vector control (VC) approach based on linear proportional-integral (PI)
methods (Haileselassie, Molinas and Undeland, 2008), whose control perfor-
mance may be degraded with the change of operation conditions as its con-
trol parameters are tuned from one-point linearization model (Li, Haskew
and Xu, 2010). As VSC-HVDC systems are highly nonlinear resulting from
converters and also operate in power systems with modelling uncertainties,
many advanced control approaches are developed to provide a consistent
control performance under various operation conditions, such as feedback
linearization control (FLC) (Ruan, Li, Peng, Sun and Lie, 2007), which fully
compensated the nonlinearities with the requirement of an accurate system
model. Linear matrix inequality (LMI)-based robust control was developed
in (Durrant, Werner and Abbott, 2004) to maximize the size of the uncer-
tainty region within which closed loop stability is maintained. In addition,
adaptive backstepping control was designed to estimate the uncertain pa-
rameters by (Ruan, Li, Jiao, Sun and Lie, 2007). In (Zhang, Harnefors and
Nee, 2011), power-synchronization control was employed to greatly increase
the short-circuit capacity to the AC system. However, the aforementioned

methods may not be adequate to simultaneously handle perturbations such
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as modelling uncertainties and time-varying external disturbances .

Based on the variable structure control strategy, sliding-mode control
(SMC) is an effective and high-frequency switching control for nonlinear sys-
tems with modelling uncertainties and time-varying external disturbances.
The main idea of SMC is to maintain the system sliding on a surface in
the state space via an appropriate switching logic, it features the simple
implementation, disturbance rejection, fast response and strong robustness
(Lordelo and Fazzolari, 2014). While the malignant effect of chattering phe-
nomenon can be reduced by predictive variable structure (Huo, 2008) and
self-tuning sliding mode (Zong, Zhao and Zhang, 2010), SMC has been ap-
plied on electrical vehicles (Gokasan, Bogosyan and Goering, 2006), power
converters (Kessal and Rahmani, 2014), induction machines (Lascu, Boldea
and Blaabjerg, 2004), wind turbines (Beltran, Ahmed-Ali and Benbouzid,
2008), ect. Moreover, a feedback linearization sliding-mode control (FLSMC)
has been developed for the VSC-HVDC system to offer invariant stability to
modelling uncertainties by (Moharana and Dash, 2010). Basically, SMC as-
sumes perturbations to be bounded and the prior knowledge of these upper
bounds is required. However, it may be difficult or sometimes impossible

to obtain these upper bounds, thus the supreme upper bound is chosen to
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cover the whole range of perturbations. As a consequence, SMC based on
this knowledge becomes over-conservative which may cause a poor tracking
performance and undesirable control oscillations (Edwards and Spurgeon,
1998).

During the past decades, several elegant approaches based on observers
have been proposed to estimate perturbations, including the unknown input
observer (UIO) (Johnson, 1971), the disturbance observer (DOB) (Chen, Bal-
lance, Gawthrop and O’Reilly, 2000), the equivalent input disturbance (EID)
based estimation (She, Fang, Ohyama, Hashimoto and Wu, 2008), enhanced
decentralized PI control via advanced disturbance observer (Sun, Li and Lee,
2015), the extended state observer (ESO) based active disturbance rejection
control (ADRC) (Han, 2009), and practical multivariable control based on
inverted decoupling and decentralized ADRC (Sun, Dong, Li and Lee, 2016).
Among the above listed approaches, ESO requires the least amount of sys-
tem information, in fact, only the system order needs to be known (Guo and
Zhao, 2011). Due to such promising features, ESO based control schemes
have become more and more popular. Recently, ESO based SMC has been
developed to remedy the over-conservativeness of SMC via an online per-

turbation estimation. It observes both system states and perturbations by
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defining an extended state to represent the lumped perturbation, which can
be then compensated online to improve the performance of system. Related
applications can be referred to mechanical systems (Kwon and Chung, 2004),
missile systems (Xia, Zhu and Fu, 2011), spherical robots (Yue, Liu, An and
Sun, 2014), and DC-DC buck power converters (Wang, Li, Yang, Wu and Li,
2015).

