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Abstract

The three phase full bridge thyristor rectifier has drawbacks. The low power factor, the
high harmonic content of the dc voltage at high firing angle and the inherent dead time
are the main reasons for discomfort.

The configuration suggested here offers some remedy for all three disadvantages.
High frequency sinusoidal current pulses are delivering the energy from the input to the
output here. The paper describes the mode of action of the configuration. Symmetrical
components are used for the mathematical analysis. Pulse distribution ensuring unit
power factor in the whole operation range is suggested. Diodes are applied for clamping
at the end of the paper. This is the simplest realization of the concept.
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Introduction

Three phase full bridge thyristor rectifiers are widely used for supplying
various motor loads and other power electronic units. It has three main
drawbacks:

— the power factor can be low,

— the harmonic content of its output voltage is rather high in the low

output voltage range,

— there is an inherent dead time.
The rectifier configuration discussed in the paper offers some remedy for
all three disadvantages.

- The main objective of the paper is the description of the so-called
intelligent three phase rectifier suggested here. Its fundamental configu-
ration is the same as that of the well-known full bridge rectifier but it is
supplemented by two more switches as well as by several condensers and
chokes. It is operated in two basically different ways, namely in normal
and in pulse mode.

In normal mode it works in the same way as usual either as a rectifier
or as an inverter. The configuration as a rectifier is intended to be operated
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in normal mode only in the high output power range when neither the power
factor nor the harmonic contents are deteriorated up to a certain level and
probably only in transient state.

In pulse mode the configuration is operated as a three phase switched
condenser circuit in the middle and in the low output power range in recti-
fier operation. Only one switch is turned on out of the six rectifier switches
at the same time, and current pulses deliver the energy from the input to
the output. The pulse mode offers the following advantages:

— the power factor can be kept close to unity,

— due to the high frequency operation, the size of the filter components

is relatively small,

— the dynamic behaviour is improved.
After the extinction of the output choke currents the switch-over from
normal to pulse mode can be done. The steady state of the condenser
voltage u. will be reached after a transient process that is beyond the
scope of this paper.

In fact, the three phase diode rectifier, filter and chopper configuration
offer more or less the same performance. However, the forced commutation
can be avoided by applying the circuit discussed here. Furthermore, the
circuit operated like an active filter does not transfer the input voltage
variation of fundamental frequency (f=6x50Hz) to the output terminals.

Rectifier Configuration

The configuration investigated here stems from the three phase full bridge
rectifier. In order to realize pulse mode operation some new components
have to be added to it (Fig. I). They are the three input C; and the two
output Co condemnsers, the two L chokes, the clamping switches T}, and
Tn and the switched condenser C. C; > C and C, > C are assumed.
Uia, Uip and ui. are phase voltages. The switches can be either thyristors
(Fig. 1a) or some kind of transistors (Fig. 1b). The controlled switch
between terminals A and B has to be connected in the places of thyristors.
Mostly the application of thyristors will be supposed in the paper.
Positive current pulses are conducted by thyristor T, from time ¢; till
ts (Fig. 2). The current pulses flow via Tpe — L — Cy — C — ;. After each
positive current pulse a negative one is conducted by thyristor Tpy from #;
till ¢ in the lower part of the output.circuit. Perfect symmetry is supposed,
that is, the time functions will repeat themselves in each 60 degree interval
with cyclically changing thyristor pairs. The investigation of one 60 degree
interval, for instance, the interval from t; till ¢3 is sufficient. Voltages upo
and uno are dc voltages from segments of the phase voltages uiq, u;p andu;e..
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Fig. 1. a) Three phase configuration, C; > C, Co>»(C, b) The thyristor can be replaced
by the transistor (Tr) connection, c¢) Boost configuration, d) Buck and Boost

configuration.

