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Abstract

Dc magnetization due to the geomagnetically induced currents (GICs) and HVDC (High Voltage Direct Current) systems may
cause core saturation and result in serious destruction in the transformer performance as well as the power system stability.
Based on susceptibility, transformers are classified into different groups. For instance, a three-phase, three-limb transformer
is considered less vulnerable to effects of GIC compared to a single-phase or a three-phase, five-limb transformer. However,
our study shows that such classifications do not apply to the dc magnetization caused by converter modulation. In this article,
we introduce the concept of common mode and differential mode to distinguish dc-bias caused by different mechanisms.
Main focus is given on differential mode dc current since it has rarely been reported in any literature. The differential mode dc
current was demonstrated by system simulations of classic three-level voltage source converters as well as modular multilevel
converter. Detailed experimental investigations were made on a three-phase, three-limb transformer, where the loss impact as
well as reactive power consumption were studied. The test shows a significant difference in stray loss between the two modes

in three-phase power transformers. Finally, we discuss the effect of delta winding on dc-bias of different modes.

Keywords AC-DC power converters -
Transformers - Saturation magnetization

1 Introduction

Geomagnetically induced currents (GICs) [1-4] and HVDC
system operation [5-9] are two main causes of dc mag-
netization in power transformers. It is well known that
dc magnetization can lead to half-cycle saturation of the
transformer core, and adversely affect the performance of
the power transformer as well as the power system [4].
The excessive magnetization current can create hot spots in
windings and structural parts [10], increases reactive power
absorption and cause voltage instability [11]. In the worst
scenario, the destruction of grid transformers [12] and sys-
tem blackouts [13] may occur due to dc magnetization. To
eliminate dc currents, mitigation measures often involve sub-
stantial investments such as in dc blocking devices [14] for
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GIC or fundamental frequency blocking filters [15] for the
converter related dc currents.

GIC is associated with the phenomenon of geomagnetic
disturbance (GMD). The coronal mass ejections (CME) orig-
inated from the sun interacts with the magnetosphere of the
earth and induce a longitudinal quasi-dc potential on the
transmission lines, which drives the flow of GICs [4]. The
quasi-dc current flow in the ground via the star windings of
the grid transformer at the grounded neutral points. Since the
directions of the currents in the three phases are identical,
those currents are often referred as zero sequence.

HVDC systems can introduce dc currents into power trans-
formers in two ways. The stray dc current due to HVDC
electrode operations (monopolar or bipolar operation) can
flow into solidly earthed transformers between two substa-
tions. This dc current can have two major consequences:
saturation of the grounded transformers and corrosion of the
ground grid of the station nearest the cathode [8]. Mitigation
schemes are extensively discussed in [16].

Another major cause of dc magnetization by HVDC sys-
tems is the modulation effect of power converters. A rapid
increase in the number of HVDC transmission lines creates
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a situation where ac and dc lines may share the same cor-
ridor or even share the same towers [6, 7]. A neighboring
ac line can induce a substantial fundamental current onto
the dc line. The induced fundamental voltage and current on
the dc side of the converter will then transfer to the ac side
and appears as a dc-bias [5]. Parameter sensitivity study on
the coupling effect has been reported in [7, 17], where the
parallel length, separation distance between ac/dc lines, line
transposition and ground resistivity are discussed. Literature
[17] focuses on VSC-HVDC transmission system, where a
frequency domain model is derived for parameter sensitivity
study. With the equivalent impedance representation of the
network, the factors such as dc capacitors and modulation
index are studied analytically.

Since 1989, when the blackout due to GIC occurred in
Canada [13], the phenomenon has been drawn significant
attention. The guideline [4] has classified power transform-
ers into four groups based on their susceptibility to effects
of GIC and has been widely used for selecting or validat-
ing power transformers subjected to dc current. However, as
comparison, we will demonstrate that the feature of the dc
current generated by converter modulation is significantly
different from GICs and the stray current introduced by
HVDC electrode operations. First, GICs are characterized by
a large number of narrow consecutive pulses over a period
of hours separated by a few high peak pulses of less than a
few minutes duration [4]. In contrast, the dc currents gener-
ated by HVDC systems (either by converter modulation or by
electrode operation) are mostly constant. Another important
difference, which has not been addressed in any literature,
is the directions of the dc currents in three phase windings.
GICs and the stray dc current introduced by HVDC systems
are well known to be of zero sequence, whereas, this is not the
case for the dc current generated by converter modulation.