This paper uses an ESO called sliding-mode state and perturbation ob-
server (SMSPO) (Jiang, Wu and Wen, 2002; Liu, Wu, Zhou and Jiang, 2014)
to estimate the combinatorial effect of nonlinearities, parameter uncertain-
ties, unmodelled dynamics and time-varying external disturbances existed
in VSC-HVDC systems, which is then compensated by the perturbation ob-
server based sliding-mode control (POSMC). The motivation to use POSMC
in this paper rather than SMC and our previous work (Jiang, Wu and Wen,
2002; Liu, Wu, Zhou and Jiang, 2014; Yang, Jiang, Yao and Wu, 2015) can
be summarized as follows:

e The robustness of POSMC to the perturbation mostly depends on
the perturbation compensation while the ground of the robustness in SMC
(Gokasan, Bogosyan and Goering, 2006; Kessal and Rahmani, 2014; Lascu,

Boldea and Blaabjerg, 2004; Beltran, Ahmed-Ali and Benbouzid, 2008; Mo-
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harana and Dash, 2010) is the discrete switching input. Furthermore, the
upper bound of perturbation is replaced by the smaller bound of its estima-
tion error, thus an over conservative control input is avoided and the tracking
accuracy is improved.

e POSMC can provide greater robustness than that of nonlinear adap-
tive control (NAC) (Jiang, Wu and Wen, 2002; Liu, Wu, Zhou and Jiang,
2014) and perturbation observer based adaptive passive control (POAPC)
(Yang, Jiang, Yao and Wu, 2015) due to its inherent property of disturbance
rejection.

Compared to VC (Li, Haskew and Xu, 2010), POSMC can provide a
consistent control performance under various operation condition of the VSC-
HVDC system and improve the power tracking by eliminating the power
overshoot. Compared to FLSMC (Moharana and Dash, 2010), POSMC only
requires the measurement of active and reactive power and DC voltage, which
can provide a significant robustness and avoid an over-conservative control
input as the real perturbation is estimated and compensated online. Four
case studies are carried out to evaluate the control performance of POSMC
through simulation, such as active and reactive power tracking, AC bus fault,

system parameter uncertainties and weak AC gird connection. Compared



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

to the author’s previous work on SMSPO (Jiang, Wu and Wen, 2002; Liu,
Wu, Zhou and Jiang, 2014), a ASPACE simulator based hardware-in-the-loop
(HIL) test is undertaken to validate its implementation feasibility.

The rest of the paper is organized as follows. In Section 2, the model
of the two-terminal VSC-HVDC system is presented. In Section 3, POSMC
design for the VSC-HVDC system is developed and discussed. Section 4 and
5 present the simulation and HIL results, respectively. Finally, conclusions

are drawn in Section 6.

2. VSC-HVDC System Modelling

There are two VSCs in the VSC-HVDC system shown in Fig. 1, in which
the rectifier regulates the DC voltage and reactive power, while the inverter
regulates the active and reactive power. Only the balanced condition is
considered, e.g., the three phases have identical parameters and their voltages
and currents have the same amplitude while each phase shifts 120° between

themselves. The rectifier dynamics can be written at the angular frequency
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Figure 1: A standard two-terminal VSC-HVDC system

122w as (Ruan, Li, Jiao, Sun and Lie, 2007)

dig; __ Ry, :

d(:fl = —L—ildl + Wiq1 —+ uq1
diql _ Ry : . 1
i = —L—lqu—wzd1+uq1 (1)
dVie1 3Usq1iq1 _ ’L_L

dt = 2C1Vye C1

123 where the rectifier is connected with the AC grid via the equivalent resistance

24 and inductance R; and L, respectively. C is the DC bus capacitor, ugq; =

Usdl —Urd — Usql —Urq
125 I and Ug1 = 1 .
126 The inverter dynamics is written as

di, Ro » .
GF = —ild2 T Wige + Ua2
diqg _ R - . 2
dr = L2 T Wid2 + Uq2 ( )
d Vdcg _ 3Usq2iq2 Z_L

dt - 2C2Vyco Ca

127 where the inverter is connected with the AC grid via the equivalent resistance

s and inductance Ry and Lo, respectively. Cy is the DC bus capacitor, ugqs =
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Usq2 —Uiq

Usd2 —Uid and uq2 — i

Lo
The interconnection between the rectifier and inverter through DC cable

is given as

Vaerin, = Vaeoir, + 2Roi} (3)

where R, represents the equivalent DC cable resistance.

The phase-locked loop (PLL) (Jovcic, 2003) is used during the transfor-
mation of the abc frame to the dq frame. In the synchronous frame, ugqs,
Usdz, Usql, and usqgz are the d, ¢ axes components of the respective AC grid
voltages; %41, ta2, iq1, and iq are that of the line currents; u,q, id, Uy, and
uiq are that of the converter input voltages. Pi, P, ()1, and )2 are the active
and reactive powers transmitted from the AC grid to the VSC; Vi and Vyeo
are the DC voltages; and 11, is the DC cable current.

