Journal of Southeast University (English Edition)

Vol. 36, No. 3, pp. 301 —312

Sept. 2020  ISSN 1003—7985

Research on resonance fault caused by dc magnetic biasing in ultra
high voltage transformer with parallel static var compensator

Yang Nan'

Zhu Zimin*’

Yuan Tiejiang'

('School of Electrical Engineering, Dalian University of Technology, Dalian 116024, China)

(*School of Electrical Engineering, Xinjiang University of Technology, Urumqi 830046, China)

(*Electric Power Research Institute, State Grid Xinjiang Electric Power Company, Urumgi 836500, China)

Abstract: For dealing with the resonance fault of ultra-high
voltage transformers ( UHVTs) with the parallel thyristor
controlled reactor (TCR) + the filter compensator (FC) type
static var compensator (SVC) caused by dc magnetic biasing,
a simulation model of UHVT with parallel SVC for the
frequency analysis of the impedance characteristics and a
magnetic-field coupling model for UHVT based on classic
Jiles-Atherton hysteresis theories are constructed based on the
MATLAB/Simulink platform. Both the
simulation results prove that the resonance fault is caused by

theoretical and

the resonance point on the low-voltage side of the transformer,
which will approach the 4th harmonic point under magnetic
biasing. Based on the fault analysis, a new resonance control
method is proposed by adding reactance with by-pass switches
in series with FC branches. Under dc magnetic biasing, the
cutoff of the by-pass switch will increase the series reactance
rate of the FC branches and change the resonance point. In
order to avoid the 7th harmonic increasement caused by this
method, the firing angle of the TCR branches is locked
between 130° and 180°. The effect of the proposed method is
validated by the simulation model of a 750 kV UHVT and the
results show that the mechanism analysis of the resonance fault
is correct and the resonance control method is valid.

Key words: static var compensator; ultra-high voltage
transformer; magnetic biasing; resonance fault

DOI: 10. 3969/j. issn. 1003 —7985.2020. 03. 008

ith the rapid development of the large-scale ultra-

high voltage cross-area
grid, the dynamic reactive power compensator such as
static var compensator ( SVC), which is commonly de-
ployed in parallel to the power transformer, has been
gradually applied to the power system. Due to the low di-
rect-current resistance of the transmission line and frequent

interconnected power
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turbulence of the self-coupling transformer, dc magnetic
bias current can be found in ultra-high voltage girds fre-
quently'”’. When magnetic bias current flows through ul-
tra-high voltage power transformers ( UHVTs), an odd
number harmonics current will be generated and cause po-
tential resonance to the SVCs connected parallel to UH-
VTs. This abnormal operation of SVC can either cause a
decrease in its reactive power supply ability or cause a
complete shut-down of the device, which can further re-

duce system stability'>™' .

Therefore, necessary attention
should be paid to this topic.

Most research focused on studying the effect of mag-
netic bias current on the static power component such as
transformers  and compensation  capacitors
(RCCs) connected to the transformer'™™ . The influence
of magnetic biasing on dynamic power compensators such
as SVC is rarely discussed.

In Ref. [7], the magnetic bias effect on the winding
current of UHV is simulated with the edge finite element
method. The result shows that the distortion of the wind-
ing current is directly linked to the magnetic biasing cur-

reactive

rent. Harmonic amplification is very detrimental in this
case. However, the research is only carried out with a re-
sistive load and focuses only on the transformer itself.

The ability of power transformers to withstand the dc
bias is studied by a novel analytical method in Ref. [8].
The conclusion pointed out that the peak values of the ex-
citing currents at the saturation conditions caused by the
dc biasing and the overvoltage are directly linked. A
magnetic biasing treatment plan is proposed in Ref. [9].
The authors developed a 3-port converter topology and
utilized dc modulation magnetic flux for compensating for
the dc bias problem.

In Refs. [10 —11], the influence of bias current on the
reactive power supply ability of the transformer was stud-
ied. Researchers pointed out that under magnetic biasing,
the reactive power loss of the transformer will increase
dramatically with the bias current, reducing its equivalent
impedance. During this process, a large proportion of e-
ven number harmonics will be generated, significantly dis-
torting the excitation current. If the reactive power com-
pensator is still active in this case, the frequency charac-
teristic of the impedance will be changed as well as its
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parallel resonance point. The resonance of even number
harmonics may occur on the capacitor branch of the power
compensator and be amplified under the magnetic biasing.

