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Abstract: In this

study, a Voltage Source Converter based High Voltage Direct Current (VSC-HVDC)

transmission link 15 considered for the development of a multivariable robust controller to stabilize the AC-VSC-
HVDC power system. To maimtain the de voltage and control the active and reactive power at the converter and
inverter stations simultaneocusly a robust H_ control design methodology is adopted here. For designing the
controller output feedback quantities like the converter side dc voltage and reactive power and the inverter side
active and reactive power are obtained and used to satisfy an and H. norm of the closed loop transfer function
matrix. The proposed controller 1s evaluated for different power system operating conditions like the three-
phase short-circuits on the converter and inverter buses, short-circuit on the de line, loading changes, etc. and
its performance show better results than the earlier used PT controllers in respect of the reduction of overshoots,
faster settling times and improved damping for the electromechamcal oscillations of the generators.
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INTRODUCTION

Voltage source converter based HVDC using IGBTs
and Pulse Width Modulation (PWM) techniques have
been developed by companies like ABB and Siemens and
there are a number of installations now in operation world
wide (Andersen et al, 2002; Jowder and Oo1, 2004
Asplund, 2000) for applications in power generation,
transmission and distribution. In a VSC-HVDC system
connecting two AC networks, the control of the de link
voltage connecting the two converters and the real and
reactive power outputs are of primary interest for control
engineers.

In contrast to the conventional thyristor-based HVDC
system, the VSC-HVDC system has certan distinct
advantages like the instantaneous switching of IGBT
valves; absence of commutation failure and independent
control of real and reactive power flows on both sides of
the converters; the need of a small AC filter for lugh
frequency signals from the PWM. recent times, the
VSC-HVDC transmission systems are being considered
actively for transporting power from offshore wind power
generating systems to the main grid and in addition they
are not affected by power quality problems in the
connecting AC networks. Besides they offer great
advantages m comparison to the FACTS devices in
providing significant mmprovements in system dynamic
performance.

Although, there are several advantages of VSC-
HVDC transmission, the most mnportant requirement

involves the design of a suitable controller for the rectifier
and verter systems to provide improved dynamic
performance. The various control mputs at the rectifier
and inverter stations comprise the PWM modulation index
and angle at each of the two converter stations. The VSC-
HVDC system 1s essentially a multi-input and multi-output
nonlinear system due to the strong mteraction between
the several input variables and hence its controller design
becomes more complex.

For converter control, linear PI control scheme has
been adopted by several researchers without taking into
account the various disturbances and mterferences that
exist m V3C control systems such as the imprecise
mathematical models, the measurement errors, nput
disturbances stochastic fluctuations of lead and DC
ripples and PWM triggering technique for the converter,
etc. Further, the PT-controllers are very often designed by
trial and error and can not provide stability over a wide
range of operating conditions.

Among the nonlinear controllers feedback
linearization has been widely used (Zhang and Xu, 2001;
Zheng et al., 2002; Durrant et @l., 2004; Liang et af., 2005;
Ruan et af., 20072, b) to precisely cancel VSC model
nonlinearities. The control schemes in these studys,
however do not consider the generator speed variation
which may destabilize the system when it varies over a
wide margin. Therefore, a robust controller design 1s
required to become insensitive to interferences, model
uncertainties and load fluctuations, short-circuits, etc.,
over a wide ranging of operating conditions. Robust
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control techniques have been applied to power systems
since late 1980s. Some of those efforts have been
contributed to design of robust controllers for FACTS
devices using H. concept such as mixed sensitivity (Pal,
2002; Lignon et al., 2006), n synthesis (Lignon et al.,
2006). In earlier studies for the design of robust
controllers, many classical control objectives such as
disturbance attenuation, robust stabilization of uncertain
systems are expressed in terms of H, norms and use TLMI
concepts like mixed sensitivity control (Pal, 2002) u
synthesis (Lignon et al., 2006).

Inall the H. controller designs, a single norm 1s used
which nermally will not be able to provide stability overa
wide range of operating conditions in AC-VSC-HVDC
power system. Hence, for providing a more accurate
closed loop behavior, it is desirable to mix different
objectives in the time and frequency domain and for this
purpose the proposed controller uses output feedback.
Further to improve the damping performance of the
generators in addition to robust performance of the
converters, an auxiliary Hee-damping controller 1s used.

