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Abstract: Owing to their high dyanmic performance and flexible control features, HVDC systems are widely
employed in power systems for dynamic characteristics improvement. This paper presents a decentralized robust
control schere for a VSC-HVDC (ransmission system, The VSC-HVDC system is used to connect a weak AC gird to
a strong power system using a long DC link. The robust multivariable H-infinity #e control approach is adopted for
the design of the weak grid side controller in arder to achleve robust stability and superior dynamic performaunce
under large uncertainty in the short circuit ratio SCR of the weak grid. Small-signal modeling and step response
snalysis are used io design the system controllers under different operating conditions and wide range of SCR
variation. Furthermore, the Ffo countrol system results are compared to that of a well designed PI based control
system, The obtained results demonsirste robust dynamic performance under various operating conditions and

large SCR variation.
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I. Introduction

igh voltage direct current {(HYDC) transmission
Hsyslcms based wvoltage source converters (VSC-

HVDC) is & new electrical transmission system that
tias aftracted more attention of most researchers in the last
decade due to the fast development in the semiconducter
switches which enabled using this techunology for long-
distance bulk-power delivery and between asynchronous
networks [1]. VSC-HVDC even permits connection to dead
networks. Pulse width Modulation PWM is the preferred
control strategy to such converters for providing high
quality ac cutput voltage to the grid or even to a passive
load, (2], VSC-HVDC systems do not only control active
and reactive power independently, but also provide fast and
independent voltage regulation to the attached AC system
especially for weak grids [3], The short circuit ratio SCR of
an AC grid varies with the change of the grid impedance.
The more the grid impedance increases, the AC voltage
becomes difficult to control because of higher AC voltage
oscillations [4]. For weak AC systerns with wide range of
varying SCR, converter confrollers are difficult to adjust
and needs appropriate tuning [5]. The controller desipn for
such systems is a typical robust cootrol design problem
which becomes increasingly challenging with the reduction
of the AC grid SCR [6])-[10]. The advantages of having
robust control solution to weak grids of low SCRs can

permit the advances of HVDC application areas and allow
power systems for more growth with better dynamic
performance without the need for traditionally used
expensive solutions such as synchronous condensers SCs
and/or static var compensators SVCs [4], {7].

In this paper a decentralized robust controller for a long
VSC-HVDC link connecied to a weak AC grid is presented.
The controller aims at achieving robust stability and
superior dynamic performance under large unceriainty in
the short circuit ratio SCR of the weak grid. Smali-signal
modeling and step response analysis are used to confirm the
stability of the robust control scheme under wide range of
operating conditions and SCR variations. Moreover, the
performance of the proposed Hyp robust controller is
compared with that of a well designed P1 controller based
system. Modeling and simulation of the proposed conirol
scheme are performed in Matlab environment using the
Simulink and Power System Toolboxes.

I1. Syster Description

Fig .1 demonstrates a schematic diagram of the proposed
VSC-HVDC transmission system. The system consists of a
long DC link cable of a 100 km length connecting two
equivalent AC grids through two VECs. The AC grid of the
converter-1 side is a stiff grid whereas that of the converter-
2 side is a weak grid. The system parameters are given in
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Table .1. The DC link is monopolar structure and DC
capacitors whose sizes are chosen to compromise the level
of the DC link voltage ripples and the speed of power
transfer capability of the VSC-HVDC transmission system
[1].
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Fig. | Schematic diagram of the VSC-HVDC system
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Fig. 2 shows the equivalent circuit of the system under
study which is shown in Fig. 1. In this paper, it is proposed
that converter-1 controller (stiff grid side) is dedicated to
contro! the DC link voltage and the grid reactive power
{(Upcy, @g1), whereas converter-2 takes over the control of
active and reactive power (Py;,Qg;) of the weak grid.
Thereby, for smali-signal mathematical modeling, the stiff
grid “with the converter-1 altogether are modeled by a
constant DC voltage source, Uy, while the weak grid side
converter-2 is represented by a controlled current source.
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Fig. 2 Equivalent circuit of tho VSC-HVDC system given in Fig. |

Fig. 3 shows the equivalent circuit diagram of the weak grid
side; the converter-2 and the model of the phase locked loop
PLL that is used to detect the point of common coupling
PCC voltage vector magnitude and position. The detected
{measured) PCC voltage position is considered equal to the
rotating reference frame (dq) in which the system controller
is implemented. Fig. 4 shows the phasor diagram of the
system variables in the rotating reference frame dgq.
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Fig. 3 Equivalent circuit diagram of the weak grid side and the PLL model
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Fig. 4 Phasor diagram of the weak prid side system variables