In Ref. [12], Yang et al. pointed out that the reso-
nance fault in RCC can be avoided by increasing the se-
ries reactance rate under the magnetic biasing. However,
this method cannot be directly applied to SVC devices due
to the strict high-order harmonic requirement.

Refs. [ 13 —14] pointed out that the increase of reactive
power loss caused by dc magnetic biasing on a specific
node point in a UHVTS can reach 200 Mvar under strong
magnetic storm conditions. Any resonance or amplifica-
tion under such a condition is a dangerous threat to the
grid. Without a proper control method, this can lead to a
complete shutdown of the system.

This paper focuses on the potential resonant and har-
monic amplification problems of the UHVTs with TCR +
FC type SVCs under the influence of dc magnetic bias
current. The characteristics of the SVC are investigated,
and the causes of the resonance and amplification of har-
monics are explained. The corresponding control methods
are proposed. MATLAB/Simulink models for simulating
the characteristics of the ultra-high voltage transformer
with parallel SVC(UHVT-PSVC) and magnetic coupling
feature under dc magnetic biasing are constructed. The
results of the simulation and the corresponding configura-
tions of the control method are provided.

1 Resonance Fault in UHVT with Parallel SVC
under Magnetic Biasing

1.1 Mechanism of resonance fault

Static var compensator type TCR + FC consists of thy-
ristor-controlled reactors ( TCRs) and filter compensators

(FCs). It is connected to the low-voltage side of the
transformer as shown in Fig. 1. In Fig. 1, I is the equiv-
alent harmonic current source caused by dc magnetic bia-
sing. Branches 17,2" and 3" are the 3rd/5th/7th order FC
branches for SVC. By converting the impedance of the
high/medium side to the low-voltage side, the total equiv-
alent impendence of the transformer node is calculated as

Zsys = (Zt,ulal//Z(,Q)//ZSVC (1)
,Q ZlCR ZIQ
A - T T
(D 534
1" 24 3

Fig.1 Equivalent circuit of UHVT-PSVC with dc magnetic bi-
asing on the low-voltage side

Z! ., consists of the resistances of the windings, leakage
reactance and the excitation impedance Z_ of the trans-
former. Winding resistances are negligible during the nor-
mal operation of the transformer. The reduction of Z  is
the main reason for the increasing reactive power loss Q.
caused by the saturation of the transformer under magnetic
biasing. Therefore, Q, can be treated as the reactive
power load parallel to the primary side of the transformer.
By converting to the low-voltage side, this loss is ex-
pressed by impedance Z',. The impedance of SVC is
composed of TCR branch impedance Z,., and FC branch
impedance Z... The mechanism of the resonance fault in
the transformer under magnetic biasing is shown in Fig.
2. The series reactance rate of the parallel capacitor
branch is calculated as K =X, /X...

DC magnetic bias
current is detected
in the transformer

'

Iron core of the
transformer
starts to saturate

Directly lead to

1]

Y

Excitation current is
severely distorted

Equivalent impedance
of transformer is reduced

Reactive power
loss is increased

!

!

!

4th harmonic-components
are increased significantly

Short-circuit capacity
of the node is increased

More reactive powers are
provided by SVC

]

!

is calculated as

The 4th harmonic parallel
resonance occurs between
the transformer and SVC

Frequency of the resonance on the
low-voltage side of the transformer

= S; /—
OsvetSiK

SVC devices

Overload, damage and complete
shut-down of the FC branches in

| Approaching the
4th harmonic

Fig.2 The mechanism of resonance fault in the transformer under magnetic biasing
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As the maximum value of Z, has its limitation, the
presence of Z, will reduce the equivalent impedance of
the transformer and increase the short-circuit capacity of
the node. The order of the system parallel resonance point
is also increased, which can be estimated by

Sr 5

"= QSVC + STK ( )
where Qg is the reactive power of SVC; S, is the short-
circuit node capacity; and K is the series-reactance rate.
Usually, the series-reactance rate of capacitors in the
power system is assumed to be 12% -13% or 5% -6% ( for
the 3rd and 5th harmonics). due to the har-
monic requirement, the series-reactance rate of the SVC
is usually lower than these values. If the SVC only pro-
vides reactive power from capacitor branches and FC bran-
ches are tuned precisely to the 3rd, Sth and 7th harmonics,

However,

the input impedance characteristics on the low-voltage side
of a 750 kV transformer without magnetic biasing are
shown in Fig.3 when FC branches are activated.

