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Abstract

Three-phase two-stage boost rectifier with sinusoidal input current are presented and a novel topology with two
active power devices is proposed. These contain a capacitor for pumping action in DC circuit. This gives two-
stage boost operation to obtain higher DC output voltage. The rectifier can be operated in the switch mode for
pumping action and for forcing the input current to follow its sinusoidal reference independent of the working
conditions. The results of the proposed rectifier are compared with those of the rectifier with a single active
power device. The simulation result gives the better output DC voltage regulation under open loop condition.
The simulated results prove that the proposed rectifier has the expected performance.
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1. INTRODUCTION

To obtain higher DC output voltage, voltage-doubler rectifiers which are a half-bridge circuit or a
diode pump circuit have been used [1-4]. The three phase circuit configuration of these rectifiers is simple, the
AC input current has the distorted waveform. Use of a transformer allows multiple outputs to be obtained in the
rectifier. Many circuits with the transformer have been reported [5-12]. The transformer is also used in isolated
topologies and its design is important to reduce size, cost and losses.

For the purpose of the improved waveform in the input current by using new configuration of the
rectifier without the transformer, the three-phase switch-mode rectifier with cascade connection of the diode
bridge and the boost DC— DC converter has been shown [13]. However, the efficiency of the converter
decreases rapidly at high duty cycle in the range of high DC output voltage. To maintain high efficiency in the
wide operational range, a three-phase boost rectifier adding a capacitor for pumping action in DC circuit has
been proposed by the authors [14]. This rectifier enables the DC output voltage to be regulated and the input
current to be close to sinusoidal. However, the input current waveform is degraded as the output power
increases.

In this paper, a novel three-phase two-stage boost rectifier without the transformer is proposed and a
reduction in the input current distortion is studied. Additional capacitor in DC side gives two-stage boost
operation by means of inductive and capacitive energy/transfer mechanisms under the high-frequency switching.

To cause the input current to follow its sinusoidal reference by employing current mode control, a
capacitor voltage is superimposed upon the supply voltage when the switches are turned on. Two experimental
prototypes, employing one or two active power devices, are implemented to investigate the operation. The
rectifiers of two types, the switching signals, and the control block diagram are shown. The modes of operations
are explained by illustrating the equivalent circuits, and the equations in each mode are derived for state-space
simulation. The steady-state waveforms, the total harmonic distortion (THD) and the efficiencies are compared
in two rectifiers. The experimental and simulated results confirm that the input current can be wave-shaped
sinusoidally with a near unity power factor independent of the working conditions.
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2. CIRCUIT TOPOLOGIES

Fig. 1 gives the original topology of the three-phase two stage boost rectifier [14] which has been
reported previously by the authors. This topology is based on the combination of a conventional three-phase
boost rectifier and the pump circuit. The boost rectifier, which is first stage for the boost, comprises four diodes
labelled D;—D4, an active power device IGBT labelled Q, the boost inductor L, and the capacitor C;. The
capacitor C, for the pumping action, which functions as second stage for the boost, is connected in DC side. In
the first stage, the energy is transferred from AC source to the capacitor C;.

The capacitor C, for the pumping action, which functions as second stage for the boost, is connected in
DC side. In the first stage, the energy is transferred from AC source to the capacitor C;. In the second stage, the
energy stored in C; is transferred to the capacitor C,. The pumping action of the capacitor C, allows the output
capacitor Cs to produce more than the sum of the peak input voltage and the capacitor C, voltage, because C, is
connected in series to the input source.

The inductor L, is inserted to suppress the circulated current between the capacitors C; and C, in the
on-state of Q. The diode Ds is inserted to prevent the capacitor C; from being shorted when Q is turned on. The
diode Dg prevents the current i; from charging C; through L;, C, and L, after the current i, has reached to zero.
The diode D, prevents the capacitor C; from discharging via C, while Q is conducting. In this topology, the
input current can almost be wave-shaped sinusoidally by employing a current-mode control. However, the rate
of the increase in the input current during the conduction of Q depends on the supply voltage and the boost
inductor L;. The low instantaneous supply voltage in the vicinity of a zero crossing cannot allow the actual
current to follow the reference, so that the current waveform is distorted and is out of the sinusoidal wave near a
zero crossing. The distortion in the input current becomes serious according to an increase of the load.
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Fig.1 Three phase two stage boost rectifier with single switch

