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Abstract. A general switching method suitable to control three-phase AC chopper circuit is presented. Such
a method can be used with different cireuit configurations of the AC chopper. Detailed harmonic analysis of
the AC chopper when controlled by the time ratio control {TRC) strategy is given. TRC has the advantages
ol linear contol of the fundamental ¢omponent of the output voltage and elimination of all harmenics of
order less than the frequency ratio by two. Also, the control signal can be generated easily. Experimental
results verifying the analysis are presented.

Tntroduetion

Phase-angle control technique was traditionally used for AC voltage control [1]. This
technique has a simple circuit structure. Besides its advunlages il generates low-order
harmonics and its response speed is limited to the frequency of the mains. The
performance of the AC voltage controllers can be improved by chopping techniques. AC
choppers are capable of achieving flexible voltage control while preventing low
harmonic injection to the system as compared to the conventional AC voltage
controllers. The response of the AC chopper is significantly faster than its counterpart,
Also, filtermg requirements are less as u resull ol its high switching frequency. Many
chopping techniques for the single-phasc circuits have been discussed [2-5]. Designot a
three-phase transistorized AC chopper is given in [5].

This paper presents different circuit configurations of the three-phase AC
chopper. The switches are controlled using only one signal and its complement. The
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output of the AC chopper is controlled by time ratio control (TRC) technirue.
TRC is an easy implemented technique. Detailed harmonic performance ol the AC

chopper under this technique is presented. TRC technique gives the following
advantages:

- linear control of output voltage,
- no low order harmonics, and
- simple electronic circuit could be used to generate TRC signals

Experimental results are provided to verify the proposed technique.
Circuit Configuration and Principle of Operation

Figure 1 shows different circuit configurations where the main AC switches (S)
arc used to connect the load with the supply while the fly-wheeling switches (Fy) are
used to give path for cnergy stored in the inductances of the load when the main
switches open. In the proposed fechnique all the main switches are controlled by one
switching signal. In the circuit configuration a and b shown in Fig, 1, it is adequale to
use two fly-whecling switches. To keep symmetry between the output phascs of the

chopper  the frequency of the switching signal should be multiples of 3 times the supply
frequency as shown in Fig.2.

Fig, 1. Different conflgurations of the three phase AC chopper circuit.
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Fig. 2. Output voltage of the 3 phase AC chopper.
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Two swilching signals: [, and .+ are used Lo control the switches of the
three phase AC chopper circuit. Switching signal f,... controls main switches whilc .
controls fly-wheeling ones as follows:

Whenf,n=1 5, S;and S; are closed and M
Fy, F> and F; are open
When fm =0  §;, 5; and §; are open

F.. Fz and Fy are closed

2

fsw'f = fswm (3)
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Analysis
Supply voltages are given by
Vo = sin (@t) pu 4
5
Vie = sin[mt 72771) pu )
(5]
Ve, = sin[mt +ZTRJ pu ©

Load is assumed to be balanced series resistive-induclive having a per phase
impedance of 1 .~ @ for star connection and 3 ~ < for delta connection.

Output voltage of the AC chopper can be expressed in Fouricr scrics as

Ve =A,+> A cosnot+B, sinnot N
hal
where

in 4n
Thg, Uy s g+ e Loty | 5

A, -1 J.sinB do

27[ m 4 (8)
0,0 ,ocﬁ?,,,,up.?

13 n 4n
== (1™ | cosa + cos[a I ﬁj + cos[u + —J
2n 3 3

m=}

wherc P = no. of switching angles per 1/3 cycle

As,
2 4
COsS o + COs a+7 + 0L+? =0

Ao=0 &)

Hence
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The fundamental cosine component is

in
A ==["" W?’"’u’ 3 L SinOcos0d0
T e (10

P
=LZ(— 1" cos2ar,, +c052(a +E]+cosz(a +4—KJ
4 = 3 3

4
cosZa + cosz[u+2—;)+cosz[a +-33j =0

thus R
Al=0 (an
The fundamental sine component is

B =— P L 5in° 8do

1 Iu; LRI

T oy Ay Gt e B .
2 4
=L ‘E ( l) o -— sm2um +sm2(u.m +—,‘*]+sm2(otm +—"]} (12)
n@= 3 3
3
s Z - 1) 2
2z W=l

