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ABSTRACT

Reactance modulation of power transmission lines has great effects on load voltage control and on
the stability of power transmission. Steady state voltage control can be easily achieved with
conventional control devices such as switchable capacitors and reactors, while transient voltage
control requires faster and more effective means of control [1]. In this paper, the transient voltage
control is achieved by modulation of the net reactance of the transmission line using Voltage Drop
Compensator (VDC) through hysteresis switching of a dc current from Voltage Source Converter
(VSCO) to charge/discharge a capacitor in series with the line. Modulation of the capacitor voltage by
dc current from VSC improves the voltage control of the load, reduces the voltage drop on the
transmission line, and improves the stability of the power transfer [2-4]. High frequency switching
of the capacitor through charging/discharging process ensures faster response to transients in the
input voltage and prevents it from appearing in the load. Fast response to variation in the input
supply is done by comparing the load voltage to a sinusoidal reference voltage every time this
voltage deviates from a fixed hysteresis window. Under this method of capacitor voltage control,
no control is exerted on the dc current from VSC which can reach hundred amperes. In this paper a
dc current controller is introduced to limit the dc current from VSC to a any value desired or to any
other value necessary to keep the load voltage sinusoidal.

Index Terms - Flexible AC Transmission Systems (FACTS), Power System Stability, Voltage Drop
Compensation.

1. Introduction

This paper presents three phase voltage drop compensator using Voltage Source
Converter (VSC) to compensate for voltage drops on power transmission line reactance
and to control the voltage at the load or at the bulk supply point of the load centres. The
circuit of the Voltage Drop Compensator (VDC) is shown in Figure 1. A hysteresis
controller is used to switch the VSC either to increase or to decrease the capacitor voltage
whenever this voltage deviates from the reference voltage by the hysteresis window
+V,, /2, as illustrated in Figures 2 and 3. Controlling the load voltage in this way causes
the capacitor voltage to be out of phase with the voltage drop across the transmission line
reactance which compensates for the voltage drop across the transmission line reactance.
The mathematical model of the three phase voltage drop compensator is presented in the
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equations (1-12) based on the switching table of VSC shown in the Appendix A.

di, ve,—R,i,—v,

_ (D
dt L,
diy _ Vs —Ryip —Vvey 2
dt L
dic _ Ysc —Reic —ve, 3)
d L.
@ _ 2, =D, (2vey = Vep = Vo) M — 3Ry, 4)
dt 3L,
ﬂ _ 20, =Dy (2vey = Veu = Vee) ! — 3Ry, (5
dt 3L,
% _ 2v,, =D, (2vee =Vey —Vep) I 1y = 3Ryl (6)
dt 3L,
dve, i, + D, In (7)
d C.
dv g _ i, +D,i, In, (8)
dt C,
dvee B ic+D.i In, 9)
dt C..
via = voa - Vola (1 O)
Vib = Vob ~ Vob (11)
vic = voc - voc (1 2)

The resistances and the inductances r,and 1 included in the above equations are the

resistances and the inductances of the source, the transmission line and the load in phase
(A) derived from the VDC state equations. Asg and ;, are defined for phase (A), the

same values are defined for phases (B) and (C). The currents i,, i,, and i_are the output
currents of the dc/ac inverter. In the above equations, p =(2da—1.0), D, =(2db—1.0),

D, =(dc-10)- In the case of increasing the capacitor voltage, the parameter
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da=10,db=1.0,dc=1.0 and these parameters are equal to zero for decreasing the capacitor
voltage.  The voltages v, ,v,,v.. in Eqns. (10-12) are the voltage errors between the

ia® Vib> Vic

actual load voltages v, and the reference voltages v: in the phases a, b, and c. The
voltages Vi,, Vg, and v, in Eqns. (7-9) are the voltages across the ac capacitors in
phases A, B, and C, respectively.

2. Circuit operating principles

The block diagram of the Voltage Drop Compensator (VDC) is shown in Fig. 4 for phase
(a) of the transmission line. This block diagram is based on the mathematical model in
Eqgns. (1-12) and on the derivations shown in Appendix A. The capacitor voltage is
modulated by the dc current from the VSC, as seen from (7A), to control the load voltage
through hysteresis switching of VSC whenever the capacitor voltage deviates from the
reference voltage by the hysteresis window. The error signal resulted from the hysteresis

. . . * . .
controller in Figure 2 is v, =v,_—v_, where the reference capacitor voltage is

¢
vj =V, — Vv, —vZ and v, is the voltage drop on and v, is the voltage drop on the

transmission line. However, from the circuit diagram of Figure 1, v, =v —v,; —v_.

