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ABSTRACT frequency transformer is easy to implement.
Simulations and experiments are carried
This wpaper presents a novel PWM control out to confirm feasibility of the proposed
method for switch mode rectifier (SMR) based on method.
the idea of coordinate transformation. The
proposed method realizes sinusoidal input MAIN CIRCUIT
current waveforms, controllable input )
displacement factor, and arbitrary output The main circuit of the SMR is shown in
voltags waveform. This method is suitable for Fig.1(a), which consists of six self-turn-off
real time control. bidirectional switches S, =Sy, input I-C-r
Simulations and experiments are «carried filters, a high-freaquency transformer T. a
out to confirm feasibility of the vproposed diode bridge and a L-C, filter. The ohmic
method. isolation between the source and the load s
realized by the high-frequency transformer
Practical bidirectional switches for Sau_sbw
INTRODUCT ION are shown in Fig.2(b). Each switch consists of
two self-turn-off devices with reverse blocking
Transformer isolation is a usual practice capability. The efficiency of the SMR is to be
for ohmic isolation between a source and a improved by wusing GTO's. The GTO's reduce
load. The transformer designed for commercial number of devices connected in series in the
frequency makes the converter bulky and heavy. operation of the SMR. The input I-C-r filters
Therefore, high-frequency link converters have are used to e!iminate high freauency components
been studied minimize weight, size and cost of in the input current of the SMR. The
the converters by making the transformer inductance of the source line is tnc|uded. in
smaller(1102)0(3]. the filter reactor | and the resistor r is a
S.Manias and P.D.Ziogas proposed a novel sum of the resistor of the reactor and that of
switch-mode-rectifier (SMR) structure and showed the source line. The filter L-C, suppresses
a control method[4]. The structure having six the high-freaquency components of the output
force-commutated switches with bidirectional voltage of the SMR.
current flow is simpler than those of the The source voltages v . Vv o Voo and the
conventional ac - dec - high freq. - dc type voltages after the input |I-C-r filters Vyr  Vyr
converters. The control method proposed in v, are given as the following expressions:
[4). which is a combination of the control
method of PWM converters and that of PWM
inverters, makes the input power factor Sﬂi_ﬁ
controllable and reduces the harmonics in the Sav L
input current. However, the method in [4] still Sa:_— g
generates lots of harmonics in the input e toc
current, and does not seem adeguate for real Sbi___ . Cf:R2>$VW
time control of arbitrary output voltage Sbyv
waveforms. ~§;
In this paper, a novel PWM control method oo
for the SMR derived from the idea of coordinate
transformation[5] is proposed. The proposed (a) Main circuit
method realizes sinusocidal input current
waveforms., controllable input displacement
factor, and arbitrary output voltage waveforms.
Moreover, this method is advantageous to reduce CF—[::;I:::I—O
higher and fractional harmonic components of
the input waveforms than the previous method, (b) Practical switching device
and is more suitable for real time control. .
Suppression of dc magnetization of the high- Fig. 1 Switch mode rectifier
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Sampling time

Ts —>
phase al Sau Sav Saw
phase b|Sbu| Shv Sbhw
t
Fig. 2 Switching pattern

Vuo cos wt

Vyol = s |cos(wt - 27/3) )

Yo cos(wt + 27/ 3)

vy cos (Wt -&)

vyl = Vv cos(wt -§ - 2%/3) (2)

Yy cos(wt -§ + 27/3)

where @ is the angular freaquency of the source.

Vg is the amplitude of the source voltages, V
is the amplitude of the voltages after the
input |-C-r filters and § is the vphase lag

caused by the input |-C-r filters.