At the rectifier side, the g-axis is set to be in phase with the AC grid
voltage ug;. Correspondingly, the g-axis is set to be in phase of the AC grid
voltage ug at the inverter side. Hence, ugq; and wugge are equal to 0 while
Usq1 and ugqe are equal to the magnitude of ug; and ug. Note that this paper

adopts such framework from (Moharana and Dash, 2010; Ruan, Li, Jiao, Sun

10
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and Lie, 2007; Ruan, Li, Peng, Sun and Lie, 2007) to provide a consistent
control design procedure and an easy control performance comparison, other
framework can also be used as shown in (Li, Haskew and Xu, 2010; Zhang,
Harnefors and Nee, 2011). The only difference of these two alternatives is
the derived system equations, while the control design is totally the same.
In addition, it is assumed that the VSC-HVDC system is connected to suf-
ficiently strong AC grids, such that the AC grid voltage remains as an ideal

constant. The power flows from the AC grid can be given as

3 .
§usq1 qu

_ 3 - SN
Py = 2 (usquiqn + Usaria1) =
2
3 . . 3 .
Q1 = 5 (Usqiar — Usd1lq1) = 5Usq1idl

3 . . 3 .
Py =3 (Usq2lq2 + Usazliaz) = 5Usq2lq2

Q2 = % (Usq2id2 — Usdalq2) = %Usqﬂdz
3. POSMC Design for the VSC-HVDC System

3.1. Perturbation observer based sliding-mode control

Consider an uncertain nonlinear system which has the following canonical

form

&= Ax + B(a(x) + b(z)u + d(t))

Y=o

11
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where = |11, 29, - ,2,]T € R" is the state variable vector, u € R and
y € R are the control input and system output, respectively. a(x) : R” — R
and b(r) : R™ — R are unknown smooth functions, and d(t) : R — R
represents the time-varying external disturbance. The n x n matrix A and

the n x 1 matrix B are of the canonical form as follows

_0 10 0- -0-

0 01 0 0
A= , B=

000 1 0

000 0 1

i 1 nxn L dnxa

The perturbation of system (5) is defined as (Jiang, Wu and Wen, 2002; Liu,

Wu, Zhou and Jiang, 2014; Yang, Jiang, Yao and Wu, 2015)

U(z,u,t) = a(x) + (b(z) — bo)u + d(t) (6)

12
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From the original system (5), the last state z,, can be rewritten in the presence

of perturbation (6) as follows

&, = a(x) + (b(x) — bo)u + d(t) + bou = ¥ (z, u,t) + byu (7)

Define a fictitious state x,11 = ¥(x,u,t). Then, system (5) can be extended

as
)
Yy=2x
1 — T2
(8)
Tp = Tpy1 + bou
{ Tyt = \11<)
The new state vector becomes z, = [r1,%a, T, Tny1]T, and following

assumptions are made (Jiang, Wu and Wen, 2002)

e A.1 by is chosen to satisfy: |b(x)/byp — 1| < 6 < 1, where 6 is a positive

constant.

e A.2 The functions ¥(z,u,t) : R x R x Rt — R and ¥(z,u,t) : R" x
R xR* — R are bounded over the domain of interest: |¥(z,u,t)| < 71,

U (z,u,t)| < 4o with U(0,0,0) = 0 and ¥(0,0,0) = 0, where v, and 7,

13
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are positive constants.

e A.3 The desired trajectory yq and its up to nth-order derivative are

continuous and bounded.

The above three assumptions ensure the effectiveness of such perturbation
estimation based approach. In particular, assumptions A.1 and A.2 guar-
antee the closed-loop system stability with perturbation estimation, while
assumption A.3 ensures POSMC can drive the system state x to track a
desired state zq = [ya, yél), e ,yé”_l)]T (Jiang, 2001). In the consideration
of the worst case, e.g., y = z7 is the only measurable state, an (n+1)th-
order SMSPO (Jiang, Wu and Wen, 2002; Liu, Wu, Zhou and Jiang, 2014)
for the extended system (8) is designed to estimate the system states and

perturbation, shown as follows

i’l = i’g + O./lfi'l + k:lsat(il)

ifn \ij() + Oéni’l + knsat(fl) + bou

A

V() = api1Z1 + kpyrsat(zq)

14
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where T; = 1 — 21, k; and oy, © = 1,2,--- ,n + 1, are positive coefficients,
function sat(Z;) is defined as sat(Z;) = Z;/|%1| when |Z;| > € and sat(Z;) =
Z1/e when |Z;| < e. The effect and setting of the SMSPO parameters are

provided as follows:

e The Luenberger observer constants «;. Which are chosen to place
the observer poles at the desired locations in the open left-half complex
plane. In other words, a; are chosen such that the root of s"! 4
18" 4+ st + oo+ i = (54 Ay)"T = 0 is in the open left-
half complex plane. A larger value of «; will accelerate the estimation
rate of SMSPO but also result in a more significant effect of peaking
phenomenon. Thus a trade-off between the estimation rate and effect of
peaking phenomenon must be made through trial-and-error. Normally
they are set to be much larger than the root of the closed-loop system

to ensure a fast online estimation (Yang, Jiang, Yao and Wu, 2015).