MATERIALS AND METHODS

Modeling of the decoupled vsc-hvde system: Figure 1a
shows a two-area decoupled AC-VSC-HVDC system. A
short double-circuit transmission line connects the
generator and the converter station. The VSC-HVDC is
connecting two asynchronous systems. One system is
operating with 50 Hz where as the other 1s with 60 Hz. The
reactances of the short lines are x,, and x,; in the area-1
and x,,, and %, in area-2. The impedances of the converter
and the mverter are r, + jx, and r; + jx, respectively. The
two VSC stations are comnected through a DC
transmission line of resistance r,. P, Q, and P, Qp,

Yo x, Wi
J <
X, RAX,
Gen-1 Converter
station
Ac filter-I Load-I

are the loads in the area-1 and area-2, respectively. The
DC link capacitor C,, used at each station maintains the
constant DC voltage.

The generating systems tested are of third order and
well known. The set of equations that describes the
synchronous generators are given in Appendix. The DC
link equations are obtained as Rectifier:

Yo i i e Vo) M)
di —rI.. ) (V v )
Q) e 1Q Q 2
& , Lo— @l + L (2)
d P 1 1
Vdcl — del Vdcl[ JJ" Vdcz { J (3)
dt cd: Cd:rd: cdcrd:
Inverter:
dii i : (7V2D + V1D) (4)
T‘[D = 1 iy + o + L
di 1. ) ( V.otV )
g _ L 20 7 Vig 3
dt - 1 1iQ — Ol + 11 ( )
Where as:

Pe = vipdip+ Viglig Pe, =v,pd,p + vi005

. . a2
By =viplp + Viglo — {p + Lo I,

L, Lo, Lp and i, are the converter and inverter currents in
the dq frame. V.5, , Vi Vi, and Vigde side voltage of the
converter and inverter. V. , Vo, V,, and V,, are the ac
voltage of bus one and bus two in dq frame. V,, and V,
are the dc voltages at the converter and inverter station.

Fig. 1. VSCHVDC system, a) two area decoupled VSC-HVDC ; b) transformation of phasors, DQ is for local and dq 1s

for machine frame
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Robust controller formulation for VSC-HVDC: For the
purpose of the control of the converter and inverter
station here, a 5th order model 1s used. The converter and
mverter equations are solved in the local frame of the
converter shown in Fig. 2 which enables the exact
estimation of power flow to the converter. The dynamic
equations used for the simulation and control calculation
are as follows At the rectifier side, the g-axis voltage 1s
set to be in phase with bus voltage V, and
correspondingly the g-axis voltage is set to be in phase
with V, on  the mverter side. This produces a
simplification of the form V,, = 0, V|, = V,, at the rectifier
side and V,, = 0, V,5= V, at the inverter side. Therefore,
the expressions for the active and reactive powers on the
rectifier and inverter sides become:

Pe, =V, 1

Lo Pe, = V,I

220
Qe1 = VI.IID Qe2 = VZ'IZD

Further at the rectifier side, there are two controlled
variables: the reactive power Q, and DC-bus voltage Vy,
and the corresponding control variables at the inverter
side are the active power P, and reactive power Q,;. The
dynamic equations used for the simulation and control
calculation are as follows:

_ - 6
p'irD = lrr irD + 00lirQ + ( VTD) ( )

— V. —V
p'irQ = l_rrirQ - (‘OlirD + (117@) (7)
P-Vya = Lo Vet ! T Vi ! (&)

cdc cdcrdc Cdl:rdc

pip=Thiy + oyig+ (22) ©

-V, + Vv
N

In the model, the differential equation of the DC
voltage V,,, is not taken as it is not the controlled quantity
and 1s solely determined from the rectifier side control.
While designing the converter any change n the angular
speed of the machine is treated as the distuwrbance input
to the converter and inverter. So the main objective of the
H. controller 1s to reject the disturbance and provide

v

F 3

Fig. 2: Configuration of output feedback H.. controller

robust control of active and reactive power to the DC
voltage. Since the equations are mn the non-linear form,
those can be linearized by perturbation and the small
signal model 13 given by:

x(t) = Ax(t)+ B d{t)+ B,u(t)
z(t) = Cx(t)+ D, dit) + Dyuit)
y(t)=Cx(t)+ D, d(t)+ Dult)

(11)

Where:
X (t) The state variables
d(t) = The disturbance inputs
u(t) = The control inputs
Z (t) = The observed state
y(t) = The output state
The VSC-HVDC system states and control are
obtained as:

