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ABSTRACT

Harmonic Reduction and Power Factor Correction

in Large Electrolyzer Facility

Gil-Mo Seo
Advisor : Prof. Geum-Bae Cho, Ph.D
Department of Electrical Engineering

Graduate School of Industry, Chosun University

A major cost to a chlorine/caustic manufacturing facility is the
energy used to power electrolyzer for refining process. Operation
at low power factor results in additional voltage drop through the
power system vyielding a lower system voltage of the plant buses.

Low system voltage increases the process time and will add to
the overall plant operating costs. Low power factor can also
result in additional costs in the form penalties from the electric
utility company. Capacitors can be applied in chlorine/caustic
manufacturing facilities for a wide range of benefits. The
capacitors will improve the power factor of the system, reduce
billing penalties imposed by the electric power utility, and
increase system voltage boosting productivity. The system losses
are also reduced improving the electrical system efficiency.
However. harmonic source in power system can interact with
capacitor banks resulting in problem if they are not properly
applied-

To improve the power factor and reduce the harmonic contents of the



system, the design of tunned filters for six-pulse thyrister
converter which is used by electrolyzer system is discussed in this
paper. The six-pulse thyrister rectifier is one of the most widely used
types of solid state converter. The current distortion caused by the
rectifier is the source of various problems such as overheating in
capacitors, generators, and inductors, and noise interference with the
communication lines. Tunned filters are added to high-power rectifiers to
keep the line current distortion within allowable limits and to improve the
rectifier power factor.

For electrolyzer system, the design procedure of tunned filters
of AC 14.4kV power system are proposed by dynamic simulation.
It is shown that these harmonic filters can meet most operational
requirments. By phase displacement of the transformer, very low
harmonic content can be achieved at a specific operating point.
The proposed design procedure is verified with the simulation and

experimental results.
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Table 2-1 Induced Harmonic in Thyrister Controlled Rectifier
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NS §4F A% 223 WY o) AzE 30°/NP7t "o}, oo §
AAFNA (NP-1DETY &L 349 323 A2 A= glojx]A
g}

2 dT7dME 622 AT SHE =33t 302 2F w57 s 4
W et7) Abol o) §)AZA7E 360°/(6x5)=12°7) H =5 FAH 9t} wa
A, s AL BAd dAste] FA £AE A4 A3EA oo
FAAFE 297 o)A nzgt 234 A

2z YL 5He ARV AE 12°9 9%
7@t 7k bz AAFH e glenzg S5HE FAC A
(phase multiplcation)®] &3t X3S g AT § germz
(3-16)3 2L A& o83t &4 ZAME Az} TAYAE 533
t}.

=

N

1-!
_)|4_1'
]
L
fr
o,

ﬂL.u d
od,

o

o)

o

rE

L du

1

2f

= N]d)(N)[sm(wt—i—Gl ....... +sin(wt+6,)]
T (esin5 (w0 Dx L +sin5 (a0t © )
TAFsinT(ar+© )F ... FeinT(wr+0 )}
Sy (—sinll(ar40)........ —sin11(2r+0 )
T%{+Sh]13(31/f+9 Dennnn. +sin13( 240 )} (3-16)
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Eige
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Ipp, =7 W[J_rsmh(wﬁel)i ..... +sinh (wt +6,)] < 100
= % . W[isinhwt » cosf; coshwt « sinfy............
.......... +sin fuwt+ cos© ptcosh wr+ sin© »)]1x100
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Axsin® £, +sin© ,)1x100
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LN \/[(coseli ..... +cosfy)” + (£sind, £..... +sinf,)°] <100
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T 14.4KV, 39

3 3 3 3 3

Rectifier 5th 7th 11th 13th 17th

Fig. 3-9 Tunned Filter Bank.

