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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 semiconductor device widely
used in high power conversion and control in industry. Modern 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 applicatibns of SCRs in

industry [3,4].

The switching operation of SCRs in a rectifier produces a series of 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 of /¢q/6 under certain

conditions [1], in which ¢ is the pulse number of 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 of 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 of 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 Harmonic 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)

L./ <11 11<h<17 | 17<h<23 | 23<h<35 35<h TDD (%)
<20* 4.0 2.0 1.5 0.6 0.3 ol
20<50 | 7.0 35 2.5 1.0 0.5 8.0
50<100 10.0 45 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 /,./ I;.

Where

I, = maximum short-circuit current at PCC.

I; = 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 connection

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

certain frequency to a harmful level [6-7].
(i1) 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].
(11)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 of 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 of the six-pulse SCR rectifier, and then
steps into multi-pulse SCR rectifiers, which overcome shortcomings of the six-pulse SCR
rectifier. The objective of the thesis is also presented. At the end of the chapter, the

outline of the thesis is provided.

1.1 Introduction of the Six-pulse SCR Rectifier

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%, 11™ 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 of

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

Kscr, K
Yot L,  Kscr,X X

o»Oor

VN
N
VN

Z
)

Fig. 1-1 Configuration of 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 cannot handle.
Voltage sharing is the main problem of the component in-series connection. Fig. 1-1
shows the configuration of the six-pulse SCR rectifier with two devices connected in
series. The two SCRs, for instance SCR;, and SCR;;, should be turned on (or turned off)

simultaneously. If 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. 1-2(a) shows the inductive load condition, for example load
commutated current source inverter powered motor drives or high-voltage direct-current
transmission systems. Fig. 1-2(b) shows the capacitive load condition, such as high power

battery chargers or dc motor drives.

LT 3
3 3 :
3 zif] 3

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

=
—B—| [—Bk—
L]
RS
hY!
pA

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 of the phase-shifting transformer.

The details of 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 of high power motor drive systems.

1.3 Thesis Objectives

As multi-pulse SCR rectifiers overcome shortcomings of the six-pulse SCR rectifier
and play an important role in high power applications, the main objective of the thesis is
to analyze the performance of 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:

e To use computer simulation to investigate the performance of the six-pulse SCR
rectifier and multi-pulse SCR rectifiers with inductive and capacitive loads.

e To compare the performance of the six-pulse rectifier and multi-pulse rectifiers by
providing voltage and current waveforms under different load conditions.

e To derive formulas for evaluating rectifiers’ performance, such as the average
load voltage and current, the RMS and THD of the line current, as well as the
input PF of the rectifier.

e To analyze the harmonic elimination theory by Fourier analysis and
positive/negative sequence analysis, respectively.

e To o.btain the line current THD and the input PF under different operating
conditions by simulations.

e To verify the performance of 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 Tectifiers,
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 of six SCR devices. It is also the building block of multi-pulse SCR rectifiers.
For example, a 12-pulse SCR rectifier consists of 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) of various rectifiers is of great interest owing to the
need of 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 of

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

This chapter presents the performance of the six-pulse SCR rectifier with inductive
and capacitive loads. Voltage and current waveforms are provided to show the operation
of 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 of 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

§SCR, Z§SCR3 2§SCR5

Xscr, Kscr, Kscr,

Fig. 2-1 Circuit configuration of 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, =2V, sin(ar), 2.1)
. 2
v, =2V, sm(a)t - T)’ (2.2)
. 4z
v, = \/EV,,H sm(a)t - T) . 2.3)
The corresponding line-to-line voltages are:
v, =v,—v, =2V, sin(a)t+%), 2.4)
. 7 | |
Yy, = «/EVLL sm(a)t — —2—] , 2.5)
. Tz
v, =2V, sm(a)t—?), 2.6)

where Vpp is the RMS value of the phase voltage, V7, is the RMS value of the line-to-line
voltage, and @ is the angular frequency of the supply voltage.

L, 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.

L; 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 L, is infinite, and then the inductive load

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

2.1.2 Circuit Operation with L~0
The discussion of the six-pulse SCR rectifier begins with the ideal circuit condition,

under which the line inductance L, is zero.



1) Load Voltage and Current

Since the gating pulseé control the conduction of the SCRs, the output voltage of 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 o, the lower
the line-to-line voltage will be. Note that the range of the delay angle o is from 0 to &

radians.

VVQL/—W—V—\/—\, el eemtenl el mmmeel el
3 \‘."} va:‘\\{: V‘:‘ I vbc" vba’ | vca’ g ch :
0 0 v >
\\\\\ Ta=0 T T e

AANKNANAN
\V“V““““5WWJ~'

a= n/2 a=n
Fig. 2-2 Load voltage waveforms of the six-pulse SCR rectifier with inductive loads at L=0.
Wi -
P - Y
0 /6 (n/6)+a (n2)ra
Fig. 2-3 Calculate the average load voltage ¥V avg at Ly=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

aread, | R | G ) ( ﬂj
= = dlot)=—— v sin| o + = |d(or
Lag =T 3 T s ef6+a Yab ( ) /3 rlera¥ <L 6 ( )

= ﬂVLL cosa =135V, cosa
/4

; @.7)

where V] 4, 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. iscry, iscrs and
iscrs are the currents passing through SCR;, SCR; and SCRs, each of which conducts for
27 /3 radians in one supply voltage cycle in turn. The similar condition happens to
SCR;, SCR; and SCRs as well, because at any moment there must be two SCRs
conducting, one (SCR;, SCR; or SCR5) connected to the positive pole of the rectifier
bridge, and the other (SCR,, SCR, or SCRy) to the negative pole, to let the current flow.
The waveform of igcg; and igcgg are not shown in Fig. 2-4, but they can be easily obtained
by referencing to the iscrs waveform. The line current of phase A can be calculated by i,=
iscri-iscre. Thus i, consists of a positive part and a negative part, which are contributed by
SCR; and SCR,, respectively. i; is the load current, which is the sum of iscr;, iscrs and

iscrs. I stands for the amplitude of ;.

Since the average load current /; 4, can be obtained by

Ve
IL,avg = LI,Z £ b (28)

I, equals to Iz gvg.

10
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Fig. 2-4  Current waveforms of the six-pulse SCR rectifier with inductive loads at L~=0.

The RMS value of the dc load current equals to its average value, i.e.:

]L,RJMS = [L,avg . (2.9)

The load power is defined as:

P, =124 xR. (2.10)

Since SCRs in each phase conduct one-third of one supply voltage cycle (27/3

radians), we have

_ L @.11)

I SCR,avg ~— 3 >

where Iscr v is the average current in each SCR.

11



2) Line Current
RMS Value of the Line Carrent
Based on Fig. 2-4, the RMS value of the line current can be calculated by

£, ) d(e)

1
Ia,RMS Zf_
1 /3

= 2, P )+ (2 1, Y d(on)+ £, (1, d(a)]. 2.12)

2

- \EIL =0.8161,

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 i, can be calculated.

