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Digitally Implemented Average Current-Mode
Control in Discontinuous Conduction Mode
PFC Rectifier

Jong-Won Shin, Student Member, IEEE, and Bo-Hyung Cho, Fellow, IEEE

Abstract—This paper proposes a digital average current-mode
control method in discontinuous conduction mode (DCM) power
factor correction rectifier. The proposed control technique does
not estimate, but directly senses the average value of the inductor
current in each switching cycle. It is implemented by means of
a conventional current sensing circuit and a microcontroller. The
calculation burden of the microcontroller is the same with that of
conventional two-loop-controlled converter because the additional
calculation process is not required. The control method achieves
lower total harmonic distortion and higher power factor than the
conventional technique. Experimental results with a 200-W proto-
type verify the feasibility and performance of the proposed control
method.

Index Terms—Average current-mode control, digital control,
discontinuous conduction mode (DCM), power factor correction
(PFC), variable-duty-cycle control.

1. INTRODUCTION

ISTORTED line current from nonresistive load causes
D problems such as power loss, noise, line voltage distortion,
and reduced line utilization [1]. Regulations on harmonic current
limit such as IEC61000-3-2 [2] and the internal specifications of
many electronic equipment manufacturers are generally consid-
ered to alleviate these problems. Active power factor correction
(PFC) front-end rectifier based on switch-mode power supply
with its input filter is one solution to minimizing the harmonic
current and meeting the regulations. By employing proper con-
trol scheme, the active PFC rectifier emulates the resistive load
and achieves low line current distortion.

In low to medium power application, where rms inductor
current is fairly low, discontinuous conduction mode (DCM)
as well as critical conduction mode (CRM, also referred to as
boundary conduction mode or transition mode) is widely used
due to its low switching loss, low diode reverse recovery cur-
rent, and small inductor size. Its constant switching frequency
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and inherent current sharing capability are also advantageous
when interleaving more than one module [3], [4], while vari-
able switching frequency of CRM requires maximum frequency
limitation and sophisticated interleaving technique.

Distorted input current, however, can be the major drawback
to DCM if the control method is not properly considered. As
a conventional control law for DCM, constant-duty-cycle con-
trol (also referred to as open-loop control or voltage follower
control) is widely used for its simplicity because the controller
needs a low-bandwidth voltage loop and no current loop, which
does not require current sensing and control circuit [S]—[7]. The
average inductor current is naturally distorted with this control
method because the duty cycle is virtually fixed and not com-
pensated within a half line cycle. In addition, nonzero inductor
current at the beginning of the switching cycle, which is per-
turbed by the resonance between the parasitic capacitance of
the switch and main inductor, is not controlled and may act as
another source of input current distortion [8].

A typical solution used to reduce the current distortion of
the DCM PEC rectifier is variable-duty-cycle control, which
is the counterpart of the conventional constant-duty-cycle con-
trol [9]-[14]. The variable-duty-cycle control not only over-
comes the problem of distorted input current [9], but also miti-
gates the output voltage ripple and rms inductor current [ 10]. Itis
generally realized by modifying the voltage loop of the constant-
duty-cycle control by utilizing an input voltage feedforward and
additional calculation circuit. An analog calculation circuitry
for square-root operation and multiplication is added in [10]
and [11]. As the tradeoff of the decreased current distortion,
the control circuits become complicated. Ye and Jovanovié [12]
digitally realized the analog control scheme in [11] and elimi-
nated complicated analog calculation circuits, while the calcu-
lation burden of digital controller is increased. One-cycle con-
trol method shown in [9] enables the variable-duty-cycle control
with the two resettable integrators and input voltage feedforward
network instead of the square-root operator and multiplier. Syn-
thesizing a certain harmonic component of the line frequency in
the voltage loop is another modification for variable-duty-cycle
control, which requires additional phase detector and phase-
locked loop for line input voltage [13], [14]. The common fea-
ture of the aforementioned realizations of variable-duty-cycle
control for DCM PFC rectifier is that the average value of the
inductor current is not sensed but estimated, which leads to
complicated control circuits or the calculation algorithm. Fur-
thermore, these implementations cannot eliminate the current
distortion caused by the perturbed initial inductor current in a
unit switching period as explained in [8].
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Instead of modifying the voltage loop, adding a current loop
with an inductor current sensing circuit is considered as an al-
ternative to implementing variable-duty-cycle control of DCM
PFC rectifier. The current loop can effectively suppress current
distortion by the initial inductor current perturbation [15]. How-
ever, digitally sampling the inductor current in DCM operation
is not as straightforward as it is in continuous conduction mode
(CCM) [16]. In DCM, the sampled inductor current needs to be
corrected to properly represent the average inductor current per
switching period [17], [18]. The digital controller should deviate
the sampling instant within the switching period and calculate
a correction factor to determine the average inductor current,
which consumes considerable resources of the controller. Sam-
pling the inductor current more than once in a switching cycle
may help to achieve precise average inductor current, though it
requires a high-performance A/D converter for high-rate sam-
pling [19].

