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SCR: a Metric for System Strength

* Short-Circuit-Ratio (SCR): a typical metric of
system strength for the voltage stability.

SCR= Short Circuit Capacity /Inverter Output

Short Circuit Capacity

=\/|Looking-back Impedance|

Empirical threshold of SCR=3 has been applied
to both
-- IBR with self-commutated inverters and

-- HVDC with line-commutated inverters.

I 2/20
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Content of the Presentation

1. Objective of the study

2. Studied system and major
equations

3. SCR and voltage stability
4. SCR and transmission loss

5. Conclusion
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Basic Equations for the Studied System

* Basic equations:
P+jQ=Ve’l, S=\P+Q
(RP+x0-V?) +(RQ-XP) =(VV. )’

* Final normalized equations:

s=avi+v ﬂ]*(lfal)vz

1
L
2
2 LN
v= as+l+ a.v+l -5’ - o
3 5 i S—
s-u Curves

Variables in lower-case letters [Source] Yamada, et al, IEEE Transactions on Power

are the normalized ones. Systems, Vol.39, No.4, pp.6076-6086 (2024).
6/20
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Challenges Expected in Future Power Systems

Concerns in a power system due to the high
penetration of IBR such as PV, wind power:

* Decrease of system inertia, System
* Decrease of short circuit capacity, | Strength
* Simultaneous trip due to system disturbances.

The paper focuses on the strength
from the voltage point of view.

AIT e
Objective: Answering the Questions on SCR

1. Question 1:

Why does SCR represent the system strength?

What is the physical meaning of SCR?
2. Question 2:

Why does the value of 3 give a threshold for

both self- and line-commutated inverters? g\f‘g‘g

L | @

The paper examines the questions from the b
viewpoints of voltage stability and transmission
loss for a single inverter infinite bus system.

3f20

AIT iz
Single Inverter Infinite Bus System

Ta— Z=R+jX Vo=V
INV —=
S 1 (r) (x) )
S=P+jQ Pt j0r
(s=p+jg) Pwtiq.)

() : Normahzed variables

The system gives the Thevnin’s equivalent

circuit applicable to studies on voltage.

5/20
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SCR and s-v Curves

iz as+£i (aﬁ. l] SR g Only one parameter o.
2 2

o parameter

* Normalization:

s Reciprocal
s=—y
v of SCR
P

2N12Z| Voltage:v=V/V,

Power

- 3 . RY
Parameter: . Fluay

o —reos@+xsing | | 1
L (Rix)
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2. Studied system and major

equations

3. SCR and voltage stability

4. SCR and transmission loss

5. Conclusion
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Parameter o vs. Power Factor

Const. a=Const, PFe—|@ = 1'COS @ + Xsin @ I—.mm Vo =YNI=

1.00

0.95
<.0.90
w
8085
0.80

0.75
1.0
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Various Nose Powers

* We have showed “s” for the nose of s-v curves is
0.5 to 1.0 for constant pf or voltage operation.
ri.e., SCR: 1to 2 - SCR of 3 = the value + margin

5
DREET =02 s |
4 2t
> e £

= Maxmim voktage

—3 || ==Active Power at Nose 2p
s = Active Power at Nose 1p
82 ==pApparent Power at Nose 1 ol

' framy
Nose s-v curves ‘

0 [Source] Yamada, et al., IEEE
00 01 02 03 04 05 06 07 08 08 1.0 Tensactionson Power Systems, Vol.39,
RIXT No.4, pp.6076 6086 (2024)
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When Transmission Loss Is Considered, ...

For a system with large R/X ratio, the power flowing
into the infinite bus can decrease even when the
power of the inverter increase under a heavy load
flow condition.

5

Vo=1.03
4 i im i m - -
= Maxmim voltage
-3 = =Active Power at Nose 2p
& [ Eigatemn
32 —~Apparent Power at Nose 1 = -3

0 |
00 01 02 03 04 05 06 07 08 08 1.0
RXH

14/20
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s-v Curves
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* s-v curves solely depends on parameter o
whereas o are decided by R/X and cos¢.
* The paper focuses on nose power.

