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Abstract: In this paper, the interconnection of a strong AC system to a weak AC system by using a Voltage
Source Converter (VSC) based High Voltage DC (HVDC) transmission system is investigated. In this work, the
weak AC system considered is an island system comprised of synchronous generators and passive load. Analysis
is carried out for UPF load and inductive load. The ac filter requirement to achieve the required response for
UPF and inductive load is carried out. For efficient functioning of the system considered, proper designing of
the controllers is an important factor. The controller parameters are designed using Modulus Optimum
technique and Symmetric optimum method. The performance analysis of VSC-HVDC is carried out for power
transmission in the DC link for load variation in the island system. Simulations are carried out in MATLAB/
Simulink / Sim Power Systems and the results are presented.
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I.  Introduction

For HVDC transmission, the strength of the ac system is important for normal operation. A measure of
the strength of the ac system is given by the short circuit ratio (SCR). SCR is defined as the ratio between the
short circuit capacity of the ac network and the nominal DC power level. An AC system is usually regarded as
weak, if SCR is lower than 3 [1]. In the conventional line-commutated HVDC technology, the commutation of
the converter valves is dependent on the stiffness of the alternating voltage supplied by the ac system. The
converter cannot work properly if the connected ac system is weak [2]. Some of the important consequences that
are to be addressed when a HVDC system is connected to a weak AC system are: high temporary over voltages,
low frequency resonances, risk of voltage/power instability, long restart times and high risk of commutation
failures[1] [3][4]. Synchronous condensers can be used to increase the short circuit capacity of the AC system.
But, the use of synchronous condensers substantially increases the investment and maintenance cost of the
HVDC project. With the advent of semiconductor technology, devices with turn off capability like Gate Turn
Off Thyristor (GTO) and Insulated Gate Bipolar Transistor (IGBT) make the Voltage Source Converter (VSC)
attractive for HVDC transmission[5]. Some of the problems faced in connecting HVDC transmission system to
a weak AC system can be overcome by using VSC based HVDC system (VSC-HVDC). Among many
advantages of VSC-HVDC [6][7], the property of independent control of active and reactive power may be used
for overcoming the problem of voltage/power instability, when HVDC system is connected to a weak AC
system.

The voltage/power controllability of the VSC-HVDC system is determined by the controllers included
in the system. Adequate performance of the VSC-HVDC system under diverse operating conditions depends on
the selection of robust parameters for the control system [8]. Usually, due to their simple structure and
robustness, Pl controllers are used to adjust the system for desired response. An overview of VSC-HVDC
technology is given in [9], wherein some aspects of model and control are discussed. A control system for VSC-
HVDC during island operation is proposed in [10], and it has been found that, the current limit of the converter
has a significant influence on the dynamic response of the system. Control methodologies based on sliding
mode control for controlling active and reactive power are addressed in [11]. An optimal control strategy for a
HVDC light system using a direct current vector control mechanism is proposed in [12], where the control
mechanism operates by either using Pl control technique, or integrating Pl, fuzzy and adaptive control
techniques together.  Different control approaches like Internal Model Control (IMC) and H,, control are
applied for designing controllers for VSC-HVDC connected to weak AC systems [13]. These two design
approaches are used for power-synchronization control, which has also been proposed for interconnection of
two very weak AC systems [2] . The power synchronization control method is similar to power angle control
method and uses phase angle and voltage magnitude to directly control active power and reactive power.
Typical problems such as resonant peak at grid frequency and converter over current limitation are taken care in
power synchronization method [14]. The modeling and control of VSC-HVDC links connected to Island
Systems is discussed in [15]. The control method in this paper is based on the power synchronization control for
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grid connected VSCs. In [16], a sliding mode controller is proposed for a VSC-HVDC transmission link, and
results have been provided for a variety of operating conditions such as, changes in short circuit ratio, converter
parametric changes, and faults on the converter and inverter buses.

