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Abstract—Nowadays, most digital controls for power converters have been adapted for power electronics applications adding pe-
are based on DSPs. This paper presents a field programmable ripherals such as PWM modules, general purpose timers and
gate array (FPGA) based digital control for a power factor cor-  ayent interruption modules. These peripherals allow some con-

rection (PFC) flyback ac/dc converter. The main difference from . .
DSP-based solutions is that FPGAs allow concurrent operation current operation, that is, several control tasks are performed

(simultaneous execution of all control procedures), enabling high Simultaneously. Anyway, the simultaneous tasks must be very
performance and novel control methods. The control algorithm simple (PWM operation, timing- -), and they are not enough

has been developed using a hardware description languagefor a general concurrent operation structure like the one pro-
(VHDL), which provides great flexibility and technology indepen- gosed here.

dence. The controller has been designed as simple as possible whil Followina this tend i t hard f
maintaining good accuracy and dynamic response. Simulations ofiowing this tendency to use concurrent hardware for con-

and experimental results show the feasibility of the method, trolpurposes,we propose using acustom hardware solution, im-
opening interesting possibilities in power converters control. plemented in a field programmable gate array (FPGA) instead of
Index Terms—AC-DC power conversion, adaptive control, aDSP, in order to eXplOit its concurrent Operation [9] All the in-

concurrency control, custom hardware, digital control, field ternal logic elements of the FPGA, and therefore all the control
programmable gate arrays, flyback converter, power factor procedures, are executed continuously and simultaneously. This
correction. method allows using high speed demanding algorithms, like the
digital charge control proposed later in this paper for the current
|. INTRODUCTION loop. This method would not be possible using a DSP.

HE CONTROL of power converters is usually based on The control algorithms have been developed in VHSIC hard-

| ial soluti In th f ; tware description language (VHDL) [10], [11]. This method is
analog commercial solutions. In th€ case of pPOWertactgl go.;pjq a5 any software solution, like developing the control
correction (PFC), the control is more complex because, in t

: algorithms in C-language for a DSP. Another important advan-
general case, two loops are involved. Anyway, there are SeV&tde of VHDL is that it is technology independent. The same
analog commercial ICs solving this control problem. These ci&rl- .

a
. ; . ) Igorithm can be synthesized into any FPGA and even has a
cuits perform the basic control and their main advantages %r(sgssible direct path to a custom chip. In this way, the FPGA
low price and ease of use. ’ '

The increasing performance and cost reduction of digitc?md be substituted by an Application Specific Integrated Cir-

it (ASIC), opening interesting possibilities in power systems

circuits has made possible their application for power COR 4 arms of performance and cost.

verters control [1]-{3]. Wit a few exceptions [4], [S], they are VHDL has also been used for modeling purposes. The power

usually digital signal processor (DSP) based controllers thcacgnverter and the A/D converters (ADC) have been modeled

exploit their mathematical oriented resources. These controllv.larg HDL in order to simulate the whole system. These models

LEEELGT.?)C;;,ZT%prglg:'tr?g?f,evglttor:ﬂy)na;ﬂﬁ?ﬁtfwti)tgﬁﬁa"e been developed as simple as possible in order to run long
: ' y 9 mulations in a reasonable time. In this way, both control loops,

frequency or low cost applications. PFC is no exception Which differ greatly in their characteristic time, can be simulated

this tendency and a few digital controllers have arisen for this
Simultaneously.

application [6]-[8]. Again, they are based on DSPs, exploiting An FPGA-based solution changes the design point of view.

their arithmetic resources. . : . - )
Lo : . . : rithmetic operations should be kept to the minimum to opti-
The main limitation of DSPs is their sequential operation, that. . g L
ize the required logic resources (silicon area). However, con-

is, instructions are executed one after the other. However, D it|SonaI execution (translated tbstatements in VHDL) should

be exploited because of its hardware oriented nature. As aresult,
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to exploit the FPGA concurrency new control algorithms mu: CONTROL
be developed, because adapting the DSP ones to FPGAs would
mean no special advantage. These new algorithms can be gtitel. General scheme of a PFC converter.
simple, like the digital charge control proposed, but they must
be designed from the concurrency point of view. The current-loop controls the mean input currght,) making