In Fig. 2-4, i, is shown as an even function with period T=2z Thus it can be

expressed by the following Fourier Series:

ia(a)t)=-azi+§lan cos—;;[—za)tz%+'%a" cosnax, (2.13)

where ay s the dc component in i,, which is zero, and a, is defined as

_ e . hr _ z .
a4, =0 71, (wt)cos o otd (o) — i (wt)cos naxd(ax)

=%[g'/3 1, cosnard(wt)+ E;B(— 1, )cosna)td(a)t)] . (2.14)

= 2 sin(ﬂ) +sin Zn—”} (n = 0,1,2,---)
nm 3 3

Calculate the coefficient a,, and consider @, the phase angle of i,; with respect to v,, we

have:

i, =1.11,[cos@x —¢) —lCOSS(aI —-¢l)+lcos7(at—¢l)
5 7

{ i (2.15)

—1—10051 Wx _¢l)+E°0513(“t_¢|)—‘“]
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It can be noticed that there is no triplen harmonics (3“’, 6th, 9“’, 12"‘...) in i,, because the

rectifier is a balanced three-phase system.

Rewrite equation (2.15) as:

i,= S2I,cosn(et—¢,), (2.16)

n=1,57.11

where I, is the RMS value of each harmonic component in i,, then the RMS value of i,

Iy uss = ,/ 21 (2.17)
n=1,5711

I2 0 — 1
THD, = \/ a,RMS ~ “Lal,RMS (2.18)

2

can be expressed as:

The THD of i, is defined by:

al,RMS
where I; rus 1s the RMS value of i,;, the fundamental component of i,. From equation
(2.15), the amplitude of i,; can be obtained by:
I,,=11, (2.19)

then

I
Lo pass =—7==0.781, . (2.20)

V2

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

I s ~Lovwus _(08161,) —(0.781, )
0.781,

THD, = J =0311. (2:21)

al,RMS

3) Input PF of the SCR Rectifier
In a balanced three-phase system, the power factor of the system is equivalent to that of

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

the fundamental component of the phase current, i.e.:
l )T

P=— v i d(wt)=V,1I, cosg,. (2.22)
T

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

ie.:

13




(2.23)

Then the power factor is:

_P_Vilacosh _la
s Vi 1

a

PF cos¢, = DF x DPF . (2.24)

where DF is the distortion factor that is defined as: DF =1,/1I,, and DPF is the
displacement power factor that is defined as: DPF = cosg,. In the SCR rectifier circuit,

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

cosg, = cosa. From THD =12 — I /1., we have I,,/1, =1/[{l+THD ); therefore

DPF cosa

PF = -
VI+THD?  1+THD?

=0.955¢c0s@ . (2.25)

2.1.3 Circuit Operation with L0
1) Commutation Interval and Corrected Load Voltage and Current

In Fig. 2-1, when the line inductance L; 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 SCR;
and SCR;3. Fig. 2-6 shows the voltage and current waveforms with L#0. In Fig. 2-6(a),
due to the L;, the current in SCR, reduces from I to zero gently and the current in SCR;

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

Fig. 2-5 Commutation between SCR; and SCR;.

14
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Fig. 2-6 Voltage and current waveforms with commutation intervals.

During the commutation interval ¥, as SCR; and SCR; 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
Kirchhoff’s Voltage Law (KVL) at node P in Fig. 2-5, we have

di di
=v,—L—%=v,- L —=F, 2.26
vP va s df vb 's dt ( )
From which:
v,+v, L, (di, di, '
== -t 2.27
PETSTT ( i dt (227)
Since di, = —ﬂé— , then
dt dt
d,  H g (2.28)
dt dt
Hence
y, =YtV (2.29)
2
The shaded area 4, in Fig. 2-6(b) can be expressed as:

4, =27 (v, —vp)d(ax). (2.30)

) di, .
Since v, —v, = L, —>-, we can write
dt

15




A, = j:”L,fgt”—d(a)t)= L oL di, = oL,I,. | (2.31)

Then the average dc voltage loss is:

AV=_AiV_=3_“_’IiIL. (2.32)
/3 /1
From equation (2.32), we know that the average dc voltage loss is proportional to L, and

I1. The corrected average load voltage V4. ¢ and current I 4y, o are:

Vieg e =Viag =AY, (2.33)
V
IL,avg_c = L»"I‘ég_c * (234)

The commutation interval can be calculated by

Ay =7 = (o) = (77, -2 dor) = 27722 )
. (2.35)
= %[cosa - cos(a + y)]= wL I,

where

V2L, ILJ —a (2.36)

y =cos” (cos o -
LL

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 L,. Consequently, a
longer commutation interval occurs. On the other hand, a larger L, will extend the
commutation interval as well. A longer commutation interval makes the amplitude of i ;
higher. As a result, the line current THD becomes lower. Fig. 2-7(a) shows the line
current THD curves at different L; values, in which the THD decreases as the L;

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

same L,, the THD increases when o increases.

Fig. 2-7(c) shows the PF curves. From PF = DPF [~/1+THD? , we know that the PF
is related to THD and DPF. At any fixed o, when the load current I; decreases, the RMS

16



value of i, decreases. As a result, the phase displacement ¢; decreases, the DPF (=cosg;)

increases, and the PF increases.

THD ofi, at a=0°

THD (%)
(W]
oo

A:L=0.05p.u
22| B:L=0.10p.u. C
C:L=0.15p.u.

0 02 04 06 08 |
I,(u)

(a)
Fig. 2-7

THD of, at L=0.1p.u Input PFat L =0.1 p.u

< 31 w1
~ (-]

E 30 0.8 B
29 < ] Cc
B 0.6

28 .
27| B:o=40° B: a=20°
A a=20° C: a=40°
26 0.2
0 02 04 06 08 1 0 02 04 06 08 1
I, () I, (pu)
(b) ©

THD and PF curves of 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 of C reaches iriﬁnite, the capacitive load can be replaced by a dc voltage source

with amplitude E. L; 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 emf of a dc motor, or the rated voltage of a rechargeable battery.

Z§SCR, Z§SCR3 2§SCR,

IL """"""""""""

>
»-

L8
71
S
AYAYAY;
]
&
il
|

Fig. 2-8

4
Kscr, Kscr, Kscr,

o—

Circuit configuration of 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 vy is greater than E and the related SCRs are triggered, the
line current i, increases gradually and reaches to a peak, at which v;;=F; then it begins to
decrease till reaches zero. As a result, two humps appear in the positive half cycle of .
The same phenomenon happens to the negative half cycle of i, as well. The load current

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

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, F is close to the peak of v;;; therefore the load current iy could be
discontinuous. As the.load becomes heavier, a bigger current will be drawn, which causes
a larger voltage drop across Lg; 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 The Line Current THD and the Input PF

As L; increases, the rising and falling rate of each hump in i, decreases, and the
current waveform becomes slightly smoother. In addition, the amplitude of the load
current impacts the shape of i,. A higher amplitude results in a quite smoother current
waveform. Fig. 2-10 shows the waveform and the harmonic spectrum of I,;= 0.2 pu and
I,;= 1.0 pu, respectively, where /,; is the RMS value of the fundamental component of i,.

It can be seen that as I,; increases, the shape of i, turns smoother, and the THD of i,

becomes lower.

iatl =1 p.u. witha=20°, L =0.1 p.u. Harmonic Spectrum of i_at / =1 p.u. witha=20°, L =0.1 p.u.