1 000 — 1% 2% and 3*
-- 1" and 2*
I#
S 500 §
8 ’
g .
3 ;
2
E —
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Frequency/Hz
100 -
=9
—100 1 ~f - 1 |
50 100 150 200 250 300
Frequency/Hz
Fig.3 Impedance characteristics on the low-voltage side of the
transformer

With the connection of 2 FC branches on the low-volt-
age side of the transformer, the 2nd parallel resonance
point can be observed around 200 Hz as shown in Fig. 3.
The frequency of the resonance point will be reduced
while the active number of FC branches increases. Com-
bined with the results from Fig. 2, it is fair to say that the
change of equivalent impedance caused by dc magnetic
biasing and the impedance characteristics of the SVC de-
vices are two major reasons for the resonance faults. The
4th harmonic parallel resonance is most likely to occur
when the FC branches are tuned to the 3rd, 5th and 7th
harmonics and all 3 sets of FC branches are switched on.
With the increase in the series-reactance rate, the possi-
bility of parallel resonance with 2 FC branches will also
be increased.

By considering the possible harmonic amplification of

the harmonic current in FC branches when SVC is activa-
ted, two operation methods of SVC can be categorized
under magnetic biasing:

1) Method 1.
enough to compensate for the reactive power loss Q,., or
the SVC reaches its maximum capability, the SVC can be
treated as parallel capacitors. Assuming that only one FC
branch 1% is switched on and the TCR branch remains off,
by ignoring the small branch resistance, the n-th harmon-
ic reactance of the FC branch is calculated as

When active FC branches are just

. 1
KXecrn =1 ( nwLge, — 1nwCp, ) (3)

X Tsysn — anLTsys

Since the SVC is in parallel with equivalent impedance

on the system side Z, ., the n-th harmonic current on the

sys?

1* branch is calculated as

_] XTsysn I (4)
FCI” XFCln + XT

sysn

where X, is the reactance of the 1° FC branches in

SVC; X,
total n-th harmonic current on the SVC.
If X0, <O,
FC branch of SVC device will be amplified, causing po-
tential series-resonance with the leakage reactance on the
system side.
It XFCln Tqysn ~0,

is the reactance of the system side; I, is the

the amplitude of the n-th harmonic in the

system parallel resonance occurs

and amplifies both IFC" and 'In. If the multiple numbers of
FC branches are switched on but not all of them are in-
ductive (i.e. Xpe, <0, Xpeiyy, >0 08 Xpey, >0, Xieii)n
<0), harmonic amplification is also inevitable between
FC branches.

2) Method 2. If the SVC devices are sufficient to com-

pensate for reactive power loss Q,. and follow

Qu # 2, Osvas (5)

The capacitive power compensated by SVC is now
composed of two parts: Q- and Q. In this mode, the
harmonic current in the FC branch is calculated as
X

. Tsysn I ( 6)

I _
FCln JXFCM +X

Tsysn

In this case, the connection of the TCR branches will
enhance the absolute value of the system impedance, in-
creasing the 5th and 7th harmonic content of the SVC de-
vice. Actions should be taken to reduce the effect of these

harmonics.
1.2 Resonance fault control procedure

The analysis in Section 1. 1 indicates that the system
parallel resonance point can be altered by changing the se-
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ries-reactance rate K. This can be used to prevent the po-
tential harmonic amplification problem in FC branches.
When configuring the n-th harmonic series reactance of
the FC-branch, K should follow the equation below:

ol - 5050’ LC > LZ=>K > Lz
n n n

oC (7)

If even number harmonics and their resonance points
change under the magnetic biasing are taken into consid-
eration, K value must be set to be greater than 6.25% .
This will keep the reactance of FC branches inductive in
the 4th order harmonic'”. However, by considering the
potential frequency shift of system parallel resonance and
equipment characteristics, K should be set to be 7% to
prevent resonance and harmonic amplification under mag-
netic biasing.

However, the rate K of the 7th order harmonic FC
branch is only 2.04% in the theoretical calculation, which
is insufficient for normal operation under magnetic biasing.

To ensure that rate K satisfies the requirement of both
normal and magnetic biasing, an improved structure of
FC branches is proposed as shown in Fig. 4. By-pass
switch K, is used to control the rate K of the SVC under
both normal and magnetic biasing conditions. When
switched off under magnetic biasing, rate K in the full
branches can be increased to 7% (i.e. 7% = 'L, +
L,C). When switched on, the additional reactance L, is
short-circuited and rate K can be restored to normal.