CONTROL FUNCTIONS

Since the filter capacitor C's are connected
on the source side of the bidirectional
switches Sau_sbw’ short-circuit of the
capacitors by the switches is not allowed.
Since the high-freauency transformer with a
leakage inductance is connected on the output
side of the switches, open-circuit of the
output terminals is not favorable. Therefore.
the switches Sau_sbw are controlled as shown
in Fig.2. For real-time control., switching
patterns are generated at every sampling period

Tg. A control function for each switch is
defined as a duty ratio within each Tgs and s
denoted by a, - b,. For instance, a, is defined
as follows:
a, = (on-time of Sau during Ts)/Ts. (3)
The following constraints are imposed on the
control functions:
a, +a, +a, =1
(4)
by, *+ by, *+ b, =1
where
0 < ag = 1, 0 = bq <1 (Q = u, v, w).
The voltages on the primary side of the high-
frequency transformer are denoted by Va and Vp -
These voltages are viewed from the neutral
point N. The average values of the voltages
Va+ Vp during the sampling period Te are given
as follows:
Va a, a, a,||vy,
= vy (5)
Vb bu bv bw Vo
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The input currents are denoted by iu’ ‘v’ iw.
The average valuesof the input currents during
the sampling period igs iys i, are given by

using the current of the primary winding of the
high-frequancy transformer igy as:

i
OH
(6)
~ioH
We propose the following control functions
based on the idea of coordinate transformation

(51:
a, Xy hy
ay = A Yy iv * :v
a "
" " N
bu Xu :u
bV = AV‘ Yb. XV + v
bw xw hw

where A, determines the amplitude of the output

voltage on the oprimary side of the high-
frequency transformer. Functions h,, h,, bhy
are introduced to satisfy the constraints in
4. X,. X, and X, are given as follows:

Xy cos(wt + @)

X, = Jcos(wt + ¢ - 27/3) (8)

Xy cos(wt + ¢, + 2 7/3)

difference
v and the

where ¢s is the demand of the phase
between the input voltages vy’
input currents i, ., i, i By substituting
(2), (7) and (8) into (5), the average values
of the voltages during the sampling period ¥
Vb are obtained as follows:

v,s V

a’

3
;AV'V~cos(¢s +§)

Vb
where vy is expressed as:

= h v

v
u-u

+
o

Pevy

+ h

v
w

W' 10
Then the average value of the voltage across
the primary winding of the high freauency
transformer during the sampling period Voy s
obtained as:

VOH

-cA, Veocos(dg + &)Y, - Y. (D

2

Ya

the

Functions
across

frequency
determine
The output

(11) appears
the high-
functions
voltage VOH-
obtained by
voltage VOH -
vpe can be

and Vb in (T) and
primary winding of
transformer. These
the waveform of the
dc voltage vpe
rectifying and smoothing the
Therfore the output dc voltage
controlied by the value A,. The output voltage
generated by the functions h,» hy. h, is a
zero-phase component and does not appear across

is
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the primary
transformer.
The functions Ya

winding of the high-freaquency

A Xu

and Yb can be any kind of

waveforms. To realize the least switching >
frequency of the switches sau_sbw under the
link freaquency @,, the functions are chosen as: t
Ya sgn( sin o, t)
= 12)
Yy sgn(-sin @, t) [ Xwl is max.
Assuming that the dc outeput current ipc (=)
does not contain ripple component (i.e. i =
DC Vo
I (constant)), the primary current of the high- H v Vyw
frequency transformer ioy is expressed as: rgi’ﬂ\\<<7
= - LV or
1 OH ey, Yp)/2. 3) OH
The average value of the input currents during
the sampling period T,, 7,, T, are obtained by ) @ @ Q t
substituting (7)., (8), (12), (13) into (6).
7 X Sav Sau Sav
_u u
Tl = A%, Sbw Sbw Sbw
Ty X on on on
cos( Wt + ¢ "——TS—#
= A, lotecosCwt + ¢s - 2m/3) (14) (h)
cos( wt + s * 2 ®/3)
‘ Fig. 3 Example of switching seqeunce
The input currents are sinusoidal. ¢s is the with least switching frequency
value introduced in (8) and determines the
displacement factor of the input current.
where
FUNCTIONS h . h,s h, AND THE MAXIMUM
OUTPUT VOLTAGE minY_ = min(Y_, Y.)
) a b
The functions hys hys h, are derived fronm max¥ = max(Ya' Yb)'
(4) and (7) as follows: P
-Av Xq minYp < hq <1 - Av Xq maxYp Also from (4) and (7).,
(Xq > 0 hy + hy + h, = 0. 16)
-AV )(q maxYp < hq <1 - Av Xq mian Assumes that the absolute value of Xy s
the largest among those of the functions X,.
(Xq < 0 Xv, Xw and Xw is negative in a sampling period,
and Yo = 1. Yy = -1, Then the switching
Caqa = u, v, w) 1%
Table.1 Example of hy,h,, h. and switching sequence.
MODE 1 2 3 4 5 6
Xy + + - - - +
X, - + + + - -
X, - - - + + +
h. 1-Ay - X, -maxY, Ay X, -minY, -Ay - X, -maxY, 1-Ay - Xy -minY, —Ay - Xy -maxY, Ay Xy minY,
h, ~Ay - X, - maxY, -Ay-Xy-minY, -Ay - Xy - maxY, Ay Xy -minY, -Au Xy omaxY, | 1-Au-¥o-minY,
h, -Ay-Xo-maxYo | 1-Ay-Xu-minY, | 1-Ay-X, - maxY, —Au-Xu-minY, | 1-Ay-X,-maxY, —Ay - Xu-minY,
SWITCHING
SEQUENCE | YTV “ uy “
785
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frequency is reduced by keeping the switch Sbw
on and the switches Sbu’ Spv off, and by

