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Abstract— This paper presents a study on two single-phase study of the Transfer Functions were made, as well as the
switching AC/DC converters used to supply energy to a project of controlers to be used.
resistive variable load with constant voltage output, The algebraic study and the simulations indicated

obtaining High Power Factor input with Low Harmonic  oqqjity in performance for both converters, whereas
Distortion. The dynamic and Steady-State behavior of two practical implementation and results pointed some
DC power suplies is analysed by their State-Equations and differences

Transfer Functions. The Capacitive ldling Cuk Converter [1] . . .
[2] which is used to obtain both High Power Factor input, A electrlcaly isolated version ofBoost-Buck set
and constant voltage output, is studied, as well as the Was studied, replacing the Buck by a Forward converter,

commonly used pre-regulator Boost and regulator Buck and appling the results of the studies and control project to
(named Boost-Buck set), coupled, operating in continuous the new set. For the Boost-Forward set was used a 13.8V

current conduction mode (CCM).  Low power prototypes output voltage, whereas f@oost-Buck set was used a 69V
were built using the same components in both converters, output voltage (5*13.8V).

and practical results were obtained to compare them. A
isolated Boost-Buck set was built, using a Forward converter
in place of the Buck converter. II. THE CONVERTERS

The Capacitive Idling Cuk converter is derived
I. INTRODUCTION from basic Cuk converter, which uses an aditional switch
in order to control the energy sent to the output [1] [2]. Its

Recent researchs in AC/DC converters have begfluematic diagram is presented in fig. 1.b. This aditional
focused in obtaining high power factor (HPF) input withSWitch permits an independency between the three
low current harmonic distortion, especially to attendnain voltages in the Cuk Converter (in Cuk converter
International Standards as IEC-61000-3-2 [3]. AlthouglY1=Vi+V0). Switch § controls the energy absorved from
these efforts have been great and rewarding, very little hi#2e input AC line and stored in capacitog C whereas $
been done in associating this high quality input energfontrols the energy transferred from © the output. Then
with high quality output voltage. In some cases, in order t&1 functions as a bulk capacitor, absorving the intrinsic
achieve one feature, the other is penalized. In other casé¥V frequency oscilations from the input energy. Operating
good results are obtained in both high quality input energs it is possible to quickly control the output voltage,
and output voltage, but the dynamic behavior is not sihich is vital for a switching power supply.
good under load variation. Therefore, it i®gessary to Figure 1.a  shows the known Boost-Buck set
investigate DC power supplies which operate with HPEiagram. Although Capacitive Idling Cuk converter has
and are useful in supplying energy to variable loads. constructive and behawo_ral similarities progt-Buqk .

This work is dedicated fo study the CapacitiveSet, it iS necessary to impose some restrictions in its
Idling Cuk Converter and the Boost-Buck set (prepperation: switch Smust remain closed while,Ss closed
regulatorBoost and regiator Buck). Both of them operate (D1 = D2); and the main voltages must obey the inequality
in CCM (Continuous current Conduction Mode) and Hard/12Vi+Vo. These restrictions may be imposed by the
Switching mode. This operation mode was chosen becauansistors command circuitry or may be achieved naturaly
(a) it is simpler to control and (b) it presents efficiency andy the control circuitry, when the control constants are
performance as good as other alternative topologies (ososen properly. In this work, the condition B D, arised
stage converters, soft-switching converters) [4] [5]. A setaturaly.
of dynamic algebraic equations is developed and a linear In Stead-State the condition;¥ Vi + Vo is a
model for the converters is built, employing State Spaceonsequence of D> D, , but this is not true for the
Averaging, which points to a dynamic coupling betweerTransitory State. Then both conditions must be observed
input and output stages. The Converter project and tlvéhen Capacitive Idling Cuk converter is projected.
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Fig 1 - Converters: (a) Boost-Buck set; (b) Capacitive Idling Cuk converter
and superscript denotes matrix transposition.