In this article, we investigate the performance of a three
phase, three-limb transformer, subjected to different types
of dc currents. Main focus will be given on the modulation
related dc currents due to the lack of research and understand-
ing of this phenomenon. First, we analyze the modulation
effect in voltage source converters (VSCs) and demonstrate
the dc current distribution in the three phases. Then, we intro-
duce the concept of common mode and differential mode to
distinguish dc-bias of different directions. By experiment, we
compare the loss impact as well as reactive power variation
in three-phase power transformers of the two modes. Last,
we discuss the effect of delta winding on dc-bias of different
modes.

2 Modes of dc-bias in power transformers

To distinguish dc currents generated by different mecha-
nisms, we introduce common mode (CM) for GICs and stray
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Fig. 1 Geomagnetically induced current distribution in three-phase
power system and power transformers

currents, and differential mode (DM) for converter modu-
lation related dc current, based on their current directions.
System-oriented models are developed to demonstrate dc
current introduced by the modulation effect.

2.1 Common mode

The scenario of GIC generation in the network is depicted
in Fig. 1. GIC is a quasi-dc current (low frequency, typically
0.01 Hz to 0.5 Hz) that flows in the power system, closing its
path through transmission lines, windings and neutral points
of grid transformers and ground. Factors that influence the
level of GIC include geomagnetic latitude, ground resistivity,
network topology and the design of the power transformer.
In spite of its destructive impact, high level GICs can hardly
sustain over a long period. Often, the peak pulses have time
constant less than a few minutes, which is smaller than the
thermal time constant of the magnetic core (typically in a
range of half hour), but larger than the thermal time constant
of the structural steels. Therefore, the thermal issue caused
by GIC is mostly related to the hot spots caused by stray flux,
not the overall power loss.

Different from GICs, the stray currents are driven by the
potential difference between substations due to HVDC elec-
trode operation. Thatis, the current emanating from the anode
partly enters the earth of one substation and flows into the
grounded neutrals of the transformer towards the other sub-
station (and the cathode) [8]. Apart from the difference in
origination, the stray currents feature a stationary dc current.
Therefore, a peak pulse specification is not as crucial as GICs.

Regardless of the differences between the two mechanism,
stray dc currents due to HVDC electrode operation are similar
to GICs: the dc currents are in the same direction in all three
phases. At very low frequencies, the high-voltage network is
essentially resistive. Considering the symmetric resistance in
three phases, the magnitudes of dc currents in three phases
are practically equal. Based on these factors, the GICs and
the stray currents are classified as CM.

Several factors determine the susceptibility of the power
transformer to CM dc current, such as core topology, wind-
ing configuration, and the design of structural parts. Among
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Fig.2 Fundamental frequency voltage and current on the dc side of the
VSC-HVDC converter transfer to the ac side and appear as dc current
circulating in the windings of the power transformer

them, the core topology has a major impact on the classifica-
tion. Single-phase and five-leg core transformers providing
low reluctance path for the dc flux, are susceptible to satu-
ration. The three-phase, three-limb transformer, on the other
hand, is less susceptible to core saturation due to the high
reluctance path for dc flux. In a three-phase, three-limb trans-
former, the CM flux must pass through the path from the top
yoke to the tank top, through the tank walls, and return to the
bottom yoke from the tank bottom.

2.2 Differential mode

A dc line in parallel with an ac line is exposed to an inductive
coupling. A longitudinal voltage potential of fundamental
frequency is induced along the dc line. As depicted in Fig. 2,
the induced fundamental frequency voltage and current on
the dc side of the converter transfer to the ac side and appear
as a dc current (and second-order harmonic) circulating in
the windings of the power transformer.

The inductive coupling part is represented as two longitu-
dinal voltage sources in this model. The difference between
two voltage sources and the impedance seen from dc side
determines the dc current level on the ac bus. Different from
CM, the sum of the dc currents appearing on the ac bus is
zero. Thus, it is referred as differential mode (DM). As the
dc currents are not identical in the three phases, the mag-
netization of the transformer core becomes non-symmetric.
Likewise, the saturation caused by DM dc current can result
in excessive heating and an increased noise level in the trans-
former.

