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Abstract— This paper presents a redundant three-phase ac to
dc converter using single-phase CUK rectifier module with
nearly power factor and minimized dc¢ bus capacitance based on
power balance control technique. The focus of the proposed
control strategy is to reduce the dc bus capacitance value under
condition step load change from 10% (75W) to 100% (750W).
Using power balance control technique does minimized de¢ bus
capacitance, inductor current sharing, redundant operation,
high power factor and tight dc bus voltage works on the
principle of modular three-phase rectifier with parallel single-
phase CUK rectifier module. Simulation results are used to
illustrate the operation and performance features of the modular
three-phase rectifiers.

[. INTRODUCTION

Increasing demand for high power converters in
telecommunication, and computer power supplies drives the
need for higher flexibility in control, increased level of
system integration, and more reliability, besides achieving
high levels of performance [1]. In recent years, the low
harmonic current in line side is required by the legislation of
regulations for controlling harmonics [2]-[5]. The power
range of the switching mode power supplies (SMPS) market
starts from a few watts to some kilowatts. In the kilowatt
range, the telecommunication power supplies form the major
part of the SMPS market [6]-[7]. The supply voltage of most
telecommunication switching equipment is 48V [8]-[12]. This
voltage value is a universal standard for telecommunications
equipment, and is well defined both by the European
Telecommunications Standards Institute (ETSI) and the
American National Standards Institute (ANSI). A 48V dc
power supply system consists of a number of paralleled
rectifiers that connected to one or more battery strings also
connected in parallel. Generally, the power levels of the
rectifier modules mvolved in telecommunication applications
are 750W or 1,500W [13]-[15].

The conventional dc 48 V output power supply for the
telecommunication system have the three-phase PWM
rectifier in the first in order to obtain the sinusoidal input
current waveforms [16]-[20]. In addition to this, the
conventional power supplies have the dc to de converter
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which 1s 1solated between input side and output one n second
steps to obtain the de -48 V. As described above, the
conventional power supply is proposed of two power
converter; three-phase PWM rectifier [21]-[25] and dc to de
converter. For this reason, the conventional power supply
cause the low power efficiency and high cost. Also, a de
capacitor smoothing the intermediate voltage together with a
voltage detector to control this voltage is required. To solve
this problem, the power conversion system which has CUK
converter is has been already proposed. Using the CUK
converter, this power conversion system can convert three-
phase ac input power into the isolated dc output power.

However, the capacitor technology has been getting more
and more attention in industry application. The de bus
capacitor 1s the most mmportant passive component m a
telecommunication system. Conventional designs have been
using a set of electrolytic bulk capacitors to smooth de bus
voltage.

So, the first 1ssue of this paper presents a three-phase ac to
dc converter using CUK rectifier module which can directly
convert 3-phase ac input into the dc -48 V output with
minimized de bus capacitor. The proposed rectifier consists of
three power converter which is connected in 3-phase line to
neutral. Controlled the duty factor of each active switch, the
proposed rectifier occur the sinusoidal waveforms with power
factor of unity. The benefit of the proposed control strategy is
excellent power factor correction, good mductor current
sharing and fast dynamic transient response with minimized
dc bus capacitance. Significant results are (1) size reduction,
(2) cost reduction, and (3) transient response improvement.

In the second issue, redundant rectifiers meet two needs:
battery recharging after mains outage and continued operation
it one rectifier fails. The design concept and the feasible
performance evaluations of the redundant three-phase ac to dc
converter using single-phase isolated CUK rectifier module is
discussed.

The objectives of this paper are: minimized dc bus
capacitance, redundancy (n+1), inductor current sharing,
nearly unity power factor, low harmonic distortion, and
improve dynamic transient response. Simulation results are
presented. It’s in agreement with the theoretical analysis.



II. REDUCTION OF DC BUs CAPACITANCE WITH THREE-PHASE
AC 10 DC CONVERTER BASED ON POWER BALANCE
CONTROL TECHNIQUE

Fig. 1 shows power circuit of the modular three-phase ac to
de converter. In this topology, three identical single-phase
1solated CUK rectifier modules are used. They are connected
in parallel on a common de bus to feed the de load. The
rectifier is termed as Y-connected. A power balance control
technique is employed to give a fast dynamic transient
response. The objectives of the proposed control strategy are
to elumnate harmonics, mductor current sharing, regulated de
output voltage and meet the transient response requirements
of step load change and minimized dc bus capacitance.

A. Average Small-Signal Analysis

The average small signal model of the modular three-
phase ac to dc converter using CUK rectitier module based on
power balance control technique is :

V.1

e Llj:VOIa (J‘)

ng is RMS value of the rectifier voltage, Tii 1s RMS value

of the inductor current, ¥, 1s average output voltage and I, 1s

average output current. The peak value of the inductor current
is

:KZVo].’oad (2)
Ly; 3Vgi
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I 1s peak value of the inductor reference current. 7 . 1s
refl; 1i

peak value of the mductor curent, I;5 1s correcting signal
from PI regulator and K, i1s conversion gain of inductor
2 E

current. The mductor reference current 1s :

aneﬁ] = Imell ‘sf.u( o;r)‘ (4)
aneﬁz = jL,gflz sm(wr—uoC) (-;)
fLJ‘eﬁ3 = jL,.gfw sin( c-)t—240°) (6)

The dynamic equation at cominon de bus is

(7)

5 dv
I,,=C,—2+1
= L2i 2t load

Where the 7/ means steady-state value and ¥ means small-
signal value. Applymg the perturbations in (1), (2). (3). and
(7). and performing the small-signal approximation (v .v =0)
results m
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Fig. 1. Modular three-phase ac to de converter using isolated CUK rectifier
module with minimized dec bus capacitance based on power balance control
technique.
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Fig. 2. Simulation result of transient response at commeon dc bus capacitor
when step load change from 10% (75 W) to 100% (750 W).
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The transfer function of the proposed system is :
Vo _ 3Gz I7ngl
Voer  VoCoS+3GpVyKkeg,

(12)

Here, a PI regulator is

GVR(S):kp(S+O)Z)

(13)

The proposed topology transfer function is :

ZBIE,I-Klkﬂ) (14)
(UAEA
Open loop transter function is :
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OLTF =— 2~ & 1 (15)
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B. Performance of Three-Phase Rectifier with Minimized DC
Bus Capacitance Base on Power Balance Control Technique

An average small-signal model of the modular three-phase
rectifier has been shown m Eq. (12). The simulation result of
the proposed system is considered. Analysis of steady-state
and transient operation of the proposed system is presented.
The control strategy provides a fast transient response under
load disturbances condition. Such a fast response, in turn,
minmuzes the overshoot, droop and the settling time of the
output voltage. The control strategy also provides the desired
current sharing between the paralleled isolated CUK
converters even during transients.

The proposed system which consists of a modular 250W
CUK de to dec converter with diode front end rectifier and a
single dec bus capacitor. It was sunulated for different de bus
capacitance values. A rated operation of 750W output power
and -48V of dc output voltage with 220V of ac line-to-neutral
voltage are assumed. The de bus voltage is measured for the
teedback control purposes. In addition, in order to improve
dynamic response in the de voltage control, load current and
mput voltage is also measured and added to the mductor
current amplitude reference as load feedforward. The
simulated results are discussed below. The steady state and
dynanuc performance of proposed topology 1s shown i Fig.
2 to Fig. 6. As a dynamic response example, Fig. 2 shows the
simulation results of a sudden load change requiring changing
over from 75W to 750W (AP, = 0.675 kW) for various
output capacitance value (S00UF, 1,000 UF, 5,000LF,
10,000 W F and 20,000 W F). Figure 2 shows that the Ay, of

output voltage at the common dc bus capacitor is reduced
when the power balance control technique 1s employed. By
utilizing feedfoward, the low bandwidth of the voltage control
loop 1s well compensated and the de-link voltage 1s hardly
disturbed. Transient response analysis for this paper is based
upon Apgroay - Avoversioor and settling time of output voltage for
the dc bus capacitor chosen as various values. The intluence
of its value 1s shown in Fig. 3. The Apgoep and Apyesioor 18
typically unsymmetrical. The Apgyercioor 15 higher than Apgaep
for C; < 1,000 pF. However, for high values of de bus
capacitor with 1.500 pF=<C,<20,000uF, the Ayy,,, and
Apovershoor 18 N€arly equal and Ar of the settling time is 1.2 ms.

