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Abstract—This paper presents the practical implementation drawback of the digital approach, represented by the limited
of a fully digital control for boost power factor preregulators  pandwidth of the current control loop, is shown to produce a

(PFP's). The control algorithm, which is simple and fast, provides 1456 |eading current absorption from the grid which, anyway,
a significant improvement in the system’s dynamic performance
can be fully compensated.

compared to usual analog control techniques. The paper discusses . . . .
the design criteria and the actions taken for the implementation ~ The first part of the paper gives a detailed explanation
of the digital control, which is performed by means of a stan- of the adopted control technique. In the following part, a

dard microcontroller (Siemens 80C166). The effectiveness of the theoretical explanation of the input-current phase displacement
approach is assessed by experimental tests. is provided. Finally, in the last part of the paper, all the details
Index Terms—Digital control, power factor preregulator. concerning the practical implementation with the 80C 165
(control timing, hardware requirements, and prototype ratings)
are discussed, and the results coming from laboratory tests are

presented.
S COMPARED to conventional analog controllers, digi-

tal regulators offer several advantages such as the possi- I
bility of implementing nonlinear and sophisticated control al- ] )
gorithms, reduction of the number of control components, highFi9- 1 shows the basic scheme of a boost PFP. As is known,
reliability, low sensitivity to components’ aging, negligible his topology is particularly suited for average curre_nt control
offsets, and thermal drifts. On the other hand, digital regulatdd): The PFP’s current controller operates the switch so as
may imply a higher development cost and a limitation itP draw from the grlq an average current whose waveform is
the attainable control bandwidth due to the sampling proceB§opPortional to the line voltagé,, as implied by (1), where
These drawbacks, which in the past limited their application & (%) iS the instantaneous conductance of the converter
dc power supplies, can now be partially overcome by modern
micrpcontrollers, featuring a very high performange Igvel ata in(t) = gv. (%) -Vg’(t). (1)
relatively low cost. Therefore, microcontroller applications are
now feasible not only in the area of ac drives and three-phase
converters, where they are indeed extremely popular, but als® key point in PFP’s control is that, due to the low-
in the field of dc/dc converters. frequency power unbalance, the output capacitor always

For instance, digital control has been applied to dc/dc copresents a voltage ripple at twice the line frequency. The
verters in [1] and [2], mainly to implement sophisticated andoltage ripple, assuming unity power factor and neglecting
nonlinear control laws. This paper instead discusses the implee input inductor energy, is given by (2), wherg is the
mentation of a simple and effective digital control of a boodine angular frequency ané#, is the output power
power factor preregulator, using a standard microcontroller
(Siemens 80C166). The control strategy is defined according |AV,L(t)]
to what is normally done in conventional analog controllers
and widely discussed in literature [3], [4]. Nevertheless, by This cannot be compensated by the voltage control loop
exploiting the potentialities of the digital implementation, itvithout causing the input-current distortion, which, therefore,
is possible not only to get the aforementioned general agsually limits the achievable bandwidth to a fraction of the
vantages, but also, more specifically, to significantly improvme frequency (10-20 Hz). Among the different possible
the system dynamics. On the other hand, the well-knoveolutions to this problem [5]-[8], this paper takes into account

the output-voltage ripple notch filtering, which, thanks to the
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Fig. 2. Scheme of converter and digital controller.
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Fig. 3. Measured input current and voltage waveforms.
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{, TABLE |
g GZ(S) PARAMETERS USED IN THE COMPUTATION OF FIGS. 5 AND 6
A . n A Input Voltage Vg=110VRMS
iref £ ) !
e K () > Gy (5) X
) Output Voltage Vo =200V
Rated Output Power Py =200W
Fig. 4. Block diagram of current control loop.
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Fig. 5. Phase displacement as a function of current control-loop bandwidth
and phase margifim,).
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Fig. 7. Flowchart of control algorithm.
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Current 70 70
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than 70, necessary to cope with the delay introduced by the
analog—digital (A/D) converter's holder, was also set. It is
worth noting that a fairly high phase margin in the continuous
time design of the PI regulator has to be adopted to cope
with the discretization errors which are introduced mapping the
regulator in the discrete time domain. The Euler’'s integration
method, which has been used to derive the discrete time
approximations of all the regulators used in this application, is
negatively affected by the reduced ratio between the sampling
frequency and the required bandwidth, which is equal to ten
in this case, and some oversizing of the phase margin may
prevent stability problems.