IIL System Modeling

Before proceeding into the mathematical modeling, the
following abbreviations are used throughout the analysis:
Subscripts dg and gg are for direct and quadrature
components of grid variables. Subscripts dc and gc are for
direct and quadrature components of converter variables.
Subscripts pccd and pccq refer to direct and quadrature
components of point of common coupling PCC
variables, @, is grid-1 voltage vector angular speed. w,, wy
refer to the angular speed of dq reference frame and the
grid-Z voltage vector respectively. @ is the voltage vectar
position. Ry, R, and Ly, L, are the equivalent resistances and
inductances of the series filters connected to converter-1, 2
respectively. R, L, are the equivalent resistance and
inductance of the weak grid. Subscripts g, ¢, 1 and 2 refer to
grid, converter and side-1, 2 variables respectively. i, U, P
and Q are current, voltage, active and reactive power
respectively. & is phase angle of the weak grid voltage
vector with respect to the synchronous reference frame.

A. Converter-1 side model

As shown in Fig. 2, converier-1 side is modeled by a
constant DC voltage source Upc, since high bandwidth
controller is used to control the dc link voltage, {1].

B. Converter-2 stde model

The mode! of the YSC-HVDC system proposed in Fig. 1 is
nonfinear and thus small-signal model is derived for the
purpose of applying the linear control theory for system
stability study and controller design. The mathematical
model of the equivalent circuit shown in Fig. 2 is derived in
two steps. First, the weak grid side model is derived, and
then the DC link model including the system controller
model is obtained.

C. Weak grid side model
From Fig. 3 and Fig. 4, the weak grid model in a rotating
reference frame oriented with the PCC voltage vector can
be described as follows:
Udcz = Relags + Lelggs — welelqga + Ugasing (1)
Ugezr = Reigga + Lelgga + welelags + Ugzcosé  (2)
8 = —kyUpeca + 04 3)
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X, k; are the proportional and integral gains of the PLL
respectively.
Porki=0--wy=0
§ = —lepUpeea = 0 — 0 @)
We =Wy + 0 = wy — kylp,cq (5)
" Upeed = Vacz =~ Ralags — Lalags + Welzlags
= Rylygy + Lylags = welgloga + Uyzsing ©)

Substiteting (6) into {4) for U4 , one gets:
b = —kyUpoea = ~(kpRy)agz — (kplg Naga +
(kpwoly)log: — kplgosing M

Substituting from (1) into (7) for iy, yields:

X L
8§ = —kiyg — k,,fum - ahypUg;sind (8)
t .

L L
= g = g
Where U_I—Lt , k“(kpRg"kat R,)
Substituting from (5) into (1} and (2) yields;

UdCZ = Rffdgz + Lr!dgz - ngtEng - L,lqus

+ Uypsind ©)
Uer = Relygy + Leloga + wgllags + Lelagad (10)
+ Uy,cos6
. L,
o= -k(dgz - kp ‘E; Udcz - akPngSmé' (1 1)

The relation between the converter-2 output voltage and the
DC side voltage is given by
Uger = MazkaUpey + Uger = MgudqUpa (12)
Where, k, = 1/V3and My, M,, are the converter-2
direct and quadrature modulation indices.

Substituting from (11), (12) into {9), (10), thereby the grid
side model including the PLL medel (s given by the
following three differential equations which involve the grid
stales (g2, {g52 and §) at any operating point.

4

idgz == I;id‘gz + wgfqu - kidgziqu
1
- Uyysiné (17 + Thylegs) (13)
k t
+fa—a%%am¢uz
s R .
lgga = _'L_r[qu - wgfdgz + f{ligz
3
ng
+ ot U 3142508 — ——cosb
pYg2tdg
Le (4)
k, (
+ EquUncz
L
+ E"g”kpszdgszzUncz
[4
Ly
8= —kiggs ~ L—k,,kszzUDa — okl a5inb (s
1
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D. DC link side model
From Fig. 2, it can be seen that the DC link mode! is 2 4%
order, since the DC link contsins two inductor currents
{14, f;) and two capacitor voltages (U, Upp). The set of
differential equations describing the DC link is given below.

1
il = F(UDCO ~U;— Rchy) (16)
(4
. 1
Ue=m(h~1) an
c
1
Jl"2 = Z"(Uc —Upz — RCIZ) (18)
1=
. 1 1 P,
Upca = =y ~ 1 =~—(!u- ’)
DL2 cz (32 l) Cz 3 UDQ
sz = Fl (Vgealagz + Vacalaga)
Substituting from (12) finally yields
. 1 3
locs = &= (1 = 5 o Mleslygs + Marlagd)) (1)

The weak grid model (13) - (15) and the DC link model
(16) - (19} together represent the systern model under study.