Fig. 2. Input phase voltages and firing sequence of the thyristors
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Fig. 3. DC-DC converter

The dc-dc converter circuit shown in Fig. 8 is similar to the circuit
in Fig. 1. The circuits to the right from terminals P-O-N in Fig. I and
g are the same. The basic difference in the rest of the circuit is that the
main thyristors and supply voltages are cyclically changed in Fig. 3. Dur-
ing one sixth of the period of the three phase supply voltages only one
positive and one negative, for instance, Tpa and T, thyristors are gated
alternately. The dc-dc converter circuit has been described in detail in two
previous papers (NAGY, 1986, 1988a). The operation of both circuits is
based on the switched condenser concept (NAGY, 1985). The maximum
value of the output voltage (top + uon) is smaller than (3/7)v/2Uim, where
Usm 1s the amplitude of the phase voltage ui, (NAGY, 1985, 1988a). Sub-
stituting the circuit right from terminals P, O and N by the circuit shown
either in Fig. Ic or in Fig. 1d, the output voltage can be higher than
(3/7\')\/§Ugm (NAGY, 1985). The paper deals only with the configuration
shown in Fig. 1a.

Pulse Meoede

The maximum number of current pulses is 25 ~ 50 within one 60 degree
interval in thyristor configuration but it can be as high as several thousand
using a suitable transistor. Positive and negative current pulse pairs are
shown in Fig. 4. The input voltages u;; and ujy are almost constant during
v. Here wp=2nf is the network angular frequency.

The positive current pulse increases the condenser voltage uc, the
negative one reverses it. The clamping thyristors are not fired. Negative
voltage is developed across the previously conducting main thyristor, pro-
vided that the peak value of the condenser voltage u. is high enough.
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Fig. 4. Time functions during two current pulses

Constant and smooth dc output voltages Uyp and Uoy will be assumed
in steady state corresponding to the choice Co > C. The circuit is capable of
changing the output voltages only with the help of the clamping thyristors.
Without them the output voltage (Usp+ Uon) would be equal to the average
value of the input voltage (uip — Ujp). This statement can be proved for
asymmetrical input and output voltages (NAGY, 1986, 1988a). For the sake
of simplicity let us suppose here complete symmetry and constant input
and output voltages, that is, Usp = Uon = Us and uip = —uj, = U;. After
turning on the main thyristor on the positive side, a positive current pulse
ic lows and it makes the condenser voltage uc change at the end of the
pulse from Uqn <0 to

Z/rcp pased _.U,cn 4 2((/"1 - Uo) (l&)
In the same way:

Uen = ~Uep — 2(U; = Us). (1b)

The first term on the right side corresponds to the initial condition of
the condenser voltage. uc = Ucn would be reversed by the current pulse
without the voltage component (U; — Us). The second term is the result of
the resultant "input” voltage (U;~U,) of the L-C ringing circuit. Its double
develops across the condenser at the end of the current pulse. Steady-state
condition is met only if Ui~Uo =0, otherwise the peak value of the condenser
voltage would always be increasing (U; > Us,) after each current pulse, that
is,

Us = Ui (2)

must be met in steady state.
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On the other hand, Eq. (2) is not a precondition if the clamping
thyristors are fired at the right time. Now U, can be smaller than U;. At
the beginning of a positive current pulse i. the voltage across the clamping
thyristor Ty is negative. After a certain time the instantaneous value of
the condenser voltage reaches the value U;. The clamping thyristor voltage
turns to positive value at that instant (urp > 0) and it can be turned on
any time later (Fig. 5).

=== == Uep=-Ugp +2(U;-Uo)

4

/ X *
4 Ucp“"ucn

Fig. 5. Clamping thyristors are fired

The clamping thyristor T}y is fired at angle a =ap = on when uc =Uf =
—U&. The * denotes the clamped peak value. Without firing Ty, the
condenser voltage would reach the peak value Ueyp = —Uen + 2(Ui — Us)
(Fig. 5). Here w=1/v/LC and the losses are neglected. The condenser
voltage is clamped by T}y at the value Uen during the negative current pulse.
Constant peak value in the condenser voltage swing is ensured though
U, < Uj.