for this loop is provided by multiplying the sampled input- An important advantage of the digital approach is that
voltage signal by the output of the voltage-loop Pl regulatéhe average value of the sensed current is obtained, without
(Kv). The control requires the sampling of three variabletow-pass filters in the loop, by synchronizing sampling and
input rectified voltageV,), output voltage(V, ), and average modulation so that the current is always sampled in the middle
input current(is), which is performed by means of insulatedf the switch on period. This allows precise regulation of the
transducers with a sampling frequency equal to the modulatianerage current without introducing any delay in the loop as
frequency (20 kHz). long as the converter operates in the continuous conduction

As far as the current loop is concerned, the required calculaede (CCM). It is worth noting that when the converter

tions, implementing a digital Pl regulator with antiwindup, arenters the discontinuous conduction mode (DCM), even if
performed immediately after the current sampling to minimiztie average current is no longer equal to the sensed current
the delay. The regulator is designed to get a 2-kHz bandwiddnd the converter’s dynamics change, no stability problems
which was selected to ensure a satisfactory tracking of these, mainly because of the very low gain of the current loop
current reference and, at the same time, allow the diréntsuch conditions. An effective and detailed analysis of the
design in the continuous time domain. A phase margin greatemverter's behavior in DCM, which validates the previous
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Fig. 6. Current-loop gain ab = wy as a function of current control-loop
bandwidth and phase margimn,; ).
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Fig. 8. Notch filter design.
int A/D ——»f |0dAD
o CUR_PI
jmp [R15] 1
~— _ » mov R15,#CUR_REF
' H
K CUR_REF: |
2 mov R15,4VOUT
VOUT : :
3 mov R15#CUR_PI
Fig. 9. Sequence of interrupt service routines.
mmed 5 Is e Vg Vo .
9.7 us 9.7 us 9.7 us ?
Current Loop L Output Voltage Voltage
EMPTY :
start Notch Filter Loop
A/D 10.4 ps 5.5 ps 12 ps 7.2 ps t
switch
command —
t
) -
Te =50 ps

Fig. 10. Timing of the control algorithm. Shaded areas represent the dead time of interrupt service rettines.(

statement can be found in [9]. However, the input current is The transfer function to be compensated by the output-
distorted until the converter enters the CCM again. voltage regulator is given in [3], [4] and does not call for
As shown in Fig. 2, the reference for the current loop ispecial design provisions since the required bandwidth (typ-
provided by multiplying the sampled rectified input voltagécally, around 20 Hz) is much lower than the sampling
(V,) and a scaling factor given by the output-voltage regulaténrequency. In order to increase the voltage-loop bandwidth,
(gvo.). This task is accomplished by a proper routine whicthile limiting the input-current distortion, the application of
starts after the input-voltage conversion. analog notch filters to the sensed voltage has been investigated
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Fig. 11. Input current and voltage waveform.
TABLE 1 TABLE IV
PROTOTYPE RATINGS CoNTROL PARAMETERS (CoNnTINuous TIME DOMAIN)
Input Voltage Vg = 110VRMS Current PI gains Kpr=2.7
]&yr = 9087
Output Voltage Vo = 200V \oltage Pl gains @ 10 Hz BW Kpy=6.15
0 Ky =381
\oltage Pl gains @ 20 Hz BW Kpy=12.3
Rated Output Power Py = 200W Kry=1289
\oltage Pl gains @ 40 Hz BW Kpy=24.6
Switching Frequency  fgw = 20kHz Kypv=4731
Input Inductor L = 46mH
TABLE V
TRANSDUCERS' SCALE FACTORS
Output Capacitor C = 470uF
TABLE I Current transducer 1.1 [VA'1]
80C166xC BOARD FEATURES
Ouput voltage transducer 34
Clock frequency 40 MHz
Input voltage transducer 67
A/D resolution 10 bit
to aging and tolerances, allow a strong reduction of the
Bus Extension 16 bit 100-Hz component in the feedback signal (higHactor) and
therefore produce very small effects on the phase. Indeed,
On board RAM 256 Kb the selectivity of the digital filter is only limited by the