40 o1
i . = I, =lpu
“ = THD=34.86 %
i 1.414 Y
“ v 3
0 0.5
\‘ ’ / 5th
J 7th 11th 13th 17th 19th
40 0 [ A N LA . " .
0 5 10 15 20 25 30
(a) Frequency (p.u.)
i atl =02 p.u witho=20°, L =0.1p.u. Harmonic Spectrum of i, at [, =0.2 p.u. witha=20°, L =0.1 p.u.
10 - 1
i 2 1,02p.u
A = 0 THD=72.93 %
i, 0282 5 3t
0 v 3
0.5 7th
'J 11th 13th 17th 19th
-10 0 AN A A -
(b) 0 5 10 15 20 25 30
Frequency (p.u.)

Fig. 2-10 Waveform and harmonic spectrum of Z,; =tpu and Z,; =0.2pu.

Fig. 2-11(a) and (b) show the THD curves at different value of L;, I,; 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 L, values. It can be seen that a larger L, increases the input PF

under lighter load conditions, but the PF could not be improved much under rated load.
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% w B:L=0.10pu. | Z 120 B: q=40° C
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60 80 0.8
40 60 07 A:L=005p.u.
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20 . : : : 20 . . : - oL
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I,(pu) I,(p.u) I, (pu)
Fig. 2-11 THD and PF curves of 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:

e 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 o, and the line inductance Lj.
The L, causes the commutation interval, which impacts the line current THD. The
input PF is a function of the THD and the DPF.

e For the capacitive load condition, the line inductance L; 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.

e 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 transformer and a couple of 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 of 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 of 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-Pulse SCR Rectifier with Inductive Loads
3.1.1 Circuit Configuration

Fig. 3-1(a) shows the configuration of the 12-pulse SCR rectifier with an inductive
load. The rectifier is composed of 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 (7; and Ty»), feeding the
two six-pulse SCR bridges. One of the secondary winding is wye-connected and the other
is delta-connected. The different connection of the two windings results in a 30° phase
displacement between their line-to-line voltages (wye-connection is leading). The dc
outputs of the two six-pulse bridges are connected in series to supply a dc load. Fig. 3-

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

load in Fig. 3-1(a).

21



.
"+ Ik i
as! ;’aﬂ ®_rvm Yok
T

3: iasz
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(b) Simplified diagram
Fig. 3-1 12-pulse SCR rectifier with an inductive load.

Note that in Fig. 3-1, L, represents the line inductance between the power supply and
the phase-shifting transformer, and L, 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:

Vas _ Vs _
Van Vo 3.1
N, 2,
Ny (3.2)
st -\/5, ( . )
O=LV - LV 3 =0°, 34
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8 =LV, py— LV 5 =—30°, (3.5)

where V,;, V,,;, and V,,,, are RMS line-to-line voltages of windings 7,, T;; and Tiz; N >

N, and N, are the number of turns in each phase of 7, T;; and Ti; & is the phase

displacement of v,,, and v,,,, with respect to v, . Since 7, and T, are both wye-

connected, there is no phase shift between their line-to-line voltages. Ty is delta-connected,
and thus its line-to-line voltages are -30° phase shifted with respect to the line-to-line

voltages of T,

3.1.2 Voltage and Current
1) Voltage and Current Waveforms

Fig. 3-2 shows the waveforms of the 12-pulse SCR rectifier under ideal circuit
condition (L, =0 and L, =0). Fig. 3-2(a) and Fig. 3-2(b) show the voltage waveforms
at a=0and o = 77:/3, respectively, where v;; and v;, are the dc output voltages of the
two six-pulse SCR bridges, and v; is the load voltage; i.e. v;= vyt v;,. It can be noticed
that both v;; and vz, have six ripples in one supply voltage cycle. Since there is a 30°
phase shift between the transformer secondary windings’ line-to-line voltages, v; has
twelve ripples in one supply voltage cycle. The peak-to-peak amplitude of the ripple

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

Fig. 3-2(c) to Fig. 3-2(f) show the current waveforms, where i4, i,; and i are line
currents of windings T),, Ty; and Ty; s’ and i, are values of i, and i, reflected to the
transformer primary side; #; is the load current with amplitude I1; iscrs_ and iscrz ; are
SCR; currents of the two SCR bridges, respectively. Fig. 3-2(d) shows that on the
transformer secondary side, i, and iy are identical, but with a 30° phase shift. On the
transformer primary side, i, and i, are in phase with iy, and their summation is i4. On
both sides of the transformer, i, and i, are identical in shape, but have different

amplitude due to the turns ratio; iu2 and i  have different shapes because of the 30°

phase shift.

23



1.0771,

L
0.78857, \ i
0.577, N iy I .
0.51; A — it J L
028851, 5 o2

n/6 n/3 n2 L:t f —

(c) Transformer primary side currents

l Loz
I R | I
0 Iy 4 | -
ol \‘\ I\\, k o/ I
‘\ y 1 \\ \ g \ ) A\ X " -.\' 5 -IL
\ ' (d) Transformer secondary side currents
VA A NE R
(b) Bridge output voltages at a=n/3 ]
I, T = Iscra s | =
I iSCRl_I | I
0 — —
1‘{7% (e) Currents in SCRs
A =
i
0
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Fig. 3-2 Voltage and current waveforms of the 12-pulse SCR rectifier with inductive loads.

2) Average Load Voltage

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

1'/Ll,avg = VL?.,avg

=135V, cosa, (3.6)

where V}, ,, and V}, . are the average values of v;; and vy, respectively. Fig. 3-3

shows the phasor diagram, in which 7} is the phasor summation of V;; and V7, Thus

V.o 12> the average value of v;, can be calculated as follows:

Viwg 12 = V2| =V + V12| =1.93%(1.357,,, cos ). 3.7
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Fig. 3-3 Calculate the average load voltage of 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 of i4 can be calculated by:

Ly pus = \/_ " a)t)

N ﬁ[ "*(0.28851,) + [[,2(0.78851, ) + [[/X(1 0771)]

0.62161, =0.78841,

(3-8)

Compared to equation (2.12), this RMS value is lower than that of the six-pulse rectifier

due to the harmonic elimination in the line current.

3.1.3 Analysis of Harmonic Elimination
1) Fourier Analysis
1a) Phase displacements of harmonics in the delta-connected winding line current

when the transformer is -30° phase shifted.

5=-30°

Fig. 3-4 Find the phase displacements of 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, i,, ,, and i,, ,, are phase currents of the delta-connected secondary
winding, and the line current i,, =4,, ,, —i, , - If write the Fourier series of the primary

line currents as follows:

I, = I[cos(ax‘)—%cosS(a)tﬁ %cos 7((01‘)—%C081 l(a)t)+%cosl3(a)t)—-' -}, 3.9)

cos(ar +120°)— —;—cos (ot +120°)+ —;—cos (ot +120°)

P =1 (3.10)

—%cosll(a)t +120°)+%cosl3(a)t+120°)_...

where [ is the amplitude of the fundamental component of i,. Assume the transformer

turns ratio is 1/+/3 , then we can write the Fourier series of he g and i, , as:

ba ph = —j—;[cos(wt)—%cosS(cot% %cos7(a)t)—%cosl l(a)t)+%cosl3(wt)— - ] ,

(3.11)
1 1
cos{ar +120°)——cos S{ar +120° )+ —cos 7{ax +120°
| :L( )-cos 5 )+ —cos7( ) o)
l2c_ph ﬁ 1 1 >
—1—1-cosl ot +120°)+ Ecosl3(a)t +120°)—---
Thus the Fourier series of i,, is:
cos{at - 30°)- %cos(Sa)t +30°)+ %cos(7a)t - 30°)
i2a = i2a_ph - iZC_ph =1 1 1 s
- ryeos(i1er +30°)+ cos(i3ar ~30%) - (.13)