Fig. 2 shows the proposed three-phase two-stage boost rectifier for the purpose of the achievement of
the sinusoidal input current without the distortion near the zero crossing of the supply. The diode bridge and the
pump circuits also are employed for the construction of the topology. Comparing with Fig. 1, an active power
device and a diode are added. The DC output voltage is more than twice the peak input voltage can be obtained.
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Fig.2 Three phase two stage boost rectifier with two switches
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In this topology, the voltage of the capacitor C; can be used for the increase of the input current. Then
the actual input current can go to the reference with faster response, even if the instantaneous supply voltage is
low. Consequently, the distortion of the input current waveform in the vicinity of a zero crossing of the supply is
reduced. The detail of the operation is described in the later section. The diodes Ds and D¢ are inserted to
prevent the capacitor C; from being shorted when Q; and Q, are turned on.

3. SWITCHING AND CONTROL STRATEGIES

The basis of the boost rectifier with the current-mode control is as follows: the active power device is
turned on at the beginning of the fixed interval, and it is turned off when the actual input current reaches the
reference. The typical waveforms of the device signals and the input current are illustrated in Fig. 3 for the
single-switch rectifier of Fig. 1, and in Fig. 4 for the proposed two-switch rectifier of Fig. 2. The device Q
within the single-switch rectifier corresponds to Q; within the two-switch rectifier. They are turned on by the
clock pulse with the fixed frequency.
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Fig -3 Device signals for single switch rectifier
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Fig -4 Device signals for two switch rectifier
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The input current increases while the device conducts. The device is turned off by the reset signal when
the instantaneous value of the input current is equal to that of the reference. The current decreases during the
off-state of the device. In the two-switch rectifier, the active device Q; is turned on to achieve the fast response
with increasing input current. The conduction of this device allows the voltage of the capacitor C; to contribute
increasing the slope of the current. In the unity power factor condition, since the magnitude of the input current
increases gradually during 0<ot< m/2and n < ot<3r/2, the on-gate signals, which are identical with
those of Q,, are applied to Q, during these intervals.

Fig. 5 illustrates the control block diagram for the proposed rectifier. This control circuit is also utilised
for the single switch rectifier, and the output Q of the RS register is used for the on-gate signal of the devices Q.
The feedback loop consists of the regulation of the DC output voltage and the generation of the sinusoidal input
current. The control loop of the voltage mode compares the detected output voltage e3 against the command e;
and adjusts the input current to negate the voltage error. This is done by a proportional plus- integral (PI)
controller. The computation of the PI algorithm is executed by a microcomputer in the test setup when the
interrupt (INT) signal is provided by a phase locked loop at zero crossing every half-cycle of the supply. The
output labelled u of the PI controller determines the amplitude of the current reference and it is discretely
regulated with zero-order hold at every interruption. On the other hand, the control loop of the current mode

contains the comparator and the RS register.
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Fig -5 Control block diagram

The sensed instantaneous value i of the input current is converted into the absolute value , which is
one of the two inputs to the comparator. A read only memory (ROM) contains the digital data of a full-wave
rectified sinusoidal signal with unity amplitude. A digital-to-analogue (D/A) converter changes the output of
ROM into the continuous signal, which is kept in phase with the supply voltage. The reference [i*] of the input
current is provided from the multiplier and it is given as a product of the signal u and the D/A converter output.
The reference is the second input to the comparator. The switching timings of the two IGBTSs labelled Q; and Q,
are determined by the RS register with 20 kHz clock that is fixed as the switching frequency of IGBTs. The
output Q of the RS register is set to the high level every clock cycle, and it is sent to the device Q;. The turn-on
of this IGBT causes the actual input current [i] to increase. In[i*], the output of the comparator remains low and
the IGBT is in the on-state. When the current [i] reaches[i*] the output of the comparator changes to the high
level and so the output Q becomes low. This causes the IGBT to be turned off. The off-state of the IGBT allows
the input current to decrease and it continues till the next clock pulse is provided to the RS register again.

As shown in Fig. 4, the on-gate signal with the duration n/2 is applied to the device Q.. This signal is
generated by a mono stable. The mono stables 1 and 2 are triggered by the zero cross signal with the positive
slope and the negative slope of the supply voltage, respectively. The outputs of two mono stables are sent to
logic OR. This provides continuously the on-gate signal to Q,during0 <ot< n/2and =n < wt<3n/2, The
control scheme in this section can guarantee that the sinusoidal input current is maintained with a near unity
power factor even if the load is varied.