controlling the outout voltage with the
switches S,y Sav’ S,w as illustrated in Fig.3.
A sampling period in which IX_ | is maximum s
expanded in Fig.3 (b). The voltage across the
Primary winding of the high freauency
transformer VoH consists of three waveforms in
the sampling period. These waveforms are (a)
zero-voltage short-circuited by the switches
Saw and sbw’ (b) tine-to-line voltage Viow (Sau
and S, on), (¢) line-to-line voltage Vuw
(SaV and sbw on). There is a freedom in the
seaquence of (a), (b), (¢). An example of h .,
hy» h, and a switching sequence is listed on
TABLE I . There are six modes depending on the
max imum value of IXUJ, IXVJ/ )le. The
switching sequence is denoted by the subscripts
of the switches to be turned on/off in the
mode . For example, Figure 3 is the case of
mode 2. The‘SW|tches Sau’ Sav and Saw are
turned on/off in the case. Thus the switching
sequence is w > u -~ v. The distortion of the

input currents of the SMR is reduced by the
sequence on TABLE | [5].

Using the functions Y, and Yp of (12), the

control functions of the switches a, - bw are
determined for each mode. For example, in mode
1,

v:“° Sau®

Vo SaU Sav'

Loy
S
Veo Sav’ Saw'
Saw’

Fig. 4 Eaquivalent circuit of a-phase of SMR

/\ NV oh Vou

Ty
4
: T,
ion
(a) (b)
Fig. 5 Waveforms of valtages and currents of
primary winding of high-freaency

transformer
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i f Ya = 1 and Yb = -1
a, = 1
a, = 0
a, = 0
by =1 - b, - by
bv = -2-A,-X,
by = “2-A, X,
if Yy = -1 and Y, =1
a, =1 -a, - a
a, = “2A, X,
a, = -2-A,-X,
bu =1
o o 17
bw = 0. (
The control functions obtained above are
simple. In the case that ¢s = 0, the functions

Xu, Xy X, are in phase with the input wvoltage

Vyr Vyr Yy It is found that on-times of the
switches Sav/sbv and Saw/Sbw are in proportion
to the absolute value of the input line-to-
neutral voltage vy and v in mode 1.
respectively. As for u-phase. the switches

Sau/sbu is kept on in mode 1. Since the output
dc current ipc is constant, the resulting ineput
currents iu‘ iv‘ iw are in phase with the input
line-to-neutral voltages vy vy, Vi’
respectively.

The range of the function A, in which the
average value of the output voltage during the
sampling period VOH is kept constant in every
sampling period is:

0 <A, = 1/2 (18)
The maximum value of the voltage ¥ H is derived
from (11) as (3/2)-V»cos(¢s + 8. Ifédy = 0
and Vcosd = Vs’ then the output voltage VOH is
1.5 time. as much as the amplitude of the line-
to-neutral voltage V.