Compare equation (3.9) with (3.13), we can see that the phase displacement
8 = Liy, - Li,, (=1,2,3,...)is either +30° (for fundamental, 7%, 13%, ...) or —30° (for

5™ 11™, ...). This conclusion will be used in section 1b).
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1b) 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 of i, as:

i =111, [cos(cot)—%cosS(a)tﬁ %cos 7(@)—%cosl l(a)t)+ %coslB(a)t)— . } . (3.19

Since iy lags iz by 30°, thus the Fourier series of i, can be written as:

cos(wt — 30°)—%cos 5(ax —30°)+ —1~cos 7{wt —30°)
fap =L1L,| 1 7 . (3.15)
—l—lcosl 1wt —30°)+Ecosl3(wt ~30°)—---

Based on transformer turns ratio of Vas. = ;fi =2, the Fourier series of iy’ is:
albl alb2
. 1
ig= L1, [cos(a)t) 1 cos S(a)t) +—cos 7(a)t) L cosl l(a)t) +- L cosl 3(&)1‘) e ] ;
5 7 11 13 (3.16)
by using the conclusion in section 1a), we can write the Fourier series of ig;” as:
(cos[(a)t —30°)+30°] - %cos[S(a)t ~30°)-30°]
i =L L L s 7(ar - 30%)+ 3097 — 2 cos[1 (e — 30°) — 30°]}
2 7 11 (3.17)
+ 1—13—cos[l3(a)t —30°)+30°]—--
Therefore, the Fourier series of the total line current i4 can be obtained by:
. . 1 1 1
=1 ., =1.11 t }— —cosll lax )+ —cos(13ax }——cos(23w¢ ) +...
o = iy = 11, cos{or)~ rcos(t ax) s s cos(130x)—cos(23) ] -

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 v,
2n/3 2n/3
v, v,
-2n/3 -27/3
g Ve
(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, =1, sin(ar), (3.19)
=1, sin(a)t - 23@) , (3.20)
i=1, sin(a)t+23£). (3.21)

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

i, =1, sin(ax), (3.22)
. . 2z
i, =1, sm(a)t + T) , (3.23)
. . 2z
i=1, sm(a}t —T) (3.24)

For the 5" order harmonic currents, we can write the following equations:

Lo sin = L5 SINS(aX) , (3.25)
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sy =I5, 80 S(ax‘ - 2%[) =1, sin(Sa)t + %75), (3.26)
I, sm = I, sin S(a)t + 2%) =1, sin(Sa)t - %ZJ ] (3.27)

Hence the 5™ order harmonic currents are negative sequence currents. Similarly, we can
prove that the (5+6k)" (k=0,1,2,...) order harmonics are negative sequence currents, and

the (7+6k)™ (k=0,1,2,.. .) order harmonics are positive sequence currents.

Passing through a phase-shifting transformer, if the positive sequence voltages or
currents shift an angle @, the negative sequence voltages or currents will shift an angle
-®. Fig. 3-6 shows an example of the phase-shift condition of the fundamental

component ( /;), one positive sequence component ([, ) and one negative sequence
component (/) in a current. It can be seen that 7, and I, are phase shifted in the same

direction, but I is shifted in the opposite direction.

{,, I, output (with phase shift @)

oD
o 1,, I, I, input (no phase shift)
I output (with phase shift —®)
Fig. 3-6 Phase shift of 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 I, rotates at the angular frequency

w, the 5" order harmonic current I, will rotate at the angular frequency S, and the 7
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order harmonic current 7, will rotate at the angular frequency 7. As a result, when ],

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

In the 12-pulse rectifier, i, |, are the fundamental components of the two

and i

as2 _lst
secondary line currents i, and i, respectively. At any instant time, i, ,, lags i,
by -30°; thus the 5" order harmonic 7,,, s, 1ags 7,y s by 5x(-30°)=-150°, and the 7"
order harmonic i, ,, lags i,, ,, by 7x(-30°)=-210°. After being reflected to the

primary side, i, " has no phase shift with respect to Z,, but i, has different phase shift

in its reflected components: i, ,., and all positive sequence components in i, are 30°

phase shifted with respect to those in i, and all negative sequence components in iy’
are -30° phase shifted. As a result, i{;_s_z_m becomes —30°+30°=0° lagging to i;,sl_ls,;

i3 su 18 —150°~30°=—180° lagging to i, 5,; and i, ,, is —210°+30°=-180°

a.

lagging to i, ,,. Since the amplitude of 7, 5, and i, , are the same, the summation

of them is zero. So do i, ,, and i,, ,,. Because the line current i, =i, +1,,, the 5"
and 7™ order harmonics are zero in i4. The phenomenon applies to all harmonics in iy
except the (12k+1)" order harmonics (k=1,23,..) . Therefore, there is only the

(12k £1)" order harmonics (k =1,2,3,...) in i4. Fig. 3-7 summarizes the phasor relation of

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

rectifier.

-30° winding's 5, 7%, €— — 0° winding's 5, 7%,
17" and 19t 17% and 19%
Fig. 3-7 Phasor relation of the reflected harmonics being cancelled in the

primary winding of the 12-pulse SCR rectifier.



3.1.4 The Line Current THD and the Input PF

Under ideal circuit conditions, the THD of the secondary and primary line currents of

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

2 2 2 2 2
:THD,'aszz\/Ia[_[a] :‘\/]ai +1a7 +Iall +1a132+"

al [

al

THD

iasl

“=31.1% (3.28)

2 2 > 2 2 2
THDiA=J]A — I =\/[A11 Ay AL+ s T 1530 (3.29)

Al ]Al
It can be seen that the THD of iy reduces about 50% compared to that of ia; and i,

owing to the elimination of harmonics in i4.

Fig. 3-8(a) shows the harmonic content of i,; and iy, where the 5™ and 7" order
harmonics have quite high amplitudes (about 20% and 13%), and the THD of iy OF igs2is
28.73%. Fig. 3-8(b) shows the harmonic content of iy, 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 spectrumofi  and i ,

= 1
Z THD=28.73 %
8
3

0.5

Sth 7th
11th 13th 17th 19th 534 55eh
0
0 5 10 15 20 25 30
Frequency (p.u.)
(a) “
Harmonic spectrum of i,

3! THD=12.89 %
e =12. (]
5
=
S

0.5

11th 13th 23rd 25th
0 L .—A_JL N, W, §
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(b)
Fig. 3-8 Compare harmonic spectrum of ig, igs2and i4.
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Fig. 3-9 shows the THD of i, and the input PF of the 12-pulse SCR rectifier versus I
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.

Input PFat L=0.05p.u.

—_ THD ofi, at a=0° = THD ofi, at L=0.05p.u.
s 14 - &6 e 1
a r o,
£ : B
14 C 08
B C
10 13 0.6
C: a=60° Az a=0°
8 12 | B a=40° 04 B: a=20°
A: a=20° 7 Cloa=d4l®
6 . L,=0.05p.u. L,=0.05p.u
’ 02
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
{y(p-v) Ly (pu) L,(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.

