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Abstract

This thesis presents the introduction, analysis and experimental verification of the six- 

pulse SCR rectifier and multi-pulse SCR rectifiers.

As a fundamental three-phase controllable ac-dc converter, the six-pulse SCR rectifier 

is widely used in industry. However, it generates high Total Harmonic Distortion (THD) 

in the line current. One of the solutions is to use multi-pulse rectifiers. Multi-pulse 

rectifiers could be classified into the 12-, 18- and 24-pulse configurations. Application 

examples include high voltage direct current transmission systems, high power battery 

chargers and load commutated current source inverter powered motor drives.

In this thesis, the six-, 12-, 18- and 24-pulse SCR rectifiers with inductive and 

capacitive loads are introduced. The line current THD and the input PF of various 

rectifiers are investigated. The principle of the harmonic elimination through phase- 

shifting transforms is analyzed by Fourier analysis and positive/negative sequence 

analysis. The experimental verification is accomplished on a prototype of the 12-pulse 

SCR rectifier.

Key words; multi-pulse SCR rectifier, harmonic elimination, line current THD.
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Chapter 1 Introduction

Silicon Controlled Rectifier (SCR) is a controllable semieonductor device widely 

used in high power conversion and control in industry. Modem SCRs are available with 

high voltage (up to 12 KV) and current (up to 5 KA) ratings, which have made the SCR a 

dominant device in high power converters. High power ac-dc rectifiers, high power 

battery chargers, load commutated current source inverter powered motor drives and 

high-voltage direct-current transmission systems are typical applications o f SCRs in 

industry [3,4].

The switching operation o f SCRs in a rectifier produces a series o f  current harmonics, 

which could be transmitted into the power supply grid. The harmonics in the grid increase 

wire and transformer losses, cause metering conflicts, and interfere with other equipment 

connected to the grid [5-7]. Therefore, they have to be restricted within a critical limit.

IEEE Standard 519-1992 defines harmonic limits for electrical power systems. Table

1-1 is extracted from the standard, which is applicable to six-pulse rectifier loads. For

multi-pulse rectifier loads, the limits are increased by a factor o f  ^fq /S  under certain

conditions [1], in which q is the pulse number o f the rectifier. However, since only ac 

voltages are available from the utility supply, rectifier equipment could be considered as 

dc power generator, converting ac to dc; hence based on Table 1-1, the Total Demand 

Distortion (TDD) generated by them should be limited within 5%.

Since TDD is expressed as a percentage o f the .maximum fundamental demand load 

current (15 or 30 minutes demand) measured after installation, it’s not available at the 

design stage. The Total Harmonic Distortion (THD) based on the percentage o f the 

fundamental rated load current then is calculated in the thesis to provide a reference for 

evaluating the rectifiers’ side effect to the power grid in theory.



Table 1-1 Harmonie Current Requirement Defined by IEEE Standard 519-1992

Maximum Harmonic Current Distortion 

in Percent of 

(Extracted from IEEE Standard 519-1992)

Individual Harmonic Order (Odd Harmonics)

<11 ll< h < 1 7 17<h<23 23<h<35 35<h TDD (%)

<20* 4.0 2.0 1.5 0.6 0.3 #

20<50 7.0 3.5 2.5 1.0 0.5 8.0

50<100 lO.O 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

* All power generation equipment is limited to these values of current distortion, 

regardless of actual 7, /̂7/,.

Where

7ic= maximum short-circuit current at PCC.

li = maximum demand load current (fundamental frequency component) at PCC.

To meet the restriction of IEEE Standard 519-1992, many methods could be applied

to eliminate or reduce harmonic currents generated by rectifiers. For example,

(i) Using passive filters. Line reactors (inductors) are often used in conjunction with 

capacitors in a rectifier to filter specific harmonic currents. However, the cormection 

of capacitors could cause resonance conditions that can magnify harmonic current at 

certain frequency to a harmful level [6-7].

(ii) Using certain switching techniques. Switching techniques, for instance the pulse 

width modulation technique, could be used to eliminate harmonic currents. In high 

power applications, the premise for using these techniques is that the switching 

devices must be the gate-turn-off type, such as GTOs or IGBTs [8-9].

(iii)Using multi-pulse rectifiers. Multi-pulse rectifiers are designed based on phase- 

shifting transformers, which enable certain harmonics to be cancelled from the 

rectifiers’ line currents. This method is especially practical for harmonic elimination 

in high power applications [1-3,9,10].



This thesis provides full analysis o f multi-pulse SCR rectifiers for engineering 

reference, because they are widely used in industry and play an important role in 

harmonic eliminations.

This chapter begins with the introduction o f the six-pulse SCR rectifier, and then 

steps into multi-pulse SCR rectifiers, which overcome shortcomings o f the six-pulse SCR 

rectifier. The objective o f the thesis is also presented. At the end o f the chapter, the 

outline o f the thesis is provided.

1.1 In troduction  of the Six-pulse SC R  R ectifier

It is known that the harmonic currents generated by the six-pulse SCR rectifier in 

steady state are non triplen odd harmonics - the 5**̂ , 7*'’, ll'*' and 13^\ for example. From 

the spectrum analysis, the dominant low order harmonic currents have higher amplitudes 

and produce a high (>20%) line current THD, which does not meet the requirement o f 

IEEE Standard 519-1992. Therefore they have to be eliminated or decreased.

Fig. 1-1 Configuration o f  the six-pulse SCR rectifier with two devices connected in series.

In the six-pulse SCR rectifier, it might be required to connect SCRs in series in large 

horsepower applications to block high voltages, under which a single SCR caimot handle. 

Voltage sharing is the main problem o f the component in-series connection. Fig. 1-1 

shows the configuration o f  the six-pulse SCR rectifier with two devices connected in 

series. The two SCRs, for instance SCRja and SCRjb, should be turned on (or turned off) 

simultaneously. I f  not, the one turned on later (or turned off earlier) will undertake a



higher voltage and thus may be damaged. If more SCRs are required to be in series in 

high-voltage applications, the voltage-sharing problem becomes more critical, because 

the synchronized switching is more difficult to realize.

1.2 Introduction of Multi-pulse SCR Rectifiers

To eliminate harmonics from the line current of the six-pulse SCR rectifier, and to 

avoid in-series SCRs in high power applications, multi-pulse SCR rectifiers using phase- 

shifting transformers are developed. The 12-, 18- and 24-pulse SCR rectifiers are 

commonly applied in industry.

Fig. 1-2 shows the simplified diagram of the 12-pulse SCR rectifier, which consists of 

a phase-shifting transformer and two six-pulse SCR bridges that are connected in series 

on the dc side. Fig. l-2(a) shows the inductive load condition, for example load 

commutated current source inverter powered motor drives or high-voltage direct-current 

transmission systems. Fig. l-2(b) shows the capacitive load condition, such as high power 

battery chargers or dc motor drives.

(b) with capacitive loads(a) with inductive loads 

Fig. 1-2 Simplified diagram of the 12-Pulse SCR rectifier.

The main feature of the 12-pulse SCR rectifier is that two SCR bridges are connected 

in series rather than two SCRs, thus the voltage sharing is avoided. As a result, the system 

becomes more reliable. Another advantage of the 12-pulse SCR rectifier is that the line



current THD is reduced substantially owing to the use o f the phase-shifting transformer. 

The details o f the harmonic elimination will be analyzed in Chapter 3.

For the 18-pulse SCR rectifier, a phase-shifting transformer with three secondary 

windings is connected to three six-pulse SCR bridges. Similarly, connecting a phase- 

shifting transformer with four secondary windings to four six-pulse bridges introduces the 

24-pulse rectifier. Since more SCR bridges are connected in series to tolerate high 

voltages, and more low-order harmonics are eliminated from the line current, the 18- and 

24-pulse SCR rectifiers are widely used in high power applications. For example, they 

could be applied as front ends o f high power motor drive systems.

1.3 Thesis Objectives

As multi-pulse SCR rectifiers overcome shortcomings o f the six-pulse SCR rectifier 

and play an important role in high power applications, the main objective o f the thesis is 

to analyze the performance o f multi-pulse SCR rectifiers. The study is focused on the line 

current THD, the input Power Factor (PF), and the harmonic elimination theory. To 

achieve this objective, main tasks are outlined as follows:

•  To use computer simulation to investigate the performance o f the six-pulse SCR 

rectifier and multi-pulse SCR rectifiers with inductive and capacitive loads.

• To compare the performance o f the six-pulse rectifier and multi-pulse rectifiers by 

providing voltage and current waveforms under different load conditions.

•  To derive formulas for evaluating rectifiers’ performance, such as the average 

load voltage and current, the RMS and THD o f the line current, as well as the 

input PF o f the rectifier.

•  To analyze the harmonic elimination theory by Fourier analysis and 

positive/negative sequence analysis, respectively.

• To obtain the line current THD and the input PF under different operating 

conditions by simulations.

•  To verify the performance o f the 12-pulse SCR rectifier experimentally.



1.4 Thesis Outline

The outline of the following chapters is as follows:

Chapter 2 presents the performance of the six-pulse SCR rectifier with inductive and 

capacitive loads, respectively. The load voltage and current, the RMS and THD of the 

line current and the input PF of the rectifier under ideal and non-ideal conditions are 

discussed.

Chapter 3 presents the performance of the 12-pulse SCR rectifier. The harmonic 

elimination theory is illustrated by Fourier analysis and positive/negative sequence 

analysis, respectively. Voltage and current waveforms, harmonic spectrum and THD of 

the line current as well as the input PF under different operating conditions are provided.

Chapter 4 and 5 presents the performance of the 18- and 24-pulse SCR rectifiers, 

respectively. Typical voltage and current waveforms, harmonic spectrum and THD of the 

line current, the harmonic elimination theory and the input PF are discussed.

Chapter 6 presents the experimental verification of the 12-pulse SCR rectifier. 

Typical voltage and current waveforms are obtained and compared with simulation 

results.

Chapter 7 provides conclusions of the thesis.



Chapter 2 Six-pulse SCR Rectifier

The six-pulse SCR rectifier is a fundamental three-phase controllable ac-dc converter 

composed o f six SCR devices. It is also the building block of multi-pulse SCR rectifiers. 

For example, a 12-pulse SCR rectifier consists o f two six-pulse bridges, and the 18- and 

24-pulse rectifiers include three and four six-pulse bridges, respectively. The line current 

Total Harmonic Distortion (THD) o f various rectifiers is o f great interest owing to the 

need o f complying with the harmonic current requirement defined by IEEE Standard 519- 

1992 and evaluating the rectifiers’ side effect to the power supply grid. The efficiency o f 

the rectifier can be scaled by the parameter o f  the input Power Factor (PF).

This chapter presents the performance o f the six-pulse SCR rectifier with inductive 

and capacitive loads. Voltage and current waveforms are provided to show the operation 

o f the rectifier. For the inductive load condition, the average load voltage and current 

under ideal and non-ideal circuit conditions are derived; the RMS and THD o f the line 

current are analyzed; the input PF is calculated. For the capacitive load condition, the line 

current THD and the input PF are discussed.

2.1 Six-Pulse SCR Rectifier with Inductive Loads

2.1.1 Circuit Configuration

Fig. 2-1

- V +
Æ )-
- +

©

Circuit configuration o f  the six-pulse SCR rectifier with an inductive load.



Fig. 2-1 shows the circuit configuration of the six-pulse SCR rectifier with an 

inductive load. The input of the SCR rectifier is a balanced three-phase power supply, 

which consists of the following phase voltages:

v„ = -j2Vm sin(«),

= ' l 2 V,„ sin 0)t~-

= V2KPH Sin cot--

I n
T,
An

The corresponding line-to-line voltages are:

sin ûX + — 
6 >

v^=V2K,LL Sin Alt

Sin cot--

7t

(2.1)

(2.2)

(2.3)

(24)

(2.5)

(2.6)

where Vpe is the RMS value of the phase voltage, V l l  is the RMS value of the line-to-line 

voltage, and co is the angular frequency of the supply voltage.

Ls represents the total line inductance between the power supply grid and the rectifier 

bridge, which includes the equivalent inductance of the power supply and the inductance 

of a three-phase reactor that is often added to the system to reduce the line current THD.

