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Abstract - The effects of a non negligible source impedance, to do this, an external EMI input filter is generally used
due to the presence of an input EMI filter, on the stability of petween the line grid and the PFP. When the EMI filter is
Power Factor Preregulators with average current control are  added, instabilities can arise in the system due to the
analyzed by using a State Space Averaged model. The modeling jnteraction between the filter and the converter. This
allows to derive a simple expression for the loop gain in terms phenomenon is well known and many papers have already
of the converter current loop gain. The overall system stability addressed it [10-13]. Different from those references, [14]

is studied for boost, Cuk and SEPIC PFP topologies. Based on t lvsis. for the boost t . hich th
this model, a simple modification of the standard current reports an analysis, 1or theé Doost converter, in whic e

control loop is proposed which increases the converter derived loop gain provides an easy insight into the PFP

robustness. Comparison between model forecasts and design. _ o _ _ _
experimental measurements is carried out using two  The main contribution of this paper is the extension of such

prototypes: one based on the boost topology and the other analysis to other PFP topologies with average current control,

based on the SEPIC topology both rated at 600W. Finally, the like Cuk and SEPIC. Moreover, the results of the proposed

model accuracy is investigated with measurements at different analysis suggest a simple modification in the inner current

current loop bandwidths. loop of the average current control which allows to greatly

improve the converters robustness against filter-induced

I. INTRODUCTION instabilities.

) _ . o Two prototype converters were built in order to validate the
Owing to an increased necessity for harmonic line curreRkeoretical analysis: a boost and a SEPIC PFPs both rated at
reduction, high power factor ac-dc converters (also callegpow. The experimental measurements done show a good

Power Factor Preregulators - PFP's) are becoming afrrespondence between model forecasts and actual
important issue in modern electric energy power conversiogpnverters behavior.

systems. In particular, limiting standards like IEC 1000-3-2,

which have become effective since January 1996, impose || ELTER-CONVERTERINTERACTION ANALYSIS

maximum values for current harmonics drawn from the

utility grid [1]. Thus, in the last five years, we assisted t0 a | order to show the nature of the problem let us start with
proliferation of topologies and control techniques whichy poost PFP whose simplified scheme with average current
perform an input current shaping so that to increase th@ode control is shown in fig.1 together with the EMI input
power factor [2-8]. Among them, the boost convertefjjier, As we can see, the core of the input current shaping is
working in Continuous Conduction Mode (CCM) with 5 jnner current loop which forces the measured inductor
average current control is probably one of the most populg{,rrent to follow a suitable reference signakl The latter is
solution for single-phase PFPs thanks to its simplicity, lowyit by sensing the rectified input voltagg(block k in fig.1
input current ripple and availabilit_y on the market of manys a scaling factor) and by multiplying it with the outpubé
control IC's. Moreover, the design of such converter ishe voltage-error amplifier of the external output voltage
broadly described in many papers [2,3]. The same contrRypp. This signal is practically constant at frequencies above
technique can also be applied to other topologies with afe |ine frequency since the voltage loop has a bandwidth
input inductor like Cuk and SEPIC which, differently from y,ch lower than the line frequency in order to maintain a
the boost, feature high-frequency isolation, step-up and stegnod power factor. Thus, sets the correct current reference
down capability, inherent short circuit and overcurrengmpjitude in order to maintain the regulation of the output
protection, input current high frequency ripple reduction,gjtage. It is worthy to note that the same control structure is
through magnetic coupling, etc. [7]. The power factofseq with Cuk and SEPIC PFPs. The same figure also shows
achievable with this structures is actually very high and cage circuit model which represents the interface between the
approach unity. filter and the converter in which the Thevenin equivalent

However, such converters produce high frequency noisgrcuit of the filter output was used ¢His the filter
due to the switching action that must be filter out in order t@ttenuation). We can write:

comply with EMI standards like IEC CISPR series. In order
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U, Hg _ Hg 1) values. It was considered, =0, and consequentlyls