E. Linearized model
[t can be noticed that the previous system mode!l is
nonlinear. For analyzing the stability of such nonlinear
system, it is necessary to linearize the system model eround
an equilibrium operating point and then apply the linear
control theory stability analysis methods. The linearization
is based on the Taylor series expansion for nonlingar
functions. Assuming a nonlinear function f(x,y, 1), its

linearized approximation around the steady state
{equilibrivm) point (xy,.2,) is given by:
dx dax
=z = ar
of af
- a ¥=Yq + a; x=xg dy (20}
I=xg x=2p
af
‘a_z’ X=X
Y=¥o

IV. Design of H, Control Scheme

The proposed control scheme is made up of two separate
and independent controllers. The nonlinear controller is
used for the stiff grid converter-1 side; it is dedicated te
conirol the DC link voltage and the reactive power, [1]. A
multivariable Heo robust controller is proposed to control
the wesk grid side converter (converter-2). The Hax control
approach is adopted for the design of the weak grid system
controller in order to achieve robust stability, disturbance
rejection and superior dynamic performance under large
uncertainty in the short circuit ratio SCR. of the weak grid.

Fig. 5 shows the block diagram of the propased Hx control
system of the weak grid side converter. The Hox controtler is
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used to contrel the aclive and the reactive power of the
weak grid via conirolling their respective current
components {gg; and {542, The multivariable controller gain
(X) can be implemented in state space format with two
inputs and two outpuis ot as four separate transfer functions
(Kyy, K2, Koy and K5;) forming a transfer function mateix
() K, K
_ |t 12
«={er il @1
The outputs of the Ho; controller are the dq modulation
indices Mgy, My, which are used to generate the switching
signals to the converter-2 and the inputs are the dq grid
current €fFars.
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Fig. 5 Block disgram of the proposed 2 conlrol scheme

A. System model uncertainty

The AC systein model is considered as an uncertatn model
since the SCR of the weak AC grid is subjected to wide
changes. In this paper, tht system model uncertainty is
represented by a lumped multiplicative output one as [9].

G, = G(1+aWs) (22)
Where G, is the perturbed plant model and G is the nominal
plant model. A is any stable transfer function which at each
frequency, ||[A(s)]| € 1 Yw. Wy is the shaping function of
the closed loop transfer function.
The relative plant set errors (uncertainty with respect to the
nominal planl) ija) of all valid perturbed plants G, at
different SCRs is represented as

max |G {jw) - C{Jw
) = w(j0) - GYw)
Gp €11 G(jw)
Where, [1is a set of possibie pecturbed plant models.

23)

Fig. 6 shows the relative model uncertainty calculated from
(23) for a change of the weak grid SCR from 5 to 2. The
purpose of Fig. 6 is to find a stable weight filter W such
that the maximum magnitude of all relative error curves is
below this weight for all frequencies.

The multiplicative weight Wy which ensures that the worst
case of uncertainty is covered can be found graphically
from Fig. 6 as an euvelope for the family of transfer
functions obtained from (23) as:

Wy = 0,000111s + 0.81 (24)
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Fig. & The shaping weight Wy detcrmined on the basis of relative modet
uncertainty for SCR change from 5 to 2.

B. Mixed Sensitivity 3, Cortrol Design
The mixed sensitivity approach from Heo theory is used for
controller synthesis. In this method of design, the sensitivity
(S) and complementary sensitivity (T) of a closed loop plant
are shaped by selecting appropriate weights in standard S/T
mixed sensitivity e design. The weight filters for shaping
sensitivity and the complementary sensitivity are W, and
W, respectively. For any closed loap plant with controller
K, If L denotes the open-loop transfer function (L=GK),
then the sensitivity and the complementary sensitivity
functions can be formulated as, [9]:
L

=1y TTTee @)
The sensitivity function $ is a very good indicator of closed
loop performance for both single-input single-output SISO
systems and multi-input mutti-output MIMO systems.

Actually, the necessary and sufficient condition that must be
satisfied by the multivariable 7 controller for robust
performance is: '

W1 + [Ws T, < 2 (26)
The weight W, is selected to achieve adequate tracking
performance and disturbance rejection. The semsitivity
weight filter after [9] is represented as:

.,

_ SE/M + 28wes /M + gt

= @7
g 52 + 2wgsVA + Awg?

