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Two different nonlinear control methodologies based robust Sliding Mode Control
(SMC) for HVDC Light™ transmission system’s possessing parameters uncertainties
are proposed. Appropriate feedback signals are formulated to control the active and
reactive powers towards their specified set point values and to govern the DC link
voltage to its desired value. The first controller maintains the active and reactive powers
to their anticipated rated values using their corresponding reference signals directly. The
other uses an additional auxiliary controller based proportional-integral (Pl) controller
or the two degrees of freedom proportional-integral-derivative (2DOF-PID) controller to
govern the DC voltage and to generate the necessary direct and quadrature currents
reference signals that are inserted to the main controller based SMC in order to control
the corresponding powers. The controllers’ gains are adjusted using Lyapunov method
to guarantee zero tracking error in order to ensure the system’s stability. The feasibility
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enhancement and their robustness are compared under parameters uncertainties and
verified for different DC link lengths using MATLAB®.
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1. Introduction:

A worldwide trend in the development of power systemsis to build interconnections
with the goal to offer technical, economica and environmental benefits.
Interconnections via AC transmission systems suffer from several disadvantages such as
reactive power control, difficulty of controlling power flow and guaranteeing stability.

The recent decades are witnessing significant development in High Voltage Direct
Current (HVDC) electrical power transmission systems, which are continuously
innovated by utilizing state-of-the-art power electronic devices. As a member of these
advanced systems, voltage source converter-based HVDCs (VSC-HVDC’s), which are
known commercially HVDC Light, have the ability to rapidly control the transmitted
active power, and also to independently exchange reactive power with transmission
systems. The first VSC-HVDC system was installed in 1997 in Hell§6n in Sweden,
with a power rating of 3 MW and +10 kV voltage with the goal of studying the viability
of the technology [1,2]. A number of potential advantages of HVDC Light, such asits
capability of feeding power into passive networks with no loca power generation,
supplying a load on an idand, connecting of off-shore wind farms or oil drilling
platforms into the mainland electrical network, enabling fast control of active and
reactive power independently with high bandwidth which allows active power flow to
be quickly reversed, and being used for underground transmission or distribution
systems within congested cities in addition to its desirable feature in enabling short-term
transactions in the electric power markets, are mentioned [3-7]. HVDC Light with a
suitable control scheme can offer an aternative means to enhance transient stability, to
improve power oscillations damping, and to provide voltage support [8]. Moreover,
when compared with the conventional HVDC, it mitigates greatly the harmonicsin AC
currents and AC voltages and improves the AC systems’ power factors [9]. These
advantages are owing to the use of fully controllable power electronics devices such as
IGBT and GTO which employs self-commutation technique and allows the use of VSCs
in HVDC system in a frequency range of 1-2 kHz [1,2] with much lower harmonic
distortion than the conventional HVDC systems although with power losses (4-5%) that
givesit apromising future [10].

Formerly, effective control schemes such as classical control, optimal control and
digital control have been applied for damping power system oscillations and improving
its dynamic performance [11-13]. However, these approaches are mostly based on
approximate linearization models around a specific operating point. Nowadays, to get
rid of the difficulties during abnormal operating conditions particularly in the presence
of parametric uncertainties, disturbances and faults, the use of advanced nonlinear
controls (NLCs) such as adaptive control, self-tuning control, variable structure control,
feedback linearization (FL) technique and artificial intelligence-based control design
methods have been of the most promising application areas of automatic control [14]
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that were applied to improve the power systems transient stability. The adaptive
controller [15] provides real-time identification of system dynamics and then adjusts the
controller parameters based on identified models. Therefore, the overall system’s
performance mainly relies on the identification’s accuracy. The self-tuning controller
[16] implements the system output tracking and handles the ambiguities and the
uncertainties in the system parameters. The variable structure controller [17] provides
robustness and insengitivity to system parameter variations and constrains the system
trgectory to a diding mode. The FL technique [18] based on differential geometric
theorem has also been applied to solve various nonlinear control problems concerning
power system stability.