Fig 4 and Fig 5 shows the comparison of *Av, and
settling time of dec bus voltage due to the step load change
from 100% to 10% and vice versa. The output voltage
waveforms represent the results corresponding to value of
capacitor output at 700 puF. 800 uF, 900 pF. 1.000 pF. and
2,000 pF respectively. The comparison between the results
mdicates that the small voltage dips and less variant in
response trajectories are yielded by applying power balance
control technique. Although the smaller value of output
capacitor 1s chosen, the better control 1s obtaned, the
compromise between control performance and output
capacitor should be considered. Thus C,= 1,500 LF will be

adopted m the common de bus capacitor at load termuinal.
Simulation results of the proposed system with a nominal
output power of Po = 750W operating at balanced and
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unbalanced three-phase mains (220V line to neutral voltage)
are shown in Fig. 6. The simulation does analyze the
following modules and load condition : 0...100ms: synunetric
mains, 100...200ms: two-phase supply (main phase a loss).
200...300ms: return of the missing mam phase, 300...400ms:
one-module loss (in phase a), 400...500ms: step load change
from 100% to 10% under one-module loss (in phase a) and
500...600ms: step load change from 10% to 100% under one-
module loss (in phase a).
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Fig. 3. The Apgraop (V). Avoversioor (V) and Settling time (ms) comparison
of DC bus capacitor components.
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Fig. 4. The transient performance indexes at different values of a common de
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Fig. 5. The transient performance indexes at different values of a common dc
bus capacitor when step load change from 100% (750 W) to 10% (75 W).
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Fig. 6. Time behavior of the de output voltage v, . the load current ip.q . the line to neutral voltages vir (x=a,b,c) , the individual line current 7., (x=a,b,¢) and
the individual inductor current 7;; (=1,2,3) for symmetric mains condition. mains phase a loss, power module # in phase a fault and a load step from 100%

(750 W) to 10% (75 W) and vice versa under power module in phase a fault.

At t = 100 ms, the loss of the main phase a does occur.
The calculation of the rms value of the main line to neutral
voltage does require a minimal calculation time of ;= 10 ms,
resulting in a temporarily false value of the mput phase
current. These wrong value do cause a significant drop of the
output voltage (v,) and load current (ijg) during the time
period t = 100...110 ms. As soon as the rms value is
calculated correctly the rapid fall of the output voltage is
stopped due to the PI controller increased value of the
reference inductor current. A detailed view on the return of
the nmussing phase a at 1 = 200 ms is given in Fig. 6. The phase
CurTents isuy , ispy and igy do increase very rapidly because of
the values of the correcting signal. The behavior for a loss of
module mn phase a shown mn Fig. 6 within the time mterval t =
300...600 ms. Again the delayed calculation of the peak
values of the inductor current does cause a drop of the dc
output capacitor voltage within the time interval t = 300...320
ms. A load variation within the time interval t = 400...500
ms. The simulation result of transient response of the output
voltage and current waveforms at load change from 750 W to
75 W and vice versa are shown in Fig. 6 (C, = 1,500 uF). A
load dump at =400 ms is completely handled by the power
balance control technique. However, it has been found from
this study that the three-phase connection of three-phase
rectifier modules under loss condition of module i phase a
offers drawback such as : very large output voltage ripple at
the common dec bus capacitor (Vi,~12.5%). this
significantly increases capacitor heating and does not
umproves its operating life, high THD, and low power factor.
So, redundancy is required when continuous operation of the
system 1s required in mission critical applications.

II1. REDUNDANT OPERATION

Redundancy (ntl) : i determining the number of the
modules it should be taken into account that for the reason of
safety at least two rectifier modules must be installed (n=2). It
1s an additional requirement that the power supply system

must meet the requirement of the telecommunications load
even in the case of a module fault.

There are a number of ways to construct redundant or fault-
tolerant power systems. The most common method 1s to have
at least one supply with sufficient output power to fully
satisfy the system's power requirements. Then, a redundant
power supply of the exact same ratings is provided as a
"back-up" in the event one of the three supplies fails. This
forms a basic ntl redundant and fault-tolerant power system
(3+1 system). "n" equals the number of supplies required to
fully three-phase ac to dc converter and "+1" equals one back-
up or redundant supply that will take over for a failed supply.
"n" must consist of three power supplies, each providing
33.3% of the total load power with "+1" supply having the
same power rating as the others. One advantage of this type of
power system (3+1) is that under normal operating conditions
each of the tlwee main power supplies are only providing
33.3% of the total system power, thus reducing the thermal
stress on each supply, and improving the reliability of the
distributed power system.

Redundant Power Module #y

Controllable|

Fig. 7. Redundant three-phase ac to dc converter using single-phase CUK
rectifier module with minimized dc bus capacitor (Number of module 3+y)
based on power balance control technique.
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Fig. 10. Closed up of transient responses when i, 15 changed from -15.625
A (750 W) to -1.5625 A (75 W). [v, : output voltage (1 V/div), i; : inductor
current (1 A/div), i,y line current (5 A/div), vy : line to neutral voltage (300
Vidiv) and r : time (5ms/div)] with a common de bus capacitor at 1.500 pF
based on power balance control technique.

Performance characteristics of the redundant three-phase ac
to dc converter using isolated single-phase CUK rectifier
module with minimized de bus capacitance based on power
balance control technique are given in Figs. 8-10 illustrating
the steady state and transient behavior at different loads under
balance condition.

The simulation results of the proposed system in Fig. 7
with operating at balanced and unbalanced three-phase mains
under redundant power system condition are shown in Fig. 8.
The simulation does analyze the following modules and load
conditions : 0...100ms : symmetric mains, 100...200ms :
two-phase supply (main phase a loss). 200...300ms : return of
the missing main phase, 300...600ms : at this time redundant
power system condition has been began (one-module loss in
phase a), 400...500ms: step load change from 100% to 10%
and 500...600ms: step load change from 10% to 100%.

Fig. 9 shows the source voltage, 3-phase currents,
individual inductor current, load current and de bus voltage
when step load change from 10% (75 W) to 100% (750 W).
The source currents respond very quickly and settle to steady
state value within a 1.2 ms. The individual inductor current
increases almost instantaneously to feed the increased load
current demand by taking the energy instantaneously from de
bus capacitor. Output voltage recovers within 1.2 ms. Source
currents always remain sinusoidal and power factor nearly
unity. Fig. 10 shows similar results as in Fig. 9 for sudden
decrease of load. The proposed topology power supplied from
source is decreased form 100 % (750 W) to 10% (75 W).
Source currents settle to steady state value within 1.2 ms
demonstrating the excellent transient response of the DC bus
voltage rises only to 48.696 V but reaches the steady state
value within 1.2 ms. Source currents remain always nearly
sinusoidal under all operating conditions. The proposed
topology meets the requirements of harmonic components of
source current and maintains the source currents sinusoidal in
transient and steady state conditions. The performance of the
proposed control algorithm of the proposed topology is found
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to be excellent and the source current is practically sinusoidal
and in phase with the source voltage. The fast response of the
proposed topology ensures that the proposed topology is not
overburdened during transient conditions. The voltage ripple
is quite small in dc bus capacitor voltage and may be reduced
further by increasing the capacitor value. AV, .00 10 dc bus
voltage 1s observed to be & 1.45 % during transients which
may be controlled by the design to a lower value but at the
expense of increased value of dc bus capacitor.

In summary, we have discussed how you can provide
increased reliability by connecting one or more power
supplies in parallel. We have also covered how to construct
an nt+1 redundant and fault-tolerant power system and the
features required of the supplies in order to accomplish this
with the greatest amount of reliability and ease of system
maintenance.

IV. CONCLUSIONS

Analysis, design and simulation of the redundant three-
phase ac to dc converter using single-phase isolated CUK
rectifier module with nearly unity power factor and
minimized dc bus capacitor are studies. It’s operated based on
power balance control technique. The proposed control
strategy provides fast transient response and good inductor
current sharing. In order to improve dynamic response in the
de voltage control, load current and input voltage 1s also
measured and added to the inductor current loop. The
condition under mains failure (loss of one main phase),
module loss and heavily step load change has been presented.

