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Abstract— A novel control method is proposed for single-stage three-phase isolated buck+boost
rectifier. The control method is based on the conventional cascade two-loop control structure and
is modified to achieve constant instantaneous input power. Input voltages, output voltage, and DC-
link inductor current are measured to control the power switches to achieve output voltage
regulation as well as input power factor correction. In the proposed method, input currents are
controlled such that input power is constant, even for unbalanced mains. Thus, for the balanced
mains converter it behaves like an ideal rectifier, and for unbalanced mains, low-frequency
harmonics of the output voltage are suppressed. The performance of the proposed control structure
is verified by the numerical simulation of a 6kW, 380V/48Vdc designed prototype.
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1. INTRODUCTION

A typical telecom power supply should provide regulated dc voltage to the load with the following

features:

Low (Total Harmonic Distortion) THD of input currents to meet international standard
requirements such as IEC 61000-3-2

Unity input power factor

Input-output electrical isolation

High efficiency (more than 90% at full load)

High power density

Acceptable output for unbalanced mains

Low cost

These requirements motivate the design of three-phase single-stage (Power factor Correction) PFC
rectifiers compared to conventional two-stage structures. A boost-type AC-DC converter is presented in
[1] for both single-phase and three-phase structures. Unity power factor three-switch isolated buck
rectifier is proposed in [2] for three-phase AC-DC conversion. This structure is derived from three-phase
three-switch buck rectifier [3], where high frequency isolation is achieved by introducing a forward
converter. A three-phase single-stage isolated buck-+boost rectifier for telecommunication power supply
modules is proposed in [4]. The schematic of the proposed circuit and system specifications are shown in
Fig. 1 and Table 1. This structure is topologically equivalent to the converter described in [2], and is
controlled with the control method of [5], [6] to have a unity power factor, even for unbalanced input
voltages. The problem with this control concept is the output voltage low-frequency harmonics for the
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unbalanced mains condition. In literature some works are carried out for harmonic elimination in boost-
based rectifiers [7-9]. One method for output voltage harmonic suppression is presented in [10] for a six
switch buck rectifier which eliminates a limited number of harmonic frequencies.
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Fig. 1. Three-phase isolated buck-+boost rectifier

Table 1. Operating point for design and simulation

Parameter Value
Input filter inductor L, 240 uH

Input filter capacitor C, 6.8 uF

Output capacitor C, 40 mF
Output inductor L, 200 uH
N,:N;:N, 10:3:1

Magnetizing inductance L, | 4mH

In this paper a new control structure is proposed to eliminate the aforementioned low-frequency
harmonics in the case of the unbalanced mains without the performance degradation for the balanced
mains condition. The proposed control method utilizes the DC-link current sensor instead of AC current
sensors. This control technique is advantageous to the load since the output filter capacitance can be
minimized with a minimal output DC voltage ripple.

In section 2, the operation of a converter with resistive input control method is reviewed. The
principle of constant input power control is discussed briefly in section 3. The proposed control structure
for constant input power is presented in section 4. The numerical simulation results are provided in section
5 to verify the validity of the theoretical concepts. Section 6 summarizes the results of the proposed
control method.

2. THREE-PHASE ISOLATED BUCK+BOOST RECTIFIER WITH RESISTIVE INPUT
CURRENT METHOD

The schematic circuit of the three-phase isolated buck+boost rectifier is shown in Fig. 1. The converter
can be divided into three functional blocks. The three-phase three-switch buck is used at the input to
control the input currents of the converter. The high frequency isolation is provided by the
forward/flyback converter with transformer demagnetization through the load. The output boost stage is
integrated into the converter structure to ensure the proper operation of the converter during heavily
unbalanced mains condition. The detailed operation of the input and output parts of the converter is
explained in references [4] and [6].
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An optimized space vector modulation method was developed in [11] for non-isolated buck converter
considering switching loss, ripple values, and mains current quality. The modulation method of [11] is not
directly applicable to the isolated buck rectifier and is modified in [4] to prevent transformer core
saturation. One mains period is divided into 12 sectors based on the input phase voltages relation. The
switching state sequence for the first sector of the mains is shown in Fig. 2, where ;= (s,S,s, ) indicates a
combination of the three input buck switches, s, =1 shows on-state, and s, =0 off state of the according
switch. The switching states with only one conducting bridge leg cannot be applied in the freewheeling
state, and (000) is applied in this case to ensure complete demagnetization of the transformer. For
balanced mains, the buck stage modulation index M is defined as