Ll is the dc choke, which is used to reduce the ripple component of the load current. 

For easy of analysis, assume that the value of Ll is infinite, and then the inductive load 

can be replaced by a dc current source Ii as shown in Fig. 2-1.

2.1.2 Circuit Operation with T$=0

The discussion of the six-pulse SCR rectifier begins with the ideal circuit condition, 

under which the line inductance Ls is zero.



1) Load Voltage and Current

Since the gating pulses control the conduction o f the SCRs, the output voltage o f the 

six-pulse SCR rectifier relates to the so-called firing angle or delay angle a . Fig. 2-2 

shows the load voltage waveforms at different as. Obviously, the bigger the a , the lower 

the line-to-line voltage will be. Note that the range o f the delay angle a  is firom 0 to 7i 

radians.

ab

0

a=  0

"TV,

0

a =1112)

0

0

a  = 2t i /3

a= SnJ6

0

a = n

Fig. 2-2 Load voltage waveforms o f  the six-pulse SCR rectifier with inductive loads at Z^=0.

0 7 t/6  ( 7 i / 6 ) + a  {ntiyi-a

Fig. 2-3 Calculate the average load voltage VL,mg at L,=0.



From Fig. 2-2, it can be seen that the dc voltage obtained from the six-pulse SCR 

rectifier contains six ripples in one supply voltage cycle. Based on Fig. 2-3, we could 

have
/areaAj _  1 «r/2+a

(2.7)
;r/3 ;r/3^/'

3 V2
=  Vj, cos a  =1.35K/j. cosa

where VL,avg is the average load voltage.

From equation (2.7), when the delay angle a  is less than 90°, the average load voltage 

is positive. The energy is transferred from the source to the load. In this condition, the 

SCR rectifier is called operating in the rectification mode. When the delay angle a  is 

greater than 90°, the average load voltage becomes negative. The energy is transferred 

from the load to the source. The rectifier is called working in the inverting mode.

Fig. 2-4 shows the current waveforms of the six-pulse SCR rectifier. iscRi, hcR3 and 

isaware the currents passing through SCRi, SCR3 and SCR5, each of which conducts for 

27t/3 radians in one supply voltage cycle in turn. The similar condition happens to 

SCR2, SCR4 and SCRs as well, because at any moment there must be two SCRs 

conducting, one (SCR], SCR3 or SCR5) connected to the positive pole of the rectifier 

bridge, and the other (SCR2, SCR4 or SCRs) to the negative pole, to let the current flow. 

The waveform of zs'o?; and are not shown in Fig. 2-4, but they can be easily obtained 

by referencing to the iscR4 waveform. The line current of phase A can be calculated by 4= 

is c R i- is c R 4 -  Thus /a consists of a positive part and a negative part, which are contributed by 

SCR] and SCR4, respectively. /£ is the load current, which is the sum of iscRi, kcRs and 

ÎSCR5- h  stands for the amplitude of //,.

Since the average load current I^avg can be obtained by

V]
~R

h  equals to h,avg-

(2.8)

10



ŜCRI
0

ŜCR3
0

‘sCRS
0

^SCR-l

0

‘a
0

h
. > □

I,.
.  2rt/3 .

4
l id 'i  4 ti/3 2 k

jc/3 7T 571/3 '

1

Fig. 2 -4  Current waveforms o f  the six-pulse SCR rectifier with inductive loads at L s = 0 .

The RMS value o f the dc load current equals to its average value, i.e.

T = TL,RM S L,avg ' (2.9)

The load power is defined as:

~  ^ L ,R M S   ̂^ • (2 .10)

Since SCRs in each phase conduct one-third o f one supply voltage cycle (2 ;r /3  

radians), we have

T — L,avg
SC R .avg  g

(2.11)

w here IscR.avg is the average current in each SCR.

11



2) Line Current

RMS Value of the Line Current

Based on Fig. 2-4, the RMS value of the line current can be calculated by

h,Rus -  ^ 2 ^

= J | / , ^ =  0.816/,,

Hence once the amplitude of the dc load current is known, the RMS value of the line 

current can be calculated.

THD of the Line Current

The line current of the six-pulse SCR rectifier is no longer a sine wave because of the 

harmonics. From Fourier analysis, the harmonic content of /'a can be calculated.

In Fig. 2-4, ia is shown as an even function with period T - I tt. Thus it can be 

expressed by the following Fourier Series:

M /7 00 yiTT n 00
= - f  + Z a , cos-— Alt = + E a , co sn a t, (2.13)

z  «=1 L I Z  Z rt=i

where ao is the dc component in ia, which is zero, and a„ is defined as

2 f r n . /  \  U K  . , r  \  2
= • ( '̂^ /̂„(ûi/)cos------ û}td{û)t) = — f  i^{û)t)cosnûJtd{û)t)

r / 2 " ' ' r / 2  '  ' ;r
2 

n  

_ 2 / .

= cosnW((uf)+ . (2.14)

(« = 0,1,2,...)
nn

( nK \ . ( ln K \
1 —  + sm -----
I  3 J L 3

Calculate the coefficient a„, and consider the phase angle of iai with respect to v ,̂ we 

have:

4=1. l/i[cos(ffir -  ̂  ) -  -  cos5(ffiT -  ̂  ) + -  cos7(<af -  ̂  )

1 ^ I ^ ■ (2.15)
cosl l (u /-^ )+ — cosl3(<rf-^)-...]

12



It can be noticed that there is no triplen harmonics (3̂ **, 6 '̂', 9^, 12^...) in ia, because the 

rectifier is a balanced three-phase system.

Rewrite equation (2.15) as;

L =  Z ^ Ia „ c o s n (û X - (^ ) ,  (2.16)
0= 1,5,7,11

where Ian is the RMS value o f each harmonic component in ia, then the RMS value o f ia 

can be expressed as:

^ a ,R M S  — J  ■ (2 -17)
V « = 1.5.7.11

The THD o f  ia is defined by:

THDj^ = -.... , (2.18)
^ a \,R M S

where Iai,RMs is the RMS value o f iai, the fundamental component o f  ia- From equation 

(2.15), the amplitude o f iai can be obtained by:

7.i,m =1-17 ,, (2.19)

then

7 « i . i « . .= %  = 0 .7 8 /, .  (2.20)

Substitute equations (2.12) and (2.20) to (2.18), we have:

THD,, = V f -  J ( 0 . 8 1 6 / , j -  - (0 .7 8 0 1 ^ ^ 3 ^ ,  (2.21)
â\,RMS 0.78/,_

3) In p u t PF  of the SC R  R ectifier

In a balanced three-phase system, the power factor o f the system is equivalent to that o f  

each phase. Per-phase average (real) power can be obtained from the phase voltage and 

the fundamental component o f the phase current, i.e.:

^  cos . (2.22)
2 tv

Per-phase apparent power is obtained from the phase voltage and the total phase current, 

i.e.:

13



Then the power factor is:

PF = - =  = ^ c o s ^ i  = D F x D P F .

(223)

(2.24)

where DF  is the distortion factor that is defined as: DF = 4 , / 7^, and DPF is the 

displacement power factor that is defined as: DPF = cos^,. In the SCR rectifier circuit, 

is the result of the delay angle a. Under ideal circuit condition, ; hence

cos <fi\ = cos « . From THD = -  7j, / 7 ,̂, we have 7^,/7^ = 1 /^(l + 7V7D )̂ ; therefore

P F ^ DPF cos a

Vl + 777D" Vl + 777D"
= 0.955 cos« . (225)

2.1.3 Circuit Operation with 1^0

1) Commutation Interval and Corrected Load Voltage and Current

In Fig. 2-1, when the line inductance Ls is not zero, the SCRs in the rectifier will no 

longer turn on or turn off instantaneously. Instead, a commutation interval appears. Fig.

2-5 shows a part of the SCR rectifier circuit, in which commutation occurs between SCRi 

and SCR3. Fig. 2-6 shows the voltage and current waveforms with In Fig. 2-6(a), 

due to the Ls, the current in SCRi reduces from It to zero gently and the current in SCR3 

increases from zero to h  gradually. Therefore, there exists a short commutation interval y.

SCR, I'^SCR

Fig. 2-5 Commutation between S C R i  and S C R 3.
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i

0

-4
> ûM

V

0 >  cat

(b)

Fig. 2-6  Voltage and current waveforms with commutation intervals.

During the commutation interval y, as SC R i and SCR3 are both on, the source is short- 

circuited (indicated by the dotted line in Fig. 2-5). Therefore, there would be an output 

voltage loss, which is indicated by the shaded area in Fig. 2-6(b). Based on the 

KirchhofPs Voltage Law (KVL) at node P  in Fig. 2-5, we have

dL , dh
= v , - L .

dt
•■b

dt

From which:

(2.26)

=

di„ diu
dt dt

(2.27)

Since dig
dt

Ê ï.
dt

, then

dt dt
(2.28)

Hence

v„ +v.
V/. =■ (2.29)

The shaded area Aym. Fig. 2-6(b) can be expressed as:

(2.30)

15



4 = r ’’4 f - d W = f . ' ‘ ® i A  = ffliA - (2-31)

Then the average dc voltage loss is;

AF = ^  = ̂ ^ ^ .  (2.32)
n i l )  7t

From equation (2.32), we know that the average dc voltage loss is proportional to Ls and 

h . The corrected average load voltage VL,avg_c and current h,avg_csre:

(2.33)

(2.34)

The commutation interval can be calculated by

4 = i r ' k  - v / > y w = r 'v ,  C y  4^»^)
y  ’

= ^ [ c o s a  -  cos(a + y)]= coLJî
(235)

where

Y = cos
f  rz  ^ \

-1 V2ü)I 
c o s a -----------7^ — cc. (2.36)

2) The Line Current THD and the Input PF

From equation (2.12), we know that the line current is proportional to the load 

current. Therefore, the smaller the value of R (heavy load condition), the bigger the line 

current will be, and the more energy will be stored and released by Ls. Consequently, a 

longer commutation interval occurs. On the other hand, a larger Ls will extend the 

commutation interval as well. A longer commutation interval makes the amplitude of iai 

higher. As a result, the line current THD becomes lower. Fig. 2-7(a) shows the line 

current THD curves at different Ls values, in which the THD decreases as the Ls 

increases. Fig. 2-7(b) shows the THD curves at different as. It can be seen that with the 

same Ls, the THD increases when a  increases.

Fig. 2-1 {c) shows the PF curves. From PF = DPF I -i\ + THD^ , we know that the PF 

is related to THD and DPF. At any fixed a , when the load current II decreases, the RMS

16



value o f ia decreases. As a result, the phase displacement <j>i decreases, the DPF (=cos^/) 

increases, and the PF increases.

THD o f/ at a=0“ THD of/̂  at Lj=0.1 p.u.
g -------1---------

Ou. A
28 1  30 0.8 B

26 29 C
0.6

24 28
A: Lj=0.05 p.u. C: a=60° 04 A: a=0°22 B: Lj=0.10 p u. 27 B: a=40“ B: (i=20“
C: Lj=0.15 p.u. A: a=20“ X, C: a=40“

2Ü 26 0.2
0 0.2 0.4 0.6 0.8 1

hi (P u )
0 0.2 0.4 0.6 0.8 1

hi (P “ )
0 0.2 0.4 0.6 0.8 1

h, (P-U-)
(a) (b) (c)

F ig. 2 -7  THD and PF curves o f  the six-pulse SCR rectifier with inductive loads.

2.2 Six-Pulse SCR Rectifier with Capacitive Loads

2.2.1 Circuit Configuration

Fig. 2-8 shows the circuit configuration of the six-pulse SCR rectifier with a 

capacitive load. The capacitor C is used to stabilize the voltage across the load. When the 

value o f C reaches infinite, the capacitive load can be replaced by a dc voltage source 

with amplitude E. Ls is the line inductance, which avoids short circuit between the power 

supply and the dc voltage source. In practice, E could be the voltage on a capacitive filter, 

the back em f o f a dc motor, or the rated voltage of a rechargeable battery.

'nSCJif A5CJÎJ

C=x>

liSCR^ I),SCRs 2^ SCR.