Table 3-1 Damping Ratio of Harmonic Current

Harmonic
5th 7th 11th 13th 17th 19th 23th 25th
order
Damping
0.97 0.95 0.9 0.85 0.75 0.7 0.6 0.5
Ratio
Harmonic
29th 31th 35th 37th 41th 43th 47th 49th
order
Damping
0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ratio

NOTE : 29014 z}59] o

e
i
b
oX,
+
o
i)
)\
&
j
Y
fd
K0
2
N
o
ol
44
dlo

2. 9E 9 AA

st AL AARE SbE HAA PR oA E o] £

Z
544 F7bl o] A4S HE ddeld ARV 59E
=




LR 4 1259 2y FAHEE AAE L-CIZE F4
Hol JEXAE ANANHY JTE HA FA AF9 xzE FF
ste] nzste] AFFYFE 23 Ao F 225 LAAFE 5

3}, 73}, 115}, 137 o] 22 39 3-99} o] AW AWAY L-CH
28 FA3hel oF Tt

7}, 31Z 3} A gH
IEEE Std 519 ¢lsld 2z AF 2L AYE X 3-2 ¢ % 3-337%
Zo] Algstar 9t}

Table 3-2 Current Distortion Limits

Individual Harmonic Order

77, <11 11<h<17|17<h<23|23<h<35| 35<h THD

<20 4.0 2.0 1.5 0.6 0.3 5.0

20<50 7.0 3.5 2.5 1.0 0.5 8.0

50<100 10.0 4.5 4.0 1.5 0.7 12.0

100<1000 12.0 5.5 5.0 2.0 1.0 15.0

>1000 15.0 7.0 6.0 2.5 1.4 20.0
NOTE : - ;. @34
- g REE

Table 3-3 Voltage Distotion Limits

Individual Voltage Total Voltage
Bus Voltage . . . .
Distortion(%) Distortion THD(%)
69kV and below 3.0 5.0
69kv though 161kv 1.5 2.5
161kv and above 1.0 1.5
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Fig. 3-10 Flowchart for Design.
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Firier 3552 2158 9
Reactifierd = 31%3} A52]
Ay 1 5155 AR
REAL(, J), RIM(, J)

\

Continue l

Z+ A58 el Ak

HSXL(D): A5Yedx

HCXO)I): CAPACITOR
b

HCXL(I): REACTOR Q=ji~

HZ(D): 3 =d >

REAL(I, J), RIM(, J)ol| 3355 214
REAL(I, J)= REAL(I, J) XISGIN(, J)
RIM(, J)= RIM(I, J) XISGIN(L, J)

\

7 AR e} sire] 2 AN
SUM_R(D), SUM_I(D)

\

\

7} 2528 3129 A
Iz A AP E AR
HVOL(D): 3%} A%t
DF_V(): 35} A &

\

73 ST St AR
ANGL_A(D)

23K 39} 25 Pk AR
ANGL_V(D

\

\

73l T2k 05 e A
DE_A()

Continue

A5 A%e) Total Harmonic
DistrorionAlAF

THD A

THD_V

Fig. 3-11 Sub Flowchart for Calculation.




Table 3-4 Input Date

PROGRAM
NAME DE IPTION ALUE
SCR 0 VALU PARAMETER
NO AR7 £ 945 5 NO
3t A s = 1 ZF 949 £
ORDER TEAASE A2AAE T 16 I ORDER
AF
ANGLE 1 - 6
71 ¥ e} 7] o] o] Az}t
ANGLE 5 AF7IH g7 o] 47 19 ANGLE(1I)
NO-CASE 1 19 +AA 449 5 1
NO-CASE 2 2dl +AA AE F 10 NO-CASE(I)
NO-CASE 5 5 A A A8 1
ORDER 1 A WA 2zxs} TP 5
ORDER 2 F AA 2zst LAy 7
INDEX( I
ORDER 3 A A mEs A 1 (1)
ORDER 16 16 A 3zs} 2Rz 49
5TH-DER H3A e 7 Lz}
INPUT DATA DERATE( I
49TH-DER A5 (D
R1 ®Wsh71e] A4 2 A
I2z3 B
SIGN 1 - ’]r T
SIGN 5 (9 2¢ 53, 73.....) INPUT DATA ISIGN(, J)
RS Wt7le] A+ 7 A5
Ix3 BE
AE7 $AYSEE JEB
SERVICE—I 5]‘!T] - T‘HTE ]’07:’:]‘!"
SERVICE-5 | 1) 7F&%el® 1, AAZel"d 0| INPUT DATA IR(J)
ii) #%¥ RI1, R2.....R5
SXL A% 999 2(ohm) 0.41472 SXL
CXC AN A e Q9 2 (ohm) 118.3855 CXC
CXL1~CXL7 | 53 && 7a ¥¥ g A&l | INPUT DATA CXL1~CXL7
AR 19 7H5A
AMP 750 AMP
H3AF(A)
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o 1z} A AR

