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Abstract

An adaptive control design is proposed to improve dynamic performances of voltage source converter high voltage direct current (VSC-HVDC)
systems. The adaptive controller design for nonlinear characteristics of VSC-HVDC systems, which is based on backstepping method, considers
parameters uncertainties. For an original high-order system, the final control laws can be derived step by step through suitable Lyapunov functions.
Thus, the design process is not complex. The effectiveness of the proposed adaptive controllers is demonstrated through digital simulation studies on
a VSC-HVDC power system, using the PSCAD/EMTDC software package. The simulation results show that the controllers contribute significantly
toward improving the dynamic behavior of the VSC-HVDC system under a wide range of operating conditions.
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1. Introduction

Voltage source converter high voltage direct current (VSC-
HVDC) based on insulated gate bipolar transistor (IGBT) switch
technology has received much attention in recent years [1-7].
A VSC-HVDC transmission system connects ac networks and
includes converters at each ac side. In VSC-HVDC transmis-
sion schemes, the controls of dc voltage and power flows are of
primary necessity and importance.

Many research works on VSC converter control have been
carried out [7-13]. Traditional proportional integral (PI) con-
trollers were proposed in Ref. [7] to control the phase and
amplitude of the converter ac output voltage in conventional
a—b—c coordinates. In Refs. [8,9], control in the synchronous
frame was proposed. However, the controllers were designed
depending on the exactly canceling of the nonlinearities in the
system, on which linear control is based. If any parameter value
in the formulation is not known exactly, the nonlinearities in
the system cannot be thoroughly cancelled. It will consequently
cause a constant error when the system is shifted to another
operating point.
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Ref. [10] presented a synthesis of nonlinear controllers for
VSC-HVDC systems under balanced network conditions to
highlight fast and slow dynamic associated with the current con-
trol loops and the dc bus voltage control loop respectively. Ref.
[11] presented a control strategy under balanced and unbalanced
network conditions which contains a main controller and an
auxiliary controller. The main controller is implemented in the
positive d—q frame using decoupling control without involving
positive/negative sequence decomposition. The auxiliary con-
troller is implemented in the negative sequence d—¢q frame using
cross coupling control of negative sequence current. Ref. [12]
aims at developing a fast controller that will give good perfor-
mance and robustness at the nominal operation, but also enable
satisfactory transients during faults. To improve the inverter dc
voltage performance, an additional stabilizing feedback loop is
developed at the rectifier side. The stabilizing loop is a lead—lag
second order filter that is designed using the root locus meth-
ods. The VSC control under faults is achieved using a dedicated
current controller at each converter station.

In practice, the parameter of system does not remain con-
stant during operations, such as ac line impedance. Ref. [14]
described a design controller for a VSC-HVDC system which
is robust over a range of operating points. The design method
exploited the structure of the uncertainty representing the range
of operating conditions using linear matrix inequalities (LMIs).
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However, the above design method based on LMIs is complex
and complicated.

In this study, an adaptive backstepping control is applied
in the synchronous frame to improve dynamic behavior per-
formances of VSC-HVDC systems. The adaptive controller
design for nonlinear characteristics of VSC-HVDC systems is
presented based on the backstepping method [15]. Parameters
uncertainties such as the change of ac line impedances will be
considered in the design. For an original high-order system, the
final control laws can be derived step by step through suitable
Lyapunov functions. Thus, the design process is not complex.
The effectiveness of the proposed adaptive controllers is demon-
strated through digital simulation studies on a VSC-HVDC
power system through the use of the PSCAD/EMTDC soft-
ware package. The simulation results show that the controllers
contribute significantly to improve dynamic behavior of the
VSC-HVDC system under a wide range of operating conditions.

The rest of the paper is organized as follows. In Section 2,
the modeling of the VSC-HVDC system is presented. In Sec-
tion 3, adaptive control laws for VSC-HVDC systems based
on backstepping are developed and discussed. Simulation study
is presented in Section 4. At last, conclusions are discussed in
Section 5.