In this paper, the authors propose nonlinear SMC to reach the unity power factor at
both AC sides of the HVDC by maintaining the active and reactive power flow to their
set points of 200 MW and zero respectively. Furthermore, the DC link voltages of both
sides are adjusted to steady state reference values of 300 kV. For doing so, two
methodologies have been applied. Firstly, the active and reactive powers have been
controlled via SMC by using their reference signals directly. Secondly, a supplementary
Pl controller or an extra 2DOF-PID controller has been employed to govern the DC
voltage and to generate the d-q current reference signals. Then, the outcomes have been
exploited to control the corresponding active and reactive powers via SMC. The validity
of both control strategies has been verified using simulations under parametric
uncertainties to evaluate the dynamic performance. Finally, both control techniques
have been compared.

In this paper, a concise definition for nonlinear SMC control methodology is
introduced in Section 2. In Section 3, the HVDC Light system's steady state
mathematical model is briefly described. Section 4 argues the structure of the designed
nonlinear feedback controller using the two different techniques based SMC
methodology with and without the proposed auxiliary controllers. Next, in Section 5,
simulation results are given for exhibiting the controllers’ performance and verifying
their robustness. Finally, conclusions are drawn in Section 6.

2. Sliding Mode Control:

SMC have been proved sound and successful in control problems. The SMC,
developed in the early 1950s by V. Utkin, has been recognized as one of the efficient
tools to design robust controllers for complex high-order nonlinear dynamic plants
operating under various uncertainty conditions. The major advantage of sliding mode is
its low sengitivity to parameter variations and disturbances which relaxes the necessity
of exact modeling [19].

SMC enables the decoupling of the overal system motion into independent partial
components of lower dimension, which reduces the complexity of feedback design. The
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SMC implies that control actions are discontinuous state functions which may easily be
implemented by conventional power converters with “‘on/off’” as the only admissible
operation mode. However, the implementation of the SMC may be obstructed by an
undesirable phenomenon of oscillations with finite frequency and amplitude, which is
known as ‘chattering’. This harmful phenomenon, chattering, is caused by unmodeled
dynamics or discrete time implementation, and oftenly leads to undesirable results.
However, for some applications, the chattering may be unavoidable due to certain
characteristics of the systems. Usually, having higher switching frequencies of actuators
means better properties of systems. But, in power electronics, high frequency may cause
high losses. Thus, making use of continuous functions such as saturation, sigmoid and
hyperbolic functions leads to overcoming the chattering phenomena and enhancing the
system’s stability [19-22].

The idea behind the SMC is to derive the system state trajectory and to force the
error signa to approach the dliding surface, S(t) = 0, and then dide along it until
reaching the desired final value as depicted in Fig. 1.

2 5O

Reaching surface

\ Reaching mode
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T t"‘:

Desired final value Sliding surface S(t)=0

Sliding mode

Figure (1): Graphical interpretation of SMC

3. HVDC Light System’s Mathematical Model:

The design of HVDC Light system’s controller is mainly based on its mathematical
model. However, this real physical system is easy to be influenced by externa or
internal interference of uncertainties. The basic HVYDC Light transmission system has
usually the scheme sketched in Fig. 2 [23-29]. The steady state analysis of the HVDC
Light system is significantly ssmplified if assuming: (i) The AC sources delivers, at the
converter terminal, a sinusoidal voltage waveform with constant amplitude and
frequency with balanced three phases. (ii) All voltages and currents harmonics produced
by converter are filtered out and are not passed on to the AC system. (iii) The converter
transformer has neither resistance nor magnetizing impedance. (iv) The converter is
lossless with ideal valves. (v) No ripplesin DC voltages and currents.

In Fig. 2, the active powers (P, and P,) and the reactive powers (Q; and Q,)
respectively have been controlled to their desired values to approach the anticipated
unity power factor besides governing the voltage of both DC link sides, Uc; and Uc,, to
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the rated values keeping into account the DC link power losses and voltage drop. The
active power control should be bidirectional.