In this case, DC bus capacitor C; = 1,500 LLF according to
Apiroop » Avovershoor and settling time of output voltage. The
proposed method 1s based on the rehability and electrical
performance for these rectifiers. This paper has demonstrated
that, with a minimized dc bus capacitor, excellent power
factor correction, module load sharing under load transients
can be achieved. Reliability is also increased due to the
redundant operation system.
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Abstract

The paper presents an implementation and control of a high power-factor and fast dynamic transient
response of the modular three-phase ac to dc converter using three CUK rectifier modules with a small
dc bus capacitor. The methodology aims at finding the small dc bus capacitor which meets the desired
system performance, with power balance control technique. Modeling a modular three-phase rectifier
system 1s considered as the first step in the optimal sizing procedure. In this paper, mathematical
average small-signal model for characterizing modular three-phase rectifier 1s proposed. Design of an
analog controller for a small dc bus capacitor based modular three-phase rectifier is presented. The
controller senses the parameters of the proposed system, and makes decisions about reject load and
input voltage disturbances. The second step consists in minimize the sizing of the dc bus capacitor
according to the transient response of dc bus output voltage and the delivered energy of capacitor
concepts. Considering various types and capacities of dc bus capacitor, which can meet the desired
system performance, are obtained by changing the type and size of the dc bus capacitors. The
proposed system with the dc bus capacitor 470 pF gives the optimal choice. A 750W laboratory
prototype with 470 pF 1s implemented and tested to verify the feasibility of the proposed system. The
experimental results show that the proposed system, meet the desired system performance. Therefore
the system choice plays an important role in cost reduction.
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Introduction

Among various PFC converters, a modular three-phase ac to dc converter composed of three modified
single-phase single-switch modules with a single dc bus capacitor has been proposed for medium and
high-power applications in distributed power system (DPS) [1]-[3]. A single dc bus capacitor, Cp 1s
connected at the output terminal for filtering the output voltage ripples. It can be used as dec bus for
distributing power to load converter. Compared to the conventional six-switch topology [4]-[5], this
type of three-phase PFC converter features a simple and robust configuration.

Capacitors are available today may be made in five basic technologies and used across a broad
spectrum of application. The currently commercially available technologies are listed below : 1)
ceramic; 2) aluminum electrolytic; 3) tantalum electrolytic; 4) film (polymeric); 5) film (mica and
paper). Electrolytic capacitor technology, providing moderate energy and power density, but has
relatively high losses and is polarity dependent, and therefore primarily used in dc circuits. Typical
applications are moderate to large capacitors at up to 600 V, mainly for dc applications involving
filtering and rectified circuits. When a capacitor 1s selected to perform properly in an electronic circuit,
its characteristics are optimized to provide the designer with a well-defined level of reliability for the
component throughout the design lifetime of the circuit. The selection of a capacitor design requires
the matching of available capacitor characteristics and parameters to the application needs. In addition
to the basic capacitance value and voltage rating, specifying all the characteristics allows the supplier
to provide the most cost-effective capacitor for a given application.

In general, dc bus capacitors are installed m switching power supply systems for voltage regulation,
power factor correction, and reactive power control. This process involves determining capacitor size,
type, location, voltage constraints, load variation and control method. The main effort usually 1s to
determine capacitor size for voltage regulation. The dc bus in any distributed power system is
normally equipped with an electrolytic capacitor, which provides decoupling between the rectifier and
the load converter. However, the dc bus capacitor is a large, heavy, and expensive component.
Moreover, the dc bus capacitor 1s the prime factor of degradation of system reliability. This problem 1s
well recognized by the industry. Manufacturers of low cost and high volume systems are looking for
ways to reduce the size and cost of this electrolytic capacitor.

This paper presents a three-phase ac to de converter using single-phase isolated CUK rectitier module
with nearly unity-power factor and reduce dc bus capacitor. This research project has attempted the
development of a power balance control technique that will allow the use of a smaller dc-link
capacitor without affecting the output performance of the converter.

The proposed method implemented in three-phase ac to dc converter applications will result in the
following advantages:
e High power factor, modularity, fast dynamic transient response, small capacitor size, reduced
converter weight and volume.
e Significant improvement in system reliabilitv by the use of a smaller link capacitor.
e Power balance control technique to simplify the design procedure of the dc bus voltage
regulator, to provide fast transient response, high performance, and increased reliability.
* An analog controller insensitive to environment, simple control strategy, offering stable
operation under most operating conditions. It 1s easy to understand and to implement.

Proposed system

Fig. 1 shows a modular three-phase ac to dc converter using single-phase single-switch 1solated CUK
rectifier modules. The power circuit 1s formed by an input-side Y-connected of three power modules
with parallel connected at dc bus voltage. The capacitor Cp 1s shared by three power modules. The

control strategy consists of single output voltage loop control and three inductor current calculators.
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Fig. 1: Three-phase ac to de converter using three single-phase isolated CUK rectifier modules with
small de bus capacitor.

Selecting the value of the dc bus capacitor

Traditional PFC converter, the relationship between the energy of bulk capacitors and the hold-up
time, this given as:

2E,T, .
C.Gl__m:'r. :% (1)
¢ ~ " O.min

Where, Pg is the power of the de-de converter; Fp is normal operation voltage of the bulk capacitors;
Vomin 1s the minimum operation mput voltage for the de-de converter at the latter stage. Typically,
with a proper design, ripple voltage and current in the capacitor will not be an issue. By choosing T
= 2 ms, Av, =+ 5%, one can find Cg,; = 10,683 pF. In order to guarantee minimum capacitance

requirement is satisfied. thus assuring minimum hold up time.

C, o
Cp=—2"2 13,353 uF (2)

B 1- ﬁ‘(:’,h::d’

Pick Cp = 13.600 pF. Table I shows the design results of a 750 W, -48 V, a three-phase ac to de
converter using isolated CUK rectifier modules.

Average small signal model

The analytical model derivation is based on the power stage schematic shown in Fig. 1 where the ideal
switches and zero equivalent series resistance in the capacitors are assumed.

C
2 VI, =Volo (3)

i=.
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When. i =4, Band C. 7, is rectifier voltage, I, is inductor current, ¥, is de output voltage, I, 1s

average output current over a half-line cyele. The peak value of the inductor current is

j KV olipua

I~ 3y (4)
g
Dty =Ty, + Im (5)

I is peak value of the inductor reference current, Iy, is peak value of the inductor current, Iy 1s
o 11

correcting signal of PI controller, K, is conversion gain of inductor current. The dynamic equation of
the output voltage is

c av, |
2. Ii=Co ?Jrffoad (6)

Tioaa 1s the load current. Applying the perturbations in (1), (2). (3). and (6), and performing the small-

signal approximation (¥ . ¥ =0). Therefore. the output voltage can be expressed as

Vo = IcVory + TyVe, = Zolioad (7)

When, applying Mason gain formula.

Vo G>Z; Gy

(8)
Therefore, the gain K> can be expressed as:

K,=K; =2 9)

The transfer function of Fig.1 can be obtained from the average small-signal model proposed:

Y 3GV K
"‘G o rG]'R g‘.l_l (10)
Vor  VoCoS +3GipVpKikyg,
K; 1s RMS gain, kg, 1s feedback gain. Here, a PI controller 1s chosen for voltage regulation
k,(S+o7)
Grg(s) =———— (1n)

hY

Gy(5) is PI controller, kp is the gain of controller, @, is the location of the zero.

Experimental verification

Performance evaluation of the modular three-phase rectifier system

A 750 W laboratory prototype was implemented and tested to verify the feasibility of the proposed
control strategy. The specifications of the laboratory prototype are listed in table I. Steady state input
currents of the proposed system with three different values of de bus capacitor (Co = 150 pF, 1,000 uF
and 13,600 pF) are shown in Fig. 2. They are nearly sinusoidal. The measured power-factors are 0.99
and total harmonic distortions (THD) are lower than 3%, respectively. They have been illustrated that
the proposed system can achieved a high power-factor and low THD;.
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Fig. 2: Steady state condition of the modular three-phase rectifier with Cg = 150 pF, 1,000 pF and
13,600 pF.