e The sliding surface constants k;. ki > |Z3|max must be chosen to
guarantee the estimation error of SMSPO (9) will enter into the sliding
surface Sqpo(Z) = &1 = 0 at ¢ > ¢, and thereafter remain Sg,, = 0, ¢ >
ts(Jiang, 2001; Jiang, Wu and Wen, 2002). While the poles of the sliding
surface \;, are determined by choosing the ratio k;/ki(1 =2,3,--- ;n+

15
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1) to put the root of p™ + (kg /k1)p™* +- - -+ (kn/k1)p~+ (kpy1 /1) = (p+
Ak)" = 0 to be in the open left-half complex plane. Under Assumption
A.2, SMSPO converges to a neighbourhood of the origin if gains k; are
properly selected, which has been proved in (Jiang, Wu and Wen, 2002;
Hernandez and Barbot, 1996). For a given kq, a larger k; will accelerate
the estimation rate of SMSPO but also result in a degraded observer
stability. Thus a trade-off between the estimation rate and observer

stability must be made through trial-and-error (Jiang, 2001).

The layer thickness constant of saturation function e. Which
is a positive small scaler to replace the sign function by the saturation
function, such that the chattering effect can be reduced. A larger e
will result in a smoother chattering but a larger steady-state estima-
tion error. Consequently, a trade-off between the chattering effect and
steady-state estimation error must be made through trial-and-error. In

practice, a value closes to 0 is recommended.

Remark 1. When SMSPO is used to estimate the perturbation, the
upper bound of the derivative of perturbation 7, is required to guarantee
the estimation accuracy, and such upper bound will result in a conservative

observer gain. However, the conservative gain is only included in the observer

16
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loop, not in the controller loop.

Define an estimated sliding surface as

Stat) = 3l =™ (10)

where the estimated sliding surface gains p; = C:_ 1 \"~* i =1,---  n, place
all poles of the estimated sliding surface at —\., where A\, > 0.

The POSMC for system (5) is designed as
1 n—1 ‘
u= g |0 = 3 piin o)) — (8 —gsat() —0()| (1)
i=1

where ( and ¢ are control gains which are chosen to fulfill the attractiveness
of the estimated sliding surface S.

Note that POSMC does not require an accurate system model and only
one state measurement y = 1 is needed. As the upper bound of perturbation
W(-) is replaced by the smaller bound of its estimation error W(-), a smaller
control gain is needed such that the over-conservativeness of SMC can be
avoided (Jiang, Wu and Wen, 2002).

Remark 2. The motivation to use SMSPO is due to the fact that the

sliding-mode observer potentially offers advantages similar to those of sliding-

17
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mode controllers, in particular, inherent robustness to parameter uncertainty
and external disturbances (Slotine and Li, 1991). It is a high-performance
state estimator with a simple structure and is well suited for uncertain nonlin-
ear systems (Kwon and Chung, 2004). Moreover, it has the merits of simple
structure and easy analysis of the closed-loop system stability compared to
that of ADRC which uses a nonlinear observer (Han, 2009), while they can
provide almost the same performance of perturbation estimation.

The overall design procedure of POSMC for system (5) can be summa-

rized as follows:

uStep 1: Define perturbation (6) for the original nth-order system (5);

«8tep 2: Define a fictitious state x,1 = V(-) to represent perturbation (6);

x#Step 3: Extend the original nth-order system (5) into the extended (n + 1)th-

249

order system (8);

»8tep 4: Design the (n+ 1)th-order SMSPO (9) for the extended (n+ 1)th-order

251

252

system (8) to obtain the state estimate Z and the perturbation estimate

¥(-) by the only measurement of z;

»8tep 5: Design controller (11) for the original nth-order system (5), in which

254

the estimated sliding surface S is calculated by (10).