A detailed discussion on tuning techniques of converter controllers for VSC-HVDC is carried out in
[8], by using Modulus optimum method and Symmetric optimum method for a system that is comprised of an
ac source/ grid connected to a Pulse Width Modulated (PWM) VSC. The control of the converter aims at
regulating the dc voltage V. and maintaining a balance between the dc link power and ac power supply.

In this work, the control techniques described in [8], are used for the analysis of behavior of a VSC-
HVDC system connected to an island system . The island system chosen is a weak AC system with synchronous
generators of total short circuit rating of 516MVA and passive load. The analysis is carried out for UPF load, as
well as for an inductive load of 0.85 power factor. The total active load in the island system is assumed to be of
400MW, out of which, 300MW is considered to be a critical load, that has to be supplied by the VSC-HVDC
transmission system. Hence, the VSC-HVDC link is designed to supply a maximum load of 300MW. The
difference power is supplied by the synchronous generators in the island system. The simulation is carried out for
different load settings. Remaining part of the paper is organized as follows: In section Il, the topology of the
system under consideration is explained. In section 111, the tuning of the controllers for the considered system are
presented. In section IV, the dynamic performance of the active power controller, reactive power controller, DC
voltage controller and AC voltage controller are carried out. Also, the operation of VSC-HVDC link for load
variation in the island system is analyzed.

I1.  Circuit Topology
Fig. 1 shows the topology of the VSC-HVDC system connected to a weak AC system. The topology involves two
VSCs, VSC-1 and VSC-2. VSC-1 is a rectifier and VSC-2 is an inverter. VSC-1 is connected to a strong AC
system through reactor and converter transformer. VSC-2 is connected to an island system, which is a weak AC
system represented as AC system-2. The two converters are linked through a DC cable. The phase reactors
smoothen the current and secure the power exchange between AC system and DC link. The capacitors are used
for voltage support and harmonic attenuation.
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Fig. 1. Basic VSC based HVDC scheme connected to an island system

I11.  Tuning Of The Controllers

Depending on the type of controllers used, the main control topologies for VSC station are: 1)Fixed DC
voltage control mode 2) Fixed DC current or power control mode 3) Fixed AC bus voltage control mode
4)Variable frequency control mode. Usually in the VSC-HVDC transmission systems, one VSC station uses
fixed DC voltage control mode and the other uses fixed DC current control mode or fixed AC bus voltage
control mode according to the requirement [17],[18]. In this work, the maximum power in the DC link is
restricted to 300MW. Hence, an active power controller is used in the rectifier side of the DC link. The reactive
power controller used in the rectifier side controls the reactive power exchange between the VSC-1 and AC
system-1 to maintain constant voltage at PCC. Since it is important to maintain the DC link voltage constant at
the inverter input terminals, a DC voltage controller is used on the inverter side. In addition to this, AC voltage
controller is also used in the inverter side to maintain constant AC voltage at the inverter output. For proper
steady state and dynamic performance of these controllers, it is required to tune the controller parameters. In the
following sections, tuning techniques used for different controllers of the system considered are described.

Fig. 2 shows the block diagram of the control structure of the overall system. Basically, in this control
scheme, the actual current in the reactor, i.e., isc IS controlled using a dq reference frame through a inner
current controller. As shown in Fig. 2, the reference parameters for the inner current controller are obtained
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from the outer controllers, namely, active power controller, reactive power controller, DC voltage controller and
AC voltage controller. In such cascade control structure, the inner loop response must be faster when compared
to the speed of response of the outer loop. Hence, internal loop is designed to achieve fast response. The inner
loop is tuned according to “Modulus optimum” condition because of fast response and simplicity. This method
provides a relatively fast and non-oscillatory closed-loop tracking response.
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Fig.2 Block diagram of control strategies for VSC_HVDC

3.1.1  Modulus Optimum Tuning Criteria

For low order controlled plants without time delay, the modulus optimum (absolute value optimum
criterion) is often used in the conventional analog controller tuning [19]. When the controlled system has one
dominant time constant and other minor time constant, the standard form of the control system transfer function
for the modulus optimum is achieved by cancelling the largest time constant, while the closed loop gain should
be larger than unity for as high frequencies as possible [8]. This method is widely used because of its simplicity
and fast response.
The outer controllers have to be relatively slower when compared to the inner current controller. One tuning
technique that satisfies this criteria is the Symmetrical Optimum tuning method.