Fig.4 An improved structure of the FC branch

As mentioned in operation method 2, the activation of
TCR branches will increase the impedance on the low-
voltage side of the transformer. As the impedance of FC
branches is also increased, the 5th and 7th harmonic con-
tent in the transformer should be properly controlled in
this case. By setting the firing angle (o) of TCR between
130° and 180°, the corresponding change of Q.. can be
limited below 0. 25 p.u.. As the capacity of TCR is
slightly greater than the sum of all FC branches in the
SVC, TCR can provide 1/3 more inductive power than
the sum of all reactive power provided by FC branches. It
should cover the requirements in practical use. The reso-
nance fault control procedure of a UHVT-PSVC under dc
magnetic biasing is shown in Fig.5.

2 Model Construction of a UHVT with Parallel
SVC under Magnetic Biasing

2.1 Equivalent circuit of a UHVT with parallel SVC

Currently, most UHVTs applied to 500 kV and the above

modification
of SVC devices

Hardware

1

Increase the series-reactance
rate of the 3rd and Sth order
filter branches to 12% and 7%

i

Add series-reactance to the
bypass switch K in the 7th
order filter branch

Turn on bypass switch K in
the 7th order filter branch
and the system is back to

Is DC magnetic bias current
detected in the transformer?

normal operation

Turn off bypass switch K in

rate to 7%

the 7th order filter branch and
increase the series-reactance

Adjust the control angle of TCR
branch between 130 and 180° in
order to reduce the harmonic
content of the system

I

l

The 4th harmonic parallel resonance
is avoided. The equipment is
operating constantly and safely

Fig.5 Resonance fault control procedure for UHVT-PSVC under dc magnetic biasing
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voltage rate are single-phase self-coupling transformers.
The system is 3-phase balanced during normal operations
and the impedance change in each phase is almost identi-
cal. Therefore, a single-phase UHVT-PSVC simulation
model for impedance/frequency analysis is constructed
based on MATLAB/Simulink as shown in Fig. 6.

Priminal Impedance
& 2 g” vs. frequenc;
Secondary Transformer ™
1 1
Powergui I I I

FC2* FC3*
Fig.6 The equivalent circuit model of a single-phase UHVT-
PSVC

TCR FCI*

No single-phase self-coupling transformer is available
in MATLAB/Simulink. Therefore, the ideal single-phase
3-column transformer, whose primary side is connected to
its secondary side, is used as a substitution. As shown in
Fig. 6, the “Priminal” is the primary side of the trans-
former, and “Secondary” is the medium-voltage side of
the transformer. SVC is connected to the low-voltage side
of the transformer through single-phase transmission lines.

Block impedance vs. frequency uses a harmonic cur-
rent source with parallel resistance as the harmonic volt-
age source. The impedance/frequency characteristics of
the 2-terminal time-invariant system are obtained by cal-
culating X = U_(s)/I (). The data is then transported to
the Impedance vs. Frequency Measurement program in
powergui block to acquire the impedance/frequency char-
acteristics.

The winding settings of ODFPS-500000/750 UHVT-
PSVC are shown in Tab. 1. The total compensation ca-
pacity of SVC devices is 180 Mvar and the series-resist-
ance in the FC-branch of SVC is 0.08 (). When TCR is
not switched on, the series-reactance rates of 3 branches
are 12% ,6% and 6% . The input impedance characteris-
tics and impedance angles with different FC branches are
shown in Fig.7.

Tab.1 Winding parameters of ODFPS-500000/750 single-
phase self-coupling transformer
No. Resistance/ ) Leakage reactance/ () Inductance/H
1 0.122 8 137.853 7 0.438 8
2 0.019 8 -16.736 2 -0.053 3
3 0.003 5 3.496 0 0.0111

Compared with Fig. 3, it is obvious that the change of
K is very important for the input impedance characteris-
tics. With the connection of FC branch 2* and 3*, both
amplitude and the frequency range of the parallel system
resonance, especially those around 4th harmonic, are sig-
nificantly reduced. The capacitive range of system imped-
ance is also reduced as analysed previously.