2N,V

M_EN ,M €(0;1) (1)

where Vy is the peak value of the phase-to-neutral voltage and V, is the dc-link voltage. Maximum

modulation index, M is limited such that the transformer is completely demagnetized during the

freewheeling state

1
Mmax - N 1 SV (2)

1 N,min

N 4

0,max

The output boost stage has to be activated only for a combination of input and output voltages which

results in M > M ___in this case
3N

—M_V, 3
0= 2 N max’ N ( )
This is smaller than the desired output voltage. Therefore, the duty cycle of the boost switch is determined
by

Vref - V;
=14 ° )
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Fig. 2. Switching state sequence for the first mains sector

For unbalanced mains the maximum average value of buck stage output voltage within a switching
cycle is defined as

\_/o,max :—_SM ; 5
2 Np max N ( )

v = \/ (Vcﬁ R VC[- r) (©)
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For V, <v

o,max °

vy > Vymin the buck input stage operates at a modulation index smaller than the maximum
modulation index, and the boost output stage duty cycle is zero. For M > M ___ the boost stage has to be

activated with
o="— @)

Calculation of the relative on-times of the power transistors for the resistive input power method is
discussed in [4]. For example, the relative on-times for the first mains sector are given in Egs. (3) and (4),

O = N, Youef 8
017N 2 2 2 Crr (8)
s Vo + Ve + VCF ,
N Vo
_ P o,ref
5110 _F 2 2 2 VCF,S ©)

The relative on-time of the freewheeling state is evaluated based on the fact that the sum of the relative
on-times during a switching period has to be equal to one.

With the resistive input currents method, the converter is similar to the ideal three-phase rectifier as
depicted in Fig. 3. Total instantaneous input power is

Fig. 3. Ideal three-phase rectifier model

1 2, 2, 2
Pin () =— (Vg +Vv5 +v7) (10)
Re
For balanced mains, the second harmonic of the input power is added to zero and the rectifier can supply
constant instantaneous input power to a DC load. For unbalanced mains the input power has a second
harmonic term which results in output voltage ripple.

3. CONSTANT INPUT POWER METHOD PRINCIPLES

It is shown that with resistive input method the input power is not constant for unbalanced input voltages,
and the output voltage contains a 100 Hz ripple [4]. In fact having an input phase current proportional to
the input phase voltage will lead to a time varying input power for an unbalanced input voltage. Time
varying input power is the origin of the output voltage ripple. It is clear that the output voltage ripple can
be eliminated if the input power is constant. Positive and negative sequence currents and voltages will be
used to analyze the input power and to synthesize the method that will be used to fix the input power. As
known, input voltages and converter currents can be expressed in terms of positive and negative sequences
components,
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Vin — V+ +V = V+ej(a)t+0:,’) + V—ej(—a)t+49v’) (1 1)

Do =T 4T = [0 4 [-git-ons) (12)

where V",V ,I",I" are input positive and negative sequence voltage and current vectors. V",V ", 1", 1"
are the magnitude of the positive and negative sequence voltage and current vectors. 0,0, ,0",0; are
the phase angle of the positive and negative sequence voltage and current vectors. Thus the input apparent
power is

Sin=PB, +jO,, =Viulin=V"T"e/ %) 4 [/ 0D Lyt [e/Corti=00) 4 y=[rel2ont =00 (13)

In order to make input power constant and eliminate the low-frequency ripples of the output voltage, Egs.
(14) and (15) must be satisfied [8], [9]:

yror
VT 9
0'-6"=6" -6 —-nx (15)
An additional condition is imposed to have a unity power factor for balanced mains [8],
o) =07 (16)
If Egs. (13), (14) and (15) are satisfied, the active and reactive input powers are
P, =V -VI (17)
Q,=V"1I"+VI")sinQwt+06 —-6") (18)

It can be seen that the instantaneous input power is constant and low-frequency harmonics are eliminated
for unbalanced mains. Furthermore, for balanced mains, constant input power is equivalent to the unity
power factor operation [7].

