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Abstract - A new VSC-HVDC model with IEEE5 bus
system is proposed in this paper. The power flow
solutions of the new model can be solved using the
Newton-Raphson = method. The HVDC system  is
considered as the tap changing transformer because
each converter is connection of voltage source
converter and its transformer. The proposed approach
is make changes in fundamental frequency and its VSC-
HVDC modeling. In this VSCs are treated as compound
transformer device. In order to step up and step down
transformers in which PWM-based inverters control is
used. In this two models are presented one is back-to-
back and other is Point-to-point model. The power flow
of these two models is compared and also introduces a
new model with IEEE5 bus system. The power flows of
these new model with IEEE5 bus are calculated using
Newton-Raphson method. The VSC model takes control
properties of PWM control. It considers the inductive
and capacitive reactive limits and also switching and
ohmic losses.

Key Words: VSC-HVDC system, Newton-Raphspon method,

PWM control, power flows, HVDC converters.

1. INTRODUCTION

The ever growing need for transmission capacity
in current day’s power systems has led to increased
interest in transmission based on voltage source converter
high voltage direct current (VSC- HVDC) technology. In
earlier days mercury arc valves are used in power
transmission, later the research and investigation on
improving the capabilities of HVDC technology resulted in
emerging thyristors, which is a solid-state semiconductor
device, and introducing as a replacement of mercury arc
valves in the 1970s. [2]. It is stated that on March 10,
1997 power was transmitted on the world first Voltage
source HVDC transmission system between the Hellsjon
and Grangesberg in central Sweden, This scheme was an
experimental one rated at only 3 Mw and £10KV[3]. In

VSC-HVDC technology, the brands introduced are HVDC-
Light ® and Siemens uses the name HVDC-PLUS®.

Among the VSC-based controllers commissioned
and installed in several transmission systems around the

world, the VSC-HVDC system, also called HVDC-Light® or
HVDC-Plus®, is a recent technology which has
demonstrated. The semiconductor valves used at VSC-
HVDC stations are IGBTs and Valve firing control is PWM.
This PWM (Pulse Width Modulation) is used in order to
get high speed control of both active and reactive power.
The HVDC Light is the most recent HVDC technology based
on Voltage Source Converter ( VSC ) and extruded DC
cabled with power units up to 200 MW][2]. Now it is in its
fourth generation, This fourth generation technology is
termed as HVDC Light G4 and it has two main advantages
as compared to previous generations. The advantages of
this HVDC Light G4 are converter losses are in order of 1%
as 3% found in early design and harmonic generation is
low which uses of AC harmonic filters. The HVDC PLUS
shows similar operational characteristics such as it uses
multi level converters of the modular type and low
switching frequencies.

Most basic VSC-HVDC configurations are back-to-
back and point-to-point models. It is used in either mono-
polar or bipolar fashions. The mono-polar VSC-HVDC links
of two configurations is shown schematically in Fig. 1[2].
In back-to-back model two VSC are series connected on DC
side and in point-to-point model through a DC cable. As
shown in Fig. 1 each converter station consists of VSC and
its connecting Transformer, The primary and secondary
windings of this transformer are connected to high-
voltage power grid and to the AC side of the VSC same as if
they were two STATCOMs.

The behaviour of New VSC -HVDC model as shown
in Fig. 1 can be made by employing two VSC models each
should be represented by variable voltage source in
addition to a coupling impedance and linked together by
mismatch active power constraining equation [5]-[7] and
solved using Newton-Raphson method. These modeling
issues are useful for such as back-to-back and point-to-
point schemes [5], multi-terminal schemes [6], and
extension to optimal power flows [7].