The rest of the paper is organized as follows. Next sectiéinproportional to the input voltag¢V;,) through G, and
draws a general scheme of the application and its contrfierefore it achieves a high Power Factor (PF). The calculated
Sections Ill and IV explain in detail both implemented contratontrol signal is not a duty cycle, but an “On/Off” signal that
loops, while Sections V and VI explain the digitally imple-goes directly to the switch driver, avoiding a PWM block.
mented protections and the modeling method. Finally, there #&ayway, the switching frequency is kept constant. The digital
some experimental results and conclusions. protections are not shown for figure clearness. They actuate

over the control signal before it is sent to the switch.

stituted by those usually integrated in the DSPs. Anyway, tl

cost disadvantage would disappear substituting the FPGA by

ASIC, suitable for mass production. %
As a conclusion, substituting the common DSP solutions

FPGA-based ones means a trade-off between the DSP cape

for arithmetic operations and the FPGA concurrency. In ord

A/D converter used in the proposed control can not be su i

Il. GENERAL SCHEME lIl. CURRENT-LOOP CONTROLLER

The Objective of a PFC converter is to take energy from the This |00p controls the input Currei('fin) in order to meet

ac source reducing the harmonic currents as much as possigle, PEC goal. Its purpose is to ke@p, proportional toV;,,
ideally working as a resistor emulator (sinusoidal currenth this case through the equivalent input conductdiiég, the
Therefore, a loop must control the input curréft,) making  inverse of the equivalentinput resistariég, ), calculated by the

it proportional to the input voltagéV;,,) through a previously yoltage-loop. The goal is to set the mean input current (over a

defined ConductanC@m). This is the first |00p: the current Switching Cycie) according to the foiiowing formula:
loop, which controlsl;,, according toV;,,. However, this loop

is not enough because the output voltddg,:) has also to Li—mean = Vin - Gin. (1)

be controlled. Thus, the second loop contrbls, changing The proposed current-loop is the digital version of a charge

Gin, used in the first loop. So the second loop contGls . .
according toV,,; (voltage loop). An important difficulty for control. The original charge control f_or PFC applicat|ons was
the voltage loop is thal,,; has a 100 or 120 Hz ripple (twice propo§¢d n [12.]' and it had .npt preV|ou§Iy bee_n implemented
the AC mains frequency). Traditional analog controls filtell & c_j|g|tal Version becguse Itis not fe_a3|ble using a DSP. The
that ripple, reducing consequently the maximum voltage-lo orking principle is to integratd;,, during a switching cycle

' n the digital version, the integrator is substituted by a simple

bandwidth to about 20 Hz. Digital controls usually avoid th 4d it hes the t tvalue. defined by th duct of
filter and the bandwidth reduction through some algorithm, li er) until it reaches € target value, detined by the product o
in DY Gy, as reflected in (1). The digital version of the mean

calculating the ripple and subtracting it from the measligd . . . L
signal. We propose a much simpler method based on measuiiiigiﬁ current is the sum of the input current samples divided by

the peakV,,: values. This is explained in the “Voltage-Loop number of samples in a switching cyclé & 400 in this
Controller” section. case)
Most PFC controls must observe at least three sigfigls 1. B > Iin @)
Iin, Vout), as reflected in Fig. 1. In digital controllers, these momean T A1
signals are sampled through A/D converters. The only outputpp .o loop keeps the switch closed until the mean input cur-

of the controller is the signal that drives the switch in the POWEL -+ reaches the value defined by (1). Substituting (2) in (1), the

converter. . _ condition for opening the switch becomes
The proposed control also implements some protections that
open the switch under specific circumstances, like overcurrent Z I, >V, -Gi, - N. ()

or overvoltage, or that avoid some malfunctions. These protec-
tions are implemented in the digital controller, so no external In order to avoid one of the two multipliers in (3, is
resources are necessary for the protections. This is explaine@galed by the factoN (number ofZ;, samples in a switching
further detail in the “Protection Issues” section. cycle). Therefore, the variable which is in fact used is

The block diagram of the complete system is outlined in
Fig. 2, including the flyback converter and a scheme of the
control. As it can be seen, the voltage-loop calculates thefinally, the algorithm implemented for the current-loop con-
equivalent input conductandés;,,) that is used in the secondyrg|ler is
part of the control, the current-loop. This second loop calculates
the control signal sent to the switch in the power converter. Z Iin > Vin - G- %)

G, =G, - N. (4)
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Fig. 3. Current-loop controller scheme.
Fig. 2. Block diagram of the complete system.