3.1.2  Symmetrical Optimum method

A symmetrical optimum design criterion results in a controller that forces the frequency response of the
system as close as possible to that for low frequencies. In this method, the phase margin is maximized. As phase
margin is maximized for given frequency, the system can tolerate more delays. This method optimizes the
control system behaviour with respect to disturbance input. The method has well established tuning rules and
has good disturbance rejection [20]. An extended approach of tuning by symmetric optimum is presented in
[21]. The various controllers used in this work are explained in detail in the following section. In the ensuing
discussions, the various reference parameters and output values of the controller block are in per unit.

3.2.1 Inner Current Controller
The basic equation describing the system behavior for the rectifier mode of operation is given by equation (1).

. digpg
Vsabd = Rlsabd + L (S;;: + Vtabcl (1)

where, Vsner IS the balanced 3phase voltage of the AC system-1, viane: is the converter input voltage, L is the
reactor inductance and R is the reactor resistance.
Transforming equation (1) to dg frame,

Vsd =Usg —Loigg +Vig (2
digg .
Vsq =L——+Rigg + Lol + Vi
5, | . ©
The voltage across the reactor is represented as ug, and is given by
di . .
Uy =L—9 +Rigy =[(Ls+R)i
sd dt sd [( ) sd] @)
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where, V, Vg are the d and g components of ac voltage Ve , Usq IS the d component of the voltage drop across
the phase reactor, i, isq are the d and g component of the ac current iac.

The structure of the inner current controller implemented in the synchronous reference frame based on equations
(2), (3) and (4) for VSC-1 station, is shown in Fig. 3. Similar equations can be developed for VSC-2 station.
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Fig. 3. Structure of the inner current controller for the rectifier

Choosing appropriate values for the parameters of the PI controller shown in Fig. 3 is a challenging task.
Here, in order to find these parameters, the system involving the inner current controller is represented in terms of
the transfer functions of the various components of the system as shown in Fig. 4.

‘ bl 1 ! i
idref + -
Re) T o R O+l /Rp )L
1+5sT,
- PI
controller PWM converter Plant

Fig. 4 Block diagram of the inner current controller

In the block diagram, the delay caused due to switching of the devices in the converter is represented by
PWM converter block, which involves a time component Ta, and is given by

T, - Tswitch _ 1
2 2fswitch ®)

where, fyiien IS the switching frequency and is chosen to be 1350Hz.

The plant is represented by the transfer function:
R put stu

where, Ry, and Ly, are the per unit value of the resistance and inductance of the reactor.

The equation representing the PI regulator is:

Ki 1+Tis
R(s)=Kp+T'=Kp( Tisl ] (6)

The controller parameters K, and T; =K,/K; need to be designed for an optimum performance.

The open loop transfer function for the current controller of Fig. 4 is given as,

1+Ts)( 1 1 1
G -K i 7
¢(OL) pp“( Tis j(1+Tasj(RpuJ(l+51pu] )

Applying modulus optimum tuning criteria for this system, the Pl controller parameters are given as,
Ti:Tpu (8)
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L u
“pu {Rp J ©)

TpuRpu )
Kppu :( 2Ta J ! (10)

Hence, the open loop and closed loop transfer functions of the current control loop are given by equations (11)
and (12) respectively.

1 1
Ge(oL) {ﬁj[s(u Tas)] (11)

Ge(cL) —[

—— (12)
21252 + 2Tys +1]

The resulting system has a frequency of natural oscillation ®,, = [ ] and damping factor ¢ = (i] .

1
T.V2 J2
3.2.2 Active power controller
The active power (P,) is expressed in d and g components of the voltage and current [21], and is given by

equation (13). In steady state, vs=0 and hence, Py is given by equation (14).