SUPPRESSION OF DC MAGNETIZATION
OF HIGH-FREQUENCY TRANSFORMER

A dead time Ty is introduced against the
short-circuit of the input filter capacitor C.
Figure 4 shows an equivalent circuit with two
reverse blocking self-turn-off devices for each
switch. Assuming that v, > v o and igy < 0.
i OH goes to opposite sign at the time of
commutation from s,7 to s_.7. If no dead time

av :
is set, s * is to be turned on while the switch

Say I8 st?TI in on-state. A small dead time is
effective against the short-circuit.

Figure 5 shows examples of the voltage
across the wprimary winding of the high-
frequency transformer vgy and the current of
the primary winding of the transformer iOH
Figure 5 (a) shows the case that the demand of

the output voltage is small. The current g,
goes to zero in the wperiod of 2zero-voltage
output. In Fig.5 (b), the demand of the output
voltage is large. The period of zero-voltage

output is short and the current g, has a
certain amount when the voltage of opposite
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sign is generated. Then the output voltage has

a dip caused by the dead-time. If dc component
is contained in the output current, the die may Soukce 100y~ W .
appear in the output voltage of only one 0 ~ 0'
polarity. In this case, the voltage drop VOLTAGE M
causes positive feedback and the dc componet is [V] -100}
increased. Then the dc magnetization of the / 8.0t i e,
high freaquency transformer is agaravated. INPUT N !“Hl/i:o it
This dc magnetization <can easily be CURRENT 0 \‘TM‘M}\MW
suppressed by detecting the dc component of the [A] -8 0: Nl T
output current and by modifying the functions Vo
Y, and Y, properly. ouTPur  1B0F AT et
P il P
SIMULAT IONS "Wﬁrf]l('f L I I
v -160 RN E N Vi RN
F:igm;rehs sho:{sha g;nerat;ng me‘tr:od of on] 0 Gb Iéo Iéo 2[‘10 360 3{30
signal of the switches - . e contro
au bw
functions a, and a, + a, are sampled and held wt[deg]
during the sampling period TS. These functions () A=1/4
are compared with a sawtooth waveform
synchronized with the sampling time and the on-
signals of S, - S, are generated. The on-
signals of Sy - S, are generated using the SOURCE 100 P T g W0
control functions b and b + by The § . 0 o & %
switching seauence is u = v = w in this case. VOLTAGE N
The switching sequence can be changed by the [v] -100 —
control functions to be sampled and held. For ; " e
example, the switching sequence is v - w = u INPUT 8‘0#%@1,’"!{/‘” :l'w‘“ﬁm‘\fw
with thé control functions ofvav and a, + a,. CURRENT 0L "‘w'):‘/'UO I (M,] e
Figure 7 shows simulation results with } 1]' \,WWW*’
(a) A, = 1/4, (0 A, = 3/8, (o) A, = 1/2. The LAl -8.0F L A L
sampling wperiod is set at one 64th of the 180 Co Vo e
T I R NI
period of the source voltage. Then the ouTPUT o \:‘;H‘l‘ pret
frequency of the high-frequncy link is 32 times VOLTAGE 0 T
as much as the source frequency (i.e. B60Hz*32 = [v] -160‘1‘ : o :
1.82 kHz). Simulation conditions are listed on ; p : . . . :
TABLE Il. The capacitor on the dc side C, is 0 60 120 180 240- 300 360
large enough to absorb the switching ripple of w‘t[deg]
the dc voltage. The switches are ideal and no (b) A=3,/8
dead time is set. The input currents iuo in
Fig.7 (a), (b), (c¢) are nearly sinuscidal. The
phases of input currents i lead to the source

uo

voltage Yuo due to the input filter capacitor SOURCE 100W—\
C. The average value of the voltage across the i 0

primary winding of the high-frequency VOLTAGE w
transformer is constant in every sampling [V] -100

period.
INPUT 8.0'~
i CURRENT 0 e
1 s [A] 2l N
a0, B % P
CONTROL ’ vureuT i
i ‘ t 4 1007 i
av Z i_, VOLTAGE ok il
a, : : [vl i I U‘ U—U
O aul ‘ ‘ ! .100 i "‘"““ }' i " 1 J IU
—‘ P 1 ! 0 60 120 180 240 300 360
s [ [ [T o o]
() A=1/2