Table I: Design results for the laboratory prototype

Characteristic/Symbol Value
Input Chokes / Lyp, Lz Lei 5.069 mH, 5.068 mH, 5.066 mH
Output Chokes / L2,LpsLes 1.066 mH, 1.086 mH, 1.044 mH
Output Capacitor / Cg 156 puF (min), 13,600 uF (max)
Input voltage / vyn, van, vy 220V
Line frequency 50 Hz
Switching frequency ~20-30 kHz
Rated module 250 W/ module
Total output power 750 W
QOutput voltage -48 V
n 0.5
Storage capacitor/ Cy, Cg Ce 0.68 pIf

The experimental results of the proposed system operating at step load change from 75 W to 750 W
and vice versa under three different output capacitors (156 pF, 1,000 pF and 13,600 pF) are shown in
Fig. 3. The comparison between the results indicates that the small voltage dips and less variant in
response trajectories are yielded by applying power balance control technique. The main performance
features of the proposed system for input power-factor (PF) and input current total harmonic distortion
(THD;) are plotted in Fig. 4 as a function of the different de capacitor size (Comin = 150 pF to Coma =
13,600 pF) at rated input and output voltage and output power (220V, -48 V and 750 W). They are
measured with the Digital power meter YOKOGAWA model 2531A,

The following can be concluded:
e Power-factor is nearly unity, greater than 0.99 for all difference values of output capacitor.
e Input current THD; remains low, lower than 3% (750 W), for fifteen values of output
capacitor.
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Fig. 3 : Transient condition of the modular three-phase ac to dc converter: de bus voltage and load
current at step load change from 10% (75 W) to 100% (750 W) and vice versa (parameter of PI
controller k, = 1 and @ = 150 with power balance control technique).
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Fig. 4 : Steady state condition of the proposed system with Cgpm = 156 pF to Comax = 13,600 pF.

The influence of its value on AVogp. AVoversioor » Atdrogps ad Atoygreor 15 shown in Fig. 5. As expected
the Atgy,g decreases as the capacitance increases, down to 100us for Cp = 4.000 pF, and the AVgpqp.
AV grersioor decreases as well. The voltage AFjygsigor 15 higher than AVjg, for Cp < 700 pF. At low
values of de bus capacitor with Cp < 1,000 pF. sum of AV and AV 15 larger than 5%.
However, for high values of dc bus capacitor with 4,000 pF < Cp = 13.600 pF, the AVgogp and
AV overshoot are nearly zero and Atgogy 15 nearly zero as well. If we define optimal range of de bus
capacitor 15 Cogpr. The Y6AVawep < YoAViangper (5%) 1s the system recovers faster. For the optimal
range of dc bus capacitor with 470 uF < Cp = 1,000 pF, the %A Fao0p 15 lower than 5% and Af of the
settling time 1s very small (= 400 ps).
69



1,300 A, 13

1,20} L 12
1,100 . n &
1,000 |-- “agl, w =
— 9 g
5 R0 8 F
= i 7 4
E o ‘7
= S -
400 i =
30| 3 g

200 . 2

100) e i o 1

" 0

102 10
DC Bus Capacitor . C,(uF)

Fig. 5: Performance as a function of step load change from 75 W (10%) to 750 W (10%) and vice
versa (v =220V and v, = -48 V).

1

AW, 02 A
— % 156 uF _
. 230uF, 330uF
Co
[RE \
0.1 I =
[[%.] M K
[ — —— — o — — — .
: 4?::1.?.-59::_.-;}\
: = 1 . L #470 wF
“,“5 .-1 g ] F:'I i "‘
- 0955y 2,470 4 470uF T
.88 0.4 0.92 0.94 .96 0.9% 1 #

Fig. 6: Normalized delivered energy from the energy storage capacitor during hold-up time AWeq
/Weo as a function of normalized minimum energy-storage capacitor voltage Vegmm /Veo for different
Co.

In this paper, requirements are 400 ps or 500 ps at nominal input voltage. The less restrictive option
can be usually complied with a 0.62 pF/W capacitor (i.e., a 750 W application wound need a 470 pF).
The most restrictive option can be complied with 1.3 nF/W. When, AW, is the amount of delivered
energy to the output during hold-up time and W, is the total stored energy in Cg at Fep. As seen from
Fig. 6, only 8% of the stored energy is delivered to the load during the hold-up time if Fegmim is
selected to be 0.958 Vg, (Coopr = 470 pF).

Steady-state and dynamic response of the proposed system with small de bus capacitor

The dynamic responses of the modular three-phase rectifier corresponding to conventional control and
proposed control are shown in Fig. 7. Tt shows the experimental result of the output voltage to a load
step between 24 W and 750 W with and without power balance control technique, for two different PI

controller conditions L'kp =1 and e, =50, f{p=l and . =150). The waveforms shown in Fig. 7(a) and

Fig. 7(b) pertain to a step change in load between 24 W and 750 W under rated input voltage condition
with kp =1 and @, =50. The upper trace of Fig. 7 (a) is the dec bus voltage and the lower one n Fig. 7

(a) is the load current during the transient. It can be seen that the output voltage waveform has a large
dip and a longer settle time, indicating a poor dynamic performance. Fig. 7 (b) shows that, during the
transient, the output voltage waveform (upper trace) recovery quickly without voltage dip, indicate
very good dynamic performance. This demonstrates that the load disturbance is effectively removed
from the voltage-feedback loop. The settling time of the transients without power balance control is 60
ms and the one with power balance control is about 1 ms. Fig. 7 (¢) and Fig. 7 (d) correspond to a step
change in load between 750 W and 24 W. Fig. 7 (¢) is the waveform of de bus voltage and load
current. It can be seen that the de bus voltage response is improved due to the increased kp and @, .

The de bus voltage waveform in Fig. 7 (d) is greatly improved. It recovers very quickly without
voltage dip at all. The settling time of the transients without power balance control is 20 ms and the
one with power balance control is about 1 ms. The response is upper 20 times faster with the proposed

power balance control than without power balance control in both cases (k, =1 and . =50, k,=1 and
@, =150).
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It 1s quite obvious that a system having a fast voltage loop exhibits better dynamic responses over the
one having a slow voltage loop. It is experimentally shown that the rectifier system with the
conventional controller also exhibits similar dynamic performances as those shown in Fig. 7(b) and

Fig 7(d), when its voltage-loop bandwidth is design with k,=1, @, =50 and k,=1. &.=150 based on

power balance control technique.
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Fig. 8 : Expenimental steady state and transient response of the modular three-phase rectifier with
small de bus capacitor (Cp = 470 uF): source voltage and line current. inductor current. de bus voltage
and load current.

Steady state and transient response of the proposed system are shown i Fig. 8 (a)-(h), respectively.
The parameters PI controllers are: k,= 1 and @, = 150. The steady-state mput characteristics of the

rectifier for output power of 730 W are shown in Fig. 8 (a). Line current 1s in phase with their relative
voltages. It has been illustrated that the proposed system can achieved a lugh power factor. Since 7, 1s
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roportional to v, under this control method, the distortion shown in i, is due to the corresponding
prop AN A P g
distortion i v ;. Fig. 8 (b) shows the steady state of three-individual inductor current waveforms at

tull load. It can be noted that the inductor currents are almost balanced. The transient response of the
three-input line currents and three-individual inductor currents at load step change from 75 to 750W
and vice versa are shown in Fig. 8 (¢) and Fig. 8 (d). For the given range of output power, the power
factor is close to unity and the THD; is low. Due to the effects of difference inductance values and
parasitic in input inductors, these three-individual inductor currents are not exactly equal. However, all
inductor current has approximately same amplitude. Fig. 8§ () shows the output voltage at -48 V and
load current at -15.625A when output capacitor 1s 470 pF. Fig. 8 (f) shows the dynamic response of
the output voltage and load current of the proposed system due to step load changes at the load current
from 750 to 75 W and vice versa. The settling time of the output transient without power balance
control technique is 30 ms, while the one with power balance control technique is 400 ps. The
experimental results in Fig. 8 (g) and (h) indicate that such scheme is effective and fast transient
response characteristic.
Therefore, according to the results obtained we have a modular three-phase rectifier with the following
features :

e It has only one small de bus capacitor.

e It can achieve a fast dynamie transient response and high power factor.

e Itis easy to understand and to implement.

o It is simple and robust.

o Tt is naturally isolation.

e Tt operates either as step-up or step-down voltage.

e It can allow a regulated output voltage with only one power processing stage.