Therefore, the error signal is actually equal to v, =v, —v: as depicted in Figure 3. This

means that the load voltage is actually controlled with respect to a sinusoidal reference
voltage through the control of the capacitor voltage. The signs of the error signals of Eqns.
(10-12) between the actual load voltages and the reference voltages in each phase, the
hysteresis controller of Figure 3 will switch the power transistors either to increase or to
decrease the ac capacitor voltages. Decreasing the ac capacitor voltages is done by inserting

(-Dfor D,, D, and D, in Eqns. (4-9) whenever it is required to increase the output voltage.
Increasing the capacitor voltage is done by inserting (+1) for D, D,, and D, in the
same equations whenever it required to decrease the output voltage. The hysteresis
controller of the load voltage reverses the signs of the capacitor voltages V g, Vo> and
Ve in Eqns. (4-6) all the time whenever the signs of Eqns. (10-12) is changed. This sign
reversal is already accounted for in the signs of D , D, and D,. The signs under i_,i,,
and i, in Eqns. (7-9) are also reversed as a result of the hysteresis controller action.

Therefore, the parameters D,, D,, D, in Eqns. (4-9) are used to express the nature of
hysteresis switching resulted from Eqns. (10-12) and also to compress the size of the
equations of the mathematical model. The dc voltage v,. in Eqns. (4-6) is generated by

three phase rectifiers. Figure 4 shows the block diagram of Voltage Drop Compensator for
phase(A) of the transmission.
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Fig. 1. Circuit Diagram of the Three Phase Voltage Drop Compensator on Power
Transmission Lines

Fig. 2. Hysteresis Control of the capacitor voltage

V., =V, —V,
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Fig. 3. Hysteresis Control of the load voltage
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Fig. 4. Block Diagram of the Voltage Drop Compensator for phase (A) of the
Transmission Line
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3. Performance of the voltage drop compensator on 380 kv lines

The performance of the voltage drop compensator is studied on a scaled laboratory

model 360km, 380KV transmission line with 360, 720, and 1080 VA loads which
represent 360, 720 and 1080 MVA in the actual transmission line. The performance of
the Voltage Drop Compensator is studied by computer simulation using a self-developed
Fortran integration subroutine.
The parameters of the circuit are shown in Table 1. Figures (5,6,7) give the load and the
source voltage waveforms without VDC in per units with loads 360, 720, and 1080 VA.
These loads represent 1pu, 2pu, and 3pu, respectively. Figures (8,9,10) show the load
voltages with VDC under the same loads. From these Figures, it is clear the effects of the
VDC on the voltage levels and on power angles between the sending and the receiving
ends voltages of the power transmission line.

Table 1.
Parameters of the Transmission Line and Voltage Drop
Compensator
R, +Rg L, +Lg Cac Cdc LF
(€9)) (mH) uF uF (mH)
6.3 113 61 940 2
u - i
Load Volage with 360 VA without VDC
1.3
1
.0 Woa
z Wob
u IE l:l T TITTITTIrTIrTT TrrrrorrirT mrrrrrrmmrmTT "ulll:lc.
£ ¢ 0w oL L e Vaa
::._Dsc'c-n:-n:-' O = T = R = =] j
: Wsh
| \7/\\/\ e
1.3
Time (Sec)
a ] ]

Fig. 5. Load voltages with 1pu Load (360 VA) without VDC V, =0.946 inpuofV_
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Load Voltage with 720 VA Load without VDC
15
1
05 —_—
3 Wab
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= 05 — b
: ll"""----.__ —Ws
15
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Fig. 6. Load Voltages with 2pu Load (720 VA) without VDC, V| =0.886 inpuof V_

o - - o
Load Voltages with 1080 VA Load (3 PU Load) without VD C
15
1
05 Voa
“Wob
] 1] — 0 |
E-_ —sa
0.5 —wzb
— e
-1
15
Time (Sec.)
| | |

Fig. 7. Load Voltages with 3pu Load(1080 VA) without VDC, V, =0.845 inpuof V

The waveforms of the actual and the reference voltages for phase (a) v,, & v, coincide

on each other in Fig. (8-10). The same thing the voltages of phases (b, c) coincide with
their references, so that it is difficult to explicit them separately in the Figures. Table 3
shows the magnitudes of the voltages with VDC actions.
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The dc link current associated with load voltage control in Fig. 8, 9 and 10 is shown in
Fig. 11. It is required to limit this current to a value necessary to maintain the load voltage
equal to the reference voltage. A dc link current controller is introduced which will limit
this current to an acceptable value.