The continuous-time equivalent HVDC Light system’s model has been depicted in
Fig. 3 [25-29]. The VSC is coupled with AC networks via equivalent impedances
R,,+jX,,and R_, + )X ,. DC shunt capacitors,C andC,, are used across the DC side
of the VSC to boost the DC voltage, mitigate the impulse current and attenuate the DC
sides’ harmonics.

R L By Ly
e

{7, = { =

Station | DO Link Station 2

Figure (2): HVDC Light system’s scheme

According to Fig. 3, the voltage drop in each phase ‘ph’ for both sides has been
expressed by the following:

di
L1ph . _
L, +Ry,; Liph = Viaph ~ Vipn (1)
dt
di
L 2ph . _
L., + Rl L2ph = Voph — Vizpn (2)
dt
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Figure (3): Continuous-time VSC-HVDC model

As displayed in Fig. 4, if a balanced three phase system rotating at a pulsation o,
with 0, = o,t, and arotating frame d;—q, initially oriented on 6,and given a duty cycle
r1, the following set of equations has been given [25]:

TLi = VLlejY1 =V, €08(v,) + ]V, SN(y,) =V 4 + jVqu
v, =V,e" =V, cos(y,) + [V, Sin(y,) = Vi + jV,, (3)
E = ILlej(pl =1, co8(@,) + jl;SiN(@y) =144 + jIqu

Furthermore,
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Vg, =22 and v, —p s (5)
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Where v 14 and v 4 are the d—q voltage components of the AC source calculated
using Park transformation, i 14 and i 14 are the d-q current components flowing in the
AC line, vi4 and vy4 are the d—q voltage components on the AC side of the HVDC Light
system, moreover, the dimensionless d-q components, Vi, and Vg, represent the
relation of both v,4 and viq with Ug.
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Figure (4): d;-q; phasor diagram
Applying the power equality on both sides of the rectifier:

Uyl =3Vl cos(y, - ¢,) (6)
Uclll =0.75 Ucl(vldwi gtV i ) (7)

Igw’ L1q
By analogy, the equations of both inverter sides have been deduced. Then, the
system’s global state space presentation that indicates the relationships among the
systems’ different variables is expressed as [25-29]:
X=[A]x+g(X)u+[R]z
{ (8)
y = h(x,u)x

where, X, u, z and y refer to state variables, control signas, d—-q components of the
AC source calculated using Park transformation and the output power signas (active
and reactive) respectively.

X1 =L 1114+ 11qr Uetr i1 Uoer e Ueas B ogn o 11 (9)
Z, 4 =[ Vi Visgr Vizar Vieg ) (10)
Uy 4 =[ Vigws Vigws Vaaw: Voqu 1 (12)
¥1...=[R. QP Q,T (12)

The[A], g(x), [R] and h(x,u) matrices are printed out as:
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The active and reactive powers supplied to both AC sides of the HVDC system have
been given by [25-29]:

P =15(Vyl g + Vil 14g) (13)
Ql =15 (qui Ld — Vldi qu) (14)
P, =1.5(Vygl o + Vgl o) (15)
Qz :1-5(qui Lad — V2di qu) (16)

The design of robust nonlinear controllers based SMC is mandatory, after developing
the system’s steady state nonlinear mathematical model, for hopefully fulfilling the
paper’s objectives stated previoudly.

4. Nonlinear Control Strategy:

For nonlinear HVDC Light transmission systems, the attempt to design feedback
control to cope with a wide range of model uncertainties leads to either a robust or an
adaptive control problem.

For robust controllers design, feedback control laws based SMC are formulated for
maintaining unity power factors at each HVDC’s AC side (Q; and Q, are to be zeros),
controlling the active power and governing the DC voltage of the HVDC Light system
to their rated values of 200 MW and 300 kV respectively for the first side and (200-Pos)
MW and (300-V 4p) KV for the other taken the power flow direction into account.