Ui 1+Zﬂ 1+Te constant at the frequency range we are interested in.
Zc 2-from the converter small signal model the relation between
_Zor _ input current, duty-cycle and input voltage perturbations is
Te = z ZorYic @) derived as follows:

Ty = Yue(S)y +Gy(S)d +C(S), = Ve ()i +Gy(s)d  (4)

The symbol Y, was used for the first coefficient in (4)
because it represents the high frequency converter input
admittance, i.e. the admittance at frequency above the current
loop crossover frequency in which d is constany G
represents the transfer function between duty-cycle and input
current which is used for the current loop gain calculation. In
fact, from (3) and (4) the current loop gaif(s] can be
derived, consideringi, =0, as:

JoR e Multiplier Ti(s)=-G4Ki(s) (5)

Fig.1- Basic scheme of a boost PFP with average current control plus a

input EMI filter A. Controller analysis

From the analysis reported in the Appendix, which refers to
Te can be interpreted as a loop gain which must satisfy tfe standard average current controller IC like the UC3854 or
Nyquist criterion for stability. If |Hjw)| were always lower the_L4381,fth|F expression for coefficientgdy and K(s) are
than one, no instabilities could arise in the system and thfived as follows:
sufficient criterion was largely used in the past, especially for

dc-dc converters [10,11]. However, in the case of ac-dc Ki(s):‘URS Gi(s) (6)
converters with high power factor, limitations exist both on 08¢

the filter component values and on the converter design [9]. K,(s)= _l_gKi(s) = -G K (s) 7
Thus we will see that it is quite common to haugj{d)|>1 in g

a frequency range above the inner current loop crossover
frequency, especially at low line voltage and high loadvhere R is the current sensing resistancegst)is the
currents, and in this case the general approach for stabiligmplitude of the controller internal ramp;(€) is the current
analysis must be followed. Thus, from (2), we see that therror amplifier transfer function and,dnd |, are RMS input
knowledge of the converter input admittance is a prerequisiimltage and current respectively.
for the stability analysis. The current loop usually uses a PI regulator with a high
In the following section this input admittance will be frequency additional pole in order to reject the high-
derived for boost, Cuk and SEPIC converters. To thifrequency input current ripple (see Fig.Al), i.e.
purpose it is important to observe that in this analysis the
ﬁytput voltage ) can be gonsidered_ constant owing to the G, (s) :1+ﬁ51+ st H
igh value of the output filter capacitor needed to filter out " s E|1+ STPiH
the low frequency components of the fluctuating input

8)

POWer. Using (3-7) a general expression for the PFP input
. PEPSINPUT ADMITTANCE admittance independent of the particular topology can be
found as
The calculation of the input impedance (or admittance) of _ L1 T(s)
boost, Cuk and SEPIC converters follows two steps: Yic(S) = Ve (S) 1+T(s) CT+T(s) ©)

1-from the scheme of fig.1 the relation imposed by the
controller between duty-cycle and input voltage and current

. . . . From this expression, we can see that at frequencies below
perturbations is derived as follows:

the current loop bandwidth ({jiw)|>>1) the input admittance
d= Ky ($)0, +Ki(S)iAg FK(8)0, = K, (8)0 +Ki(s)fg (3) IS constant and equal to,GGwhile at frequengy abov_e the
current loop crossover frequency ;(jd)|<<1) it coincides

h hat turbati t to stead tV¥ith Yue. From (7) we see that the low-frequency input
where hat means perturbations respect 1o steady-Slaifmittance G depends on the converter operating point, i.e.
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I P model which results short circuiting the output filter

Gic =U_g = U02 (10) capacitor is the same for both topologies and is shown in fig.
’ g 3c). From it, expression for p¢(s) and G(s) are easily

) derived as follows:
where R is the output power. From (10) we can see that the

low-frequency converter input impedance decreases at high

power and low input voltage thus making the system more. ( ): U L’
susceptible to instabilities induced by filter-converter b
interactions.