E 3-5414 A gD AR} A 2 AFAPYEL ARV SUE
ZAA ¥R 4 A¢ THD7 5.66%, AF THD7F 1.93%

2 FHavt ", 2 99 FAIHAAE ARAE 2A 2H3 5HE

3 F3t A AP Eo] HE 2 A

3 2
ehd 2939} 3135 EL A5 TEIE AA AFANE AR

22 v 3
Aich Fe AL FIHW ASAE 5%elfl FEF T AL o
Ach. 2} AFEGR 5HS FAT BAA %Zﬂ_%}—t— AL 275

+APHE X 3-59 e o] F AFV] 44 E BF 31T 5
Jd+ FEad F busel AF7] 3dl, R busel AF7] 1S dZst= ek
# F busel 29|, R busel] 29 =& 3= #eke diste {Tg AX]A
el F R E FEZ 87 I
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Table 3-5 Case Study of Operation Mode

NO OPERATION MODE THD REMARK
1 R1+R4+R5 10.46
2 R3+R4+R5 10.46
3 R1+R2+R4 10.31
4 R1+R2+R3 10.31
5% R2+R3+R5 10.31
6 R4+R5 10.10
7 R3+R5 10.05
8 R1+R4 10.05
9 R2+R3 10.05
10 R1+R2 10.05
11 R2+R3+R4 10.04
12 R1+R3+R5 10.04
13 R1+R3+R4 10.04
14 R1+R2+R5 10.04
15 R2+R4+R5 9.99
16 R1+R5 9.77
17 R3+R4 9.77
18 R2+R5 9.66
19 R1+R3 9.66
20 R1+R3+R4+R5 9.18
21 R1+R2+R4+R5 9.07
22 R2+R3+R4+R5 9.07
23 R2+R3+R4+R5 9.01
24 R1+R2+R3+RS 9.01
25 R1+R2+R3+R4+R5 5.66
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. AN Y E=F

AN EHE 71& A9 3ph, 2316kV ACx5banksE o] &3}e] 53}, 7
2}, 113k 133}, 173} o) A9 1 zse) A FAFES Z w3y Y
gde §FS A .

14.4KV, 3¢

1Phase, 4780V, 193KVAR
Xc=118.38550hm

T

—
T

- Total Ipulse, y 3359118 3855 i

- Total 2pulse, Capacity —% % T1242AC

3pulse, Capacity=772x3=2316

_mAAs , _ 1124401000 _
SAAT 7= T 814

o, A fdy $F

AY YA £ A A AFEIY ol 77 AAAY o fr &
< 2P F532A e 22 A5Rd o e A5 MY
FAHES A e o] wFA et ol mFILE AA A HL FA

Ae nFUE FAREG AL FhSlA A @ oo,
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Xeo  118.3855