2. Modeling of the VSC-HVDC system

An equivalent system model for the VSC-HVDC system
is given in Fig. 1. There are two converter stations in the
system. Each station shown in Fig. 1 is coupled with ac
network via equivalent impedances Z| = Zyc1 + Z11 = R1 +jX]
and Zr =Zy2 + Z12 =Ry + jXp, where Z,; and Z,p are the
impedances of ac lines, respectively. Zt; and Zr, are the
impedances of transformers. dc capacitor C = C| = C; is used
across dc side of the VSC-HVDC system. It is assumed that ac
networks at the terminal are very strong. It is possible because
most of VSC-HVDC systems’ capacities are small when com-
pared with that of power system.

Each VSC has two degrees of freedom. The reactive modu-
lation of each VSC will use up one degree. The other degree is
used to control the real power or dc voltage. The active power
modulation is applied in inverter station, while the dc voltage
modulation is proposed in rectifier station to maintain power
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The following equations govern the relationships among dif-
ferent variables of the system [10].
Rectifier station:

dvgcl _ 3usq1iql E (1)
dr 2Cvgc C
dig: ' Ri + 2)
— = —wig — —i u
dr dl I ql ql
diar _ R, 4o + 3)
—_— == wi u
ar 7l ql d1
where ug1 = (t5q1 — Yrg1)/L, tq1 = (Usq1 — g1 )/L.
Inverter station:
d Sugpi )
Udc2 _ Usq2lg2 29 4)
dr 2Cvqc C
digy ' Ri + ®)
—= = —wigp — —i u
dr d2 I q2 q2
di R
% = —Zidz + wig + uq (6)

where gy = (sq2 — Yrg2)/L, a2 = (Usa2 — tra2)/L.
Interconnected relationship between rectifier station and
inverter station is:

(N

It is supposed that sources’ voltage signals can be trans-
ferred to HVDC stations using wide area measurement system
(WAMYS) in real time. Therefore, the d—¢g frames are placed on
the source terminals in this study.

In the synchronous frame, usq1, Usa2, tsq1 and uggp are the d-
and g-axes components of the respective source voltages, igy,
ig, iq1 and iy are that of the line currents, g1, Uy, Urg1 and
Uy are that of the converter input voltages. Py, P2, Q1 and Q>
are the active and reactive power transferred from the network
to the station, vqc the dc bus voltage and it is the load current.

At the side of Station 1, we set g-axis to be in phase with
the source voltage Us. Correspondingly, we set g-axis to be in
phase of the source voltage Uj; at the side of Station 2. Therefore,
ugq1 and uggp are equal to O while ug and uyp are equal to the
magnitude of u, which will simplify the following discussion.

Then, the power flows from the sources can be given:

. . 2
Vde1iL = Vac2iL + 2Roif .

balance, as described in Eq. (8). In this paper, Station 1 used as 3 , , 3 .
. .. . P = *(usqllql + Ugq1idl) = S Usqllgls
a rectifier station is chosen to control the reactive power Q1 and 2 2
dc bus voltage v4c. And Station 2 used as an inverter station is _ ' '
set to control the reactive power 0, and active power P5. 01 = E(usqlld 1= Usdligl) = 5 Usqlldl ®)
Strong Strong
AC AC
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Fig. 1. A physical model for the VSC-HVDC system.
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3 . . 30
Py, = 5(“sq21q2 + Usanian) = S Usq2iq2,

3 . . .
O = E(quzldz — Usa2lg2) = 5 Usq2ld2 9

It should be noted that in the transient situations, the equations
are not changed.

The model of the VSC-HVDC system, from which the simu-
lations have been made, is based on Egs. (1)—(6) and a number of
assumptions. To have the assumptions validated, it will be nec-
essary to build IGBT models of the converters for testing. Short
of building real-life models, simulations can be made through
industry standard software such as EMTDC-PSCAD, EMTP-
RV or others. Alternatively, the HVDC modeled in Kirchhoff’s
voltage and current laws, without any assumptions, can solve
with the backstepping method as control. Until such a rigor-
ous test is performed, the adequacy of the backstepping method
remains pending. Thus, simulation studies are made through the
PSCAD/EMTDOC software package in the paper.