1+ P L, +14
b D

0
0
E X
Ds(1+ sty +5°L'(C +Cy)+S°L'Cyry)
H

(14)

B. Boost PFP O
sZi L +Cy +I—CD'Td 21 LGy T4 0

D Up D ‘O

O

The derivation of (4) for the boost converter is done +
starting from the well known state space average model
shown in fig.2a) for CCM operation. In this figure d'=1-d is

(1+srd +s2L(C, +Cy )+ &° LClrd) a

the complement of the duty-cycle. Since the output voltage L, LC,
U, can be considered constant, the model can be simplified as , , 1 1+sry+s F(C +Cy)+s° D2
shown in fig.2b). From it we can easily derive: Yie (5)= o EH DL, H (1+Srd + 2L (C +Cd)+s LCle) (15)
1
A A D2L
=t e (11) :

where U(8)=uy(8)+U, and k(B)=iy(B)+i(6) are parameters
Consequently, the expressions for the current loop gaimhich, together with the duty-cycle, depend on the converter
Ti(s) and high-frequency input admittance§6) become instantaneous operating point, i.e. on the line afgley i

respectively: The parameter L’ is given by:
_Uy R L,L
T(s)=—0G—=-[G,(s) (12) L'(e)=——22 16
S Uosc ( ) D2L1+D’2L2 ( )
1
Y (s) =— (13) ) ) ) )
sL Expressions without the damping network can be easily

derived letting G=0 in (14) and (15).
An important conclusion is that the input impedance for the

R C

boost converter does not depend on the instantaneous input - WW" ‘

. lg 1 12
voltage but only on its RMS value throught G = ”C %E}\ _

2
i L Ugd y 1 v

o, LS W) | & % oys Yo o= [lr
~ | ot +
! C
0 + At 9 N N N
’ DD 1O O, T GeR a)
I Ry ch
a -
) A N 14g> Ll D
gL Y ST Il 4
— + + C 4
1
+ r U,
> Gg + u; 7~ |Yg °—|: S L2§T‘z C= D R
b) . _
Fig.2- a) State space average model of boost converter in CCM; b) b) T
simplified model for input impedance calculation i L
g 1
47

C. Cuk and SEPI®FPs U

T ey U,
D [

g
D 1:D
The basic schemes of ac-dc converters employing Cuk and N CJ_ @ .
SEPIC topologies are reported in fig. 3. Note the damping d% L ii La L,
network across the energy transfer capacito(Rg-Cy) used o) Gy T CP ¢

in order to smooth the converter transfer functions as
suggested in [7]. The input admittance calculation makes uséig. 3- Basic PFP topologies; a) Cuk; b) SEPIC; c) small signal model for
of the PWM switch model [15]. The simplified small signal input impedance calculation
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IV. MODEL PREDICTIONS to 0.92. However, in this case the model is not much
sensible to the value of this resistance. For example, using a
From (1) and (9) we are now able to predict the highyon jinear R value of the typer. (f)=09+0.1/f so as to
frequency instabilities which can occur from e . . . . .
filter-converter interaction. Let us consider for example é)etter mode_l the skin effect in the equwale_nt input filter only
SEPIC PFP with a simple single-cell EMI filter as shown ipmall variations of the values reported in Table Iil were
fig.1. The converter and controller parameters are reported served (somg model predictions become more accurate like
the N°.1 for which m, becomes 0.02deg, and other become

Table Il while the filter parameters arez=RQ, L=0.55mH, . A .
C-=470nF. The bode plot of the resulting loop gaiicl) is less accurate like the®M for which my becomes 7.2deg).

shown in fig.7 (left) for two different input voltage values
and rated output voltage and power. As we can see, at lower

input voltage the system results unstable since at the ,
crossover frequency.£20kHz (see curve a)) the phase In the case of Fhe SEPIC PFE, the current loop b_andW|dth
%epends on the instantaneous input voltage value, i.e. on the

margin is -8 degrees, while at higher input voltage it beco _ . .
| —18kHz the bh P +1 ne angleB. With the parameter values listed in Table II, the
stable (at d=18kHz the phase margin is about +15 degregl' rrent loop bandwidth ranges from 6.4kHz to 11.5kHz at

These curves are obtained at an operating poirft

corresponding to the peak of the input voltage (line angIBOminal cond_itions. Measu_remen_ts done on the. SEPIC
6=1v2). The dependence of loop gaij&) on the line angle prototype at different operating points are reported in Table

: o . - ; IV together with the model forecasts. Once again, the given
0 is shown in fig.7 (right) where the same minimum mpuﬁ'nodegl allows to predict quite well thg instabiﬁty

voltage was used with two different line angkeécurve a) phenomenon. The fixed value of measured oscillation
0=1v2, curve b)6=17200). In thl_s case the worst condition frequency was due to measurement limitations (the
corresponds to the peak of the input voltage. oscillation period ranges from 55 to ).

