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(Reduction Harmonics in Double Connected Modified Current
Source Inverter by Switching Taps on Auto Transformer)
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Abstract

An effective method for reducing the harmonics in double connected modified current source inverter( MCSI)
by switching taps on auto transformer is presented in this paper.

The proposed system operates as like a 24 step MCSI by adding only tap changing auxiliary circuit which con-
sists of several taps and static switching elements to the 12 step multiple inverter, which is double connected
three-phase six-step MCSI with an auto transformer. The basic theories of the proposed inverter systems for an-

alyzing the output waveforms are described.

And to optimize the effectiveness of the harmonic reduction, the optimum turn ratio and the tap changing con-
trol angle of auto transformer are decided by digital simulation and its valdity is verified by experiment.

Although the construction of the proposed inverter is very simple, it is clarified that the output waveform of
the inverter is almost the same as that of the conventional 24 step multiple inverter under the optimum condi-

tion.
1. Introduction

A current source inverter has many advantages
compared with a voltage source inverter, such as
simple structure, high reliabih'ty, easy overcurrent
protection, strong commutation capability, and so
on. But a current source inverter may exert a high
voltage stress to its components and motor and can
drive only one induction motor, which is not econom-
ical in several applications =¥

For this reason, a modified current source invert-
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er{MCSI) shown Fig. 2 was proposed®. The MCSI
retains all the good features of the current source in-
verter mentioned above and overcomes its shortcom-
ings. It also has some features of the voltage source
inverter which can drive induction motors in paral-
lel.

However, the harmonics involved in the output
waveforms of these inverters have often caused the
burning of the capacitor which i1s adopted for im-
proving the power factor, the mis-action of protec-
tive relay and the torque ripple in the motor,
especilly at the lower frequency, etc.

It is an effective countermeasure for this problem
1o increase the pulse number by means of multi-se-
quential or multi-parallel connections. However,
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these methods result in considerable increase in the
cost and the size of the inverter system because of
necessity of phase shifting transformers, such as zig
-zag or fork connections and numerous switching el-
ements®>,

It 1s the most important thing for practical use to
design the system itself simply and to get the reduc-
ing effect of harmonics on equal to these methods.

Therefore this paper presents an effective method
for reducing the harmonics in double connected
MCSI by switching taps on auto transformer. The
proposed system operates as like a 24 step MCSI by
adding only tap changing auxiliary circuit which
consists of several taps and static switching ele-
ments to the 12 step multiple inverter, which is the
double connected three-phase six-step MCSI with
an auto transformer.

And to optimize the effectiveness of the harmonic
reduction, the optimum turn ratio and the tap
changing control angle of auto transformer are de-
cided by digital simulation and its validity is verified
by experiment.

Although the construction of the proposed invert-
er is very simple, it is clarified that the output wave-
form of the inverter is almost the same as that of
the conventional 24 step multiple inverter under the
optimurn condition.

2. Multiple inverter

Fig. 1(a) shows the proposed circuit construction
in this paper, which is applied to the double connect-
ed 12 step MCSL.

The proposed inverter operates as like a 24 step
MCSI by the tap changing auxilily circuit consisting
of auto transformer with three-taps distributed sym-
metrically for the midpoint and two static switching
elements connected to the auto transformer.

We will discuss the theory of this system under
the following assumptions.

Both the main output transformers and the
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auto transformer are ideal. That is, the exciting cur-
rents and leakage inductance for these can be re-
garded as zero.

- Forward drops of static switching elements

are negligible.
- Commutations are completed instantly.

2.1 Unit inverter

As shown in Fig. 2, the unit inverter used in the
propoed system is a MCSI Y.

The MCSI is developed from the conventional cur-
rent source inverter by adding freewheeling diodes
Dy"-Ds’, smoothing capacitor C;, and inductances
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Fig. 1. Circuit construction of proposed inverter (a) and con-
nection of its AC main output transformer (o)
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Fig. 2. Modified current source inverter
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L and L’ to the current source inverter.

The function of the freewheeling diodes D,"-Ds’,
and inductances L and L’ is to provide a path for
reactive current of load. Diodes D and D’ can pro-
vide a freewheeling path for the current in L and L’
after commutation, which improved the output volt-
age waveform.