600
J— 2# and 3#
H #

400} P2
G :
3 :
£ 200F /
3 :
g 0 AN J’;‘.‘ 1 1

50 100 150 200 250 300
Frequency/Hz
100
im=12 and 3#
2 0 '
= H
2™ '
—100 1 I| : |l 1 |
50 100 50 2%9 250 300
requency/Hz
Fig.7 Impedance characteristics on the low-voltage side of the
transformer

2.2 Magnetic coupling model of the transformer un-
der magnetic biasing

Self-coupling transformer ODFPS-500000/750 adopts a
single-phase four-column structure. Both main columns
are equipped with low-medium-high voltage windings.
The excitation current on each column is i,/2. By igno-
ring the influence of low-voltage windings under no-load
conditions, the equivalent circuit model of each column is
shown in Fig. 8. The key parameters are shown in Tab. 2.

High voltage
terminal

Mo Medium

Y voltage
U, terminal

i
N, i U
‘ 2

Fig.8 The equivalent circuit of one column in a single-phase
four-column self-coupling transformer

Tab.2 Key parameters of a 750 kV single-phase self-coupling
transformer

Number of turns The cross-section Length of the

in the iron core area of the iron core/m> magnetic path/m

1 149/519/164 1.022 10.26
Impedance/ () Rate voltage/kV Power rating/(MV - A)
765 345
390/79/7.9 ——/=—/63 500/500/150
3 3

The mathematical model of the single-phase self-cou-
pling transformer is

Uy =(r +r)i +ri+ [ (N, +N,)20 +NjA,, +
di di!

Ny I gy + LINN, + NDA+ N |

di 8
—Uzzrli,+r2i2’+[(N,N2+N§)A+N§,\,,22]d—t‘+ ®)

.7
2

dr

[NA+NoA,, ]
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where U + ( -U,) =U U, +( -U,) =U,;i, +i, =i,
+iy=1I,;A,,, A, are the leakage permeances of each
winding; N, and N, are the number of turns in each wind-
ing; A is the main permeance. According to the classic
Jiles-Atherton hysteresis model''®’ | we have

dMm,, M, -M
“4H ko M, -M
e
aM _ Ho l-c (9)
dH ~ . M,
—ac dH

where H is the magnetic field strength; M is the magnetiza-
tion intensity ; M, is the anhysteretic magnetization intensity
of the typical magnetic material, and it is calculated as

(10)

M, :Ms(coth(H-FaM) 4 )

" H+aM
8 =sgn(dH/dt) is the directional coefficient; M_, a, «a,

c represent the characteristics of the iron core material,
which are defined in Ref. [17]; k, = k(1 - 0.96 (M/

out[ | -
e M, B

M,)*) is the dynamic modification value of k in Ref.
[18]. The instant main permeance of the iron core can
be calculated by A = Sup/IA = Sug/l , while ug, =u, (1
+dM/dH )y, = o (1 + dM/dH) is the permeability of
the iron core, S is the cross-section area of the iron core
and [ is the length of the equivalent magnetic path.

By programming Egs. (9) and (10) into the S-function
blocks of Simulink software, the magnetic coupling model
of the transformer is shown in Fig. 9. The parameters of
the highly-conductive cold-rolled silicon-steel —sheet
57ZH100 used in the ODFPS-500000/750 transformer is
obtained from Ref.[19] (M, =1.68 MA/m, k=10.918 9,
c=0.3,0=13.9%x10"°,a=8). Through simulations, the
B-H curve and i,-u., curves of the transformer’s iron core
under the no-load condition are shown in Fig. 10.

The rated flux density B and peak value of magnetic
field strength H are 1.67 T and 39.58 A/m, respective-
ly. According to the no-load current ratio (0.05% ), the
rated excitation current of the transformer is 0.7 A. Com-
pared with Fig. 10, the B-H curve and the peak value of

H calculation

dM/dH B &Ly,
oA mode. model
-A mode
Outl [O]
T ——
Upe& Ly,

model

Continuous

Powergui

the excitation current calculated from the simulation B-H
curve matches the results on the manuscript of the trans-
former. The relative error of the rated excitation current is
only 7. 86% ( The rated excitation current of the trans-
former is 0. 645A on the manuscript). The reactive pow-
er loss of the transformer can be calculated as'™’

AQ=1U, (11)

where [, is the RMS value of the fundamental positive se-
quence component in the reactive component of the exci-
tation current. Throughout the model simulation and Fou-
rier analysis, it is set to be 0. 278 5 A. Therefore, the
no-load loss of the transformer is calculated as 0. 120 6
Mvar, only 0. 5% difference from the 120 kW no-load
experimental result. These comparisons show that the
simulation model is accurate. In the worst-case scenario
(i. e. when the maximum magnetic biasing current is