Pac(t) =§[vsd (Disg (1) + Vg Disq (O] (13)

Pac () =§[vsd (Oigq (V)] ”

A closed loop control is used for controlling the active power as shown in Fig.5. In the control
methodology, the actual power P, as given by equation (14) is compared with the power to be transmitted (Pres),
and the error is passed through a simple PI controller. The active component of the reference current (igrs ) for
the inner current controller is derived from this PI controller.

The sampling block represents the delay introduced for the analog to digital conversion and it is represented by
a first order transfer function with a time constant 0.5T, where T=1/fwitch.

The K, and K; values of the controller depend on the settling time of the step response of the active

power control block of Fig. 5. These values are tuned to get good dynamic response.

P N Inner igd (é P
ref N PI ! drer current {2/ 5P
= controller controller

(-

1
1+s05T;

Sampling

Fig. 5 Block diagram of the Active power controller

3.2.3 Reactive power controller

The reactive power (Q,) is expressed in d and g components of the voltage and current [22], and is given by
equation (15). In steady state, v,=0 and hence, Q is given by equation (16). For a given reactive power (Qrf),
the reference reactive current iy, for the inner current controller can be derived using equation (17).

The block diagram of the outer reactive power controller is shown in Fig. 6.

Que(t) =2 [-Vea (Dlisg (0 Veg Disa (O] (15)
Quclt) = 1-Vsg (Vi (0] (16)
igref = —2?3%; an
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Fig. 6 Block diagram of the Reactive power controller
3.2.4 DC voltage controller
The power balance relationship between the ac input and dc output of VSC is given in (18).

Pac(t) = %[vsd (Disg (1) + Vag (Disg (O] = Ve e )

where, Vg and Iy are the DC link voltage and current on the output side of VSC-1 respectively as shown in
Fig.1. With v,=0 in steady state, equation for Iy as derived from (18) is given as:

lgc = §|: Ve (1 }isd (t)

Vie (1) (19)
It is also seen that, Iy is related to V4. and I, , the dc link current as given in (20).
\V/
l e :c{d dC}lL
dt (20)
Substituting (19) in (20), the current through the capacitor (I¢) can be obtained as:
\V/ .
C{d dc}: I, ZE[VA]@ 1,
dt 2\ Vge (21)
Equation (21) is a non linear equation representing the dynamics of DC link. The linearized form of (21) is:
C[M}:% _3| Vsd Aigg
dt 2\ Vdcref (22)
Using Laplace transformation :
{Avdc (S):| _3| Vv (ij
Aigy 2\ Vdcref J\Cs (23)

The system block diagram for DC voltage controller based on equations (19) to (23), expressed in pu values is
shown in Fig. 7.

v i i [
o . o iy gy |

1+ sTul Viep

(I)thu vdc

PI
controller

Inner current
controller

Fig. 7 Block diagram of the DC voltage controller

In the diagram, R(s) represents the Pl regulator and is given by :
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R(S) = Kpy pu(lf‘;s] (24)

The inner current controller is represented by approximated transfer function, where T¢=2T,.
The open loop transfer function of the system without considering the disturbance input is given by,

1+ T, 1 v opC
Gv(OL) _ vapu + IS sd pu b*pu (25)
TS 1+ Teqs Ve pu S

As seen from equation (25), the open loop transfer function of the voltage controller already has two
poles at the origin. Hence, the modulus optimum tuning criteria is not effective in this situation. In such
situation, Symmetrical optimum method has been considered to tune the controllers [8].

\
Introducing K =(ﬂJ and T, { ! J ; the transfer function can be written as

dcpu Op Cpu
1+ TS K 1
G =K v —_— 26
Vo) pVPU( Tys J[u Tequ[sTJ (26)
It can be shown that [8], Tiy=a> Teq, Where Te=2T,. (27)
Kpupu =| e | =] = 28)
K TivTeq aKTeq

The recommended value of the ratio T;/T,q is constrained between 4 and 16 in literature [23]. Whereas,
most of the literature use Ty/Teq =4, (i.e., a=2) for the optimization according to conventional symmetrical
optimum tuning [21]. In this work, a=3 is chosen for controller design.