guantization errors in its coefficients due to the fixed point
. . . . architecture of the microcontroller, as it will be explained
[5], [6]. This solution, however, introduces undesired effeci:’ Section V. Thus, even if a properly designed passive

on the phase of the open-loop gain, especially when g, fiiter could theoretically achieve the same performance
selectivity of the filter is low (low factor). A high rejection o ,aranteed by a digital solution, it would be quite difficult to

of the 100-Hz frequency and a high selectivity, which woulBractically implement it, guaranteeing the necessary reliability
reduce the phase effects, are not easy to achieve in an analqg effectiveness. The practical implementation of the digital
design of the filter, mainly because of the tolerances and t§lution is, instead, straightforward. In the control program,
variations (with time and temperature) of the required passig@other interrupt routine, which starts after the output-voltage
components’ values. Digital filters instead, being insensitienversion, implements the digital notch filter and a PI regu-
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Fig. 12. Line voltage and current: (a) without and (b) with notch filter.

lator to get to a high-bandwidth voltage control with reducedaveform. Such an effect can be explained considering the

input-current distortion. control block diagram shown in Fig. 4, which refers to a small-
signal analysis of the current loop. The transfer functiéhs
IV. INPUT-CURRENT PHASE DISPLACEMENT and G, can be derived by state-space averaging the converter

Fig. 3 shows the phase displacement between the measig@dations in CCM. They are given in (3), where, for instance,
current and voltage on the grid. As it can be seen, tlerepresents the steady-state value of the duty cclehile
current waveform appears to be abofiti@ading the voltage é represents its perturbed valu&; represents the current
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Fig. 13. Line-current spectra without (top) and with (bottom) notch filter.
controller (PI regulator) integral (K;;) regulator gains which define thk; transfer
i sVO+ % F(1-8 -7 functlo.n are not reported, being uniquely Qetermmed b)_/ the
Gi(s)= = = IO 7 52 numerical values of the loop’s phase margin and bandwidth.
A5 s +sg+(1-9) As is shown by (6), the outcoming leading phase displace-
Gals) = L sC' + }% ment between input current and voltage is totally due to the
2\ = f/g T S2LC + 3}% +(1-6)2 term W5, sinceW, is practically unity at the line frequency.
Ki; The effect of W, is heavier when the current-loop gain
Ki(s) =Kpr+——. (3) is small because as it is possible to see in (3) and (4),

Wy and Gy K7 are inversely proportional to each other. As
Fig. 6 shows, the bigger the phase margin or the smaller the
loop bandwidth, the smaller the loop gain. Therefore, with
low-current-loop bandwidths, the phase displacement tends to

By closing the loop, the transfer functions frain; to iy,
(W1), which is the current closed loop, and froty to ¢,
(W3) can be calculated

Wi(s) = i Gi(s) - Ki(s) be higher. In standard analog implementations, this effect is
ne it 1+ Gi(s) Ki(s) normally negligible, thanks to the high-current-loop achievable
2 bandwidth. This is no longer true for the digital implemen-
L Ga(s) X i
Wy(s) = = = (4) tation of the current controller because of the bandwidth

Vo 1 + Gals) - Kils) limitation imposed by the sampling process. Anyway, since

Assuming a steady-state condition with constant averaggy phase shift is constant, once the converter power rating
output voltage;..s can then be expressed as and controller bandwidth are defined, the practical solution to
et = gv, - Vg (5) the problem is straightforward; inserting a suitable delay line

getween the input-voltage sampling and the elaboration of the

where gy, is a constant factor depending on input-voltag ) .
steady-state level. TherefoAre, using (4) and (5), the complé:t%nverted data, the leading phase shift can be completely com

transfer function fromi.. to i+ can be found to be pensated, thus restoring an almost unity input power factor.
g O 1L