Conclusion

The modular three-phase rectifier with a small de bus capacitor, using an average small-signal model,
has been developed in this work. The system configuration can be obtained in terms of a system power
supply performance requirement by using the power balance control concept. A simple method is
presented to improve the dynamic response of the proposed system against load disturbance while
maintaining low input current distortion. Design equations are presented to model the power circuit
and to select the controller parameters. The paper has presented that, with reduce de bus capacitor,
high power factor, good inductor current sharing and fast dynamic transient response can be achieved
for a three-phase ac to dc converter using isolated CUK rectifier modules. In this case, dc bus
capacitor Cp = 470 pF according to AVgrap. AVovershoor, and delivered energy. Bus voltage is regulated
by the designed PI controller with power balance contral technique. Control circuit is simple and
implemented by analog cireuit. The experimental results prove that proposed system is meet harmonic
distortion standards (IEC 61000-3-2 Class A limits).
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Analysis and Design of a Modular Three-Phase
AC-to-DC Converter Using CUK Rectifier Module
With Nearly Unity Power Factor and Fast
Dynamic Response

Uthen Kamnarn and Viboon Chunkag

Abstract—In this paper, the analysis and design of a modular
three-phase ac-to-dc converter using single-phase isolated CUK
rectifier modules is discussed based on power balance control tech-
nique. This paper analyzes the operation of a modular converter
as continuous-conduction-mode power factor correction (CCM-
PFC). Design equations, as well as an average small-signal model
of the proposed system to aid the control loop design are derived.
It is used to obtain the inductor current compensator, thus the out-
putimpedance and audio susceptibility become zero, and therefore,
the output voltage of the converter presented in this paper is in-
dependent of the variations of the dc load current and the utility
voltage. The control strategy consists of a single output voltage
loop and three-inductor current calculator. The main objective of
the proposed system is to reduce the number of stages and im-
prove dynamic response of dc bus voltage for distributed power
system. The proposed scheme offers simple control strategy, flex-
ibility in three-phase delta or star-connected, simpler design, fast
transient response, good inductor current sharing, and power fac-
tor closed to unity. Both simulation and experimental results are
presented.They are in agreement with the theoretical analysis and
experimental work.

Index Terms—Current sharing control, fast response, modular
rectifier, power factor correction (PFC), three-phase converter.
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Open-loop output voltage to input inductor

current transfer function.

Open-loop phase voltage to input inductor

current transfer function.

Open-loop phase voltage to output current
transfer function.

Open-loop inductor current to output

current transfer function.

Open-loop output voltage to output current
transfer function.

Transfer function of PI controller.

Load current.

Reference for the peak value of inductor

current.

Peak inductor current.

Inductor current.

Average output current over a half-line

cycle.

Correcting signal of proportional-integral

controller.

Feedback gain.

Conduction parameter; critical conduction
parameter.

RMS gain.

Conversion gain of inductor current.

Input side inductor.

Output side inductor.

The voltage relation in CCM; the turn ratio
between primary and secondary.

Audio susceptibility.

Control function.

Switching period.

Input phase voltage.

Caret V' means steady state and & means
the introduced perturbation (small-
signal value).

Rectified input voltage.

DC output voltage.

Instantaneous voltage and current.

Reference for the small-signal value of

output voltage.

Dynamic impedance.

Output impedance.

Location of the zero.



KAMNARN AND CHUNKAG: ANALYSIS AND DESIGN OF A MODULAR THREE-PHASE AC-TO-DC CONVERTER

I. INTRODUCTION

N RECENT years, high-quality rectifiers have been increas-
I ingly used in industrial, commercial, residential, acrospace,
electronic equipment, telecommunication, and computer sys-
tems due to advantages of high quality, high power density, high
efficiency, high reliablility, long lifetime, and low-cost power
supplies. In order to comply with the international standards
for electromagnetic compatibility and precise regulation, an ap-
proach to achieve almost unity power factor is to use an active
power factor correction (PEC) circuit [1] followed by a de-to-de
stage, which provides high-frequency insulation as well as tight
output voltage regulation. As compared to boost [2]-[7], push—
pull [8], buck—boost [9] or flyback [10], CUK, and single-ended
primary inductor converter (SEPIC), PEC’s are less popular due
to their higher complexity. However, they overcome some basic
limitations of other topologies. SEPIC [11] and CUK [12]-[15]
converters can be attractive for PFC applications because they
offer easy implementation of transformer isolation, inherent in-
rush current limitation during start-up and overload conditions,
and ability to generate arbitrary output voltages. It has been
shown that SEPIC and CUK converters have advantages over the
boost converter in terms of the conducted noise or electromag-
netic interference (EMI). In particular, in both configurations,
all inductive components can be realized on the same core, and
the magnetic components can be designed for very low inductor
current ripples. To satisfy such requirements, the isolated CUK
PFC converter is proposed.

An isolated de—dc CUK converter is shown in Fig. 1. The
input section resembles that of a boost converter, while the out-
put section is similar to a buck stage. It offers either step-up or
step-down output voltage with respect to the input, producing
a negative output voltage from a positive input voltage. The
magnetizing inductance of CUK converter does not carry a dc
current component, so that the transformer can be fully utilized.
It is interesting to note that, with a proper choice of the induc-
tances, the line current of CUK converter remains continuous
even if one or both of the inductors operate in the discontinuous
conduction mode, and thus, input filter requirement can be re-
duced. Advantages can be gained by magnetically coupling the
two inductors [16]-[18]. In the continuous conduction mode of
operation, the voltage waveforms of the input inductor, output
inductor, and transformer windings are proportional in magni-
tude. and have the same frequency and phase shift. Therefore,
it is possible to integrate these three elements in one magnetic
structure, with zero current ripples in both input and output
inductors. Many additional benefits are achieved from the mag-
netic integration, such as high power density, low cost, lower
operating frequency, low noise and EML, high efficiency, and
small-size filteringcomponent at the input and output side.

The active rectifier front end of a dc distributed power system
(DPS) has been attracting increased attention due to incessantly
growing power quality concerns. Modular design of each unit in
the DPS is good for maintainability. Therefore, a single-phase
parallel configuration using ac-to-de boost, SEPIC, and CUK
converters for dc DPS have been developed [19]-[21]. Due to
its high efficiency, good current quality, and low EMI emissions,
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Single-phase CUK rectifier.

Fig. 1.

a three-phase PWM rectifier is normally applied for high-power
applications. However, this type of three-phase PFC converter
has more component counts and a complicated controller design
that causes poorreliability. A three-phase converter using single-
phase single-switch modular rectifier topology has the merits of
simple control and few components. They are becoming popular
for low- voltage or medium-power applications [22], [23]. A
great amount of work has already been done concerning the
three-phase PWM boost [24]-[28], buck [29], [30], buck—boost
[31], full-bridge [32], or CUK rectifiers [33]. They often require
input or output transformer isolation for safety, and also offer
a unity input power factor, limited input harmonic currents fed
back to the ac power distribution system, high efficiency, and
high power density.

A three-phase converter using three modified single-phase
single-switch boost rectifier modules was proposed for high-
power and high-voltage applications. Normally, a single-phase
boost PFC converter converts an ac voltage to adc voltage, which
is higher than the ac peak value (for an ac three-phase 380 V
supply, the dc output voltage may be higher than 588 V.. ). Com-
pared to the conventional three-phase PWM rectifier, this type
of three-phase PFC converter features a simple and robust con-
figuration. The converter can achieve almost unity power factor,
nearly sinusoidal input current, and adjustable output voltage.
Some of the topologies are suitable only for step-up voltage
conversion. When step-down voltage conversion is required,
an additional power stage must be added. which will result in
an increase in circuit components and cost. For telecommu-
nications and computer system, usually a second-stage de—de
converter is used to change the voltage from 380 to 48 V or
—48 V. Existing high-power PFC approaches use a three-phase
boost-type switched-mode rectifier as a first-stage converter to
achieve ac—dc power conversion with a typical dc output volt-
age of 680 V. A second-stage de—dc converter then converts
the voltage from 680 to 48 V or —48 V. The major problems
of existing boost-type schemes include the redundancy in the
two-stage arrangement and the high intermediate dc voltage for
a three-phase ac—dc converter. The two-stage operation would
lead to reduced efficiency, and increased size and cost of mag-
netic, filtering components. To avoid the problem arising from
the traditional two-stage conversion approach, a single-stage
three-phase ac—dc converter, as shown in Fig. 2, is examined.
It consists of three modules connected in parallel. Each module
comprises a diode rectifier and a CUK converter with electri-
cal isolation. The performance of the CUK converter suggests
that this is the best topology. The CUK converter also offers
greater flexibility in the configuration thatcan be implemented
as isolation is easily incorporated.
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block.

In this paper, the implementation and control of the modu-
lar three-phase ac-to-dc converter using three single-phase iso-
lated CUK rectifier modules with nearly unity power factor and
fast dynamic transient response for telecommunication systems

is presented under the continuous-conduction-mode (CCM) of

operation. The objective of the proposed scheme is to over-
come the disadvantages of the three conversion stages in cas-
cade (PFC stage, de-to-ac stage, and ac-to-dc stage) to simplify
the design procedure of the de bus voltage regulator, PFC, and
inductor current sharing, and to improve the dynamic response.
The average small-signal model of the proposed system will
be analyzed and designed. It is used to obtain the inductor
current compensator, thus resulting in the output impedance
and audio susceptibility becoming zero, i.e., the output voltage
of the converter presented in this paper is independent of the
variations of the dc load current and the utility voltage. This
control strategy has high dynamic features, and can achieve a
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Proposed system. (a) Power circuit of the modular three-phase ac-to-de converter using CUK rectifier modules. (b) Control structure and detailed control

fast dynamic transient responseby action of the inductor current
compensator.