3.2.5 AC Voltage controller

This controller is used in the inverter side of the transmission system. As stated earlier, the function of
this controller is to maintain the AC voltage in the inverter output at the reference value. Fig. 8 shows the block
diagram of the AC voltage controller. In this controller, the voltage across the AC filter on the inverter side (V)
as shown in Fig. 2, is compared with the reference AC voltage, and the error is passed through a PI controller.
The required amount of reactive power (Qrs) to be supplied for maintaining the AC voltage constant at the
reference value is derived from this PI controller. The reactive current iger is derived from Qer, by using (17).
The g component of the AC current g tracks iger. The Ve value is computed using (29):

. 1
va=tal ey
(29)

PI Q , Lgpes Innercurrent | iy
ref -2

controller 5 3| controller 5.
(3*Vsapu) Ctpus

Vsdref +

v

h

1
1+s0 3T,

Sampling
block

Fig. 8 Block diagram of AC voltage controller

Ky and K; values of the PI controller depend on the settling time of the step response of the AC voltage
control block of Fig. 8. All the controller parameters of VSC-1 station and VSC-2 station computed as described
in the preceding section are summarized in Table 3.
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Table 3. PI Controller Parameters For VSC-1 And VSC-2.

Station Controller Kppu Klipu

VSC-1 Current controller 0.6118 1.755
Active power controller 0.01 45

VSC-2 Current controller 0.6118 1.755
DC voltage controller 1.738 259.40
AC voltage controller 0.00776 0.228

In the following section, the simulation results of VSC-HVDC system incorporating all the controllers

discussed in this section are presented.
IV.  Simulation Results

Simulation studies have been carried out for the system shown in Fig. 9. It is seen that,
1. AC system-1 is a strong system with Short Circuit (SC) level of 3500 MVA
2. AC system-2 is a weak system with SC level of 516 MVA
3. Thereisa local load of 50MW at PCC-1
4. Thereis a fixed load of 300MW and a varying load of 100MW at PCC-2.

The proposed VSC-HVDC system is designed for a constant active power transmission of 300MW. The
generators in AC system-1 are rated to generate power slightly greater than 350MW to take into account the
transmission line losses. Out of this, 300MW is transmitted over the VSC-HVDC line and supplied to the load in
AC system-2 and 50MW of power is supplied to the local load of AC system-1. If the load demand is more than
300MW in AC system-2, the local generators supply the difference power. The complete system data is provided
in Table 4.1.

Source representing Source representing

Generators PCC-2  Generators
PCC-1

:mn_ %Gﬁ %G m \--’\/

Q0

Phase reactor  stationl Phase reactor|

station2
300MW 100MW
S0MW
AC AC =
= Filter Filter A
v AC system-2
AC system-1
Fig.9 Single line diagram of system
Table 4.1. System Data
AC system-1 1) Equivalent AC source representing a set of generators with a total SC level of 3500MVA
L-L voltage: 220kV, Frequency: 50Hz
2) A local load of 50MW, 220kV

AC system-2 1) Equivalent AC source representing two parallel connected synchronous generators with a

total SC level of 516MVA
L-L voltage : 220kV , Frequency: 50Hz
2) Passive load of maximum 400MW, 220kV
Converter transformer 315MVA,50Hz
Winding 1 : Y connected, 220kV/(L-L rms), Resistance:0.002pu, Leakage reactance:0.08pu
Winding 2 : A connected, 150kV(L-L rms), Resistance:0.002pu, Leakage reactance:0.08pu
DC cable R=1.39¢e-2 Q/km, L=1.59¢-4 H/km, C=2.31e-7 F/km, length=100 km
DC link and Reactor DC voltage:+150kV, Rated Power:300MW, DC capacitor: 70pF
Reactor inductance=0.034 H, Reactor resistance =0.10Q

System studies have been carried out for Unity Power Factor (UPF) load and an inductive load of 0.85 power
factor (pf) to assess the performance of VSC-HVDC system with respect to:
(@) Power controllability
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(b) AC filter requirement for AC system of VSC-1

(c) DC voltage and AC voltage controllability

(d) AC filter requirement for AC system of VSC-2

For the ensuing discussion, the nomenclature is given in Appendix 1.