Lemr-pormer solutions

High-power salutions

Maximal voltage v, is
used as substitute for o.

Ultimate limit for
the voltage stability

[nrerier apparent power (normalzed), s |-
1/5CR |

9/20
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Various Power-Voltage Curves

14

volitage

SV cunve

Wolage al themverter temminal v [-]

-
- 5
- f p-v curve

" Nose for the iifiite
Dus (Node 2,0

SV clrve

(Low voltage sohtion)

12 Maxinal ~ (High voltage solution)

s corresponding
to Npde 2,

)
/,
P
Nose for the THR
bus (Nose 1)

=02
RA=0S

00 01 04 05 06 07

02
Apparent/active power 5. p. p..

() Nomazeavasmis  11/20
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Apparent and Active Power of Inverter

* Discrepancy between SCRs for the apparent and
active powers of the inverter is not so significant.

* The reason is that the power factor to keep
constant o is not so low.

1.00
095

=080

op
n a
Soss

= Actlve Foeer at Nose
—apparenl Power al Hasc 1

080 |-~ o
:
n :

PF to keep constant a.

Various SCRs

13/11/2024 Paper ID: 404 1320

AIT s
Content of the Presentation

1. Objective of the study

2. Studied system and major
equations

3. SCR and voltage stability
4. SCR and transmission loss

5. Conclusion

15/20



o
st o
VEEREEY

Equations Related Transmission loss

* Transmission loss: ey R

* Current:

z:av+\,1—(1—rzz]v: - -ty {I—(I—az)v;

Prass = r'(lfm': +2as)

Loss factor LF: b P

()= Nomalized varidkles

LF

N 2

s P.‘o;) o r 1_.‘;3
P cosg

+2a]

* SCR to make LF constant (for Constant PF):

SCR*LFXCOS(D‘ ¥

2a
r LF xcosg

16/20
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SCR to Keep Constant Inverter Voltage

SCR for constant voltage operation is similar to that
for constant power factor operation; the former is a
little larger than the latter.

Loss factor: pudp Tonstortt of
=%
-15% 20% 15
3._1n
.
Vo100 BN
EEEIN]
0z 04 06 08 1.0 oo 0.2 04 06 ng 10
AL AXH

Constant Inverter Voltage Constant PF for inverter

18/20
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Topics for Further Study

* Assessment of minimal SCR considering the

factor such as the thermal rating of lines.

« Simulation of the inverters connected to a

weak grid.

« Stability assessment of the inverters

connected to a weak grid and improvement.

20/20
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SCR to Keep Constant Loss Factor

SCR has to be high to keep a loss factor low in case of a
large R/X ratio.

The SCR for the constant loss factor of 5% soars to more
than 1021:)or R/X ratio larger than 0.5.

Loss factor (p,,,/p) Constant pf

—5% —10%

15 15% - 20%
o |
a
5 F@I
g ! |
0.0 02 B e 8 08 10 L
AIT e

Conclusion: Major Findings

The physical meaning of SCR as a metric for
voltage stability is interpreted with the power-
voltage curves of a power system.

The empirical threshold — SCR of 3 — can be
considered as the sum of the nose power of
the above-mentioned curves and margin.

SCR has to be more than 3 to make the loss

factor low for a power system with a large R/X
ratio. o
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B Various methods of AC-DC converters

4 Transformer system 4 Switching system

Transtormer system

. = m : - M‘“

3-phase AC valtage

3-phase AC voltage

= Volume and weight are
bulky

High thermal generation
less efficiency

rand lighter %
cat gencration

Circuits are
complex

In this study, we focus on transformer systems

W Challenges of conventional transformer system A
Increased cost and size are problems
when transformers are multiphased

¥

lower-cost method of multiphasing transformers is required

11/13,

Primary side Secondary side

General 12-phase transformer

A

The proposed system configuration

4 POWER CONVERSION SYSTEMS USING TRANSFORMERS WITH SPECIAL
WINDING STRUCTURES

‘Special winding |2-phase transformer

R, R R S5y Full-bridgg D
reetifier
— Ry 5 T,
)
.
S Tin .
T 5[ e
L A
imay) (Sondary

hase
voltage

¥ The three-phase voltages connected to the primary side are transformed by a transformer
with a special winding structure into 12-phase AC voltages with different phases every
15 degrees.

v" The converted 12-phase voltage is full-wave rectified by a diode rectifier circuit
and can be converted into a 24-pulse DC voltage.