) F»0————
T |
S sl L P
lA_la.s'l +la52 M‘_ * le T
\ T ! | -+
Ls iA _@p 8 = 00 i ]V E +
Qoo | e B
3 T, Ly by i, * |
Omilah anal i
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 vi_o output by the rectifier
is as shown in Fig. 3-11(a). The ripple frequency in vL o is twice that of the six-pulse
rectifier. When apply v, o to the capacitive load, as long as v, g is greater than E, and the
related SCRs are triggered, the load current flows and causes energy exchanged through
L;. For each phase, the energy exchange happens for four times in every half cycle of the
supply voltage, thus there are four humps in each half cycle of the line current as shown
in Fig. 3-11(b), in which i,; and is; are the line currents of Ty, and Ty, respectively.
Compared to Fig. 2-10, the current ripple frequency is doubled. In Fig. 3-11(c), is5;’ and
Ias2’ are igg; and iy reflected to the transformer primary side, and their summation is the
transformer primary line current iy, i.e. iy= iz +igs2’. Since the dominant low-order
harmonics, such as the 5™ and 7, are eliminated as analyzed in Section 3.1.3, the shape

of i4 is more like sinusoidal.

(b) transformer secondary side currents
3 f:i:/;:\\g:.

(c) transformer primary side currents

Fig. 3-11 Current waveforms of the 12-pulse SCR rectifier with capacitive loads.
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Fig. 3-12 shows the waveform and harmonic spectrum of I; = 1 pu (rated load
condition) and I;; = 0.2 pu (light load condition), respectively. It can be seen that the iy
waveforms are quite different since the energy exchanged through L, varies when the
load current changes. The 5", 7", 17" and 19" order harmonics are zero in iy owing to

the phase-shifting transformer.

ijatl,=1p.u witha=20°, L =0.05p.u. Harmonic spectrum of i, at [,,=1 p.u. witha=20°, £=0.05p u.
40 , T O]
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0 5 10 15 20 25 30
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Fig. 3-12 Waveform and harmonic spectrum of I;; =1pu and I, =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 i4 and the input PF versus I,; (from
0.1pu to 1pu). The operating condition for Fig. 3-13(a) is a=0°, Ly=0.05pu, and L~=0,
0.05pu and 0.1pu, respectively. As I4; or Ly increases, the THD value decreases, and
ranges from 21% to 7%. For Fig. 3-13(b), the operating condition is Ly= L;~0.05pu, and
a=20°, 40° and 60°, respectively. As a decreases, the THD value decreases, and ranges
from 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 I,y = 0.22 pu. It’s the boundary
of the continuous and discontinuous current operation mode. When Iy, is greater than

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

—_ THD ofi, at a=0° _ THD ofi, at L =0.05p.u. =
S 95 ,:A - L a0 4 s P . 1 Input PFat a=0°
~ :L=0p.u = o
a s =)
= =
20
30 0.98
15
A:L=0p.u.
20 0.96 | B:L=0.05 p.u.
10 C:L=0.1p.u.
C X L,=0.05p.u.
5 . . 10 0.94
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
I, (p.u) 1y (pu) 1, (pn)
@ (b) . (c)
Fig. 3-13 THD and PF curves of 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 conclusions can be made:

o The principle of the harmonic elimination through the phase-shifting transformer can
be illustrated by Fourier analysis and the positive/negative sequence analysis.

e 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.

e 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.

e The line current 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 of the 12-pulse SCR rectifier does not meet 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 of the 18-pulse SCR rectifier with inductive
and capacitive loads. The voltage and current waveforms are shown. The harmonic
spectrum of the line current and the reason of 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 of the 18-pulse SCR rectifier with an inductive
load. The phase-shifting transformer in the rectifier has three secondary windings (7, Ts2
and Ty3), 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 of the zigzag-winding connection. The details
of the zigzag transformer will not be discussed in this thesis. As shown in Fig. 4-1, the
phase displacement & of the line-to-line voltages of Ty;, T2 and T3 with respect to the
line-to-line voltage of the primary winding 7, is 0°, -20° and -40°, respectively. Other
arrangements for J, such as -20°, 0° and 20°, are also possible. The turns ratio will be
selected to make the line-to-line voltage of each secondary winding one third of the line-

to-line voltage of the primary winding.
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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°, I;; =1pu, L; =0 and Ly =0.05pu. From Fig.
4-2(c), it can be seen that the transformer secondary currents iy, ias2 and igsz are 20°
phase shifted between any adjacent two. Fig. 4-2(b) shows the waveforms of iy ’, ins2’
and ig;3’, which are iuy, i and iy reflected to the transformer primary side. Their
fundamental components are in phase. The shapes of i’ and i,  are the result of the
zigzag connections. The summation of i, iy and i, is the line current iy, which is
shown in Fig. 4-1(a). Fig. 4-2(e) shows the harmonic content of i4, 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), v.1, v.» and v, 3 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 v;, in which the ripple frequency
is tripled compared to v;;, v;» and v;3. Hence the 18-pulse rectifier requires a smaller dc

choke to obtain a ripple free dc load current compared to the 12-pulse rectifier.
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Fig. 4-2 Waveforms of the 18-pulse 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 i,
lags iz by -20°, the 5" order harmonic of iazs2 lags the 5™ order harmonic of i by
5x(=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 5™ order harmonics of i; and
i3 1S -240°. Hence the phasor summation of the three reflected 5" order harmonics of the
three secondary windings is zero in i4. The same condition happens to all harmonics in i4,
except the fundamental component and the (18k il)’h order harmonics (k=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° winding's 5% and 7%,
-40° windings 11% and 13%

120°
0° winding's 5%, 7% 11% and 13%
-120°

-40° winding's 5 and 7%,
-20° winding's 11 and 13*

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

primary winding of 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 I4;. 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 I;/>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 of 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 of 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.
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— Viz w
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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 of a=30°, I4; =1pu, Ls =0
~and Ly =0.05pu. From Fig. 4-6(a), it can be seen that iy looks closer to a sinusoid,
because more low-order harmonics are eliminated. In Fig. 4-6(e), the lowest order

harmonic in i, is the 17%, and the THD of iy is 7.92%. In Fig. 4-6(b), the shapes of ias’
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and i,s3’ 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.
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Fig. 4-6 Waveforms of 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 of iy, when a=20°, I;; = 1
pu (rated load condition) and Z,; = 0.2 pu (light load condition). It can be seen that the 5%,
7", 11" and 13" order harmonics are eliminated, and the amplitude of the current ripple is
substantially reduced, compared to the 12-pulse SCR rectifier. The THD values are
6.036% (I4=1 pu) and 12.5% (1,/=0.2 pu), which are less than those of the 12-pulse

rectifier under the same conditions.

iyat I, =1 p.u. witha=20°, L =0.05p.u. Harmonic spectrum of i at /, =1 p.u. witha=20°, L =0.05p.u.
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Fig. 4-7 Current waveform and harmonic spectrum of /,; =1pu and I, =0.2pu.

Fig. 4-8(a) and Fig. 4-8(b) show the i THD at different value of L, I4; and a. Under
the condition of a=0° and 14;>0.5pu, the THD values are less than 5%. Fig. 4-8(c) shows
the input PF of the 18-pulse SCR rectifier with capacitive loads. The values are improved
slightly compared to that of 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 of 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:

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

e 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.

o 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.

e For the two load conditions, the THD values are substantially reduced, because more
low-order harmonics are eliminated.

e For the two load conditions, when the delay angle a=0° and 14,>0.5 pu, the line
current THD is less than 5%, which meets the harmonic current requirement of IEEE

Standard 519-1992.



