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Strength of the AC system is one of the important parameters that govern performance of HVDC systems. Even though VSC-
HVDC is known to have fewer problems compared to LCC-HVDC at lower system strengths, it is still the topic of research.
This paper presents a detailed analysis on the modelling and tuning of the control system of a VSC-HVDC system for varied
AC system strengths. Emphasis has been on the tuning of control system parameters considering the effect of AC system
strength to improve the transient response of the VSC-HVDC system. A combination of control schemes consisting of DC
voltage and AC voltage control at the rectifier and inverter end have been considered. The control parameters are tuned
with symmetrical and modulus optimum criteria and found that tuning method is working for weak systems. The VSC-

HVDC system is modelled in RSCAD software of RTDS.

Keywords: AC Voltage Control, Active and Reactive Power Control, DC Voltage Control, Proportional Integral (PI), Short
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1. Introduction

Voltage Source Converter (VSC) based High Voltage
Direct Current (HVDC) transmission is getting sig-
nificant attention in recent years. Self-commutated
converters have many advantages over the conventional
Line Commutated Converters (LCC). VSC-HVDC
projects are under implementation despite its high capi-
tal investment due to its commutation-free operation
and non-requirement of reactive power'. LCC-HVDC
systems have the history of failing in operation when con-
nected to weak AC grids where the Short Circuit Ratio
(SCR) varies from 2 to 3% But VSC is proven to operate
even under such conditions, though there are few prob-
lems in its performance’.

*Author for correspondence

There are different control schemes for the VSC-
HVDC system and the authors of* have studied and
compared them. VSC-HVDC is known to have indepen-
dent control® of real and reactive powers with the vector
current control®, which is widely used among several other
control techniques and has been under study from the
90s%E. Controller design is based on D-Q model of VSC
with parametric optimization’. Steady state model of VSC
based HVDC system has been developed by feedback com-
pensation and feedforward blocks are also adopted for fast
response'®. Transient mathemati- cal model for the VSC
based HVDC system supplying passive network in d-q
synchronous reference frame is developed and its control-
lers are designed'®. The control contains the decoupling
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of the current control strategy and having utilized the AC
active current to compensate the DC voltage®.

Among the different combinations of control
strategies, studies have been done to verify the best
combinations***and also improve the stability during
dynamic performance for multi-infeed applications'® and
industrial applications”. VSC-HVDC has been widely
utilized for dual infeed HVDC systems, focussing on the
effects when connected to lower SCRs'® or any dynamic
loads such as inductive or passive loads®. Multi infeed
HVDC system consisting of LCC as rectifier and VSC as
inverter is simulated* and such links are individually stud-
ied for comparingits performance with the VSClink*. VSC
control system is usually based on the use of conventional
PI controllers. As there are no such mathematical deriva-
tions for obtaining the gains of the PI controller, authors
in* have developed tuning techniques which enable the
system to attain stability during transient conditions. The
recent research on improving the stability and robustness
of the VSC-HVDC system**have been extended to when it
is being connected to weak grids® and taking into consid-
eration the system impedance or the SCR for calculating
the appropriate Phase locked loop gains which have much
effect on the system than the PI gains****. The authors
of* have carefully analysed the pros and cons of the VSC-
HVDC links when connected to weak grids and suggested
few solutions for overcoming the issues.

The controls in a VSC-HVDC system play a major
role in the operation during transient conditions by con-
trolling the DC voltage and currents. The present work
aims to design the controller parameters of VSC-HVDC
system taking into effect the effect of AC system strength.
Comparison of the time response and damping of the sys-
tem for different contingencies is analyzed for varying AC
system strengths. The control parameters are tuned with
modulus optimum and symmetrical optimum?* tuning
techniques for AC systems of different SCRs.

In Section 2, the basic equations are deduced for the
design of the control system which is simulated in RSCAD
software. Tuning techniques are explained in Section 3.
Section 4 presents the simulation of VSC-HVDC system
followed by the conclusions.

2. Mathematical Modelling for
the Control Of VSC-HVDC

The single line diagram of VSC-HVDC system and its
controls is as shown in Figure 1. It consists of AC The
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venin’s equivalent, converter transformer, series filter,
voltage source converter and DC line. The nomencla-
ture of various parameters in the diagram is as shown
in Table 1.

