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Abstract—This work is devoted to investigation of the power
factor corrector's (PFC) dual-loop control systems.Two control
systems of PFC with different structures were studid: with main
voltage and main current feedbacks. A subharmonic tability
analysis has been performed for PFC based on conu@mal
boost converter. However, the expression for inputurrent of the
storage inductor can be used for PFC based on zeowtrent
switching quasi-resonant boost converter. The stality condition
at the main subharmonic frequency has been formulad. The
calculation results of the voltage change rate ahe current loop
input and factor of pulsations have been presentedThe PFC
subharmonic stability margin has been assessed arabndition
for choosing the reference voltage amplitude has ba proposed.
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l. INTRODUCTION

The studies devoted to the problems of energyieffay
and particularly on the development of power factmrectors
(PFC) have increasing relevance worldwide. ThusMioro
Grids an active rectifier with power factor corient must be
used to resolve the problem of non-sinusoidal cusrgl]. An
energy efficiency analysis of various PFC circugtsd its
energy performance estimation under different admbrethods
are quite important issues [2], [3]-

A power part of the structure of PFC usually inésica
two-stroke single-phase diode rectifier and higgérency
boost converter (Fig. 1). Its informational partmgises a
control system, current and voltage sensors indudethe
corresponding feedback channels. Due to parametxgsality
of rectifier diodes the basic subharmonic may appeahe
output voltage curve, whose frequency is two tihoeger than
the fundamental frequency of the rectified volta§ece the
filter units of PFC will not have a significant eftt on its
amplitude, under appropriate conditions (balancengflitudes
and balance of phases) the undamped self-osaitatinay
occur at the basic subharmonic frequency.

Although the most of works are focused on analgéithe
input current spectrum [4], [5] and dynamic proesss PFC
[6], [7], unfortunately, there is quite limited aomd of works
devoted to the problems of PFC subharmonic stalj8it [9],
[10]. In some articles these issues have not gatugm
attention [11].
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Fig. 1. The power stage of the power factor corrector

The causes of subharmonic oscillations in closeg-lo
structures of power electronics devices and passilEys to
solve such problems are studied in details in [12].

The most of PFC systems as usual are built based on

conventional boost converters [1], [3], [5], [9Fo/ the other
hand, the PFC system based on zero-current switafisi-
resonant boost converter is prospective subject fiiother
research due to its high-frequency operation witighh
performance [4], [6], [13].

The input current spectrum analysis for PFC poveges
based on conventional and quasi-resonant boosec®ns was
performed in [4] and the regulation accuracy foaldaop
control systems of PFC was estimated in [13], thifé¢cts
significantly on PFC overall energy efficiency. Hewer, the
issue of subharmonic stability of PFC with dualdocontrol
system remains omitted.

Moreover, there are currently no works on PFC
subharmonic stability analysis with proposed reaswitich
could be used for PFC based on conventional baostecter
as well as for PFC based on zero-current switcltjogsi-
resonant boost converter. This work aims to addithss
mentioned challenge.

II.  CONTROLSYSTEMSDESCRIPTION

By further analysis we will compare the subharmonic
stability margin for dual-loop control system of ®ith main
voltage feedback and main current feedback, whive tthe
influence of the boost converter input voltage ba tontrol
system gain.
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Fig. 2. The structures of dual-loop automatic control syst®f power factor correctors with main voltagediesck (a) and main current feedback (b)

The structures of these PFC control systems arsepted of (1+ pC RL)

in Fig. 2. The blocks and symbols mean the follgwin W, (p)= . £ , @)
Ay, Ac are voltage and current regulation errors; R ( p°+2{a p+ ﬁf)
Kv(p), Kc(p) are transfer functions of regulators in voltage oF

and current loops; W, (p)=—5————- (2)
CtrS is control system; p”+ 2w ptak

PE is pulse element; . .
Ke(p) is transfer function of the forming element; In [6] the values of discrete transfer functions &pen

W (p), WeL(p) are voltage and current transfer functionsCurrent\W (z2) and voltagew, (z,1) loops, as well as for

of trL‘Je |Oa|d? f nals of the vol | closed currenW,, (z,1) and voltage, (z,1) loops for dual-
rer Irer are reference signals of the voltage an curre%op control system of PFC were obtained. Takirg account

loops; — ) ) their values, the current transfer functions farsed-loop PFC
U(n)= U, sin@, n) is the input voltage of boost control systems at the switching moment of pulsenehts = 1
converter;n=1,2, 3, ... N; were obtained: for the main current feedback (3) for the

@, = w,Tis the relative frequency of the grid voltage; main voltage feedback (4).
Tsis working period of the power switch SW; W, (Z, 1) W, (z:l)

N is the number of switching periods within oneipe of W (z.1) = . . , (3
the rectified voltage fundamental frequency; 1+ Woe (2 ) W, (2.1
R, is the load resistance; .
CVC is current-voltage converter; W ( ) Wee (Z’ 1) (4)
cVv 1