18
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3.2. Rectifier controller design

Choose the system output ¥, = [yr1, Y2t = [Q1, Vaar]T, let QF and Vi,
be the given references of the reactive power and DC voltage, respectively.
Define the tracking error e, = [e1, €r0]T = [Q1 —Q%, Vaer — Vi, T, differentiate

e, for rectifier (1) until the control input appears explicitly, yields

Er1 fr1 — QT Ud1
= + By (12)
ér2 fr2 - Vvd*cl uql
where
3us 1 Rl . .
frn= 2q (—L—llcu +w1q1)
3 , Ry . SUgq1?
\ fr2= Toql [—oﬂm - —12q1 — ( Teallal _ Z—L)l
201‘/21131 Ll Vdcl 2Cylvvdcl Cl
. 1 SuSqliql . Z_L . 3usq2iq2 . Z_L
\ 2ROCI 201‘/('101 Cl 202‘/dc2 C2
and
3usq1
Br _ 204 0
3usq
0 201131‘;@1

The determinant of matrix B, is obtained as |B;| = 9uZ,; /(4C1 L{Vge1), which
is nonzero within the operation range of the rectifier, thus system (12) is

linearizable.

19
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Assume all the nonlinearities are unknown, define the perturbations W, (-)

and Wo(+) as

U, (+) Jr1 Uq1
= + (B; — Byo) (13)

\Ier(') fr2 uql

r1 ‘Ifrl(') Ud1 Qik
— —|— BrO — (14)

Er2 Wo() Uq1 Vi
Define 2|, = @), a second-order sliding-mode perturbation observer (SMPO)
is used to estimate W, (-) as
211 = \i’rl(') + CYth + k;lsat(Ql) + briotar

(15)

A

V() = 042@1 + kbsat(@l)

: / / / / L
where observer gains ki, k.5, o, and o, are all positive constants.

20



272 Define z1; = Vye1 and 219 = 211, a third-order SMSPO is used to estimate
s Wio(+) as

211 = F12 + 001 Viaer + kasat(Vaer)

212 = ‘i’r2(’) + o Viger + kr2sat(‘7dcl> + braolq1 (16)

A

\Ier(') - O‘rSf/dcl + kr3sat(‘~/dcl)

\

o where observer gains kyq, ko, ki3, a1, aue, and au3 are all positive constants.
275 The above observers (15) and (16) only need the measurement of reactive
o power Q1 and DC voltage Vg at the rectifier side, which can be directly

277 obtained in practice.

278 The estimated sliding surface of system (12) is defined as
S’rl 211 - QT
= (17)
Sia p1(Z11 = Vier) + p2(Z12 — Vi)

27s - where p; and po are the positive sliding surface gains. The attractiveness of
20 the estimated sliding surface (17) ensures reactive power ()7 and DC voltage

1 Vyer can track to their reference.

21
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The POSMC of system (12) is designed as

Ud1 ) —‘i’rl(') + QT - C;Srl — @;Sat(grl)
=B, (18)

Uq1 _\i'r2(') + Vd*cl - Crgr2 - gorsat(grg)
where positive control gains ¢, (], ¢;, and ¢! are chosen to ensure the at-
tractiveness of estimated sliding surface (17).

During the most severe disturbance, both the reactive power and DC
voltage reduce from their initial value to around zero within a short period
of time A. Thus the boundary values of the system state and perturbation
estimates can be obtained as |2),| < |Q%], U (1) < |QI/A, 21| < Vi,

|210] < [Viial/A, and [Wo(-)| < Vi |/A2, respectively.

3.3. Inverter controller design

Choose the system output y; = [yi1, yi2]T = [Q2, P, let Q3 and Py be
the given references of the reactive and active power, respectively. Define
the tracking error e; = [ey, ep]T = [Q2 — Q%, P, — P5]T, differentiate e; for

inverter (2) until the control input appears explicitly, yields

€i1 fil - Q; Ud2
€2 fio — Py Ug2

22
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where

3 Ry . .
fu= 2q2 <—L—22d2 +w2q2)
2
St R .
fie = qu <—L—22q2 - Md2>
2
and
Susq
B — 2L22 0
3usq2
0 2L

The determinant of matrix B; is obtained as |Bi| = 9u2,/(4L3), which is

nonzero within the operation range of the inverter, thus system (19) is lin-

earizable.

Assume all the nonlinearities are unknown, define the perturbations Wy, (-)

and Uiy(+) as

23
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Then system (19) can be rewritten as

éi1 Uy () Uqg2 Q;

€io ‘1112(') Uq2 P 2*

Similarly, define 25, = Q9 and 291 = P», two second-order SMPOs are used

to estimate Wy () and Wiy(-), respectively, as

%1 = \ijil(') + aﬁQQ + kﬁsat(@Q) + bitoug2

. (22)
qjﬂ(') = Oé{QQQ —+ kiIQS&t(QQ)

where observer gains kf;, ki, af;, and o}, are all positive constants.
§21 = ‘i’iQ(') + 0411162 + kilsat(ﬁZ) + biooUq2 (23)

A

\I/ig(') = Ozigpg + kigsat(ﬁ)z)

where observer gains kji, kio, i1, and «yo are all positive constants .
The above observers (22) and (23) only need the measurement of reactive
power ()2 and active power P, at the inverter side, which can be directly

obtained in practice.
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The estimated sliding surface of system (19) is defined as

Q of
Sit 2y — Q3

Sio 221 — Pg*

Similarly, the attractiveness of the estimated sliding surface (24) ensures the
reactive power ()2 and active power P, can track to their reference.