1 Phase, X; = ?— W— 5.3592(2
- _ —5.3592_ _
Phase-Neutral, £ ,=9650 Ix 118 3355 430 V

ity 22 _ 30
1 Phase, Capacity = ¥, 5.30 =354VAR

3 Phase, Capacity — 105742

(2) 73 AE AR
6.791 4 FTANES g A,
Xe 1183855

1 Phase, X; = ?— (6.7)° = 2.6372{2
_ _ _ 263712 _
Phase-Neutral, £ =9650 Vx 1133855 213V

iy o2 @13
1 Phase, Capacity = Y, = 26372 =174VAR

3 Phase, Capacity —51 2742
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Xe 1183855

1 Phase, X; = — = (10.7)° =1.034102
Phase-Neutral, £, =965 inlé‘%%l% =84V

PR N ¢\ L
1 Phase, Capacity = X, 1.03 =6.84VAR

3 Phase, Capacity —9) 427142

4) 13z} ¥ gAE A~
1279 A9 FAHES Aol A,

Xe  118.3855
1 Phase, XL = ?: W— 0.73412

Phase—Neutral, z v=9650 I 5NV

0734 _
118.3855

PO A G ) L
1 Phase, Capacity = X, = 073 =4.TAVAR

3 Phase, Capacity — 14 12742

5) 172 ¥ ¢ A x
16.79) B2 FAHNEE oy BA,
Xe_ 1183855

1 Phase, X, B2 (16.7)°
i B 04245 _
Phase-Neutral, £ ,=9650 /7 5050 =347

R A Y
1 Phase, Capacity = X, 0495 =2.TAVAR

3 Phase, Capacity —g 12142
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A 47 ANEdeld R AFAH

tholum A EHoJAE A AR TIAHFIHEY 5T AFH
ANAF FID2E 21¥Y 4-19 AFYIALDX
Algdelds AT HF sedEd. 3622 AFER7Y AR +43
5,7, 11, 13, 172 ¥ A F4 Ao L=3E ALsgen cojy
9 AFdelds FHsch. A EHJAN AE" =2 EDSA(Electrical
Distribution and Transmission System Analysis and Programs by
Micro Corporation)E AF-&3lH ). 3622 A FHY7] 4 A 2=
2z3 2A5E 35, 3727 Ak, AE 2O A A 2 A A 2}
o]fge] & SlEd ol 35, 37 AY LEIE I AFY AF I=E
A2 W E AT gz JFor AG axst WAFo
3} Fatedd = Al 27 v 23 A 1=
A3 5 Jox AdAct. oy A EH ] HEFAEH A s}
A

B
L

7

nE s 29 4-29 23 39 4-32 AEH)AS HT &A%l

AlEFG )AL AFEgrIe 2o AREA A, 154kV Sole = AA
o] A FE3I = IEEE-519 A Y THD wAA 2.5%, z4E AY 2
Zs A FAR 1.5% AFIREF st AEHoIHLS T 4-15
2L Ade Wt HEE 9o £ =fdi = Case 3% AsxH
32 AF WR7IE F busel 39, R busel] 2d9] wjste] A EH ]S
TR 22 27 ARXEF [ FE7L AR5 =32 47 A5
do3 &9 % 4-13 Z.
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5&?&@@ KEPCO
1.026/0 158KV
~ .
2 1.025/-0.0 108.6+j37.6 = o
— ~ [ o = 3
D > 3 & %
T N T o o~
15.0+j9.2  18.0+j8.6 S ~ ©
3 & B
@ @ Z 1.00/-2.4 1.00/-101
1.00/-5.8 .
K
1.05/-6.0 = - _ R1 R1
< ~  17.25+j9.31 7.80+j4.00
; TH
30.90+j24.00 hJ 1.02/-5.8 o
2 HI -
< F
< &
3 s R 1.03/-7.9
+ + _
— — Te) — 0
s Log ls =0 20 ]
2 % =
[a\] — [ee]
< < K 21.50+j10.41
- - - 1.00/-7.9 1.00/-8.2
1.01/-7.6 | 1.01/-7.6] 1.01/-7.§ _ mm_ _ mm_ BASE KV : 14.4KV
— 4.16KV
16.05+j7.32 17.96+j8.70
_ E_ _ mw_ R4 +:2315KVAR X5BANK
+:2315KVAR X5BANK

16.14+j3.70 16.05+j6.65 15.78+j6.30

Fig. 4-1 Impedance Map of Power System.
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KEPCO

154KV(131.7+j58.7)

#1
TR-100MVA
OLTCU9TAP) 154/14.4/4.37KVA
53.0+j17.7
14.4KV(48.1+j23.7)
CB

#2

NLTC(3TAP) |—»

Rectifier
300V 66KA

ELECTROLYZER
(LOAD)

TR-22.47TMVA
14.4KV/300V
16.2+j8.1

#3

0

A|°]Z}H( ) Min
~Max(14~144%)

TS

Ev(252 ~ 282V)
16.14+j6.70

oy

Y

5th 7th 11th13th 17th

Fig. 4-2 Variation Parameter for Simulation.
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Fig. 4-3 Flowchart for Simulation.
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Table 4-1 Required AC Filter Capacity