In this paper, an average current-mode control for DCM PFC
rectifier is digitally implemented to realize the variable-duty-
cycle control. With a direct sensing of the average inductor
current, the high-bandwidth current loop dramatically reduces
the input current distortion. It uses the conventional sensing
circuit and fixed sampling instant to sample the average in-
ductor current. The sampling occurs once per switching cycle,
which does not need high-rate sampling A/D converter. The
control algorithm of the proposed control implementation re-
quires the same calculation burden with that of conventional
two-loop-controlled converter, and additional computation such
as correction factor calculation is not necessary.

This paper consists of the following sections. In Section II,
circuit configuration, mode analysis, and operation of the sens-
ing circuit as well as the two-loop control strategy are given.
With the mathematical expression of properly controlled induc-
tor current shape, it is explained how the variable-duty-cycle
control can achieve lower current distortion than constant-duty-
cycle control. Section III illustrates design procedure of the pro-
posed control implementation. It includes the design of boost
inductance, sensing capacitance, and digitally realized control
loops. Experimental results with 200-W prototype hardware are
presented in Section IV. Conclusions are presented in Section V.

II. CONTROL TECHNIQUE FOR DCM PFC RECTIFIER
A. Operation of Average Sensing Circuit

The proposed control technique follows the general structure
of the conventional two-loop control to build an average current-
mode control, as shown in Fig. 1. The average sensing circuit,
the shaded box in Fig. 1, gives the average inductor current
in each switching cycle to establish the current-mode control.
The sampling of the average inductor current occurs once in a
switching period like other controller inputs such as rectified
input voltage and output voltage. It does not need high-rate
sampling, which samples twice or more per switching period;
thus, it can save the resources of the digital controller.

Circuit configuration and operational waveform of the aver-
age sensing circuit are shown in Fig. 2. As shown in Fig. 2(a),
the circuit looks the same as the conventional current sensing
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Fig. 2. Average sensing circuit. (a) Circuit structure. (b) Operational
waveforms.

circuit utilized in charge current-mode control [20], but its oper-
ation differs in the proposed control. In the charge current-mode
control, the sensing capacitor voltage v¢o s represents the aver-
age switch current per switching cycle by integrating the switch
current during ON-time. The voltage is reset to zero right af-
ter the main switch turns off by the inversed main gate signal.
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Fig. 3.
controlled DCM.

In the proposed control, on the other hand, the same circuit is
utilized to integrate not the switch current, but both the switch
and the diode current. The integrating interval of the sensing
circuit is extended to near the end of the switching cycle by de-
laying the timing of the reset signal. Fig. 2(b) shows the typical
waveform of the proposed average sensing circuit operation in
DCM PFC rectifier. vy, ir, reset, and Ts are the gate signal for
main switch, the inductor current, the gate signal for auxiliary
switch Q.. in average sensing circuit, and the switching pe-
riod, respectively. d; and do are the duty ratios for the switch
conduction interval and diode conduction interval in the power
stage. To take advantage of the analog integrating circuit and
avoid the high-rate sampling, the circuit integrates the scaled
inductor current in the sensing capacitor Cg and samples v¢ g
once in the switching cycle. In the first interval in kth switching
cycle, kTs <t < t1, the main switch is in ON-state. iy, increases
linearly and v¢ increases in parabolic way because the linear
term of i, is integrated, as expressed in the following:

1 t
v, () = /k i 0
In (1), nis the turn ratio of the current transformer. In the second
interval, #; <t < t9, the main switch is in OFF-state. i; decreases
and the sign of the parabolic curve of v¢, is inverted. In the third
interval, ro < t < (k + 1)Tg, of which the time duration is d3Tg,
ir, becomes zero and the sampled value v¢ 4 [k] fully represents
the average inductor current, as follows:

1 (k+1)Ts
/ i ()dt
k

Ts Jirs

T
nCS

= Eia\,g [k]. ()

ve, [k] = nCs

The term in the braces in (2) is the average inductor current in the
kth switching cycle i, . Thus, vo s [k] represents the scaled value
of the average inductor current. Q,,x in the average sensing
circuit turns on after the sampling to discharge Cg before the
next switching period.

Sampling veg[k] in the third interval occurs when the re-
maining time of the switching cycle is T¢a1. Tca1 1S the minimum
required time that includes A/D conversion and reset of v, and
calculation and update of the duty cycle for the next switching
cycle. Because the resetting time of v ;[k] becomes negligible
by selecting Q..x with low ON-state resistance, 7., is effec-
tively fixed by the calculation time according to the control
algorithm programmed in the microcontroller. Therefore, the
sampling time can also be fixed within the switching cycle. The
sampling time and the inductance design to secure sufficient
T..1 Will be explained later.