The POSMC of system (19) is designed as

Uda . —‘ifn(-) + Q5 — ({Sil — go{sat(gﬂ)
o (25)

Ug2 —Wis(+) + Pg* — Cigm — SOiSELt(ga)

where positive control gains ¢, ¢;, ¢, and ¢} are chosen to ensure the attrac-
tiveness of estimated sliding surface (24).

Similarly, the boundary values of the system state and perturbation es-
timates can be obtained as |2}, < |Q3], [T ()] < |Q5/A, |221] < |P}], and
1Wia()| < |P]/A, respectively.

Note that control outputs (18) and (25) are modulated by the sinusoidal
pulse width modulation (SPWM) technique (Nikolas, Vassilios, and Georgios,
2009) in this paper. The overall controller structure of the VSC-HVDC

system is illustrated by Fig. 2, in which only reactive power )7 and DC
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Figure 2: The overall controller structure of the VSC-HVDC system.

voltage Vge1 need to be measured for rectifier controller (18), while active

power P, and reactive power Qo for inverter controller (25).

4. Simulation Results

POSMC is applied on the VSC-HVDC system illustrated in Fig. 1. The
AC grid frequency is 50 Hz and VSC-HVDC system parameters are given in
Table 1. POSMC parameters are provided in Table 2, in which the observer
poles are allocated as A\,, = 100 and Ay = Ay, = Aag = 20, while control

inputs are bounded as |uq;| < 80 kV and |ug;| < 60 kV, where i = 1,2. The
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Table 1: The VSC-HVDC system parameters

AC system based voltage VAChaeo 132 kV
DC cable base voltage Vbeyaee 150 kV
System base power Shase 100 MVA

AC system resistance (25 km) Ri1, R2 0.05 Q/km

AC system inductance (25 km) L1, Lo 0.026 mH /km

DC cable resistance (50 km) Ro 0.21 Q/km

DC bus capacitance C1,Co 11.94 uF

sz switching frequency is 1620 Hz for both rectifier and inverter, which is taken
s from (Moharana and Dash, 2010). The control performance of POSMC is
1 compared to that of VC (Li, Haskew and Xu, 2010) and FLSMC (Moharana

and Dash, 2010) by the following four cases.

Table 2: POSMC parameters for the VSC-HVDC system

Rectifier controller gains

brio = 100 | br20 = 7000 p1 = 800 p2=1
=20 =10 wr =20 wL =20
Rectifier observer gains
a1 =300 | ol =40 arg =3 x 10* oy =400
arg = 106 A =0.01 e=0.1 k1 = 100

kl, =175 ko =105 | kl, =3.75x 10* | kr3 = 2.5 x 107

Inverter controller gains

bito =50 | bizo = 50 G =10 ¢ =10
p; =10 @l =10
Inverter observer gains
ajp = 40 ol =40 ajo = 400 aly =400
kin=75 | ki, =75 | kio=3.75x10% | kl, =3.75 x 10*
335
336 1) Case 1: Active and reactive power tracking: The references of active

ss7 - and reactive power are set to be a series of step change occurs at t = 0.2 s,
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Figure 3: System responses obtained under the active and reactive power tracking.

t = 0.4 s, and restores to the original value at ¢ = 0.6 s, while DC voltage
is regulated at the rated value V3, = 150 kV. The system responses are
illustrated by Fig. 3. One can find that POSMC has the fastest tracking
rate and maintains a consistent control performance under different operation
conditions.

2) Case 2: 5-cycle line-line-line-ground (LLLG) fault at AC bus 1. A
5-cycle LLLG fault occurs at AC bus 1 when ¢t = 0.1 s. Due to the fault, AC
voltage at the corresponding bus is decreased to a critical level. Fig. 4 shows
that POSMC can effectively restore the system with smallest active power

oscillations. Response of perturbation estimation is demonstrated in Fig. 5,
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Figure 4: System responses obtained under the 5-cycle LLLG fault at AC bus 1.

s which shows SMSPO and SMPO can estimate the perturbations with a fast
s tracking rate.