After turning on Ty, the main thyristor T, turns off and the current
ic(c) starts circulating in the circuit T — L — C, and decreasing at the
rate dijp/dt=—Us/L. The commutation process is neglected here and later.
Furthermore, discontinuous current conduction will be supposed, that is,
the extinction angle ce < ¥/2.

Pulse Energies

Turning back to the more general case, let us suppose that U, = —Uj, and
Uep=—Ucn although all four voltages are constant. Here and later the * is
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omitted for the sake of simplicity unless it is stated otherwise. Of course,
Ucp can differ from —Uey, in steady state. Shifting the firing angle o forward
or backward accomplishes Uep =~Ucn (Fig. 5).

The relations of the pulse energies taken out of the supply and deliv-
ered to the output by the current pulse will be determined.

The energy taken by one positive and one negative current pulse out
of the input source in steady state is (ap=a):

afw
Wip = Uiy / iedt = CUip(Uep — Uen). (3)
0
and
afw
Win = =Uin [ icdt = ~CUn(Usp = V). (4)
1]

respectively. The input energy is proportional to the product of the input
voltage and the condenser voltage change or in other words, it is propor-
tional to the product of the input voltage and the sum of the charges stored
in the condenser at the start and end of the current pulse.

The corresponding change in the energy stored in the switched con-
denser is:

AWep = C(UE, — UZ)/2. (5)
and
AWen = C(UZ, - UZ) /2. (6)

respectively. The output energies are:

Wfop - I’T/]p - ALVCP == C(UCP - vcn)[Uip - (Ucp + Ucn)/2], ’(7)

‘on = Win — AWen = C(Ucp - Ucn)[_Uin + (Ucp + Ucn)/z} (8)

The sum of the output energies is supplied to the load:

Wop -+ VVon = C(Ucp - Ucn)((]ip - Uin)- (9)

It is proportional to the product of the sum of the input voltages and to the
condenser voltage change. The variation of the condenser peak voltages by
clamping modifies the output energy.
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Symmetrical Components

The introduction of the two phase symmetrical components can be reward-
ing. Their definitions are:

Ui = (Uip - Ui )/2, Uip = (Uip + Uin)/z’ (10)
Ucl = (Ucp - Ucn)/Q; Uc2 = (Ucp + Ucn)/2, (11)
Wo = (VVop + Won)/27 Woa = (Wop - Won)/Qa (12)

where suffixes 1 and 2 denotes the positive and the negative sequence com-

ponents, respectively. The positive and the negative sequence components

are proportional to the sum and the difference of the variables, respectively.
Substituting Eq. (11) into Egs. (7) and (8)

Wop = 2OUC1(Uip - UC2)7 (13)
Won = 2C'l'jcl(“Uin + UCQ) (14)

are obtained.
First adding and in the second step subtracting the last two equations
and substituting the results into Fgs. (10) and (12), we end up with:

~

Wor = 2CU Uy, (15)

Woo = QCUcl(Uiz - Ucz). (16)
Knowing the input voltages and prescribing the energies Wy, and Wy, the
positive and the negative sequence components of the condenser voltage

can be calculated from the last two equations. The peak values of the
clamped condenser voltage are:

Ucp =Uq + UC’Z: (17)

Ucn = —Uc1 + Uc?- (18)
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The positive and the negative sequence components of the input energies
are

Wi = Wo1 = 2CU1Uq, (19)

Wiz = 2CUUa (20)
and those of the energy changes in the switched condenser are
AW =0, (21)

AW, = 20U Ues. (22)

The ratio of the output energies are
Wop/Won = ﬁ
and

Woa/Wo1 = 6.
On the other hand

Woz/Woir = (Wop — Won)/(Wop + Won) = (8—-1)/(B+1) =6 (22a)
and from Egs. (15) and (16)

Uez = Uiz — Unn. (23)
Three states belonging to different § values can be distinguished. Selecting

the values Ucp and Ucn by controlling the firing angles ap and ap, the value
é is set.