Fig. 2-8 Circuit configuration o f  the six-pulse SCR rectifier with a capacitive load.
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2.2.2 Current Waveforms

Fig. 2-9 shows the current waveforms corresponding to voltage waveforms. When the 

line-to-line supply voltage vll is greater than E  and the related SCRs are triggered, the 

line current ia increases gradually and reaches to a peak, at which vll=E; then it begins to 

decrease till reaches zero. As a result, two humps appear in the positive half cycle of 4- 

The same phenomenon happens to the negative half cycle of ia as well. The load current 

z'i is the summation of the positive half cycle of the three line currents.

W
n /Y v w w \j

Fig. 2-9 Current waveforms corresponding to voltage waveforms 

for the capacitive load condition.

The value of E varies slightly with the loading conditions. Under light load 

conditions, E is close to the peak of vll, therefore the load current ii could be 

discontinuous. As the.load becomes heavier, a bigger current will be drawn, which causes 

a larger voltage drop across hence E  decreases. As a result, the current waveform 

becomes smoother. When the load increases to a certain level, the load current becomes 

continuous that indicates a continuous current operation mode of the SCR rectifier.
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2.2.3 T he Line C u rre n t TH D and the In p u t PF

As Ls increases, the rising and falling rate o f each hump in ia decreases, and the 

current waveform becomes slightly smoother. In addition, the amplitude o f the load 

current impacts the shape o f ia. A higher amplitude results in a quite smoother current 

waveform. Fig. 2-10 shows the waveform and the harmonic spectrum o f la i— 0.2 pu and 

laj = 1 .0  pu, respectively, where L i  is the RMS value o f  the fundamental component o f ia. 

It can be seen that as L i  increases, the shape o f ia turns smoother, and the THD o f  ia 

becomes lower.

p.u. witha=20°, L̂ =0.1 p.u. Harmonic Spectrum of ẑ at l p.u. witha=20°, 1^=0.1 p.u.
40

> k
1.414

0

-40

i^atl^i=0.2 p.u. witha=20°, Z,̂ =0.1 p.u.

4/=l p.u.
TH0=34.86 %

0.5
5th

7th 11th 13th 17th 19th

3 025
Frequency (p.u.)

10 15 200 5

Harmonic Spectrum of /^al 7̂ ,=0.2 p.u. witha=20°, 6̂ =0.1 p.u.
10

0.282
0

-10

THD=72.93 %
5th

0.5 7th

11th 13th 17th 19th

3 020 25
Frequency (p.u.)

10 150 5

Fig. 2-10 Waveform and harmonic spectrum o f  lai —1 pu and /„/ —0.2pu.

Fig. 2-11 (a) and (b) show the THD curves at different value o f  Ls, lai and a . It can be 

seen that the THD values are higher under lighter load conditions. Fig. 2 -11(c) shows the 

PF curves under different Ls values. It can be seen that a larger Ls increases the input PF 

under lighter load conditions, but the PF could not be improved much under rated load.
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0 0.2 0.4 0.6 0.8 I

4,(pu)

Fig. 2-11 THD and PF curves o f the six-pulse SCR rectifier with capacitive loads.

2.3 Summary

This chapter presents the performances of the six-pulse SCR rectifier with inductive 

and capacitive loads. The following conclusions can be made:

• For the inductive load condition, the average load voltage is determined by the RMS 

value of the line-to-line supply voltage, the delay angle a , and the line inductance Ls. 

The Ls causes the commutation interval, which impacts the line current THD. The 

input PF is a function of the THD and the DPF.

• For the capacitive load condition, the line inductance Ls and the load current 

amplitude influence the THD and the DPF of the line current. The input PF can be 

calculated based on the THD and the DPF.

• The line current THD of the six-pulse SCR rectifier with either the inductive or the 

capacitive load cannot meet the harmonic current requirement defined by IEEE 

Standard 519-1992.
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Chapter 3 12-pulse SCR Rectifier

As discussed in Chapter 2, the six-pulse SCR rectifier has a high line current THD, 

which does not meet the IEEE Standard 519-1992. Using multi-pulse (12-, 18- or 24- 

pulse) SCR rectifiers, in which a phase-shifting transfomier and a couple o f six-pulse 

SCR rectifiers (at least two) are applied, could eliminate or decrease low-order harmonics, 

so as to reduce the line current THD.

This chapter presents the performance o f the 12-pulse SCR rectifier with inductive 

and capacitive loads. The voltage and current waveforms are illustrated. Based on Fourier 

analysis and positive/negative sequence analysis, the principle o f  the harmonic 

elimination through the phase-shifting transformer is discussed. The line current THD 

and the input PF under different operating conditions are obtained by computer 

simulations.

3.1 12-PuIse SCR Rectifier with Inductive Loads

3.1.1 Circuit Configuration

Fig. 3 -1(a) shows the configuration o f the 12-pulse SCR rectifier with an inductive 

load. The rectifier is composed o f one phase-shifting transformer and two identical six- 

pulse SCR rectifiers, which are discussed in Chapter 2. The transformer has one wye- 

connected primary winding (7),), and two secondary windings (Tsi and Ts2), feeding the 

two six-pulse SCR bridges. One o f the secondary winding is wye-connected and the other 

is delta-connected. The different connection o f the two windings results in a 30° phase 

displacement between their line-to-line voltages (wye-connection is leading). The dc 

outputs o f  the two six-pulse bridges are cormected in series to supply a dc load. Fig. 3- 

1(b) shows the simplified diagram, in which a dc current source h  replaces the inductive 

load in Fig. 3 -1(a).
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bsl

5 = 0° csl

5 = -30°

(a) 12-pulse SCR rectifier with an inductive load

Am (MTYVA.
5 = 0°

0 _ ^ W Y V
■ 5 = -30°

3, ‘a s l

\  âs2

l i
- t-

V ,,

it

Fig. 3-1

(b) Simplified diagram 

12-pulse SCR rectifier with an inductive load.

Note that in Fig. 3-1, represents the line inductance between the power supply and 

the phase-shifting transformer, and Lik stands for the total transformer leakage inductance, 

which is the summation of the primary winding’s leakage inductance reflected to the 

secondary side and the secondary windings’ leakage inductance.

The following equations apply to the phase-shifting transformer:

^AB _ ^AB _ 2
^a\b\ ^albl

N
N.

= 2 ,
s\

V s '

a = z % u , - / r w = o ° .

(3 1)

(32)

(13)

(3.4)
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= (3.5)

where and V^^bi ^re RMS line-to-line voltages o f  windings Tp, Tsi and Ts2 ‘, ,

^ s \  aiid N ^2 the number o f turns in each phase o f Tp , Tsi and Ts2 ', S  is the phase 

displacement o f v„,j, and with respect to v^g . Since Tp and Tsi are both wye- 

connected, there is no phase shift between their line-to-line voltages. Ts2 is delta-connected, 

and thus its line-to-line voltages are -30° phase shifted with respect to the line-to-line 

voltages o f Tp.

3.1.2 Voltage and Current

1) Voltage and Current Waveforms

Fig. 3-2 shows the waveforms o f the 12-pulse SCR rectifier under ideal circuit 

condition = 0 and = 0 ) .  Fig. 3-2(a) and Fig. 3-2(b) show the voltage waveforms

at a  = 0 and a  = 7i j 3  , respectively, where vn  and vi2 are the dc output voltages o f the 

two six-pulse SCR bridges, and vz, is the load voltage; i.e. vz,= vu+ ^ l2 - ft can be noticed 

that both v u  and v l2 have six ripples in one supply voltage cycle. Since there is a 30° 

phase shift between the transformer secondary windings’ line-to-line voltages, vz, has 

twelve ripples in one supply voltage cycle. The peak-to-peak amplitude o f  the ripple 

reaches the lowest, when the delay angle a  is reduced to zero.

Fig. 3-2(c) to Fig. 3-2(f) show the current waveforms, where îa, iasi and ias2 are line 

currents o f  windings Tp, Tsi and Ts2 ', iasi ’ and 'are values o f iasi and w  reflected to the 

transformer primary side; ii is the load current with amplitude Z.; iscRij and iscR2j  are 

SCRx currents o f the two SCR bridges, respectively. Fig. 3-2(d) shows that on the 

transformer secondary side, iasi and ias2 are identical, but with a 30° phase shift. On the 

transformer primary side, iasi ’ and w 'a r e  in phase with Z, and their summation is Z. On 

both sides o f  the transformer, iasi and iasi ’ are identical in shape, but have different 

amplitude due to the turns ratio; ias2 and w  ' have different shapes because o f the 30° 

phase shift.
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1.077/, 
0.7885/, 
0-577/i ^  

0.5/, 
0.2885/,

Tt/6 w3 n/2

(a) Bridge output voltages at a=0 (c) Transformer primary side currents

0
(b) Bridge output voltages at a=ti/3

(d) Transformer secondary side currents

I i ^I t o /  / V
±
(e) Currents in SCRs

(f) Load current

Fig. 3-2 Voltage and current waveforms o f the 12-pulse SCR rectifier with inductive loads.

2) Average Load Voltage

Under ideal circuit condition ( 4 = 0  and = 0 ), we have

îi.ovg ~ ẑ,2,ovg “  cosor, (3.6)

where and 4,2.ovg the average values of vu  and vu , respectively. Fig. 3-3

shows the phasor diagram, in which Vi is the phasor summation of Vu and Vu- Thus 

^L.avg_i2 ’ the average value of vi, can be calculated as follows:

= K | = K  + = 1.93 X ( l .3 5 4 , ,M  cosa). (3.7)
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Fig. 3 -3  Calculate the average load voltage o f  the 12-pulse SCR rectifier with inductive loads.

3) RMS of the Transformer Primary Side Line Current

Based on Fig. 3-2(c), the RMS value o f Ia can be calculated by:

^A,ms -

^  j:;,^(0.7885/,)^ + r ; , '( i .0 7 7 / j ']

= ^0.62161^ = 0.7884/^

(3.8)

Com pared to equation (2.12), this RMS value is lower than that o f  the six-pulse rectifier 

due to the harmonic elimination in the line current.

3.1.3 Analysis of Harmonic Elimination

I) Fourier Analysis

la ) Phase displacements of harmonics in the delta-connected winding line current 

when the transformer is -30° phase shifted.

N,
b c _ p h

2̂aha ph

Fig. 3 -4  Find the phase displacements o f  harmonics in 

the delta-connected winding line current 

when the transformer is -30° phase shifted.
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We’ll use the circuit in Fig. 3-4 to find the phase displacements of harmonics in the 

delta-connected winding line current when the transformer is -30° phase shifted.

In Fig. 3-4, i2a pi, and are phase currents of the delta-connected secondary 

winding, and the line current p,, -  . If write the Fourier series of the primary

line currents as follows:

cos(<u^)-—cos5(<rf)-i-—cos7(rrf)—^cosll(ryt)-t-— cosl3(fyt)---h a  = I 5 '  ' 7 ' ' 11 '  '  13

cos(<a  ̂+ 120°)--jcos5((ur + 120°)+-^cos7(<a^ +120°)

cosl iW  + 120°)+— cosl3W  +120°)----11 V  ̂ 13  ̂ ’

(3.9)

(3.10)

where /  is the amplitude of the fiindamental component of . Assume the transformer 

turns ratio is 1/V3, then we can write the Fourier series of ph and as;

2 a _ p h cos(üy)-—cos5(ü;r)+—cos7(üx)—-c o s l l(rü^)+-^cosl3(rüf)----
11 13

‘‘2c _ph VI
cos(<ü/ + 1 20°) -  COS 5(<yr + 120°)+ i  cos 7(£oT + 120°)

——cosl l(ü)t + 120°)+-^eosl3W  + 120°)----
11  ̂ 13  ̂ ^

(3.11)

(3.12)

Thus the Fourier series of is:

k a - h a _ p h  h c _ p h ~ ^

co?{a)t -  30°) -  ■^cos(5£yr + 30°) + ycos(7aY -  30°)

 cosfl \(Dt + 30°) H cos(l3ro^ — 30°)— •
. 11  ̂  ̂ 13  ̂ ^

(3.13)

Compare equation (3.9) with (3.13), we can see that the phase displacement 

5  = - Z i 2„„ («=1,2,3,...) is either +30° (for fundamental, 7* 13***,...) or -3 0 °  (for

5*, 11^\ ...). This conclusion will be used in section lb).
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lb ) Harmonic elimination from the 12-pulse SCR rectifier primary line current.