Cosine component of the nth harmonic is

f_lE
A = 1 r"a'""“' o3 sinBcosnbdb

o Byuntyt

- ;l“ E: (S l[li—” {W(l - ) p +costl- n)[u.m +—2;1J+cas(lv ") [um * -4-3-"-]} a3
{ (12nhy m.uw[u,, ‘T) - ,,)[am 13.] }]

By simphfym g gives

il
4, _3 (_1),“,[ cos(l n)a (n+l)mod3
21: m=)

+ 1 cosfl + mlax,, - (n—-1) mod3i|
1+n

forn=3iz1 i=1,2,3,..
A,=0 forn=31 (14)
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Tn similar way sinc component of the nth harmonic can be expressed as

g -3 L ml| 1 (n+1)mod3
,,—2 MZ= -1) []_nsm(n 1}1," — 5

+-l—s:'n(l +ak, - (n-1) modJ]
I+n

forn=3j% |
for n = 3i (15)

Time Ratio Control

In this technique the switching function fypyy is generated by comparing control
signal v¢ with the saw tooth signal vy as shown in Fig.3.
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Fig. 3. Time ratio control switching signal.
(a) waveforms  (b) model
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To fulfill the requirement of symmetry the frequency of fowm shenld be

tgwm = 31 ©og where iis a positive integer
The output voltage may be expressed as

Vde = fswm Vab
vef = fowm Ve
vfd = fowm vea

(16
{17)
(18
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Fium may be expressed in Fourier series 6]

fswm=K+E > lsin(nkrc)c:os(n.mﬂt— nkm}
0

) (19
where,
K is the time ratio
I = o fog = frequency ratio
Thercfore, from (4) and (19) the output voltage is
1> 1
V. =Ksin(w ) +— 3 —sin{nkn)
ot B 20)
[sin((nr +w, t—nkn)-sin{{nr-1) o t- nkfc)] (
2 1 =1
vef = Ksin(mst = +— X —siu(nkic)
. 3 mo=ln (21)
2 2
l:s'm((nr +1{msl - TE) - nkn:] - sin[(m - 1)(cost - Tn] - nthH
Vig =k sin[ms + ZTKJ +i]§l§siﬂ(nkn)
' (22)

l:sin((m‘ + 1)(%: + %“J - nkn] - sin[(nr - 1{(.151. + 333] - nkﬂ]:l

Equations (20-22) rcveal the following [eatures of this techmque.

i)  The fundamental component of output voltage is in phase with the input voltage.

i} The amplitude of the fundamental component of output voltage depends only on K
with linear relation between them.

iii) Harmonics are of order = ir+], with peak value ~(sin nkm)/i.

iv) Increasing r shifts the lowest harmonics far from the fundamenial, making it easy
to filter the outpuot current.

The rms value of the output voltage can be expressed as

n
L r.2
Ve = v dede 1 23
e Lﬂj; } P 23

a5
Gp.0y.

-k j 2 sin” B0
n
@0,

from (12) and (23)
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Vnns = '\/b l_ = JE pu

Also the harmonic voltage is

V=4 V2, -V = JK(I K pu

Load current in the case of delta conncction may be expressed as

. ) 121
1de=I'Z'{_SIII(wst_¢)+_Z_Sln(nkﬂ:)
n=1
sin{ma, t—a, ) sin(je, L_o;)
z - Z

nl ]

i, =i, (0,t-2n/3)
iy =i fo,t—4m/3)

where

2j=7{cos*® + (] sin®) "3
;= tan”! jsinb/cosd = tan~! (j tand>)
w=ar+1;j=nr-1;om=nKr+dyg ',otj=nKn+(Dj

24)

(25)

(26)