Symmetrical Energy Supply (SES)

Now é = 0 and
UCQ - Ui?- (24)

The input voltages Uip and (—Uin) can be equal or different. Even in the
second case (see Eg. (16)):

Woz = 0, thatis
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Wop = Won = Wo (25)
and
AWer = Wig, (26)

that is, SES is maintained in the output circuit.
The ratio of the input energies see Egs. (3) and (4)):

I/Vip/VVin = ip/("'Uin)- (27)

The equal output energy pulses in the two branches of the circuit are
covered by the positive sequence component of the input energy pulses
(Eg. (19)). The negative sequence components of the input energies cover
the energy unbalance in the condenser (Egq. (26)). In other words, the
energy being equal to the condenser energy decrease (AW.p or AWen) is
supplied to the output in the branch of the circuit where the input en-
ergy is smaller than the output one while the energy being equal to the
condenser energy increase is supplied from the input source in the other
branch where the input energy is bigger than the output one (see Egs. (7)
and (8)). The condenser as a buffer ensures equal output energies though
the input energies differ from each other.

SES can be maintained even at Uy, > 0 and U;, = 0 or Ui, < 0 and
Uipp=0.

Asymmetrical Energy Supply (AES)
Now §=U;2/U;; and from Fgq. (23):

i Uea =0, (28)

as well as from Egq. (22) AWe = 0. The condenser voltage swing is
symmetrical to the time axis. There is no condenser energy unbalance,
AWep =AW =0. :

On the basis of Fgs. (16) and (20) W,2 = W3 and taking into account
Eq¢.-(19)

Wop=Wip and Won =W, (29)
as well, as from Egs. (13) and (14):
Wop/Won = ip/VVin = Uip/(’”Uin)— (30)

The input energies are transferred directly to the outputs.



THREE PHASE RECTIFICATION 147

Uig=Sin Wwpt

Fig. 6. Current pulse distribution

General Energy Supply (GES)
Now §=0 and §=Uj3/U;; . The ratio of the output energies is:
Wop/Won = 8, (31)
where
B=(1+6/(1-56). (32)
The ratio of the input energies remains unchanged:
H/ip/wrin = Uip/("Uin)'

It means that there are certain energy exchanges between the condenser
on the one hand, and between the input and output circuits on the other

hand.

Pulse Distribution

The three phase configuration (F4g. 1) has been abandoned in section Pulse
Mode and for the sake of simplicity constant dc input voltages were assumed
(Fig. 3).

Now turning back to the three phase configuration shown in Fig. I,
its investigation may be confined to the interval (2 — ¢1) (Fig. 2).
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It is supposed that the number of full v cycles during the time span
ty —t1 is N where the suggested maximum value for N is 25 ~ 50 and it is
much higher for transistor switches. In order to ensure complete symmetry,
only the 7/3 — 2(¢ + ¢) interval is divided into N equal sections (Fig. 6).
Being wn(t2 — t1)=m/3 and

v = 2(2¢ + ¢) (33)

it means that
v = (x/3)/(N +1/2). (34)

Furthermore,
4e = 27wn/wn, (35)

where w= 1/\/55 and wy is the angular frequency of the supply network.
Choosing N, the values v and ¢ can be calculated when w is given. Fig. 6
assumes full current pulses. In fact, the pulses are shortened because of
clamping.

By maintaining this pulse distribution the power factor is kept close
to unity. Now the input voltages change sinusoidally (Fig. 2). The am-
plitude of the phase voltages is chosen as voltage unit. The sine waves
are approximated by step functions. The approximate value for the input
voltage u;, during the positive current pulse in the interval kv is

uig = uip(k) = sinfae + (B — 1)y + €] (36)

and the same for uy is

uip = uin(k) = sinfae — 120° + (k — 1)y + 3¢ + ¢], (37)

where a: = 30°+ e+ ¢ (Figs. 6 and 7) and k = 1,2,... N. The conditions
uep(k)|1 > uip(k) and —ucn(k) > —uin(k), that is

uc1 (k) > uin(k) (38)

for turning on the clamping thyristors and turning off the conducting thyris-
tors must be met after each current pulse and in each state as well.