SEPIC prototype

V. EXPERIMENTAL RESULTS VI. MODEL ACCURACY
In order to test the validity of the model forecasts two A
prototypes were built and tested. The first one is based on
boost topology and its parameter values are reported in Tagtgg
I, while the second one employs a SEPIC converter Who§/%I
parameter values are reported in Table Il. Both converters alg

supplied from the utility grid using an isolating tranSformerbandwidth depends also on the instantaneous input voltage).
plus an autotransformer in order to vary the converter INPYE ™ rder to assess the model accuracy experimental

voltage. The output inductance of the supply line, .Whid?neasurements were done on the boost PFP at different
works as a filter |ndu.c'Fance,_ was _measured at d'ffer‘:"'?:rurrent loop bandwidths. The result can be summarized as
voltages so has to use it in the input filter model. The latter Blliows: the phase margin given by the model in the
thus a simple single-cellR.~Cx filter as shown in fig.1. operating conditions in which instabilities occurs in the
prototype is plotted in fig.4 against the current loop
bandwidth normalized to the switching frequency. As we can
. ..._see the model prediction becomes more accurate, in terms of
With the parameter va_Iues “S_ed for current error ampllflg hase margin, at lower current loop bandwidths, while the
the current loop bandwidth varies from SkHz to 8.3kHz i scillation frequency prediction remains pretty good even at

the output voltage range o£180-300V. Comparisons pigher current loop bandwidths. Clearly, delays in the loops
between experimental measurements of the boost PFP 8liis; \yhich are not accounted for by the simple small signal
model predictions are reported in Table IIl for different, qe| employed.

operating points. The column corresponding to the

more careful reading of the data reported in Table Il for
boost converter, reveals that the difference between
asurements and model predictions depends on the output
tage value, i.e. depends on the bandwidth of the inner
rrent loop (for Cuk and SEPIC converter the current loop

A. Boost prototype

experimental measurements reports the value of peak input [deg] m

voltage at which instability arises together with the 20 ¢

corresponding oscillation frequency, the column labeled 1

MODEL | reports the same information derived from the 15

model and the last column (MODEL Il) reports the crossover 10

frequency and the phase margin as given by the model in ) /

correspondence of the measured input voltage value in which P

oscillations appear. As we can see, there is a pretty good 005 01 015 02 025 0.3%
agreement between model forecasts and experimental Fig.4-Model accuracy as a function of the normalizsed current loop
measurements. bandwidth.

The value used in the model fog Ras the DC value equal
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VIl. CURRENTLOOPMODIFICATION 3 E
~ NN A
The derivation of expression (9) suggests a simple ~ vf - \ S
: N
modification of the controller so as to increase the system \A/,,-\'\,\ TR N R IRSARRERE EEE
robustness against instabilities. In particular, we can note that VWS W W f; J‘" A E
the second term at the right hand side of (9) comes from the o oo LV IVIW Y
term Ky(s) in (3), i.e. from the path from to Izer sShown in 24iCh3 2.00m : 50 Ojts E
fig.1 and is the term which depends on the RMS input T TR T
voltage. If we insert a low pass filter into the current : i
reference path with a sufficiently high corner frequency so as L™
not to appreciably degrade the rectified sinusoidal reference, T LA | i: RS EEEEE EEE! T‘\\n\
then the converter input admittance-(¢) modifies as (see , :
Appendix ): P~ i\\
o= "G oSl 0D pysimamin o o e o w2578
1g.6-Experimental results of the + andd=~2. .
1+Tiis 14Ti{s) 1+ stpg Frgm toppto bottom: zoom af(t); zoom of y(t); uit) 50V/div; igt) 2A/div.
Comparison between the resulting loop gagid) and the VIIl. CONCLUSIONS