(a) Power controllability in the DC link:

The DC link power is controlled by the active power controller of VSC-1 station. The reference active
power of this controller is fixed to a value slightly greater than 300MW (to account for DC line transmission
losses). Since the converter is considered to be lossless, the DC link power (Ppc) is equal to the input AC power
(P+) to VSC. In the first case considered for simulation studies, the load in AC system-1 and AC system-2 are
chosen to be 50MW, UPF and 300MW, UPF respectively. The simulation results are shown in Fig 10(a). As seen
from the results, the active power generated (Pacpcc1) is around 350MW and the reactive power (Qqcpcc1) IS
nearly zero, since the load is UPF. As observed from Fig. 10(a), the active power supplied to the local load (P.
pcc-1) IS around 50MW. The power in the DC link is restricted to 300MW as seen in Fig. 10(a), which is due to
the robust active power controller. The settling time for these parameters is observed to be around 0.1 sec.

o B 5
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%
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o0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Fig. 10 (a) Active and reactive power at PCC1 , Power supplied to local load, active power of DC
link and reactive power for UPF load.

In the second case considered for simulation studies, the load in AC system-1 and AC system-2 are
chosen to be 50MW, UPF and inductive load of 300MW, 0.85 pf respectively. The simulation results were found
to be same as that shown in Fig 10(a). From the results, it is observed that, the inductive load in the AC system-2
has not affected the power flow in the VSC-HVDC system.

In the third case, the load in AC system-1 and AC system-2 are chosen to be inductive load of 50MW,
0.9 pf and 300MW, 0.85 pf respectively.

The results are shown in Fig. 10(b). It is observed that, when the load at PCC1 is changed to inductive
load of 0.9 pf, the active and reactive power reach steady state value at around 0.04 sec, unlike the case with
UPF load. Also, the waveforms have less ripple when compared to UPF load. The power flow in the DC link is
maintained at around 300MW.

From the results shown it is found that, the controllability of power in the DC link is found to be good in
all the three cases due to the robust active power controller.
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Fig. 10(b) active and reactive power at PCC-1, Power supplied to local load, active power of DC link and
reactive power for 300MW, 0.85 pf load
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To further test the robustness of the controllers, the load demand is suddenly increased to 400MW, UPF, at time
t=0.7 sec in AC system-2. Under this condition, the DC link has to supply 300MW and the generators in AC
system-2 have to supply the remaining 100MW. It is seen from the results presented in Fig. 10(c), that these
conditions are satisfied. Under this situation, it is also seen that, the generators are able to generate the
difference power of 100MW within 0.76 secs. A small disturbance is seen in reactive power at 0.7 sec, but it
settles back again to zero at around 0.76 secs. The power supplied to the variable load at PCC-2 , active power
of the VSC-HVDC link and reactive power between VSC-2 and AC system-2 are also shown in Fig. 10(c). Itis
observed that, at 0.7 secs, there is an increase in the load supplied. The delay time for the active power to reach
100MW is 0.06 sec, (approximately 3 cycles). From the figure, it is seen that, the active power in the DC link is
subjected to small disturbance at 0.7secs. But, due to fast controllability of the active power controller, it is able
to settle back to 300MW in approximately 0.05 sec. It is also observed that, there is a reactive power
requirement of around 50MVAR at the inverter side of VSC-2. Due to the good performance of the reactive
power controller in VSC-2, it remains constant after subjected to small deviations between 0.7 and 0.76 sec. The
results for sudden increase in the load demand to 400MW, 0.85pf lag at AC system-2 are shown in Fig.10 (d). It
is observed from results that, the response time for the active power controller is approximately 0.045 sec and
the waveforms are smoother.
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Fig 10. (c) Power controllability under dynamic load conditions for UPF load
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Fig 10. (d) Power controllability under dynamic load conditions for inductive load

From the above discussions, it is seen that, a constant power flow in VSC-HVDC system is attained
for UPF as well as inductive load in the weak AC system. In all the above cases considered for simulation, it is
observed that, any change in the active power is not affecting the reactive power. This independent control of
active and reactive power control is achieved through robust controllers in VSC-1 station.