The distribution of the dc currents among the three phases
depends on the phase difference between the induced voltage
sources and the switching operation. However, this informa-
tion is not controllable since the two systems do not have to
be synchronized. For simplicity, we assume that two funda-
mental frequency voltage sources u, and u, have the same
magnitude V,, but are out of phase:

up =V, cos(wot + 6py) 0

U, = — V,, cos(wot + )

00-01 = 90°

Fig.3 Phasor representation of the dc component in each phase of the
transformer winding due to the modulation effect. 69 — 61 determines
the magnitudes of dc current in each phase. The scenarios 0°, 60°, 90°
and 150° will be investigated in detail

where wy is the fundamental frequency and 6 is the phase
of the induced voltage source.

The voltage on the ac bus of the converter can be expressed
in terms of switching functions [5]:

Uge = Sp X Up+ Sy X uy 2)

where the switching functions ), and S, of the converter are
defined as:

1 i 1 + m cos(wpt + 61)
Sp :E 1 +m cos(wpt + 61 — %n)
i 1 + m cos(wpt + 601 + %n)
| = mcos@or +61)
Sn =3 | 1= mcos(wot +61 — 57) 3)
1 — m cos(wot + 01 + %7‘[)

where m is the modulation index and 6 is the phase of the
switching function.

By inserting (1) and (3) into (2), taking only the dc com-
ponent of (2) ug. and by simplifying, we obtain:

cos(f; — 6p)
_MVm —gy 2
uge = — cos(0) — 0o — 57) 4
cos(f; — O + %n)

Equation (4) indicates that the relative phase difference
between the induced voltage and the switching function of
the converter g — 61 determines the magnitudes in each
phase. A phasor interpretation of (4) is described in Fig. 3.

Since the relationship between the phase of induced volt-
age 6 and the phase of the switching function 6 is unknown,
the magnitudes among three phases varies. To identify the
worst case in terms of power losses, we define four scenarios
where the phase difference varies from 0 to 150° as illustrated
in Fig. 3. Note that the dc current magnitudes of 0° and 90°
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Table 1 Dc current defined in

each phase of the transformer 0o — 01 Dc current ratio in phase A, B and C Ref. range [A]
IA_de I5_dc Ic_de Iy
DM 0° 1 —-0.5 —-0.5 0 0.4-1.6
60° 0.5 -1 0.5
90° 0 — /32 V312
150° — /32 0 V312
CM / 1 1 1 3 0.4-4.0

The applied current in each phase is the multiplication of the current ratio and Ref. range

are the same as 60° and 150°, but distribute in different limbs
(the flux path of the middle limb and the side limb are differ-
ent in a three-phase transformer). To compare the difference
between DM and CM, we also define test cases of CM where
the dc currents in the three phases are in the same direction.
The tests are conducted for a three-phase, three-limb trans-
former. The ratio and the range of the current applied are
listed in Table 1.

In the system study, we made simulations with the setup
described in Fig. 2, a classic three-level voltage source con-
verter model and a modular multilevel converter (MMC) [18]
model with full control function implemented. The models
were built in MATLAB®/Simulink® [19]. The 200 MVA
three-level VSC uses Neutral Point Clamped (NPC) topology
and Sinusoidal Pulse Width Modulation (SPWM) scheme.
On the ac side, the station includes a 230 kV step-down Yg-
D transformer and filters. The 150 MVA 12-level MMC levels
uses cascaded two-level topology and nearest level control
[18]. No filter or smoothing reactor is included in MMC as
the harmonic level has been well managed. In both mod-
els, the transformers were modeled in a simply way, i.e., tap
changers and saturation characteristics were not simulated
since the purpose for the simulation was to demonstrate the
modulation effect of the power converters. The main circuit
parameters for the two converters are summarized in Table
2.

The phase currents on the ac of the converter bus as well
as their dc components obtained from the simulations are
demonstrated in Fig. 4.

The induced longitudinal fundamental frequency voltage
on the dc side causes the unbalanced phase currents on the
converter ac buses, as they contain dc component of differ-
ent levels and directions in each phase. The dc (component)
current circulates within three phases and the sum of them
must be zero. This modulation effect occurs in both three-
level VSC and MMCs, where the dc currents generated in
MMCs has less ripple than in three-level VSCs.