Before investigating the three states set by the appropriate firing of
the clamping thyristors, first the simplest case, namely, the diode clamping
is discussed.

&
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Diode Clamping

In the simplest case the clamping thyristors are replaced by clamping
diodes. The switched condenser voltage amplitudes are limited by the
instantaneous values of the input voltages, that is,

uep(k) = uip(K), (392)

ten(k) = uin(k). (39b)

The minimum value of the condenser voltage change is approximately 1.5
at time t; and its maximum value is /3 at time tm (Fig. 2). In case
of constant input voltages the sum of the output energies is proportional
to the product of Uc; and Ui (see Eg. (15)). Their value at time #1 is
Ua=Uiz =(1+0.5)/2 and at time tm is Uy = Uiy =+/3/2 (Fig. 2). The

ratio of the maximum and minimum energy portions
Wo1 (tm) /wer (t1) = (v/3)?/(1.5)% = 1.333. (40)

The function of we1(k)/C is shown for a 60° interval in Fig. § in the case
N =12. It was calculated on the basis of Egs. (7) and (8) in the k’th
interval as follows (see Fig. 7).

Ucp(k) Uic:SinUnt
UiplkeD L
F: ’ - T
. R !

T
L |
1]k 1 1 (k1)
1 1 T 2]
o ' | L uip=sinCupi-2
: ! : ’ | L ib=Sin( W, —-31()
— N Lo Nuin(k)
L Uink- —
s Uinlk=1) (k)

Ugnplk=1)

Fig. 7. Calculation of ucp(k) and ucn(k)
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The output energy portion carried by the positive and negative current
pulses is:

Wop = Clucp(k) — wen(k — 1){uip(k) = [ucp(k) + ven(k — 1)]/2}
(41)

and

Won = Clucp(k) = uen(R){—uin(k) + [ucp(k) + uen(k)]1/2},  (42)
respectively.
Now wen(k — 1) = ujn(k — 1),  ucp(k) = uip(k) and ucn(k) = uin(k)
(see Fig. 7). Function we1(k)/C justifies the estimation given in Egq. (40)
since the output energy ratio taken from Fig. 8 is 1.365.
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Fig. 8 Output energy variation at diode clamping. N=12

A harmonic having a frequency six times higher than the supply frequency
appears in the output voltages. It can be eliminated by applying the clamp-
ing thyristors rather than diodes and by gating them to ensure constant
output energy portions. It can be expected that the energy portions will
not change if the condenser voltage change is proportional to

1/(uia ~ wip) = 1/<Sin wt — sin(wt — 120°))

in the interval investigated (see Eq. (9)), that is, the ratio of the maximum
to minimum condenser voltage change is:

(ucp - ucn) nearest to f;

= 1.15.

(Ucp - Ucn) nearest toty
By using controlled switches in place of clamping diodes the output energy
Wo1(k) can be kept constant in each v cycle.
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Conclusion

In the present paper a new configuration for three phase rectification by
high frequency pulses has been suggested. It was devised to maintain the
power factor close to unity, to improve the dynamic performance and to
reduce the filter components.

The paper describes the symmetrical (SES), the asymmetrical (AES)
and general (GES) energy supply in the case of dc input voltages. In SES
the output energy Wop delivered by the positive current pulse i, equals the
output energy Won delivered by the negative current pulse in. In AES the
ratio

Wop/Won = I’le/I/Vm = ip/Uin .

A pulse distribution ensuring complete symmetry and unit power factor
has been presented.

Assuming clamping diodes the switches are turned on and off when
either their voltage or their current or both of them are zero reducing the
switching power losses. Now the only way to change the output voltage is
to vary the number of pulses.

A next paper to be published (NacYy, 1991) will describe another
way for changing the output voltage and for maintaining constant output
energy Woi(k) in each v cycle by using controlied switches for clamping
the voltage of the switched condenser.
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