1

Fig.9 Simulation model of the transformer under dc magnetic biasing

145.95 A), the single-phase self-coupling reactive power
loss Q. is shown in Tab. 3.

Tab.3 Reactive power loss of a single-phase self-coupling
transformer versus DC magnetic biasing current
I../A Q4o/Mvar
2.76 4.22
11.17 17.06
27.83 42.50
42.64 65.12
53.46 81.65
68.57 104.72
88.34 134.91
122.67 187.34
137.09 209.37
145.95 222.90
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3 Simulation of a 750 kV UHVT with Parallel
SVC under Magnetic Bias

3.1 The impedance/frequency characteristics of a
UHVT with parallel SVC system

The 750 kV three-phase UHVT-PSVC (type TCR +
FC) described in Section 2 is applied in this simulation.
When the series-reactance rate is increased to 12% ,6%
and 6% , the effect of the dc magnetic biasing on the in-
put impedance on the low-voltage side of the transformer
is simulated in this section.

0.8  ipna=0.645 A i 1) Method 1. While TCR is switched off, the frequen-
0-67 /| /\ M, cy/impedance characteristics on the low-voltage side of
g;} / \ the transformer are analyzed in Tab. 4. Four classic data
£ 0 \ sets are categorized into 2 groups ( with different FC bran-
< _02 | \\ /LU 0511 ches turned on) and simulated correspondingly. The val-
-0.4}f \ | [ e \ ue and angle of input impedances on the low-voltage side
-0.6r \ ) LV LN of the transformer under different magnetic biasing cur-
0.05  0.06 T(i)ﬁ?g/s 0.08 009 100 rents are shown in Figs. 12 to 14.
(b) Tab.4 The reactive power loss of a single-phase self-coupling
Fig.10 B-H curve and i, and py, curves of a 750 kV trans- transformer versus dc magnetic biasing current
former. (a) B-H curves;(b) i, and pup, curves Combination of FC branches
Parameter 1* and 2 1*, 2% and 3*
When 1,, =122.67 A, Q, reaches the maximum capac- X =78.52% X =74.04% X, =61.48% X, =57.29%
. . I,./A 53.46 68.57 122.67 145.95
ity of SVC, and X, is reduced to 61.48% of the rated
. _ , Quq/Mvar  81.65 104.72 187.34 222.90
value. If I, is further increased to 145.95 A, X will de-
crease to 57.29% . By the data fitting of /.., X, and Q,, 500
the approximate relationship is expressed as [ X/% 7:8 5
400l —74.04 -
X,~ -0.00 2806 I,, +0.952 5= 7 =41237Q
-0.001 837 Q, +0.9525 (12) S 300 Zyn=28734 Q
3 3000
Q
=]
Following the analysis above, the relationships among 3 Z,..=16248 Q
. . . g 200_ ‘max. I~
the equivalent impedance of transformer X,, magnetic £ Z..,=229.92.Q
current and reactive power loss are simulated to be linear 100
as shown in Fig. 11. Therefore, X, is used to evaluate the
magnetic biasing condition in this paper instead of /, and 0 ._JLL ’ i
50 100 150 200 250 300
Qu. Frequency/Hz
~_ (a)
. 100
)
S X/%:
in \ sl --78.52
g > \ 3 5 —74.04
en
N 2
038 v \\ g of
g g
3 ™~ b}
0.6 £ 50
) U
04 300 . —— . : .
50 100 150 200 250 300
50 Frequency/Hz
100 &
Grq 100 0¥ (b)

150 0

Fig.12 The input frequency characteristics of impedance on
Fig. 11  Relationships among the equivalent impedance of

the low-voltage side of the transformer with 2 FC branches.

transformer X,, magnetic current and reactive power loss (a) Impedance vs. frequency;(b) Impedance angle vs. frequency
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500 Z,m,\,:451.15\9 X%;
’ N
40017 =33810Q | 5729
c ™~ |
5 3001 o
g : :
3 : i
g‘ 200 - Z,m,\z;f:107.63;’2(2 Zpna=143.39 Q
784980/ Z,=133.14Q
100 3
0 - .4_»-/ ‘¥~ I '/‘L; 1 1 |
50 100 150 200 250 300
Frequency/Hz
(a)
1001 . o
—~ ] [ xve
3 S0F i : --100
) e ‘ —61.48
£ i 57.29
g O 1
g :
B 501 ‘
j="
: |
—10 1 1 1 1 ]
gO 100 150 200 250 300
Frequency/Hz
(b)
Fig.13 Impedance/frequency characteristics on the low volt-

age side of the transformer with 3 FC branches. (a) Impedance
vs. frequency;(b) Impedance angle vs. frequency