Compared to the pulsating nature of GIC, the induced dc
current is considered to be more constant (in both direction

@ Springer

Table 2 Main circuit parameters of the converters

Main circuit Unit Three-level VSC MMC

parameters

Converter rating MVA 200 150

System frequency Hz 50 50

DC voltage kV +/-100 +/-200

AC voltage kv 230 123

AC filter size MVar 40 /

Reactance of phase mH 23.9 50.9
reactor

Converter bus kV 100 123
voltage

Transformer rating MVA 200 150

Transformer mH 23.9 25.5
leakage reactance

Reactance of mH 8 /

smoothing reactor

Converter bus phase currents ( Three-level)

1000L W ——Ty
: : : 1A
293 294 295

-1000‘ IC
296

2. 91 2. 92
DC components in phase current (Three-level)

50 ; : ; : A de
0 1B_dc
IC_dc

501 . : : ! ! i
2.9 291 292 293 294 295 296

Converter bus phase currents (MMC)

1000 =

1A

\></ \></ o

-1000r Ic

I T
1.85 186 187 188 189 1.9

DC components in phase current (MMC)
20 1A_dc

Of 1B_dc H
-20F - - - - IC_dc H
1.85 1.86 1.87 1.88 1.89 1.9

Fig. 4 Phase currents (IA, IB and IC) and their dc components (IA_dc,
IB_dc and IC_dc) on the converter ac bus due to harmonic transfer from
the dc side. The upper two figures are the result of the three-level VSC
and the lower two figures are the result of MMC
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and magnitude) as the (phase) regulation of the converter con-
trol does not change very often. As aresult, a temperature rise
can build up in the transformer. Therefore, both the overall
power loss (in the core, windings and structural parts) and the
located stray loss shall be evaluated for converter modulation
related DC magnetization.

Although the mechanism of harmonic transfer is not the
scope of this study, we must emphasize the importance of
control implementation in the resultant dc current, as it
has not been addressed in any literature. Converter internal
impedance seen from the dc side is strongly affected by the
converter controls and associated bandwidths, particularly in
voltage-source converters. For example, the circulating cur-
rent control (and/or any low-pass active filtering) used in
MMCs behaves like a resistor seen from the induced voltage
source. Therefore, the dc current derived by the analytical
approach [17] without considering control effects may not
be valid in practice. Nevertheless, in the following investiga-
tion, the dc current level on the ac converter bus is pre-defined
and we study the influence of different modes on the power
transformer.

3 Test
3.1 Test setup

A 2.5 kVA three-phase, three-limb transformer was used as
the test object (Fig. 5), which is connected to the FPGA-based
grid emulator (EGSTON®). The EGSTON grid emulator is a
200 kW switching voltage source converter with high band-
width able to emulate a power system as ac/dc sources. In this
test, it is important to program a symmetric ac source with
independent, controllable dc components, such that the dc
currents are tuned precisely to the predefined values, while
the ac voltage is maintained to the nominal values.

Although the phenomenon under investigation is mainly
related to grid and distribution transformers, the laboratory
transformer is still adopted in our test because:

e The test can be destructive due to extreme saturation con-
dition and excessive losses.

e [tis easier to manufacture, modify and assembly iron tank
to investigate stray losses.

e The conclusion drawn from a scale-down lab transformer
is valid for a lager transformer since the saturation phe-
nomenon is sensitive to materials and dimension ratio,
rather than absolute dimensions.

The tank and the clamping plates are made of ordinary
carbon steel. The electrical connections are well maintained
(no air gap) when connecting the iron plates. The iron tank
and the clamping plates can be disassembled such that the

Fig.5 Test setup. 2.5 kVA three-phase, three-limb transformer for dc-
bias test with (upper right) and without (upper left) iron tank. The
EGSTON grid emulator (in National Smart Grid Laboratory operated by
Norwegian University of Science and Technology and SINTEF Energy)
provides controllable voltage source (lower)

core and the stray (in the tank and the clamping steels) losses
could be separated. Moreover, the height of the tank (i.e., the
distance between the magnetic core and the cover/bottom)
was adjustable such that the influence of geometry on stray
loss in the tank could be further evaluated.

The number of turns was 280 for both the primary and the
secondary windings of the transformer. The primary wind-
ings were connected (in star) to a three-phase power converter
(three-phase power source, Fig. 6), which provided indepen-
dent voltage sources for the three phases. The dc voltage bias
of each phase was adjusted individually to make the currents
reach the predefined values in Table 1. The secondary wind-
ings were connected in delta. A switch was used (Fig. 6) such
that the impact of open circuit and delta connection could be
investigated. No load is connected on the secondary side in
the tests (Sect. 3.2, 3.3, 3.4). The current and the voltage
in each phase were measured and incorporated into a high
precision power analyzer to obtain the power losses and the
reactive powers.