(c)

Comparison of current waveform shapes. (a) Average current-mode-controlled CCM. (b) Constant-duty-cycle-controlled DCM. (c) Variable-duty-cycle-

B. Current Waveforms in DCM PFC Rectifier

Fig. 3 compares the inductor current waveforms of average
current-mode-controlled CCM, constant-duty-cycle-controlled
DCM, and variable-duty-cycle-controlled DCM over a half line
period. The continuous-time-domain current waveforms such
as ip(?) and i,ye(?) in Fig. 3 are the approximated ones of the
discrete-time-domain waveforms i,x[k] and i,y [k], assuming
that the switching frequency of the rectifier is much higher
than the line frequency. The waveforms of average current-
mode-controlled CCM PFC rectifier in Fig. 3(a) resemble the
sinusoid of the line voltage because the switching ripple of
ir, is relatively small. However, unlike in CCM rectifier, the
envelope of the inductor current in DCM PFC rectifier should
not look like a sinusoid to demonstrate low current distortion.
In Fig. 3(b), constant-duty-cycle control constructs the envelope
of the inductor current iy (¢) to be sinusoidal. However, the
resultant filtered inductor current or the line current iy, (?) is
highly distorted. Analysis of line current distortion according
to line voltage in constant-duty-cycle-controlled DCM is given
in [4]. In contrast to Fig. 3(b), Fig. 3(c) shows that in variable-
duty-cycle-controlled DCM, i, (f) follows the sinusoidal curve
though i (¢) does not.

If the average inductor current per switching cycle is con-
trolled to be proportional to the sinusoidal input voltage by the
variable-duty-cycle control, iy, () can be derived from the duty
ratios dq and do, as expressed in (3) and (4)

Lio (t)
dy = — 2 7 3
' (O] Ts ©
dy = Lipk(t) (4)

(vo = | (D)) Ts
where L, vp, and vj,(f) are inductance in power stage, output
voltage, and line voltage, respectively. 7,y (?) is derived from
the geometry of the waveform shown in Fig. 2(b) with unknown
constant X, as shown in the following:

1
iavg(t) = §(d1 + dQ)ipk(t) = Xsinwpt 5)

where v, (¢) is assumed to be the pure sine wave with peak
value Vi and line period T;, = 27 /w,, which is expressed in
the following:

Uin (t) = Vpx sinwy t. (6)
Substituting (3), (4), and (6) into (5) yields the following:

2TV X Voesinwrt
ibk(t):\/ SLI“‘ \/1— Iki’jj““ sinwpt.  (7)




3366

11

line voltage
(VAC)

0.8

normalized iy
=]
[=2

S
B
H

P ——115vac B
L= 230VAC s R
— 264VAC PN
| e sinusoid

S
)

- t
0 Ty I

4 2
(b)

Fig.4. (a) i, curves of variable-duty-cycle-controlled DCM PFC rectifier for
various line voltages. (b) Normalized i}, curves compared with the sine wave.

The unknown constant X is derived by considering input power.
If Piy, Po, and 7 are input power, output power, and efficiency
of the rectifier system, respectively, i.e., input filter and rectifier,
the following can be achieved:

P, 1
Py = =2 = LinVims = =Vpi X, (8)
n 2

@15 and Vi ¢ in (8) represent rms of line current and line voltage
in a half line cycle, respectively. Rearranging and substituting
(8) into (7) yields the following:

[Ts P, Vosinwrt .
ik () = 2 SLO,/l— PR SMWLE G opt. (9)
n Vo

Fig. 4(a) compares various i, (¢) curves in case the variable-
duty-cycle-controlled DCM rectifier outputs 400 V and 200 W,
assuming that the efficiency of the rectifier system is unity. The
maximum inductor current occurs at the midpoint of the half
line period when line voltage is lower than 188.6 Vac. When the
line voltage is higher than 188.6 Vac, a local minimum forms in
the middle of the curve and the maximum current occurs twice
in the half line period. Detailed derivation of maximum iy (?)
is discussed in Section III-A. Fig. 4(b) shows the normalized
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ipk (f) with the pure sinusoid. Low line voltages such as 90 and
115 Vac demonstrate i, (#) curves, which are slightly changed
from the sine wave. On the contrary, curves for high line voltages
such as 230 and 264 Vac are highly deviated and show the
local minimum in the middle of the half line period. This is
because the second square-root term in (9) is not a constant,
but a function of sinwyt. The deviation of the term over half
line cycle becomes dominant when the line voltage is high, i.e.,
Vok/vo is high. Considering that the pure sinusoid is the i
waveform of the conventional constant-duty-cycle-controlled
rectifier, the performance improvement of the proposed control
technique may be trivial with low line voltages like 90 or 115
Vac. However, it can be emphasized if the high line voltage such
as 230 or 264 Vac is applied.

