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Abstract—In this paper, a robust control strategy, able to
improve the dynamic behavior performance of High Voltage
Direct Current (HVDC) under diverse operating conditions, is
proposed. The design of the control proposed in this paper is
based on the coordination of the control actions of the HVDC
converters and the use of a simplified control model which takes
into account not only the HVDC but also its AC neighbor zone.
As consequence, stability is ensured for the HVDC and transient
stability margin of its AC neighbor zone is improved. From the
computational point of view, Linear Matrix Inequalities (LMIs)
are solved to compute the gains of regulator which is of standard
Proportional-Integral (PI) type. Constrained on both control and
the states are also taken into account. This new methodology
was validated on a realistic scale model of the France-Spain
interconnection in Eurostag. Compared with the standard vector
control, Linear Quadratic (LQ) and H., approaches, the new
proposed controller gives higher critical clearing time (CCT). In
addition, the proposed controller improves the dynamic behavior
performance under wide range of operating conditions and
minimize the tracking reference error with respect to saturations
on both control and the states.

I. INTRODUCTION

Ensuring stability of a power system is a mandatory re-
quirement when considering to increase transfer capability
with AC expansion options enmeshed, to secure the electricity
supply to customers. HVDC lines are increasingly often used
to reinforce transmission capacity of AC grids [1]. Compared
with traditional Line Commutated Converters (LCC), Voltage
Source Converter based High Voltage Direct Current (VSC-
HVDC) has several advantages and adds fast control capability
to power transmission. Being active elements, with multiple
control degrees of freedom, HVDC line operation is likely to
interfere, due to geographic proximity (see e.g. [2]), affecting
their stability and that of neighboring AC zones. Recently,
rapid advancement has been achieved in the design of robust
control strategies for VSC-HVDC systems, such as classic
vector control [3], optimal Proportional-Integral (PI) controller
using a Linear Quadratic Regulator (LQR) approach [4], op-
timal, robust, sliding mode control, and artificial intelligence-
based methods [5], [6]. In [7] and [8], control synthesis
has been shown to improve Critical Clearing Time (CCT) at
specific AC critical buses in the HVDC neighborhood. These
controllers are generally applied to the appropriately linearized
system models built on specific operating situations and the
performance degrades when these conditions varies.

The first main contribution of this paper is a proposition and an

investigation of a reliable VSC-HVDC control model, which
takes into account the dynamics that mostly impact stability
of the neighbor AC zone. In [4] a dynamic model based on
a class of generators in the HVDC neighbour was used. Here
we propose a simplified model which takes into account only
the short-circuit powers. The second main contribution is a
proposition of a robust controller, that minimizes the tracking
reference error and improves the dynamic performances under
diverse operating conditions. Saturations on both control and
the states are also taken into account. This work concentrates
on the fault ride-through capability of the embedded HVDC
system which may be exploited to improve its stability. The
developed robust control scheme is demonstrated to be ef-
fective for temporary short-circuit conditions. The sufficient
conditions are formulated in the format of LMIs [9]-[19]. This
new methodology was validated on a realistic scale model of
the France-Spain interconnection in Eurostag. Compared with
the standard vector control, Linear Quadratic (LQ) and H,
approaches, the new proposed controller gives higher CCT.
In addition, the proposed controller minimizes the tracking
reference error with respect to the saturations on both control
and states.

The paper is organized as follows. In section II, France-
Spain AC grid and its overall VSC-HVDC control model is
presented. The control problem formulation is carried out in
section III, . The proposed controller structure with respect
the saturations on both control and the states is developed
in section IV. The effectiveness of the proposed controller
is shown by simulation results in section V. Finally, the
conclusions and perspectives are given in section VI.

II. FRANCE-SPAIN AC GRID AND ITS OVERALL
VSC-HVDC CONTROL MODEL

The control model which is proposed in [8] is based on the
determination of the main dynamics impacting the surrounding
power system stability. In our study, we used simpler control
model as shown in Figure 1. This led us to design a more
efficient robust control design based on LMIs. The proposed
VSC-HVDC control model and its identification are presented
in the following subsections.

A. Proposed Overall VSC-HVDC Control Model

The proposed control model is based on monopolar HVDC
system with metallic return. It has two conversion stations
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Fig. 1.