Table 2.
Switching Table of VSC of Fig. 1.
Switching State S1(1,0,0) S4(0,1,1) S3(0,1,0) S6(1,0,1) S5(0,0,1) S2(1,1,0)
S, S: S, S; S, S:
Opened VSC to regulate v, Q4.Q3,Q5 Q1,Q6,Q2 Q1.Q6,Q5 Q4.Q3,Q2 Q1,Q3.Q2  Q4.Q6,Q5
Switched-off VSC to control Q4 Q1 Q6 Q3 Q2 Q5

Inverter current
Opened VSC for inverter DI1,Q3,Q5 D4,Q6,Q2 Q1,D3,Q5 Q4,D6,Q2 Q1,Q3,D5 Q4,Q6,D2
current Freewheeling

Three Phase VD C with DC Cument Cument

AN T~ ==
DA NG/ I N | s

Time (Sec.)

WoRt=InPUL

Fig. 8. Output Voltages under IPU360 VA) Load with VDC, V, =1.0 inpuof V,

s max
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Load Voltage with 2pu (720VA)
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Fig. 9. Output Voltages under 2PU (720 VA) Load with VDC, V, =1.0 inpuof V_

Load Voltages with 3pu (1080 VA)

1 ST TN - R ——oa
0.5 /’\ x\ /\\ ot
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Fig. 10. Output Voltages under 3PU(1080 VA) Load with VDC, V, =1.0 mnPUof V_

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 3, May,
2013, E-mail address: jes @aun.edu.eg



1119
M. A. Noman, S. A. Al-Ghamdi, Current controlled vsc for reactance modulation and voltage drop
compensation on power transmission lines, pp. 1110 - 1126

DC Link Current without Control
220
200 {
150
100
S0
o
"8 82 L EEFEREsEscEE LR
o o o o o o o o o o o o O o o o o o o o o o
Time (Sec.)

Figure 11. Inverter Current =230 A under 3PU (1080 VA) Load with VDC and
without VSC Current Control.

4. Control of the dc link current

Controlling the load voltage to follow a sinusoidal reference is associated with high dc
current in VSC which can reach more than two hundred amperes as can be seen from
Figure 11. To limit the dc current in VSC to some preset reference value, which will be
necessary to maintain the load voltage equals to the reference voltage, the dc current in
VSC is made to freewheel inside the ac capacitor and in the VSC switches whenever this
current increases beyond the reference dc current. This freewheeling process is explained
below for phase (a) according to Figure 1 as follows:

« AV
a)Ilfv, v, + TH the switching state is S1(1,0,0). This state switches-on Q4, Q3, and

QS5 to increase the capacitor voltage (actually the load voltage v , is decreased) and

whenever the current in VSC becomes greater than the inverter reference current i by

« Al
some preset value )i +7, the switch Q4 is switched-off and the dc current will

freewheel between the switches D1, Q3, Q5, and C,,, .

« AV
bIfv, (v, — 2H the switching state is S4(0,1,1). This state switches-on Ql, Q6,

Q2 to decrease the capacitor voltage (actually to increase the load voltage v, ) and
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whenever )i + 7 the switch Q1 is switched-off, and the dc current is made to freewheel

between the switches D4, Q6, Q2 and C, .. Table 2 shows the switching table for
switching VSC in the three phase Voltage Drop Compensator to control the load voltage

and to maintain the inverter current iin the VSC at a constant reference value i . The
effects of dc current controller described above is presented in Fig. 12 and 13. In Fig. 12,
three currents are shown for three loads. The reference dc current in the VSC, for each load
case, is automatically adjusted during operation so that the deviation of the load voltage

from the reference voltage should not exceed some specified value, such as 10V, , where

V,, is width of the hysteresis window. The reference dc current can also be set equal to a

fixed value for each load case without adjustment, as shown in Fig. 13. However,
automatic adjustments of the dc reference current during operation gives better load
voltage regulation. The voltage on different load is shown in Table 3. Table 3 shows the
load voltage and the power angles between the sending and the receiving ends voltages due
to the effects of VDC with DC current control from the VSC.