The deduction of the proposed inductor current compensator
is also quite easy, but the effect is sensible. Its main features
include: the proposed system’s modularity, simple control strat-
egy, and design; the second-order harmonic current component
in the output capacitor is cancelled, and this significantly re-
duces capacitor heating, improves its operating life, and could
minimized a dc bus capacitor. The system behavior will be
described for symmetric module conditions by simulation and
experimental results. The experimental results demonstrate that
the proposed system works well, has fast dynamic response,
with simple control strategy, good PFC, and the inductor cur-
rent sharing. In the following sections, a power stage topol-
ogy and control scheme, dynamic modeling for controller de-
sign, results of circuit simulations,and hardware experiments are
presented.
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II. SINGLE-PHASE CUK RECTIFIER MODULE

A single-phase CUK PFC with input—output isolation is
shown in Fig. 1, which consists of a diode full-bridge rec-
tifier, a de-to-de isolated CUK converter, and an output fil-
ter. A CUK PFC was designed with the following character-
istics: input voltage V, = 220 V £ 10%, line frequency 50 Hz,
power factor >0.95, maximum output power per module P, =
250 W (R = 9.216 ), output dc voltage V, = —48 V, the turn
ratio between primary and secondary np, = 0.5, and efficiency
1 = 85%. The input current is sinusoidal with unity power
factor, and the interaction between modules is neglected.

The power factor circuit can also be optimized over a wide
range of current ripple and efficiency. As the current ripple
increases, the inductance decreases. The smallest inductance
occurs at the discontinuous mode. Therefore, running the circuit
in the discontinuous mode results in the smallest inductor size
and power stage weight. The penalty is higher current stress
and conduction loss. The input filter size also increases as the
current ripple increases. Experiment has shown that a power
factor circuit with smaller current ripple is suitable for high-
power applications, when the noise generated by the inductor
current and switch current stress are the primary concern. The
discontinuous-mode operation, on the other hand, is better suited
for low-power application when the objectives are small core
size and low-cost control circuits. To operate at CCM, one can
find the following. )

1) The de voltage conversion ratio m(68) = V, /(V} |sin(8)]).

the M ratio is

Vo
M= ——=10.1543. (1)
g
2) The conduction parameter of the CUK PFC circuit
K, > ! > 1.167 (2)
Va ; p Ao, 2
(2(M + n1; |sin(0)])2)
Here, K, is chosen to be equal to 2.
3) An equivalent inductance
Rl K,
Leg = % = 0.3072 ml (3)

where, the diode voltage drops are neglected.

By choosing the input inductor current with 30% current
ripple, Air,, = 0.482 A. The design of Ly; and Lg; is made
using the desired ripple value of the input current. When the
nominal duty cycle d = 0.235, the input-side inductor Ly; is
chosen based on the specified maximum current ripple

_ VydT

Ly = 24— =15.068 mH.
Y7 Nz,

(4)
Switching period Ty is 1/ faw. The measured inductance of

the designed input inductor is 5 mH at 30 kHz. The output-side
inductor Lo; is then selected using

2
na Ly L
LQ; Tr it

= =81 uH.
L — Leg .

(5)
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TABLE 1
SPECIFICATION AND PARAMETERS OF A MODULAR THREE-PHASE AC-TO-DC
CONVERTER USING CUK RECTIFIER MODULES

Characteristic Power Modules
Input Phase Voltage 220V
Input Frequency 50 Hz

Switching Frequency
Rated Module

Variable frequency, =~ 25-30 kHz
250 W/module

Total Output Power 750 W
Output Voltage 48 V
Ly LiLyz 5.069 mH, 5.068mH, 5.066 mH
Lap Lo Loz 1.066 mH, 1.086 mH, 1.044 mH
Co, Cp, Gy 0.68 puF, 13,600 uF
kyy @ 1, 150
KiK> 0.707, 1.414
nyy 0.5

The measured magnetizing inductance is | mH at 30 kHz. The
design of the intermediate capacitor C,, considering a resonant
frequency of 2.5 kHz, which is a good initial approximation for
C,, is given by

1
w? (L1 — La;)

Let C, = 0.68 uF (C, = C}). The output dc capacitance Cp
is determined according to the hold-up time A;. By choosing
Aip > 2 ms, one can find

Q-Pu At-h
VZoV?

o,min

C, = = 0.

55 uF. (6)

~ L
“o,min —

= (7

10683 pF.

Minimum capacitor value (C, in ) must be derated for capac-
itor tolerance (AC:,1), 20% in this case, in order to guarantee
that minimum capacitance requirement is satisfied, thus assuring
minimum hold-up time

Co mi
“0,111111

T 1-AC

“tol

Let C, = 13 600 uF. As can be seen from (7). for given V,
and V,, i, . the larger the power P, and/or the longer the hold-up
time Ay, the larger the energy-storage capacitor €, that needs
to be used. As a result, in high-power applications, the size of
the energy-storage capacitors often limits the maximum power
density. Therefore, to maximize power density, the size of the
energy-storage capacitors must be minimized. Table I shows the
design results of a 750 W, —48 V, three-phase ac-to-dc using
isolated CUK rectifier modules.

C, = 13353 pF. (8)

III. SYSTEM CONFIGURATION

The schematic diagram of the proposed three-phase config-
uration is shown in Fig. 2. The three single-phase CUK-based
PFC modules are connected in Y-connection with the neutral
(A connection and Y -connection without the neutral are also
possible) and in parallel at the output side. The A-connected
switch-mode rectifier topology can be operated with a three-
phase, three-wire supply system while Y -connected switch-
mode rectifier topology needs neutral connection and is only
good for three-phase, four-wire supply system. Therefore, con-
trary to Y -connected switch-mode rectifier, the A-connected
switch-mode rectifier is good for a supply system where neu-
tral connection is not available, such as telecommunication
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equipment. However, to demonstrate the dynamic performance
of Y -connected switch-mode rectifier topology, in this investi-
gation, a three-phase four-wire supply system is considered.

All powerdevices of the PFC circuit, including the bridge rec-
tifier, and the power circuit components of the CUK converter
are modularized. A single-capacitor output C, is connected at
the output terminals for filtering the output voltage ripples.
Block diagram of the proposed control scheme of a modular
three-phase ac-to-dc converter based on power balance control
technique, which is able to handle heavy step load change. is also
shown. It consists of sinusoidal references, a PI controller, and
inductor current calculators. The differential amplifier and pre-
cision full-wave rectifier circuit are used for generating an abso-
lute sinusoidal waveform that synchronizes with the utility. The
bandpass filter is used for reducing the effect of switching noises.

This paper proposes a control concept, denoted as the power
balance control, to simplify the design procedure of the dc bus
voltage regulator. This control strategy has high dynamic fea-
tures, and can achieve a fast dynamic transient response by
action of the inductor current compensator. The procedure of
analysis presented here is less difficult than that of the con-
ventional method. It is easy to understand and implement. The
deduction of the proposed inductor current compensator is also
quite easy, but the effect is sensible. The control block diagram,
as shown in Fig. 2, can be easily implemented by analog circuits.
It shows a good improvement in reducing manufacturing costs
due to the use of analog control. The advantages of the pro-
posed system are: high power factor, modularity, simple control
strategy, and design: the line [requency harmonic current com-
ponents in the output capacitor are cancelled. In addition, this
significantly reduces capacitor heating, improves its operating
life, and minimizes its value. The output voltage is regulated
and fast dynamic response is obtained.

IV. AVERAGE SMALL-SIGNAL ANALYSIS

In this section, an analysis and design of the modular three-
phase ac-to-dc converter using three single-phase isolated CUK
rectifier modules with nearly unity power factor and fast dy-
namic transient response is presented under the CCM of opera-
tion. The small-signal analysis is performed on an average basis
over a complete half-line cycle. There are two major concerns
of the small-signal performance of the circuit. First, the con-
trol circuit has to force the input line current to track the input
voltage waveform. The second consideration is that the analysis
of the circuit is based on a cycle-to-cycle basis. The analytical
model derivation is based on the power stage schematic shown
in Fig. 1. where the ideal switches and zero equivalent series
resistance (ESR) in the capacitors are assumed. The following
equation can be derived from a set of different equations with
the assumption of the balanced three-phase set of ac source and
four-wire system.