The main focus on these schemes is on AC side of
the VSC-HVDC links and no DC representation is available.
There is a provision for DC representation of VSC-HVDC
which is STATCOM’s AC voltage is expressed as a function
of DC voltage and amplitude modulation ratio. But it is
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difficult to represent in this model due to its equivalent
voltage source nature. This problem can be solved by
using a sequential numerical approach is put in [9] and
[10]. To solve the AC part of the network whose VSC-
HVDC converters are represented as variable voltage
sources in which derived values are added in to a DC
conductance matrix for representing the multi-node DC
network. This is a full VSC-HVDC power flow solution but
due to its sequential iterative approach it losses its strong
convergence characteristics of the Newton-Raphson
method. The modified approach to solution of multi-
terminal VSC-HVDC links is represented in Reference[11]
where VSC are considered as lossless and the solution is
based on power injections in both the AC and the DC
nodes. The power flow calculation in power grid for multi
terminal VSC-HVDC schemes which is proposed in
reference [12]. This paper introduces a VSC-HVDC model
it comprises the phase-shifting and scaling nature of PWM
control .It also considers the VSC inductive and capacitive
reactive power design limits, switching losses and ohmic
losses and also it compares this model with another new
model reported in this paper. The power flow back-to-
back and point-to-point models are compared and also
introduce a new model with IEEE5 bus system. By keeping
its strong convergence characteristics, the numerical
power flow solution is solved using the Newton- Raphson
method.
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Mg Maf
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Fig. 1 .VSC-HVDC schematic representation of (a) Back-to-
back configuration. (b) Point-to-point configuration.

2. NEW VSC-HVDC MODEL

Two of the VSC models shown in Fig.2 can be used
for modeling the fundamental frequency operation of the
VSC-HVDC schemes shown in Fig.1. From Fig.2 the middle
component of this VSC model is the ideal tap-changing
transformer with a complex tap, In this winding connected
to node 1 may be denotes to be a AC node and winding
connected to node 0 may be denotes to the DC node of the
VSC, this will gives a relation which is mostly used in
power electronic circuits.

V_lszﬂg.fi Epe (1)

Where m’; be the tap magnitude of the ideal tap-
changing transformer such as VSCs amplitude modulation

coefficient .But this relation is for two level - three phase:
m=+/3/2m,

Which takes 11 within violations 0 < i1, << 1[13]

Where @ is the phase angle of complex voltage ?1 and
Epc is DC bus voltage which value 2 in per unit basis.

Actually the VSC can be modeled as two- level or
multi- level inverter operating on constant DC voltage
Ene, Cpe small Dc capacitor is used to support and

stabilize the controlled DC voltage Epz which is needed

for converter operation[4]. By using electronic processing
of the voltage and current waveforms VSC provides either
reactive power generation or absorption, according to our
requirement PWM control shifts current waveform either
lead or lag[4]. The PWM control switching gives Bgq

according to our requirement which could be capacitive or
inductive, where as the other elements in Fig.2 (b) is
inductive reactance Xi representing VSCs interface
magnetic and series resistor represents ohmic losses, the
shunt resistor such as conductance relating to switching
losses in presence of a DC voltage and in parallel with a
capacitor.

It is to be stated that R4 is AC terminal current

squared. In this Resistance characteristics which is
derived at rated voltage and current where the constant
resistance characteristics may be inaccurate so it can be
corrected by the quadratic ratio of the actual current to
the nominal current.

act

I
Go (Fgﬁ] P =6 (2)

Where Gy be resistive term which exhibits a degree of
power behavior.
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Fig. 2. (a) VSC Schematic representation, (b) VSC
equivalent circuit.

It is to be noted that secondary winding current I3
splits in to I; and Iz .Under steady state operation, the

capacitor is assumed to be charged. In this case Iz would

be zero. The steady state model and power flow relation
between nodes 1 and 0 will be

Vol = V4(Ti —T;) = V4Ti + jB,Vi  (3)

The form of equation represents the fundamental
operation of the VSC.

BN

TD =0 =

( Yi —1i, (cos © + j sin ©) ?1]
—m, (cos 0 —jsin @) ¥y G+ mi, (¥ +iByy)

Vfu'
X(v:] @

Where IFL.R and I_L.R are the complex voltage and current at
node Vg, T, = m,(cos® + jsing)

5

T, =T; and¥y = 1/(R; + jX; ).

Also [, is a zero injected nodal current at node 0 and Vy is
the voltage at DC bus.

3. POWER FLOW MODEL BACK TO BACK VSC-
HVDC

By using the Newton-Raphson method , The
linearized equation corresponding to the power flow
solution of the back-to-back VSC-HVDC, is calculated in
this section.

A. Back-to-Back VSC-HVDC Nodal Power Equations

By following some algebra The nodal active and
reactive for the rectifier are arrived at.