Chapter S 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 of the 24-pulse SCR
rectifier with inductive and capacitive loads. The line current THD and the input PF of

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 of 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 & of the secondary line-to-
line voltages with respect to the primary line-to-line voltage are 0°, -15°, -30° and -45°.
Other arrangements, such as -15°, 0°, 15°, and 30°, are also practicable. The winding
turns ratios are selected to make the line-to-line voltage of each secondary winding one

forth of the line-to-line voltage of the primary winding.
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Fig. 5-1 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°, I
=1pu, L; =0 and L; =0.05pu. Fig. 5-2(c) shows the transformer secondary line currents
Tasls Las2, ias3 and ig¢, Which are identical in waveforms, but are 15° phase shifted between
each other. Reflecting these currents to the transformer primary side, we get igi’, ins2’,
i3 and iz, which are shown in Fig. 5-2(b). The waveforms of i, and i, are caused
by zigzag connections. The line current i4= izs;’ +igsy +ias3 +iass’. From Fig. 5-2(e), it can
be seen that the Sm, 7”’, 11" 13% 17" and 19" order harmonics are zero in iy; thus the
lowest order harmonic becomes the 23", As shown in Fig. 5-2(a), the waveform of iy is
almost a sinusoid with 5.09% THD. In Fig. 5-2(d), the pulsated dc load voltage v, 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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Waveforms 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, the

details will not be discussed.

-15° winding's 5% and 7%,
-45° winding's 17 and 19%

-30° winding's 5%, 7%, 17% and 19% €— < (0° windings 5%, 7%, 17% and 19%

-45° winding's 5% and 7",
-15° windings 17% and 19%

-15°windings 11% and 13% o 0°winding's 11% and 13%
-45° winding’s 11% and 13% " -30° winding's 11% and 13
Fig. 5-3 Phasor relation of the reflected harmonics being cancelled in the

primary winding of 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 I,; >0.2puy, the THD values are less than 5%, which meet the IEEE Standard 519-
1992. When «>0°, the THD values are less than 7.5%. The input PF is almost the same as
that of the 18-pulse rectifier. |
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Fig. 5-4 THD and PF curves of the 24-pulse SCR rectifier with inductive loads.

5.2 24-Pulse SCR Rectifier with Capacitive Loads
5.2.1 Circuit Configuration
Fig. 5-5 shows the simplified diagram of the 24-pulse SCR rectifier with a capacitive

load, which is simplified as a dc voltage source E.
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Fig. 5-5 24-pulse SCR rectifier with a capacitive load.

5.2.2 Current Waveforms

Fig. 5-6 shows the current waveforms under the condition of «a=30°, I,; =1pu, L; =0
and Ly =0.05pu. The line current i, in Fig. 5-6(a) is almost a sinusoid with little ripples.
Fig. 5-6(b) shows the waveforms of iuss’, las2’, las3’ a0d igsy’, in Which ia2” and ioss” are

caused by zigzag connections. In Fig. 5-6(c), it can be 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 i, is shown in Fig. 5-6(e), in which the lowest order harmonic

is the 23", and the THD is 5.2%.

40

N

() Transformer primary side current i,

=i.,/4

i !

ey Kol

o i
o i) & a3

. .,

. .;]A/IHM

(b) Transformer primary side currents:

Ii [
asl?® “as2’

PP I
8 S N ' :
o o Iasf . . i

s 02t
la:3'la.14

.o'w

15°15°15°

() Transformer secondary side currentsi_,, i ., 1,5 i,
and load current 7;

o=30°
THD=5.2 %

Rkﬂ : 23rd 25th
0 N . . I , W\

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

Current (p.u.)

(d) Harmonic spectrum of 7,

Fig. 5-6 Waveforms of 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 of I4; = 1 pu (rated load
condition) and I4; = 0.2 pu (light load condition) at a=20°. It can be seen that the ripple
amplitude of iy is further reduced compared to the 18-pulse rectifier. Since the s 7t
11", 13", 17" and 19" order harmonics are eliminated, the THD of is is 3.62% and
7.55% at I4; = 1 pu and 14; = 0.2 pu, respectively, which are lower than those of the 18-

pulse rectifier.

Fig. 5-8 shows the line current THD and the input PF of the 24-pulse SCR rectifier
with 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 of the 24-pulse rectifier is
slightly reduced compared to that of the 12- or 18-pulse rectifiers, since the phase
displacement of the line current caused by the line inductance and the transformer
leakage inductance is slightly greater.

i ati, =1 p.u. witha=20°, L =0.05p.u. Harmonic spectrum of i  at /, =1 p.u. withae=20°, L =0.05p.u.
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G z THD=7.55%
i 282 2
iy 0 g
0 o 0.5
M L 23rd 25th
-10 o —— A
(b) 0 5 10 15 20 25 30
Frequency (p.u.)
Fig. 5-7 Waveform and harmonic spectrum of ;;=1pu and /4, =0.2pu.
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Fig. 5-8 THD and PF curves of 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:

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

e 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 0=0°, the THD values meet the harmonic current
requirement of IEEE Standard 519-1992.

e 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.

e  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 of multi-pulse SCR rectifiers was presented
and the principle of the harmonic elimination through the phase-shifting transformer was
discussed. This chapter presents the experimental verification on a prototype of 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

experiment are compared to the simulation results.

6.1 Hardware Configuration of the Experimental System

Power Circuit P
e T e T Sl S S| _IYYTY
adjustable ideal P L
3-phase ac 3-phase ac |~y p:lase—;hlﬁmg, T 12-pulse SCR
power supply > power supply i 7> ransiormer P rectifier
(208V) 3 (120V) 3 N S (A 1AY) :
L '
! 2%
, | |
H !
! Load
1
Step-down _ ; .
wransformer -] O O0UTE e !
(120V/6V) 3 ! !
! i i
14./ ilzvi !
4 ' !
68HCI1based | 12 : Firing _!
PC == platform 7/-!’ board moST T TT T (2.-'_
]
4 ! A
H ! Power circuit
svi (VeI
. dopower | 2 o emee Control circuit
supplies
Control Circuit
Fig. 6-1 Hardware configuration of 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 L,, 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

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

The inductor bank L;: Since the internal impedance of the three-phase sinusoidal

power supply is low, the inductor L; 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: 20KVA4;

rated apparent power for each transformer secondary winding: /0KVA;

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: 55.54;

rated line current of each transformer secondary winding: 27.74;

% 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 connected in series.
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Load: The load of the 12-pulse rectifier is a resistor bank connected in series with a
40mH inductor bank.

al
bi
A — ¢l
B
C
a2
b2
c2
Fig. 6-2 Configuration of the phase-shifting transformer.

Control Circuit
The control circuit consists of a step-down transformer (/20V/6V), a zero-crossing
detection board, a MC68HC11 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 /20V(RMS) to 6V(RMS), so as to meet the requirements of the zero-

crossing detection board.

MC68HC11 control board: The SCR gating pulses of the 12-pulse rectifier are
generated by the MC68HC11 control board.

Firing board: The gating pulses generated by the MC68HCI11 control board are
amplified and isolated by the firing board to meet the triggering requirement of SCRs.