For the 12-pulse SCR rectifier, based on Fig. 3-2(d) and equation (2.15), we can write 

the Fourier series o f iasi as:

COs(ü^ ) - —COS 5 {(Dt ) + i  COS 7 {(Dt) — ̂  COS 1 \{o^) + ̂  COS 13{(Dt) — • • (3.14)

Since ias2 lags iasi by 30°, thus the Fourier series o f ias2 can be written as:

cos(æ>/ -  3 0 ° ) - ^  cos5(<s^ -  30°) + y  cos 7{o^ -  30°)

— Y y c o s l \{ (D t — 30°) + y^cos13(<2j? — 30°) — —
(3.15)

V VBased on transformer turns ratio o f -à S -  = — _  2 , the Fourier series o f  iasi ’ is:
^a\b\ ^262

1. 1/ ,
âsl -  ■ cos(üx)—̂  cos 5{cot) +  y  cosl{cot) -  ̂  cos 1 \{om) +  ^  cos 13{ojt)-----

(3.16)

by using the conclusion in section la), we can write the Fourier series o f  ias2 ’ as: 

cos[(^y/ -  30°) + 30°] -  -cos[5(û2/ -  3 0 ° )-  30°]

1.1/ ,
‘■asl + -cos[l{(D t -  30°) + 30°] -  -!-cos[l \{ c o t -  3 0 ° ) -  30°]

7 11

+ -^ c o s[l 3{(Dt -  30°) + 30°] -  ■ • ■ 
13

(3.17)

Therefore, the Fourier series o f  the total line current can be obtained by:

— âs\ +Cj2 ~ 1-l̂ Z, co s(< ar)-^ co s(l l< 5 jr)+ ^co s(l3 û it)-^co s(2 3 fu t)+ ...
, (3.18)

in which the 5* 7“’, 17^\ 19 '̂’ ... order harmonics are zero, and the lowest order harmonic 

is the 11*.
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2) Positive/Negative Sequence Analysis

In a balanced three-phase system, the voltage sequence is defined to be positive when 

the three phase voltages reach their peak amplitudes in the order of A, B, C, and if  in the 

order of A, C, B, the sequence is defined to be negative. Fig. 3-5 shows the phasor 

relation of the two kinds of voltage sequences. Similar definition applies to the three 

phase currents.

(a) positive sequence (b) negative sequence

Fig. 3-5 Positive and negative sequence three-phase voltage phasors.

For the three-phase positive sequence currents, we can write the equations as:

I  = 4  sin(ü)t), (3.19)

/ ,= /„ s in
I  3 y

i; = 4 s in |I OÉ +----
3

(3.20)

(3.21)

For the three phase negative sequence currents, we can write the equations as:

4 = 4sin(£ur), (3.22)

^ 271^
ast-v —  

3

K = L  sin

\

^ 2;r
ûX -

V

(3.23)

(3.24)

For the 5^ order harmonic currents, we can write the following equations;

k5,A=4mSin5(ait), (3.25)
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h,5th — h m  s i l l  5

Km  = 4m sin 5

c 2 ;r l 'Itc 'o a t- — = hm sm 56^ 4-
V 3 ) V

f 2 ;r l f 2;r^
cot + = sm Scot -

V 3 7 I T ,

(3.26)

(3.27)

Hence the 5* order harmonic currents are negative sequence currents. Similarly, we can

prove that the (5+6̂ :)**̂  (A==0,l,2,...) order harmonics are negative sequence currents, and 

the (7+6Æ)* (A=0,l,2,...) order harmonics are positive sequence currents.

Passing through a phase-shifting transformer, if  the positive sequence voltages or 

currents shift an angle 0 ,  the negative sequence voltages or eurrents will shift an angle 

-0 .  Fig. 3-6 shows an example o f the phase-shift condition o f  the fundamental 

com ponent ( 7, ), one positive sequence component ( 7̂  ) and one negative sequence

com ponent ( 7j ) in a current. It can be seen that 7, and 7, are phase shifted in the same

direction, but is shifted in the opposite direction.

I y output (with phase shift 0 )

O
 ̂ ^  Ij, /j, input (no phase shift)

^  output (with phase shift - 0 )

Fig. 3 -6  Phase shift o f  positive sequence and negative sequence currents.

The fact that negative sequence voltages and currents are shifted in the opposite 

direction to positive sequence values when passing through a phase-shifting transformer 

makes it possible to cancel harmonics in pairs.

In each line current, if  the fundamental component 7, rotates at the angular frequency 

CO, the 5^ order harmonic current 7, will rotate at the angular frequency 5co, and the 7*

property OF
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order harmonic current / ,  will rotate at the angular frequency 7<y. As a result, when 

rotates 10°, will rotate 5x10° = 50° and 7, will rotate 7x10° = 70°.

In the 12-pulse rectifier, „ and 4 , 2 i,v are the fundamental components of the two 

secondary line currents iasi and w ,  respectively. At any instant time, 4*2 is( 4^ is? 

by -30°; thus the 5̂*’ order harmonic 4 ,2  5,,, lags 4.vi_5r/, by 5 x (-30°) = -150°, and the 7* 

order harmonic 4 ,2  vi, lags 4,, i,h hy 7x (-30°) = -210°. After being reflected to the 

primary side, iasi ’ has no phase shift with respect to iasi, but ias2 has different phase shift 

in its reflected components: 1,, and all positive sequence components in w  ' are 30°

phase shifted with respect to those in ias2, and all negative sequence components in ias2 ’ 

are -30° phase shifted. As a result, 4,2_i.« becomes -  30° + 30° = 0° lagging to Ci_i5/ 1

L i _ 5,h is -150°-30° =  -180° lagging to ; and C ; is -  210° + 30° = -180°

lagging to 4 , . Since the amplitude of 4 ,, 5,/, and 1^,2 sm are the same, the summation

of them is zero. So do 4 , 7,,, and i„,2_vh ■ Because the line current 4  =4si + 4̂ 2 « fhs 5̂ '’ 

and 7*"̂ order harmonics are zero in 4 . The phenomenon applies to all harmonics in 4  

except the (12t ±1)"" order harmonics (A: = 1,2,3,...) . Therefore, there is only the 

(12A: ± 1)'̂  order harmonics {k = 1,2,3,...) in 4 . Fig. 3-7 summarizes the phasor relation of 

the reflected harmonics being cancelled in the primary winding of the 12-pulse SCR 

rectifier.

-30° windings 5*, T*, 4 -----------------------------------------► 0° windings S*, T*,
17"* and 19* 17* and 19*

Fig. 3-7 Phasor relation o f the reflected harmonics being cancelled in the

primary winding o f the 12-pulse SCR rectifier.
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3.1.4 The Line Current THD and the Input PF

U nder ideal circuit conditions, the THD o f the secondary and primary line currents o f  

the 12-pulse SCR rectifier can be calculated based on equations (3.16), (3.17) and (3.18):

~ h \  _  7-̂ 05 + h \\ IgU + ■■■=

TH D ,,=

iasi = 31.1%
a\

-  ^A\ _  4 ^A\\ + A12/  +^^25‘ +••• = 15.3%

(3.28)

(3.29)
-̂ A\ ■‘ax

It can be seen that the THD o f U reduces about 50% compared to that o f  ias] and ias2 , 

owing to the elimination o f harmonics in U-

Fig. 3-8(a) shows the harmonic content o f iasi and ias2 , where the 5‘*’ and 7*̂  order 

harmonics have quite high amplitudes (about 20% and 13%), and the THD o f iasi or ias2 is 

28.73%. Fig. 3-8(b) shows the harmonic content o f U, in which the 5* and 7* order 

harmonics are zero and the THD is 12.89%. The THD values are slightly lower than the 

result presented in equations (3.28) and (3.29) due to the inductance effect.

Harmonic spectrum of snd
3d. THD=28.73 %

u 0.5

jy 11th 13th 17th 19th 25th
A A.

10 15

(a)
20 25 30

Frequency (p .u .)

Harmonic spectrum of/^

3
ci

I
T H D = 12.89 %

0 y 11th 13th 
A A,

10

23rd 25th

 ft I K  -

15

(b)

20 25 30
Frequency (p .u .)

Fig. 3-8 Compare harmonic spectrum o f  igsj, ias2 and Ia-
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Fig. 3-9 shows the THD of ia and the input PF of the 12-pulse SCR rectifier versus Ui 

under different operating conditions. Compared to the plot of the six-pulse SCR rectifier 

shown in Fig. 2-7, the THD of the 12-pulse rectifier is reduced and the input PF is 

increased. However, the THD values still do not meet the harmonic current requirement 

of IEEE Standard 519-1992.

T H D  o f  I ,  at a= 0 °

1̂ =0 05 p.u.
0 0.2 0.4 0.6 0.8 1

/̂ ,(p.u.)

£15

g,4

13

12

11

T H D  o f t ,  a t L = 0 .05p .u . Input PFat Lj=0.05 p.u.
u. 1 A

B
0.8 '

C
0.6

C. a=60“ N. A:a=0°
B:a=40“ 0.4 B: 0=20»
A: a=20° C:a=40°
L̂ =0.05 p.u. ^ Lg.=0.05 p.u.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
/..(p.u.) (4; (pu)

Fig. 3-9 THD and PF curves of the 12-pulse SCR rectifier with inductive loads.

3.2 12-Pulse SCR Rectifier with Capacitive Loads

3.2.1 Circuit Configuration

Fig. 3-10 shows the circuit configuration of the 12-pulse SCR rectifier with a 

capacitive load, in which the capacitive load is simplified to a dc voltage source E.

5 =  0°

5 = -30“

Fig. 3-10 12-pulse SCR rectifier with a capacitive load.
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3.2.2 Current Waveforms

Assuming no load is connected, the dc line-to-line voltage vl o output by the rectifier 

is as shown in Fig. 3-11(a). The ripple frequency in vi o is twice that o f  the six-pulse 

rectifier. W hen apply vl o to the capacitive load, as long as vi o is greater than E, and the 

related SCRs are triggered, the load current flows and causes energy exchanged through 

Ls- For each phase, the energy exchange happens for four times in every half cycle o f  the 

supply voltage, thus there are four humps in each half cycle o f the line current as shown 

in Fig. 3 -11(b), in which iasi and ias2 are the line currents o f Tsi and Ts2 , respectively. 

Compared to Fig. 2-10, the current ripple frequency is doubled. In Fig. 3-11(c), iasi ’ and 

ias2 ’ are iasi and ias2 reflected to the transformer primary side, and their summation is the 

transform er primary line current i.e. iasi’+ias2 ’- Since the dominant low-order 

harm onics, such as the 5“’ and are eliminated as analyzed in Section 3.1.3, the shape 

o f  iA is more like sinusoidal.

(a) (pjutput voltagsv, „ with no load and the dc load voltage E

CLaaJ
(b) transformer secondary side currents

(c) transformer primary side currents

Fig. 3-11 Current waveforms o f  the 12-pulse SCR rectifier with capacitive loads.
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Fig. 3-12 shows the waveform and harmonic spectrum of Iai = 1 pu (rated load 

condition) and Iai = 0.2 pu (light load condition), respectively. It can be seen that the Ia 

waveforms are quite different since the energy exchanged through Ls varies when the 

load current changes. The 5̂ '’, 7̂*’, 17*'’ and 19*'’ order harmonics are zero in Ia owing to 

the phase-shifting transformer.

at I^= \ p.u. witha=20°, I,=0.05p.u.
40

1.414
0

-40

at /̂ ,=0.2 p.u. witha=20“, r̂ =0.05p.u.
10

0.282
0

-10

Harmonic spectrum of at /,,=1 p.u. witha=20“, Z,̂ =0.05p.u. 
1

p.u. 
THD=11.89%

0.5

11th

J L Z L
23rd 25th 

**•

(a)
10 15 20 25 30

Frequency (p.u.)

3O.