Pog = GigVig —1itgg VigViog

[G1g cos(8,5 — Bpg — @r) + Byg sin(8,z — Bpg — @pl
Qur = —BigVig — 1o VigVog

(Gigsin(B,5 — Bgg — @g) — Byg sin(B,5 — 8gg — gl
Pog = (1hag” Gig + Geur)Vig — 1iar Vor Vor

[G1g cos(Bpg — Byg +@g) + Big sinlBpg — O, + Opg)]

Qor = —titag (Byg + Bleqﬂ}vﬁﬂ — titag Vir Vor
(G5 sin(Bgg — Byg + @g) +Big cos(Bpg — Byg + eyl
(6)
Similarly another set of equations for Inverter
Py = GyViy — g VgV

[G]_lr EDE{EM — EDI - fP;:] + BU Si'ﬂ.{ﬂw’ — EDI - qﬂj:]]
Qo = —By Vi — g VoV

[Guﬂf'ﬂ{ﬂw — EDI - fP;:] - B” Si'ﬂ.{ﬂw’ — EDI - fP;:]]

- 2 -
Pop = (1i1ay% Gy + Gy VB — thgy Vg Voy
[GU EDS{ED; — Ew’ + "P;:] + Bu’j‘f'ﬂ{ﬂn; — Ew’ + QF‘;:]]

- z -
Qor = —titg; (By + 319.;;]"[*’%; — gy Vi Vo
[G]_lr Siﬂ{ﬂg; — Ew’ + "Pj:] +B:|_|r [‘DE{ED; — Ew’ + "Pj:]]

(7)
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From Fig.1 it shows that both converters are
connected on their DC side to a common bus 0, it is clear
that buses OR and 0I are at same bus in this back-to-back
VSC-HVDC application.

B. Back-to-Back VSC-HVDC Linearized Equations

The solution of generation and load pattern can
be carried out by using Newton-Raphson method.

Because these nodal power equations are non Linear.

These calculated powers are obtained from the
nodal equations (6) and (7).In order to regulate power on
DC side a rectifier is used and to regulate voltage
smagnitude on its AC side an inverter is used. In order to
stabilize the DC voltage a small DC capacitor is used on
each of the two VSCs which is needed for converter
operation.

In order to obtain zero reactive power at node 0
these constraining equations are used. Hence, there is
additional two state variables are available such as
equivalent susceptances of the two VSCs.

Linearization of equations (6) and (7) around the base
operating points,
(68 V2,00 .v9 6 m 0 BT 0% B%)
used to regulate voltage magnitude at the mverrters AC
side and to control power on the DC side using M. Treat
the node 0 as a PV-like bus that Vg is kept at constant

value.

The corresponding equations is arranged as shown in (8)
of the page.

I. Mismatch Power Terms and Control Variables:

The mismatch power is obtained from the difference
between the net power and calculated powers at buses
Vz, V7 and 0.

":"Pvﬂ = Pvﬂ_net - P:JR_:'EE = {Pvﬁ_gﬂ: - Pvﬂ.iﬁ-ﬂd} - P:JR_:'EE

AQug = Qugner — Qomcar = {Qvﬂ_gm - Qvﬂ.fﬁﬂd} — Qg cal

":"PGR = Pﬁ-ﬂ_net_PﬁR_mE = {Pﬁﬂ_gen _PGR.EGEd} _PGR_:'EE
APog_wr = Pﬁﬂ—vﬂ_reg — Pur_vReal
AQor_wr =0- Qor—sRear

":"PI_PEJIHH_PMME Pv!.ieﬂd}_

{Pz.l}'ge'r: - P:JI.:'EE

":"Qz.l! = Qv!_net - Qz.l.f_mi = {Qvf_gen - Qz.l.f.imzd} - Q:JI_:'EE

":"PE-I = Pﬁ-!_net _Pﬁf_mi = {Pﬁﬁ_gen _Pﬁf.iﬁed} - PDI_:'EE

":"QE-I = Qn!_net Qﬁ-}'m! {Qﬁ-!gen - Qﬁf.fﬁﬂd} - Qm‘_mi
APy o = me—t.l!_reg = Py vical
AQy_v1 = 0- Qgi-yical 9

In this application, the reactive power targets are set to
zero and PﬁR—zJR_reg = Pﬁ!—z.lf_reg