3.2 Common mode test

The dc voltage offsets in all three phases were tuned to the
same magnitude and direction, where dc currents are CM.
The ac nominal voltage (230 V,y,s) was applied on the pri-
mary winding, and the dc voltage offsets were adjusted until
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Fig.6 Transformer winding connection and dc-bias implementation.
The primary windings of the transformer were connected to a three-
phase power source, where the dc voltage bias of each phase can be
tuned. The switch was used to open the secondary delta winding

the dc currents reached the preset values in Table 1 (from 0.4
to 4 A).

The measured total power losses consist of core loss, wind-
ing loss and stray loss. The winding loss was derived from
the obtained current measurement and winding resistance.
The core loss was obtained by withdrawing the winding loss
from the total loss measured without the tank and the clamp-
ing structure. The stray loss was then derived by withdrawing
the winding loss and the core loss from the measured total
loss. The measurement results are given in Table 3.

The total power loss and the reactive power consumption
increase significantly as the dc current increases. Although
the core loss constitutes most in the power losses, the major-
ity of the loss increase is from the winding loss, whereas the
stray loss increases slightly and the core loss remains almost

8 CurrentAIDC=4A— - -CurrentAIDC=2A --------- CurrentAIDC=OA
Current B IDC= 4A — — .CurrentB IDC= 2A Current B IDC= 0A
7 Current C IDC= 4A Current C IDC= 2A Current C IDC= 0A

Current [A]

0 0.005 0.01
Time [s]

0.015

Fig. 7 The measured primary side (magnetizing) currents with different
levels of CM dc component

constant (the variation < 2%). This confirms the theoreti-
cal analysis in Sect. 2.1, namely the three-phase, three-limb
transformer has a high reluctance path for the dc flux in CM
and it is invulnerable to CM dc current.

Figure 7 shows the measured primary currents over one
period at three different levels of dc-bias, i.e., 0 A, 2 A
and 4 A. The average current in each phase is equal to the
pre-defined dc currents. Without dc-bias (0 A), the average
current is zero over a cycle. With dc current, there is a half-
cycle asymmetry in the current waveform, which is more
notable at 4 A than at 2 A. Moreover, there is an asymmetry
in the three phases regardless of the dc current level. This is
due to the difference in the reluctance between flux path in
phase B (middle) and phase A and C (sides). Nevertheless,

Table 3 Power Losses and

Reactive Power due to De-bias of ~ DC current Total losses P, Winding loss Core loss P¢ Stray loss Pg Reactive
CM [A] W] Py [W] [W] (W] power Q
[Var]
0 51.02 0.20 50.06 0.76 260
04 51.32 0.51 50.05 0.77 386
0.8 52.15 1.31 50.05 0.79 615
1.2 53.33 2.52 50.02 0.81 876.8
1.6 55.04 4.26 49.95 0.84 1140.2
2.0 57.38 6.58 49.93 0.87 1417.7
24 60.20 9.36 49.92 0.92 1691.6
2.8 63.57 12.67 49.85 1.06 1971.1
32 67.62 16.48 49.81 1.31 22454
3.6 72.30 20.93 49.78 1.60 2530.9
4.0 77.54 25.86 49.74 1.95 2813.4
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Fig. 8 Stray loss versus dc-bias level under 0.7 p.u. and 1 p.u. ac nominal
voltages for four DM configurations

the half-cycle asymmetry in the waveforms of the magne-
tizing current is rather moderate under the applied CM dc
current and transformer core does not reach saturation.

3.3 Differential mode test

The DM dc-bias in the three phases was implemented accord-
ing to the definition in Table 1. The nominal ac voltage
230 Vims (1 pu, corresponding to 1.48 T core flux density)
and a lower voltage 161 Vs (0.7 pu, corresponding to 1 T
core flux density) were applied on the primary winding. The
dc voltage offsets were adjusted until the dc currents reached
the preset values in Table 1 (from 0.4 to 1.6 A). The power
losses and the reactive power assumptions of four configura-
tions were measured. The stray losses and the winding losses
are shown in Figs. 8 and 9 respectively. Note that, for all the
test cases, the measured core losses remain almost constant
(< 2.5%); therefore, they are not demonstrated in detail in
the following sections.