4. OPERATION OF CIRCUIT

In the three-phase rectifier, the operations during the positive half-cycle of the supply is the same as
those during the negative half-cycle of the supply, and the input current can be symmetrically wave shaped.
Then the operation of the proposed two-switch boost rectifier during the interval 0 <ot < n shown in Fig. 4 is
considered. The process repeats with the input current increasing in the on-state of the active power device and
decreasing in the off-state of one. This section gives the equivalent circuits and explains the operation in each
mode during one switching cycle of the active power device, assuming the boost conditions [v]<el[v]<es-e,with
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the discontinuous i,. The single-switch rectifier has the same mode of the operation as the two-switch rectifier,
except that the device Q, conducts.

When the devices Q; and Q, are turned on, in the interval 0 < ot < = /2 , the circuit operation of mode
1 shown in Fig. 6a starts. In the interval =n/2 <ot <z , only Q; is turned on and this mode of the operation is
shown as mode 2 in Fig. 6b. In both modes, although the input current i; increases and the energy is stored in the
boost inductor L4, the response of the current differs betwegn these modes.

CEHRL
CGHRL

Fig. 6:Modes of operation in on state of Q;
a) Mode1(Q,: on,i;>0)
b) Mode 2 (Q,: off, iy > 0)

6 (b)

The current i; in mode 1 flows through the following loop.
v-D1-L1-Q:1—-C1-Q,-Dy
and that in mode 2 flows through
v=D1-L,—Q;1-De-D4

The increase of the input current in mode 1 is caused by the capacitor voltage e; that is superimposed
on the supply voltage, while the increasing current response in mode 2 depends upon the supply voltage only.
The input current increases at a rate proportional to (Jv |+ el)/L; and |v |/L; in modes 1 and 2, respectively. In
results, the input current increasing in mode 1 will have faster response than that in mode 2. The single-switch
rectifier contains mode 2 only in the operation. The two-switch rectifier has the improved current waveform at
the low instantaneous supply voltage, compared with that of the single-switch rectifier. On the other hand, in
both modes, the current i, that equals to iQ; - Q. flow through the following loop

Ci-D7-L-Co—Qq
and it increase at a rate proportional to (e; - €,)/L,. The capacitor C; is discharged and C, is charged. As the
energy stored in C; is transferred to C,, the voltage e; will decrease and e, will increase slightly. In these modes,
the diode Dy is reverse-biased and the load with C; is isolated from the supply. The energy stored in the output
capacitor Cs is supplied to the load and then the voltage across the capacitor C; will decrease slightly.

e
—2,

7(a)
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7(b)

Fig7 : Modes of operation with i, = 0 in off states of Q; and Q,
(@) Mode 3 (e; + e; <e3)
(b) Mode 4 (e; + e, >e3)

The device Q, is turned off when the actual input current i in mode 1 or 2 reaches the reference. In
mode 1, Q; also is turned off simultaneously. Then mode 3 or 4 shown in Fig. 7 comes after mode 1 or 2, if the
current i, is not zero. The mode of the operation depends on the relationship of the capacitor voltages e, e, and
es. In the condition of e; + e, <es, the diode Dg is in the on-state and Dy is reverse biased.

8(b)
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8(d)
Fig: 8 Modes of operation with i2 = 0 in off states of Q1 and Q2

(@) Mode 5 (el +e2, €3, i1 >0)
(b) Mode 6 (el +¢€2.¢€3,il >0)
(c) Mode7 (el+e2=¢e3,i1>0)
(d) Mode 8 (i1 = 0)
The current path of mode 3 shown in Fig. 7a is formed in the rectifier. The input current i; flows
through

v-D;-L;—-Ds—C;-D¢-Dy
and the capacitor C; is charged. The current i, circulates through
L—Co-Ds-Dy

and it decreases with charging the capacitor C,. On the other hand, in the condition of e; + e, = e5, the diode Dg
is blocked and Dg is on conducting. When i; > i,, the current i, flows through two paths, that is, C, and Ds—D; —
L,, as shown in Fig. 7b. The capacitor C, is discharged and Cj is charged. If i; < i,, the current i1 flows through
Ds-D; —L,—Dg, with charging Cs. The circulated current of i, - il flows in the loop L,—C,—Ds—D;. The
capacitor C, is charged. In both modes, the input current i; decreases.