When freewheeling diodes are conducting in the
MCS], the output voltage is clamped to the smooth-
ing capacitor voltage and when thyristors are con-
ducting, the output voltage is equal to the dc mnput
voltage. The smoothing capacitor voltage is equal to
the DC input voltage. So the output voltage wave-
form is quasi-square similar to the voltage source in-
verter.

22 Double connected 12 step MCSI

If the auto transformer and two static switching
elements are removed and input terminals P and P’
of MCSI 1,1 and terminal A of the DC input volt-
age in Fig. 1(a) are connected directly, then this
system is changed to the double connected three-
phase bridge inverter, that is, 12 step MCSL

As shown in Fig. 1(a), output terminals of MCSI
1, 1 are connected to primary windings{delta and
delta connection] of the main output transformers
(T:,T:), respectively. And secondary windings of
these transformers are connected in series as shown
in Fig. 1(b) and then connected to the loads of this
inverter, such as induction motor.

The output voltage of MCSI 1 differs from that
of MCSI I by 30°. So totally we can regard this in-
verter system as 12 step multiple inverter. And for
balance of the output voltages of MCSI I, T let
the turn ratios of the main output transformers T,
and T; be 1 : 1{delta and delta connection) and 1 :
1/ 3(delta and open star connection ], respectively.

First, in order to discriminate each voltage in the
case of the double connected 12 step MCSI from
that of the proposed inverter, let us add the sub
script “0” to each voltage as like this Vis—Veso, V.
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—+Vio, Vx—Vxo, Vy—Vyo, -+ etc.
Here, each thyristor of MCSI I, I is cnducted
during 120° and the output voltage values of MCSI
I, 0 are Eq and Eo/v/ 3, respectively. And Fig. 3
(a)~(c) show the waveforms of Vyo, Vxo, Vyo
From the connection of the main output trans-
former as shown Fig. 1(b), we have Eq, (1) easily.
Veso=Vuo+Vxo—Vvo €8]
And from Eq. (1), the waveshape of Vgy is con-
structed to 12 step as shown in Fig. 3(d). From this
equation, the step values of Vreo[1/4period) are fol-
lows :

Period step value
0 <0<n/6 Vio=Ey/v 3
n/6<0<n/3 Veo=(1+v3)E/V/3)
n/3<0<n/2 Veo=(2+ v 3)E/v3)
@) Ve ' L. '
0 Ea Ed 21
(b) Va5 [ : l { 2]
E//Y3 «
(©) Vo f : I |
o % 2n
2+ 3)E
~ 30
(d) Veeoh——t 1 __E/V/3

Y

(= Vit ViV LD L_L—L_(—J—J

Fig. 3. Graphical analysis of wave fams of outout vdtage in
double connected 12 step MCS!

3. The proposed inverter

The inverter apparatus shown in Fig. 1(a) oper-
ates as like a 24 step MCSI by the tap changing
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auxiliary circuit.

Now let the conducting states of static switching
elements Ty and Ty” be mode p and p’. As shown in
Fig. 4(a), the order and the control angle of tap
changing mode are essential to operate the tap
changing auxaliary circuit effectively.

That is, in case Vea(=Vap’)>0, the order of tap
changing mode may be mode p—mode p’ (let the
control angle of tap changing mode p—p” be §J,
and Vea(=Vap’) <0, mode p’ —mode p(let the con-
trol angle of tap changing mode p’—p be #+30° ]

For the input DC voltage, we obtain

Ves=Eq+Vea, Vo 5=Ea—Var’ (2)

And from the turn ratio of the auto transformer
and the tap changing._mode, we obtain

Modep : Ves(=Vap')=—2anE (3)

Mode p’ : Vea(=Vap')= 2anEq

(where the turn ratio of the auto transformer a,
=NPA/N00' :NAP,/N(X), )

The Vea(=Var’) produced by the tap changing
auxiliary circuit is the rectangular wave as shown
in Fig. 4(b). This voltage plays an important role in
reducing the harmonics involved in AC output voltag-
es.

From Eq. (2) and (3), Ves and V' can be repre-
sented as

Mode p : Vis=(1—2a,)E, Vo'a=(1 +2am)Ed(4)

Mode p” : Ves=(1+2ay)Eq VP/B:(I-zam)Ed(S)

Let us substitute the subscript “m” for “0” to dis-
criminate the Vpa(=Vpa”) from the output voltage
of double connected 12 step MCSI, Virso— Vrsm Vo™
Ve Voo Vi Vo Vi == tC.