II. State Variables and Increments:

The state variables are updated at iteration
(1), as follows:

Ir‘l I'r!_]:l Ir‘l
Evﬂ - Evﬂ + ":"Evﬂ
.':I.VI'FJ )
(rd [r-1 vR r-1
VEJR = V + ( l.'..'l:rj ) VEJR
vl
Ir‘l I'r!_]:l Ir‘l
Evf - Evf + ":"Ev.f
Eln'r"l — EIDT'—D -I-ﬂﬂlnﬂ
. g
ml[‘) — ml[._r 13 +( 2 - jl 'J[HF 13
i)
op = 0f " +A0g
[3?‘:' — Gi'r'—ﬂ + ﬂ@;ﬂ
(rd (r-1 (r)
Beqﬂ = Beqﬂ + ":"Beqﬂ
(rd (r-1 ()
Beq! = Beq! + ":"Beqf
)

IIL. Practical implementations:

Control Strategy: As illustrated in Fig.1(a) the voltage Vg

is kept as constant t by using a small DC capacitor bank of
each of value Cp¢ while the VSC acting as a rectifier and it

is connected between sending bus VR and receiving bus 0
with one side is connected to VSC’s AC bus and the other
side VSC’s DC bus. The relationship of maximum and
minimum values of voltage magnitude within the system
is,
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2, vl 1%
Werl= meREﬂﬂ—ﬂlﬁ +X1.1L1 (1

The modulation index values lies within bounds0<
Mzgr<1,butin practice actual modulation ratio is lower

than 0.5.The VSC current upper design limits
|I1] =< Iyse, ., and the upper and lower ceilings of Bagr

are obtained from the design values of Epcand Qg

B jr: = +Qysc/Epcand Begr- = +Qysc/Epc.

Similar relationship exists in VSC inverter which is
connected between sending bus, and receiving bus 0.

Simplifying Assumptions:

The two resistors consists of internal losses of the
VSCs and the inductor represents their interface magnetic
and it is constant parameter. The phase angle at is
independent of circuit parameters. Because ideal phase
shifter decouples angle decouples angle wise. Hence
according to application of tis paper it makes a zero phase
angle voltage initialization for this bus, In rectangular
coordinates of voltage its imaginary part does not exist,

FD=VD£D —}V_D= 2n +jl] — VD = ep
Initial Parameters and Limits:

The initialization of three sets of VSC parameters
are: The amplitude modulation ratios; the phase angles
and the equivalent susceptances. Set the amplitude

modulation ratio 4/ 3/2 and phase angles at .Assume the

VSCs to operate in linear regions, with actual modulation
ratios takes positive maximum values and minimum value
is at 0.=,ut actual power system operation conditions its
value is lower than 0.5[13].The phase angles has no limits
and the equivalent susceptances are lie within range.

C. LTC Transformer Model

The nodal admittance matrix of the LTC transformer
which is connected between buses K and Vg

(- S
Tz.lﬂ _Tr_r _Tzr_r FEJR

linearization of (13) around base operating point is
suitable to regulate voltage magnitude at bus.

(12)

The above equation describes the LTC connected
between buses K and Vg , similar relation would exists in

between buses Vi and M only by changing the
subscriptions.

The LTC transformer active and
expressions at bus k and Vg.

reactive power

Py = GVi — TV, Vg
[G.cos(8;, —8,5) + B, sin(8;, —8,5)

Qi = —B;Vg — TV, Vi
G, sin(8, — 8,5) — B, cos(8;, — 8,3)]

Poge = GT'Vig — TVi Vg
[G; cos(8,5 —8,) + B, sin( 8,5 — 8]

Qure = —B:T*Vig —TV,Vop
(G, sin(8,5 — 8g) — cos(B,5 — Gy)

(13)

Where Vi zng F% are the phase angle and complex voltage
of voltage I?k. Similarly V,.z and &,z are the phase angle
and complex voltage of voltage I?L,R.Also {r. and By are real
and imaginary parts of Y.

In order to regulate voltage magnitude, LTC tap is used at
bus k and V.