Harmonic spectrum of at /̂ ,=0.2 p.u. witha=20°, Ẑ =0.05p.u. 
1

0.5

2̂ ,=0.2 p.u.
THD=24.37%

11th

A. 23rd 25thA
(b) 10 15 20 25 30

Frequency (p.u.)

Fig. 3-12 Waveform and harmonic spectrum of Iai =lpu and I  At =0.2pu.

3.2.3 The Line Current THD and the Input PF

Fig. 3-13(a) and Fig. 3-13 (b) show the THD of Ïa and the input PF versus h i  (from 

0.1 pu to Ipu). The operating condition for Fig. 3-13(a) is a=0°, T/t=0.05pu, and T^=0, 

0.05pu and O.lpu, respectively. As h i  or Ls increases, the THD value decreases, and 

ranges from 21% to 7%, For Fig. 3-13(b), the operating condition is Lik= Tj=0.05pu, and 

a=20°, 40° and 60°, respectively. As a decreases, the THD value decreases, and ranges 

firom 41% to 13%. Compared to Fig. 2-11, it can be seen that the THD values are reduced 

substantially because of the elimination of dominant low-order harmonics.
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In Fig. 3-13(c), a crossover occurs at approximately Iai = 0.22 pu. It’s the boundary 

o f  the continuous and discontinuous current operation mode. When Iai is greater than 

0.22 pu, the load current will be operating in the continuous mode.

THD o f / ,  at a=0“
g ,  25 

£
P  20

15

10

5

THD o f / ,  at Lj=0.05p.u.
£ 4 0 u, 1

A: Lj=0 p.u. Q » V\  C :a= 60“ a.
B: Lj=0.05 p.u. g \  \  \  B: a=40“

\  C:Lj=0.1p.u. \  \  \  A: a=20" —  A
\  Ln=0.05 p.u. 30

\  \  \  Lg.=0.05 p.u. 0.98

A: Lj=0 p.u.
20 0.96 B: L =0.05 p.u.

C: L=0.1 p.u.
Lg.=0.05 p.u.

10 0.94
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4

I ., (p.u.)
0.6 0.8 1 

(p.u.)
0 0 2  0.4 0.6 0.8 1

/^ ,(p .u .)

(a) (b) ' (c)

Fig, 3-13 THD and PF curves o f  the 12-pulse SCR rectifier with capacitive loads.
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3.3 Summary

This chapter presents the performance of the 12-pulse SCR rectifier with inductive 

and capacitive loads. The following eonclusions can be made:

• The principle of the harmonic elimination through the phase-shifting transformer can 

be illustrated by Fourier analysis and the positive/negative sequence analysis.

• For the inductive load condition, the ripple in the dc load voltage has a doubled 

frequency and reduced peak-to-peak amplitude compared to the six-pulse rectifier. 

The RMS value of the line current is lower than that of the six-pulse rectifier due to 

the harmonic elimination.

• For both of the load conditions, the line current THD values are lower than those of 

the six-pulse rectifier, because the dominant low-order harmonics are eliminated. 

The input PF of the 12-pulse rectifier is improved.

•  The line eurrent THD of the 12-pulse SCR rectifier with either the inductive or the 

capacitive load still cannot meet the harmonic current requirement in IEEE Standard 

519-1992.
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Chapter 4 18-pulse SCR Rectifier

Since the line current THD o f the 12-pulse SCR rectifier does not m eet the harmonic 

current requirement in IEEE Standard 519-1992, it is required to eliminate more low- 

order harmonic currents. The 18-pulse SCR rectifier is an option to improve the line 

current THD.

This chapter presents the performance o f  the 18-pulse SCR rectifier with inductive 

and capacitive loads. The voltage and current waveforms are shown. The harmonic 

spectrum o f  the line current and the reason o f harmonic elimination are presented. The 

line current THD and the input PF are discussed.

4.1 18-Pulse SCR Rectifier with Inductive Loads

4.1.1 Circuit Configuration

Fig. 4-1 shows the simplified diagram o f the 18-pulse SCR rectifier with an inductive 

load. The phase-shifting transformer in the rectifier has three secondary windings {Tsi, Ts2 

and Ts3), feeding three six-pulse SCR bridges. Different from the 30° phase shift in the 

12-pulse rectifier, the phase shift between any two adjacent windings in the 18-pulse 

rectifier is 20°, which is realized by means o f the zigzag-winding connection. The details 

o f  the zigzag transform er will not be discussed in this thesis. As shown in Fig. 4-1, the 

phase displacement S  o f  the line-to-line voltages o f Tsi, Ts2 and TsS w ith respect to the 

line-to-line voltage o f the primary winding Tp is 0°, -20° and -40°, respectively. Other 

arrangements for ô, such as -20°, 0° and 20°, are also possible. The turns ratio will be 

selected to make the line-to-line voltage o f each secondary winding one third o f the line- 

to-line voltage o f  the primary winding.
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5 = -20”

5 = -40°

Fig. 4-1 18-pulse SCR rectifier with an inductive load.

4.1.2 Voltage and Current Waveforms

Fig. 4-2 shows the voltage and current waveforms of the 18-pulse SCR rectifier with 

inductive loads under the condition of a=30°, Iai =lpu, Ls =0 and Lik =0.05pu. From Fig. 

4-2(c), it can be seen that the transformer secondary currents iasi, W  and w  are 20° 

phase shifted between any adjacent two. Fig. 4-2(b) shows the waveforms of iasi’, W  

and iass’, which are iasi, W  and ias3 reflected to the transformer primary side. Their 

fundamental components are in phase. The shapes of w  ' and ias3 ’ are the result of the 

zigzag connections. The summation of iasi ’, W  ’ and ias3 ’ is the line current ix, which is 

shown in Fig. 4-1(a). Fig. 4-2(e) shows the harmonic content of ix, in which the 5*’’, 7*,

11*'’ and 13’" order harmonics are eliminated; thus the lowest order harmonic is the 17 

and the THD is 7.45%.

In Fig. 4-2(d), vn, vu  and v/j are output voltages of the three six-pulse SCR bridges 

respectively. Their waveforms are the same as that of the typical six-pulse bridge, but are 

20° phase shifted. Their summation is the load voltage vl, in which the ripple frequency 

is tripled compared to Vu, Vu and vu. Hence the 18-pulse rectifier requires a smaller dc 

choke to obtain a ripple free dc load current compared to the 12-pulse rectifier.

>th th
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Fig. 4-2
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(e) Harmonic spectrum  o f  

W aveforms o f  the 1 8 -p u lse  SCR rectifier with inductive loads.
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4.1.3 Analysis of Harmonic Elimination

It’s convenient to use positive / negative sequence analysis to explain the reason of 

harmonic elimination in the 18-pulse rectifier. Since the fundamental component of w  

lags iasi by -20°, the 5'*’ order harmonic of w  lags the 5*'’ order harmonic of w  by 

5 X (-20°) = -100°. After the two 5**̂ order harmonics being reflected to the transformer

primary side, the phase displacement between them becomes -120°. Similarly it can be 

obtained that the phase displacement between the reflected 5̂ '’ order harmonics of w  and 

ias3 is -240°. Hence the phasor summation of the three reflected 5*'’ order harmonics of the 

three secondary windings is zero in îa. The same condition happens to all harmonics in Ia, 

except the fundamental component and the (l8A:±l)'* order harmonics (^1 ,2 ,3 ...). Fig. 

4-3 summarizes the phasor relation of the reflected harmonics being cancelled in the 

primary winding of the 18-pulse SCR rectifier.

-20“ windings S*** and 7*,
-40° windings 11'*' and 13"'

120°

>■ 0° windings 5"', 7"', ll"'and 13"'
- 120 °

-40° windings 5 "' and 7'*', 
-20° windings 11"' and 13"'

Fig. 4-3 Phasor relation o f the reflected harmonics being cancelled in the

primary winding o f the 18-pulse SCR rectifier.

4.1.4 The Line Current THD and the Input PF

Fig. 4-4 shows the line current THD and the input PF of the 18-pulse SCR rectifier 

versus Iai. Compared to the 12-pulse rectifier, the THD values of the 18-pulse rectifier 

are reduced, but the input PF is almost the same. When a=0° and /x/>0.5pu, the THD 

values are less than 5%, which satisfy the IEEE Standard 519-1992.
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Fig. 4-4  THD and PF curves o f  the 18-pulse SCR rectifier with inductive loads.

4.2 18-Pulse SCR Rectifier with Capacitive Loads

4.2.1 Circuit Configuration

Fig. 4-5 shows the simplified diagram o f the 18-pulse SCR rectifier with a capacitive 

load. Since three typical six-pulse bridges are connected in series, the circuit is able to 

handle higher voltages than the 12-pulse rectifier.

Ü ‘a s / ~‘~‘as2 '^ 'a sJ 0  =  0°

5 = -20°

5 = -40

Fig. 4-5 18-pulse SCR rectifier with a capacitive load.

4.2.2 Current Waveforms

Fig. 4-6 shows the current waveforms under the condition o f  a=30°, Iai = lpu , Ls =0 

and Lik =0.05pu. From Fig. 4-6(a), it can be seen that îa looks closer to a sinusoid, 

because more low-order harmonics are eliminated. In Fig. 4-6(e), the lowest order 

harm onic in îa is the 17^\ and the THD o f iA is 7.92%. In Fig. 4-6(b), the shapes o f  w '
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and îas3 ’ are the result of the zigzag connections. The six small ripples on the positive half 

cycle of each secondary line current are shown in Fig. 4-6(c). It's the result of the 

involvement of the three transformer secondary windings and the three six-pulse SCR 

bridges.

-40
(a) Transformer primary side currently
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 ̂as3 XXA
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(b) Transformer primary side currents; ; .'and i '

40
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0
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-40
(c) Transformer secondary side currents '«j

and the load current i.

0.5

Fig. 4-6

a=30°
THD=7.92%

17th 19th 
—A &

5 10 15 20 25 30
Frequency (p.u.)

(d) Harmonic spectrum o f

Waveforms o f the 18-pulse SCR rectifier with capacitive loads.
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4.2.3 The Line Current THD and the Input PF

Fig. 4-7 shows the waveform and the harmonic spectrum o f  when a=20°, Iaj =  1 

pu (rated load condition) and Iai — 0.2 pu (light load condition). It can be seen that the 5*, 

7*̂ , 11* and 13* order harmonics are eliminated, and the amplitude o f  the current ripple is 

substantially reduced, compared to the 12-pulse SCR rectifier. The THD values are 

6.036% (/^/=1 pu) and 12.5% (Li/=0.2 pu), which are less than those o f  the 12-pulse 

rectifier under the same conditions.

l p.u. witha=20°, Z,j=0.05p.u.

1.414'A !

-40

1 . at/..=0.2 p.u. witha=20°, Z, =O.OSp.u.

' A ! 0.282

-10

Harmonic spectrum of at / ,̂= 1 p.u. witha=20°, Ẑ =0.05p.u. 
1

PU- 
THD=6.036 %

0.5

17th 19th 
* *-

(a)
5 10 15 20 25 30

Frequency (p.u.)

Harmonic spectrum of at / ,̂=0.2 p.u. witha=20“, i,=0.05p.u.
o  I “

0.5

7̂ ,=0.2 p.u. 
THD=12.5 %

17th
JL_

(b) 10 15 20 25 30
Frequency (p.u.)

Fig. 4-7 Current waveform and harmonic spectrum o f  Iai =1 pu and Iai =0.2pu.

Fig. 4-8(a) and Fig. 4-8(b) show the Ia THD at different value o f  L s ,  I a i  and a. Under 

the condition o f a= 0° and 7^/>0.5pu, the THD values are less than 5%. Fig. 4-8(c) shows 

the input PF o f the 18-pulse SCR rectifier with capacitive loads. The values are improved 

slightly compared to that o f  the 12-pulse rectifier. Since three transformer secondary 

windings are connected in series, the total transformer leakage inductance becomes larger. 

Therefore the load current operates in the continuous mode.
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Fig. 4-8 THD and PF curves o f the 18-pulse SCR rectifier with capacitive loads.

4.3 Summary

This chapter presents the performance of the 18-pulse SCR rectifier with the 

inductive and capacitive loads. The following conclusions can be made:

• The principle of the harmonic elimination can be applied to the 18-pulse rectifier.