1) = .
CS, VS are current and voltage sensors; 1+W,, (z,) W (2,9)

iin(n) is the input inductor current.
After appropriate transformations using [6] one eaite

There are two switching intervals within the wokiperiod e complete expressions for PFC with main curteop (5)
of a boost converter associated with accumulatieergy by 54 main voltage loop (6):

inductor L (when switch SW is open) and transfere¢hergy to
ergslgc?)d while it is connected to the mains (wheitch SW is W (2,2) = Ko (Bflzz ~BSz+ le) /(za — 267 comZ +e Pz +

C.2 _RpC c Vo2 _ RV v
The current and voltage transfer functions of tedifor Ko (BSZ* - BSz+BS)+ K (BlZ - B'z+B 3)) ®)
the second switching interval represented by (10 &R) _ _ _
1 L W, (1) = Km(z2 -2 co@jz+e'za) (23 - 2° cogpZ’ +

=L p= |

; P
respectively, wherey. = 0= _
2R Ce +e 72+ K, (BSZ - BSz+BS)+ K (Biz2-B2+BY)). (6)

JLC.
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wherea = &wr; Ko =UNK Kgsi Koe = 0= . (11)
The control system gain at a relative switchingiqueiof R
boost converter equal to unky,s = F(n)/Ug, , where Wy is Obviously, the PFC has infinite stability when U¢r)0

a reference sawtooth voltage amplitude of the obisystem, and minimal stability when U(n) reaches maximalrealin this
F(n) is a factor of pulsations. Expressions (5) #)dwere case a significant effect on the region of subhaimstability
obtained under condition &p) = Ky(p) = 1 and the will have a factor of pulsations F(n). It largelgmknds on the
coefficientsB, , B , B , B/, By , BY were obtained in [14]. rate of change of inductor curreniri), which under small
value of inductance and high input voltage mayigeificant.

Based on (5), (6) one can write the characterejications
of the closed-loop control system of PFC for maoitage
feedback (7) and main current feedback (8):

Let us find the value of factor of pulsations, gsthe rate
of change of the inductor currep{n) at the ON time point of
pulse elementg(= 1).

7} - 72(2e7 cosig, — K B!, 1+ z(efzz‘ -K 0B\él) +K B+ Under the analysis of processes in parallel putswearter
+K,. (BSZ2 - BSz+BS) =0, @) [13], the expression for steady state cu_rréLry[(t) was
B B obtained (12) within the time intervai+y<t<n+1, when
Z* - 7°(2e® cosig, - K. BS, 1+ Z(e’2a - KmBgl) +K ¢BG+ the PFC load is connected to supply voltage.
+ Ko(BlllZZ - B\£12+ BY,,]) =0. ®)
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A high-frequency power switch in PFC is working lwit Ry

relative frequencw, = 277. It is known [14] that the discrete

_CeRGE inn gingn (-
systems are characterized by the periodicity offtaguency +A) 4w, © sinay t=n =) )+ AM))- (12)

response.
This property is retained for the complex trandfgrction, Puttingf =n+¢ ande _a , One can write:
and hence for the frequency response of the pysters, i.e. Ts

W (@, +2m).e) =W (jas ) =W (jax.£).  (9)

Whﬂe the relative frequency of the rectified vgigpulsations c
'S G = xTe andT =NTs A~ R e HD i e )i, 0 AO), @9
a,

i = L e sinam (6 - +wC d +
iL2(€) RL%e (sinax (€ - y)+ @ CR )i, ()

[ll.  SUBHARMONIC STABILITY ANALYSIS where i, (n) =M (n)(L-F (y))"is an inductor steady state

The abovementioned feature of the discrete sysidimss - e Lef . —
investigating the PFC stability at the main sublarimrelative ~ currentatt =n, M(n) = A(n)e " (1+m5'nwo Q-y)-

frequency@ =71, which is two times lower than the relative
frequency of the rectified voltaga =11, using the frequency _Ck R af sina 1~ )), A(n) = Uy,
characteristics obtained from equations (7), (8), which 4a) ’ Wy

z=e'“ =cosuy + | Sinu, .

(cogu,n— comy, N+y ).

F(y)= e—a(l—y)[d + La‘f sinZ)o (I-yu _CF RLa‘f Sina_b (]-_y)j_

Ra 4,

For the PFC based on a zero-current switching euasi
resonant boost converter, discussed in [4], [6]3],[1

For @ =1 using (7), (8), one can write the values of PFC

frequency characteristics at the main subharmaeiguiency,
which have the same values for the structures éstipn:

Ko| DB +&z B® |=M, (10)  coefficientd :1—L_, wherew, = T is the relative
R w,L Binwse

where K, =U(nF(n)/Ug,, D B'=B'+B)+B;, switching frequency ando, =
> B =BC+B{ +BS, M =1+ 26 coxy, +e7*.

is the frequency of the
LRCR

resonant circuit.