The above equations are implemented as shown in Fig. Line cycle
All the variables are represented in fixed-point format with th
number of bits indicated in the figure. The sampled variablt
(Iin, Vin) representation depend on the A/D converter scale a
the resistor divider, which can be chosen for an adequate ref
sentation. The accumulator.;,,) uses more bits thah,,, as-
suring that overflow never takes place. T&E, format is such
thatV;,, - G%,, can be directly compared %7;,,.

The number of possible duty cycle values (equivalent to ti
PWM resolution) is the result of dividing the comparator fre
guency by the switching frequency (50 kHz). That is the reas:
for using a higher frequency for the adder and comparat
(20 MHz) than for the A/D converter (5 MHz). In this way,
the duty cycle resolution is 400 instead of 100, which woul
be the result if the comparator worked at the ADC frequency. (a)
This is done in order to avoid high frequenty, oscillations
[5], [13], as reflected in Fig. 4(a). Another solution would be ti 5 MHz 20 MHZ
use a 20 MHz A/D converter, but the proposed solution obtai sampling sampling
almost the same result with a slower, and therefore cheag
ADC. The samd;,, sample is added up to four times, but the Efror=1.6% 1, {.r"
error associated with this operation is small,/gshas a slow A r‘r«r‘;

o |l e

evolution during a switching cycle as shown in Fig. 4(b). Th
mean input current is measured with about a 1.6% error, whi !
has a negligible effect on the power factor.

The multiplier can work at the switching frequency (50 kHz
because its inputs are low frequency signals. The low multipli
frequency allows to implement it using fewer resources.

The proposed digital charge control would be difficult to us
in a DSP because of the DSP sequential nature. At least, two 5
structions would be necessary after every sample (addition & iid > >
comparison), making the process too slow for obtaining an ¢
ceptable duty cycle resolution. Thatis why DSP-controllers u..
more complex algorithms for the current loop, which are usu- (b)
ally based on PID algorithms [6]-[8]. The main difference of theig. 4. (a) Mean input current for 100 (left) and 400 (right) possitile/alues.
proposed current-loop controller is that no duty cycle is calc(p) Input current sampled at 5/20 MHz.
lated but the switch is controlled directly, so the PWM module is
embedded inherently in the proposed algorithm (no extra PWikblled more accurately, as it is controlled at 20 MHz (every
is necessary). This means that the mean input current is c66-ns) instead of at 50 kHz (every 28, when a new duty cycle

Switching cycle
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is calculated). The advantage of doing so is a higher PF. How-The result is a second order equation, but the implemented
ever, the PF obtained by the PID algorithms is high enough, algorithm uses the first order equivalent equation (which is the
the actual advantage is a simpler algorithm for the same or eVrearization around the working point)
higher accuracy. ooV

This loop, implemented as a digital charge control, isagood AG;, = #
example of the FPGA advantages. It uses a high-speed algo- Vin—rms ~ Tvin
rithm in which all the resources are executeq 5|m_ultane0usly.Tvm is the period of rectified’;,, (10 MS),Vour_res is the
The hardware resources required for the algorithm implemenfgterence value fOV, s (48 V) andViy,_ s is also considered a
tion are quite small.(just an adc_i(_er, a comparatolr anda mump”%@nstant (110 V), s, is the only variable. This algorithm is a
when compared with the traditional PID algorithms. The maigiscrete regulator that makes the difference between the new and
point, which makes it as accurate as the traditional algorithmsyjis, previous;,, values proportional to the error. This error is

concurrency: not many resources, but executed_ simultaneoug% difference between tHs,,, reference and measured values
Other advantages of this current-loop are valid operation for

both CCM and DCM and no need for a converter model. This E =Vout—res — Vout- (11)
method is valid independently of the inductdr) value.