• For the inductive load condition, the ripple amplitude in the dc load voltage is 

reduced, and the ripple frequency is tripled compared to that of the six-pulse rectifier.

• For the capacitive load condition, since the leakage inductance of the three 

transformer secondary windings is in-series, the load current operates in the 

continuous mode.

• For the two load conditions, the THD values are substantially reduced, because more 

low-order harmonics are eliminated.

• For the two load conditions, when the delay angle a=0° and 1a i > 0 . 5  pu, the line 

current THD is less than 5%, which meets the harmonic current requirement of IEEE 

Standard 519-1992.
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Chapter 5 24-pulse SCR Rectifier

In order to further reduce the line current THD and handle higher voltages, 24-pulse 

SCR rectifiers are employed. This chapter presents the performance o f the 24-pulse SCR 

rectifier with inductive and capacitive loads. The line current THD and the input PF o f 

the 24-pulse rectifier are discussed.

5.1 24-Pulse SCR Rectifier with Inductive Loads

5.1.1 Circuit Configuration

Fig. 5-1 shows the simplified diagram o f the 24-pulse SCR rectifier with an inductive 

load. The phase-shifting transformer in the diagram has four secondary windings, feeding 

four six-pulse SCR bridges. Different from the 20° phase-shifted zigzag windings in the 

18-pulse rectifier, the transformer secondary windings in the 24-pulse rectifier are 15° 

phase shifted. As shown in Fig. 5-1, the phase displacement S  o f  the secondary line-to- 

line voltages with respect to the primary line-to-line voltage are 0°, -15°, -30° and -45°. 

Other arrangements, sueh as -15°, 0°, 15°, and 30°, are also practicable. The winding 

turns ratios are selected to make the line-to-line voltage o f each secondary winding one 

forth o f  the line-to-line voltage o f the primary winding.
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Fig. 5-1
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24-Pulse SCR rectifier with an inductive load.

5.1.2 Voltage and Current Waveforms

Fig. 5-2 shows the voltage and current waveforms under the condition of a=30°, h i  

=lpu, Ls =0 and 1% =0.05pu. Fig. 5-2(c) shows the transformer secondary line currents 

iash ias2, W  and w ,  which are identical in waveforms, but are 15° phase shifted between 

each other. Reflecting these currents to the transformer primary side, we get 

z'asi’ and iasi, which are shown in Fig. 5-2(b). The waveforms of w  ' and w '  are caused 

by zigzag cormections. The line current îa= ' +w ' + w ' . From Fig. 5-2(e), it can 

be seen that the 5*'̂ , 7*'', 11*'’, 13"’, 17*'’ and 19*'’ order harmonics are zero in h; thus the 

lowest order harmonic becomes the 23"̂ ". As shown in Fig. 5-2(a), the waveform of îa is 

almost a sinusoid with 5.09% THD. In Fig. 5-2(d), the pulsated dc load voltage vl has a 

higher ripple frequency and a lower ripple amplitude, compared to that of the 18-pulse 

rectifier; therefore, a ripple free dc current can be obtained easier from the 24-pulse 

rectifier.
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Fig. 5-2 W aveforms for the 24-pulse SCR rectifier with inductive loads.
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5.1.3 Analysis of Harmonic Elimination

Fig. 5-3 summarizes the phasor relation of the reflected harmonics being cancelled in 

the primary winding of the 12-pulse SCR rectifier. Since it’s quite straightforward, file 

details will not be discussed.

-15“ windingis S"* and 7*, 
-45“ windingjs 17*‘‘ and 19*

-30“ windings 5*, 7*, 17* and 19* 4 - • >  0“ windings 5*. 7*, 17* and 19*

-45“ windings 5* and 7*, 
-15“ windings 17* and 19*

-15“ windings 11* and 13* ^
-45“ windings 11* and 13*

. 0“ windings 11* and 13* 
-30“ windings 11* and 13*

Fig. 5-3 Phasor relation o f the reflected harmonics being cancelled in the 

primary winding o f the 24-pulse SCR rectifier.

5.1.4 The Line Current THD and the Input PF

Fig. 5-4 shows the line current THD and the input PF of the 24-pulse SCR rectifier 

with inductive loads under different operating conditions. It can be seen that when a=0° 

and Iai >0.2pu, the THD values are less than 5%, which meet the IEEE Standard 519- 

1992. When o>0°, the THD values are less than 7.5%. The input PF is almost the same as 

that o f the 18-pulse rectifier.
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Fig. 5-4 THD and PF curves o f  the 24-pulse SCR rectifier with inductive loads.

5.2 24-Pulse SC R  R ectifier w ith  Capacitive Loads

5.2.1 C ircu it C onfiguration

Fig. 5-5 shows the simplified diagram o f the 24-pulse SCR rectifier with a capacitive 

load, which is simplified as a dc voltage source E.

e x
5 =  0°

5 =  -15°

S =  -30“

Fig. 5-5 24-puIse SCR rectifier with a capacitive load.

5.2.2 C u rre n t W aveform s

Fig. 5-6 shows the current waveforms under the condition o f a=30°, I a i  = lpu , L s  =0 

and Lik =0.05pu. The line current Ia in Fig. 5-6(a) is almost a sinusoid with little ripples. 

Fig. 5-6(b) shows the waveforms o f iasi\ ias2 \  iass’ and ias/, hi which ias2 ’ and ias4 ’ are 

caused by zigzag connections. In Fig. 5-6(c), it can he seen that the ripple amount in the
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positive half cycle of each secondary line current is increased to eight and the ripple 

amplitude is further decreased. Hence a ripple free dc load current can be obtained easier. 

The harmonic spectrum of ïa is shown in Fig. 5-6(e), in which the lowest order harmonic 

is the 23'̂ ,̂ and the THD is 5.2%.

-40
(a) Transformer primary side current

'as2.

-10
(b) Transformer primary side currents âs2

âs2‘os7
as4

-40
(c) Transformer secondary side currents 

and load current i,

3.
a

I
U0.5

a=30“
THD=5.2 %

!L 23rd 25th

0 5 10 15 20 25 30
Frequaicy (p.u.)

(d) Harmomc sp ectrum of 

Fig. 5-6 Waveforms o f the 24-pulse SCR rectifier with capacitive loads.
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5.2.3 The Line Current THD and the Input PF

Fig. 5-7 shows the waveform and harmonic spectrum o î  Iai ~  1 pu (rated load 

condition) and Iai = 0.2 pu (light load condition) at a=20°. It can be seen that the ripple 

amplitude o f îa is further reduced compared to the 18-pulse rectifier. Since the 5̂ *̂ , 7*, 

1 1  tĥ  17* and 19* order harmonics are eliminated, the THD o f  Ia is 3.62% and 

7.55% at Iai — 1 pu and Iai = 0.2 pu, respectively, which are lower than those o f  the 18- 

pulse rectifier.

Fig. 5-8 shows the line current THD and the input PF o f  the 24-pulse SCR rectifier 

w ith capacitive loads under different operating conditions. It can be seen that the THD 

values are further reduced. Especially when a=0°, the THD values satisfy the IEEE 

Standard 519-1992. Under heavy load conditions, the PF o f the 24-pulse rectifier is 

slightly reduced compared to that o f the 12- or 18-pulse rectifiers, since the phase 

displacement o f  the line current caused by the line inductance and the transformer 

leakage inductance is slightly greater.

i.  at / ,,= 1  p.u. w itha=20°, I  =0.05p.u.
30

1.414

0

-30

Harmonic spectrum o f  at /^,=1 p.u. w ith a= 20“, l^ =0.05p .ti

7^,=1 p.u. 
T H D =3.62%

0.5

23rd 25th

(a)
10 15 20 25 30

Frequenty (p.u.)

/ .  a t / . , =0.2  p.u. w itha=20°, i^=0.05p.u.

0.282
'A !

-10

Harmonic spectrum o f  at f^,=0.2 p.u. witha=20", /,^=0.05p.u. 

1

0.5

(b)

1̂ 1= 02  p.u. 
TH D=7.55%

23rd 25th
- A - __

10 15 20  25 30
Frequency (p.u.)

Fig. 5-7 Waveform and harmonic spectrum o f  Iaj — Ipu and Iaj =0.2pu.
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Fig. 5-8 THD and PF curves o f the 24-pulse SCR rectifier with capacitive loads.

5.3 Summary

This chapter presents the performance of the 24-pulse SCR rectifier with inductive 

and capacitive loads. The following conclusions can be made:

• The principle of the harmonic elimination can be applied to the 24-pulse rectifier.

•  For the two load conditions, since more low-order harmonics in the line current are 

eliminated, the line current THD of the 24-pulse rectifier is further reduced. 

Especially when the delay angle a=0°, the THD values meet the harmonic current 

requirement of IEEE Standard 519-1992.

• For the capacitive load under heavy load conditions, the PF of the 24-pulse rectifier 

is slightly reduced, because the phase displacement of the line current caused by the 

line inductance and the transformer leakage inductance is slightly greater than that of 

the 12- or 18-pulse rectifier.

• Multi-pulse SCR rectifiers with a higher pulse number, such as the 30- or 36-pulse, 

are rarely used in industry because of the high cost.
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Chapter 6 Experimental Verification of 

the 12-Pulse SCR Rectifier

In previous chapters, the performance o f multi-pulse SCR rectifiers was presented 

and the principle o f  the harmonic elimination through the phase-shifting transformer was 

discussed. This chapter presents the experimental verification on a prototype o f the 12- 

pulse SCR rectifier with an inductive load. The related hardware design and software 

programming are provided. Typical voltage and current waveforms obtained from the 

experim ent are compared to the simulation results.

6.1 Hardware Configuration of the Experimental System

Power Circuit

±12V

Power circuit5V

Control circuit

Control Circuit

adjustable ideal 
3-phase ac 

power supply 
(120 V)

12-pulse SCR 
rectifier

Load

Zero-crossing 
detection board

3-phase ac 
pow er supply 

(208V)

Step-down 
transform er -  - 
(120V /6V ) 3

Firing
boardPC

68HC11 based 
platform

dc power 
supplies

Fig. 6-1 Hardware configuration o f  the experimental system .
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Fig. 6-1 shows the hardware configuration of the experimental 12-pulse SCR rectifier, 

which consists of the power circuit and the control circuit.

Power Circuit

The power circuit of the 12-pulse SCR rectifier includes a three-phase sinusoidal ac 

power supply, an inductor bank Ls, a phase-shifting transformer (A | AY), two six-pulse 

SCR bridges, and a load.

Three-phase sinusoidal ac power supply. SW5250A is a three-phase ac power supply, 

which generates adjustable sinusoidal voltages. The maximum current of the device is 

13 A (RMS) with the output voltage range of 0-156V (RMS) [11].

The inductor bank Ls'. Since the internal impedance of the three-phase sinusoidal 

power supply is low, the inductor Ls is needed for emulating the actual occasions.

Phase-shifting transformer. As shown in Fig. 6-2, the phase-shifting transformer of 

the 12-pulse rectifier has two secondary windings, which are A and Y connected, feeding 

two six-pulse SCR bridges, respectively. From the phase-shifting transformer nameplate, 

the following parameters are obtained:

total rated apparent power for the transformer primary winding: 20KVA; 

rated apparent power for each transformer secondary winding: lOKVA; 

rated RMS line-to-line voltage of the transformer primary winding: 208V; 

rated RMS line-to-line voltage of each transformer secondary winding: 208V; 

total rated line current of the transformer primary winding: 55.5A; 

rated line current of each transformer secondary winding: 27.7A;

% impedance between the transformer primary winding and secondary winding 

base on 20KVA: 4.1%.

SCR rectifier. The 12-pulse SCR rectifier has two six-pulse SCR bridges, whose dc 

outputs are cormected in series.
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Load: The load o f the 12-pulse rectifier is a  resistor bank connected in series with a 

40m H  mdvLcXor bank.

A
B

C

c2

Fig. 6-2 Configuration o f  the phase-shifting transformer.

Control Circuit

The control circuit consists o f  a step-down transformer (120V/6V), a zero-crossing 

detection board, a M C68HC11 control board, a SCR firing board, dc power supplies and 

a personal computer.