. . T . . T
R [er Lo Vdc1:| XI:|:1iD 11Q:|

dy=[d, d, 4] d,=[d, d,]

I
Il

where, d represents the disturbances.

m

T

_V 1
uR_{W}_ > yR_{”D} (12)
u, Vi Vg Vi
v, i
", = |:U,3} _ iD y = .1D (13)
u, Vo~ Y, i
u, =-myv, sin(a, ju, =v, —mv, cos(a, )
2 2
_ (-u, ) +(v,—u,) o —tanl{ - J (14)
Ve Vi,

u,=myv,,sin(o)u, =myv, cos(o, )—v,
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u
m 3

- (u) +{u, v, ) o, —tanl[

Visa u, =V,
The system matrices shown in Eq. 11 are obtained
from the small signal analysis as:

i
— ® 0
1. 1o
I
Ap = —y _l_r 0
—Uyp Vi~ Uy (ulﬂ)irDJr(Vluzu)'irQ_[ 1 }
_vdcl'cdc Vdcl'cdc Vjul 'cdc rdc'cdc i
(15)
(1
— 0
1
1 0 0 f :
Br=|0 1 0fand Byy=| 0 - (16)
0 01 !
0 0

Observation and out put state matrices are as chosen

as follows:
1 0 0 -
C..=l0 0 0|,cC.. = (17
R11 R21 {O 0 1:|
0 01
1 0 (¢ 0]
D=0 1 » Dy =[O 0 (18)
L 0 _0 0_
1 0 [0 0]
Dy = 0 1P Dg,, = 0 0 (19)
- 1
_15 P 10 p ¢
A= B, = B,=|" (20)
r 0 1 1
@y T 0 L

Observed and out put state matrices are as chosen as

follows:
1 0 1 0
Cu = {0 J: Cpi = |:0 J (21)
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Fig. 3: Singular value of a) converter and b) inverter

1 0 1 0
D111_|:0 1}Dm_|:0 1} (22)
0 0 0 0
nz = {0 O:|=D122 = {0 O:|; (23)

Robust multivariable control design for VSC-HVDC
system: Due to uncertain load and frequency fluctuations
of the power networle, ripples in the DC side of converters
and PWM triggering techniques used in the converters,
the primary objective n desigming a robust controller 1s
to minimize the impact of these disturbances on the AC-
VSC-HVDC system.

The output disturbance rejection problem 1s
formulated using the H_ control theory after transforming
the domain linearized m Eq. 11 to corresponding
equations in the frequency domam.

Figure 3 shows the H_ configuration in block diagram
form showing the input output and observations. The
generalized equation of the transformation can be written
as:
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P,=C (sI-A)"'B,+D,

Where:
D, D cC -
_ 11 12 1 o ! (24)
P(s) {DZI DZJ+{CJ(SI A) (BB,)
and
P, P
_|tn 12 (25)
e {le Pzz]

Defining the output feedback controller K () by:

u=K(). Y (26)
The closed loop transfer function matrix can be
written as:

T,()=P,+P,K(1-P,K)' P,

The controller gain K is obtamed by satisfying the
such that H_ norm that is [T, (s)]. < v. Where v is a
positive number with v, = 1.

Figure 3 shows the configuration of the VSC-HVDC
plant P and the transfer matrix P, describes about the
uncertainties and performance specification, P,, gives the
mformation about the shaping of the controller, P,, details
the effects of the disturbances and uncertainties on the
measured signal and P,, gives the information about the
unpact of mputs on the measured outputs. The output
feedback control system gain matrix K is obtained solving
the matrix Riccati equations to yield two semi definite
matrices X and Y in the form given:

1

XA+ ATXX[BZBg - ZBIBT} X+ccl=0 (27)
¥

YA+ATY - Y[C§C2 —ichcl}ﬁm BB =0 (28)
¥

and p (XY) < ¥*, v is a positive number <1. The controller
gain matrix K is calculated as follows:

K= F(sl —A)_l 7L (29)
Where:
_ @l
F=-BIX (30)
L=-YCT
1 -1
7= {I—ZXYJ (31)
¥
Where:
(32)