The isolated version forBoost-Buck set is D, is the duty ratio of Boost converter, an®; is
obtained replacing Buck by a Forward converter, and ithe duty ratio of Buck converteDj; is determined by the
Capacitive Idling Cuk converter it is obtained by adding #eriod of time in which $is opened and Sis closed.
transformer close to capacitor; C as in standard Cuk These equations are the same for the Capacitive Idling
converter. In this work is not demonstrated the possibiliteuk Converter, except for the terms wih.
of applying the control projects results of the converters to The matrix C depends on the observed State-
their isolated versions. Only practical results werd/ariable. For example, if voltageis desired:
obtained to th@oost-Foward set.

c=[0 o 0 1 9)
[ll. THE MODELING
The 4 State-Variables Transfer Functiong {4,

Figure 1.a presents the converters Boost and Bugklated to B ; and b, V; related to Q) developed from the
cascaded (coupled in series), using a simplified modebtate-Equations of the converters were very complex. A
where the inductors’ resistencies and equivalent seriesimeric study made using real values of the components
resistancies (ESR) of the capacitors are showed, amded to built the converters pointed out to the possibility to
transistors and diodes are assumed to be ideal switchesgard null the equivalent series resistancies (ESR) of the
Their dynamic equations (1) are obtained by State Spacapacitors (#=r,=0). Furthermore, it is reasonable to think
Averaging [6][7]. Transistor 1Koost) is represented by S about neglecting these resistancies since they are the same
and transistor 2 (Buck) is represented by S order the intrinsic resistencies of transistor and diodes.

Using State Space Averaging, the dynamidhis simplifications allows the derivation of appropriate
behavior of the converter (Boost-Buck set) is described byransfer Functions for the study of coupled Boost and
its State-Equations: Buck converters.

The DC Transfer Function (for large signals)

" = AX + BU between input voltage and output voltage, for both
X: converters (Boost-Buck set and Cappae Idling Cuk
Y=CX+DU (1) converter) is given by (10):
Matrix A, B, D, X andU are:
) ) Yo - _caip= (12 B,)D;R 5 (10)
r. _(1-D) Dy . Vi (L-D,)*(r, +R)+D3ry
L, L, L, . .
(1-Dy) D, One can say that in this type of converter, the
c 0 C 0 input and the output will be decoupled if the function
A = 1 1 . .
which describes the output voltage can be made as a
Dgarg D, M R .
—= -—— -— product of two functions [1]:
L, L, L, Lo(ry +R)
0 0 R _ 1 Vo= fl(Vl,Dl) * fz(lz,Dz) (11)
L Cyry+R)  Cy(ry +R)] )
2 It can easely be seen that (10) matches (11), if
ri<<R and r,<<R what indicates the possibility o
2) R and r.<<R what indi h ibility of
_ T decoupling for large signals between the two converters.
B= 000 3 e must verify the possibility of dynamic decoupling
] (3) W [ h ibility of d icd li
L/ =1 (i.e., small signals) for the converters.



IV. DYNAMIC DECOUPLING polinomials (19), as long as the ratid,?/C, is small
enough compared to the other terms of the equation.
The equations describing the small signal
Transfer Functions of voltage and current for the preA(s)=Pj(s). P,(s) (19)
regulator related t®; (duty ratio of S), and voltage and

current for the regulator related @, (duty ratio of $), wherePy(s) andPs(s) are:
are of the types indicated in (12), (13), (14), (15),.

Lowercase lettersl, v, i, represent small perturbations in 2 2
variablesD, V, |, respectively. P(s)=|s? +&S+(1_Ll) (20)
RC, cL
Gu(s)= i,(s) _ (1-DulV (R+ry) 8% +c,82 +05+ G
11 - -
d,\s L Als
1() 1 Req () PZ(S):|: 2, 1 + 1 :| (21)
(12) RC, C,L,
Gya(9)= vi(s) _ Vi D3 -s°+b,s® +bys+b, (13) P(9) is the characteristic polinomial of a Buck
1 d, (s) Req C1 A(s) converter, andP,(s) aproximates theBoost converter’'s
characteristic polinomial.
_ _ Appling the same approximations, it is possible to
Gy,(s)= 5(s) = u Dl)\/i (R+r5) s*h,s? +hys+h describe the Transfer Functions as:
dfs) L Ry Afs)
(14) 2D2
Vi St Rczl P (s)
i
_,(s) _ (-o v (R+r,) %+ fis+ 1, Gi1(s)= (22)
Gy,(s)= = (15) (1-Dy)1, As)
d, (S) L,C, Req A(S)
R (1-D,)?
where: _S+72Q P, (s)
Vi D5 D; L
2 ) Gys S): 2~ R A( ) (23)
Req =(1-D,)*(R+r,)+ D31y (16) @-b.)c S
and the characteristic polynomial common to the previous S+ 1 P (S)
four equations is of the type: Vi RC, 3
G|2(3): (1 D )L A( ) (24)
4 3 2 ¥ S
A(s)=s* +a;s° +a,s? +a;5+a, . (17)
- Vi Py(s)
The Transfer Functions indicated above are ver§5v2(3)‘ (1—D )L C A(s) (25)
complex and indicate a fourth order dynamic behavior for 12
the converters. A more simplified study is obtained when i{f,ore-
is made null the resistancies of inductors. Then the
characteristic poliniomial will be described as (18): 2 5
p()_ 2 _ D3 (1_Dl)
2(s)=s" - —=s+——=— (26)
1 1  (1-p,)* D2 RG b
A(s)=s* + s+ + Vo4 72 152+
C,R CoLo Cib Cilo In [1] is demonstrated tha®s(s) can cancel out
(1_ D )2 D2 (1_ D )2 with Py(s) when the inductors’ resistancies @ndr,) are
1 1 Y2 1 . . . . . .
+ o considered in the equations. The first order coefficients of
GiCoR Ly Lo CiLiCols, P,(s) andPs(s) were:
(18)
_h DJ
One factor is important to achieve dynamic P L + Cl(RJrr ) (27)
decoupling between the input and the output converters, 1 2
namely the amount of energy stored in capacitor(Bulk ;4
capacitor). Then the greater is the capacitance ;oaiiti
the higher is its voltage, the better will be the decoupling. [ D2
In practice the characteristic polinomial might be ps; =+ - ——*— (28)