previous one without low-pass filter is shown in fig.5

(fee=1/(2rtTpe)=1.85kHz) which refers to the SEPIC In this paper the interactions between the input EMI filter,

converter at 168V and §=2.57A. As we can see, this and Power Factor Preregulators with average current control
simple controller modification reduces the loop crossovesre analyzed. A simple expression for the loop gain in terms
frequency from 18kHz {f in figure) to 13.6kHz ¢ in  of the converter current loop gain was derived for boost, Cuk
figure) and increases the phase margin frorf 12.38.4. and SEPIC preregulators. The derived loop gain allows

This low-pass filter can be inserted simply by modifyingusef_ul insight into the converter. controller. de_sign. In
the controller scheme with the insertion of capacitgra€ particular, based on this model, a simple modification of the
shown in Fig.Al in Appendix. standard converter current control loop is proposed which

In order to prove the efficacy of such provision, thegreatly increases the system robustness against instabilities
measured input voltage and current waveforms of the SEPIaduced by filter-converter interaction.
converter taken at §2168V and §=2.57A are reported in Measurements done on two prototypes demonstrated the
fig.6 which reveals the instability predicted by the loop gairmodel validity and its limitations.
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APPENDIX 9 9
From the control scheme shown in Fig. Al, whichwhere a sinusoidal input current was assumed. In this
represents the standard implementation of the average curr@gfivation we neglected capacitop, @hich is the control

mode control (see [3]) we can derive the expression for tHgodification proposed in the paper. Taking it into account

Substituting (A.4) into (A.1) and using (A.3) we can write :

U osc

U oscC

duty-cyde as: (A.2) modifies as
G, (9)( . _ . ug @, 1
di@)=—"2Ri, (6)-Rsi, (O Al iyf)=———-—"— A.8
)= = R €)=l 0) (A1 N (A8)
From Fig. Al, the multiplier produces an output currgnt i RsaRep
which is given by (note that signalkps in Fig. A1, which ~where Tpg :Cbﬁ'
represents a feedforward path, is constant during a line period a b
and thus it can be considered constant at the much higHepnsequently, (9) becomes (16).
frequencies we are interested in): Ug 2
S
u, @ R, ]
iv(0)= o )uc (A.2) ” Cp
K Ak R, R
= 7 8
where k = (R, + Ry, U 2us- At steady state, the average (in Rgy
a switching period) input current is equal to its reference, i.e.: Uoo—]
R (6)=Rol,0) (a3 @l o’
. ) . M| "AC™C RMS
where uppercase means steady state conditions. Considering Lpp | Uns| <

a perturbation around an instantaneous (during the line |
period) working point, from (A.2) we can obtain:

Fig. Al-Average current mode controller scheme

[dB] I dB ,
T [4P] Tl
20 20 y
/ 4
/’ \ h) // \
0 a) L~ i 0 e
\ e \
20— NG \
L b) N\ —] \
] \\ \
[deg] T [deg] 16
90 s 90 pRsc==— eas)
[ T LT |
0 0 :
290 B -90 &)
-180 s -180 I
) by
0.1 1 10/\ [kHz] 0.1 1 10/\ [kHz]
frequency f, f, frequency f, f.,

Fig.7 - Bode plots of loop gain:jw) for a SEPIC converter. Lefd=1v2; a) U=127V-20%, b) §=127V+20%.
Right: U;=127V-20%; ap=172, b)6=17200.
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TABLE | - BOOST CONVERTER PARAMETER VALUES

Ug = 127 \ws £20% U, =300 V R =600 W £=70 kHz L = 650puH C = 235uF
Rs =33 mQ Uose=5 V wy = 1.9210° f;i = 1.8 kHz fi = 34.5 kHz fi=8.3kHz
TABLE Il - SEPICCONVERTER PARAMETER VALUES
Ug = 127 \Vkws 220% U, =200V R =600 W £=70 kHz
L, = 650uH L,=1.1mH C. = 0.94pF C = 330uF Rs=68Q Cy=2.2uF
Rs=33 D Uose=5V w; = 1.6710° fi=1.5kHz fi = 28.6 kHz fi = 7+12 kHz