A=A+ iz BBIX+B,F+ZLC,
¥
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The robust H_ controller presented in the preceding
section is designed for the VSC-HVDC system to maintain
the DC bus voltages and large signal operating
conditions. This controller, however may not be able to
provide the required damping to the electromechanical
oscillations of the generator and therefore an auxiliary
control derived from the line active power flows to the
converter buses 1s added to H. control output. The
auxiliary control unit known as POD (power oscillation
damping) controller is designed using either speed or
active power error and linear H. control theory. In this
study, the damping controller 1s designed taking the
speed error. The error variables are defined by:

(33)

e=w -
From the above, the error dynamics are given by:
e+K e+K,e=0

The gamn parameters are given by K, K,, are
determined by placing desired poles on the left-half s-
plane. To satisfy the error dynamics given in Eq. 32, the
control quantities £, 1s found as:

R UM
e K, -K,|e 1
and
G = —lBTPre (35)
P

Where, p is a weighting factor and P, is the solution
of the simplified Riccati-like equation:

PA+A'P =-20Q (36)

Where matrices Aand B are obtained from Eq. 33 as:

. .2

The gams K, and K, are imtially chosen from
arbitrary set of poles A, and A,.

0
K

1
-K

0
1

A (37)

12

Kj=h+h, K;=7A,
RESULTS AND DISCUSSION
Steady state stability analysis: To validate the design of

the proposed H. controller, the test system shown in
Fig. 1a is considered. The system data for simulation
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Fig. 4: Performance comparisen of the system under LLLG fault at converter bus. Solid line : H.. Controller and dashed
line: PI controller, Pr= 0.8 and Qr = 0.272 pu
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studies is given in the Appendix on a 132 kV, 600 MVA
base (AC side) and 150 k'V base on the DC side. The initial
operating condition 1s chosenas P, = 0.9 pu, Q,, = 0.3 pu
and P, = 0.4pu P,=01 pu, P,=09pu, Q, =03 puand
P, =04pu, Q=01 pu.

The VSC HVDC transmission links thus transmits 240
MW power to the inverter side. For this operating
condition, from the singular value plot shown in Fig. 3a
and b, it is observed that the systems’ gain and phase
margins improve appreciably that
robustness of the system stability with the application of

ensures  the

H.. controller.

The dotted line represents the singular value of the
plant only and the solid lines represent the singular
values of the plant after the augmentation of the H.
controller derived using the hinfsyn command in the
MATLAB.

0.4

Pr (p.u)
5 8

dwl (rad sec ')
e

0 1 2 3 4 5
Time (sec)

Transient stability analysis of decoupled system

Case 1: Three phase short circuit at the converter bus:
To test the robustness of the designed controller for the
HVDC light transmission link, the operating condition of
the system s P, = 08 pu, Q,=0.272pu, P, = 071 pu, Q, =
0.2 pu. Figure 4 shows the transient response for a 10-
cycle 3-phase to ground fault.

From the Fig. 4, it 1s evident that the oscillations in
the speeds of the generators and the interarea oscillations
are damped out faster with the new control than the
conventional PT controller.

Due to H_ control for the reactive power control loop
at the rectifier station, the voltage of the converter AC-
bus recovers much faster. Further, the fault at the
converter bus hardly affects the power flow to the
converter bus. The DC-bus voltages are stabilized very
well using this control.

0.3 -

EEIEI I Y ET PP

i

dw2 (rad sec™")

-0.054

0.1

0 1 2 3 4 5

Time (sec)

Fig. 5: Performance comparison of the system under LILG fault at converter bus. Solid line: H_ controller and dashed line:

PI controller, Pr = 0.2 puand Qr =0.12 pu
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To simulate a light loading condition of the generator
on the rectifier side the operating pomt 1s chosen as
P.=02pu, Q.=012pu, P;=0.18586 pu, Q;=0.1 puanda
similar three-phase fault 1s imtiated at the bus 1 and
cleared after 10 cycles. The system dynamic response is
shown in Fig. 5 which confirms the superiority of the new
controller m damping out electromechanical oscillations
of the generators while maintaining AC and DC side
voltages constant. Besides, the converter and mverter
power flows are maintained, damping out any oscillation
in them.

In this case, a three-phase to ground fault is
simulated at converter bus which affects the performance
of the HVDC Lght. The operating point chosen here 1s
P.=-02pu Q,=-0.1 pu P, =-0.205 pu, Q;=-0.05 pu. The
effectiveness of the robust controller is tested here which
gives much more satisfactory result in comparison to the

0.5 1

dwl (rad sec™)
=

-0.5 +

[
—
1
Ha—

V1 (p)

0.954

0.9

-0.054

0 1 2 3 4 5

Time {sec)

PT controller during this fault as shown in Fig. 6. The fault
duration 1 10 cycles as used in the preceding sunulations.
The controller stabilizes the system faster in comparison
to the PI controller.