11/13,
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Source - Ageney for Naiural Resousoes and Energy Sowce G yuasa Source - nissan
Renewsble Energy Storage Battery Systems Electric Vehicles (EV)

[' DC equipment is increasing both on the power supply side and the load side toward decarbonization,

*DC power supply systems are also expected to become more widespread.

]

B Difference between AC and DC systems

Conventional power system

DC power system

Ponss Coamions

| o~ | <
Electri T Elecinic vehicls

Eﬁ Reduction in the
number of co
 _ Bty : -

B Special winding structure transformer

We propose a special winding structure as a low-cost method of multiphasing.
# Proposed special winding 12-phase transformer connection diagram.

(Primary) (Secondary) o
Special winding structure diagram

4 Winding ratio of special winding structure

- o=

Connection diagram

Winding Winding @ Advantages of Special Winding Structure
Position " |Position * | Position i
Ratio Retio | |« Secondary windings can be reduced by
RN SN 1.000 Ti-N 1.000 obtaining line to line voltage with respect to
A 2[N-8, 0.732|N-T: 0.732) the R, Sy, and T connections
R'-Ty S"- 0.518|T"-R, 0.518] # -
i e =l R_edu_u:duiat by reducing secondary side
R-R, 0.318[T"-T, 0.318] windings
T 7

The proposed system configuration

# Power flow : when DC and AC power are output on the secondary side

Power flow diagram of the system

Special winding 12-phase transformer

Ry S

3
(Primars) (Secondary)

¥ By using the three phases of the 12-phase AC voltage that have a phase of 120 degrees,
not only DC power but also AC power can be obtained on the secondary side.

v Itis assumed that a three-phase transformer may be introduced to the AC load
on the secondary side to obtain a voltage corresponding to the load. Therefore,

the special winding structure transformer can convert the input AC power into a
hybrid of DC and AC power.




VA
=0

Power Supply

ridgd | DC Load,
rectifier

¥" The power supply connected to the three phases of the secondary side can also supply
voltage to the 12 phases of the secondary side wiring, and AC-DC power conversion can
also be used to supply power to DC loads

v If the power supplied from the secondary side is larger than the DC load, the
surplus power can also be supplied to the primary side of the grid.

*

DG load
Powsr | | =
Grit | [spaciel winding 12/

I e

Full-bridge
rectifir i

Overall system configuration model
# Measurement Ttems

Special winding 12-phase transformer

¥ The specifications of the transformer with special winding structure used were assumed
to have a delta coumection on the primary side, a special winding structure on the
secondary side, and a capacity of 10 kVA.

¥ The efficiency, the DC load was assumed to be approximately 3 kW winding resistance,
and the AC load was 450 W. The primary voltage is assumed to be a 3-phase AC voltage
of 6600 V. The basic case is that the secondary DC of 350 V is output via a special
winding transformer. This can be accomplished with a single power conversion from AC
]‘.\_igh vo}ta ge to DC low voltage.

B Experimental Methods
The primary voltage is assumed to be a 3-phase AC voltage of 6600 V. The basic case is
that the secondary DC of 350 V is output via a special winding transformer. This can be
accomplished with a single power conversion from AC high voltage to DC low voltage.

# Pattern |
Pattern 1 is the case where an AC power supply is connected to the primary side of the
transformer and an AC load of 450 W and a DC load of 3 kW are connected to the
secondary side of the transformer with the special winding structure.

4 Pattern 2
Pattern 2 is the case where a three-phase AC power supply, a 450 W AC load. and a 3 kW
DC load are connected to the R1, S1, and T1 terminals, which are 120° out of phase on
the secondary side of a transformer with a special winding structure. However, the primary
side is assumed to be open.

¥ In the simulation of the two patterns described above, the three-phase voltage and current
on the primary side, the voltage and current at the R1, S1. and T1 terminals on the
secondary side, and the DC voltage and current after rectification.