TABLE Il - COMPARISON BETWEEN MODEL FORECASTS AND EXPERIMENTAL MEASUREMENTS FOR THE BOCRFP

N, OPERATING POINT | FILTER PARAMETER$  EXPERIMENTAL MODEL | MODEL Il
1 U, = 180V Lr=0.89mH Uy =119V Ug = 125V for = 16.7kHz
lo=2.75A Cr=0.4TUF fosc= 17.24kHz fosc= 16.34kHz m, = -1.4deg
2 U, = 220V Lr=1.12mH U, = 76.4V Uy=71V for = 16.6kHz
lo=0.8A Ce= 0.47UF fosc = 17.86kHz fose= 17.2kHz m, = 2.3deg
3 U, = 220V Le=1.12mH Ug = 84.4V Ug=79.6V for = 16.7kHz
lo=1A Cr=0.4TF fosc= 18.12kHz fose= 17.2kHz m, = 2deg
4 U, = 220V Lr=1.07mH U, = 100V Uy = 98V for = 17kHz
lo=1.5A Ce=0.41F fosc= 18.2kHz fosc= 17.2kHz m, = 0.7deg
5 U, = 220V Lr=0.89mH Uy = 118V Uy = 115V for = 17.13kHz
lo=2A Cr=0.4TuF fosc= 18kHZz fosc= 17.34kHz m, = 0.9deg
6 U, = 300V Le=1mH Uy = 105V Uy = 90V for = 17.74kHz
lo=1A Cr=0.41F fosc= 18.5kHz fose= 19.3kHz m, = 6.1deg
7 U, = 300V Lr=0.67mH Oy=127V Ug = 114V for = 18.5KHz
lo=1.5A Ce=0.41F fosc= 17.86kHz fosc= 19.5kHz m, = 4.1deg
8 U, = 300V Lr=0.55mH U, = 144V Uy = 136V for = 19.2KHz
lo=2A C:=0.4F fosc = 18.2kHz fosc = 19.8kHz m, = 2.3deg

TABLE IV - COMPARISON BETWEEN MODEL FORECASTS AND EXPERIMENTAL MEASUREMENTS FOR TRREPIC PFP

N, OPERATING POINT | FILTER PARAMETERY  EXPERIMENTAL MODEL | MODEL ||
1 U, = 200V Lr=1.14mH U, =97.6V Oy =91V for = 17kHz
lo=1.11A Ce=0.41F fosc= 18kHz fosc= 17.4kHz m, = 3.7deg
2 U, = 200V Lr=0.8mH U, = 126V Oy=117V for=17.7kHz
lo=1.69A Ce=0.47F fosc= 18kHz fosc= 18.1kHz m, = 3.5deg
3 U, = 200V Lr=0.55mH U,y = 143V U, = 142V for = 18.9kHz
lo = 2.25A Cr=0.41F fosc= 18kHz fosc= 18.9kHz m, = 0.3deg
4 U, = 200V Lr=0.55mH Uy =176V Uy = 167V for = 19kHz
lo=2.94A Ce=0.41F fosc= 18kHz fosc= 19.3kHz m, = 3deg
5 U, = 180V Le=1.1mH Ug = 100V Ug =95V for = 16.8kHz
lo=1.29A Ce= 0.4QF fosc= 18kHz fosc = 17kHz m, = 2.3deg
6 U, = 180V Lr=0.98mH U = 112V U,y = 106V for = 17kHz
lo = 1.54A Cr=0.4QF fosc= 18kHz fosc= 17.3kHz m, = 2.6deg
7 U, = 168V Lr = 0.55mH U, = 143V U, = 146V for = 18.4kHz
lo=257A Ce=0.41F fosc= 18kHz fosc= 18.3kHz m, = -1deg
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