‘ (Vvoutfref - Vvout) . (10)

B. Voltage-Loop Analysis

IV. V OLTAGE-LOOP CONTROLLER As stated before, the voltage-loop algorithm has been de-

The previous loop makes;,, proportional toV;, through sign_ed without calculating any transfer_function, just equaling
@', therefore achieving power factor correction. However, thEt€ input and output power. However, in order to analyze the
loop alone would leave the output voltagé,..;) uncontrolled. control algorithm, its transfer function is calculated. As it is a
Therefore, the voltage-loop calculaté$, in order to control digital regulator, the:-transform (discrete) transfer function is
Vout, @and consequently the input pow@r;, ). used. The correspondingtransform formula is deduced as

The whole control has only one output: the control signal sent
to the switch in the power converter. This signal is calculated (Ginln = [Ginln-1 = K - [E]n (12)
by the current-loop as explai_ned before. The s_econd loop (t@&ng constank equal to
voltage-loop) actuates changing g, value that is sent to the

current-loop. So one loop changes a parameter used in the other C - Vout—ref

! . . X i K=——"—"—". 13
one. That is the way in which two different signdls,, and V2 o Tyin (13)
Vout) @re controlled with just one control signal. o

Therefore, the transfer function is
A. Voltage-Loop Design Gin(2) . 2 (14)
For clearness purposes, the following calculus are made with E(2) z—1

G instead of},,, which is the variable used. The only change ag the variable used i€’ instead ofGi;,,, the constants
is a scaling by the factaW as reflected in (4). includes the factofV in the actual algorithm.

The control formula has been calculated without any transfer,g physical implementation is reflected in Fig. 5, according
function. Furthermore, the controller has been calculated ¢ (10). This algorithm, if transformed to a continuous equa-
rectly as a discrete controller, not as the digital redesign of 88, would correspond to a Pl control. Therefore, it has no
analog algorithm. The principle is just equaling the input angeady-state error. It has also shown a good dynamic response

output power sd’,,,; remains unchanged, based on the capagsy controlling V..., recovering steady state within 3-4 cycles
itor value,C'. The power balance equation is the following oné,s shown in the experimental results.

whereV.,, is the output voltage at the beginning of a rectified The jmplemented loop is quite simple. All the variables are
Vin cycle andV;;; at the end of the same cycle represented in fixed-point format using the number of bits indi-
cated in Fig. 5. There is a subtractor for the difference between
9 9 the reference and measur€g,;. The result of the subtraction
AE = (Pin = Pout)Tvin = 5 € (Vouz = Voun) - ®)  pagiope multiplied by a constaf'). However, this constant
. can always be adjusted to a power of two (changing the internal
prl(l-:[presentation of some signal), so the multiplication can be sub-
stituted by a shifting operation, which is much simpler. Finally,
the value calculated by (10) represents the change from the pre-
vious value, so an adder is also necessary. Therefore, the only
necessary resources are a subtractor, a shifter and an adder. In
P, =V Gt @) spite of_ this loop simplicity, it has worked fine attai_ning a good
erms dynamic response and accuracy (as shown later in the “Exper-
“Ginz (8) imental Results” section). This allows keeping the whole con-
C (Vi — Vi) ©) troller very simple, according to the design methodology here
2. V2 Toin proposed.

in—rms

conductancéG;,), and the goal is to calculate the néy,,
value (G;,2) so the input power is equal to the output powe
restoring the balance

Pout = V'2

m—rms

AGip =Gin2 — Gip1 =
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¢ Key symbols:
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3 4/ Fig. 6. V... sampling delay due to the maximum technique.
Shifter Combinational its dynamics are quite demanding. Therefore, stability problems
>> logic have to be analyzed.
In order to do so, a discrete root locus analysis (in:tipéane)
12 { ; is presented. For this analysis, the complete open loop transfer
Adder > function is necessary, so the transfer function betwé&gnand
+ Register V,ut IS shown (representing the output capacitor behavior based
(memory element) on the mean current balance during a rectifiég cycle)
24 oy = Vouls) _ (V3/O) Vo _ B 0
n S) = = = .
Range + Gin(s) s+ (2/R)-C  s+a
Checker Number of bits Equation (15) is the continuous transfer function, but for the
12* used for a variable discrete analysis its-transform is used. In fact, it has been
converted using the modifiegitransform so we can take into
h Gin account the delay introduced by the technique of sampling
V,ut—max during a rectifiedV;,, cycle. The parameteri}”
P represents this delay, being 1 for no delay and 0 for a full period
124G, delay (' = 10 ms for 50 Hz mains). The delay is usually one
v fourth of the period, as shown in the left part of Fig. 6, 8™
is usually 0.75.
Fig. 5. Voltage-loop controller scheme. The modifiedz-transform of (15) is