CASE BUS OPERATION REQUH:;;?GIA{SIAIZI/‘E)ERI()BANKS
an
NAME MODE 5th 7th 11th 13th 17th |TOTAL

CASE 1 F R1+R3+R4 3 3 1 1 1 9

R R2 2 2 1 1 1 7
CASE 2 F R1+R3 4 3 1 1 1 10

R R2+R4 4 3 1 1 1 10
CASE 3 F R1+R3+R5 3 3 1 1 1 9

R R2+R4 4 3 1 1 1 10

Table 4-2 Design and Aapplication

Harmonic Orders

values of L-C Parameter

in

Value

X, (L)

Xe(C)

Voltage

e e PRIET e AR S
5 | 5.3592[] 3;%58[[1;?] 31&83[71\;[[;2;]] C5=85.56[1F]| 18.72[KV]

7 | 2.6372[0] 52%[7‘&1]] ;;22[11\14&2‘3] C7=25.1[uF] | 22.11[KV]

11| 1.034[0] 2(;.383;;‘[‘;/)1? a‘ile.%[vl?;]] C11=25.4[1F]| 22.43[KV]

13| 0.734[)] Llls;‘i‘ffg;;&] 322155)1\54&2‘3] C13=25.4[1F]| 21.05[KV]

17 | 0.424[2] Iillt%fsf[ﬂf]] ai'f;[shg[vl?;]] C17=51[uF] |18.89[KV]

¥ System Parameter
- Short Circuit MVA from KEPCO=5,780MVA
- TR(Main) Impedance=154/14.4/4.16kV base 14.48/9.4/4.26%
- Short Circuit MVA at 14.4kV Bus
=MVAT,/(%Impedance+MVAT,/sec)=80/(0.1448+80/5780)=504.3MV A

- Short Circuit Impedance in mH
=14.4kV x14.4kV/(2x1x60x5043MV A)=1.7mH
% A 27 (Series Resonant) h.X =1/hxX., X =X/h*(X1=21/Z, Xc=21/C)
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A 1A ANEGA 2

Qe FY4A A EH o]
Qe §F AT A3 53 2 72 BE = 2315kVAR ﬂJMEJE 71E
o7 F o 2~4aEE ZFT AL AFE ATA 135%F 2=H3FA
o 11a, 13%, 172 BHE 193§ AA3dE FEF &3 A
o2 vetygd. AAAF 54 A5 ZHE BF HAFH7] A3 F
bus &< R bus ¥ 1 bus? A3} sleodE 7~10W 2 E0] A3}y,
2busel]l BF Az 79 Casel 16" 3, Case2+= 203 s°] 83}
t}.

a8 4-4% NEYoAL F 154kV AFY AL ($)F A¢ THDI
FEeldh. 29 4-5= A¢SDA A4 THD(o}#) in 14.4kV Y-ZA
W2 3PEL BgFy 9. 29 4-62 ALES)F A THD(ok=)
in 14.4kV A-AXA ¥ 2o A g3 Ee]r}.

AN Ed oA A3 IEEE Std 519-1992 AL7|FE 154kV ®l 2] A
THD 2.5[%] mlet 9F53t= A 2x9 & 1.5[%] olde. 29
3 14.4kV 2 A THD 5[%] vt w53t 31zx23 /& 3[%]
2 33 AAE A9t dEL 154kV FAANAHE 95[%] o) FA 3}
Atk 3682 AFHAeR w3 FA 5, 7, 11, 13, 15, 173 2L
z3 e Ty Udsteo] 35ARG G A5 nxse A=A
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Table 4-3 Simulation Results of Voltage and Current THD

P Voltage Current
PF
A%
THD RMS THD RMS
154 Incoming 0.39% |157001V| 1.33% 651A 96.2%
M. TR #1
. 2.19% | 14467V | 5.23% 1425A 97.6%
14.4kV Main
M. TR #2
. 5.94% | 14037V | 0.91% | 3083A 94.8%
14.4kV Main
EDSA HARMONIC AMALYSIS
Bus “Yoltage Waveform & Spectrum  BuslD:0OKEPCO
é o : oo g
= -50 i BT
Angle in Degrees
(a)
g Each Individual Harmonic Yoltage Limit : 1.5% 516 g
N i 1 1 o8
_ ° Harmanic : ) ) ) ’
W1 157000 YWolts  W(rms): 157001 Volts THD: 0.38%  “ipeak): 1.441 pu
(b)

Fig. 4-4 Voltage(a) and Voltage THD(b) in 154kV System.