300r Z1=248.93 Q Orew/ Mva_r_;
250} \ —80
G 200f Z,wi=176.34 Q
S Z,n=152.66.Q2 Z. =133.14Q
S 150}
2 Za=130.94 Q
é 100 _Zl“a‘\3:84498 Q
-
50+ f I

0 — 1 / 1 1 1
50 100 150 200 250 300
Frequency/Hz
(a)
100
Orcr/Mvar:
--90

S0 —60
0

Impedance angle/(°)
[
T

\

—-100 1 1 1 1 1
50 100 150 200 250 300
Frequency/Hz
(b)

Fig. 14 Impedance/frequency characteristics on the low-volt-
age side of the transformer with 3 FC branches and TCR
branch. (a) Impedance vs. frequency; (b) Impedance angle vs. fre-
quency

With the increase in magnetic biasing current and the

activation of 2 FC branches, the 2nd resonance point oc-
curs around 185 Hz. The impedance under the 4th har-
monic condition is proved to be capacitive. With the de-
crease in the transformer’ s equivalent impedance, both
the frequency and amplitude of the parallel system reso-
nance point change drastically. When X, =74.84% , the
peak value of impedance in 187 Hz is 1.79 times that of
78.52% .

With the further increase in magnetic biasing current,
the equivalent impedance of the transformer keeps decrea-
sing. The third FC branch is switched on to compensate
for the reactive power loss caused by magnetic biasing.
The input impedance value and the impedance angle with
3 FC branches are shown in Fig. 13.

By comparing Fig. 12 with Fig. 13, it is observed that
the 2nd parallel resonance point with 2 FC branches is
closer to the 4th harmonic. With the connection of the
3rd FC branch, the saturation level of the iron core in the
transformer keeps rising, which causes the system parallel
resonance points to fluctuate between the 3rd and 4th har-
monics. The peak impedance value of the resonance point
is decreased as well as the capacitive area of the imped-
ance angle. When X, =57.29% , the system parallel res-
onance points are located between 134 and 177 Hz. The
4th harmonic impedance value is increased.

2) Method 2. The simulation result of Method 2 is an-
alyzed in Fig. 13. In this simulation, 3 FC branches are
switched on while the equivalent impedance of the trans-
former is set to be 57. 29% . When TCR branches are
switched on and provide 60/90 Mvar reactive power for
the system, the total power provided by the SVC is 120
and 90 Mvar. The impedance/frequency characteristics
under these 2 situations are simulated as shown in
Fig. 14.

When 90 Mvar inductive power is provided by SVC,
the 2nd parallel resonance point is 1 Hz away from the
previous resonance point. The input impedance value on
the parallel resonance point between 135 and 178 Hz is
significantly increased. However, if the TCR inductive
power is limited to 60 Mvar, the change of impedance
value on 177 Hz resonance point will not be large. There-
fore, the harmonic content generated by the TCR branch
can be controlled properly.

Theoretically, the maximum 3-phase dc magnetic bia-
sing current caused by the magnetic storm on a 750 kV
system is 200 A. For each phase, the current is 66.7 A.
The 4th harmonic parallel resonance between Z_ and Z,
is most likely to occur when two FC branches are
switched on for compensating Q, caused by 53 to 68 A
dc magnetic biasing current. This should be avoided.

3.2 Effect of the proposed resonance control proce-
dure

As the operating voltage on the low-voltage side of the
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transformer is 1. 05 times the normal voltage (U, = 1.05
U, ), the parameters of FC branches in each SVC device
are reconfigured as shown in Tab. 5. In this configura-
tion, the by-pass switch is only installed on the 7th FC
branch. During normal operation, the inductance stays at
10. 03 mH. Under magnetic biasing conditions, the
switch is cut-off and increases the inductance into 17.08
mH. The structure of the whole UHVT-PSVC after modi-
fication is shown in Fig. 15.

Tab.5 Parameters of the reconfigured FC branches in SVC

¢ 7th order 7th order
Parameter 3rd order order (no magnetic ( magnetic
biasing ) biasing )
Series-reactance rate/ % 12 7 4 7
Inductance/mH 29.65 17.08 10. 03 17.08
Capacitance/ wF 41.01 41.52 41.41 41.41
Fundamental reactive
63.77 61.10 59.09 60.92
power/Mvar
. ZlCR - __ZIT(l
<> 2ot 3(
I g g
1% 2* 3?