Table 1. Nomenclature of various parameters

Parameter Rectifier Inverter
Internal voltage of the

ESR ESI
source
Voltage at Point of

. Vv A%

Common Coupling SR St
Converter Voltage . Vg
Source Resistance - -
Source Inductance - o
Transformer Leakage
Resistance Riy Ry,
Transformer Leakage
Inductance L Lo
Filter Inductance L., L,
DC Capacitance Cher Coa
DC Line Resistance R
DC Line Reactance Ly

Ina VSC-HVDC system, there are four control modes viz:
V,_ control, P, control, V__control and Q,_control in outer
control loop depending upon the application. The outer
power control loop is used to generate the current refer-
ences for regulating the output active power and reactive
power of the VSC-HVDC link. The typical block diagram
of outer control loop is as shown Figure 1. The inner cur-
rent control loop is implemented in the DQ-frame, based
on the equations deduced below from electrical network
in Figure 1.
At the inverter side,

Vo = Ryl + Lydiy, /dt + Lo diy, /de+L di, /dt (1)

ESI(abc)_ Cl(abe) SIabc ' SIT abe abc FI™ abc

Converting the three-phase to two-phase rotating domain
with Clarke’s transformation
E = Ve = Ral g Ldi /dt + Lydi /dt+L,di /dt (2)

Si@p) ' Cl(ap) "SI af

Converting two-phase rotating domain to stationary
domain using Park’s transformation and 6 = wt,

= jwt
ESI (ap) ESI (dq) e
— Jjwt
Ve = Ve ® 3)
o — 3 jwt
Lep) g ©
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Outer Control Loop Toner Control Loop
Figure 1. VSC-HVDC system and its controls.
F.rom the above, the dq-equations in the matrix form are Q= 3 (E. i-F. i) (6)
given as: 0" 5 VSI@d TSI g
Ego | | Ve i o 1]li, dli, If the dq reference frame is selected in such a way that
Eg, | | Ve =R i ToLl i +LE i (4) the d-axis is aligned to the phase-A voltage of ‘Vs. This
results in
hereL=L, + L +L
SI 1 FI
ESI(d) ESI(d (7)
Because, the commutating transformer is Y/A, the zero -0
@

sequence component is absent due to A connection. The
instantaneous power for a three-phase system is With this alignment, the active power in Equation (5)
can be controlled using active current i,and reactive
power can be controlled using the reactive current i .
The Equations (5) and (6) can be simplified as

P =va.ia + vb.ib + vc.ic

this in terms of dq-frame is

(P,,] = [KI[P,] follows:
h 3 .
where P = E (ESI(d) ld) (8)
~12 12 __3 :
5 C?SG c?s(e 0) C?S(6+ 0) Q=-> (ESI i) 9)
[K]==| sin® sin(6—120) sin(0+120)
3 1 1 1 The Equation (4) can be further modified
2 2 2 Vo= gty (K +K/5) - wLi +Eg (10)
3 ) ) Vo= Ao ) (K +K/s) +wLi, (11)
Pay= 2 (Eg; g L+ Bggp 1) (5) cio ™ Vs
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In a sinusoidal PWM, the fundamental-frequency com-
ponent (V) varies sinusoidally and is in phase with the
control signal (V, ) as a function of time", which gives:

V= m*Vdc/2 (12)

The voltage components of the fundamental control sig-
nal in dq-frame are thus deduced as

|:Vcd:|:dec [sinj (13)
Vi, 2 |cosd

Hence the modulation index for the PWM can be
expressed as

m = 2V(V, +V_2)/V, (14)
§ = arctan (V, /ch) (15)

Thus in the controls implemented, § and m are utilized for
the regulation of the active and reactive powers respec-
tively. The dq0 transformation of system equations is
advantageous because it allows the use of linear control
algorithms and it is easier to design a PID controller for
dq0 model which is not possible with the regular three-
phase model. These equations are used to implement the
controls in RSCAD software of RTDS.

3. Tuning of Pl Regulators
3.1 Tuning of Outer Controllers

DC Voltage control loop is tuned by ‘Symmetrical Optimum’
design criterion which results in a controller that forces the
frequency response of the system as close as possible for
low frequencies. Using this method, the phase margin is
maximized for given frequency. Thereby system can tolerate
more delays. The method has well established tuning rules
and has good disturbance rejection. Accordingly this design
criterion is chosen for tuning of outer DC voltage controller
parameters. The PI controls are of the form (Kp+Ki/s). The
control parameters K and T, from* are

K=T/a*K*T and T, =a?*T
P c eq i eq

Where a = 3 is the symmetric distance at coros over fre-
quency when roots are real and equal,

K:Vdpu/VdCPu: 1 at steady state,
T, =U/f,, where f is switching frequeny and

Te=1/ w, ”CPu
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The control parameters K,  and T, |

trol from above substitutions become,

for the V,_outer con-

KPI-IZfsw/(wb *Cpu*a) (16)
T, =9/ (17)

where w, - Base frequency, Cpu - DC capacitance in pu

The control parameters K, ,and T, ,for the V_outer con-
trol PI-2 are tuned based on the response of the system.
From the Equations (16) and (17) it is evident that tun-
ing of the outer control parameters is independent of AC

system strength.

