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Abstract

The purpose of this paper is to study the mathematical model and its control strategy of HVDC Light transmission system in order to
enhance system stability. In this paper, the steady state mathematical model for the HVDC Light system is developed and the decoupled
relationship between the controlling variables is proposed. An appropriate controller utilizing nonlinear control for HVDC Light system
is proposed to maintain the dc link voltage and control the active and reactive power. The control is not complex. Basic functions of
HVDC Light system can be realized. What is further, better performances are obtained when compared with a traditional control.
The digital simulation results show that the proposed nonlinear control is effective to damp system oscillations and enhance system

stability.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The past five decades witnessed significant development
in high voltage direct current (HVDC) electrical power
transmission system, which is continuously innovated by
utilizing state-of-the-art power electronic devices. Most of
these transmission systems are based on current source
converters (CSC) utilizing thyristor technology. The short-
coming of this transmission technology is that the valve,
thyristor, cannot be turned off with gate signal directly.
That limits the range of its application.

In the recent year, rapid advancement is achieved in the
field of power electronic devices which can not only switch
on but also switch off immediately, such as insulated gate
bipolar transistor (IGBT). That opens the opportunities
for the power industry via the utilization of HVDC light
[1-5], which is based on voltage sourced converters (VSC)
with IGBT technology. Owing to IGBT valves, this new
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innovative technology exhibits substantial technical and
economical advantages over conventional CSC-based
HVDC transmission system. The benefits include: (i) active
and reactive power exchange can be controlled flexibly and
independently; (ii) no commutation failure problem; (iii)
No communication required between two stations, and
etc. [4].

To ensure the stable operation of HVDC Light trans-
mission system, many research works about its control
strategy have been carried out. Sinusoidal phase width
modulation (SPWM) technology is now widely employed.
SPWM modulator is constructed by comparing a low fre-
quency sinusoidal with a unity amplitude triangular car-
rier. The sine wave signal holds two degrees of freedom,
i.e., phase and amplitude. On the basis of it, phase and
amplitude control (PAC) technology is developed [6,7].
The problem for this technology is that it is not easy to
realize the decoupled control of real and reactive power.
To solve this problem, a decoupled PI control of real and
reactive power for HVDC Light system has been proposed
in [9].
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In this paper, a nonlinear feedback linearization control
[8,10] is introduced into the HVDC Light transmission sys-
tem. A steady-state model of HVDC Light system is firstly
developed, and then it is transformed into d-axis and g-axis
in rotating synchronous frame. According to this model,
the corresponding relationship between the two control
inputs and the two controlled variables of each station is
determined. System stability is improved with the proposed
control method. The validity of the steady-state model and
the proposed control strategy is verified in EMTDC/
PSCAD simulation environment.

The rest of the paper is organized as follows. In Section
2, the modeling of HVDC Light system is presented. In
Section 3, the nonlinear PWM control is developed and
discussed. Simulation results are presented and illustrated
in Section 4. At last, Conclusions are drawn in Section 5.

2. Modeling of HVDC light system

There are two converter stations in the system. Each sta-
tion shown in Fig. 1 is coupled with AC network via equiv-
alent converter impedances R;+jX; and R,+jX,. DC
capacitors C; and C, (C; = C, = C) are used across DC
side. It is assumed that AC networks at the terminal are
very strong. Hence, they are modeled as the AC sources
in the paper. It is possible because most of HVDC Light
systems’ capacities are relatively small when compared with
that of power system [11]. What is more, three-phase line-
to-line voltages are assumed to be well balanced.

Each VSC has 2 degrees of freedom. The reactive mod-
ulation of each VSC will use up one degrees. The other
degree is used to control the real power or dc voltage.
The real power modulation is applied in Inverter Station,
while the dc voltage modulation is proposed in Rectifier
Station to maintain power balance, as described in (7). In
this paper, Station 1 is chosen as Rectifier station while Sta-
tion 2 is designated as Inverter station.

The following equations indicate the relationships
among different variables of the system [8].

Rectifier station:

didl R
—— = — 7 la + 0ig + Ua 1
dr L ‘ (1)
di R
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Inverter station:

dig R ;

d—c; = — 7l Olgy + U (4)

dip .

d_(; = ~Olp — Tig +up (5)

dUdCZ _ 3uquiqZ + l_L (6)
dr 2Cv4en C

where up = "vqlz“"ql, Ugp = Usdd —Upd2

Interconnected relationship between Rectifier station
and Inverter Station is:

(7)
In the synchronous frame, u;i, Uz, g and ug,, are the d,
g axes components of the respective source voltages, i i,
i, and iy, are that of the line currents, ., Uppltyg1
and u,,, are that of the converter input voltages. P;, P,
Q) and Q, are real and reactive power transferred from
the network to the station. vy, and v4e are the DC bus
voltages. iy is the load current.