For example, linearization of (13) around operating points
is suitable to regulate voltage at bus K

[ EPK aPK EPK rl
70y ()7 5as ()% g,y
K
‘ﬂPk [ % (ﬁ] a@h’ (aq_f{]v E
aQx | _|a8x \g 30,5 \V,g/ °F T
AP g - P (aPzJR] r 0] (aPuﬂ] v Al g
AQ g a8, \ar /) a6 \av,z/ | |V
a'?_z.-ﬂ(aqi'ﬂ:lr a@yﬂ (anJRJV VEJR
a6y T /' 3@ \aV,g/ %

In order to represent the full back-to-back VSC-
HVDC as shown in Fig.1 (a), an interfacing of two back-to-
back VSCs and two LTC VSCs are needed; it requires an
expansion of (8) to add the buses K and m, where self
terms of Vg in (8) and (14) are added together. Similarly
the self terms of VI and m in (8) and (14) are also added
together.

The linearization of LTC introduces an additional:

ﬁPK,ﬁQKJﬁPerHﬁQerandﬁPmi ﬁQmJ ﬁpz:fri ﬁQuIr-

The power mismatches of two LTC tap coincides with AC
nodes of two VSCs, are added together:
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V=2
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my=0.831 $=0.813°
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5
0.9956T % 0.5363
0.9956

7,=0.9768

STEDS 5

7,=1.1105 4 0.6131

1.8780 3

Fig.3. Back-to-back VSC-HVDC consists two equivalent AC sub-systems .The following parameters are used

(i) Transmission line 1 and 2: Ry = 0.05 p.u..and Xyp = 0.10 p.w.,; (ii) VSC 1 and VSC 2

reactance: 0.001 p.u, 0.01 pu . ; (iii) VSC 1 and VSC 2 initial shunt conductance for switching loss calculation
Gz = 0.01 P. U.; (iv) LTC 1 and 2 series reactance :0.06 p.u; (v) active and reactive power load at bus 2: 1p.uand 0.5 p.u;

series resistance and

(vi) active and reactive power at bus 5: 1.5 p.u and 0.5 p.u.
Table 1

Power flow voltage solution

Nodes 1 2 3 0 4 5 6
1.02 1.00 1.01 1.4142 1.01 1.00 1.02
V(p.u)
8(deg) 0 —14.67 | —18.51 - 0.29 —3.02 0
Table 2
Tap values for the two VSCs and two LTCs
VSsC 1 2 LTC 1

Mg 0.838= —19.178° | 0.831=0.813" | Tap 1.1105 0.9768
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APgand APyge; AQpr andAQ g,
APy and AF;e; AQy and AQy,. At iteration (r) , the
additional state variables are calculated such as
E‘;:rj, l‘fil'rj,ﬁ‘;:ﬂ, l‘;,',;rj. By using the tap of the LTC which is
connected between buses k and ¥ is controlled voltage in
either of the bus k or bus ¥; which is associated with
state variable T .which modified as either VK?"} or TJ'L,';}
depending on which LTC tap acts. Similar relation exists
for LTC transformer which is connected between m
andV;.

D. Back-to-Back VSC-HVDC Test Cases

The test case presented in this section as shown in Fig.3
where VSC-HVDC link is used to interconnect two
independent AC systems.

In this example the two VSCs are connected on their AC
side through LTC Transformer operating off their nominal
tap positions. As shown in Fig.3 the power leaving the
rectifier is set at 1 p.u using connection then each AC
subsystem require its own slack bus. Buses 1 and 6 are
designed as slack bus and Bus 0 is DC-like bus. The active
and reactive power on each generator contributes to
2.2822 p.u. and 0.5172 p.u. of active power respectively.

The phase angle voltages at bus 1 provide reference for
phase angle voltages at 2 and 3 buses similarly bus 6.
Reference for 4 and 5 buses. The voltage solution shown
in table.1 VSC1 and two VSCs are connected between
buses 3 and 4 through DC bus 0 where voltage is
regulated at 1.414 p.u. Since it is asynchronous the active
power occurred in VSC connected to bus 3 are at 1.43%
with 0.99% switching losses and remaining conduction
losses. At bus 3 delivers 1.878 p.u of reactive power in
this 0.5 p.u is connected to load at bus2 and 0.6355 p.u
absorbed by slack bus 1 and remaining is used for losses
which occurred in between node 1 and 2. similarly the
active power loss at bus4 at 0.44% switching losses 0.3%
and conduction losses 0.14% and reactive power at bus
40.6131 similarly 0.5 p.u reactive power connected load
at bus 5 and remaining for losses. The complex taps
corresponds to two VSCs as shown in table.2. The

susceptances of VSC 1 and 2 produce 1.9226 p.u. and
0.6383 p.u. of reactive power. The solution converges in 7
iterations to a mismatch tolerance of1071%