4. CONSTANT INPUT POWER CONTROL METHOD FOR THREE-PHASE ISOLATED
BUCK+BOOST RECTIFIER

The proposed control structure is depicted in Fig. 4. This control structure is similar to the resistive input
control structure [4], [S]. The main difference is in the dc-link current reference calculation. In [5] a dc-
current shaping block was used to control the dc-link inductor current to achieve the sinusoidal mains
currents in-phase with the input voltages for unbalanced mains. For the constant input power method, the
dc-current shaping block is replaced with the harmonic elimination block. Details of the harmonic
elimination block for reference dc-link current evaluation in constant input power method is depicted in
Fig. 5. Output voltage controller is a single-input multi-output system with two outputs. These outputs are
used to regulate the magnitude and phase of input current sequence components. The magnitudes of the
positive and negative sequence components of the input currents are given by

I"=ig V¥V, =V) (19)
I = l’Z,lV_ (Vref =V) (20)

where i;l is the first output of the voltage controller. Phase of the input currents is evaluated by
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07 =0 —ic,(V, ., V) 1)

ef_

0 =0, +r+ iz,z (Vref =V) (22)
where i;z is the second output of the voltage controller. Using the reference values of magnitude and the
phase of positive and negative sequence input currents, the reference values of three phase input currents
are calculated.
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Fig. 4. Control structure of three-phase isolated buck+boost rectifier for constant input power
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Fig. 5. DC-link current reference calculation

i(t)=1I"sin(wt+60)+1 sin(wt+0") (23)
. .o . 27 _ . _ 2r
ig(t)=1"sin(ewt + 6 — ?) + 1" sin(wt + 6 + ?) (24)
. . . 27 _ . 2z
ir(t)=1"sin(wt + 6" + T) + 1" sin(wt + 67 — T) (25)
If power dissipation is neglected the input and output powers are equal.
Din = Vlg +Vsls +Vrip = Doy =Vl (26)
Then the reference dc-link inductor current is evaluated
i Veip + Vg +Vpiy 27)
vo,lim
vV, 18 the reference signal of the output voltage where its upper bound is limited by v, ..
3 N, 2
Vo,max = EN_Mmax \/g (Vg‘F’R + vé‘,,—ys + véF’T ) (28)
P

The controller design is based on the guidelines presented in [4] and [5] without the load current
feedforward. A proportional current controller k,(s)=2.5 is used. The output voltage controller with a
single input and two outputs is designed as
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kv(s)=(0.2+3 O.1+lj (29)
s s
For the first sector the input currents are
. N, :
Iy == (819 + 00l (30)
Np
. N, .
Ls :_Vpéllol (3D
I = _N_Sé‘]mi (32)

p

Relative on-times of buck switches in a switching period is obtained by the following equations

N, i N v .
6‘110 :__pi*:__p K o,* K iS (33)
Nv Nv leR +VSZS +leT
S = _&il = _& Vo i 34
o1 = - > - = Iy (34)
N, i N, vpip +Vig + V0,
5. SIMULATION RESULTS

In this section the simulation results of a converter are presented to verify the validity of the proposed
control method. For balanced mains condition the converter behavior is similar to an ideal three phase
rectifier. DC-link inductor current and the output voltage of the converter for load change from a half-load
to a full-load condition are displayed in Figs. 6a and 6b. It can be seen that the current loop shows a fast
dynamic response, but the voltage loop is slower. However, the voltage decrease for this load change is
smaller than 1 V and response time is 0.04 seconds. From Fig. 6¢ the input currents are in-phase and
proportional to the input voltage in both cases.