3. Adaptive control design for VSC-HVDC systems
based on backstepping method

Adaptive backstepping is a control method for nonlinear
systems with unknown but constant uncertainties [15-17].
The uncertainties in the paper are given by the change of
system parameters such as ac line impedances. In practice, line
impedances are designed according to the short-circuit capacity,
which are bounded. What is more, the change of line impedances
will shift system to another operating point. In that case, system
states are uncertain but constant. Therefore, the uncertainties
caused by change of system parameters must be constant and
bounded, which can be reflected by 041, 641, 042 and 647 in
the formulations. Then, adaptation control laws can be derived
systematically step by step. The control objective is to improve
dynamic behavior performances for VSC-HVDC systems. It is
noted that the paper presented adaptive backstepping control for
VSC-HVDC systems under balanced network conditions. The
system behavior under unbalanced conditions is not considered.

In the design, we define the state variable by x = [vqc1, ig1, ia1,
ig2, in]T. We consider a situation such as single-phase faults [13]
occurrence will bring uncertainties to the system. The controls
for rectifier and inverter are designed separately.

3.1. Control design for the rectifier station

A mathematical model for the rectifier station can be
described:

X1 =axy/x1+T
Jo = —bxy — wx3 + ug1 + 041 (10)
X3 = wxp — bx3 +uq1 + O

where the parameters are defined by

S
Yol L T

Itis clear that the rectifier station is of third order and has two
control inputs.

The uncertainties given by the change of ac line impedance
at the side of inverter station can be reflected by 6,1 and 641 in
the formulation, which are unknown constant values. Besides,
they are also bounded.

Firstly, we introduce zj =X1ref — X1, 22 =81 — X2. The prob-
lem is therefore formulated in terms of z; and z;. Consider 8
is a virtual control law to stabilize z;-system with respect to the
Lyapunov function Vo = 1/ 2Cz%, where 1/ 2Cz% represents the
energy fluctuation in the dc capacitor.

The z;-system and the corresponding V; are

ax)p

Zl =x1ref_7_T (11)
X1
. ) apy aCzrzy
Vo = Cz1(Fqpef — — — 1) + (12)
X1 X1

Then, if z =0, we obtain the equality V,,0 = —k,1Cz;> with
B1 = xt/a(Xiref — T + ku121).

Then, introduce z3 = X3ref — X3.

Consider the time derivative of (z2, z3):

2o = P14 bxa + wx3 —ugl — g1 (13)
23 = X3pef — wX2 + bx3 —ug1 — Oa1 (14)
where

R X1 . X1,.. . .
p1 = ;(Xm:f — T+ knz1) + ;(xlref — T+ kn121)

Choose a positive definite function V,;; = V0 + 1 /2L(z% +
2)+ 1/2ma@y1 — 1) + 1/2m3@Ba1 — 641)°, where 8 and
9d1 are the estimates of 6,1 and 6,2. my and mj3 are adapta-
tion gains for the estimates of 6,1 and 641, respectively (m2 >0,
m3>0). 1/2L(z% + z%) represents the energy fluctuation of the
ac reactor in the rectifier side.

Then, we get the time derivative of V,;;

. 2 aCzy . N
Vil = —kn1Cz1 + L22 Tt + B1 + bxo+ wx3 —ug1 — 641
1

+ Lz3(x3ref — wx2 + bx3 — ug1 — Oar)

b R b
q1+LZQ-+G%1—9u)<‘ﬂ-%La
2

H%—%(m -~
(15)

To eliminate 9q1 — 641 and 941 — 641 terms, the update laws
can be determined through equations:

éql =-—myL2> (16)

041 = —m3Lz3 a7

Now choose two control inputs for the rectifier side as

aCz . A
Ugl = ?1 + B1 + bxz + wx3 — 041 + k222 (18)
1
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Fig. 2. Block diagram of adaptive backstepping design for the rectifier station.

Ul = Xagef — WXy + bxy — @dl + ky323 (19) Consider the time derivative of (z4, z5):

Then, we obtain 24 = Xarer + bxa + wx5 —ug2 — O (22)

~ 2 2 2 25 = X5pef — X4 + bxs — ug2 — O (23)
Vil = —kn1Cz] — kn2Lz5 — kp3Lz3 <0 (20)

Design a positive definite function V,,,0 = 1/(2L)(zft + z%) +
where kn1.> 0, kn? >0 and k3 >.O. Bloc.k di.agram of adgptive 1/2m 4)(9[12 — 942)2 + 1/@2ms)Bq — 6 d2)2, where 942 and 0,
backstepping design for the rectifier station is shown in Fig. 2. are the estimates of 6, and 6z2. m4 and ms are adaptation gains
(m4>0, ms>0) and 1/ 2L(zﬁ + z%) represents the energy fluc-
tuation in the ac reactor of the inverter side.