350 3) Case 3: Weak AC grid connection: The AC grids are assumed to be
;s sufficiently strong such that AC bus voltages are ideal constants. It is worth

x10*

100 25
, [—w
. 50 ) 2 Pl _e®
3 i S 15 r2est
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Figure 5: Estimation errors of the perturbations obtained under the 5-cycle LLLG fault
at AC bus 1.
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Figure 6: System responses obtained with the weak AC grid connection.

considering a weak AC grid connected to the rectifier, e.g., offshore wind
farms, which voltage ug; is no longer a constant but a time-varying function.
A voltage fluctuation occurs from 0.15 s to 1.05 s caused by the wind speed
variation is applied, which corresponds to ug = 1+ 0.15sin(0.27¢). System
responses are presented in Fig. 6, it illustrates that both DC voltage and
reactive power are oscillatory, while POSMC can effectively suppress such
oscillation with the smallest fluctuation of DC voltage and reactive power.
4) Case 4: System parameter uncertainties: When there is a fault in the
transmission or distribution grid, the resistance and inductance values of the

grid may change significantly. Several tests are performed for plant-model

30



=
9

102 —e—FLSMC|
S 101F
=X
= 1F -
o
= 0991 1
E 098 1
097 >
096 . . . . . . .
08 0.85 09 1 105 11 115 12

0.95
% R, plant-model mismatch

>

—~ 1051 1

El

E

= -

§ 0.951- 4
—4—POSMC
—o—FLSMC

0.95 1 105 11 115 12
% L, plant-model mismatch

09
08 0.85 09

Figure 7: The peak active power |P| (in p.u.) to a -120 A in the DC cable current ir,
obtained at nominal grid voltage for plant-model mismatches in the range of 20% (one
parameter changes and others keep constant).

3 3
S 11 =
= FLSMC =

a1 = 1
E
B o £

08 0.998.

12 12

12 12
1 1
X 0.9 09 .09 0.9 !
%L, plant-model mismatch 08 08 % R, plant-model mismatch %L , plant-model mismatch 08 08 %R, plant-model mismatch

Figure 8: The peak active power |P| (in p.u.) to a -120 A in the DC cable current ir,
obtained at nominal grid voltage for plant-model mismatches in the range of 20% (different
parameters may change at the same time).
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mismatches of Ry and Lo with £20% uncertainties. All tests are undertaken
under the nominal grid voltage and a corresponding -120 A in the DC cable
current 71, at 0.1 s. The peak active power |P,| is recorded which uses per
unit (p.u.) value for a clear illustration of system robustness. It can be
found from Fig. 7 that the peak active power |P;| controlled by POSMC is
almost not affected, while FLSMC has a relatively large range of variation,
i.e., around 3% to Ry and 8% to Ls, respectively. Responses to mismatch
of Ry and Ly changing at the same time are demonstrated in Fig. 8. The
magnitude of changes is around 10% under FLSMC and almost does not
change under POSMC. This is because POSMC estimates all uncertainties
and does not need an accurate system model, thus it has better robustness
than that of FLSMC which requires accurate system parameters.

The integral of absolute error (IAE) indices of each approach calculated
in different cases are tabulated in Table 3. Here IAEj,, = fOT Q1 — Q7ldt,
AEy,, = [ [Vao — Vi ldt, TAEg, = [ |Qs — Q3|dt and TAEp, = [ |P, —
Py|dt. The simulation time 7=3 s. Note that POSMC has a little bit higher
IAE than that of FLSMC in the power tracking due to the estimation error,
while it can provide much better robustness in the case of 5-cycle LLLG fault

and weak AC grid connection. In particular, its IAEg, and IAEy,  are only
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Table 3: TAE indices (in p.u.) of different control schemes calculated in different cases

Mothod Case Power tracking
IAEq, | IABy,, | IAEq, | IAEp,
VvC 3.83E-02 | 4.44E-03 | 2.13E-02 | 2.71E-02
FLSMC 2.19E-02 1.73E-03 | 2.23E-02 | 2.18E-02
POSMC 2.33E-02 | 2.00E-03 | 2.42E-02 | 2.33E-02

. Weak AC grid
Case | 5.cycle LLLG fault cak AL en
Method connection

IAEq, | IAEy IAEq, | IAEv,,

dcl

VC 2.62E-02 | 2.15E-03 | 4.53E-03 | 4.13E-03
FLSMC 1.13E-02 | 4.13E-03 | 4.08E-03 | 3.33E-03
POSMC 5.64E-03 | 1.38E-03 | 3.88E-04 | 6.78E-04

8.57% and 9.51% of those of VC, 16.42% and 20.36% of those of FLSMC with
the weak AC grid connection. The overall control costs are illustrated in Fig.
9, with TAE, = [\ (Juar| + [uq| + [uaz| + [uqe|)dt. Tt is obvious that POSMC
has the lowest control costs in all cases, which is resulted from the merits
that the upper bound of perturbation is replaced by the smaller bound of its

estimation error, thus an over-conservative control input can be avoided.