approximated by the product of two second order L Cl(R+r2)



In this way, the Transfer Functions would be: The pre-regulatorBoost) and reglator (Buck) inductors
operating in CCM are calculated as (35) and (36)

{ 2D2 ] respectively [6][7][8][9]:
S+
()= o (20) [ =2%e (35)
(1_ Dl)Ll Pl(s) Al Ll,masz
2 -
[_S+R2(1— D,) ] L2:(21F[|’—2)‘/0 (36)
. 2 D L S'o,min
Gya(s)= v 2 Lot ° - (30)
(1-p,)?’c, R R(s) Where, \, is the peak value of ¥ Alijm is the

maximum variation permited for ;Lcurrent, and Jmn IS

1 the minimum DC value of the output current.
s+ The inductors built had the folowing measured values:
Gio(s)= s 31)
Y 1-D)L,  Ry(s) L,=3.0mH (=02 ,
L,=2.0mH L=0.2Q
Gy 2(3) = ( Vi 1 (32) The capacitors used were:

C. = 20QuF C, = 10QuF .

One can verify that (29) and (30) correspond to
the Boost converter Transfer Functions, since the
resistanceR at Buck output represents, for the Boost
converter, a load described by (33):

VI. CONTROLSYSTEM

An algebraic study on the State-Equations was
made and a control system was projected with standard PI
(proportional plus integral) controlers, as indicated in fig.
RBoost:i- (33) (3). The input control system uses a multiplier control
D% technique [3], with a fast input current loop (Rland a
slow voltage loop (R). The output is controled by a single

One can also verify that (31) and (32) correspondoltage control loop (R). _ .
to Buck Transfer Functions, as long as the input voltage The values of proportional and integral constants

for Buck is: calculated were applied to the Capacitive ldling Cuk
Converter and to the Boost-Buck set as well.
) Vi
ViBuck =125 (34) VII. SIMULATION RESULTS
1

Some simulations were made in order to verify
Then, it was demonstrated the dynamiahe converters behavior under full load operation and load
independence, although imperfect, between two couplegriations. Fig. 4 presents results for the Capacitive Idling
converters, employed as pre-regulator and output voltagik converter under load variations. Initially the converter
regulator. operates under full load, then it operates under reduced
A numeric study for real converters was madeload (¥ full load) for a small amount of time, and returns
using Bode plots for the fourth order and simplified seconeb full load.
order Transfer Funcitions. The results have showed a
nearly perfect soperposition between the diagram ; I C1 2 Lz

correspondents. ¥ o ‘ |

" %

V. THE CONVERTERS

A project was made for a low power prototype
(<150W) in order to attend the specifications below:

line voltage Boost):
output voltage (Buck):
output current:
switching frequency:

V, =127Vrms / 60Hz

V, = 69V
l,=0.5~2.0A
Fs=50 kHz

Fig. 3 — Control system applied to Capacitive Idling Cakeerter
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It can be seen that the input current presents a F o onas :
. . R )Ch1l: 10V 1msf . R . .
nearly sinusoidal shape, the capacitar voltage ;) do -ﬁ%‘)jh‘f;‘fﬁ’ﬁj"ﬁj;"ﬁfm‘_m_m_m;
not vary more than 5%, the output remains in its reference
(69V), and duty ratid>; is mantained greater thad, all
the time. The small high frequency oscilation in output Fig. 6 - Output voltage (1) and current (2) - full-load to ¥4 full-load
voltage, when the load is increased, can be avoided placing

an inner currentlg) control loop. Fig. 6 presents the output voltage and current for
The Boost-Buck set presented the same behavighe converters under load variation, from full load to ¥
as those presented for Capacitive Idling Cuk Convertef,|| |oad. The bad shape of the current was due to
Simulation results with Boost-Forward set presemedimprerfections of the switch that changed the load.
equality in performance tBoost-Buck, but it was not true In all the cases it was observed good output
for the Capacitive Idling Cuk converter with isolation.  ygjtage regulation, even under hard load variation. The
maximum rypple was 1V for Boost-Buck set and 1.5V
for Capacitive Idling Cuk converter. Under load variation,

It was buit low power (138W) prototypes for threethe voltage fluctuation was nomore than 4V.
! o Fig. 7 presents input voltage and current for the
of the converters, with the same characteristics and . . .
. i i : converters under full load operation. Current is the inner
operating under equality of conditions. Fig. 5 presents thé
clrve.
output voltage and current for the converters under loa

variation, from ¥4 full load to full load.

(b) Capacitive Idling Cuk Gnverter

VIIl. E XPERIMENTAL RESULTS

B e F e R F1) Ch1* 50V 5m& 3
£ ] E2)Ch2 1A 5ms
lil)Chlf ovamst - -« 4 A ST I I
2)Ch2: 500 mA 2ms E
A T S T T I (a) Boost-Buck set

(a) Boost-Buck set P T

50 V. 5 g
1A Smst
| N W A N N

C ] F 1)}Ch1:
r1)Ch1: 10V 5msk- - - - -4 f 2)Ch2:
2) Ch2: 500 mA 5ins 1 Coli i
1
Lol

(b) Capacitive Idling Cuk Gnverter (b) Capacitive Idling Cuk Gnverter

Fig. 5 - Output voltage (1) and current (2) - ¥4 full-load to full-load Fig. 7 - Input voltage (1) and current (2) under full-load



In percentual terms, only the ™5 harmonic IX. CONCLUSIONS
component (9.7%) stayed above the percentual value . )
related to Satandard IEC 61000-3-2 (7.1%), but it was due ~The experimental results confirmed The
to the 8" harmonic component present in the local AC lingheoretical .stud|es, validating the possibility of mading the
voltage (5%). Besides that, only the™3harmonic control project separated for the two stages (pre-regulator
component presented a significant value (8.2%). and regulator). o

In order to verify the viability in applying the The results with input current and output voltage
results of the studies made for the Boost-Buck set to if§dicated a good performance of the converters in respect
isolated version, @oost-Forward set was built with the 0 the desired parameters. o
same characteristics of Boost-Buck set, changing the This work demonstrated the characteristics and
output voltage specification tv¥o=13.8V. The values of performance.5|mllar|ty between the two converters studied.
output capacitor, inductor, and proportional and integrd! comparative aspects, one can not say that there are
consatants was changed proportionally to the new value gi@nifacative differences between the two converters
output voltage. It was used an input LC (inductor p|u§tqdled, but the efficiency _obtamed for the Capa_lcmve
capacitor) filter. The results obtained can be seen in fig. 8ldling Cuk converter was a little lower than the efficiency

The measurement of the input voltage and currerftotained for theBoost-Buck set.

gave the following results of Power Factor (PF), Total Regarding assembling tasks, the Capacitive Idling

Harmonic Distortion (THD) and efficiency)j: Cuk converter presents some characteristics distinct of the
Boost-Buck set studied, namely, interleaving between S

Converter =) THD| 1 and S , and the impracticability in conecting both

Boost-Buck set 0.95| 13.8% 91% switches in the same referencial point.

Capacitive Idling Cuk converter 0,96 12,6% 81% . It was successfully experienced the possibility of

Boost-forward set 099 1259 80% app!ymg the resglts of the studies and project of conFroI to

. . the isolated version of thBoost-Buck set with no practical
prejudice in its performance. This was confirmed by the
similaraties of the experimental results, obtained for this
““““““““““ EE ! set and the Boost-Forward set.
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Fig. 8 — Voltages (1) and currents (2) for the Boost-Forward set