Supposing the power delivered to station 2, the references of the outputs and states
corresponding to the powers and DC voltages respectively are:

Yirg = 200 MW, Yo = 0, Yarg = 200-Pioss MW, Yargt = 0, Xgrg = 300 KV, X7res = 3OO'Vdrop
kV. Zero values are given for their derivatives. Where, Poss and Vg, refer to the power
loss and the voltage drop in the DC link respectively.

To design the SMC controller for which the control output y; tracks its reference i
and the tracking errors €; approach zero when the time tends to infinity, two different
controllers based SMC are supposed:

Controller (1): for which the SMC controller of each converter uses the active and
reactive power reference signals directly asillustrated in Fig. 5. The diding surfaces are
represented by the error signalsinserted to the proposed controller based SMC as:
&(Y)=VYie — Y, (17)
Noting that: v, y», Y3 and y, correspond to Py, Q,, P, and Q, respectively.
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To ensure stability while designing the nonlinear controller, an appropriate positive
definite Lyapunov energy function candidate V(y) = 0.5&*(y) has been chosen, itstime

derivative is¥(y) =&(y)&y). In order to verify that ¥(y)is aways negative and to
avoid chattering issues, one of the following set of &y)functions with positive tuning
constants K; and K, can be selected:
—Ksign (e(y)) - K£(y)
&y) =1 —Ksat (e(y)) —Kx(y) (18)
— K, tanh (e(y)) - K£(y)

For ssimplicity, equal positive tuning gains have been proposed in Eq. (18), thus,
K1=K,=K. The stability has been guaranteed for any positive tuning gains. Those gains
dominantly control the speed of convergence. The more positive the tuning gains have
been chosen, the more negative definite ¥{y) will be, and the faster the system behavior
in catching its references’ variation that leads to a shorter time response. Theoretically, a
proper choice of the tuning gains which equals 100 results in two to three cycles of
transient response of an input frequency of 50 or 60 Hz which is acceptable for power
system applications.

An expanded deduction of the feedback control signals design has been given
explicitly in Appendix A. Then, the controller’s robustness in accordance with
parameters’ uncertainties has been verified.
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Figure (5): Overall HVDC Light system schematic diagram with Controller (1)
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Figure (6): Overall HVDC Light system schematic diagram with Controller (2)

Contraller (2): in which the d-q current reference signals are generated using a
supplementary PI controller (Controller 2:(a) and (b)) or an extra feedback 2DOF-PID
controller (Controller 2:(c)) as depicted in Fig. 6. The main controller based SMC
makes use of these signals to control the corresponding active and reactive powers.
Evidently, the DC voltages at both DC link sides have been governed via the auxiliary
controllers.

The PID controller, as shown in (19), has been described by [30]:

u(t) =K (e(t)+ je(r)d T, de(t)) (19)

Where, the measured process variable isy and the reference variable is ref, thus, eisthe
control error given by (e=ref-y). The controller parameters are the proportional gain K,
the integral time T;, and the derivative time T4. Practically, the term including T4 is
vanished for Pl controllers.

For favorable PID controllers: the set point weighting, 2DOF, noise filtering and high
frequency rolling off, and windup can be considered as given in Eq. (20) [30]:

_ dr(t) _ay(t)
u(t)—K(br(t) y(t)+_|_|je(r)d T( e D (20)

The controller will be of type I-PD if (b = 0, c =0) or PI-D if (b = 1, c = 0).
The 2DOF-PID controller scheme with windup is shown explicitly in Fig. 7 [30].

The error signals inserted to the proposed auxiliary controller illustrated in Fig. 6 have
been given by:
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Em(X) =X g = Xm m=1,8 (21)
€,(X) =X, — X, n=29 (22)
Where; X;, Xz, Xg and Xg correspond to the state currents ipig, irig liea, @Nd 1o

respectively, on which the systems’ active and reactive powers’ at the DC terminals of
the HVDC Light systems depend as mentioned in Egs. (13)-(16).