W(s) = Lo gv, - Wi(s) + Wa(s). (6) V. DIGITAL CONTROL IMPLEMENTATION

9 The control strategy described in Section 11l was practically
Calculating the phase of¥(s) at s = jwy, the expected jmplemented by means of the 80C166. Fig. 7 represents a
phase displacement between input voltage and current carfiBchart of the control algorithm. The program starts execut-
found. The results of this calculation for different current-loofhg the standard initialization routines and then enters an idle
bandwidths and phase margins are shown in Fig. 5. mode, waiting for interrupts. There are three interrupt sources:
Fig. 6 instead displays the current open-loop gaithe first (TO) is related to the pulsewidth modulation (PWM)
G1(s)K1(s) at the line frequency for different bandwidths process and calls for the duty-cycle update at the beginning
and phase margins. The numerical values used for tbeeach modulation period. This has the highest priority. The
computation of Figs. 5 and 6 are reported in Table I. Theecond comes from the timer CC1, which is programmed to
value of the steady-state duty cydlehas been varied from count down from a half of the duration of the switch on
0.1 to 0.9 noticing only minimum changes in the obtainegeriod. When the countdown ends an interrupt is generated
graphics. As an example, the predicted phase shift withaad, as a result, the A/D conversion of the first control variable
2-kHz bandwidth and a P5phase margin for the current(switch current) is started. The third interrupt is produced
loop varies from 5.28to 5.26". The proportional K »y) and when the current A/D conversion is over. The sequence of the
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Fig. 14. Dynamic behavior of the tested PFP in the case of load step changes: (a) without and (b) with notch filter.

A/D conversions proceeds automatically: the second sampkaatl, this routine programs the next service routine, so that
variable is the input voltage and the last is the output voltagehen the second conversion is over, the elaboration of the
At the end of each conversion, when the interrupt labeled INfiput-voltage sample can be performed. This consists of phase-
A/D in Fig. 7 is generated, a proper service routine elaboratglsift compensation, which is done by means of a delay line
the result and programs the next conversion. and current reference calculation. Once again, at its end this

The sampling of the switch current is operated at th®utine programs the next interrupt handling so that, when
half of the switch on period, thus allowing to acquire théhe third conversion is over, all calculations regarding output
average inductor current value with no need for low-pas®ltage can be performed. These consist of a digital notch filter
filters to eliminate the ripple. The routine handling the curremd eliminate the voltage ripple from the feedback signal and
conversion implements the PI current regulator. At its veryf a conventional Pl voltage regulator.
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Fig. 15. Soft-start process.

The digital notch filter can be directly designed in thén this section. The ratings of the boost PFP used for the
discrete time domain by allocating two transmission zeros aeglperimental tests are given by Table Il. Table Il describes
a couple of poles at the ripple frequengy,), as shown in the main features of theC evaluation board, while the gains
Fig. 8. of the current Pl regulator are listed in Table V. The voltage

As is known, the closer the poles and the zeros, tif regulator has been designed to guarantee three different loop
more selective the filter and negligible the phase perturbatigsandwidths (10, 20, and 40 Hz). The corresponding gains are
Anyway, as a consequence of the fixed point architectuigted in Table IV too. Finally, Table V lists the current and

of the adopteduC, it was not possible to select the polegoltage transducers’ scale factors used prior to the conversion
radius to be more than 0.95. The discretization in the filtgff the analog signals.

additional low-pass filter was then needed to compensate {@&s focused at first on testing the power factor correction’s
the unwanted high-frequency amplification introduced by thg ajity. As shown in Fig. 11, the input current replicates the
notch filter. Its consequence is a“Jghase lag at 20 Hz, which jo 5 ¢ \oltage waveform pretty well; accordingly the measured
must be considered in designing the voltage regulator.

tfe corresponding input voltadé, and filtered curreni, are
) . : .
routine for the inductor current, so that a new modulatio. 8% and 6.2%, respectively.

period can begin. Fig. 9 shows the explained sequence of { pFig. 12 shows the effect of the digital notch filter applied

interrupt service routines. . . .
A kev point of this implementation is control timin Itto the output-voltage feedback signal. It is possible to note
y b P 9- "that the current distortion is strongly reduced by the filter.