III. RECTIFIER DESIGN WITH THE PROPOSED
CONTROL TECHNIQUE

Practical implementation of the proposed average current-
mode variable-duty-cycle control to boost PFC rectifier is shown
in Fig. 5. Loop configuration of the proposed control follows
the general two-loop control with the input voltage feedforward.
Output of the voltage compensator Gy and the sensed rectified
input voltage are multiplied together and compared with the
sensed average inductor current. Current compensator G¢ out-
put is again compared with the counter value of the pulse width
modulation (PWM) generator and provides the gate signals to
the power stage.

A. Inductance Design

A large inductance of L is effective because it decreases the
rms current in DCM PFC rectifier. However, the maximum limit
of the inductance L.,;; exists to maintain the DCM operation
throughout the line cycle and load variation. Otherwise, the rec-
tifier operation may go into CCM and lose control even though
the control loop is designed to be stable. Specifically, the time
duration of the third interval d3;Ts should be considered in the
inductance design because the sampling of v¢ s and calculation
of the next duty cycle is executed in the third interval. Fig. 6
illustrates the shrinkage of d3Ts according to the increase of L.
Assuming the same level of i, [£], d3T's becomes shorter when
L is larger because the slopes of i;, become more gradual.

Lc.i is derived in the following to properly reset vos and
obtain sufficient calculation time T,1: d3pin, the minimum duty
ratio of the third switching interval, is expressed in (10) by
considering (3), (4), (6), and (9)

(10)

X .
V1= (Vo /vo)sinwr t

Equation (10) notes that dsy,;, occurs in the middle of the half
line cycle, i.e., sinwypt = 1. dsyiy is plotted as the function of
L. for various line voltages and Po in Fig. 7, assuming that
T is 15.385 us (reciprocal of 65kHz) and 7 is a unity. The
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worst case for dsp, i, s high line voltage and full load situation,
which is represented by the solid curve at the bottom.

Selection of dsn,i, affects the design of L., and conse-
quently, the maximum and the rms inductor currents. The max-
imum inductor current in a half line period, /,x_max, 1S derived
by differentiating and equating (9)

d i k(t): TSP() (COSWLt) (2 — (3Vpk/vo)sinth)
dwpt” nL \/1—(1/;k/vo)sinth

an

microcontroller dsPIC33FJ16GS502 - T

Implementation of the proposed control technique to boost PFC rectifier.
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Fig. 7. dsmin as the function of L to determine the critical inductance L, -

For 0 <t < (T /2), one obvious solution for (11) is when
coswyt =0 or wyt =m/2. The other solutions exist only
when (2/3)(vo/Vpk) < 1, considering the term in the sec-
ond parentheses of the numerator in (11). If vp is 400V and
(2/3)(vo /Vpk) > 1, ie., Viys < 188.6V, (9) has the maxi-
mum at wyt = 7/4 and does not have any local minimum. If
Vims > 188.6 'V, (9) has the local minimum at w;, ¢ = 7/4 and
the maximums occur at wyt = sin~*(2/3)(vo /Vpx ). Substitut-
ing wyt =7/2 and wt =sin~'(2/3)(vo /Vpx )in (9) accord-
ing to the condition of Vi, I,k_max 1s mathematically expressed
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The rms inductor current in a half line period /., s should also be
considered in d3p,;, design. I, s 1S expressed, as in the follow-
ing, according to the analysis in [10], assuming that the rectifier
efficiency is a unity

I .= kaS /T' /2
rms TL

ka,max =

Vodi (t)3 sin® wi t it

13
3(Vo — Vo sinwt) 3
where d; (¢) is given in (14) by combining (3), (6), and (9)
2 LPy Vox
dy(t) = — == t 14
1®) Vox \| nTs Vo SILWL (14

The critical inductances for several d3,,;, such as 0.1, 0.2, 0.3,
and 0.4 are determined as 62, 88, 112, and 144 uH, respectively,
from the worst-case curve in Fig. 7, the one for 264 Vac and
200 W. I,k _max and I, for the selected critical inductances and
line voltages are plotted in Figs. 8 and 9, respectively, assuming
that the rectifier outputs maximum power 200 W. Figs. 8 and
9, respectively, show that /p;_ax and /., are proportional to
dsnin. Therefore, selecting large dsy, i, increases the peak and
the rms inductor current. However, the effect of d3,,i, on I, is
less considerable than that on /i ... For example, for increase
of d3yin from 0.1 to 0.4, 1,5 rises by 0.33 A, while I _y,ax 1S
increased by 2.4 A in 230 Vac operation.