4. POWER FLOW MODEL: POINT-TO-POINT
VSC-HVDC

The nodal power equations for the rectifier which is
developed and is used in this model, where as for inverter
it should be calculated. In this section the model consists
of the VSC model in series with a DC cable combined VSC
cable DC representation.

A. Combined VSC-DC cable Representation

’ 7
Voo Goc

Fig. 4. (a) VSC-DC cable schematic representation. (b)
Cable equivalent circuit. (c) VSC equivalent circuit.

The fundamental frequency operation of
combines a VSC-HVDC model and a DC cable as shown in
Figure 4.
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The VSC admittance matrix (4), with changed subscripts
to represent the inverter, and that of a DC cable are
combined for following representation

?W
Tm’ =
Tog

Fl —mrﬂ_;.i— G;Fl l]
—m' e — 0¥ m (g +jBeq} + G+ ¥pe ¥y
0 —¥pe ¥pc

r:[-’f
® Vw
Vor

Mathematical elimination of node Ol gives the equation
17

(15)

A. Point-to-Point VSC-HVDC Nodal Power Equations

By making use of nodal matrix 17 the power flow
model is calculated similar to (5) where as for inverter
side it should be arrived at

Pv.f = Geqlvil
—m' 5 Vo Vor [Gegrnecos (8, — Bog — Oyp)
+Bqipc sin( 8,5 — Bgg — Oy)

Qz.l! = _Beqlvzz.lf
—m 5 Vo Vog [Geqine sin(8y — Bgg — ©Op)
—Boqipc cos(By; — Bpg — Oy)

Pog = GegoVin
—m' o Vo Vog [Geqine cos(B8gg — 8y + Oy)
+BEI?IIJJE Siﬂ{ﬂm - H[.r_; + G‘_;:]

Qor = —BeqVir
—m o Vo Vog [Geqine sin(Bog — 8 + Cp)
_Beqlﬂﬂ [‘DS{HM - E[.r_; + E‘p'_;:l

(18)

B. Point-to-Point VSC-HVDC Linearized System of
Equations:

The combine solution of (6) and (18) gives the
solution of the point-to-point VSC-HVDC, for a set of load
and generation pattern. The rectifier is connected
between bus 3 and OR and the inverter is connected
between bus 4 and OI. The considerations for this test
case are similar to back-to-back VSC-HVDC test case D. C.
C. Point-to-point VSC-HVDC test case:

The test case relates to a simple system where
VSC-HVDC link is coordinated with two independent AC
source, as shown In Fig.5 Point-to-point VSC-HVDC
linking two equivalent AC sub-systems.

The following terms are used:

(i) Transmission Line 1 and 2: Ry = 0.05 p.u., and
XTL =0.10 p.u., BT.L = 0.06 P, ; (ll) VSC 1 and VSC

2 series resistance and reactance: 0.001 p.u., 0.01 p.u;
(iii) For switching loss calculation, VSC 1 and VSC 2 initial
shunt conductance Gz, = 0.01 p. u; (iv) LTC 1 and LTC 2

series reactance’s: 0.06 p.u.; (v) active and reactive power
load at bus 2: 1 p.u. and 0.5 p.u.; (vi) active and reactive
power load at bus 5: 1.5 p.u. and 0.5 p.u.; (vii) resistance
of DC cable: 0.05 p.u The considerations for this section
are similar to back- to-back case. in 7 iterations ,The
solution converges to a tolerance of 10712 | In this voltage

at inverter is derived upon convergence of iterative
solution. The power flows are shown on Fig.5 where
buses 1 and 6 consist of 2.2822 and0.5434 p.u of active
power respectively.