is important to notice that the only actual constraint for thJFhe designed bandwidth for the output-voltage control loop
control algorithm is to be able to determine the duty cycle for . )
20 Hz both in the case of Figs. 11 and 12. Moreover, as

the next modulation period before the end of the current o R. £ th ‘ d tests. th i £ input
As shown in Fig. 10, this is always possible, since it requir gr any ot the periormed 1ests, the compensation of input-
about 22 s (comprising A/D conversion, dead times, angurrent phase lead is active. As it can be seen, the digital
current loop). Therefore, since in the worst case, when the d@&tch filter effectively reduces the current distortion for a given
cycle is close to 100%, there is more than;25available, this bandwidth. To further illustrate this effect, Fig. 13 shows the
critical calculation always ends within the current modulatiofiéasured line-current spectra. _ _
period. Of course, the other control tasks may instead end int 1S Possible to notice the evident reduction of the third
the following modulation period; this is not a problem anywaf)@rmonic component of the spectrum, which accounts for

affected by the resulting one-cycle delay in the calculationsabove 10% to about 6%.
Inversely, it is also possible, given a certain THD acceptable

level, to push the voltage-loop bandwidth far beyond the
achievable limit with no filter. As a consequence of the

The experimental results, obtained from the digitally corvoltage-loop bandwidth’s increase, it is possible improve the
trolled boost PFP which has been discussed so far, are repodgdamic performance of the PFP. As a comparison, Fig. 14

VI. EXPERIMENTAL RESULTS
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shows the behavior of the converter in case of a load step] J. B. williams, “Design of feedback loop in unity power factor ac to dc

change from full to minimum load (202 — 1500%2)

and back. The designed voltage-loop bandwidths are 10 ar[g
40 Hz, respectively, so as to ensure a similar current harmonic
distortion without and with notch filter. The difference in

the dynamic responses is pretty evident. The settling time
at load reconnection, for instance, passes from about 80 f&é
about 20 ms. It is worth noting that this comparison implicitly

testifies a significant superiority of the proposed solution als@] V. vorperian, “Simplified analysis of PWM converters using the model
to the conventional analog ones, which do not employ notch
filters and which, therefore, exhibit a reduced voltage-loop
bandwidth, typically well below 20 Hz. As a consequence,
the dynamic response of such systems is fairly similar to the

one exhibited by the proposed solution when the notch filter

is not employed and the voltage-loop bandwidth, in order

maintain the input-current distortion at acceptable levels,

limited to 10 Hz.

Finally, Fig. 15 shows the behavior of the tested prototype
startup. A soft-start procedure was implemented to gradua
raise the output capacitor voltage from its precharged le\

(=150 V) to its final level of 200 V. This was done b

[7]

slowly increasing the saturation level of the output-voltage
PI regulator, thus limiting the current surge. The duration of

the whole process$t..s: start) IS about 0.6 s.

VII. CONCLUSION

This paper presents the implementation and test of a fu
digital control for a boost PFP. The implementation is dor
by using the 80C166 microcontroller. The paper shows hc

the higher development cost of the digital implementation
compensated by a significant improvement of the dyna

performance achievable by the converter. The digital approa

converter,” inPESC Conf. Pro¢.1989, pp. 959-967.

G. Spiazzi, P. Mattavelli, and L. Rossetto, “Methods to improve dynamic
response of power factor preregulators: An overview,”Baropean
Power Electronics Conf. (EPEBevilla, Spain, Sept. 1995, vol. 3, pp.
754-759.

S. Wall and R. Jackson, “Fast controller design for practical power-factor
correction systems,” ilECON Conf. Prog. 1993, pp. 959-967.

M. O. Eissa, S. B. Leeb, G. C. Verghese, and A. M. Stankovic, “A fast
analog controller for a unity-power factor ac/dc converter,”AREC
Conf. Proc, 1994, pp. 551-555.

of the PWM switch. Part II: Discontinuous conduction mode,ViREC
Seminar Prog. 1990, pp. 97-107.
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in fact, can be effectively exploited in implementing simpl@ower Engineering Societies and the Italian Association of Electrical and

compensations for each of the unwanted effects derivifitfctronic Engineers.

from the limited current and voltage-loop bandwidths, which,

instead, may be rather complicated in analog implementations.
In particular, this paper discusses the phase-leading current

absorption from the grid which is due to the current-loo
limited bandwidth, providing a simple theoretical explanatio

of it.

Finally, the results of the experimental tests assessing ct

trol performance are presented and discussed.
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