In this paper, T., requires approximately 4 s to properly
calculate and update the duty cycle, which spends 26% of the
unit switching cycle. With 4% margin, dsni, is set to be 0.3
and L., is determined as 88 pH, as indicated in Fig. 7. Fig. 10
shows the variation of d3 throughout the half line cycle with the
resultant L when full load is applied. In correspondence with
the curves in Fig. 7, 264 Vac curve demonstrates the smallest
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dspin on the middle of the line cycle, followed by 90, 115, and
230 Vac curves by the ascending order of dsy iy -

B. Sensing Capacitance and Current Sensing Gain

Sensing capacitance in the average sensing circuit Cg is di-
rectly related to the performance of the proposed control tech-
nique. The range of Cg is limited by practical reasons. Small
Cs may not be appropriate because vc s may exceed the max-
imum input voltage of the microcontroller. Large Cy is either
not feasible because v may not be reset correctly and the A/D
conversion resolution for vo s may become insufficient. The ca-
pacitance is recommended to be within the range from a few
tens to a few hundreds of nanofarads.

The minimum boundary of C is not dependent on the induc-
tance L, but on the average inductor current in a unit switching
cycle. One can notice from Fig. 6 that vc at the sampling in-
stant is constant though L changes. The boundary is determined
by considering the maximum average inductor current in a half
line cycle /,yvg_max and the maximum input voltage of the mi-
crocontroller Vg _max as expressed in the following:

Ts

TlCS Iavg,max < VC's,max-

5)
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If power factor of the rectifier is a unity and the waveform
Iavg (?) s sinusoidal, I,ys max and I;, have the relationship
shown in the following:

1
Irms = 7Iavﬂama‘x (16)
\/5 &
and substituting (16) into (8) achieves the following:
2P,
IanJIlaX = f 9 (17)

TIWmanin

where Vs min in (12) is the minimum rms line input voltage.
From (15) and (17), the minimum Cg can be defined as follows:

V2Ts P
nT]VCs,max V;'ms,min '
In this paper, the minimum Cg is 293 nF by considering Ts, n,
Po, Vs maxs 1, and minimum line voltage as 15.385 us, 50,
200 W, 3.3V, a unity, and 90 Vac, respectively.

The current sensing gain of the average sensing circuit is
constant and does not change in the frequency domain. Though
the proposed sensing circuit integrates the inductor current, the
integrating operation does not continue over consecutive switch-
ing cycles. Thus, in contrast to standard analog integrators, the
sensing circuit does not have any frequency-dependent dynam-
ics such as analog integrators. The effect of the average sensing
circuit on the small-signal modeling appears as the fixed gain K,
which is the shaded box in Fig. 11. K; is defined to be T /nCys
as the coefficient of i,y4[k] in (2).

(18)

C. Control Loop Implementation

Control loops are realized by the algorithm programmed in the
microcontroller Microchip dsPIC33FJ16GS502. Current loop
gain T; is defined as in Fig. 11 and the following:

T; = GaKiH. Kaac Ge FM 19)

where Gjq is open-loop control-to-inductor current transfer
function z?;/cz H., K.qc, Go, and FM are sampling effect,
internal A/D conversion gain, current compensator gain, and
PWM modulator gain of the digital controller, respectively. T;
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Fig. 13.  Bode plots of the current control loop 7'; for 200264 Vac line voltage.

is similar to the characteristic of the conventional CCM average
current-mode-controlled converter [21], [22].

A/D conversion gain and PWM modulator gain are depen-
dent on the characteristic of the microcontroller. By the fea-
ture of the internal A/D converter and conversion algorithm of
dsPIC33FJ16GS502, K..q. is defined as follows:

1
Kadc =3

= 0.303.
VCs,max

(20)
PWM modulator gain is only dependent on the maximum value
of the counter in PWM generator in microcontroller. In the ana-
log average current-mode control, the modulator gain is the com-
plicated function of switching frequency, current compensator,
modulator ramp slope, and sensed inductor current slope [23].
In the digital control, however, FM is simply a reciprocal of v,
shown in Fig. 12 because the output of G does not fluctuate
when it is compared with the PWM counter. The unit step of the
counter is set by the PWM clock signal as 1.04 ns and 14 793
steps are required to realize 65-kHz switching frequency. FM is
determined by the following based on Q-15 data format

1

M= Tgs/m - 1)

= 2.215. 20
Giq, which can be derived from the averaged circuit model

[24], [25], shows flat gain up to half of the switching frequency.
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Current compensator G¢ is first designed in s domain to have an
integrator with single pole to attenuate the HF noise, as shown
in the following:

Wi 1

ST

(22)
G (s) is interpreted into z domain with zero-order-hold dis-
cretization method with the sampling frequency 65 kHz. Resul-
tant G¢ (z) is shown in the following:

ap + a2zt

Gel?) = T T 1 e ®

(23)

Integrator gain w; and single pole w, in (22) are determined
to set the bandwidth and phase margin of 7; to 1 kHz and 75°
for universal line voltage and entire load range. For example,
w; and w,, are 143 Hz and 20kHz, respectively, in s domain,
and the corresponding ay, a;, b1, and bs in (23) are 0.007772,
0.004123, —1.145, and 0.1447, respectively, for 200-264 Vac
line voltage. Resultant 7; curves are shown in Fig. 13.