Fig.15 Structure of UHVT-PSVC after modification

During normal operation, the impedance on the low-
voltage side of the transformer and all branches in SVC
are shown in Figs. 16 and 17 when K is set to be 12% ,
7% and 4% . It is confirmed that the SVC device after
reconfiguration can reduce the 3rd,5th and 7th harmonics
significantly. All branch impedances above the 3rd har-
monic can remain inductive.
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Fig. 16
side of the transformer with 3 FC branches (no magnetic biasing)

Impedance/frequency characteristics on the low-voltage

If no magnetic biasing is detected, and switch K in the
7th order FC branch is accidentally turned off, in this
case, the 7th harmonic series-reactance rate will increase
to 7% . The impedance characteristics on the low-voltage
side of the transformer with different branches are shown
in Fig. 18.
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Fig.17 Impedance characteristics on the low-voltage side of
the transformer with 3 FC branches and TCR branch. (a) Equiv-
alent impedance curve; (b) Modulus value curve of impedance
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Fig. 18
branches (no magnetic biasing). (a) Two FC branches; (b) Three
FC branches

Impedance/frequency characteristics with different FC
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Comparing Fig. 16 with Fig. 18, it is fair to say that
the SVC with a new configuration can properly set the
system parallel resonance point away from the 2nd ,3rd
and 4th harmonics during normal operation. No negative
influence can be found in this process.

If magnetic biasing is detected, the bypass switch is
turned off, which increases the K value of FC branches to
12% ,7% and 7% . The changes of input impedance
characteristics on the low-voltage side of the transformer
with the decrease in X, (i. e. increasing of magnetic bia-
sing condition) are shown in Figs. 19 and 20.
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Fig.19 Impedance/frequency characteristics with 2 FC bran-
ches ( magnetic biasing). (a) Impedance vs. frequency ; (b) Im-
pedance angle vs. frequency

Apparently, by adjusting the K value of FC branches,
two parallel resonance points of the input impedance on
the low-voltage side can be controlled far away from the
3rd and 4th harmonics. Even with strong magnetic bia-
sing (X, drops to only 57.29% ), the 4th harmonic im-
pedance of the system can still be kept inductive, preven-
ting the corresponding parallel resonance. The impedance
changes of SVC devices with different FC branches are
shown in Fig.21.

It is proved that the 4th harmonic impedance of the
SVC can be kept inductive for all the switching patterns.
Harmonic amplification can also be prevented.

To conclude, the proposed resonance fault control de-
vice and its corresponding resonance control method can
prevent the system from parallel resonance or harmonic
amplification under different magnetic biasing without in-
fluencing the normal compensation of SVC. It can also
reduce harmonic efficiently during normal operation. The
fault control method is proved to be valid and can im-
prove system stability.
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Fig.20 The frequency characteristics of input impedance on
the low-voltage side with 3 FC branches ( magnetic biasing ).
(a) Impedance vs. frequency; (b) Impedance angle vs. frequency
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Fig. 21 Branch impedance characteristic on the low-voltage
side of the transformer with different numbers of FC branches.

(a) Equivalent impedance; (b)The absolute value of the impedance
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4 Conclusions

1) Under magnetic biasing, if the series-reactance rates
of 3 FC branches in SVC are lower than 12% ,6% and
6% , the 4th harmonic resonance and harmonic amplifica-
tion will occur on the low-voltage side of the transformer.
Although the reactive power loss of the transformer may
be compensated by SVC, the potential resonance fault
should still be avoided due to the potential harmonic am-
plification.

2) By using the proposed resonance control method,
the series-reactance rates of all branches are adjusted to
12% , 7% and 4% /7% ( without/with magnetic bia-
sing). Combined with the restriction of TCR capacity, it
can eliminate the 4th harmonic resonance and amplifica-
tion under magnetic biasing.

3) The magnetic-field coupling model of the trans-
former based on J-A hysteresis can simulate the dynamic
parameter and reactive power loss under various condi-
tions. With the assistance of the impedance/frequency a-
nalysis model of UHVT-PSVC, the connections between
the magnetic biasing current and equivalent impedance
can be analyzed properly under various conditions. This
provides a valid solution for the simulation of the imped-
ance/frequency characteristics for different equipment un-
der different magnetic biasing.
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