HVDC power structure control model.

that employ bidirection three-phased (voltage-source) AC-DC
power converters, interlinked by a DC cable. The AC grid is
represented by infinite buses and equivalent AC lines. HVDC
converters are represented by an averaged model [7], [8]. The
state is assumed to be observed by an ideal Phase-Locked
Loop (PLL). The dynamic equations in dq coordinates of the
embedded VSC-HVDC in Figure 1 (derived in [20]) are:

z(t) = Ax(t) + Bu(t) y(t) = Cx(t) (1)
with 2(t) = [i55 %2 %5 %% Vper Vpes ipc|’
= [xl(t) xo(t) x3(t) x4(t) z5(t) wme(t) w7 t)]
J0) = Wper Qi Pr QI = 1n(0) 12(0) 3s(1) wa(O)]",

u(t) = [51(1 Biq Pad 52q] = [Ul Uz U3 U4]
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A=|0 0 —w 0 0 0 0o |
0O 0 0 0 0 0 &
O 0 0 0 0 0 &
L0 0 0 0 2Lch 2Lch —27;2_
_b11 0 b13 0 i _0 C21 0 0 17
0 b22 0 b24 0 C29 0 0
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B = 0 b42 0 b44 , C=10 0 C34 C44 .
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bii = =5 (g5 + 25)Vber = bbuVoer,
bao = —%(il + 7=)Vpe1 = bbVpe,
b3z = *%(sz + Li )Vbc2 = bbssVpea,
bys = —%(L]; + =) Vbo2 = bbasVpes,
biz = by = éLiCVDCQ; b31 = baz = éLACVDCIa
b5 = zc Zld’b52 281 iTq> bes = 227 0945
bea = 20 15gs Co1 = 2ﬂ1qVDc17622 =- 2,3 Vber,
cs3 = 32B3Vpea2, caa = 3 Qﬁgq Vbeoa,ca3 = 35 %652%3@,
Cq4 = ) Qﬂ VDC2
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Where Vb is the DC voltage, ipc the DC current, io‘gl and
are the grid currents for AC filters, BOO, are the control
mputs of the VSCs, i.e. duty-cycles. j € {1 2} referring to
respectively the left and right side of the HVDC. Ly, Lo,
Lac, rpc, Lpe, Ci, Cy, E and w are constants.

B. France-Spain Network Application

The methodology developed in this paper is tested on a
realistic model of the France-Spain AC networks shown in
Figure 2 [8]. This detailed nonlinear model includes the high-
voltage network, 23 generators and their regulations. A VSC-
based HVDC link of 65km is added to the interconnection
between Spain (VIC2) and France (BAIXAL1), originally made
up of four AC lines. It has a rated pole voltage of +320kV
and a nominal active power of 1000M W (cf. Figure 3).
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Fig. 2. Location of the 23 machines in the France-Spain network.

Fig. 3. HVDC link between France-Spain network.

C. Identification of the Proposed Control Model Parameters

The parameters of the proposed control model in Figure
1 are identified starting from the full model of the France-
Spain interconnection in Eurostag. To identify the real AC
parameters of the network, the system is represented around
the BAIXA1 (France) and VIC2 (Spain) nodes as shown in
Figure 4, without the DC network, where X1, X g2 and X 4¢
are equivalent impedances of the whole system. Voltage of
the oo buses of the control model in Figure 1 is V = 400kV/,
nominal voltage of the system. The control model parameters
are identified as the following steps:
1) Two simultaneous short-circuits are applied at BAIXAI
and VIC2 and the short-circuit currents I..; and I..o are
measured (cf. Figure 5). Thus, we can directly estimate
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Fig. 4. The node between BAIXA1 (France) and VIC2 (Spain)

Xg1 and X9, since there is no current on the line
BAIXA1-VIC2.
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Fig. 5. Short-circuits applied at BAIXA1 and VIC2
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2) Short circuit is applied at VIC2 (cf. Figure 6), in order
to estimate the reactance X 5¢.
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Fig. 6. Short-circuits applied at VIC2
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More precisely we can thus estimate the impedance X,
which is the equivalent of the impedance X1 and X 4¢
in series, all in parallel with X5:

X, =3V

Xg2(Xac+Xq1)
€q = T, Xeq == " 4

X1+Xg2+Xac
Therefore, the reactance X 4¢ is given by

Xg?Xeq

Xac = x —Xg1 ®)

92— Xeq

3) Finally, the inductance L s¢ is computed by X o =
wL gc with w = 27 and f = 1007.