5. Increased power transfer

The voltage drops on the ac capacitor and on the transmission line are shown in Fig. 14.
These voltages are opposing each other. These voltages are out-of phase and increase
linearly with the load current. Due to this compensation, more power can be transmitted
over the line regardless of the load as long as it is less than the thermal limits of the line.
The voltage on the load and the power angle values between the sending and the receiving
ends voltages due to the effects of VDC with DC current control from the VSL

6. Conclusions

Controlling the voltage across the load so that it can follow a sinusoidal reference
voltage template using hysteresis controller can maintain a pure sinusoidal voltage across
the load and also compensates for the voltage drop across transmission line reactance.
Compensation for the transmission line reactance will increase the power transmission
capacity of the line. The power transmitted can reach the thermal power limit of the line
conductors. A three phase prototype of this design with controller is required to investigate
the performance of the design in the three phase systems. The final goal of this research is
to build a voltage drop compensator to operate on the existing power transmission lines to
increase the power transfer to the load centers and to improve the voltage levels in the
network and to solve the problems related to the right of way limitations and to improve
the stability of power transfer.
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Table 3.
Effects of VDC on load voltage and power angle o, = 0, — 0,

S Loud Without VDC With VDC and dc current control
(MVA) Vea Ogp inDeg.  V,, Ogpin
in pu Inpu Deg.
360 0.946 5.4 1.0 0.0
720 0.901 10.69 1.0 0.0
1080 0.845 14.25 1.0 0.0

F== e e = = = = = = = = = = =
0y

[

20 ,
====] pi lood

! == J B lGad

Il e e e s e s s s s s s e e e m==== = = 3 load
i

1]

=@ Cl@ @ cl D Do 0
a3l ﬂf%gr« ;%gg R
RSN ec RS ARIEh
e e e e e R R R R =

Fig. 12. DC Current from the VSC under Different Loads with Adjusted
i’ Reference Current.
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i ¥
DC Link Current from Y5SC Follows the Reference DC Current 10 A
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101 { TR R ! ; — NF
1005 il ‘ "1"|II'|| | r“ ] \I'III “ |'| l'llrll'll|1|"'| | ‘ . I"r Hl lll'r||| I l” Ir] !|||r|I |'|
o 10 K
| f R I
945
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BEEEEEEEEEEEEEEE R RN
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Fig. 13. Current from the VSC with fixed Reference DC Current setting i* =10 A.

Yoltage Drops on Transmission Line and on ac Capacitor

-\/ —_—E N

x 0
< a & @ O s I | —_
oy a @ F P E c% G, TLa
0.1
-0.15
Time {Sec.)
| s

Fig. 14. Voltage Drops on the Transmission Line and on ac Capacitor for 360 VA load.
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Appendix a

Formulation of the mathematical model in the s-domain

Iy

B

C

a

L

c

_ Vsa=Vea (1A)
R, +SL,
_ Vs Ve (2A)
R, +SL,
_ Vsc—Vee (3A)
R, +SL.
:2vdc_Da(2vCA_vCB_vCC)/nl (4A)
3(Rysc +SL,)
_ 2, =D, 2vey —ve, —vee) Iy (5A)
3Ry +SL,)
2, =D, (2vee =V, —vep)n (6A)

3(Rysc +SL;)
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i, +D,i In,
V — a’a (7A)
CA SCM
i, +D,i, In, (8A)
Yo =T ge
io +D.i In
Vee =~ SC. 1 (9A)
R, +SL
v, = (%)IA (10A)
2

In the above Eqns. Ry, L, are the resistance of the VSC and the inductance of the

filter coils. C,.,C, are the capacitance of the dc and ac capacitors. n,,n, are the ratios of

ac?
transformers 7, and 7, in the circuit of Fig. 1.

The switching table of the vsc

The VSC in the circuit of Fig. 1 are switched according to the Table Al, where V1, V2,
V3, V4, V5, V6 are the switching states of the Voltage Source Converter. S, S,,

S.represent the VSC in phases (a), (b), (c) and S =1 means the upper VSC are on,

a,b,c
while §,, . =0 means the lower VSC are on. Based on these switching states, Equations

(4-6) were derived.
Dc current from vsc during freewheeling process

Table A1 shows the switching states of VSC switches shown in Figure 1.Table A2 shows
three main states and three reverse states to these main three states.

R L
v, = (%53)18 (11A)
2
R.+SL
V, = (——< + 5L )M (12A)
n,

P = =D, (2ve, =V —vee) /Iy
¢ 3(Rysc +SL;)

(13A)
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ibz_Dh(vaB_vCA_VCC)/nl (14A)
3(Rysc +SL;)
i =_Dc(2vCC_VCA_VCB)/n1 (15A)
3(Ryge +SL;)
Table Al.

Switching States of the VSC in Figure 1

State Su Sb SC
V5 0 0 1
V3 0 1 0
V4 0 1 1
V1 1 0 0
Vo6 1 0 1
V2 1 1 0
Table A2.
Main and Reverse States for switching of VSC switches in Figure 1
States Main States Upper Reverse States
(Phases) switches are ON Lower switches are ON
S (Vl) N 0 0 - 0 1 1
a 4\ Sa
.\.
\.
0 1% 0 10 1
S, (V) . s
\ b
\4
\.
0 0 M -1 10
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