The average small-signal model of the proposed system is

SVl = Vi,

i=a
where, 7 = a., b, and ¢, V;; is the rms value of rectified voltages,
1y, isthe rms value of input inductor currents, V/, is the average

(9
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value of dc output voltage, and I, is the average value of dc
output current over a half-line cycle. The peak value of the
inductor current is

o I{Q I’;a Ilo ad
3V,

gi

= jL“ +Ivgp

Ir,, (10)

erofl, (ll)

where fmf“ is the reference value for the peak value of input
inductor currents, I, is the peak value ol input inductor cur-
rents, Iy g is the correcting signal of PI controller, and K5 is
the conversion gain of inductor current. The inductor reference
current is

Uret,, = le.d“ |sin (wt)] (12)
iLret;s = I Lrer,, |SiN (wt — 120°)] (13)
inretyy = Lpvet,, [sin (wt — 240°)] . (14)
The dynamic equation of the output voltage is
3 v,

;1 = I, = Co—2% + o (15)
where Ijgaq is the load current of the proposed system. For
derivation of the small signal model, let

Vi = Vi + B, (16)
I, =1Ip, +iL, (17)
V,=V,+0, (18)
L=1I+i, (19)
ijn,- = fLrof“ + ELm’“ (20)
Iyr=Ivg +ive (21
It, = I, +i,, (22)
Tioad = Jioad + fload (23)

where V' means the steady-state value and © means the in-
troduced perturbation. Applying the perturbations in (9), (10),
(11), and (15), and performing the small-signal approximation
(0.0 = 0) results in

I\"l I?gr'ercf“ = TL_VOI_(J (24)
fo = fload (25)
. 3K I i - 3K V7 [, .
i = 1,7'010 L g + 7, 2 ELrefy; — v, Vo
(26)
3 —~ ditr) *.

1o = /OE + 2oad (27)
iLret,, = iL,, +ive (28)
- KV, Foad Ky lioaa 5 _ K2 Volioad N
i e 0ac v o — =) gi-

l 3Vyi 3Vyi 3 (1"!,;)2 !
(29)
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Fig. 3. Small-signal model of the modular three-phase ac-to-dc converter using isolated CUK rectifier module based on power balance control technique.

The parameters are given by

3K Ipres
_;1 _ \Lvmon; (30)
3KV,
Py — ;LL N (31)
Ko Vo hoa
F1 = 7X2 = 1';’1 (33)
3 (Lyi)
I\"Qfload
By = —2tond (34)
31‘5,.!:
KyV, _
Fy = = (35
3V,
1 )
ZL (SJ & ﬂ (3(‘!)

According to (24)—(36) and combining with the voltage regu-
lator, Fig. 3 shows the small-signal control block diagram of the
proposed system. Therefore, the output voltage can be expressed
as

f'o - TC .E?L‘l“_-f + T4 f'gr' - Zai']o;ld' (37)

From the small-signal model of Fig. 3, the following three
criteria for the closed-loop performance of the converter can
be identified, applying Mason gain formula. Here, T¢>, T4, and
Z, denote the control function, the audio susceptibility, and the
output impedance, respectively.

The control function T, which carries the information about
the absolute and relative stability of the converter, is

o Crr-_)‘ZL GVR
1+ kfb(;’QZL Gyp+GaZy — G Fy ’

R

. (38)
v

TOref
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The audio susceptibility: T4, which presents the input-to-
output noise transmission characteristics, is
_ Zr (G — F1Ga)
i L+ kpGaZL Gy + GyZy — GoZ Fy'

0,

= (39)
v,

The output impedance: Zp, which characterizes the output
voltage perturbation produced by a varying load

B Z1 (1 — FaGo)
1+ k‘f'b(jQZL(:V}? + GaZdyp — GaZ Fy ’

Uo

(40)

'ilomd

A converter is with fast dynamic regulation if the output
impedance and audio susceptibility are zero, i.e., the output
voltage of the converter is independent of variations of the load
current and the input line voltage. It is easy to prove, from
(24), (25). (39). and (40), that the proposed system is with fast
dynamic regulation if @, /7,; = 0

Zp (Gy — F1Gy)

0= 41)
1+ kpGaZr Gyg + G Zp — GoZp By S
where
Gy =Gy (42)
when ©, / iload = 0
Zr (1 — F3G;
0=- A (43)
1+ kﬂ,GgZLGVR + (I"}ZL = (TQZLFQ
where
FyGy = 1. (44)
Therefore, the gain K5 can be expressed as
Ky =Kt =2. (45)
Then, the control function can be expressed as
i_o N 7'23(;'1,: }?YTV;,;I_\;— 1 _ . (46)
Voot I’/ra C 29 + 3Gy R I’/gil\ 1 kfb
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Fig. 4. Implementation of a power balance control technique.

Here, a PI controller is chosen for voltage regulation

k‘p (‘S + ‘-‘-’.Z)

:VR(S) = C; (47)
Plant transfer function is
3V, K
PTF = —¥i21 (48)
(I’/ra(/o)b
Open-loop transfer function is
o 3GyR(8) Vi Kiks .
oLTF = 3GV R(WVyillikye (49)

(VoC)S

Power balance control technique is specially designed to re-
move the periodic errors generated due to the external distur-
bances. The idea of power balance control technique, which is
based on the input voltage and load current feedforward princi-
ple. is to improve the control performance. The proposed control
technique can be designed in the closed loop, as shown in Fig. 4.

The frequency response analysis is used to describe the sta-
bility of the proposed system. The design of the output voltage
control loop must guarantee the stability and provide enough
bandwidth in all the possible operation conditions of the sys-
tem. A suitable network is based on integral action (zero and
high frequency). With balance three-phase operation, there is
no low-frequency ripple in the output voltage. Hence, the out-
put voltage control loop can be designed for higher or lower
bandwidth, resulting in dynamic response. The Bode diagram
of (47), (48), and (49) is presented in Fig. 5. Since this is a
linear system, superposition technique can be applied to drive
the overall system transtfer function. By superimposing the gains
and phases of the stage around the loop, a Bode plot of the over-
all system is generated. The high- and zero frequency gain of
the compensation network can then be used to optimize the sys-
tem performance. Fig. 5 combines the Bode plots of the stages,
and 180° phase shift is also added to account for the negative
feedback of the system. The voltage loop is designed to have a
crossover frequency of 50 Hz.It also gives a 65° phase margin.

V. CIRCUIT SIMULATIONS

In this section, a modular three-phase ac-to-dc converter us-
ing CUK rectifier modules based on power balance control tech-
nique with nearly unity power factor and fast dynamic transient
response are discussed. The configuration of the proposed sys-
tem is simulated using SIMULINK program. The purpose of
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this simulation is to verify the control algorithms, design the
controller parameters, and study the static and dynamic perfor-
mances of the system. The converter under focus is capable of:
1) three-phase power balance condition: 2) two-module loss (in
phase a and b); 3) one-module loss (in phase ¢); and 4) step
load change from 100% to 10% and vice versa with three-phase
power balance condition. A rated operation of 750 W output
power and —48 V of dc output voltage with 220 V of ac line-
to-neutral voltage in rms are assumed.

The control block diagram is shown in Fig. 2, where three
inductor currents and dc voltage are sensed for the feedback
control proposes. In addition, in order to improve dynamic re-
sponse in the dc voltage control, load current 7)., is also sensed
and added to the inductor current amplitude reference as load
feedforward. Fig. 6 shows steady-state and transient simulation
results of four difference operating conditions. The simulation
does analyze the following modules and load conditions: O—
100 ms: three-phase power balance condition, 100-200 ms:
two-module loss (in phase a and b), 200-300 ms: return of
loss modules in phase a and b, 300-400 ms: one-module loss
(in phase ¢), 400-500 ms: return to three-phase balance con-
dition, 500-550 ms: step load change from 100% to 10% with
power three-phase balance condition, and 550-600 ms: step load
change from 10% to 100% with power three-phase balance con-
dition. The simulation results of the proposed system are shown
in Fig. 7(a)—(d). Fig. 7(a) shows simulated input phase voltage
and current waveform of the proposed system based on power
balance control technique. It can be seen from these figures
that almost unity power factor and nearly sinusoidal ac current
operation are achieved. The simulation results of transient re-
sponse of the input phase current waveforms, phase inductor
current waveforms at step load change from 750 to 75 W and
vice versa are shown in Fig. 7(b) and (c), respectively. It may
be noted that the ac currents waveform quality under the lightly
loaded condition in Fig. 7(b) is degraded. The simulation result
of transient response of the output voltage and load current
waveforms at step load 750 to 75 W and vice versa are shown
in Fig. 7(d). The output voltage is recovered to its steady state
within 100 ys. By utilizing load feedforward, high bandwidth of
the voltage control loopis well-compensated and dc bus voltage
is hardly disturbed.