III. CONTROL PROBLEM FORMULATION

In this paper, the parameter uncertainties, disturbance, states
and control inputs constraints are considered as the following:

1) If we consider the system (1) as the following,

&(t) = (A+ EFy(t)Hy)xz(t)
+ (B + EFy(t)Hz)sat(u(t)) + Bqw(t)  (6)
y(t) = Cx(t) + Dsat(u(t))

where FE, H; and H, are known real constant
matrices which represent the parameter uncertainties
and B, Fi(t) and Fy(t) are unknown real matri-
ces with Lebesgue measurable elements, satisfying
F,t)TF(t) <I ,i=1,2 By € R is a known

matrix, w(t) is the disturbance vector and function sat
represents the nominal saturation as defined after in (10)
and I is identity matrix .

2) consider the state constraints is given by;

y={zeR™l) —g<ax<q geR} ()

(7) can be written as the following

Y(M,N) ={z € R"*!/Mx < N} (8)

where M = [I;—I] and N = [q;q], therefore M €
P> and N € R"*! are known. The current and
voltage variables are constrained as the following;

—2000Amp < 1,22, 23, x4 < 2000Amp ©)
360KV S T5,T¢ S 400KV

3) consider the control input is given by;

A={ueRm™*) —z<u<z zeR™*1} (10)

In this work, —2z = -1 & z = 1.

4) A state feedback u(t) = Kx(t) is designed based on
LMIs in order to make the closed-loop system (A +
BK) stable. Therefore, an integral action is added to
the system in order to follow the setpoints with a steady-
state error equal to zero. Four states are added:

&(t) = Ax(t) + Bu(t)
s = (Vpc1 — Ve, ref
Lo = 3Vpoa (83515 + B55159) — Pares
10 = 2Vper (87515 — Br5ite) — Qtres
z11 = $Vpoa(B55155 — B35315) — Qa.rer
IV. THE PROPOSED ROBUST CONTROLLER AND
STABILITY AND ROBUSTNESS ANALYSIS

(1)

In this section the robust controller is designed based on
LMI in order to make the closed-loop system stable despite
the presence of parameter uncertainties, disturbances, states
and control constraints. The proposed controller is given by:

u(t) = KX(t) (12)

where K € R™*™ is controller gain. From (6) and (12), the
closed loop system dynamics are given by:

X(t) = (A+ EF(t)H)X(t) B
+ (B + EFy(t)Hz) (KX (t)) + BaW (t)
Y(t)=CX(t)

The main results for the global asymptotic stability of
the control system (13) with constrains on the states and
the control inputs as well as parameter uncertainties and
disturbance are in the following Theorem:

Theorem: The equilibrium of an uncertain control system as
given by (13) subject to the constrained states (9) and control
inputs (10), with disturbances and parameter uncertainties is
asymptotically stable in the whole domain by the controller
(12), if the controller gains are set to K = OG~!, and there

13)



exists a positive definite symmetric matrix P = G~! and
scalars ¢, § and (3;, such that the following LMIs are satisfied,

AG; + GAT + (BL) + (BL)T + §EET + 1 B,BY
+765 GH{ + LHT <0
H\Z + HsL — 01
(14)
1 I
{L;‘r G] >0 for 1<i<c (15)

N — M. T )
[LB]NJ MiGM; ﬁf]zo for 1<j<m

Bi
(16)
where L;, N; and M, are the I*" row of L, N and M,
respectively and ¢ is a constant.

Proof: consider the following quadratic Lyapunov candidate
function V'(¢) is defined as the following:

V(t) = z(t)" Pa(t) (17)

where P is a common positive definite matrix. The problem
is to find the controller gains K to ensure asymptotic conver-
gence of X (t) toward zero. This problem reduces to finding
P and verifying V (t) < 0. Differentiating V (¢) with respect
to time and substituting (13), gives:

V(t) = %X(t)T([(A + BK)

+(EF()H, + EF(t)Hy)|TP

+P[(A+ BK) + (EF(t)Hy + ExF(t)HyK]) X (t)

+IW)TBIP + PB,W (1)

(18)

From (18), the time derivative of (17) is uniformly negative if

[A+ BK) + (EF(t)H, + EF(t)H,)|" P
+P[(A+ BK) + (EF(t)H, + ExF(t) Ho K]
+(BdTP +PB;) <0 Vi

Using Schur complement based on [21], (14) is rewritten as

(15) in Theorem Based on Lemma 1 from [19], the LMIs
(15), (16) in Theorem are obtained.