As the voltage loop compensation, Gy is designed through the
similar steps of G¢ design. The rectified input voltage and the
output voltage are sensed through the resistive voltage divider
shown in Fig. 5. Their sampling instant and A/D conversion gain
of vp in voltage loop are the same as those of v¢ ¢ in current loop.
Capacitors in the resistive dividers are for noise reduction and
sufficiently small not to affect the dynamic characteristics of the
control loops. In Fig. 11, K,, and K in the voltage loop represent
the divider gain of the output voltage and the feedforward gain
of the input voltage, respectively. Gy is designed to let the
voltage loop T, have 10-Hz bandwidth and 90° phase margin to
attenuate the half-of-line-period ripple.

The calculation procedure for loop compensation algorithm
contains only two vector inner products for each loop and sin-
gle multiplying operation for sensed input voltage and voltage
compensator output. It requires the same calculation burden with
conventional digitally controlled CCM PFC rectifier. There is
no additional square root, multiplying, or dividing operation,
which spends a lot of the resources of the microcontroller.



SHIN AND CHO: DIGITALLY IMPLEMENTED AVERAGE CURRENT-MODE CONTROL IN DISCONTINUOUS CONDUCTION MODE

3371

LeCroy

lecroy

AL AN

LN

AB=NEZNEF=

e

3

1 S5me200Y B S5me56A 3 Smsl0BYV 4 Smsl16.0A O AUTO

(a)

1 5ms208Y f S5ms568A 3 SmslBY 4 Smsl0.0A

(b)

AUTO

LeCroy

LECroy

| D | BN | A

AN 5/\

~N

S

w4l

3

Vi
X | N

1 S5me200Y P 5msS5.0A 3 Sms 188V 4 Sms10.0R B AUTO

(c)

1 5ms 200V E 5ms5.80A 3 Sms BBV 4 5ms 10.0A

(d)

STOPPED

Fig. 15.  Steady-state waveforms of the proposed and conventional control methods when line voltage is 115 Vac (i, 10 A/div, i,y 5 A/div). (a) Proposed control
with 50% load. (b) Proposed control with 100% load. (c) Conventional control with 50% load. (d) Conventional control with 100% load.

IV. EXPERIMENTAL RESULTS

The proposed current control technique is verified by a 200-W
laboratory prototype, as shown in Fig. 5. v¢ is regulated to be
400 V with the universal line input voltage range and the load
range of 50-200 W. Circuit components and parameters that are
not mentioned in previous sections are stated in the following.

1) Lg:250 pH.

2) Cy: 1 uR

3) Dy,: D25XB60.

4) L:70 pH.

5) Q: STW20NMS50.

6) D: FSF10A60.

7) C:220 puF.

8) Dy: 1N4744.

9) Cg: 660 nF.

10) Qaux: FDD8770.
11) Resistive input voltage sensing gain: 0.0089.

40 X
-_-i*---*—---*----”'

35 e

% === 115 VAC proposed

==Ml==115VAC conv.

s===r== 230 VAC proposed

= = =230 VAC conv.

50w
25%

50% 75%
Po

100W 150W 200W

Fig. 16. THD comparison between the proposed and the conventional
constant-duty-cycle control.
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Fig. 17.
25% to 100%. (b) When the load steps from 100% to 25%.

12) Resistive output voltage sensing gain: 0.0025.
13) Switching frequency: 65 kHz.

14) Gate driver: TC4420.

15) Line frequency: 60 Hz.

It should be noted that the smaller sensing capacitor Cg is
preferred considering the efficiency of the rectifier. In case the
line voltage is specified as high range, such as 200-264 Vac, Cg
smaller than 660 nF should be selected.

Fig. 14 illustrates the current waveforms in steady state when
the load is 100 W, and 200 W when line voltage is 230 Vac. As
shown in the Fig. 14(a) and (b), the line current of the proposed
control follows the sinusoidal shape, as analyzed in Section II,
and the variable-duty-cycle-controlled inductor current demon-
strates the local minimum in the middle of the half line period.
The reason the inductor current shape in a half line cycle is
not symmetrical is that the output of the voltage compensator
Gy is not fixed. However, the effect of the asymmetry on the
current distortion is negligible. For comparison, Fig. 14(c) and
(d) shows the waveforms of the constant-duty-cycle-controlled
DCM PFC. The inductor current looks like a sinusoid, but the
line current is highly distorted in the middle of the half line
period. The same comparison in case the line voltage is 115 Vac
is also shown in Fig. 15. In Fig. 15, the proposed control method
still shows smaller current distortion than constant-duty-cycle
control. The inductor currents of the two control method seem
to have similar waveform with each other, but the filtered line
current waveforms demonstrate different distortion.