At the side of Station 1, the g-axis is set to be in phase
with the source voltage Uy, Correspondingly, the g-axis
is set to be in phase of the source voltage Uy, at the side
of Station 2. Therefore, u,,; and u, are equal to 0 while
usg1 and uy, are equal to the magnitude of uy and ug,
which will simplify the following discussion.

Then the power flows from the sources can be given

. . 2
Udelip = Ude2ir + 2Roi;

3

P = z(uw1iq1 + tsariar) = Eusqliql ®
3 . . i

0, = ) (Usqlldl - usdllql) = zusqlldl ®)
3 . . i

P, = 3 (Uspign + Usarian) = E”sqﬂqz (10)
3 . . i

0, = ) (Usgalar — Usanlyp) = Euuﬂlﬁ (11)

The model of the HVDC Light system is based on (1)—(6)
and a number of assumptions, from which the following
discussions can proceed. To have the discussions validated,
it will be necessary to build models of the converters for
testing. Short of building real-life models, simulation stud-
ies are made through the PSCAD/EMTDC software pack-
age in the paper.

3. Nonlinear control design of HVDC light system
3.1. Rectifier control design

Without loss of generality, Station 1 is chosen as the rec-
tifier and Station 2 the inverter. In Station 1, there are two
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Network2

Ugponennes _
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Fig. 1. Physical model of HVDC Light system.
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controlled variables: the reactive power Q; and DC-bus
voltage vgc;. From (1)—(3), a mathematical model for recti-
fier station 1 can be described as follows:

X, = fr(x) + gur (12)
where

a1 S - %idl + wig
o= lig |, fix)=|fo| = |1 — Tia |,

| Udcl I3 % —%

[1/L 0
¢ = o AR |:ur1:| _ |:usdl_urd1:|'

0 0 U Usql — Upql

From (12), it is clear that the system is of third order and
has two control inputs.

Since some variables directly influence the system per-
formance, their effects must be quickly behaved in the feed-
back control law. Therefore, the output can be chosen as

Vi =i (13)
Y2 = b (14)

To obtain an input-output linearization, differentiating
(13) and (14) until the direct relationship between the out-
puts and inputs of the model can be readily obtained.

s

where

Jn /L 0
Br = 3u 3ugg1 i Ar = 3uy
2@321](’2 2cqb1 ﬂf’ 0 2@5,101

Then the system’s feedback form can be obtained:

v, u,

[ I]B,+A,[ 1} (16)
U2 U

where U = j/l, Uy = j}Q
To achieve asymptotic tracking and robust control to

parameter perturbation [8], the control inputs can be
expressed by the followings.

|:Ur1:| | Vvt
Ura Voref

As a result, the error dynamics can be obtained as

—kueq — ki ferldf

17
—ka1é,n — ke — ko [endt (17)

é1 + ke + ke =0
e + ka1é,n + knén + kazen =0

where e,; = ig; — igiref €2 = Udel — Udelref

From (9) idlref can be gOt as igiref = 2Q releref and Udclref
are the reference values for QO and Udc1

By placing the desired pole locations in the left half
plane, the controller gains can be chosen through the pole
placement technique.

Finally, the feedback law can be determined.

Vdcl
+
del"—’f— ?& idlref
r2
ldlref ke, =k |e.dr
vdclref —kyé,, —kye,, —ky; |e,,dt
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PWM

Fig. 2. Block diagram of nonlinear design for Rectifier station.

)= (] -#) ®
U U2
Its diagram is given in Fig. 2.

3.2. Inverter control design

Correspondingly, Station 2 is dedicated to the control of
the reactive power Q, and active power P,. For the Inverter
station, it is usually considered that its dc voltage is con-
stant. So its state equations are of second order and two
inputs.

X; = filx) + giu; (19)
where

id2 ﬁ _Eid2+a)i 2
xi:|:. ]7 fi(x):[ 1}:[ . R.q )

lg2 S —Wlpy — Tl

1/L 0 u;1 Usqy — Upa2
g = ’ U = =

0 1/L Up Usqr — Upg2
where up, Usgd, Urar, Urg, igp and iy are electrical parame-
ters at the side of Station 2.

Then, the output can be selected as
w) = id2 (20)
Wy = iqz (21)
The following deductions are similar to that in Station 1.
The control inputs can be expressed by the followings.
—k3ej — k3 fendf

Ui Wiref
= (22)
[UIJ [WZref —kyen — ks fefzdf



568 S.-Y. Ruan et al. | Electrical Power and Energy Systems 29 (2007) 565-570

ld2
+

Lyareg ——S —— Laoref

ks, ezldt
J.el.zdt

ld2ref ke, —

qur(:f —ky e, =k,

PWM

Fig. 3. Block diagram of nonlinear design for Inverter station.

where
Q 2ref 2P 2ref

Laorefs €2 = L2 — Lgdrefs Ladref = dref =
! ! 3”.3(12 e 3usq2

In the end, the feedback law can be obtained

] =] -5) (3)

where

we[al =l )

In the above sections, Qy.r and P,.or are the reference val-
ues for 0, and P,.