(b) AC filter requirement for AC system of VSC-1 :

In this section, the three phase AC supply currents are analyzed for harmonic content. The AC filter
requirement to maintain the current harmonics well within the permissible limit is discussed.

In the first case considered for simulation studies, the load in AC system-1 and AC system-2 are:
50MW, UPF and 300MW, UPF respectively. The simulation results are shown in Fig 11(a). It is found from FFT
analysis that, the Total Harmonic Distortion (THD) level is around 12.71%, with predominant harmonics of 5"
and 7th order as shown in Fig. 11(b). In order to reduce these harmonic components, a double tuned filter for 5"
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and 7" harmonics along with single tuned filter for 27" and 54" harmonic is used. The improved current
waveform and the corresponding FFT analysis are shown in Fig. 11 (c) and 11(d) respectively.

2000 T . . Fundamental (50H2) = 1309 , THD= 1271%
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Fig. 11(a) Three phase supply ac currents for UPF load without filters ~ Fig. 11(b) FFT analysis of the current
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Fig 11(c). Improved three phase supply ac currents for UPF load with filters
Fig. 11(d). FFT analysis of improved current

As it can be observed from Fig. 11(d), the THD in the supply current is reduced to 2.12%, which is well
within the permissible limit. In the second case, the load in AC system-1 and AC system-2 are changed to
inductive load of 50MW, 0.9 pf and 300MW, 0.85 pf respectively. For this case also, it is observed from the
result obtained that, the predominant harmonics are 5th and 7th order leading to a THD of 13.21%. To reduce
these harmonic contents, a double tuned filter for 5" and 7" harmonics along with single tuned filter for 27" and
54™ harmonic are used. It was found that, the THD value is improved to 0.61%.

(c) DC voltage and AC voltage controllability

This set of simulations was carried out to assess the performance of DC voltage and AC voltage
controllers implemented in VSC-2 station. For the DC voltage controller, the reference DC voltage is set to
300V, which is the rated DC link voltage. Fig. 13(a) and Fig. 13(b) show the waveforms of the controllers of
VSC-2 station for UPF and inductive load respectively. The DC voltage controller waveform shows that, at 0.7
sec, the DC link voltage is subjected to variations due to increase in the load demand at AC system-2. The link
voltage is able to settle back to the reference voltage in 0.05 sec for UPF load and approximately in 0.025 sec
for inductive load respectively. These results show that, the DC controller responds fast for load change in AC
system-2.

In the AC voltage controller, the reference AC voltage is set to peak value of the phase voltage on A
side of converter transformer. The AC voltage controller is able to bring the AC voltage at the inverter output of
the DC link to the reference value in about 0.07sec for UPF load as shown in Fig. 13(a) and in approximately
0.05sec for inductive load as shown in Fig. 13(b). The waveforms also show the tracking of the active and
reactive currents (due to action of inner current controller). For any small deviation in the reference current, the
current controller is able to track the reference almost instantaneously. The results show that, the dynamic
response of the AC voltage controller for load change in AC system-2 is good.
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Fig 13(a). VSC-2 controller waveforms for UPF load
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Fig 13(b).VSC-2 controller waveforms for inductive load

(d) AC filter requirement for AC system of VSC-2

In this section, the three phase AC supply currents are analyzed for harmonic content. The AC filter
requirement to maintain the current harmonics well within the permissible limit is discussed.
In the first case considered for simulation studies, the chosen load in AC system-1 and AC system-2 are : 50MW,
UPF and 300MW, UPF respectively. The simulation results are shown in Fig. 14(a). It is found from FFT
analysis that, the Total Harmonic Distortion (THD) level is around 21.93%, with predominant harmonics of 3",
5" and 7" order as shown in Fig. 14(b). In order to reduce these harmonic components, a double tuned filter for
5" and 7™ harmonics along with single tuned filter for 3, 27" and 54™ harmonic are used. The improved current
waveform and the corresponding FFT analysis are shown in Fig. 14(c) and Fig. 14(d) respectively.
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Fig. 14(a) Three phase supply ac currents for UPF load without filters  Fig. 14(b) FFT analysis of the current
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Fig. 14(c). Improved three phase supply ac currents for Fig. 14(d). FFT analysis of improved current with
UPF load filters