Case 2: Three phase short circuit at the inverter bus: In
ths case, a three-phase to ground fault is simulated at bus
two (inverter bus) which affects the performance of the
HVDC light The operatng pomt chosen here 1s
P.=-02pu Q,=-0.1 pu, P, =-0.205 pu, Q =-0.05pu. The
effectiveness of the robust controller 1s tested here which
gives much more satisfactory result in comparison to the
PI controller during this fault as shown in Fig. 7.

The fault duration 13 10 cycles as used in the
The controller stabilizes the
system faster i comparison to the PI controller.
Further, the PI controller which performed some what

preceding simulations.

0.14

dw? (rad sec )
o

-0.14

ERETIFE

V2 (pu)

o

0217,

Time {sec)

Fig. 6: Performance comparison of the system under LLLG fault at converter bus. Solid line: H. controller and dashed line:

the PI controller, Pr = -0.2 pu and Qr = -0.1 pu
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Fig. 7: Performance comparison of the system under LLLG fault at Tnverter bus. Solid line: H_ controller and dashed line:
PT controller, Pr=-0.2 pu and Qr=-0.1 pu
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Fig. 8: Continued
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Fig. 8: Performance comparison of the system under LG fault at DC bus.

controller, Pr= 0.4 puand Qr=0.2pu

better for earlier operating points could not stabilize the
converter active and reactive power oscillations and
also resulted in overshoots in the speed oscillations of
the generators.

Case 3: Line to ground fault at DC bus: To study the
robustness of the proposed controller, a DC line to
ground fault was initiated near the converter DC bus and
cleared in 10 cycles.

The DC bus voltage, active and reactive powers of
the converters and the inter-area oscillations are shown in
Fig. 8.

From the Fig. 8, it 13 evident that the performance of
the HVDC Light system 1s very robust and practically the
excursions in the various states are absolutely minimal,
where as the performance of the conventional controller
is worst showing oscillations and steady state error. The
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Selid line: H., centroller and dashed line: PI

operating condition chosen for the simulation of DC
fault 18 P, =0.4pu, Q, =02 pu, P;=0.37 pu, 3;= 0.1 pu
overshoots in the speed oscillations of the generators.

CONCLUSION

The proposed controller is eveluated in this study
and its performance shows better results than the earlier
used PI controllers in respect of the reduction of
overshoots, faster settling times and improved damping
for the electromechanical oscillations of the generators.

APPENDIX
Generator:

ds,

T 0, — @y,
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%7(Pmkaek)

dt 1C,
Where:
H
I, = —*
2n
dE’ 1
gk !
— = (AE,, +E., —E, —(x, X I
at Tdk( fe T P T Dy ( dke ddk) kd)
dAE, . K
dtﬂ{ =K, AE, +T7j((vﬂ<ref - Vtk)
fork=1, 2.

The specification of the system studied is as follows.
Base MVA: 600, Base kV =132 (AC) and 150 (DC).

Generator 1: X, = 1.8 X, = 1.7,X,,=03,X,=0.55,
H, =65

Generator 2: X, = 1.8, X,=17,X;,=019,X,=0.55,
H,=55.

Transmission line: AC Line -1, x,,, = x,, 0.05 Qkm™ (25
km); AC Line -2, X, = X, = 0.05 Q kan™' (25 km). AC
parallel line, x,,' = x,,> = 0.05 Q km™ (150 km), DC
transmission line resistance R, = 0.01 Q km ™ (150 km).

Converter station: 1, = 1.452 Q. r;=14520. x,=29 Q,
X, =2.9Q; C, = 5000 uF. Switching Frequency: f, = 2 kHz.
AC Filters: C=9.16 pF.

PI controller gains: Rectifier side ( reactive power and de
voltage error used as control signals): K, =3.5,K;, =01,
K,; = 2.0, K; = 0.3; Inverter side (for active and reactive
power errors used for control signals): K ; =-4.0, K;; = 0.2,
K.=-40,K,=-02

H-infity control gains:
K,=02,K,;,=015K,,=035K,,=08 K,,=028,K,, =
-0.2,K,,=0.15,K,; =-0.3. All other elements of the 4x5 K
matrix are zeroes.
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