Total harmonic distortion (THD) measurement results for var-
ious loads and rms line voltages are shown in Fig. 16. All the
data are collected by Yokogawa WT210 harmonics measure-
ment functions. The proposed control shows smaller THD than
the conventional constant-duty-cycle control. According to the
power increase, the proposed control further decreases the THD,
while constant-duty-cycle control increases it. The impact on
THD improvement between the control methods is larger in 230
Vac than in 115 Vac, as analyzed in Section II.

Bloms200V 410ms50A [10ms 0.5 A 110 ms 350V STOPPED

(b)

Operation of the proposed control technique in load transition when line voltage is 230 Vac (vp ac coupled, 10 V/div). (a) When the load steps from

Fig. 17 shows the operation of the proposed control when the
load steps from 100% to 25% and vice versa when 230 Vac is
applied. The proposed control shapes the inductor current in the
transient operation as well. From the ac-coupled waveform of
vo, the overshoot and undershoot do not exceed 10 V.

V. CONCLUSION

A digital average current control method for DCM PFC rec-
tifier to achieve low current distortion has been proposed. The
main feature of the proposed control method is that the aver-
age inductor current is directly sensed to eliminate additional
calculation in the microcontroller. The control method achieves
smaller current distortion than the conventional constant-duty-
cycle control method by employing a conventional sensing cir-
cuit. Circuit operation, inductor current shaping, and rectifier
design procedure have been analyzed and explained with math-
ematical expressions. The proposed control technique has been
verified and compared with the conventional approach based
on the experimental results achieved with a 200 W prototype.
Waveforms and measured data have proven the performance
improvement of the proposed control method.

REFERENCES

[1] K. Billings, Switchmode Power Supply Handbook, 2nd ed. New York:
McGraw-Hill, 1999, pp. 4.3-4.9.

[2] Limits for Harmonic Current Emissions (Equipment Input Current < 16
A per Phase), IEC 61000-3-2 International Standard, 2001.

[3] R.D.Middlebrook, “Topics in multiple-loop regulators and current-mode
programming,” [EEE Trans. Power Electron., vol. PE-2, no. 2, pp. 109—
124, Apr. 1987.

[4] P. Barbosa, F. Canales, J. Crebier, and F. C. Lee, “Interleaved three-

phase boost rectifiers operated in the discontinuous conduction mode:

Analysis, design considerations and experimentation,” IEEE Trans. Power

Electron., vol. 16, no. 5, pp. 724-734, Sep. 2001.

K. Liuand Y. Lin, “Current waveform distortion in power factor correction

circuits employing discontinuous-mode boost converters,” in Proc. IEEE

Power Electron. Spec. Conf., 1989, pp. 825-829.

J. Lazar and S. Cuk, “Open loop control of a unity power factor, discon-

tinuous conduction mode boost rectifier,” in Proc. IEEE Int. Telecommun.

Energy Conf., 1995, pp. 671-677.

[5

—_

[6

[t}



SHIN AND CHO: DIGITALLY IMPLEMENTED AVERAGE CURRENT-MODE CONTROL IN DISCONTINUOUS CONDUCTION MODE

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. Sebastidn, J. A. Martinez, J. M. Alonso, and J. A. Cobos, “Voltage-
follower control in zero-current-switched quasi-resonant power factor pre-
regulators,” [EEE Trans. Power Electron., vol. 13, no. 4, pp. 727-738,
Jul. 1998.

K. De Gussemé, D. M. Van de Sype, A. P. M. Van den Bossche, and
J. A. Melkebeek, “Input-current distortion of CCM boost PFC converters
operated in DCM,” IEEE Trans. Ind. Electron., vol. 54, no. 2, pp. 858-865,
Apr. 2007.

Z. Lai, K. M. Smedley, and Y. Ma, “Time quantity one-cycle control for
power-factor-correctors,” [IEEE Trans. Power Electron., vol. 12, no. 2,
pp. 369-375, Mar. 1997.

K. Yao, X. Ruan, X. Mao, and Z. Ye, “Variable-duty-cycle control to
achieve high input power factor for DCM PFC boost converter,” IEEE
Trans. Ind. Electron., vol. 58, no. 5, pp. 1856-1865, May 2011.

J. Lazar and S. Cuk, “Feedback loop analysis for ac/dc rectifiers operating
in discontinuous conduction mode,” in Proc. IEEE Appl. Power Electron.
Conf., 1996, pp. 797-806.