5. Hardware-in-the-loop Test Results

A dSPACE simulator based HIL test is used to validate the implementa-
tion feasibility of POSMC, which configuration and experiment platform are

given by Fig. 10 and Fig. 11, respectively. The rectifier controller (18) and
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Figure 9: Overall control costs IAE, (in p.u.) obtained in different cases

inverter controller (25) are implemented on one dSPACE platform (DS1104
board) with a sampling frequency f. = 1 kHz, and the VSC-HVDC system
is simulated on another dSPACE platform (DS1006 board) with the limit
sampling frequency f; = 50 kHz to make HIL simulator as close to the real
plant as possible. The measurements of the reactive power )1, DC voltage
Vie1, active power P, and reactive power () are obtained from the real-time
simulation of the VSC-HVDC system on the DS1006 board, which are sent
to two controllers implemented on the DS1104 board for the control inputs
calculation.

It follows from (Yang, Jiang, Yao and Wu, 2015) that an unexpected high-
frequency oscillation in control inputs may emerge as the large observer poles
would result in high gains, which lead to highly sensitive observer dynamics to

the measurement disturbances in the HIL test . Note that this phenomenon
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Figure 11: The experiment platform of the HIL test.
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Figure 12: HIL test results of system responses obtained under the active and reactive
power tracking.

does not exist in the simulation. One effective way to alleviate such malignant
effect is to reduce the observer poles. Through trial-and-error, an observer
pole in the range of A,, € [15,25] and A\y; = Ao, = Aoy € [3, 10] can avoid such
oscillation but with almost similar transient responses, thus the reduced poles

)\a = 20 and )\a; = )\ai = )\a; = 5, with brlO = 50, brgo = 5000, bilO = 20, and

bioo = 20, are chosen in the HIL test. Furthermore, a time delay 7 = 3 ms

has been assumed in the corresponding simulation to consider the effect of

the computational delay of the real-time controller.
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Figure 13: HIL test results of system responses obtained under the 5-cycle LLLG fault at
AC bus 1.

1) Case 1: Active and reactive power tracking: The reference of active
and reactive power changes at t = 0.4 s, t = 0.9 s, and restores to the original
value at t = 1.4 s, while DC voltage is regulated at the rated value V;,; = 150
kV. The system responses obtained under the HIL test and simulation are
compared by Fig. 12, which shows that the HIL test has almost the same
results as that of the simulation.

2) Case 2: 5-cycle line-line-line-ground (LLLG) fault at AC bus 1. A

5-cycle LLLG fault occurs at AC bus 1 when ¢t = 0.1 s. Fig. 13 demonstrates
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Figure 14: HIL test results of system responses obtained with the weak AC grid connection.

that the system can be rapidly restored and the system responses obtained
by the HIL test is similar to that of simulation.

3) Case 3: Weak AC grid connection: The same voltage variation ug =
1+ 0.15sin(0.27t) is applied between 0.87 s to 2.45 s. It can be readily seen
from Fig. 14 that the results of the HIL test and simulation match very well.

The difference of the obtained results between the HIL test and simulation

is possibly due to the following two reasons:

e There exist measurement disturbances in the HIL test which are how-
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ever not taken into account in the simulation, a filter could be used
to remove the measurement disturbances thus the control performance

can be improved.

e The sampling frequency of VSC-HVDC model and POSMC is the same
in simulation (fs=f.=1 kHz) as they are implemented in Matlab of the
same computer. In contrast, the sampling frequency of VSC-HVDC
model (f;=50 kHz) is significantly increased in the HIL test to make
VSC-HVDC model as close to the real plant as possible. Note the
sampling frequency of POSMC remains the same (f.=1 kHz) due to

the sampling limit of the practical controller.

6. Conclusion

A POSMC scheme has been developed for the VSC-HVDC system to
rapidly compensate the combinatorial effect of nonlinearities, parameter un-
certainties, unmodelled dynamics and time-varying external disturbances.
As the upper bound of perturbation is replaced by the smaller bound of its
estimation error, an over-conservative control input is avoided such that the
tracking accuracy can be improved.

Four case studies have been undertaken to evaluate the control perfor-
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mance of the proposed approach, which verify that POSMC can maintain a
consistent control performance with less power overshoot during the power
reversal, restore the system rapidly after the AC fault, suppress the oscilla-
tion effectively when connected to a weak AC grid, and provide significant
robustness in the presence of system parameter uncertainties. At last, an

HIL test has been carried out which validates the implementation feasibility

of POSMC.
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