Unlike the CM dc current, the stray loss becomes very
sensitive to the DM dc current due to the low reluctance path
of the dc flux. As seen from Fig. 8, a dramatic loss increase
can be observed as the dc-bias increases. In contrast, the
power loss under CM dc current of the same levels are order-
of-magnitude lower than that of DM.

Furthermore, there is a significant difference in the stray
loss among the four configurations. This difference is smaller
at lower ac voltage or lower dc current. And, the difference
expands as the dc current increases. At the highest dc-bias
level (1.6 A), the difference approaches 41% at the nominal
ac voltage and 20% at 0.7 pu of nominal ac voltage. The
highest stray loss (31 W) occurs when the largest dc current

7,
=& 0° 07pu—6—0° 1pu

6 |-© '60° 0.7 pu—6—60° 1pu /
— 90° 0.7 pu 90° 1pu ’/4
=5 -+ 150° 0.7 pu ——150° 1 pu M
2 ’,
o4 ’,,' i
o
£
5 3 1
£
= 2 |

1 il

:: | |

06 0.8 1 12 14 16
DC current [A]

0 02 04

Fig. 9 Winding loss versus dc-bias level under 0.7 p.u. and 1 p.u. ac
nominal voltages for four DM configurations
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0.02 0.025 0.03 0.035 0.02 0.025 0.03 0.035
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Fig. 10 The measured primary phase currents at different configurations
of DM dc currents

is in the middle limb (i.e., 60°) and the lowest loss (22 W)
occurs when the largest dc current is in the side limbs (i.e.,
0°). The winding loss (Fig. 9) is highest for the 0° case,
although the difference is not as notable as the stray losses.

Figure 10 shows the measured primary (magnetizing) cur-
rents over one period for the four configurations when the dc
current is 1.6 A. Since no current flows in the neutral, the
sum of the three-phase currents is zero. The peak values of
the currents in DM are significantly larger than that of CM.
Among four configurations, the 0° case gives the highest
peak current (as well as the highest RMS current) at phase
A, resulting in the highest winding loss (Fig. 9).
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Fig. 11 Total reactive power consumption due to different levels of DM
dc currents

Table 4 Reactive Power due to a 1.6 A Dc-bias in DM

Configuration Reactive power consumption [Var]

Phase A Phase B Phase C Total
AC 133.7 83.5 109.1 326.3
0° 658.8 367.7 362.7 1389.2
60° 4159 588.5 408.7 1413.1
90° 579.0 518.4 308.9 1406.3
150° 547.3 304.4 541.9 1393.6

Compared to the CM dc current, the magnetizing cur-
rents of DM have higher amplitudes and shaper spikes (i.e.,
higher-order harmonic content). Hence, it leads to the higher
winding losses.

Different from the rapid increase in power losses (Figs. 8
and 9), the reactive power is practically linear with the dc
current (Fig. 11), with little difference between the four con-
figurations.

Although the total reactive power consumption is similar
for the four configurations, the reactive power distributions in
the three phases are significantly different for each configu-
ration. An example of the reactive power distribution is given
in Table 4, for a dc current of 1.6 A. Among the four con-
figurations, the 0° case gives the largest difference between
the three phases, which implies the largest voltage imbalance
occurring in this scenario. The voltage imbalance (defined as
ratio of the negative sequence fundamental voltage and the
positive sequence fundamental voltage) of the four DM con-
figurations with respect to different dc current level is shown
inFig. 12. A linear dependence on dc current can be observed
and the case 0° gives the largest voltage imbalance.
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Fig. 12 Voltage imbalance due to different levels of DM dc currents

3.4 Influence of tank and clamping steels

The measurement cases in Section IIIC were repeated after
adjustment of the tank and the clamping structure, where the
tank height (determined by the distance between the upper
yoke and the tank cover and between the lower yoke and the
tank bottom, d) was adjusted. Four cases were defined:

Case 1:d =5 mm.

Case 2: d = 20 mm.

Case 3: Without tank.

Case 4: Without tank and clamping plate.

The loss measured in Case 4 equals the core loss (plus
winding losses) since no tank and clamping structure were
involved. The difference between Case 3 and Case 4 is due
to the stray loss from the clamping plates. The difference
between Case 1 (or 2) and Case 3 is the stray loss from the
tank [20]. The results at a dc current of 1.6 A are given in
Table 5.