Z. Z. Ye and M. M. Jovanovié¢, “Implementation and performance
evaluation of DSP-based control for constant-frequency discontinuous-
conduction-mode boost PFC front end,” I[EEE Trans. Ind. Electron.,
vol. 52, no. 1, pp. 98-107, Feb. 2005.

D. Weng and S. Yuvarajian, “Constant switching frequency ac—dc con-
verter using second harmonic injected PWM,” IEEE Trans. Power Elec-
tron., vol. 11, no. 1, pp. 115-121, Jan. 1996.

D.S. Schramm and M. O. Buss, “Mathematical analysis of a new harmonic
cancellation technique of the input line current in DICM boost converters,”
in Proc. IEEE Power Electron. Spec. Conf., 1998, pp. 1337-1343.

L. Huber, B. T. Irving, and M. M. Jovanovi¢, “Effect of valley switch-
ing and switching-frequency limitation on line-current distortions of
DCM/CCM boundary boost PFC converter,” [EEE Trans. Power Elec-
tron., vol. 24, no. 2, pp. 339-347, Feb. 2009.

D. M. Van de Sype, K. De Gussemé, A. P. M. Van den Bossche, and J.
A. Melkebeek, “A sampling algorithm for digitally controlled boost PFC
converters,” [EEE Trans. Power Electron., vol. 19, no. 3, pp. 649-657,
May 2004.

K. De Gussemé, D. M. Van de Sype, A. P. M. Van den Bossche, and J.
A. Melkebeek, “Digitally controlled boost power-factor-correction con-
verters operating in both continuous and discontinuous conduction mode,”
IEEE Trans. Ind. Electron., vol. 52, no. 1, pp. 88-97, Feb. 2005.

F. Chen and D. Maksimovi¢, “Digital control for improved efficiency and
reduced harmonic distortion over wide load range in boost PFC rectifiers,”
IEEE Trans. Power Electron., vol. 25, no. 10, pp. 2683-2692, Oct. 2010.
G. Zhou and J. Xu, “Digital average current controlled switching DC-DC
converters with single-edge modulation,” [EEE Trans. Power Electron.,
vol. 25, no. 3, pp. 786-793, Mar. 2010.

W. Tang, F. C. Lee, R. B. Ridley, and I. Cohen, “Charge control: Modeling,
analysis and design,” IEEE Trans. Power Electron., vol. 8, no. 4, pp. 396—
403, Oct. 1993.

L. Dixon, “Average current mode control of switching power supplies,”
presented at the Unitrode Power Supply Design Seminar, 1990.

3373

[22] F. A.Huliehel, F. C. Lee, and B. H. Cho, “Small-signal modeling of single-

[23]

[24]

[25]

Il

|

phase boost high power factor converter with constant frequency control,”
in Proc. IEEE Power Electron. Spec. Conf., Jun. 1992, pp. 475-482.

W. Tang, F. C. Lee, and R. B. Ridley, “Small-signal modeling of aver-
age current-mode control,” [EEE Trans. Power Electron., vol. 8, no. 2,
pp. 112-119, Apr. 1993.

V. Vorpérian, “Simplified analysis of PWM converters using the model of
the PWM switch: Parts I and II,” [EEE Trans. Aerosp. Electron. Syst.,
vol. 26, no. 2, pp. 490-496, Mar. 1990.

R. W. Erickson and D. Maksimovié, Fundamentals of Power Electronics,
2nd ed. Boston, MA: Kluwer, 2001, pp. 420-427.

Jong-Won Shin (S’08) received the B.S. degree in
electrical engineering from Seoul National Univer-
sity, Seoul, Korea, in 2006, where he is currently
working toward the Ph.D. degree.

His research interests include ac—dc and dc—dc
power conversion and their control.

Bo-Hyung Cho (M’89-SM’95-F’11) received the
B.S. and M.S. degrees from the California Insti-
tute of Technology, Pasadena, and the Ph.D. degree
from Virginia Polytechnic Institute and State Uni-
versity (Virginia Tech), Blacksburg, all in electrical
engineering.

Prior to his research at Virginia Tech, he was a
member of the Technical Staff with the Department
of Power Conversion Electronics, TRW Defense and
Space System Group. From 1982 to 1995, he was a
Professor in the Department of Electrical Engineer-

ing, Virginia Tech. In 1995, he joined the School of Electrical Engineering,
Seoul National University, Seoul, Korea, where he is currently a Professor.
His current research interests include power electronics, modeling, analysis,
and control of spacecraft power processing equipment, and distributed power
systems.

Dr. Cho s arecipient of the 1989 Presidential Young Investigator Award from
the National Science Foundation. He chaired the 2006 IEEE Power Electronics
Specialists Conference. He is a member of Tau Beta Pi.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