When the current i, is reduced to zero, in mode 3 or 4, the rectifier is in any mode of the operations
shown in Fig. 8. Modes 5-7 of the operations have a non-zero current of i1. In mode 5 with the condition of e; +
e, =ey, the diode Dy is in conducting and Dy is reverse biased. The current i1 flows through the following loop.

v-D;—L;-Ds-C;—-D¢-D4

and the capacitor C; is charged. The energy stored in the output capacitor Cs is supplied to the load. If e; + e,
>e,, the diode Dg is blocked and Dg is in the on-state, as mode 6 shown in Fig. 8b. The current il flows into the
load with the capacitor Cs, through the capacitor C,. Then the capacitors C, and Cs are discharged and charged,
respectively. When e; + e, = e3, the rectifier is in mode 7 of the operation shown in Fig. 8c. In this mode, both
the diodes Dg and Dyg are in conducting. The current il flows through two paths

v-D;-L;-Ds—C;-D¢-Dg4
and
V—Dl—Ll—Cz—Dg—ngRL—D4
The capacitors C; and C; are charged, and C, is discharged. In these modes decreasing the input current i1, if the
energy stored in the boost inductor L, is completely discharged and so the current il is reduced to zero, mode 8
shown in Fig. 8d comes. In this mode of the operation, all the devices stop conducting. This mode exists in the

very short interval near the zero crossing of the supply. The sequence of mode during the interval with the off-
state of the active power devices depends on the capacitor voltages and the load conditions.
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5. SIMULATION

For the simulation of the operation in the rectifier shown in Fig. 2. In the experiments and the
simulations, the operating conditions and the circuit constants are set as follows: V =50 V, f =60 Hz, L= 2.10
mH (R;= 0.108 Q), L, =13.8 mH (R, = 4.40 Q ), C, =C, =1000 pF, C; = 2200 pF and R = 62.5 Q . The
switching frequency is fs = 20 kHz corresponding to the clock frequency for the RS register.
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Fig 9:Simulation circuit of three phase two stage boost rectifier with single switch
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Fig 10: Simulation output of three phase two stage boost rectifier with single switch

Fig. 10 shows the simulation waveforms of the previous rectifier with single active power device shown in Fig.
1. The mean value E; of the output voltage e; is set to 150 V,which is a little higher than twice the peak value of
the supply. The input current i is wave-shaped sinusoidally. It can be seen, however, that the current i is
distorted near the zero crossing of the supply. It has been seen that this distortion is due to the dependence of
increasing the current on the low instantaneous supply voltage only. The actual input current cannot follow the
reference and then the slow response of the current occurs after the zero crossing. The current distortion is
degraded as the output power increases. While the device Q is in conducting, the current iq through Q is the
sum of the input current i and the resonant current which is caused by the loop of C;—L,—C,.
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Fig 11 :Simulation circuit of three phase two stage boost rectifier with two switch
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Fig 12: Simulation output of three phase two stage boost rectifier with two switch

Fig. 12 shows the simulation output current waveforms of the proposed two-switch rectifier with the same
operating conditions as in Fig. 10. It is observed that the input current i can be sinusoidally wave-shaped without
the distortion in the vicinity of a zero crossing of the supply and it is in phase with the supply voltage. The
existence of mode 1 of the operation in the proposed rectifier contributes towards the achievement of the
sinusoidal current.
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Fig 13: DC output of three phase two stage boost rectifier with two switch
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Fundamental (50Hz) = 66.98 , THD=11.00%
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Fig 14:FFT analysis of three phase two stage boost rectifier with single switch

From the results of the FFT analyser in the input current, it has been seen that the THD is kept small enough
over the range in all working conditions and it is shown in Fig14 and Fig 15.

Fundamental (50Hz) = 5.032 , THD= 6.55%
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Fig 15:FFT analysis of three phase two stage boost rectifier with two switch
6. CONCLUSION

A novel topology of the three-phase rectifier with two-stage boost operation has been presented, and
the experimental and the simulated results have been shown in this paper. The proposed rectifier has an
additional active power device as against the previous rectifier. The switching operation of this device
contributes to the achievement of the input current waveform. The experimental results under steady state
condition prove that the input current of the proposed rectifier becomes more sinusoidal in the waveform and
contains the reduced harmonics, compared with that of the previous one. From the results of the FFT analyser in
the input current, it has been seen that the THD is kept small enough over the range of the demonstrated
working conditions. The simulated waveforms, which are obtained by using the state-space method, are in good
agreement with the experimental ones. Consequently, it is considered that the proposed rectifier is suitable for
AC-DC conversion equipment with the booster capability and the high-quality input current although the use of
many devices leads to slight decrease in the efficiency.
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