Hence, the proposed control diagram for Inverter sta-
tion is shown in Fig. 3.

e =g —

4. Simulation results

To validate the established steady-state model and the
proposed control strategy, simulation studies of the system
shown in Fig. 1 have been done with digital simulation
software package PSCAD/EMTDC. The simulation condi-
tions are as follows:

Input voltage: Uy = Uy, = 10kV
AC line resister: R = R, =0.05Q
AC line reactor: L; = L, =2.3 mH
DC capacitor: C; = C, =500 pF

DC line resister: Ry =0.1 Q

The rated dc voltage is 16 kV. The rated capacity of each
station is 3 MVA. A 1600 Hz of moderate switching fre-
quency is adopted in the simulations.
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Fig. 4. System responses when Q1 is reversed.

To test the effectiveness of the nonlinear control, the sys-
tem responses during the power reversion of the reactive Q;
and the real power P, are demonstrated through the digital
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simulation, from which it can be verified whether the
proposed control can deal with the large regulation of
power flow. This method is usually adopted to test the
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Fig. 5. System responses when P2 is reversed.

control system of HVDC light [6,11]. The simulation
results are shown in Figs. 4 and 5. The case to change
the value of Q, is not given because it is similar to that
of Q. It is noted that all those variables are expressed in
per unit values. In order to show the advantages of the
nonlinear control, the results under the conventional PI
control are also given. Then comparisons are made
between these two controls:

Control 1. Conventional PI control in rotating synchro-
nous frame, which is in black curve.

Control 2. Nonlinear control in rotating synchronous
frame, which is in red curve.

The system response with the reversion of reactive
power is given in Fig. 4. The reference value for Q; changes
from +0.4 to —0.4 at 4 s, then changes back at 7s. The
HVDC Light system under two different controls can both
reach new operating points when Q; changes. However,
control 2 proposed in this paper is faster to damp the oscil-
lations than control 1. Take the behaviour of DC voltage
for example. The moment Q; changes from +0.4 to -0.4,
there is DC voltage fluctuation ranging from 0.95 p.u to
1.075 p.u with control 2, which only takes 0.3 s to be stable.
By contraries, there is DC voltage fluctuation ranging from
0.91 p.u to 1.12 p.u with control 1, which takes 1s to be
stable. As regards to P, and Q», the change of Q; does
not affect them too much.

Fig. 5 demonstrates the system performances while
the real power changes. P, changes from 0.4 p.u to
—0.4p.u at 4, and turns back at 7s. Compared with
reactive power, the impact of real power to the system
is much more serious. It is because variation of real
power affects the dc voltage. And dc voltage is related
to the converter input voltage [7], which is also the input
of the nonlinear control. Considering the moment that
reference value of P, changes from 0.4 p.u to -0.4 p.u,
a big drop of DC voltage occurs. The DC voltage does
not recover as quickly as that in Fig. 4. The DC voltage
drops to 0.93 p.u and takes 0.6 s to be stable by control 2
while it drops to 0.88 p.u and takes 1.5 s to be stable by
control 1. The reversion of P, also greatly impacts Q;
and Q5.

From Figs. 4 and 5, it is obvious that nonlinear con-
trol is very successful. First of all, this control can be
applied to realize the basic functions of HVDC Light.
It can control the active and reactive power indepen-
dently and flexibly without changing control mode.
And all of the feedback signals obtained are at the local
side, as shown in (18) and (23), which means communica-
tion between two stations is not necessary during the
normal power flow operation. It means that the cost of
HVDC Light System can be reduced. Secondly, it
improves the system behaviors when compared with con-
ventional control. From Figs. 4 and 5, it is shown that
the nonlinear control is more effective in damping oscil-
lations and the system takes less time to be stable, which
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also enhances HVDC Light System’s stability. Thirdly,
the control laws obtained is not complicated and it is
all based on the local mode. Thus, it can be easily imple-
mented into practice.

5. Conclusions

In this paper, the steady state of mathematical model for
the HVDC Light system is developed and a nonlinear con-
trol is applied to the above system. The control perfor-
mance has been compared with that of conventional
control. Simulation results show that the nonlinear control
is very effective. With the proposed control, power flow of
HVDC Light system can be controlled flexibly and inde-
pendently without changing control mode. System
responses are improved when compared with the conven-
tional control. What is more, the control law is not com-
plex and it is all in the local mode. All of these merits
make the nonlinear control strategy very practical.
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