Then the waveshapes of these components are the
part of the broken lines as shown in Fig. 4(c)—(e).
And as shown in Fig. 4(f), the component of the
output voltage visn due to the performance of the
tap changing auxiliary circutt can be obtained as fol-
lows.

Visn=Vun+ Vin— Vim (6)

From this equation the step values of Vgs(1/4
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period] are as follows :

Period Step Value

0 =0<n/12 Virsn= —28nE/v 3

n/12<6<n/6 Vise= 28,/ 3
n/6<0<m/4 Visn=—2(1—1y3)anky
n/A<0<x/3 Viem= 2(1—1¢/3a.Ey
n/3<6<5z/12 Visa=—2(2/v/3—1)anEy
| 5n/12<0=n/2 | Vem= 2(2¢/3—1)anb

Therefore, the output voltage Vis in Fig. 1(a) can
be obtained by adding Fig. 3(d) and Fig. 4(f) as
shown in Fig. 4(g). That is,

Vrs= Vrso+ Viem )

From Eq. (7) the step values of Vis(1/4 period)
are as follows :

Period Step Value
0" <0<n/12 | Vis=(1—28,)Ee/V3
n/12<0<x/6 | Vrs=(1+2a,)Es/v 3
n/6<0<n/4 |Ve=[(1+/3)+2(1—/3)an)E//3
7/4<0<n/3 |Ves=[(1+/3)—2(1~/3)an)E//3
7/3<0<5z/12 | Vis=((2+¢3)—2(2—/Ban E/v'3
5x/12<0=<n/2 | Vis=[(2+/3)+2(1— ¢/ 3)an)E/y3
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Fig. 4. Graphical analysis of wavefarms of output vatage in 24
step MCSI
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4. Simulation

As shown in Fig. 3(d), the output voltage Vig In
the case without the tap changing awdliary circuit is
formed into 12 step a cycle. Therefore, from the
Fourier analysis for the voltage, we obtained the fol-

lowing.

o _ k
Vm=ilﬁn—Ei[sin(0—a)+ % 6\;1 L?;li—i%)—sin
(6k+1)(0—a)) ®)

(where, k=1, 2, 3------ )

And from Fig. 4(f), the Fourier analysis for the
output voltage Vis, due to the performance of the
tap changing auxiliary circuit is as follows :

Vm=4—‘/§&(y K] +B|2 sm(ﬂ——a+¢1+

s 1 :
A T B Sin(0—a-+ dracer))
l;l 121(—_0-1 12kt 1 12k+1 12k+1 (9)

where, A.=axc.cosn(bn/12+8)
B.=au(csinn(5x/12+4)—2)

C.=8sin(nz/12)
= vlr;tan"(A,./Bn)

Table 1. Harmonic components involved in output vdtage

n=1lor 12k+1¢(k=1,2, 3---)

The output voltage Vis in 24 step MCSI can be
obtained by substituting Eq. (8) and Eq. (9) into
Eq. (7)

Here, we are going to investigate the distortion
factor x of output voltage Vs in the following equa-

tion :
sv=y n(gl) VRSnZ/VRSI

Where Vigs, and Vg are the effective values of

(10)

the n-th harmonic component and the fundamental
component in output voltage, respectively.

From Eq. (8), (9), (10), the distortion factor g of
Vs becomes the function of Eq. (11).

r=u(an, B) (11

Then the optimum values of a, and 8 for minimiz-
ing the distortion factor # can be found from Eq.
(11) by the aid of computer as shown in Fig. b.

That is, the turn ratio of auto transformer a,=/0.
2456 and the control angle =15 are the optimum
values for minimizing ¢ in output voltage Vis.

Moreover, it should be noted that x=6.89(%)
under the above optimum conditions can be de-