Step-down transformer (120V/6V): The step-down transformer transfers the input 

phase voltages from 720T(RMS) to <5T(RMS), so as to meet the requirements o f the zero- 

crossing detection board.

M C68H C 11 control board: The SCR gating pulses o f the 12-pulse rectifier are 

generated by the M C68HC11 control board.

Firing board: The gating pulses generated by the M C68H C11 control board are 

am plified and isolated by the firing board to meet the triggering requirement o f  SCRs.

D c pow er supplies: the dc power supplies provide 5V, ±12V and 15V dc voltages to 

the control circuit.
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Personal computer, the personal computer instructs the MC68HC11 control board to 

realize the real-time control.

6.2 Parameter Design of the Experimental System

Considering the power limit of the three-phase ac power supply SW5250A, 2.2 KVA 

apparent power and 720E RMS line-to-line voltage are selected. The related calculations 

are given as follows;

Rectifier Calculation (assuming Ls=0 and Lik=0)

Since the rated supply RMS line-to-line voltage = 120F, from Equation (2.7), the 

average output voltage of each six-pulse SCR rectifier under ideal circuit condition is 

L̂i(2),owg -1  -35f}y cosa = 1.35 X120X cosa = 162cosa, where a  is the delay angle. From

Equation (3.8), the average output voltage of the 12-pulse rectifier with an inductive load 

is =1.93xl62cosûr = 313cos« and the average load current is

h,avg = L̂.avg I & =313cosa/i?y. When = 400 and a  -  30°, = 313cos30° = 271E

and =271/40 = 6.78/1 . Considering the transformer turns ratio, we

get/^y^g = 2 X 0.7884/y = 2 x 0.7884 x 6.78 = 10.7.1.

Per Unit Calculation

I f  s convenient to use per unit system to analyze the power systems. For the phase- 

shifting transformer, the base transformer apparent power 20KVAand the base

line-to-line voltage = 208E (RMS), then:

V 208
the base voltage Fg y. = = —j=̂ = 120V ;

V3 V3

the base current 7g y. = = ^0000 _
' 3Fgy. 3x120

P'aT 120the base impedance Z„t = —̂  = --------= 2.160;
55J6

the base angular frequency 0)gj = 2 ?rf = 2 7 1 x 6 0  = 7 ,1 1  rad / j  ;
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2̂  2 1 fi
the base inductance L „ r=  —^  = ——  = 5  l^ m H  •

’ (Og-, 377

the base capacitance C„ 7. = --------   = ---  = 1 .22Sm F .
tüerZgj  377x2.16

Therefore, %4.1Z^t. = 2.16 x 4.1% = 0 .08856^ , and the real value o f the total 

transform er leakage inductance = 0.235m // , or = 4 . 1 % x 5 .7 3 w //

= 0.235m H

F o r  th e  experim ental system , the base transformer apparent power =2.2KVA

and the base line-to-line voltage =120V  (RMS), then:

the base voltage Fg = = 69.28F ;
•v3 V3

c  2 7 0 0
the base current F  -  — — ~ ------------ = 10.585Z ;

3Fg 3x69 .28

the base impedance Z „ = —  = = 6 .5 4 5 0 ;
/g  10.585

the base angular frequency ODg = 2 t^  = 27t x  60 = 377rad  / s' ;

the base inductance L„ = = 17.36m // ;
 ̂ 377

the base capacitance C„ = — -—  =    = 405juF ;
^   ̂ AfgZg 377x6.545

the total transformer leakage inductance = 0.0135pw .
17.36m //

Ls Calculation

A  three-phase inductor bank is added to the circuit to emulate the actual occasions.

Choose Z, = Im H  ; then based on the experimental system, Ẑ  = Im H  = ~
17.36/w/z

= 0.057O p u , which is a reasonable value.
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Ia THD Calculation

From Equation (2.18), THD^  ̂ _ V a ,r m s — a \ , ^   ̂ the THD of the experimental
^A\,RM S

setup can be calculated based on Ia.rmsjbxp, the RMS value of the line current, and 

hi,RMS_exp, the RMS value of the fundamental component of the line current. By using the 

measurement function of the oscilloscope, we have h.RMSĵ xp- Through the FFT function, 

we can get the harmonic spectrum of the line current, of which the measured peak value 

is lAi,ms_exp- Thus the Ia THD of the experimental system can be obtained.

6.3 Software Programming and Hardware Implementation of the Experimental 

System

6.3.1 Software Programming

In order to generate SCR gating signals for the 12-pulse rectifier, the MC68HC11 

programs are designed. The software development is based on the MiniDE for personal 

computers.

6.3.2 Hardware Implementation

After the hardware connection and software programming, the whole experimental 

setup is ready for the following procedures;

Step 1 : Check the three-phase power supply. Use the oscilloscope to make sure that the 

amplitude and sequence of the three phase voltages are correct.

Step 2: Set the SW5250A to the designed voltage and current values, use the oscilloscope 

to check the voltage sequence, and output the three phase voltages to the phase- 

shifting transformer primary winding.

Step 3: Use the oscilloscope to measure the amplitude and the sequence of the output 

line-to-line voltages of the two transformer secondary windings, and feed them to 

the two six-pulse SCR bridges, respectively.

Step 4; Set the resistor bank to the desired values.

Step 5: Run the control circuit and output gating pulses to the 12-pulse SCR rectifier.

Step 6: Tune the delay angle a  to get the desired voltage and current waveforms, and 

record the results.
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6.4 E xperim en tal R esults 

Source V oltages

C h l R M S  1 1 8 V  C h2 R M S  1 1 6 V

Fig. 6-3 Measured source voltage waveforms.

Fig. 6-3 shows the line-to-line voltage waveforms o f the two transformer secondary 

windings, in which a 30° phase-shift can be observed. The measured RMS line-to-line 

voltages o f  the two windings are 118V and 116 V, respectively.

Z ero-C rossing  Signal

In Fig. 6-4, the sinusoidal waveform is the line-to-line voltage Vac o f  the wye- 

connected secondary winding, and the square waveform is the output signal vzc o f  the 

zero-crossing detection board. Vac is the phase A  zero-crossing reference signal, whose 

zero-crossing points are corresponding to the nature commutation points o f  phase in a 

three-phase system. Hence the delay angle a  could be measured w ith respect to the v, 

zero crossing points, which are corresponding to the rising and falling edges o f vzc-

ac
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Fig. 6-4 Measured Vac and vzc-

Gating Pulses Generated by the MC68HC11 Control Board

Fig. 6-5 shows the twelve gating pulses generated by the MC68HC11 control board. 

The condition of the plot is a=30° and pulse width=l20°. The applicable range of a  is 

from 1° to 179°.

"zc -

‘glj

‘S3J

‘i l j  -

‘t6 J

%

‘glj

‘g3J

(a) (b)

Fig. 6-5 Gating pulses generated by the MC68HC11 control board,

(a) Gating pulses for the T‘ six-pulse SCR bridge.

(b) Gating pulses for the 2"‘‘ sbc-pulse SCR bridge.
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It can be seen that the two sets o f  gating pulses are phase-shifted by 30°, which meets 

the gating requirement o f  the 12-pulse SCR rectifier. For the first gating pulse igi u the 

delay angle a  is measured right after the rising edge o f vzc- The phase displacement 

between any adjacent gating pulses in each set is 60°.

12-Pulse SCR Rectifier Voltage and Current Waveforms

Fig. 6-6 shows the measured voltage and current waveforms o f the 12-pulse SCR 

rectifier w ith the inductive load at a=30°. The simulation results are provided for 

comparison. Fig. 6-6(a) and Fig. 6-6(b) show the measured line current waveforms o f the 

two transform er secondary windings, respectively. A 30° phase shift can be identified 

w hen they are shovm on the oscilloscope simultaneously. From the harmonic spectrum, it 

can be seen that the 17**’ and 19*** order harmonics exist in the two currents and

produce a  THD o f  34.4%.

Fig. 6-6(c) shows the measured current waveform o f the transformer primary 

winding, which looks more like a sinusoid compared to Fig. 6-6(a) and Fig. 6-6(b). From 

the harmonic spectrum, it can be seen that the 5*, 7**’, 17**’ and 19**’ order harmonics are 

eliminated. Therefore the THD o f iz is reduced to 17.52%.

Fig. 6-6(d) shows the measured output voltage waveforms o f the two six-pulse SCR 

bridges. It can be measured that the phase shift between the two voltages is 30°. Fig. 6- 

6(e) shows the measured dc load voltage waveform o f  the 12-pulse SCR rectifier. 

Com pared to those in Fig. 6-6(d), the dc ripple frequency in Fig. 6-6(e) is doubled. Fig. 6- 

6(f) shows the measured dc load current, which has a mean value o f 5.41 A.

Since losses and fluctuations exist in the real system, the experimental results in Fig. 

6-6 have a  lower line current RMS, a higher line current THD, and a lower mean dc load 

current than the simulation results.
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6.5 Summary

This chapter presents the experimental verification of the performance of multi-pulse 

SCR rectifiers on a prototype of the 12-pulse SCR rectifier with an inductive load. From 

the experimental results, we can get the following conclusions:

• The 5*'’, 17̂ '’ and 19*'’ order harmonics exist in the transformer secondary winding 

line currents.

• The 5*'', 17*'’ and 19*'’ order harmonics do not exist in the transformer primary 

winding line currents.

•  The line current THD of the 12-pulse SCR rectifier is lower than that of the six-pulse 

SCR rectifier.

• The dc ripple frequency of the 12-pulse rectifier is doubled, compared to that of the 

six-pulse rectifier.

• Losses and fluctuations in the experimental circuit slightly influence the 

experimental results.

• The principle presented in Chapter 3 is verified.
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Experimental Result

C h l 5.00A M a th  2 .00A  125H z

Simulation Result

M ath  M ax 4 .52A  TH D = 34.4%I St ,
C h lR M S 4 .7 8 A  
(a) L ine current w o f  the six-pulse bridge. 

(Transformer secondary side line current)

r„ j-4 .8 9 A

-10

1 THD = 29.07 %
0.5

C h l 5. OOA M ath  2. OOA 125H z
C h l R M S  4 .78A M ath  M ax  4.52A  TH D = 34.4%
(b) L ine current ^ o f  the six-pulse bridge. 

(Transformer secondary side line current)

-10
1 THD = 29.09 %

0.5

10 15 20

M ath  2. OOA 125H zC h l 5 .00A
C h l R M S  9.33A  M ath  M a x  9.19A  T H D = 17.52%

(c) Line current 1a o f  the 12-pulse rectifier. 
(Transformer primary side line current)
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1 THD -  13.3%

0.5

10 15 20



Experimental Result

(d) Output voltages o f the two 6-pulse bridges.

Simulation Result

200

100

(e) Load voltage o f the 12-pulse rectifier.

300

250

200

Chn.OOA ChlMean 5.4M
(f) Load current o f the 12-pulse rectifier.

=5.946A

Fig. 6-6 Experimental results versus 
simulation results.



Chapter 7 Conclusions

M ulti-pulse SCR rectifiers are widely used in high power applications in industry due 

to their low line current Total Harmonic Distortion (THD) and high voltage capabilities. 

The main contribution o f  the thesis is to analyze the performance o f the six-, 12-, 18- and 

24-pulse SCR rectifiers with inductive and capacitive loads. The line current THD and 

the input Power Factor (PF) o f the rectifiers are investigated and the results are shown in 

graphics for engineering references. The principle o f the harmonic elimination through 

the phase-shifting transform is analyzed by Fourier analysis and positive/negative 

sequence analysis. Experimental verification is completed on a prototype o f the 12-pulse 

SCR rectifier.

As a basic three-phase controllable ac-dc converter, the six-pulse SCR rectifier is 

seldom applied in high power applications because o f its high line current THD, low 

input PF and voltage sharing problem occurred when SCRs are connected in series. The 

drawbacks o f  the six-pulse SCR rectifier could be overcome by using multi-pulse SCR 

rectifiers, in which six-pulse rectifiers work as the building block. The benefit o f  using 

multi-pulse SCR rectifiers includes:

•  The line current THD is reduced.