IIE} rl ~ P
Pans
3 _| 5 ‘ (K Td)s D :
V ) {TdiN]s#1 .
y ¥ .
. — ke
KITi . =11
s Fr
T
.

P

Figure (7): 2DOF-PID controller block diagram with windup

Likewise, to ensure stability, Lyapunov energy function candidate with
V(x) = 0.562(x) > 0 has been chosen, then ¥{(x) = e(x)&x). To guarantee that ¥{x) <0,
afunction among the set listed in (18) for &x), with mandatory positive tuning gains K

and K, , has been selected. The higher the positive tuning gains, the faster the speed of
convergence will be. The Asymptotic Output Tracking (AOT) Control can be replaced
the SMC by supposing K, equals zero in Eq. (18).

5. Smulation Hypotheses and Results

To validate the overal steady state model using the proposed control strategies,
simulation studies of the system shown in Fig. 2 have been executed with the operating
conditions and the tuning gains demonstrated in Appendix B.

To evaluate the proposed nonlinear controllers’ effectiveness, the system states and
output powers behaviors have been pointed out using both control methodologies. It can
be verified which methodology has been better adopted to deal with HVDC Light
systems. Comparisons have been made considering the system’s normal operating
conditions to show the advantages of both nonlinear controllers.

Controller 1. The system active and reactive power responses, supposing normal
operating conditions, have been given in Fig. 8. Obvioudy, controller 1 is very
successful considering different positive values for K. The system behaviors have been
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improved regardless the value of K. However, the higher the tuning gain K is, the
smaller the settling time and the better the speed of convergence will be.
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Figure (8): Active and reactive power behaviours on both AC sides
of HVDC Light using Controller 1 with: (a) K=25 (b) K=150 (c) K=5

Controller 2. Using such a controller, the goa of controlling the active and reactive
power and governing the DC voltage of the HVDC Light system to their aforesaid rated
values has been fulfilled. The states and output behaviors of the system are depicted in
Figs. 9 to 11 using an aternative control methodology in which the SMC is employed
with an auxiliary Pl or 2DOF-PID controller that govern the DC voltage and generate
the d-q currents. Active and reactive powers control, as noticed from Egs. (13)-(16), has
been ensured by controlling these currents. Acceptable states and output responses have
been obtained when an extra Pl controller has been used. Raising the integral gain K; up
to 5000 instead of 700 will enhance the system stability as the oscillations damping has
been ameliorated and the settling time has become shorter (= 0.2 sec instead of 0.5 sec).

However, when an additional 2DOF-PID controller is provided instead of the Pl
one, undesirable damping oscillations, non-recommendable overshoots and higher time
response have been existed. Another drawback of controller 2 is that: although the main
objective of maintaining DC-bus voltage at its rated 300 kV and controlling the active
power to approximately 200 MW have been noticeably achieved, the corresponding
steady dtate values for Q; and Q, have been 10 MVar and -10 MV AR respectively. An
acceptable power factor of 0.9987 (which is not exactly unity) has been obtained
because of the dightly small steady state errors in the d-g currents generated by the
auxiliary controller.



Proceedings of the 7" | CEENG Conference, 25-27 May, 2010 | EE176-13 |

0 T T T T T T T T T
——— Controller 2:(a)
1500)— Controller 2:(b) | |
_ /\ Controller 2:(c)
1000},
7
e v
)
500 -
0 | I ! | | | | I ! 1
0 05 1 1.5 2 25 3 35 4 45
Time (sec.)
0 T T T T T T T T T
—— Controller 2:(a)
0| —— Controller 2:(b) [
< 20| Controller 2:(c) ||
<
30| -
=
= a0l -
-50
60 1 L 1 i 1 L 1 L 1
05 1 15 2 25 3 35 4 45
Time (sec.)
10°
T T T T T T T T T
4 —— Controller 2:(a) [
J\ Controller 2:(b)
NI Controller 2:(c)
S ’ T
- 2k ~
5
)
1 —
0 1 L 1 i i i i L 1
0.5 1 1.5 2 25 3 35 4 4.5

Time (sec.)