Thus, from (10) we obtain the PFC stability cormtitiith For the PFC based on a conventional boost converter
the main voltage loop and main current loop at th&in (Fig. 1), e.g. investigated in [2], [3], [5], [#khere the resonant
subharmonic frequency circuit is absent, coefficient d = 1.



Expression (13) can be written as follows

iL2(£) = ale*E(S*V) SinZ);) (g _ y)+ azefi(s—y) _
—a, eV sinan (€-y), y<es<l, a4

where the coefficients are as follow:

o = (L A Laf

R«
a, =i, (n)+ AN,
_ (AM) +i, (M) (€, R af
3 p :

A signal from the current sensogdk) = Resi2(€).

In view of (14) one can write the rate of changettud
current loop signal in the control system gor 1.

Wes(®) R.e 20" (a1 (Z)o sinay (1~ y)-a sinwo (& y ) -
de
~a, -2, (@ sinas (1- y)-a sinws (& y )) , (15)
A factor of pulsations as known [14] is as follows:
1
F= 1_Ucs(e) /de (16)
dU . /de

Let us calculate the rate of change of the voltguaied to
the current loop input in PFC control system arel fictor of
pulsations for the following conditions:

L=0.82500°H @ = 1.010 ¢, Dp p= 0.90hm
£=45400% a= 0.5110 ,R = Ohm .

The results of calculation are presented in Table |

TABLE I. VOLTAGE RATE OF CHANGE AND FACTOR OFPULSATIONS
Values calculated for Yy =5V
n du, /d
al a2 ag | WA | queciae | F ()
125 4,67 48,6 133,7 -1,42 5 0,788
250 8,34 87,1 239,6 -2,54 5 0,663
375 10,56 110,0 303,3 -3,22 5 0,608
500 11,79 1229 337,9 -3,58 5 0,583

As could be seen from Table | the factor of putsai
depends on the magnitude of the input voltage, kiewehis
relationship is not abrupt.

The factor of pulsations has a stabilizing effeat the
system, since its value is less than unity. Howegendition
(11) in PFC, wherein the gain depends on the impliage, is
performed only for low voltage magnitudes.

It is obvious that in such PFC the stability margm the
main subharmonic atdyy = 5V is minimal. It can be seen from
Table Il, where

M
N(M) = R . a7
z BV + S Z BC
TABLE II. ESTIMATION OF STABILITY PARAMETERS
Values calculated for Yy =5V
n
VO | B | sBS | NM) | FMUsw | NMYU()
125 118 8,19 4,512 0,463 0,1456 0135
250 219 8,19 4,512 0,463 0,1326 eV
375 286 8,19 4,512 0,463 0,1216 018
500 310 8,19 4,512 0,463 0,1166 fe)ie:3

To eliminate the dependence of the gain on thetinpu
voltage in the PFC with the main voltage feedbazly.(IC
UC3852) the special blocks are envisaged (rectifielfage
squarer, voltage loop error divider, reference emitrr
multiplier). The output of the multiplier is conned to the
input of the current loop.

In this case the PFC subharmonic stability condii® as
follows:
F(n) < N(M). (18)
US\/I
As could be seen from Table I, this condition af,& 5V
is performed for the entire range of input voltafjee selection
of the reference sawtooth voltage amplitude of toatrol
system, which will ensure the necessary subharmstalaility
margin, could be performed based on this condition.

In the performed analysis assumed that the trafigfietion
of the current controller gp) = 1. In the case of IC UC3852
there is a Pl controller in this circuit, the outgignal of which
will affect the rate of change of the control sigridowever,
when you consider the factor of pulsations is deieed in the
mode of infinitely small variations of the contrsignal near
the stationary state, then in the presence of ptiopal
component of the signal at the output of the Pltrcdier, the
rate of its change will not be significantly diféeit from the
rate of change of the curreptd), (15). Therefore, the stability
condition (18) can be also extended to such PH&&sed on IC
UC3852.

In general case the factor of pulsations shouldabeulated
taking into account the derivative of the contnolleutput
signal, that is its response for the input inductarent j (¢).

As for the PFC with the main current feedback, the
performed analysis showed that its subharmonic ilisgab
margin does not differ from the PFC with the mawitage
feedback. Conditions (11) and (18) are valid fothbBFC's
characteristic equations (7) and (8).



IV. CONCLUSIONS

The power factor correctors with dual-loop consgstem
were investigated in this work. Those power faciomrectors,
in which the open structure's gain depends onripet ivoltage,
are stable at the main subharmonic frequency ontieulow
input voltage values.

The power factor correctors with the main curremdback
and main voltage feedback, in which the gain of tipen
structure is independent from the input voltage/ehidne same
stability margin at the main subharmonic. Its valige
determined by the choice of the reference voltagplitude in
the control system.
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