In the case of star conncction, phase voltages should be derived from line voltage

expressions, Then, phase currents can derived.
Output line current in the casc of delta connection is

iq = ide - ifd

Also, the supply line current may be found from
fa = fowm ig
1p = fswn i¢
ig = fywm If

an

(28)
(29
(30)
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Ontput Charaeteristics

Harmonic contenis of the vutput voltage of the AC chopper operating under TRC
technique can be calculated using (20). The first harmonics are of the order r-1,r+1,2r-1
and 2r+1 as shown in Fig. 4. The first two harmenics reach Lo their maximum value of
0.38 pu at K-0.5. The harmonic factor of ontput voltage is

\Y 31
HF, . —* ey
Vi
From (24-25) and (31}
T {32)
HF, =./—-1
K
1,00
a
z / RMS
a
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[
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Fig. 4. Harmanic conienis of the vulput voltage.

Output current hurmonics are reduced when the AC chopper is comected to an R-T.
load. As the rms value of harmonics decrease hence the rms value of the output current
approaches the fundamental as shown in Fig.S. Increasing the load angle makes
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more suppression on the harmonies of the output current and hence leads to decrease in
the HF as shown in Fig. 6.

Harmonle Cantents pu

Fig. 5. Harmonic contents of output current for inductive load with phase angle = 30°.
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Fig, 6. HF of ontput enrrent.
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Input Characteristies
The harmonic contents of the supply current are shown in Fig.7. Dominant
harmonics are of order r = 1. Relations between the dominant harmonics and K for
different load angles are shown in Figs. 8 and 9. It could be noted (hat the value of the
harmonics decreases with increasing the load angle. The rms valuc of the supply current

increases with decrease in the load angle as shown in Fig.10. As a result the HT is better
in the case of lower load angles as shown in Fig.11.

1.00 '—1

0.80

0.80

0.40

Hamenrit contents pu

0.20

Fig. 7. Harmonic contents ol supply current for inductive load with phase angle = 307
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Eleventh Harmanic pu

Fig. 8. RMS value of the 11th harmenic in supply current.
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Fig. 9. RMS value of the 13th harmonic in supply current,
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Fig. 10, RMS of the supply eorrent.



246 Khaled E. Addoweesh
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Fig. 11. HF of the supply current.

The power factor (PF) of the supply current, which is defined as

_ 3V, Cos(y,)
T Ay (33)

57 rms

PF

where

Vs is the value of the supply phase voltage

L] is the fundamental component of the supply current

Yiys is the rms value of the supply current

1 is the phase angle of the fundamental component of the supply current
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Relation hetween PF and K at different loads is shown in Fig. 12.
Experimental Results

‘To check the validity of the computed results, the three-phase AC chapper cirouit
has been tested.  Power MOSFETs were used as the AC switches of the three-phase AC
chopper. The gate of the MOSFET is driven by (he emitter-follower circuit as shown in
Fig. 12, Simulated and experimental results arc shown in Fig. 13 which show good
agreement between computed and experimental results,

1.00 -/
0.80 -y
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0.00 0.20 0.40 0.60 0.80 1.00
K

Fig. 12. 'F of the supply current.
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Tig 13 AC power switch.
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Fig. 14. Simuluted and experimental results for r = 12 and K = 0.5: (a) simulated resulls;
(b) experinental output voltage; (c) spectrum of experimental ontput voltage.
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Conclusion

In this paper a general techmique to control difforent configurations of the three
phase AC chopper circuits i3 presented. In this technique two control signals are used to
control the switches of the circuit. Harmonic analysis of the chopper performance is
presented.  Time ratio control (TRC) technique with a multiple of 3 frequency ratio is
proposed. TRC technique has been found to give linear relation belween the
[undamental component of the output voltage and K alse the low order harmonics arc
climinated. Detailed analysis of the performance of the AC chopper under this comtrol
strategy has been given,

Experimental fests on the AC chopper circuit with the power MOSFETS nsed
as the power switchcs were performed.  Test results werc observed to bein good
agreement with relevant simulatcd ones.
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