B Results of experiments
@ Pattern 1

The 3-phase voltage characteristics and 3-phase current characteristics input to the primary
of the special winding transformer. The voltage characteristics of the input are in equilibrium.
The current characteristic contains harmonics because the current is rectified.

Input voltage characteristics Input current characteristics

1 . . / N / 2 W ¥, %

The voltage and current eharacteristics of the 3-phase AC ou'rpul on the secondary side of the
special winding transformer.(R1, S1 and T1 terminals) The three-phase voltage and current
output from the transformer secondary can be seen to have a phase shift of 120 degrees

Output voltage characreristics Output current characteristics

RESULT

JLATION EXPERIMENTS

# 12-phase voltage and current characteristics

Voltage characteristics Current characteristics
m

@ DC voltage and current characteristics
Voltage characteristics

Current characteristics

i
L 05

v The 12-phase voltage and current characteristics are output with a phase shift of 15 degrees,

indicating that they are converted to the DC voltage and current.

¥ The ripple currently is approximately 1.7%. which is a very small value.

- E\Ia%ed on these results, the special winding transformer proposed in this paper can
simultaneously implement both AC and DC power feeds.

5 OF SIMULATION EXPERIMENTS

B Results of experiments
@ Pattern 2
The primary system of the special winding transformer is assumed to be open
Therefore, the case in which no current is flowing in the primary side is assumed.
The 3-phase voltage characteristics mput to the primary of the special winding transformer
Input voltage characteristics

The voltage and current characteristics of the 3-phase AC output on the secondary side
of the special winding transformer(R1. S1 and T1 terminals)
Output voltage characteristics Output current characteristics

B Results of experiments
@ Pattern 2
12-phase voltage and current characteristics
‘Voltage characteristics

Curnrent characteristics

i

DC voltage and current characteristics

Voltage characteristics Current characteristics

¥ These experimental results show that connecting an AC power supply to the R1. S1. and
T1 terminals on the secondary side of the special winding structure transformer can
supply power to aDC load connected to the secondary side.

v Feeding power to the reference three-phase terminals on the secondary side can supply

DC, voltage and current. i

B Results of experiments

# Pattern 2
12-phase voltage and current characteristics
‘Voltage characteristics

L

DC voltage and current characteristics

Current characteristics

Voltage characteristics

¥ Furthermore, since voltage is also generated for the voltage characteristics of the primary
side terminals. it is possible to supply power from the secondary side to the primary side.
Therefore. even if there is no power supply on the primary side of the proposed converter,
a three-phase AC power supply can be connected to the secondary side to supply DC

power to the load. ;
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NG A SPECTAL WIRE-

DEMONSTRATION OF A POWER SUPPLY SYS

STRATION OF A POWER SUPPLY SYSTEM USING A SPECIAL WIRE-
INDING STRUCTURE TRANSFORMER IN A BUILDING

BUILDING

The developed special winding structure transformer was installed in an actual building and
DC power supply was implemented.

WOUNDWINDING STRUCTURE TRANSFOR)

LED lighti
® No.14 Building in ATT with DC power supply and distribution <

Special winding
trans former

C ion diagram

Solar panel

{#

¥ The power generation equipment connected to the secondary side of the transformer is an
11 kVA photovoltaic panel and a 10 kVA grid-connected equipment system.

v As for the DC load, 80 LED lights capable of DC power supply are installed, totaling
approximately 3.25 kW. As shown in Fig. the photovoltaic system and the special winding
trans former were installed on the roof of the building. The implementation of the DC

power supply was done using LED lighting in the lecture rooms on the second floor.

1171 14/21

DEMONSTRATION OF A POWER SUPPLY SYSTEM USING A SPECIAL WIRE-

"ﬁ-
e

# The developed special winding structure transformer was mstalled in an actual buildin,
and DC power supply was implemented.