Harmonic Rate of harmonic components Vis./Vesi( % )
order Multiple inverter Tap changing control
n 12 step 24 step am=0.1 am =0.2456 am =0.2456
4=8" 5=8 4=15°
11 9.09 - 7.89 6.24 24x10°3
13 7.69 - 5.00 1.30 206x10 3
23 430 435 2.37 3.39x10 ! 4.35
25 4.00 4.00 2.37 1.20x 10 ! 4.00
35 2.86 - 2.13 1.10 765%x10 ¢
37 2.70 - 257 240 7.24x10 ¢
47 2.13 2.13 2.18 2.25 2.13
49 2.04 2.04 191 1.73 2.04
59 1.69 - 1.30 760x10 ! 454 %10 ¢
61 1.64 — 094 3.05x10 ! 439x10 *
71 141 141 Q.76 1.25x10 ! 141
73 1.37 1.37 091 296x10 ! 1.37
Distortion
factor( %) 15.2 6.89 11.06 752 6.89
F8HE FT2% 1994F 48 (157) 73




creased to about half as compared with £#=15.2(% )
under double connected 12 step MCSI. Fig. 6 and
Fig. 7 show waveform of output voltage and har-
monic spectrum in case a,=0.2456 and f=15",
respectedly.

And the harmonic components involved in the
output voltage of the proposed inverter are nearly

23 75
- 24 Step MCSI
% 194 =15 -73
% 154 r7l §
g &
=
-é N 7 T~ 6.9 §
o #=6.89(%) g
g 74 a,=0.2456 ! F6.7
31—t 65

2 22 24 2% 28 3
Auto transformer turn ratio an

Fig. 5. Distartion factor curve versus turn ratio and tap chang-
ing contrd angle

i
1~
90 L%w 270 3601

7 12 step output voltage ‘\

(a) Waveform of 12 step output voltage

w0 130 270 360
24 step output voltage F\_\q
an=0.2456

g=15°

(b) Waveform of 24 step output voltage

Fig. 6. Wavefarm of output voltage in case an=02456, f=
15°
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equal to those of the conventional 24 step multiple
inverter as shown Table 1.

5. Experimental results

By adopting the results of the above optimum
condition in the proposed apparatus, we have ob-

100

904
80-
12 Step MCSI Spectrum
704 1=152(%)

Frequency =5(kHz)

Viso/Vesi( %)
&

0 l l 1 11 L T E
1 1113 2325 3537 4749 5961 7173
ORDER
(a) Harmonic spectrum of 12 step inverter

100
90-
801 24 Step MCSI Spectrum
=0.2456
704 )
g=15
&0 n=689(%)

Frequency =5[(kHz)

Veso/ Vesi( % )

204

10+

11 11 \
1 1113 2325 3537 4749 5961 7173
ORDER ,
(b) Harmonic spectrum of 24 step inverter _

Fig. 7. Harmonic spectrum in case a,=0.2456, =15

®Y - ERARSER



Eems B e HR0 28 T& EE 8

tained the experimental results as shown in Fig. 8~
11.

The parameters of motor and circuit used in the
experiment are as follows :

- Rated power : 1{HP}

- Rated voltage : 150( V]

-+ Main transformer : 3(kVA]

- Rated speed : 1,710(rpm]

- Rated current : 4.2[A)

- Commutating capacitor : 9{z)

Fig. 8(a) and Fig. 8(b) show the oscillograms of
the output voltages of 12 and 24 step MCSI for the
condition of two induction motors operating in paral-

lel. From which it can be seen that the output volt-

age of 24 step MCSI is more closer to sinusoidal
wave than that of the 12 step MCSI without the tap
changing auxiliary circuit. Fig. 9 shows the base

(a)

(b)
Fig. 8. Wavefarm of the output vdtagas of 12 and 24 step
MCSI(50V /div]
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driving signal of the switching elements T, and T,
in the tap changing auxiliary circuit. Fig. 10 shows
the waveform of commutation capacitor voltage in
24 step MCSI. Fig. 11 shows the auto transformer
voltage Vy by the performance of the tap changing

Fig. 9. The base driving signal of To and to”

Fig. 10. Waveform of commutating capacitor vatage 100V/
div}

Fig. 11. The vatage wavefam of auto transformer Vi, [50V/
dv)
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auxiliary circuit.

6. Conclusion

An effective method for reducing the harmonics
in double connected MCSI by switching taps on auto
transformer is presented in this paper.

The basic theories of the proposed inverter are ex-
plained by the graphical analysis, and the optimum
parameters of this circuit are searched. And the dis-
tortion factor of the proposed inverter under the op-
timum values a,=0.2456, 8=15", is #=6.89(%),
this value can be decreased to about half compared
with 4=15.2(%), the distortion factor of double
connected 12 step MCSL

And 1t has been clarified that the distortion factor
of the proposed inverter under the optimum parame-
ters i1s nearly eual to that of the conventional 24
step multiple inverter.
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