Thereby, the selected (tuned) W, filter parameters are:
M=500;f=2; A=10"*; wys = 200

Fig. 7 shows the frequency response of the chosen weights
W, and W with the sensitivity S and the complementary
sensitivity T of the system. It can be seen that the condition
for robust performance (26) is satisfied.
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Fig. 7 System performance indicators S and T along with their shaping

functions W, and Wr.

The robust controdler in (21) that satisfies (26} is known as
mixed sensitivity o controller, and is obtained using the
Matlab robust control toolbox using the linearized system:
model and the chosen weight filters W,, Wy, {24) and (27).

V. Design of PI Countrel Scheme

Fig. 8 shows the block diagram of the decoupled PI current
control scheme for the weak grid side converter. Like the
Hon controlier, the PI controller is used to control the active
and reactive power of the weak grid (P,,, Qp;) through
controtling their respective current components gz, {1gs .
The outputs of the PI conirol loops are the dgq modulation
indices Myy, My,

Pl gontraller

t 2 Xo H

fig. § Decoupled Pt cumrent controliers of e weak grid side converter

A Modellng af PI control Scheme

Integrating the P{ controller model with the system model
adds two new states (x,, x,) to the mathematical model of
the control system. The P1 controller model shown in Fig, §
can be described by the differential equations below.

i = (1:132 - fd,gz)K(d (28)
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¥ = (ie;y! - ‘MZ)KM (29)
Maz = ({32 = lugs Jpa + 1, + hiagz (30)
Mg = (i«;gz = lqg2 Mpq + 22 — higge (1
wel
Where, h = —22
ZUDCO

Substituting (30), (31) into (13 — 19), one gets the final
differential equations of the overall PI control system
model, which after linearization based on (20) are expressed
in the well known state space form as:

A% = A, Ax + B,Au 62)
Ay = C,ax G3)
8x = [Blyg, Blogy A8 Aly AU, AL, AUpc, Ax, Ax,)T
Au = [ﬁi‘.&az 6‘;‘92]1” ’ by = [Al‘.d‘gz Alqulr

The siate space model (32) - (33) is implemented using
Matlab control toolbox and used to choose the gains of the
PI controllers through step response analysis.

B. Choice of the PI controller gains

The PI controller parameters K,q . Ky, Kpg and Ky are
designed to satisfy two performance objectives, 1)
overshoot of less than 10%, 2) settling time ingide the 2%
band errer lower than 0.02 sec,

The linearized state space model of the PI control system is
used to study the system step response dynamics using the
Matlab control toolbox. Figs. 9 and 10 show the PI control
system closed-loop transfer function response for a step
change in the active and reactive currents lyg, lyg
respectively with different PL controllers gains at the
nominal SCR = 5 and for an equilibriutn operating point
Pyz = —0.6p, @y, = 0.6 pu. The proportional gains are
set constanl at Kpg = K, = 0.003 and the system step
responses are recorded for different integral gains Kq, i,
changing from 1 to 7. It is evident that the gystem response
with higher integral gains results in higher overshoots.
Therefore, from the results shown in Figs. 9 and 10, the PI
controllers gains of both control loops (active and reactive
power loops) that satisfy the desired response are chosen as:

Kpg = Kpq =0.003 & Kg=Ky=1  (34)
Blap Rssponse
' T

g e

o8 \ axhyocted gamns

I

<
af——

[
L

001 006 0.0z =t

Time {aw0)

0.005

Fig % Syslem siep response to a step change of active power current
component i, with different integrel PI controllers gains for SCR =5
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Fig, 10 System responsc 1o a step change of reaclive power current
component 1y, with different integral PL controllers gains for SCR =3

It should be nated from Figs. 9, 10 that the dynamics of the
two current control loops are different although the PI
controllers' gains used are the same. The response of the
current (44, shown in Fig. 9 is more oscillatory, which
indicates a higher order closed loop transfer function. The
reason is that the exchanged active power between the AC
grid and its attached converter travels via the DC link
(cable) to the other converter on the other side of the DC
link involving the DC link model into the overall closed
loop dynamics of the current [;z, control channel. On
contrary, the reactive power is locally exchanged between
the grid side converter and its AC grid without crossing the
DC link. Therefore, as the closed loop dynamics of the
currents g9, and iy, control channels are different, it is
proposed to use PI controllers of different gains for
controlling the active and reactive powers and to maich the
dynamics of each individual control loop.

Fig. 11 shows the step response for the reactive power
current component 4., with different PI controllers® gains,
It is clear that the transient response is better and with
smaller seitling time in case of using relatively higher
integral gain for the reactive power control {cop.