a B B (1 _ efmTa)Z _ (efaT _ efmTa)
In a power factor correction applicatiolt,,; has a 100 or (2, m) = o 22 _ g—al, :
120 Hz ripple (twice the AC mains frequency). An advantage

of using a digital control is avoiding the low-pass filter used for

Vour, Which analog controls use for canceling that ripple. Thi igerent loads. Therootlocus is based on the open transfer func-
filter decreases dramatically the bandwidth, and therefore t'on,which is the result of multiplying (14) by (16). Fig. 7 shows

dynamics. Some controls [7], [14] overcome this problem cat— " ‘ " P al dii inal load and
culating the ripple and subtracting it from the measuvgg. e discrete root locus for nominal conditions (nominal load an

p— |4 _ .
However, this calculus is not a trivial one. We propose asimpITer? = 0.75). The poles of the closed-loop system, marked with

method that consists in using the maximum valug€g in each ;:rostses,l_tarquwte ms@e tr|1et_un|t ﬁwcle, lY]Vh'Ch IS the. Cotn%'.tl'.?n
rectified Vi, cycle(Vour max). In this way,V,.. does not need or stability. However, simulations have shown some instability

0 ;
to be filtered and no further calculation is necessary. The maﬁﬁOblemS for low loads (below 25% of the nominal load) under

: . . sudden changes in the load value. These problems are due to
drawback of this method is that the changesi happen only two reasons. The first reason is the delay introduced by the con-

once every rectified’;,, cycle (at 100 or 120 Hz), when a new. | alaorithm. Wh itive step load tak | th wout
Vout—max Value is measured. In spite of it, a good dynamic ré[o aigorithm. én a posilive step load takes place, the outpu

sponse is achieved. Other disadvantage is that the igaris volttsge dep:jeases ﬁnd |t§ mt?\XImuhmt cantapfpltza.ar a6t t?_i beg;mmng
not controlled, but the ripple peak value. The ripple amplitudef € period, as Sh own 'rl erng " E[)aro ot F1g. ©. tertt)a_llct)re,
proportional to the load value, so the méép, changes slightly changes temporally to 9, worsening Stability.

e parameterrh
as the load changes (higher as the load decreases). This Coul'atbeesecond reason is that the control has been calculated around
avoided by controlling the maximum and the minimum simul=

Flworking point equal to the nominal load, but the transfer func-
. : . tion changes for different loads. The discrete root locus for 25%
taneously, which would also improve the loop dynamics. of the nominal load anéh = 0 is shown in Fig. 8. The poles of
the original closed-loop system, marked with crosses, are out of
the unit circle, so the system is unstable.
The proposed voltage-loop is a Pl control that has been calcuAn easy solution to avoid instability would be to decrease the
lated simplifying the power balance equation. As the algorithoonstant used in the control&=in (14). However, this solution
has been calculated to recover steady state in a sigleycle, would decrease the dynamic response of the voltage-loop.

(16)

The parameterd” is highly dependent on the load valuek—
(15)—so different transfer functions have to be analyzed for

C. Adaptive Voltage-Loop Algorithm
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Fig. 9. Step from 60 to 40% nominal load (simulation).

The last problem is to measure the load value in order to

; \ \ ! ; i s ‘ ! ! s change the constant used in the adaptive control. The goal is to

avoid any further measurements, because that would mean using

more ADCs. The proposed solution is to use the previous values

Fig. 7. Discrete root locus for nominal load and= 0.75. calculated forG;,,, which in fact represent the output load be-
cause the input and output powers are the same in steady state.