VI. HARDWARE EXPERIMENTS

A prototype of the modular three-phase ac-to-dc converter
has been built and tested with the component values, as shown
in Table I. The main objectives are to improve the dynamic
transient response of dc bus output voltage, module load cur-
rent sharing, and power factor correction. The analog circuit is
used in the control circuitry of the prototype. The experimental
results of the proposed system are shown in Figs. 8-10. A 1-uF
capacitor C; is placed before the bridge rectifier to filter the
high-frequency switching current ripple. Fig. 8 shows the line
voltage and current after filtering. Fig. 8(a) shows steady-state
response of input voltage and current waveforms. It can be seen
that the input currents are not significantly distorted while phase
input voltage is distorted due to the normal condition of utility
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Fig. 5. Representative Bode plots of the proposed system.
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voltage quality in the laboratory. Input currents are in phase with
their relative phase voltages, almost sinusoidal and balanced. A
power factor of 0.99 and a total harmonic distortion (THD) of
4% have been measured at input port of this high-power-factor
ac-to-de converter. However, the input current is distorted sim-
ply because the inner inductor current control loops do employ
current reference values, which are generated by multiplying a
reference peak value for input inductor currents with the actual
absolute values of the line-to-neutral voltage. Therefore, up to a

86

certain point, in the future research, the reference line-to-neutral
voltages may be generated by mean of using a three-phase phase-
locked loop (PLL) system.

The transient response of the three-input current at load step
from 750 to 75 W and vice versa are shown in Fig. 8(b).
The close-up of three-phase input currents while load has
been changed from 750 to 75 W and from 75 to 750 W are
shown in Fig. 8(c) and (d), respectively. One problem associated
with the variable hysteresis control is the very high switching
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frequency at the end of a rectified line cycle, where the voltage
approaches zero. As predicated from the preceding sections, the
ac currents waveform is relatively degraded in lightly loaded
operation. Since the operation mode of CUK rectifier modules
are changed from CCM to critical mode. Equation (2) can be
satisfied only in a limited load range. In fact, increasing R
(load resistance) produces a consequent decrease of the value of
coefficient K, unit; it becomes lower than the second term of
(2). Moreover, for a given load resistance, converter operation
can change from CCM to DCM. Designing the converter to al-
ways operate in CCM for a given load calls for an oversize of
L.q. An alternative approach could be to design the converter
to operate in CCM for fu5: < 6 < 7 — f5¢ even at minimum
load resistance. The critical angle #.3: changes as the load R
changes, and is derived from (2). The choice of f: at full load
is, therefore, a tradeoff between size of power stage components
and input distortion in different load condition. Therefore, up
to a certain point, selecting a bigger inductor reduces the large
distortion and improves the performance of the power stage.

Fig. 9(a) shows the steady state of three-individual induc-
tor current waveforms. The close-up of three-individual in-
ductor currents at step load from 750 to 75 W and from 75
to 750 W are shown in Fig. 9(b) and (¢). Due to the effects
of difference inductance values and parasitic in input induc-
tors, these three-individual inductor currents are not exactly
equal. However, all inductor currents have approximately same
amplitude.

Fig. 10(a) shows the output voltage at —48 V and load current
at —15.625 A when dc bus capacitor is 13 600 F. Fig. 10(b) and
(c) shows the experimental transient response for step load vari-
ation with the inductor current compensator. Fig. 10(b) shows
the transient response of the output voltage and load current
at load change from 100% to 10% and vice versa. It can be
observed from Fig. 10(c) that the output voltage recovered to
its steady state within 100 ps and input current can still main-

Power factor, efficiency, and THD; as a function of output power (V, = 220 Vand V,, = —48 V with resistive load).

tain a high-quality sinusoidal waveform. In particular, dc out-
put voltage v, is hardly disturbed in spite of the low band-
width of the dc voltage control loop due to the load feedfor-
ward. It is indicated that good dynamic performance can be
achieved.

The performance measurements of the proposed system are
reported, in terms of power factor. THD,, efficiency, and har-
monic current comparing with the standard EN 61000-3-2 class
A limits. Fig. 11 shows the current harmonics of the proposed
system versus load variations. It shows the magnitude of the
measured input current harmonics for the three-phase system
operating under different power levels. It meets the regulation
of EN 61000-3-2 Class A limits. Fig. 12 shows the key perfor-
mance of the proposed system at different output power. The
upper curve in Fig. 12 presents the measured power factor for
different output power. For the rated load condition, the input
power factor is high, greater than 0.99: the overall efficiency
remains high, nearly 90%, and THD; less than 4% at maximum
load. In this case, dc bus capacitor C,, = 13 600 pF, the dc out-
put voltage is regulated to have good transient responses by the
designed PI controller with power balance control technique. It
should be noted that this dynamic response is fast enough for
many conventional industrial applications, and hence, no sec-
ond stage is needed. Thus, the proposed regulator is relatively
feasible in medium-power applications, which has been verified
by the measured results.

The characteristics of the two converters are compared for
the conventional three-phase PWM rectifier (boost topology)
and de—dc case (modified PFC boost and isolated CUK rectifier
module) in Table II. The boost and CUK converters are good
choices for cases where the input current is subject to power
quality constraints. The performance of the CUK converter sug-
gests that this is the best topology. The CUK converter also offers
greater flexibility in the configuration that can be implemented
as isolation is easily incorporated.
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TABLE 11
PROPOSED CONVERTER SYSTEM COMPARED WITH A THREE-PHASE BOOST CONVERTER

Characteristic | Three-phase rectifier using three | Three-phase rectifier using three Three-phase full-
isolated CCM CUK rectifier modified single-phase single-switch | bridge boost
modules (Proposed system) boost PFC converter (CCM) rectifier (CCM)

No. of main 3 3 6

switches

Converter Good Fair Good

Efficiency

Input Current Excellent (DC+Ripple, coupling Good (DC+Ripple) Good

Quality (PFC) the inductors by using the same
core can reduce the ripple), small
high-frequency ripple on the input.

Conducted EMI | Low Low Low

in the transformer core.

Output Voltage | ¥ >y > ¥ (any output voltage). | V,> 1.5V, (A second de-de V,> V. (A second
Range Full-range output regulation. converter is required to step down the | dc-dc converter is
output to its required level.) required to step
down the output to
its required level.)
Output Current | DC+Ripple. Small Pulsed DC+Ripple
high-frequency ripple on the output
currents.

Power Low or high voltage and medium High voltage and medium power High voltage and

Application power application application high power
application

Control Very Simple (Analog or Digital), Vary Simple (Analog or Digital) Very Complex

Complexity while ensuring high control

robustness and good static and
dynamic performance (based on
power balance control technique).

Isolation Easy to add isolating transformer Difficult, second dc-dc stage required | Difficult, second
dc-dc stage
required

Magnetic Large number of magnetic Fewer magnetic component required | Fewer magnetic

Volume components required. But, full component

utilization of the flux swing required

VII. CONCLUSION

A three-phase ac-to-dc converter using CUK rectifier mod-
ules with nearly unity power factor and fast dynamic transient
response based on power balance control technique has been
investigated in this paper. The circuit simulation of interest are
capable of: 1) three-phase balance condition:; 2) module loss
condition: and 3) step load change from 100% to 10% and
vice versa. An average small-signal model derivation has been
presented. The main advantages of the proposed system are
to reduce the number of the conversion stages and improve

2011

dynamic response. The simulation and experimental results of
the proposed system have confirmed that at heavy step load
change, excellent power factor correction under de-regulated
output voltage are obtained by the power balance control tech-
nique. Steady-state and dynamic analyses have been discussed.
The proposed approach offers the following advantages: simple
control and fast dynamic response. The results obtained are: a
power factor of 0.99 and THD; of 4% have been measured. It
meets the harmonic regulations of EN 61000-3-2 class A limits.
The system offers 88% efficiency.
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