As expected, both the tank and the clamping structure have
a great impact on the stray loss. The loss in those structural
parts largely attributes to eddy currents generated in proxim-
ity of the magnetic core. Several conclusions can be drawn
from Table 5.

e The stray loss in the tank and the clamping plates increases
dramatically due to dc-bias. In case 2, for instance, it
increases from 1.3 (under pure ac excitation) to 31.3 W
(1.6 A dc-bias at 60°).

e Among the four configurations, the stray loss varies con-
siderably. The variations in Case 1 (33%) and Case 2 (37%)
are greater than in Case 3 (26%), largely due to the stray
loss redistribution in the iron tank.
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Table 5 Power Losses due to Dc-bias of DM

Table 6 Power Losses due to Dc-bias of DM with Delta Winding

Loss type Configuration ~ Case number Loss type Configuration ~ Case number
1 2 3 4 1 3 4
Stray loss [W] AC 1.9 1.3 12 0 Stray loss [W] 0° 6.3 5.6 0
0° 325 228 77 0 60° 59 63 0
60° 433 313 97 O 90° 5.6 5.5 0
90° 404 2877 84 O 150° 6.1 5.8 0
150° 345 243 84 0 Winding loss primary side ~ 0° 77 78 79
Winding loss [W] ~ AC 04 04 04 04 (W] 60° 73 73 74
0° 7.2 72 74 7.7 90° 7.4 7.4 7.6
60° 6.9 68 69 71 150° 7.3 73 7.4
90° 7.0 70 7.0 74 Winding loss delta [W] 0° 1.7 1.7 0.9
150° 6.9 70 70 73 60° 2.2 23 2.0
90° 2.0 2.0 1.5
150° 1.6 1.5 0.7
e The stray loss in the tank is sensitive to the tank height
(air gap). The loss increases with more than 10 W (> 40%)
when the gap distance reduces from 20 to 5 mm. ’ B ::
e The winding loss increases with dc-bias level. The tank and Y 2
clamping structures have little impact on winding loss. % == g,
In all measurement cases, the tank and the clamping struc- % P o
ture have a minor influence (< 5%) on the reactive power. °
0 0s 1 15 05 1 15

3.5 Influence of delta winding

Delta connection is widely used in many types of three-phase
transformers. Except for being used as a secondary winding,
in high rating transformers, a delta connected tertiary wind-
ing can be used to reduce the unbalancing currents or to
supply an auxiliary load at different voltage levels. The mea-
surement Cases 1, 3 and 4 in Sect. 3.4 were repeated with
the secondary winding connected in delta. The results at a dc
current of 1.6 A are given in Table 6.

The delta winding significantly reduces the power loss
caused by the dc-bias. The majority of the decreased loss is
from the stray loss in the tank (> 25 W). Additionally, there is
areduction in the stray loss in the clamping structure (<4 W),
whereas the core loss is practically unchanged. Moreover,
with delta winding, the loss difference between the four con-
figurations becomes smaller. The winding loss in the primary
side increases slightly with connecting the delta winding, due
to the small increased magnetizing current. Last but not the
least, in our test, the loss in the delta winding is moderate.
However, in practice, attention should be paid to the rating
of the delta winding as the induced current might exceed the
design value. For instance, a delta winding used as tertiary
winding supplying an auxiliary load might not be rated high
enough to withstand the induced current caused by high dc
bias.

DC current [A] DC current [A]

Fig. 13 Winding losses and stray losses due to different levels of DM
and CM dc currents. Left: winding losses; Right: stray losses

The measurement were also repeated for CM dc currents.
Since the core was not saturated under the applied CM dc cur-
rent, no significant difference in the losses (core loss, winding
loss and stray loss) was observed by adding a delta winding.

4 Discussion
4.1 Comparisons between DM and CM dc current

Comparisons of the power losses for DM and CM dc current
are summarized in Fig. 13. Both the winding losses and stray
losses of DM are significantly larger than those of CM.

The difference in winding losses can be explained by cur-
rent total harmonic distortion (THD) of two modes. As an
example, in Fig. 14 (DM case 0°), the THD of DM is signif-
icantly larger than CM. The harmonic currents account for
considerable portion of the winding loss for DM. In contrast,
the THD is small and increases very slightly for CM dc cur-
rent, in which the winding losses is dominated by dc ohm loss.
It is also worth noting that the winding losses distribution
among three phases can be unbalanced due to asymmetric
DM dc current distribution.