5 - . ' . The result is an adaptive control in which the control algorithm

is changed by the controller when the load changes from above

Real Axis

0sl - ¥ | to under 50% of the nominal load, or vice versa. A simulation
' with a change from 60% to 40% of the nominal load is show in
061 Poles for Low Load ;/ Fig. 9.
without Adaptive Control{_i )
04t D. Possible Improvements

UNSTABLE ~

0zl : ‘ Some improvements in the voltage-loop considered for the
o ’ future are as follows.
%} or . 1) Maximum and minimum control. THE,,; ripple effectis
E sl Poles for Low- Load“ ‘ cancelled measuring the maximudy,; value each cycle.
...-=* with Adaptive Control However, that means that the mdayy, value can change
o4l : STABLE slightly depending on the load. This problem can be over-
N come measuring the minimum and the maximum values,
06} and trying to control both simultaneously.
2) The@G;, value is changed only once every rectifigg,
08 cycle (10 ms for 50 Hz mains). This is enough for the
| voltage-loop because it is a slow one. For improving its

dynamics, thé&7;,, value should be refreshed with a higher
frequency. However, this would worsen the Power Factor
Correction. A possible solution would be to refrgsh,

Fig. 8. Discrete root locus for 25% nominal load and= 0. with a higher frequency only during transitions, when
good dynamics are necessary.

Real Axis

The proposed and implemented solution is to use an adap-
tive algorithm for the voltage-loop. It consists in using two dif-
ferent constants in the voltage-loop algorithm, depending on theAn important advantage of using an FPGA for the controller
load value. The original constant is used for loads over 50% that some protections can be added with no additional re-
of the nominal load, and the second constant for lower loadsurces and almost no drawback in performance. The FPGA
This second constant is 1/4 of the original one, and its correencurrency allows to execute the logic dedicated to the main
sponding poles are marked with squares in Fig. 8. A power odntrol (the two loops explained before) and any additional logic
two is used because in this way the multiplier is substituted bydavoted to protections simultaneously. In this way, there is al-
shifter whichever the constant being used. The new closed-laopst no drawback in the controller performance because the
poles are inside the unit circle even under the worst delay caoentrol logic is executed as if there were no protections. Even
ditions (m = 0), assuring therefore stability. more, the protections are executed continuously, instead of the

V. PROTECTIONISSUES
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eriodic execution in a DSP. DSP solutions must keep the pi
fections resources at a minimum because the mainpcontrlg Complete VHDL SyStem
stopped while a protection is verified. V,,
Digital controllers can implement protections much easi
than their analog counterparts. Analog ICs used for power cc Vi,

verters control do not include protections. Therefore, addinc Vour
protection in an analog controller means adding hardware o FlybackModel ADCsModel [
side the IC controller. That is an advantage of digital controller (ideal behaviour)| |
in which no additional components are necessary for adding n B
algorithms. In fact, any algorithm can be added while there &
available resources (memory program in DSPs or empty mac Control
cells in FPGAs). Besides, the same measured sighals 7;,, Load sianals for
andV,,;) used for the main control are also used as protectio OnOff thg ADC
input information. € S I
Four protections have been implemented in the propos - v —!
controller. Vi in Control v
1) Overvoltage: a limit to the output voltage. Whenever thi 99“erat°r ] Block —t
limit is reached the switch is kept off in order to avoic (sine wave) oc Y]
possible damages. z
2) Overcurrent: a limit to the input current. This is not a limi
to the mean input current, but to the instant input currer Clock[ Resetl
Again, the switch is kept off when this limit is reached
It avoids the transformer saturation or any other physical
damages. Fig. 10. Complete VHDL model for simulation.

3) Maximum duty cycle: an upper limit to the duty cycle.

This is an usual protection that assures constant switchiggnverter simulation and can also generate VHDL code from
frequency and that avoids possible physical damages. Simulink models through specific plug-ins like Xilinx System

4) Maximum duty cycle change: the duty cycle can natenerator. However, there is not a direct way to generate
change beyond a limit from switching cycle to switchingjeneralized VHDL RTL code from Simulink and, anyway,
cycle. This avoids sub-harmonic oscillations that caghat would change the control design flow adopted (starting

take place if the duty cycle is above 0.5. However, thRom VHDL). A third option is using VHDL-AMS, a version

control dynamics could be affected by this limit, so it hagf VHDL that includes analog functions [16]. However, a
been calculated in order to let the dynamics unaffectedmajor goal is to obtain a model ready for fast simulation. This

is due to the need of simulating both control loops, which

VI. M ODELING METHOD requires simulating thousands of switching cycles (millions of

sgstem clock cycles). The solution adopted is to create VHDL

The proposed control has been modeled in VHDL langua . .
and implemented in an FPGA [15]. This modeling method h%ncnonal models for the rest of the system, that is, a model for

) e power converter (flyback) and other one for the ADCs. This
two main advantages.