3.2. Control design for the inverter station
Then, we have

Since the inverter station is not in charge of dc voltage regula-

. . ) ) . Vino = Lz4(karef + bxa + wxs — ug — 6,2)
tion, a mathematical model for inverter station can be given by:

+ Lz5(ksref — wxq + bxs — ugy — O2)

X4 = —bx4 — wx5 +up + Op 1) @ ) édz
X5 = wx4 — bxs + ugy + 622 + (02 — 642) m%‘ + Lza |+ (a2 — Oa2) s + Lzs
The uncertainties given by the change of ac line impedance 24
at the side of inverter station can be reflected by 6,7 and 6, in To eliminate 6 2 — 040 and 842 — B4p terms, the update laws
the formulation, which are unknown constant values. Besides, can be determined through the following equations:
they are also bounded. .
It is clear that the inverter station is of second order and has 042 = —m4Lzy (25)
two control inputs. R
Define z4 = x4ref — X4 and z5 = X5pef — X5. 042 = —msLzs (26)
Xsref  Xaref
Y
” - Uy =Xy +0X, +OX; +K,,2, —t’iﬂ
Xs S " el PVWM
X4 * Za gfityy = X5, —0K, +bX; 4K 52, -6,
[ i
é,, .
» ——+Lz,=0| 8,
n, )
7] BJE
ZF +Lz, =0
where [-"'1 ,\‘5]: quz i:.'zJ s

Fig. 3. Block diagram of adaptive backstepping design for the inverter station.
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Finally, we choose two control inputs for the inverter side as

Ugd = Xarer + bxa + x5 + knaza — Opo 27

Ugp = Fsref — wX4 + bxs + knszs — O (28)

where k4 >0 and k,5 > 0. Block diagram of adaptive backstep-
ping design for the inverter station is shown in Fig. 3.
Thus, we reach our goal of stabilization because

Vino = —knaLz3 — kysLz2 < 0. (29)
3.2.1. Remarks

From Egs. (20) and (29), we know that the system can con-
verge to the desired equilibrium point since the energy fluc-
tuations in the dc capacitor and ac reactors converge to zero.
In spite of parameters uncertainties, good performances can
be achieved by introducing the estimation functions. Accord-
ing to the LaSalle—Yoshizawa theorem, it is established that z1,
22, 23, 24, 25, 9q1, édla @qZ and@dz are bounded and z;(r) — 0,
22(t) — 0, z3(t) > 0, z4(f) = 0 and z5(f) - 0 as t—o00. Since
21 =Xiref — X1, 23 =X3ref — X3, 24 =Xdref — X4, 25 = X5ref — X5 and
(x1, x3, x4, x5) are also bounded and converges to desired equi-
librium point (Xiref, X3ref, Xdref, X5ref). Lhe boundedness of x»
then follows the boundedness of B1. From z;=p8; —x; and
B1 = x1/a(xiref — T + k121), we conclude that the regulation
of x; will imply the regulation of x;. Thus, x; is not guaranteed
to a constant value unless x| is constant. In addition, using Egs.
(18), (19), (27) and (28), it is clear that the control laws u,1, ug1,
g2 and ugp are also bounded.

4. Simulation study

The performance of the proposed adaptive backstepping con-
trol will be carried out through simulation study as well as to be
compared with that of linear control. Linear control is mostly
adopted in the industrial VSC-converter, which is based on the
exact cancellation of the items related with parameters. That
will result in the system states’ errors if the parameter values are
changed, while the adaptive backstepping technique can com-
pensate the errors.

The physical model in the simulation study is given in Fig. 4.
To simulate the system behavior under parameters uncertainty
conditions, a single-phase transient faults at the middle point
of the transmission are applied in Cases A and B separately,
as shown in Fig. 4. The fault points locate at the middle of
the transmission line 2 and 4, respectively, as shown in Fig. 4.
The path of the fault current from line to ground is of 5
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impedance.