Figure (9): Currents and DC voltage behaviors of side 1 using Controller 2 with:
(@) PI controller with K;=700, (b) PI controller with Ki=5000 (c) 2DOF-PID controller
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Figure (10): Currents and DC voltage behaviors of side 2 using Controller 2 with:
(a) PI controller with Ki=700, (b) PI controller with Ki=5000 (c) 2DOF-PID controller

Explicitly, the desired controller 1 based SMC is significantly effective and becomes a
relatively successful choice compared to controller 2 especialy with higher positive
tuning gains despite the absence of the auxiliary controller. The undesirable reactive
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powers have become zeros. Significant oscillation damping and better convergence time
are provided. Precisely, the system’s dynamic behavior is enhanced. In addition, no
complexity existed in obtaining the control laws and it can be easily implemented.
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Figure (11): Active and reactive power behaviors using Controller 2 and:
(a) PI controller with Ki=700, (b) PI controller with Ki=5000 (c) 2DOF-PID controller

To ensure the robustness of the controller 1 which gives better performance under
normal operating conditions and in the presence of uncertainties of 5%, 15% and 25%
considered in the DC link resistance. Thistype of uncertainty may be resulted due to the
flow of high currents in the DC link. In the presence of resistance uncertainty and
supposing active power reference variations, the active and reactive power responses are
displayed in Fig. 12. The active power reference has been 200 MW, 240 MW and 160
MW respectively with atime interval of 2 seconds for each. Controller 1 has gone well
towards successfully controlling the reactive powers to zero values and governing the
DC voltageto itsrated value. The active power responses have followed their prescribed
reference values with acceptable small steady state errors. The absolute values of these
steady state errors have been listed in Table 1. Clearly, supposing resistance uncertainty
of 25%, the maximum absolute steady state errors (in percentage) have been 1.47 % and
2.19 % for active power references of 240 MW and 160 MW respectively which seems
to be acceptable. These steady state errors can be avoided easily by making use of an
additional integral action in the controller.

Under the same operating conditions, it is important to evaluate how effective the
controller 1 will be if interconnecting two AC networks located 200 km, 500 km and
1000 km apart. Simulation has been done for these different DC line lengths
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respectively. To perform such cases, the DC link parameters as resistances, inductances
and capacitances have been increased to 2, 5 and 10 times the original respectively (i.e.
changing the DC link resistance is enough as the effect of both the line inductance and
the capacitive reactance is negligible with respect to the resistance because the rate of
change of the currents and voltagesis vanished in DC).
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Figure (12): Active and reactive power behaviors on both AC sides
of HVDC Light using Controller 1 considering resistance uncertainty

Table (1): Resistance uncertainty effect on the active power P,

Uncertainty Casel Case?2 Case 3
R) P,=200 MW P,=240 MW P,=160 MW
les|% les|% lex|%
0 =0 1.12 1.75
5% =0 1.17 1.87
15% =0 1.29 2.06
25 % =0 1.47 2.19

less|: the absolute steady state error

Definitely, Figs. 13 and 14 illustrate the capability of the proposed controller to
control the active and reactive power in both AC sides of the HVDC, and, to govern the
DC voltages on both sides of the DC link supposing various distances separating the AC
stations besides a reference variation of +20% and -20% of the rated power (200 MW)
each 2 seconds. In Fig. 13, although the DC link lengths have been changed, the reactive
power seems to be always zero which results in desired unity power factors on the AC
sides of the HVDC. On the other hand, the active power tracks precisely its rated value
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for the first 2 seconds for all different lengths proposed then acceptable deviations from
the rated power have been resulted in the following 4 seconds. Adequate absol ute steady
state errors of the active power in different periods have been drawn as presented in
Table 2. Admissible DC voltages U, U and U, have been acquired and exhibited for
different DC link lengths. U, aways tracks the 300 kV reference whatever the DC link
length are. However, U, and U, have been altered, due to different voltage drop and
power losses resulted, as illustrated in Fig. 14. The longer the DC links, the greater the
voltage drop and power losses which lead to lower values of U, and Ue,.