3.2 Tuning of Inner Current Control

In a cascade control structure, the inner loop response
must be faster when compared to the speed of response
of the outer loop. So, the inner loop is tuned according to
‘Modulus optimum’ condition because of its fast response
and simplicity®.

The control parameters for modulus optimum are

K=1 *R /2T andT.=1 =L /w*R
p pu  pu a, i pu pu b pu

the Inner current control, PI-3 and PI-4 based on the
above Equations are

KPI—4 = I<PI—3 = Lpu*fsw/ wb (18)
TPI-4 = TPI-S = Lpu/ u)b *Rpu (19)

From the Equations (18) and (19) it is clear that tuning of
the inner control parameters is dependent on Inductance
and Resistance of AC system hence the AC system
strength is considered in finding K, ,and T, ,.

4. Simulation and Results

4.1 System Description

The VSC-HVDC system of 300MW and +180kV having
Rectifier, AC system of 345kV at 60Hz and Inverter AC
system of 230kV at 50Hz was modeled for different SCRs
in RSCAD as shown in Figure 2. The circuit inside the
blue box is simulated in small time step simulation and
interfaced to the main circuit through small time step
interface transformer.

4.2 Outer Control Parameters of the System

The VSC-HVDC model has DC voltage and AC voltage
controls on both sides. The outer control parameters at

www.cprijournal.in
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rectifier and inverter for DC voltage controls are obtained
from Equations (16) and (17) and for AC voltage control are
tuned from response of the system and are given in Table 2.

Table 2. Outer Control Parameters

KPI-1 TPI-1 KPI-2 TPI-2

Rectifier &
Inverter 18.7

0.003571 10 0.001

4.3 Inner Control Parameters of the System

The control parameters for rectifier are tuned for an
SCR of 4.0 and kept constant throughout the simula-

DCLINEL

tion. The tuning of inner PI-controllers for the different
system strengths from SCR 1.5 to SCR 4.0 was carried
out for inverter using Equations (18) and (19). Table
3 gives control parameters considering the ac system
strength while tuning. The Lpu in Equations (18) and
(19) is sum of L, L, and L whereas Rpu is sum of
R, and R . As the X/ R ratio is kept constant through
out the simulation, time constant of the PI control-
lers is constant for rectifier and inverter. As the SCR at
rectifier is maintained constant the controller gain is
constant for rectifier.
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Figure 2. RSCAD model of the VSC-HVDC system and rectifier side circuit of VSC-HVDC.

4.4 Results and Discussion

The dynamic performance of VSC-HVDC when con-
nected to the weak ac system with lower SCRs is difficult
to achieve when compared to strong system with higher

Vol 14(1) | June 2018

SCRs. Designed control parameters are evaluated for
dynamic performance of the VSC-HVDC system for dif-
ferent CASEs listed in Table 3 and presented below.
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CASE 1: Performance of VSC-HVDC link when
connected to strong AC system

(a) Steady state

CASE 1 is with rectifier SCR of 4.0 and inverter SCR of

(b) Three phase to ground fault at the inverter

For CASE 1, the three phase to ground fault is applied at
0.4 seconds for a fault duration of 100 milli seconds. It
is observed that system is stable. Figure 5 and 6 give the

parameters at inverter and rectifier end of VSC-HVDC
link. From Figure 5 it is observed that the fault is at
inverter side and the system is taking 300 msec to recover
to the steady state powerflow after the fault. As the fault
is at inverter side there is no dip in rectifier side voltages

4.0. The system is strong on both sides. The steady state
plots of VSC-HVDC link are shown in Figure 3 giving
the parameters at the inverter end and Figure 4 giving the
parameters at rectifier end for a strong AC system. The
steady state values AC voltage, DC voltage and DC power

in Figure 6.
at rectifier and inverter end are observed to be as per the &
rated values of the system.
Table 3. Inner Control Parameters
SCR KPI-3 & KPI-4 Ti3 & Ti4 (mS)
CASE
Rectifier Inverter Rectifier Inverter Rectifier Inverter
1 4.0 4.0 2.607 3.128 0.015 0.018
2 4.0 3.5 2.607 3.417 0.015 0.018
3 4.0 3.0 2.607 3.794 0.015 0.018
4 4.0 2.5 2.607 4.332 0.015 0.018
5 4.0 2.0 2.607 5.134 0.015 0.018
6 4.0 1.5 2.607 6.473 0.015 0.018
15 15
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I 10 | Vol 14(1) | June 2018

www.cprijournal.in



J. Sreedevi, V. Anuradha, Premila Manohar and R.S. Shivakumara Aradhya

s [FCREGTF] . [vECsTETF
I I 1

! N =1
= 05 i { ] ] © s

0 | J 0

05 | -0.5
15 LM 1.7 VOTSTIGTR
=] ! 2 0.4
= 05 .
1] -0.5
05 . [FOCSOGTF]
2 [FECREGTF]. 15
A 1 o PR
1“’: = = n nv\,_..——‘\?/\m:—-: = e o 04 h‘llm )JI
0.5 v 1 I o -n.g W
z 0 ! ! X
s | | 1 i 0.4 03 12 16 H
& SECONDS
1] 0.4 0.8 1.2 16 2
SECONDS Figure 8. Case 5 - Rectifier end (i) AC voltage
Figure 5. Case 1(b) - Inverter end (i) AC voltage (i) DC voltage (i) DC power.
(ii) DC voltage (iii) DC power.
[FACETETF] 1.5
15 f \_/_/ J\ //—\
= ! = 04 r
05 . f
o
0.5 -0.5 rmm—l
15 1.5