As it can be observed from Fig. 14(d), the THD in the supply current has reduced to 2.53%, which is
well within the permissible limit. In the second case, the load in AC system-1 and AC system-2 are changed to
inductive load of 50MW, 0.9 pf and 300MW, 0.85 pf respectively. For this case also, it is observed from the
result obtained that, the supply current has harmonics, leading toa THD of 8.38%. To reduce these harmonic
contents, a double tuned filter for 5™ and 7" harmonics along with single tuned filter for 27", 54" harmonic and a
high pass filter are used. It was found that, the THD value is improved to 4.06%.

V.  Conclusion

In this paper, the designing of the current and DC voltage controllers using Modulus optimum and
Symmetric optimum techniques respectively are carried out. The controller parameters for the active power,
reactive power and AC voltage controller are tuned based on the settling time for the closed loop step response of
the respective closed loop transfer function. The steady state and dynamic performance of these controllers are
tested for a VSC-HVDC transmission system, that is connected to a weak AC system on the inverter side. The
simulation is carried out for UPF load and inductive load. It is observed from the simulation results that, the
response of the controllers is more smoother and response time for variation in load is less for an inductive load
when compared to that of UPF load. For both types of load considered, AC filters are required to eliminate ac
current harmonics. The performance of the controllers for UPF and inductive load are found to be robust for
changing load conditions in the island system.

Appendix 1
Nomenclature used in section 1V

V pec1: Three phase voltage at PCC-1.

P.c pcc.1: Active power at PCC-1

PLpcc.1: Power supplied to local load at PCC-1
link

Q. : Reactive power exchange between DC link and AC network
P.r. Reference active power

component of iz.)

ig:d component of iz,

component of iz.)

iq : g component of iapc

i anc pcc-2: Three phase current at PCC-2.

Q acpcc2 ¢ Reactive power at PCC-2
PCC-2

i ancpcc-1: Three phase current at PCC-1.
Q acpcca: Reactive power at PCC-1.
P .. Active power transmitted in HYDC

iger. Reference active current (d
iger.  Reference reactive current (q

V pee2: Three phase voltage at PCC-2.
P.c pcco: Active power at PCC-2

PLpcc-2 : Power supplied to local load at

P ac_inv: Active power transmitted at the inverter side of VSC- HVDC link
Qqc_inv: Reactive power at the inverter side of VSC- HVDC linkVg.: DC link voltage

Ve rer. Reference DC link voltage

Vqe_ref. Reference ac voltage

iaref inv: Reference active current (d component of iac)
igref_inv: Reference reactive current (g component of izc)

Vqc: ac voltage at the inverter output
ig_inv: d cOmponent of i
iq_inv: 0 component of i
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Appendix 2

Base values for per unit system:
Base values for AC side quantities:

Base voltage=V,=Phase peak voltage
Base active power=Py

Base current=1,, = W

Base impedance=2Z, = .

2Py
b
Vb
b

Base nominal frequency= w,=314;

Base capacitance = Cy, =

1
Zyoy,

Zy

Base inductance= L, = —

®p

Base reactive power=Qy,=Reference reactive power (Qy)

Base values for VSC DC side quantities

Base dc power=Py, 4. =Rated DC power
Base dc voltage=2*V,,

Base dc current=1;, 4. = E’IT'O
o . 3 87y,
Base value of DC transmission line resistance= Ry, 4. = =
L . _ 3Cy
Base value of DC transmission line capacitance=Cy, 4. = =
o _ 8Ly
Base value of DC transmission line inductance=L,, 4. = -
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