Table (2): Effect of DC line length on the active power P,

Line Length Casel Case?2 Case3
L) P,=200 MW P,=240 MW P,=160 MW
les|% les|% lex|%
100 Km =0 3.79 5.81
200 Km =0 6.46 0.81
500 Km =0 10.46 15.75
1000 Km =0 12.96 19.43

les: the absolute steady state error
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Figure (13): Active and reactive power behaviors using Controller 1 with:
(a) L=100, (b) L=200, (c) L=500, (d) L=1000
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Figure (14): DC voltage over the DC link (Ucy, Ug, Up) using Controller 1 with:
(a) L=100, (b) L=200, (c) L=500, (d) L=1000

Distinctly, the proposed nonlinear controllers have been profitably used, not only during
the normal operating conditions or in the presence of parameters uncertainties but aso
for different DC link lengths, to enhance the system behavior. Moreover, its robustness
has been assessed. The results clearly clarify the controllers’ flexibility and feasibility
towards stabilizing the system and improving its performance.

6. Conclusion

For HVDC Light transmission links, where parameters uncertainties are involved in
the plant operation, it isimportant to design control strategies which are robust under all
possible normal and abnormal situations. After developing the system’s mathematical
model, the control action based SMC can be directly expressed as any function of the
error. Using the Lyapunov energy function, the proposed methods guarantee robustness
as well as tracking performance. Simply, two different nonlinear controllers based SMC
are applied. The MATLAB simulation results ensure that the proposed controllers
provide relatively high stability margins, significantly good robustness and notably
better performance. Additionally, the superiority of the controller based on SMC only
over the other (SMC with aPl or 2DOF-PID) is displayed. The responses can be further
improved by optimizing the SMC controller gains.

The future work will comprise the validation of the proposed controllers using
EMTP simulator in the presence of faults and the application of HVDC Light (with
more detailed model) to larger and more complex power systems.
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Appendix

Appendix A

The nonlinear control law using SMC can be deduced by differentiating Egs. (13)-(16)
and then the substitution of the state equations Egs. (8)-(12) into the resulted equations.
By solving simultaneoudly the outcome equations for the control inputs, the following
nonlinear control laws are formul ated:

V1d|:(2§i) - 0L1:| + V1q|:(2§[2) - OL2:|

u, = 1 (A.1)
(—)x (v2 + V2 )}
|: 2|—|_1 3\"1d 1q
2 2
V1q|:(§§) - 0‘1} - V1d|:(;&2) - az}
u, = (A.2)
T ]
2L,
2 2
vl )=, +va Fy-p, |
u, = (A.3)
3 {( L, (v, 3, )}
2L,
2 2
qu |:(§§) - B1i| —Vaq {(?) - Bz:|
u, = (A.4)
|:(1)X7(V§d +V§q )j|
2L,
where,
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Appendix B

The overall system’s operating conditions and tuning gains:
Frequency for both AC networks: f;= 50 Hz, f,= 60 Hz
Equivalent resistance of AC generator and transmission line and, the equivaent
inductance of AC generator and transmission line for both sides:
R=001Q,L;=40mH and R ,=0.01 Q2, L, ,=40 mH

Rated active power for both sides: P ;= P.,= 200 MW

Rated DC-voltage for both sides: U= U=300 kV

DC cable resistances and inductances:

Ru=Ru=195 Q,andLy=Ly=11.5mH

DC shunt capacitors, C;= C,= 20 yF, C.= 16 pF

Controller 1: tuning parameters for both sides are:

Case(a): K=K, =K =25

Case(b): K=K, =K =150

Case (c): K=K, =K =5

Controller 2: tuning parameters for both sides are:

Case (8): Kp=500, K;=700, K;=1500, K, =150

Case (b): K,=500, K;=5000, K; = 1500, K, =150

Case (€): b=0, N =20, K, =50, T4 = 0.05, T;= 0.005
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