As we know power flows and tap values up to oR are not
changed and it is same as back-to-back case. In this active
power from slack bus1 gives fewer loads at bus 5 due to
power loss which is occurred in resistance. In order to
meet demand at bus 5, slack bus at generator 6 consists
an additional power. The power loss up to Node OR is
same and it changes to the right of bus OR. The power
loss occurred in DC cable is 2.5%.In order to supply
reactive power load at bus 5, the VSC 2 delivers an 0.6252

p.u.
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(Iz.-;] (Fl{asw + jm’ ;2Beg ) Ve —m' <0, ¥, ¥pc ] Vor
Iog - =0;¥ 1 ¥p, ¥pe(m' =¥y + (6o + jm' 2B, )/ Wog 17

3 X
r—0.838 gn=-19.178° my=08S1  $=0.534°
1.1100 v, =2 0.52911 % 0.0505
1+j0.5 I 1.5+j0.5
2 \L 1 0.975 3
3 —> —»
].GIDU_F 11_0143 (:,9?091‘ %0_5505
OR 01 0.9700
: T T :
T,=1.1105  1.8780 3 4 0.6252 7,=0.9762

Fig.5 point -to-point VSC-HVDC consists of two equivalent AC sub-systems. The following parameters are used: (i)
Transmission Line 1 and 2: Ry;=0.05p.u. and X7;=0.10 p.u., Eyz= 0.06p.u;(ii) VSC 1 and VSC 2 series resistance and

reactance: 0.001 p.u,, 0.01 p.u ;( iii) VSC 1 and VSC 2 initial shunt conductance for switching loss calculation &, =0.01p.u;

(iv) LTC 1 and LTC 2 series reactance’s: 0.06 p.u. ;(v) Active and reactive power load at bus 5: 1.5 p.u. and 0.5 p.u.;(vi)
resistance of DC cable: 0.05p.u.

1
Gegr = 3 [(m'0261 + G+ Gpc){61(6ey + Gpe) — By(m' ;2Beq + Boc )}
+mr|zj3 {Bl + Beq} + Bp¢) {Bl'if;gw + Gﬂg:] + Gl{mr al? Beq + Bﬂﬂ}}]

1
Begr = 71(m 026y + Gaw + Gc) (B1 (6o + Gpc) — Gy(m'2Bog + By}
+m'2(By +B.y) + Bpc){61(Geyp + Gpc) + By (m' 2By + Bpc))]

1
Geqine = A [(m' 326Gy + Gy + Gpc)(G1Gpc — By Bpe) + (m',2(By + Beg) + Bpe) (By Gpe + G1Bpc)]
1 r r
Begine = A [(m' 226Gy + Gy + Gpc)(B1Gpc + G1Bpc) — (m' ,;2(By + Beg) + Bpe) (G1Gpe — B1Bpc)]
1
Geo = 3 1(m'o261 + G+ Gpc) (Gpc(mapz 61+ Go) —m, 2Bpc(By + Beg
+(m' 2(By + B.y) + Bpc){Bpe(m' .26y + Go) + m' 2 Gpc(By + By )]

1
Beo = 7 [(m' 0261 + 6o + Gc) (Boc(my2Gy + Goyp) +myzGpc(By + Beg
—(m' 4z (By + Beg) + Bpc){Gpe(m' 26y + G, ) — m' 2By (By + Boy 1]
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&
A= (m' 264 + Gy + Gpe) + (m';2(By + By) + Bpe)?

Table III Power flow voltage solution

Nodes 1 2 3 OR 0l 4 5 6
V(p.u) 1.02 1.0 1.01 1.4142 1.3788 1.01 1.0 1.02
#({deg) 0 -14.67 -18.51 - - 0.03 -3.19 0

Table IV Tap values for the two VSCs and two LTCs

VSC 1 2 LTC 1 2
Mg 0.838- —19.178° | 0.831.-0.534" | Tap 1.1105 0.9762
5. Comparison of Back-to-Back and Point-to- where the DC circuit does not exist explicitly. The active
Point models. For the sake of completeness the test and reactive power losses in AC systems 1 and 2

calculated by two models little differ because both models
well defined for AC system but difference in power loss
since equivalent voltage source model lacks proper DC

case is now solved using alternative modeling solution
and is contrasted with new model is put forward in this

paper.The two methods are compared it against circuit representation.
Equivalent voltage source model[7].The DC voltage ,the
amplitude modulation ratio and switching power losses The new model yields more realistic not only for

switching losses incorporation but it also accurately

are missing in equivalent voltage source model. The . s
& 9 & represents DC voltages than in [6] and with it, more

equivalent voltage source that represent AC circuit

accurate DC current representation.
correctly but
Table V Power losses incurred by various models
Model Active power loss(MW) Reactive power loss(MVAR)
Acl  Ac2 VSC-HVDC Acl  Ac2 VSC-HVDC
Back-to-back 264 1.49 0.99 73.4 4.45 7.7
Point-to-point 26.5 1.43 2.8 73.4 1.44 23.7
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6. Numerical Example of Power Flow Control
using One HVDC-VSC