PV pandl

System model

Special winding 12-phase ransformer
&,

Rated value of each
piece of equipment

- Device Rated capacity
Special Winding
Structure 50kVA
Transformer

PV Sysyem 11 kW

PCS 10 kVA

LED lighting 325 kW
(80lights)

RATION OF A POWER SUPPLY SYSTEM USING A SPECTAL WIRE-

JING STRUCTURE TRANSFORME BUILDING
# The secondary side DC voltage characteristics when a 3-phase AC voltage of 6600 V was
applied to the primary side of the special winding transformer.

Input voltage DC voltage

¥ Since the connection of a load was not implemented at this time, only the voltage
characteristics are shown.

v DC voltage is output by applying 3-phase AC voltage.

NG A SPECTAL WIRE-
UILDING

DEMONSTRATION OF A POWER SUPPLY SY!

WOUNDWINDING STRUCTURE TRANSFORMER IN A BUILDING
# The power characteristics from 12:30 to 17:30

The Fig shows the power characteristies consumed by the DC load, the photovoltaic output
characteristics, and the power flow to the grid.

2
& PV Power

S il «

f M
? "
:; —a—ﬂ—“ Grid Power

13:30 1430 15:30 16:30 17:30
Day (om)

DC Load

Power (kW)

¥ Since the weather on that day was sunny and partly cloudy, there are fluctuations in solar
power generation.

v In response to this fluctuation. surplus power is being transmitted to the grid and received
when there is a shortage.

DEMONSTRATION OF A POWER SUPPLY SYSTEM USING A SPECIAL WIRE-
XMER IN A BUILDING

WOUNDWINDI UCTURE TRANSFORM
# The power characteristics from 12:30 to 17:30
The Fig shows the power characteristics consumed by the DC load, the photoveltaic output
characteristics, and the power flow to the grid.
PV Power
.
: I < m DC Load

i

——
v

Grid Power

1230 13:30 1430 15:30 16:30 17:30
Day (hm)

Power (kW)

v" The solar power generation is generating up to 9 kW, and when there is a DC load, power
is sent to the grid when surplus power is generated.

¥ It can also be seen that the system receives power from the grid when solar power
generation is not sufficient.

¥ This system can cope with fluctuations in solar power output.

171

# The average surge characteristics of the voltage and current from 0 to 13:00

Voltage characteristics

| .I.“.I.I.i,i.i.l.t I

¥ The voltage characteristic is these
voltages and currents are harmonic
characteristics for each phase.

If we focus on the voltage
characteristics, we can see that there
is a maximum of about 83 V in the

~

5th and 7th order. Since the rated
i value is 6600 KV, this is about 1.2%,
St Bk @ which is very low.
current characteristics ¥ The current characteristics show high

5th-, 7the, and 3rd-order harmonics.
If we focus on the voltage.
¥ The maximum value is about 0.6 A,
which indicates that the harmonics
i i i I Ll are about 15%.For these harmonics,
R a filter or similar device needs to be
L introduced on the primary side and
o v v will be the subject of a future study.

33

# The primary side

Voltage characteristics

# the voltage and current v

characteristics of the DC load. Since the LED lighting is continnously

turned on as the DC load, there is a constant
DC load of 3.25 kW during the experiment.
Since the design value is set at 6600 V of
the grid voltage, when the voltage is lower
than 6600 V, the DC voltage rating of 350 V
is not reached. However. since the IEC DC
: power quality is set by voltage width. the
-l s S 2o . experimental results show that the

Pra conditions are met.

<

Current

Voltage

nclusi

B Topics for study

¥ The application of transformers with special winding structures developed by the
authors to DC-AC feed and distribution systems.

B Results of a study

<

Specifically. the transformers with special winding structures developed so far have
been mainly used for primary to secondary AC/DC conversion.

However, we have also studied AC/AC conversion using the secondary side
terminals from the structure, and hybrid conversion of AC/DC and AC/AC
conversion, or AC/AC conversion, was also studied, and its effectiveness was
demonstrated.

It was also confirmed that the ripple voltage of the de output inereases when a power
supply is connected to the secondary side of the proposed converter.

<

-«

B Future works

-

In the future, we plan to increase the capacity of the transformer with special
winding structure, connect a PCS in a more realistic environment, and conduct a
multifaceted study of the proposed converter's operation.
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