Dc power 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 120V RMS line-to-line voltage are selected. The related calculations

are given as follows:

Rectifier Calculation (assuming L,=0 and L;=0)
Since the rated supply RMS line-to-line voltage ¥;, =120V, from Equation (2.7), the
average output voltage of each six-pulse SCR rectifier under ideal circuit condition is

Viiaymg =135V, cosa =1.35x120x 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

sV, 4 =1.93x162cosax=313cosa and the average load current s
I} g =Viag ! R, =313cosa/ R, . When R, =40Q and a =30°, V, ,,. =313c0s30° =271V
and I, ,, =271/40=6.784 . Considering the transformer turns ratio, we

eI, b = 2x0.78841, =2x0.7884x6.78 =10.74..

Per Unit Calculation
It’s convenient to use per unit system to analyze the power systems. For the phase-

shifting transformer, the base transformer apparent power S, , =20KVA and the base

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

V., .,
the base voltage V, , ==l = 208 _ 1207
BB
S
the base current 1, = —L = 20000 =55.564;
T7W,,  3x120
14
' the base impedance Z,, =2 = 120 _ 2.16Q2;
I,, 5556

the base angular frequency w,, =27f =27 x60=37Trad /s ;
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VA
or _ 216 =5.73mH ;

the base inductance Ly, =
T wgr 377

the base capacitance C,; = L 1 =1.228mF .

0525, 377x2.16

Therefore, %4.1Z;. =2.16x4.1%=0.08856Q2 , and the real value of the total

transformer leakage inductance L, :%:O.Z%mH , or L, =4.1%x5.73mH

=0.235mH

For the experimental system, the base transformer apparent power S, =2.2KVA

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

120
the base voltage V, = Y =69.28V;
N
the base current 7, = Sp . 2200 _ 10.5854;
3V, 3x69.28
the base impedance Z, = Vy 06928 _ 6.545Q) ;
I, 10.585

the base angular frequency @, =2af =27 x60=377rad/s;

the base inductance L, = Zp 0345 _ 17.36mH ;
wy, 377

1
the base capacitance C, = 1 = =405uF ;
wzZ, 377x6.545

. 0.235mH
the total transformer leakage inductance L, = ZL2MT _0.0135 pu.
17.36mH

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

1mH

Choose L =1mH ; then based on the experimental system, L =lmH =———
s 17.36mH

=0.0576 pu , which is a reasonable value.
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iy THD Calculation

| A .
From Equation (2.18), THD,, = ARMS AR the iy THD of the experimental

AL RMS

setup can be calculated based on I gus exp, the RMS value of the line current, and
Lu1,RMs_exp» the RMS value of the fundamental component of the line current. By using the
measurement function of the oscilloscope, we have Iy gus exp- Through the FFT function,
we can get the harmonic spectrum of the line current, of which the measured peak value

is 141, rMs exp- Thus the iy 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 Experimental Results

Source Voltages

Chl RMS 118V Ch2 RMS 116V

Fig. 6-3 Measured source voltage waveforms.

Fig. 6-3 shows the line-to-line voltage waveforms of the two transformer secondary
windings, in which a 30° phase-shift can be observed. The measured RMS line-to-line

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

Zero-Crossing Signal

In Fig. 6-4, the sinusoidal waveform is the line-to-line voltage v,. of the wye-
connected secondary winding, and the square waveform is the output signal vzc of the
zero-crossing detection board. v, is the phase 4 zero-crossing reference signal, whose
zero-crossing points are corresponding to the nature commutation points of phase 4 in a
three-phase system. Hence the delay angle o could be measured with respect to the v,

zero crossing points, which are corresponding to the rising and falling edges of vzc.
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................................................

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=120°. The applicable range of a is
from 1° to 179°.

Voo E..

Fig. 6-5 Gating pulses generated by the MC68HC11 control board.
(a) Gating pulses for the 1* six-pulse SCR bridge.
(b) Gating pulses for the 2™ six-pulse SCR bridge.
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It can be seen that the two sets of gating pulses are phase-shifted by 30°, which meets
the gating requirement of the 12-pulse SCR rectifier. For the first gating pulse iy ;, the
delay angle o is measured right after the rising edge of 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 of the 12-pulse SCR
rectifier with 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 of the
two transformer secondary windings, respectively. A 30° phase shift can be identified
when they are shown on the oscilloscope simultaneously. From the harmonic spectrum, it
can be seen that the 5™, 7", 17" and 19™ order harmonics exist in the two currents and

produce a THD of 34.4%.

Fig. 6-6(c) shows the measured current waveform of 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 of i, is reduced to /7.52%.

Fig. 6-6(d) shows the measured output voltage waveforms of 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 of the 12-pulse SCR rectifier.
Compared 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 of 5.4/4.

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:

e The 5™ 7" 17" and 19" order harmonics exist in the transformer secondary winding
line currents.

e The 5™ 7™ 17" and 19" order harmonics do not exist in the transformer primary
winding line currents.

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

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

o Losses and fluctuations in the experimental circuit slightly influence the
experimental results.

e  The principle presented in Chapter 3 is verified.
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... Experimental Result
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(a) Line current i, of the 1% six-pulse bridge.
(Transformer secondary side line current)
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(b) Line current Zg,20f the 2™ six-pulse bridge.
(Transformer secondary side line current)
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(c) Line current i, of the 12-pulse rectifier.
(Transformer primary side line current)
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Experimental Result
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Fig. 6-6 Experimental results versus
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Chapter 7 Conclusions

Multi-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 of the thesis is to analyze the performance of the six-, 12-, 18- and
24-pulse SCR rectifiers with inductive and capacitive loads. The line current THD and
the input Power Factor (PF) of the rectifiers are investigated and the results are shown in
graphics for engineering references. The principle of 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 of 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 of its high line current THD, low
input PF and voltage sharing problem occurred when SCRs are connected in series. The
drawbacks of 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 of using
multi-pulse SCR rectifiers includes:

e The line current THD is reduced.
Under the same operating condition, the larger the number of pulses, the more the low-
order harmonics can be eliminated, and the lower the line current THD is. For instance,

the THD of the 18-pulse SCR rectifier is lower than that of the 12-pulse rectifier.

e The output dc ripple frequency in the multi-pulse rectifiers is increased and the ripple

amplitude is decreased.
The dc ripple frequency of the 12-, 18- and 24-pulse rectifiers is increased to two, three
and four times of that in the six-pulse rectifier, respectively. The peak-to-peak dc ripple
amplitude decreases as the pulse number of 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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e 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 (kg £1) ™ where g is the

pulse number of the rectifier and £=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 5™ and 7™, are
elirﬁinated from 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 of 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 of HC11 registers used in this program
TCNT EQU $100E stimer counter register (free running)
TIC1 EQU $1010;input capture register |

TIC2 EQU $1012;input capture register 2

TIC3 EQU $1014;input capture register 3

TOC1 EQU $1016 ;output compare register 1
TOC2 EQU $1018 ;output compare register 2
TOC3 EQU $101A ;output compare register 3
TOC4 EQU $101C ;output compare register 4
TOCS EQU $101E ;output compare register 5
TCTL2 EQU $1021 ;timer control register 2
TMSK1 EQU $1022 ;timer interrupt mask register 1
TFLG1 EQU $1023 ;timer interrupt flag register 1
PACTL EQU $1026 :pulse accumulator control resister
DDRD EQU $1009 :data direction for Port D
PORTA EQU $1000 ;port A

;PORTB EQU $1100 ;port B chip address, direct write to address
PORTD EQU $1008 sport D

;PERIOD EQU 2778 ;
;pulse EQU 1158 ;