Under the same operating condition, the larger the number o f pulses, the more the low- 

order harmonics can be eliminated, and the lower the line current THD is. For instance, 

the THD o f  the 18-pulse SCR rectifier is lower than that o f  the 12-pulse rectifier.

• The output dc ripple frequency in the multi-pulse rectifiers is increased and the ripple 

amplitude is decreased.

The dc ripple frequency o f the 12-, 18- and 24-pulse rectifiers is increased to two, three 

and four tim es o f  that in the six-pulse rectifier, respectively. The peak-to-peak dc ripple 

amplitude decreases as the pulse number o f the rectifier increases. Therefore, it is easier 

to obtain a  ripple free dc output in the rectifier with a larger pulse number.
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• The voltage sharing problem in the in-series SCRs is avoided.

When SCRs are connected in series to handle high voltages, simultaneous operating of 

the SCRs has to be ensured. In multi-pulse rectifiers, the SCR bridges are connected in 

series rather than SCRs, and hence the voltage sharing problem of the in-series SCRs is 

avoided. The larger the number of pulses, the more SCR bridges should be connected in 

series, and the higher voltage the rectifier can handle.

Using phase-shifting transformers in multi-pulse SCR rectifiers can cancel certain 

low-order harmonics from the rectifiers’ line current. The principle of the harmonic 

elimination through phase-shifting transformers is analyzed by Fourier analysis and 

positive/negative sequence analysis. The harmonics that appear in the line current of 

multi-pulse rectifiers under normal operating conditions are the {kq ± 1) where q is the 

pulse number of the rectifier and A= 1,2,3...

In order to verify the performance of the multi-pulse SCR rectifiers, a prototype of the 

12-pulse SCR rectifier controlled by a microprocessor is designed and constructed. The 

experimental results show that the low-order harmonics, such as the and 7^, are 

eliminated firom the line current of the 12-pulse SCR rectifier. As a result, its line current 

THD is reduced substantially compared to that of the six-pulse rectifier.
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Appendix A MC68HC11 Programming

; 12 gating pulses generation for rectifier circuits 

; width o f  output pulse 120 degree 

; 1 interrupt

; ALPHA (1 -179  degree)

;define subroutine addresses located in EPROM 

INCHAR EQU $E55B;subroutine to get strings from keyboard 

OUTSTR EQU $E52F;subroutine to display strings on monitor 

WCTRL EQU $E096 ;subroutine to control LCD configuration

WDAT EQU $E0A3 ;subroutine to display strings on LCD

;Define addresses o f  HC11 registers used in this program 

TCNT EQU $100E ;timer counter register (free running)

T lC l EQU $1010;input capture register 1 

T1C2 EQU $1012;input capture register 2 

TIC3 EQU $1014;input capture register 3

TOCl EQU $1016 

TOC2 EQU $1018 

TOC3 EQ U $101A  

TO C 4EQ U $101C  

TOC5 EQU $ 10IE 

TCTL2 EQU $1021 

TM SKl EQU $1022 

TFLGl EQU $1023 

PACTE EQU $1026 

DDRD EQU $1009 

PORTA EQU $1000 

;PORTB EQU $1100 

PORTD EQU $1008

;output compare register 1 

;output compare register 2 

;output compare register 3 

;output compare register 4 

;output compare register 5 

;timer control register 2 

;timer interrupt mask register 1 

;timer interrupt flag register 1 

;pulse accumulator control resister 

;data direction for Port D 

;port A

;port B chip address, direct write to address 

;portD

;PERIOD EQU 2778 

;pulse EQU 1158 ;

ORG $6000
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89

00001100% 9 3  J 

00000100% 93d  

00000100% 93 d  

00000000% 93d  

00000000% 93d  

00000000% 93 d  

00000000% 93 d  

00010000% 93 d  

00010000% 93d  

00011000% 93 d  aONIlVO

00000000% 93d  

00000000% 93d  

00000000% 93 d  

00001000% 93d  

00001000% 93 d  

00001100% 93 d  

00001100% 93d  

00000110% 93 d  

00000110% 93 d  

00000010% 93 d  

00000010% 93 d  

00000000% 9 3d  VDNllVO

01100000% 93d  

01100000% 93d  

00110000% 93 d  

00110000% 93d  

00011000% 93d  

00011000% 93d  

00001100% 93d  

00001100% 93d  

00000110% 93d  

00000110% 93d  

01000010% 9 3d  

01000010% 93d  99NL1V0



FC B % 00110000 

FCB % 00011000

PATTI FCBO 

NO C l FCBO

;messages to be displayed on PC monitor (CRT) or LCD

CRTMSGl FCC 'DELAY ANGLE:’

FCB $0A ;Iine feed

FCB $04 ;string terminator

CRTM SG l FCC 'DELAY ANGLE RANGE: 1 TO 179'

FCB $0A  

FCB $04

LCDM SGl FCC 'DELAY ANGLE:' ;LCD message

ENDMSG FCB $04

;reserve RAM locations

RB ALPHA RMB 3 ;storage memory for delay angle from keyboard

N U M l RMB 1 ;number o f  digits for delay angle from keyboard 

BUFFER RMB 3

ALPHA D FCB 10 ;delay angle ALPHA in degrees

ALPHA FCB 920 ;delay angle ALPHA in # o f  counts

D30 EQU 2778 ;30 degree in # o f  counts

;---------------------------MAIN PROGRAM------------

;program initialization

; ORG $00E8 ;IC1 interrupt vector

; JMPINTER6

; ORG $00E5 ;IC2 interrupt vector

; JMP INTER7
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ORG $00E2 ;IC3 interrupt vector

JMP INTERS

ORGSOODF ;0C1 interrupt vector 

JMP INTER!

ORG $OODC ;0C2 interrupt vector

JMP INTER2

ORG $00D9 ;0C3 interrupt vector

JMPINTER3

ORG S00D6 ;0C4 interrupt vector

JMP INTER4

ORG $00D3 ;0C5 interrupt vector

JMP INTERS

ORG $6500

LDS #$7FFF ;set stack pointer

LDAA #$80

STAA PACTL ;set bit 7 of port A as output pin 

LDAA #$38

STAA DDRD ;set bit 5,4,3 of port D as output pin

LDAA #$89 ;clear OC and IC interrupt flags

STAA TFLGl

LDAA #$01 ;input capture on IC3 rising edge only

STAA TCTL2

LDAA #$89 ;allow OC and IC interrupt requests

STAA TMSKl

LDAB #30 

LDAA #92 

MUL 

STD#D30

convert 30 degree to # of counts 

60Hz, 1 degree=92 Eclock 

D=AxB
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CLI ;interrupt enable

MAIN LDX#CRTM SG l ;display message on PC monitor (CRT)

LDAA 0,X  

JSR OUTSTR

JSR GETCHAR ;get strings from keyboard 

JSR LCD DSP ;display duty cycle on LCD 

JSR CONV ;data conversion

JMP MAIN

;------------------------- SUBROUTINE GETCHAR-

;get characters from keyboard

GETCHAR LDAB #0 

STAB NU M l 

LDY #KB_ALPHA

START JSR INCHAR 

LDAB NUM l 

CMPB #0 

BEQ NEXT  

CMPA #$0D  

BEQ CHECKl

;make sure the inputted value is correct 

NEXT CMPA #$39 

BHI ERROR 

CMPA #$30 

BLO ERROR 

STAA 0,Y  

LDAB NUM l 

INCB 

CMPB #4
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BHS ERROR 

STAB NUMl 

INY

BRA START

CHECKl LDAA NUMl

CMPA#1 

BEQ CHECK2 

CMPA #2 

BEQ ENDD 

LDAB KB_ALPHA 

CMPB #$31 

BEQ CHECKS 

BRA ERROR 

CHECK2 LDAA KB_ALPHA

CMPA #$31 

BLO ERROR 

JMP ENDD 

CHECKS LDAAKBALPHA+l

CMPA #$37 

BLO ENDD 

BHI ERROR 

LDAA KB_ALPHA+2 

CMPA #$39 

BHI ERROR 

JMPENDD

ERROR LDX #CRTMSG2 ;display error message on CRT

LDAAO,X 

JSR OUTSTR 

BRA GETCHAR 

ENDD RTS

•----------------- SUBROUTINE LCD DSP--------------------------

;LCD display

LCD DSP LDAA #$01 ;LCD initialization 

JSR WCTRL 

LDAA #$02
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JSR WCTRL 

LDAA #$38 

JSR WCTRL 

LDAA #$0C  

JSR WCTRL

LDY #LCDMSG1 

LOOP2 CPY #ENDMSG ;compare index register Y,

BEQ NEXT5 ;display a message on LCD one character by

LDAA 0,Y ^another until the end o f the message.

JSR WDAT  

INY

LDAA #$06 

JSR WCTRL 

BRA LOOP2

NEXT5 CLR BUFFER ;display duty cycle on LCD 

LDY #KB_ALPHA 

LOOPl LDAA 0,Y  

JSR WDAT  

INY

INC BUFFER 

LDAA BUFFER

CMPA N U M l ;check if  all the digits are displayed

BEQ NEXT6

LDAA #$06

JSR WCTRL

BRA LOOPl

NEXT6 LDAA #'D' 

JSR W DAT  

RTS

;display 'D'

;----------------------SUBROUTINE CONV--------------------------

;convert delay angle in hexadecimal to decimal and then number o f  

;E-clock cycles
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CONV LDAA NUMl ;check # of digits (duty cycle)

CMPA #1 

BEQ SINGLE 

CMPA #2 

BEQ DOUBLE

LDAA KB_ALPHA ;if it has 3 digits, convert the 1st to decimal 

SUBA #$30 

LDAB #100 

MUL

STAB BUFFER

LDAA KB_ALPHA+1 ;convert the 2nd digit to decimal

SUBA #$30 

LDAB #10 

MUL

ADDB BUFFER 

STAB BUFFER

LDAA KB ALPHA+2 ;convert the 3rd digit to decimal 

SUBA #$30

ADDA BUFFER 

STAA ALPHA_D 

BRA CALULAT 

SfNGLELDAA KB ALPHA 

SUBA #$30 

STAA ALPHA_D 

BRA CALULAT 

DOUBLE LDAA KB_ALPHA

SUBA #$30 

LDAB #10 

MUL

STAB BUFFER 

LDAA KB ALPHA+l 

SUBA #$30 

ADDA BUFFER 

STAA ALPHA D

;ALPHA_D=lxx degree

;convert the single digit number to decimal

;ALPHA_D=x degree

;if it has 2 digits, convert the 1st to decimal

;convert the 2nd digit to decimal

;ALPHA_D=xx degree

CALULAT LDAA #92 

LDAB ALPHA D ;convert delay angle to # o f Eclock counts
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MUL ;D=AxB

STD ALPHA

RTS

;------------------------- IC3 interrupt service routine ■

INTERS LDD TIC3

ADDD ALPHA

STD TOC5 ;bridgel

LDAA #$01 ;cIearIC3F

STAA TFLGl

RTI

;-------------------- OC5 interrupt service routine-

INTER5 LDAB #% 01000010 

STAB $1100 

LDAB #%00000000 

STAB PORTA 

LDAB #% 00011000 

STAB PORTD

LDDTOC5  

ADD D #D30 

STD TOCl

LDAB #$08 

STAB TFLGl

RTI

;--------------------OC 1 interrupt service routine—

INTERl LDAB NO Cl 

CMPB #11 

BEQ LASTPUL 

INCB

STAB NO Cl
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LDAB PATTI 

INCB

LDY#GATINGB

ABY

LDAA 0,Y 

STAA $1100

LDY#GATINGA

ABY

LDAAO,Y 

STAA PORTA

LDY#GATINGD

ABY

LDAAO,Y 

STAA PORTD

CMPB #10 

BLS NEXTl 

LDAB#0 

NEXTl STAB PATTI

LDD TOCl 

ADDD #D30 

STD TOCl

BRA QUIT

LASTPUL LDAB #0 

STAB NOCl

QUIT LDAB #$80 

STAB TFLGl 

RTI
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Appendix B THD and PF Curves of the Six- and 

Multi-pulse SCR Rectifiers

T H D  o f /  a t  a=<r T H D  o f /^  a t L j= 0 .1  p  ii.
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