1 1
Z s 2 05

o o

05 0.5
z z
15 fix 1548 [y fi L.

i Hfos - A 4 4 /1
30.5 ] 0_5‘"\ [ 5 [ { %
2 o u > N A\ JEAY 1

- e I N 1} / 5 |
o 0.4 1K 1.2 1.6 2 -1 1L 'r Il' j ll' / Hl
SECONDS o 0.4 0.8 12 156 2
SECONDS

Figure 6. Case 1(b) - Rectifier end (i) AC voltage

(if) DC voltage (iii) DC power Figure 9. Case 6 — Inverter end (i) AC voltage

(ii) DC voltage (iii) DC power.
[VATRESTP]

1.5
1M~WMMM 15
E 0 S 1 -y ¥ v _—_ "
" [ T ons
-0.8 ’
rm-l 0.5
1.5 . OCSOGTR
=2 1 !
~ons g s
1] 1]
0.5 05
[FOCREGTF] FOCEDGTE
z A A A A
p A p i Y A A
0 Vv 05 "-'\\1 J; \\\ ,!JI ‘\\ { \'\\q
z 7Y 2 o o
o o 'vnv Rk \\]I JII \||I /’I’ \‘l /’ 1‘\
0.5
-1 10 0.4 [IR:] 12 16 2
o 0.4 0.8 1.2 1.6 2 SECONDS
SECONDS

Figure 10. Case 6 — Rectifer End (i) AC voltage

Figure 7. Case 5 - Inverter end (i) AC voltage N
(ii) DC voltage (iii) DC power.

(ii) DC voltage (iii) DC power.

Vol 14(1) | June 2018 www.cprijournal.in | Il -



Performance Evaluation of VSC-HVDC Link for Varying AC System Strengths

CASE 2 to 4: It is observed that system performance is
stable so the results are not presented. However the results
for CASE 5 and 6 for weak system are presented in next
sections.

CASE 5: Performance of VSC-HVDC link when
connected to weak AC system

Three phase to ground fault at the inverter

CASE 5 is with rectifier SCR of 4.0 and inverter SCR of
2.0. The system is strong on rectifier side and weak on
inverter side. For CASE 5 also, the three phase to ground
fault is applied in similar way of CASE 1 at 0.4 seconds for
a fault duration of 100 milli seconds at the inverter side.
It is observed that system is stable.

Figure 7 and 8 give the parameters at inverter and
rectifier end of VSC-HVDC link. From Figure 7 it is
observed that the fault is at inverter side and the system is
taking 300 msec to recover to the steady state powerflow
after the fault similar to CASE1. And the voltage dip is not
observed in rectifier side in Figure 8. The method of tun-
ing worked for the SCR of 2.0 at inverter side.

CASE 6: Performance of VSC-HVDC link when
connected to weak AC system

CASE 6 is with rectifier SCR of 4.0 and inverter SCR of
1.5. The system is strong on rectifier side and weak on
inverter side with SCR of 1.5. For CASE 6 it is observed
that system is unstable even in steady state. Figure 9 and
10 give the parameters at inverter and rectifier end of
VSC-HVDC link. From Figure 9 and 10 it is observed
that the power flow through the DC line is not constant
and system is unstable. The tuning method is working for
a weak system of SCR up to 2.0 but not for SCR of 1.5

5. Conclusion

The control system for the VSC-HVDC link enables inde-
pendent control of the active and reactive powers of the
system. This feature is further elaborated in terms of the
tuning controllers for various AC system strengths. Here,
the control parameters of the PI regulators, namely, the
proportional constant and integral constants are tuned
using Modulus and Symmetrical Optimum techniques
including the AC system impedance.

The simulation of the VSC-HVDC link is carried out
in RSCAD simulation tool for varying system strengths

I 12 | Vol 14(1) | June 2018

at inverter side. It is found that the tuning technique
followed is giving good results under steady-state and
transient conditions from strong to weak system with
SCR of 2.0. However for SCR of 1.5 this tuning method
requires additional methods like reactive power support
at the point of common coupling and tuning of PLL gains
which will be addressed in future scope of work.
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