ORG $6000
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00001100% 924
00000100% 924
00000100% 924
00000000% 924
00000000% 924
00000000% g24
00000000% 924
00010000% 924
00010000% 924
00011000% €24 ADNILVD

00000000% 924
00000000% 904
00000000% 9204
00001000% 924
00001000% 924
00001100% 924
00001100% 924
00000110% 924
000001 10% 924
00000010% 924
00000010% 924
00000000% 924 VONILVD

01100000% 924
01100000% 924
00110000% €24
00110000% €24
00011000% 904
00011000% 924
00001100% €04
00001100% 924
000001 10% 904
00000110% 924
01000010% 9204
01000010% 924 €ONILYD



FCB %00110000
FCB %00011000

PATT1 FCBO
NOC1 FCBO

;messages to be displayed on PC monitor (CRT) or LCD

CRTMSG1 FCC 'DELAY ANGLE:'
FCB $0A ;line feed
FCB $04 ;string terminator

CRTMSG2 FCC'DELAY ANGLE RANGE: 1 TO 179'
FCB $0A
FCB $04

LCDMSGI1 FCC'DELAY ANGLE:" ;LCD message
ENDMSG FCB $04

;reserve RAM locations

KB ALPHA RMB 3 ;storage memory for delay angle from keyboard
NUMI RMB 1 ;number of digits for delay angle from keyboard
BUFFER RMB 3

ALPHA DFCB 10 ;delay angle ALPHA in degrees

ALPHA FCB 920 ;delay angle ALPHA in # of counts

D30 EQU 2778 ;30 degree in # of counts

MAIN PROGRAM ;

2

sprogram initialization

; ORG $00ES8 ;IC1 interrupt vector
5 JMP INTER6

5 ORG $00ES ;IC2 interrupt vector |
; JMP INTER7
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ORG $00E2 ;IC3 interrupt vector
JMP INTERS

ORG $00DF  ;OCI interrupt vector
JMP INTER1

ORG $00DC  ;OC2 interrupt vector
JMP INTER2

ORG $00D9 ;OC3 interrupt vector
JMP INTER3

ORG $00D6 ;OC4 interrupt vector
JMP INTER4

ORG $00D3 ;OCS5 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

STAADDRD ;set bit 5,4,3 of port D as output pin
LDAA #$89 ;clear OC and IC interrupt flags
STAA TFLGI

LDAA #3$01 ;input capture on IC3 rising edge only
STAA TCTL2

LDAA #$89 ;allow OC and IC interrupt requests
STAA TMSK1

LDAB #30 ;convert 30 degree to # of counts
LDAA #92 ;60Hz, 1 degree=92 Eclock
MUL ;D=AxB

STD #D30
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CLI sinterrupt enable

MAIN LDX #CRTMSG1 ;display message on PC monitor (CRT)
LDAA 0,X
JSR OUTSTR

JSR GETCHAR ;get strings from keyboard
JSRLCD _DSP :display duty cycle on LCD

JSR CONV ;data conversion
JMP MAIN
; SUBROUTINE GETCHAR: 3

;get characters from keyboard

GETCHAR LDAB #0
STAB NUMI
LDY #KB_ALPHA

START JSR INCHAR
LDAB NUMI
CMPB #0
BEQ NEXT
CMPA #$0D
BEQ CHECKI

;make sure the inputted value is correct
NEXT CMPA #$39

BHI ERROR

CMPA #8$30

BLO ERROR

STAA0,Y

LDAB NUMI

INCB

CMPB #4
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BHS ERROR
STAB NUMI
INY

BRA START

CHECK1 LDAA NUMI
CMPA #1
BEQ CHECK2
CMPA #2
BEQ ENDD
LDAB KB_ALPHA
CMPB #$31
BEQ CHECK3
BRA ERROR
CHECK2 LDAA KB_ALPHA
CMPA #$31
BLO ERROR
JMP ENDD
CHECK3 LDAA KB_ALPHA+1
CMPA #$37
BLO ENDD
BHI ERROR
LDAA KB _ALPHA+2
CMPA #$39
BHI ERROR
JMP ENDD
ERROR LDX #CRTMSG2 ;display error message on CRT
LDAA 0,X
JSR OUTSTR
BRA GETCHAR
ENDD RTS

jrmmmmm e SUBROUTINE LCD_DSP
;LCD display
LCD DSP LDAA #8$01 ;LCD initialization
JSR WCTRL
LDAA #$02
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JSR WCTRL
LDAA #$38

JSR WCTRL
LDAA #$0C
JSR WCTRL

LDY #LCDMSGI1
LOOP2 CPY #ENDMSG ;compare index register Y,
BEQ NEXT5 ;display a message on LCD one character by
LDAA 0,Y ;another until the end of the message.
JSR WDAT
INY
LDAA #306
JSR WCTRL
BRA LOOP2

NEXT5 CLR BUFFER ;display duty cycle on LCD
LDY #KB_ALPHA
LOOP1 LDAAO0,Y
JSR WDAT
INY
INC BUFFER
LDAA BUFFER
CMPA NUMI1 ;check if all the digits are displayed
BEQ NEXT6
LDAA #3$06
JSR WCTRL
BRA LOOPI

NEXT6 LDAA #D' ;display 'D'
JSR WDAT
RTS

S— SUBROUTINE CONV

;convert delay angle in hexadecimal to decimal and then number of

;E-clock cycles
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CONV LDAANUMI ;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+I  ;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 :ALPHA_D=1xx degree
BRA CALULAT
SINGLELDAA KB_ALPHA ;convert the single digit number to decimal
SUBA #$30
STAA ALPHA D ;ALPHA D=x degree
BRA CALULAT
DOUBLE LDAA KB _ALPHA ;if it has 2 digits, convert the 1st to decimal
SUBA #$30
LDAB #10
MUL
STAB BUFFER
LDAA KB_ALPHA+1 ;convert the 2nd digit to decimal
SUBA #$30
ADDA BUFFER
STAA ALPHA D ;ALPHA_D=xx degree

CALULAT LDAA #92
LDAB ALPHA D ;convert delay angle to # of Eclock counts
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MUL ;D=
STD ALPHA
RTS

: IC3 interrupt service routine
INTERS8 LDD TIC3
ADDD ALPHA

STD TOCS ;bridgel

LDAA #3%01 ;clear IC3F
STAA TFLGI1

RTI

jrmm e OCS3 interrupt service routine- —
INTERS5 LDAB #%01000010

STAB $1100

LDAB #%00000000

STAB PORTA

LDAB #%00011000

STAB PORTD

LDD TOCS
ADDD #D30 -
STD TOCI1

LDAB #3508
STAB TFLG1

RTI

INTER1LDAB NOC1
CMPB #11
BEQ LASTPUL
INCB
STAB NOCI
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NEXT1

LASTPUL

QUIT

LDAB PATT1
INCB

LDY #GATINGB
ABY

LDAA0,Y
STAA $1100

LDY #GATINGA
ABY

LDAAO,Y

STAA PORTA

LDY #GATINGD
ABY

LDAA0,Y

STAA PORTD

CMPB #10
BLS NEXT1
LDAB #0
STAB PATT1

LDD TOC1
ADDD #D30
STD TOC1

BRA QUIT

LDAB #0
STAB NOCI

LDAB #880
STAB TFLG1
RTI
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Appendix B THD and PF Curves of the Six- and
Multi-pulse SCR Rectifiers
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