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Abstract—Hybrid HVDC links incorporate both Line Commu-
tated Converters (LCC) and Voltage Source Converters (VSC)
systems, thereby gathering the benefits of both technologies. Sup-
plementary Power Oscillation Damping (POD) controllers can be
added to both LCCs and VSCs to help enhance the power system
stability against disturbances, such as short circuits. However
POD controller tuning can be a delicate process, due to the highly
non-linear and complex nature of the involved power system,
which might induce adverse interactions leading to a reduced
damping. This paper proposes the application of the Simulated
Annealing Algorithm (SAA) for tuning the POD controllers
parameters, with the purpose of optimizing the performance of
POD controllers in the power system. The damping performance
is evaluated in case of multiple disturbances in a test power
system. The results show the ability of the proposed technique to
enhance the performance of the POD controllers under various
operating conditions.

Index Terms—Hybrid HVDC, LCC, Power Oscillation Damp-
ing, Simulated Annealing Algorithm, VSC.

I. INTRODUCTION

UTURE DC grids are envisioned to incorporate hybrid

(High Voltage Direct Current) HVDC transmssion as a
potential solution for interconnecting multiple point-to-point
HVDC links for the purpose of forming an overlay grid. DC
grids are expected to provide a future solution for large-scale
integration of renewable energy sources [1]- [2], with the DC
grid spanning multiple transmission systems across national
borders. The maturity of the HVDC technology enables to
provide active and reactive power control independently [3],
besides contributing to the transfer capacity [4], [5]. The use
of hybrid HVDC combining both LCC and VSC technologies
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brings the advantages of both systems such the ability to
connect to weak and strong grids, as well as the reduced cost
of the grid. [6], [7].

Countries like China and India have ambitious electrical
infrastructure projections that are currently facing several
operational challenges to expand their power systems by
building new AC transmission lines. By merging HVDC links,
the possibility of transferring power from remote areas is
expected to be improved [8], [9]. Multiple plans are also
being considered for transmission system expansion in through
HVDC interconnections in Europe, especially in the NORDEL
and the Union for the Coordination of the Transmission of
Electricity (UCTE). Those plans involve connections between
Norway, Sweden, Denmark, the Netherlands and Germany in
order to improve the non-synchronous generation, and release
the bottlenecks congestion [10].

Power Oscillation Damping (POD) controllers are a class of
supplementary controllers used in conjunction with converter
controls for the purpose of enhancing the stability of the
AC power system. POD control contributes to the damping
of local-area and inter-area oscillations, thereby boosting the
transfer capability and improving the system transient stability
under large disturbances [11]. Additionally, POD supplemen-
tary controllers enable Transmission System Operators (TSO)
improve network capacity. However, although the POD control
loop involved can be a simple one, its tuning requires a vast
designer’s expertise and/or simulating several tests and sce-
narios when finding the proper gain values. Additionally, the
system non-linearity presents a challenge to the selection of a
specific nominal operating point. Thus, the differing operating
conditions might require the change of POD controllers tuning
as well.

The residue method has traditionally been used to tune
the POD controller parameters [11]. However, the controller
settings obtained are dependent on the operating point of the
system, and thus, an optimal tuning across multiple operating
conditions is not guaranteed [12].

On the other hand, stochastic and combinatorial optimiza-
tion techniques have been applied to tuning controllers in
power systems applications [13], [14], and are characterized
by flexibility in adapting to the changing operating points of
the system. For instance, Genetic Algorithms (GA) have been
applied for optimizing the Flexible AC Transmission Systems
(FACTs) controllers with the objective of minimizing the
undesired low-frequency oscillations [15]. In [16], Bee coloniy



optimization method has been used for the same purpose
and it is been tested in a large power system. Simulated
Annealing Algorithm (SAA) has proved to be an efficient
optimization algorithm for finding global control parameters
[17]. For instance in [18], SAA has been applied to an
Interline Power Flow Controller (IPFC) POD for damping low
frequency oscillations and it is tested in the two-areas test
power system for validating the results.

This paper proposes the application of SAA for optimizing
the POD controllers’ performance in a power system with a
hybrid HVDC link. The application of SAA is done with the
purpose of adjusting the controller parameters to suit changing
system conditions. Time-domain simulations are used to test
the controllers’ performance in a test power system.