_43_




EDSA HARMONIC ANALYSIS
Bus Valtage Waveform & Spectrurn BuslD:14-1ThAIN

13
10
‘S'C": a0
=
) 1]
i
= -5
-100
-8
o 180 330 540 ™
Angle in Degrees
(a)
1
8
S .
£ -
[ag)
g ! Each Individual Harmonic Yoltage Limit : 3%
0 I I (] Il i (] i ' L
o i 8 2 15 i) 2 = 32 3 “w
Harmanic
W10 14464 Volts  Wims): 14467 Volts THD: 2.18%  Vipeak): 1.410 pu

kvolts

Kvolts

Fig. 4-5 Voltage(a) and Voltage THD(b) in 14.4kV Y-connection Bus.

EDSA HARMOMIC AMALYSIS
Bus Yoltage YWaveform & Spectrum  BusIDi14-2MAIN

150 5
100 )
.:Q 0 0wz
=
Sﬂ o oo
o
= -5 -0z
-0 04
150 =305
o 180 330 S40 0
Angle in Degrees
(a)
10 Tt
B8 s
B . .
) BE
=
= -
g N Each Individual Harmonic Yoltage Limit : 3% =
2 28
o i i i oo
o + 8 1z 16 0 24 el X % L
Harmaonic
W1 14012 Walts Wirms): 14037 Valts THD: 5.94%  “peak): 1.413 pu

kv alts

Kvalts

Fig. 4-6 Voltage(a) and Voltage THD(b) in 14.4kV A -connection Bus.
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A 2R AFAIZFH

3682 ARwaslel A $A%4 5, 7, 11, 13, 15, 174 28 A%
R A, 144kV Y-24 Wre) AMNN nzsh wASe 34 F
Fus) 223 FAA AT AgH I%E HF AEFUG. 19 47
& 144KV W29 34 A AFAPold. 1Y 4-8& A% AER
AstobyolT 29 4-9 A4 AEF AFIHFolch 1Y 4-10& A% A

¢ THDe]x 19 4-11 AAR A §F THDe]t}.

X

WOLTAGE/CURRENT [Mou1 11424 11:358:00.115 Ext (Stop)]
CH1-3: 1.500kV/div CH4: 1.500kV /div

Fig. 4-7 3 Phase Voltage and Current Waveforms of 14.4kV Bus.
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0.200kM /div
T DOOKE - - == oo poeeceee PeeceacEa RS S S
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MIM M SVE
A 11/2411:26:01 13676k 13680k 13678k
B 11/24 113500 13673 13676k 13675k
D000 0003k OO0k - D.003k

MAH values 13682k 13633k 13684k
AVE walues 13670k 13674k 13672k
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11724 11.1:'24 11;’24 11;’24 11}24 11424 11424 11424 11424 11424 11724
126 1102700 112800 1125010 112000 113001 1713201 1713301 171:34em 113sm 1136

{01 SN NSRS IS S S

Fig. 4-8 A Phase RMS Voltage Waveform.
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i i i i : MM b AVE
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: : : b2 walues 32677k 32698k 32691k
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11:26:01 112701 112801 112901 11:30:01 11:37:01 1132 11320 113401 113501 11:36:01

Fig. 4-9 A Phase RMS Current Waveform.
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Fig. 4-10 A Phase Voltage THD.
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Fig. 4-11 A Phase Current THD.
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3692 A A AL 35, 3734 2E23 AFE HO 0.07%°] sle)
5 A4 2xg AgE FHu 0.46%0] 24 IEEE-519 STD 71&
A WY el ok A € AF rmsE 10% T

z3 A ¢ AF THD =%

E 4-49H = 14.4kV ¥ 29

Table 4-4 Measured Data of 14.4kV Bus

27440 &
= g
3 2A4(VA) TEAH (W) 244 (VAR) g5 (%)
77.44M 74.85M 19.86M 96.66
¢ A w7
A&z (V) | THD(%) | UNB(%) | A&%H(A) | THD(%) UNB (%)
13.7k 0.96 0.24 3.278k 0.76 0.1
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