In order to investigate the performance of the control structure for the unbalanced mains condition,
the simulation results are presented for 5% and 50% voltage reduction in one phase voltage. If the power
loss of the converter is neglected, the input power is proportional to the square of the output voltage for a
resistive load. So the output voltage ripple is used as an indicator of output and input power oscillations.
The output voltage of the converter for 5% decrease in the voltage of phase R (equivalent to 1.7% voltage
unbalance factor according to IEC definition [12]) is shown in Fig. 7a. The peak-to-peak ripple value is
0.02V and average THD of the input currents is 4.5%. Input currents are sinusoidal and in-phase with
corresponding input voltages as depicted in Fig. 7b. The performance of the system for heavily
unbalanced mains condition is analyzed with 50% voltage reduction in phase R voltage (equivalent to
17% voltage unbalance factor according to IEC definition). The simulation results for this case are
displayed in Fig. 8. The peak-to-peak output voltage ripple is 0.2V and the average THD of the input the
currents is 15%. Since the input currents must have the same polarity as the corresponding input voltages,
they do not track the input voltages in the proximity of their zero crossings (Fig. 9). This results in
waveform distortion in the input and output of the converter.

Table 2 compares the output voltage ripple for different values of voltage decrease in one phase for
the proposed constant input power control method and resistive input control method in [5]. For a 5%
decrease in one phase voltage the output ripple for buck resistive input buck+boost converter is 0.28V,
whereas for the same condition output ripple is only 0.01V. Simulation result for 25% and 50% decrease
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in one phase voltage also shows that output voltage ripple is considerably lower for constant input power
method. For unbalanced mains condition, input current THD is high for constant input power method
compared to resistive input method. This is not important because the unbalanced condition is temporary.
It is noteworthy that the proposed method cannot eliminate low-frequency ripple of the output voltage for
two-phase operation (loss of one phase). In this case instantaneous input power is pulsating, which will
result in the output voltage second harmonic ripple.
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Fig. 6. Simulation result for load change from half-load to full-load, a) dc-link inductor
current, b) output voltage, c¢) input voltage and current
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Fig. 8. Simulation result for 50% decrease in the voltage of phase R, (a) output
voltage, (b) input voltage and current
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Fig. 9. Input voltages, input currents, input currents references and sector number for
an input line period for 50% decrease in the voltage of phase

Table 2. Comparison of output voltage ripple value in the proposed control method with 2 other methods

Voltage decrease in Phase R (%) Constant input power Resistive Input characteristic
5 0.01 0.28
25 0.05 1.7
50 0.2 3.8

Based on the equations for small-signal modeling of the system, the dynamic behavior of the system
depends on the power stage component values, input and output voltages, and load value [5]. Finally, in
order to verify the robustness of the control system against these uncertainties, the dynamic response for
different operating points is investigated by simulation. Fig 10a shows the output voltage for load change
from half-load to full-load for three values of the input voltage. It can be seen that the dynamic response of
the output voltage does not depend on the input voltage value except for a small difference in the output
voltage decrease. Output voltage of the converter, when reference voltage changes from 42 V to 48 V is
shown in Fig. 10(b) for three load values (1kW, 3kW, 6kW). The results of simulation demonstrate the
negligible effect of these uncertainties on system stability and transient response.
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Figure 10. Continued.
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Fig. 10. Robustness of control system against (a), input voltage variations, (b) load variations

6. CONCLUSION

A new control structure is proposed for three-phase isolated buck+boost rectifier. This control method

offers good dynamic response and shows a resistive characteristic in the input for balanced input voltages.

In this case the input currents are in-phase and proportional to the corresponding input voltages.

Furthermore, with this control strategy low-frequency harmonics from the input and output of the
converter are eliminated for unbalanced mains. Only DC-link inductor current is measured instead of AC

input currents. It is apparent that due to the single-stage structure of the converter, constant input power

method is not realizable for two-phase operation.
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