The five-bus system is used to illustrate the
power flow control performance of the HVDCVSC

models. This power flow controller may be used to
regulate the amount of power flow at their points of
connection or even to reverse the direction of power
flowing through the controller.

I. HVDC-VSC back-to-back model

The original network is modified to include one
back-to-back (BTB) HVDC model to regulate power flow
at the points of connection. Take, for instance, the case
when the UPFC is installed at the receiving end of line
Lake-Main and is set to regulate active and reactive
powers flowing from Lake to Main at 40MW and 2MVAR,
respectively. The voltage magnitude at bus Lake is
controlled at 1 p.u. The back-to-back HVDC model
replaces the UPFC used in the test case. As expected, the
power flow results for both cases are exactly the same.

I1. HVDC-VSC Full model

A different situation arises when the full HVDC-
VSC model replaces the combined UPFC-
transmission-line model connected between Lake
and Main since the DC cable will contain neither the
inductance nor the capacitance of the transmission
line. In this example, the cable resistance in the DC
system is taken to have the same value as the
transmission-line resistance in the AC system, which
is 1 %. Figure 5.20 shows results for the case when
the full HVDC- the AC system, which is 1 %. Figure
5.20 shows results for the case when the full HVDC-
VSC is used to control active power flow at Lake at
40MW, and Table 5.9 shows the nodal voltages in the
modified network. The data given in function Power
Flows Data in Section 4.3.9 is modified to
accommodate for the inclusion of the HVDC. For
HVDC-BTB the modification is as in Section 5.4.3, and
for the HVDC-VSC the transmission line originally
connected between Lake and Main is replaced by the
HVDC-VSC.

1;1,33\1( i; 85.80 45 + 15 40 + 5
E%North 5032 4841 40.0 39,84 L—Main
—_— — —_— —
| == — =F]
81.01 76.46 —H=> —_—— B E: -
’ 18.4 8.93 17.8 DC link

36'5%/1 1.72

78.7]J/

South 47.58 46.65 Elm
— —
> : —— — = _ .
20 +JIOT $ = o4 578 60 + j10
40 74.02

Fig.6 Power flow results in the five-bus network with one full high-voltage direct-current based voltage source converter.
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Table VI
Network Bus
Nodal voltage North South Lake Main EIM
Magnitude(p.u.) 1.06 1 1 0.989 0.973
Phase angle(deg) 0 -1.76 -6.01 -3.14 -4.95
Table VII New IEEE 5 Bus system
Model Active power loss(MW) Reactive power loss(MVAR)
Acl  Ac2 VSC-HVDC Acl  Ac2 VSC-HVDC
Model 7.2 0 0.14 200 5.8 29.9

7. Conclusion:

A new model is suitable for fundamental
frequency operation of VSC-HVDC links using Newton-
Raphson power flows solutions has been introduced. The
back-to-back and the point-to-point configurations have
received attention. This model shifts in the way
fundamental frequency, Positive sequence modeling. In
new model the rectifier and inverter is treated as
compound transformer devices In which certain control
properties of PWM inverters introduced. Such as DC-to-
DC converters linked. The switching and ohmic losses are
all represented in the new VSC-HVDC model
Comparisons with available models show that the new
model yields similar results to a model of IEEE5 bus
system. However, switching power losses do exist in
practical VSCs and only the new VSC-HVDC model
consists of such losses, hence, the two VSC-HVDC models
yield different amount of power loss when realistic
conditions are taken into account. Based on reliability
towards the convergence, all three VSC-HVDC models
converge reliable—they exhibit quadratic convergence

characteristics. This model has been tested in a simple
system for ease of reproduction by interested parties.
This new model is tested with IEEE5 bus system.
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