The paper is organized as follows: Section II describes
the system modeling and the POD controller configuration.
Section III presents the proposed POD function for the hybrid
HVDC link and optimization problem. The test system is
described in Section IV. The simulation results and discussions
are presented in Section V, and finally Section VI presents the
conclusion and future works.

II. AC/DC POWER SYSTEM MODELING
A. LCC model

The LCC represented by a response model and shown in
Fig. 1. The state equation for DC current /. is given by:

1
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where L. is the smoothing reactor, V7o is the DC voltage at
the LCC, and V. is the DC voltage at the DC line terminal.
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Fig. 1. LCC model connected to the DC line.

B. VSC model

The VSC is represented by an average model, and shown
in Fig. 2. The VSC’s controlled voltage is given by:

E.=E, (cos(’yc) + jsin(%)) =Fq+jE, )

where E; and E, are the controlled voltage components of
the VSC, V; is the DC voltage at the VSC terminal, Cy, is
the equivalent capacitance across the DC side of the VSC, zp
is the reactance of converter transformer, U is the AC voltage
of the converter bus, and E,. is the controllable voltage of
the VSC. The VSC’s voltage magnitude and phase angle are
defined as:
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Neglecting the power losses in the converter, the active and

reactive power exchanged between the VSC and AC system
are given as:
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Fig. 2. VSC model connected to the DC line.

C. DC Line Model

The DC line model is shown in Fig. 3. The state equation
of DC line current is given as:

1.
v e R,

Lye iy

14

—1> J
¢ Ipd ', iI ¢

Fig. 3. DC line model.

D. LCC and VSC controller models

The LCC firing angle « is used to regulate the DC current,
as shown in Fig. 4. The equation for the LCC firing angle is
given by:

=Ty + kicc(—[dc - Idcref) + upop1 (7)

where k2CC is the proportional gain, Zaipha is the con-
troller’s state variable, and Ijc..; is the DC current set-point
value. The POD controller’s contribution is given by upop1.
The controller’s state equation is given by:

io = kP99 (Lae — Lierey) (8)

On the other hand, based on the selected control modes
at the VSC, the controllable voltage component E; can be
regulated to control either the AC voltage generated by the
VSC, or the reactive power exchanged with the connected
AC system. Similarly, the component E, can be regulated to



Fig. 4. DC current control at the LCC.

control either the DC voltage, or the active power exchanged
with the connected AC system. The controllers for E; and E,
are shown in Fig. 5 and Fig. 6, respectively. The contribution
from auxiliary POD controllers is also shown in the figures.
In case of disturbances, the POD controller contributes to
improve the damping in the connected AC system. In case
of reactive power control, the controller equations in Fig. 5
are given by:

Eq = kJ*(Qeres — Qc) + 2B, +upop

9
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Fig. 6. DC voltage/active power control at the VSC.

In case of DC voltage control, the controller equations in
Fig. 6 are given by:
E, = qu(Vdcref —Viae) +2p, +upop
. E
(EEq = kl q(Vdcref - Vdc)

(10)
Y

On the other hand, in case of active power control through
E,, the controller equations are given by:

Eq = kJ4(Peey — P.) + @p, + upop
ijq = szq (PCTEf - PC)

12)
13)

E. Generator model

The generators are represented by one-axis model together
with Automatic Voltage Regulator (AVR) and Power System

Stabilizer (PSS). The state
given as:

equations of the generators are
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where ¢ = 1,2,...,n4, ; is the generator rotor angle, w; is
the generator speed, M; is the generator constant, P,,; is the
input mechanical power to the generator, U; is the generator
bus voltage, 0; is the generator bus angle, E;Z- is the internal
emf of the generator, F;4; is the exciter voltage, x4 and x;i
are the equivalents of transformer reactance in addition to
generator’s transient and steady state reactances, respectively,
K 4; is the exciter gain of the AVR, and U,..y; is the reference
voltage of the AVR. Sy;, S2;, and Ss; are the PSS states,
Kpgg; is the PSS gain, TY;, T5;, T5;, and Ty, are the lead-lag
constants of the PSS, and T,,; is the washout filter constant
of the PSS.

III. SIMULATED ANNEALING ALGORITHM APPLICATION

Simulated annealing algorithm (SAA) is a stochastic global
optimization algorithm, which is able to jump out from local
minimum to achieve the global minimum [19]. The SAA is
divided into six major components including

1) cost function,

2) initial condition,

3) move generation

4) probability function

5) cooling schedule

6) stopping condition.