@ Springer
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Fig. 14 Current total harmonic distortion (THD) due to different levels
of DM and CM dc currents

Detailed harmonic contents due to different levels of DM
and CM are presented in Fig. 15. The harmonic current dis-
tribution is unbalanced within the three phases for different
configurations of DM, which leads to unbalanced winding
losses, and more importantly, different stray losses. In con-
trast, the harmonics of CM are symmetric in the three phases
and the magnitudes are much smaller at high frequency.

4.2 Down scaling of transformer

The experiment was carried out on a down-scaled lab trans-
former, as it is impractical to perform such potentially
destructive test on a full-size grid transformer. In principle,
the saturation phenomenon is characterized by the flux den-
sity in the magnetic core. According to the Ampere’s law, the
magnetomotive force (defined as NI in ampere-turns) is

NI = HI 5)

where N is number of turns, [ is current, H is magnetic field
strength and / is mean length of the flux path. Then the flux
density can be simply expressed by

NI
B=upH =p— Q)
where u is magnetic permeability of the core.

In order to preserve the flux density feature, the down-
scaled experiment maintains the same topology of the core
and keeps N/I approximately at the same level as full-scale
transformer. It has been seen from the lab test that the trans-
former performance has been degraded at 1.6 A dc current.
Such level of dc current (a few ampere) can cause similar
saturation for a transformer with 103 times larger rating (full-
scale transformer, with the same topology and similar N/I).

@ Springer

Despite of the similarity in flux density distribution
between the lab transformer and full-scale transformer, it
is imperative to highlight the important differences between
them.

e Large (full-scale) transformers have sophisticated struc-
tural steels such as flitch plates close to the magnetic core
which are susceptible to the leakage flux affected by satu-
ration.

e The core material used in a grid (full-scale) transformer
is often the grain-oriented (GO) steel, which has higher
nominal flux density, lower specific loss and steeper mag-
netization curve below the knee point, compared to the
lab (down-scale) transformer which is made of non-grain-
oriented (NGO) steel.

e The rated current in a full-scale transformer is much larger
than the lab transformer, so the winding loss generated
under the same dc current in a full-scale transformer is not
as problematic as the down-scaled one, since the percent-
age current increase (relative to nominal load current) in a
full-scale transformer is much less significant.

The grain-oriented steel (typical core material of a grid
transformer) often has steeper magnetization curve (i.e.,
higher permeability) below the knee point and flatter slope
above the knee point (i.e., lower permeability). According
to Eq. (6), under the same incremental flux (AB), higher
magnetization current would be induced in the GO material
due to its smaller permeability at saturation. This indicates
that the magnetization current with GO material has narrower
spike (contents higher frequency current harmonics) than the
NGO. As a result, the GO material is more sensitive to dc
bias, although it is superior in overall core loss reduction.

5 Conclusions

Measurements of power losses and reactive power in CM and
DM reveal that there is a significant difference between the
two modes of dc currents in three-phase power transformers.
Whether a dc current can cause a damage to a power system
or a transformer depends on the mode of the dc current.

e Three-phase, three-limb transformer can withstand much
higher CM dc current, compared to DM dc current.

e Power transformers are susceptible to DM dc current
regardless of their core topologies, due to low reluctance
paths and higher flux density offset.

e The magnetizing current under DM dc current has higher
THD level than CM and content higher-order harmonics,
resulting in both higher stray loss and higher winding loss.

e The core loss is not significantly influenced by the dc-bias.
As demonstrated in Table 3, the core loss even decreases
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Fig. 15 Current harmonic content due to different levels of DM and CM dc currents
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slightly with the dc-bias present, which is in line with the
material measurement in [21].

e The power losses caused by high-level DM dc currents
depends on dc current distribution in three windings, due
to the stray loss redistribution in the iron tank.

e The DM dc currents enhance the reactive power consump-
tion and introduce an unbalanced voltage distribution in
the three phases.

e Delta winding can significantly reduce the excessive stray
loss (and noise) caused by the DM dc currents, as long as
a proper rating is chosen for the delta winding.

The susceptibility classification of power transformers in
the guideline [4] applies only to GICs (CM dc currents in
general). It is recommended to verify the performance (noise,
harmonic distortion, reactive power and/or temperature rise)
of a power transformer regardless of its topology, as long as
it is exposed to DM dc currents.
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