Step Response

B T ——

\ KuuKh-l

Kpd-t(m-o.ooa
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Ly

% Kn-D.DN;K wl

0.2

A —

[ 0.005

S S S = A
LLXi3] 0.015 0.02 0.025

Time {$a0)
Fig. 11 Sysiem response Lo a slep change of reactive power cument
component .- with different PL gains of both cortrol loops for SCR =5
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Finally, the PI controllers’ gains of both control loops are
chosen as:
Kya = 0009, Kig = 1.5 & Kpq = 0.003, Kig =1 (35)

To this exient, the Hz controller and its opponent PI
controller are designed to provide the specified dynamic
characteristics. In the next section, the dynamic
performance of the two control systems is compared.

VL Simulation Results and Discussion

This section demonstrates a set of simulation test results o
verify the effectiveness of the proposed Hy controller under
large uncertainty in the weak grid SCR. The %o and the PI
control schemes are modeled and simulated using the
Matlab Simulink toclbox. The systems are subjected to a
reduction of the SCR for & range from 5 to 2. The SCR of
the AC grid is varied by changing the AC system
parameters (Ry, L,) while the ratio between X (w,Lg) and
Ry is assumed to be constant, i.e. (Xg/Rg =10). The
patameters of the AC system under study are listed in
Table.1. It should be noted that all the demonstrated results
are in pu.

A. Actlve power step change: SCR = § test case

Figs. 12 and 13 demonstrate tests for step change in the
active power current component ,,; for a higher SCR = 5
and at two different equilibrium points of operation where
in Fig. 12 the step change is around a positive active power
of 0.6 pu while Fig. 13 is for a negative active power of -0.6
pu. 1t should be noted that the reactive power is set constant
and equal to 0.6 pu. From the two figures, it can be seen
that at the moments of step changes (0.ls, 0.15s), the
proposed Hoo controller provides fast transient response and
also guarantees decoupled control for both active and
reactive power current components in comparison to the PI

controller case.
87

g L
ol — —

o o v ®
171 : —

pQ ! ©
fé — :

pguw\;,\; Syt I
e (T T 02

tim, 5

Fig. 12 System step response al a posilive aclive power cutrent component
{gg2 for SCR = 5. Solid lines re for the proposed H., controller and dashed
lines are for Pl controller.
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Fig. 13 System slep respense at A negative active power cumeitl componenl
{o52 for SCR = 5. Solid lines ace for proposed H., controller and dashed
lines are for PI controller,

B. Active power step change: SCR = 2 fest case

The two conlrol systems are subjected to the same step
change tests as performed in the previous section but for a
lower SCR = 2. Figs. 14, 15 show the system behavior
under such tests, It is evident from the results that the
proposed Hew controller provides robust performance at
reduced system strength (SCR), where the controller still
preserves its fast transient response. Whereas, the PI
controller suffers from relatively higher overshoots with
long settling times after the moments of step changes.

Lircye, 5

Fig. 14 System step response a( & positive active power currenl component
{qqz Tor SCR = 2. Solid lines are {or proposed #4. controller snd dashed
tines are for Pl conteoller.
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Fig. 15 Syslem step response al a negative active power cument component
{qq2 for SCR = 2. Solit lines sre for praposcd 7, controller and daghed
lines arc for P] conlroler.

VIIL. Conclusions

A multivariable decentralized robust #z controller for a
tong VSC-HVDC transmission line connected to a weak
AC grid has been designed and tested The VSC-HVDC
system (s used to connect a weak AC gird to a strong power
system using a fong DC link. Small-signal modeling, step
response study and simulation work have been carrled out
to investigate the proposed control system stability,
dynamic performance and robustness to SCR variation.

The Hx contraller performance has been compared to a
well designed PI controller based system. The Ha and the
Pl type conirol systems are modeled and simulated in
Matlab environment using the Simulink Toolbox. The test
results are obtained at different equilibfium points and at
two different SCRs of 5 and 2. The results are compared
and the He type is found superior in comparison to the Pl
type based control system for a wide range of SCR
uncertainty.
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Table.l System parameters values
Description Symbol Value
Gntcl voltage (line U 0KV
to line) 8
SCI:ICS filter R,.R, 0.10Q
resistance
Series filter
inductance Lyl 2mH

. R, 0330
Weak AC grid

L, 10.6 mH

Weak AC grid
inductance L’B 26.5 mH
D link capacitors C, Gy 200 pF
DC cable resistance 2Rc 3740
DC cable
inductance 2L 27 mH
DC cable
capacitance Ce 34
Con\r?ner raled ) 10 MVA
capacity
Rated DC link
voltage Unco 0V

(1

2]

(3]

(4]

[}
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