Given an cost function, an initial solution (condition) is
generated. Then, in each step, the move generation function
will control the perturbation around the current solution. The
probability function that is affected by the temperature iden-
tifies the acceptance of a new status. Next, the temperature is



cooled down to archive a more contingent acceptance criterion
for the same probability function, therefore, a worse state is
harder to be accepted in the future. Finally, during the SAA
procedures, the cost function value eventually converges, and
the search is terminated if the stopping condition is satisfied.
In this paper, the SAA is used to find the optimal value of the
tunable kpop to minimize the power oscillations.

A. Used SAA Pseudo code

Algorithm 1 Simulated Annealing Algorithm (SAA) Pseudo
code
1: Select an initial state i € S
2: Select an initial temperature 7" > 0;
3: Set temperature change counter ¢ = 0;
4: Repeat
5: Set repetition counter n = 0;
Repeat Generate state j, a neighbour of 7; Calculate
0 = f(j) — fG); If 0 < O then i := j else if
random(0,1) < exp(—8/T) then ¢ := j;
n:=n+1
until n = N(t);
t:=t+1;
T:=T(t);
Until stopping criterion true.
Return T’

° L 3D

B. Cost Function

The formulation of optimization problem is mentioned in
(20). In addition, for defining the lower and upper boundaries
for the k, it is considered that k € [—100, 100]. Furthermore,
the initial condition is assumed as kpop = —20.

Given & = k;

1 Nsample -
Minimize : f(£) = Z (P, — P)? (20)
Nsample =1

ST :—100 <k <100

where, P; is the value for active power of DC line in i-th
step of simulation, P is the average of P; and nggmpie 1s total
number of simulation steps.

IV. TEST CASE SYSTEM

The test system is shown in Fig. 7. It comprises an AC
system in parallel with a DC system. The AC/DC power
system model is described by a set of Differential Algebraic
Equations (DAEs) summarized as:

2n
(22)

&= f(z,y,n)
0=g(x,y,m)
where z is the vector of state equation described in Sections II

and II-D, y is the vector of algebraic variables as formulated
by load flow solution [11], and 7 is the vector of system

parameters, while f and g are the differential and algebraic
functions describing the system, respectively.

As the DC line connecting the LCC and VSC was consid-
ered short, the shunt capacitance of the line was neglected,
hence the line was dynamically represented only by its series
resistance (Rg4.) and inductance (Lg.).

Fig. 7. Test power system with hybrid HVDC link.

V. SIMULATION RESULTS

In this paper, the optimal value of kpgmp is found for
different operation scenarios. Then, by using all the optimal
values for £ pamp, a look-up table is formed. This look-up table
is used to tune the POD function regarding the transferring
power for different operational scenarios.

Simulation results for different operational scenarios with
the optimal kpgmyp value for transferring power of 0.3 p.u., 0.4
p-u., and 0.5 p.u. are depicted in Figs. 8, 9 and 10, respectively.

As it is clearly shown in Fig. 8, the proposed optimal POD

function is capable to damp the oscillations, just a few second
after the starting of oscillation.
However, by comparing Fig 8 and 10, it is obvious that by
decreasing the flow of power through the link, it takes longer
time for the optimal POD function to damp the oscillations.
Nonetheless, the proposed POD can damp the oscillations in
all different operational conditions.

System response for KDamp =68.4896
~0.4912 : : |

0.491

Active Power (p.u
N
B B
O O
[} o
(@)} o0

0.4904 : : ‘
0 20 40 60 80
Time (s)
Fig. 8. Optimal POD for Pirqnsfer = 0.5p.u.

A second scenario is including by activating the supplemen-
tary control in the VSC station. The results for transfering
power of 0.3 p.u., and 0.4 p.u. are depicted in Figs. 11, and
12, respectively.

VI. CONCLUSION

This paper presents the application of SAA to tune the POD
controllers in a hybrid HVDC system. The SAA is a heuristic
optimization method that is capable of dealing with complex
dynamical systems with high nonlinearity. The combined
AC/DC power system was described by a DAE model, with the
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Fig. 9. Optimal POD for Py qnsfer = 0.4p.u.
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Fig. 10. Optimal POD for Piyansfer = 0.3p.u.

differential equations describing the dynamic elements of the
system, such as generators and converters, while the algebraic
equations representing the power flow problem formulation.
The results show the ability of the proposed algorithm to
fine tune the controller parameters to minimize the power
oscillations that take place following various disturbances in
the system, as shown via time-domain simulations.
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