Source voltage: U =Ugp =1.0p.u.

ac lines: Zjine1 = Zine2 =0.001 +0.12 p.u.,
Ziine3 = Zlinea =0.001 +0.06 p.u.
Transformers: Zr; =;j0.08 p.u., Zy» =j0.07 p.u.

Xc] =XC1 =1.5 p-u.
Ro=0.05p.u.

dc capacitor:
dc line resistor:

A 2000 Hz of modulation switching frequency is adopted in
the simulations.
Now, we consider the following cases:

Case A. <0.8[s], the system operates in normal conditions.
t=0.8[s], a single-phase transient fault occurs at the middle
point of the transmission line 2.
t=0.9[s], line 2 is de-energized to clear the fault.

Case B. 1<0.8[s], the system operates in normal conditions.
t=0.8[s], a single-phase transient fault occurs at the middle
point of the transmission line 4.
t=0.9[s], line 4 is de-energized to clear the fault.

For the proposed adaptive backstepping control, the design
gains are given as follows:

kn1 =105, kpp =116,
and m3 = 208, 300

kn3 =171, my = 150, 000

kna = ky5 =251, my =260,000 and ms = 186,000

In fact, the above values of design gains affect the final con-
trol design much; these values are selected according to Eqgs.
(16)—(19) and (25)—(28). Moreover, we try to get more effective
simulation results comparing different values. However, it is dif-
ficult to get the optimal values of them. The method proposed
in this paper does not give a way on how to select these values.

Simulation results of system responses are shown in
Figs. 5 and 6, where the dash lines denote reference values. With
linear control, it is shown that system states can follow the ref-
erence values well when the system is under normal conditions.
However, there is poor dynamic behavior when faults occur at
0.8 s. When fault line 2 is de-energized in Case A and line 4 is
de-energized in Case B, the system state values cannot recover
to their reference values. Thus, it is obvious that the control with
linear laws cannot deal with faults well since the controllers are
designed using small signal analysis which is valid only around
operation points.

3 R, Strong
Strong 0
AC 1} .
) o Uer . etwork
Network Zr Line 3 52 I- -I
r_IU\l Line 1 Zr 1 A+
| B T o K] . Hie
I Line 2 & g Line 4 I I
l L ! =
=4 joi 6 Lt F2/0
Station | Ro Station 2

Fig. 4. The physical model in the simulation.
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Vdcresponse in adaptive control
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Fig. 5. System responses in Case A.

With adaptive control, the control performances are much
better than the above linear control during the faults. After lines
2 and 4 are disconnected to clear faults in Cases A and B, respec-
tively, the system state values can quickly return to the reference
value within 0.3 s. Though there are drastic changes to system
operating conditions, system state values can still track reference
values due to the effectiveness of the adaptation laws. From these
simulation results, it can be concluded that the proposed adap-

1.04- Vj responsg in adaptive control
S 1.02] /L
S 1.00 A n AAAN

' VATATATATAY
>8 0.981 WVV\/V\NW \{m‘bsponse in linear control

0.8 0.9 1.0 1.1

0.13; Q, response in linear control

';:' gﬁ ﬁL response in adaptive control
= 0'10
G 0.091 W

0.08 T T : .
0.8 0.9 1.0 1.1

P, response,in adaptive control

E -
g 010 W
1009

P, response in lineaf control

0.08 T T T :
0.8 0.9 1.0 1.1
0.12- Q, response in linear control
L \ Q, responr\e in adaptive control
3
E s
£ 0.10 NI ]
0.09 - ' ; .
0.8 0.9 1.0 1.1
Time [s]

Fig. 6. System responses in Case B.

tive control for VSC-HVDC systems is effective to deal with
parameter uncertainties.

5. Conclusions

In this paper, proposed adaptive control is applied to the
above VSC-HVDC system when parameters uncertainties are
considered. The design process is simple and clear because con-
trol laws can be derived step by step based on backstepping
method. Finally, the control performances have been compared
with those of linear control. Simulation results show clearly
that the proposed adaptive control contributes significantly to
improved dynamic behaviors for VSC-HVDC systems. Thus,
the adaptive control design is effective for VSC-HVDC systems
containing parameters uncertainties.
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