[ e

Sav ‘
| i H

Saw | 1 Fig. 7 Simulation results

Fig. 6 Generation method of switching
patterns
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SOURCE PLL 1
o CIRCUIT|O 9+ i s T WV
SlGszL, *|Bu by ba i | GENERATOR
GENERATOR H
THREE PHASE X;(Y.;ﬂ Rorheily
SINEVAVE Y — — E
GENERATOR Xvu av ay(ay,ay) i Sau
€os X X ar av(aw,ay) La, Sav
COS(X —2n/3) a Lay
hd ay(ay,ay) . Sav
COS(X +2mn/s3) | ~Xw | MPL b lnex LI i ——>
ADD bo(by,bw) ADD Ll; CHP|MPX| S bu
by be(by,by) a S bv
AC by bwl(by,by) Lbe S by
; LN
L
) DC Magnetization HPX Htfltiplt?xer ADD : Adder \
ion —X Controller MPL : Miltiplier CMP : Comparator MCE8000
LIM © Limiter STV : Saw tooth wave
Fio. 8 Block diagram of control circuit
EXPERIMENTS TABLE 11 PARAMETERS OF SIMULATIONS AND
EXPERIMENTS
Figure 8 shows the block diagram of the
controller. The electrical angle of the source Source line-to
voltage § is obtained by the PLL circuit. -neutral voltage 100 Vv
Functions X, X,, X, are generated with 6 and Source freauency 60 Hz
$, using a table. The electrical angle of the Link freauency 1.92 kHz
output voltage @, is obtained as 32-( 0+ ¢,). Input displacement
Functions Y  and Y, are generated by using the angle ¢ 0 des
demand of the output dc voltage A, and the o Input filter
Functions h, . h,, h,  are generated by wusing r 0.5 ohm
TABLE | . The limitter works in case that the I 0.6 mH
control functions a, - bw do not satisfy the c 10 uF
constraints in (4). The on-signals of S, , - Winding ratio of
Sbw are obtained by comparing Loy = Lpy Wwith high-freauency
the sawtooth wave. The portion enclosed by the transformer 1l
broken line is realized with a microprocessor Output filter
MC68000. L 20 mH
Figure 9 shows the circuit for suppressing Co 4400 uF
the dc magnetization of the high-freauency Load R 20 ohm
transformer. The dc component is detected by a
Hall sensor and a low-pass filter and then the
functions Ya and Y, are modified.
Experimental results are shown in Figure
10. Two bipolar transistors and two diodes are
used as a bidirectional switch as shown in
Fig.1 (b). The voltage demand Av is 1/4 1ox
(Fig.10 (a)), 3/8 (Fig.10 (b)) and 1/2 (Fig.10 —> LPF
(c)). Other conditions are the same as those
in the simulations. The dead time Ty for
preventing the short-circuit of the input
filter capacitor is set at 20 us. The ripples
in the input current i are larger than those
in the simulations. The large ripples are
caused by the dead time. The obtained dc Fig. 9 Circuit for dc demagnetization
output voltages are a little bit smaller than

the demands. This difference is mainly due the
dead time and the high-frequency transformer
which is not suitable for high-freaeuncy use.
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SOURCE vy,
VOLTAGE [V]

SOURCE 1 yo
CURRENT [A]

OUTPUT Vo
VOLTAGE [V]
OUTPUT 1 on
current (AL

Fig. 10

CONCLUSIONS

This paper presented a new control method
for the SMR. The new method is based the
idea of coordinate transformation. Results are
the followings:

(1) The proposed method
input current, arbitrary output voltage
waveform and controllable input
displacement factor. The maximum input-
to-output viotage ratio was 3/2.

The vproposed method was suitable for
real-time control of the voltage on the
primary side of the high-freaquency
transformer. Thus the suppression of the
dc magnetization of the high-frequency
transformer was easy to implement .
Contro!l of the output dc voltage was also
easy.

Feasibility of the proposed method was
confirmed by simulations and experiments.

on

realized sinusoidal

(2)
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(b) A=3/8

Experimental

789

() A=1/,2

results
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