19)

V. SIMULATION TESTS

In this section the proposed controller is validated. Sim-
ulation are carried out on the 23-machines France-Spain
benchmark (Section II) with EUROSTAG software (Tractebel
Engineering, Belgium and Réseau de Transport d’Electricité
(RTE) - France) [8], which provides reliable simulations,
particularly for group stability during faults. To check the
VSC-HVDC link embedded in AC grid model and the per-
formances of the proposed overall control, three simulations
and discussions are presented. The short-circuits are applied
at different buses (VIC1, VANDELL and BRAUD location)
(cf. Figure 2) near the HVDC link to evaluate the transient
stability of the neighbor zone. At each node, several values
of the fault elimination time are tested until unstability is
reached, i.e, evaluation of the Critical Clearing Time (CCT).
The following simulations present the outputs of the system
at each node and with different CCT (times are written in the

legend of each graph, expressed in milliseconds). The largest
CCT value of each curve is the limit of stability.

A. Transient Stability

The following Figures 7 to 11 present the active and
reactive power of the right side (respectively, P> and Q2),
the reactive power and DC voltage of the left side (Q); and
Vb1, respectively) and gride voltage responses, respectively,
of the HVDC converters for different short-circuits deviation
(200 ms, 300 ms and 439 ms) occurring at VIC1. Transient
oscillations obtained with the proposed strategy are more
damped and a good output tracking is also provided.
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Fig. 7. Time response of active power at HVDC (FP»).
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Fig. 8. Time response of reactive power at HVDC (Q2).
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Fig. 9. Time response of reactive power at HVDC (Q1).
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Fig. 10. Time response of the DC voltage Vpc1.
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Fig. 11. Time response of the gride voltage at VICI1.

B. Robustness Test at Different Locations of Fault

In this subsection, the short-circuits are applied at different
locations in the grid (VANDELL, and BRAUD), in order to
evaluate the impact of the controller not only on the HVDC
but also on its neighbor AC zone.

1) Robustness test at VANDELL: Time responses of P, and
@2, Q1 and Vpeq, are given respectively in Figures 12 to 15
for 100ms/150ms/171ms short circuits applied at VANDELL.
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Fig. 12. Time response of active power at HVDC (P»).

2) Robustness test at BRAUD: Time response of Vpci
is givenin Figure 16 for 100ms/150ms/171ms short circuits
applied at BRAUD.

For comparative analysis with standard vector control, Lin-
ear Quadratic (LQ) and H,, approaches [8], the CCTs for
each are summarized in Table L.
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Fig. 13. Time response of reactive power at HVDC (Q2).
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TABLE I
COMPARISON OF CCT RESULTS FOR PROPOSED CONTROLLER, STANDARD CONTROLLER, LQ CONTROLLER AND Ho, CONTROLLER.

Location of the fault  Standard controller CCT [ms]

LQ controller CCT [ms]

H o controller CCT [ms]  Proposed controller CCT [ms]

VIC1 223 249
VANDELL1 127 130
BRAUD 138 140

255 439
137 171
161 177

Differences up to 96%, 76% and 72% are observed between
the proposed controller and respectively the standard one,
LQ and H,. Moreover, lower overshoots and time response
are registered with the proposed controllers, confirming the
improvement of transient stability.

VI. CONCLUSION

Several studies have shown that controllers of the HVDC
links impacts the transient behavior of the surrounding electric
system. This can be exploited to improve its stability. The first
part of this work develops and validates a simpler control
model than the ones previously used in the literature. In
the second part of this paper a robust multivariable control
design for the converters of an HVDC link is proposed. It
is based on the coordination of the control actions of the
converters of both HVDC terminals and the use of the control
model. In operation, it ensures more tolerance to variation of
the grid and converter parameters. Our controller synthesis
directly takes into account analytically the actuators security
constraints (saturations).

The results of the simulations demonstrated better tracking
performances and robustness. This new methodology was
validated on a realistic large-scale model of the France-Spain
interconnection in Eurostag. Compared with standard vector
control, Linear Quadratic (LQ) and H., approaches [8], the
proposed controller gives higher CCT at the terminals of the
HVDC, and in the AC neighbor zone. In addition, the proposed
controller improved the dynamic behavior performance under
wide range of operating conditions and minimized the tracking
reference error with respect the saturations on both control and
states. It is planned in the near future to implement the overall
proposed control strategy in a hardware-in-the loop platform.
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