. . ) is reflected in Fig. 10. The flyback model is just a first order
1) Rapid changes and error correction. If a control mistakeig, je| representing ideal components. Its first order equations

detected, the only handmade job is to change the VHD | the behavior of the inductor and capacitor under both
code accordingly. Synthesis and reprogramming jobs &tg,qitions: switch on and off. No switching phenomena can be

made automatically by tools, shortening considerably &, jieq in this model but it works for controlling the signals

time spent in the correction. The same process is Usgdh|ution and, therefore, testing the control. The ADCs model

for adding any new functionality. No hardware change igq|,des their delays, which have to be taken into account for a
necessary for changing the control algorithm. This featugRyailed analysis of the controller. In this way, the control was
has proven to be very useful, specially in prototypes likg, 4 stively tested under all conditions and it did work at the

the one pres_ented here. first time in the actual system.
2) Technology independence. The same VHDL code can be

easily synthesized into any other FPGA or even an ASIC.
This allows using different technologies for the prototype VII. EXPERIMENTAL RESULTS

and the final implementation. An actual power converter prototype has been designed in
A problem of developing a digital control for a powerorder to test the proposed control strategy. A 50 W flyback con-
converter using VHDL is simulating the whole system (digverter operating in CCM, with 110 V in the ac input and 48 V
ital control and power converter together). There are sorirethe dc output has been built. The chosen switching frequency
simulators for mixed (analog—digital) signal models, likés 50 kHz. Probably, DCM is preferred for such a low power.
PowerSim, but they handl€’ code and not VHDL. Other However, CCM is more interesting as a test bench because the
option is using Matlab-Simulink, which is valid for the poweruty cycle can not be kept constant for power factor correction.
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Fig. 13. Steady-state response (experimental).
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Fig. 12. Digital controller implemented in an FPGA.

Anyway, the designed control works in both CCM and DCM '~
This flyback converter is shown in Fig. 11 with the control cir
cuitry. The prototype has only testing purposes. Size could
easily reduced with a redesign of the control layout.

The proposed controller has been implemented in a Xilir .
FPGA, model XC4010. Due to the control simplicity, it has oc
cupied only 5200 equivalent gates (even less than an 8-b 1
croprocessor). The resulting digital design is fully synchronou
using a 20 MHz system clock. A picture of the chosen FPG
with the input current ADC is shown in Fig. 12. For prototyping

40% Load

purposes FPGAs are well indicated, but for a possible series p 60% Loadr
duction ASIC implementation could be very interesting fror 1 ]
the cost point of view. lout
The A/D converters are a HI5805 (12-b, 5 MSPS) for the inpi 2+ ! | . L T | . ! |
[GIah] 5.00V Che Z200m MJD.Oms CThe 3E84mMA

current and two ADCO0808 (8-b, 10 kSPS) for the output ar Chd  200mA
input voltage. The ADC for the current loop is critical in terms _ )
of speed, while the ADCs involved in both voltages samplian'g' 14. Dynamic response (experimental).
can be low speed converters or even can be substituted by a
multi-channel ADC. Although the input current ADC has a 12-k shows that the voltage loop is fast enough to change the input
resolution, the experimental results have shown that 8 b wouddnductance in very few cycles.
be enough for any of the ADCs involved in this application. Output voltage transition is slower due to the delay of the
Static and dynamic tests have been performed with the prmitage loop and to the dynamic of the capacitor (in the actual
totype. Both tests are reflected in Figs. 13 and 14 respectivgdyototype the output bulk capacitor is 446). However, the
Steady state operatios quite satisfactory. Input current is al-output voltage does not fall dramatically in the transitions. The
most sinusoidal, obtaining a PF higher than 0.99 even in trasutput bulk capacitor stores a lot of energy and it is able to keep
sient operation (input current waveform keeps a good shape voltage within a reasonable interval when a variation of the
in load transitions). This is due to the high accuracy of thead occurs, in spite of the inherent output voltage ripple in the
proposed current-loop algorithm, a digital implementation of RFC circuits.
charge control. The output voltage ripple is inherent to the PFCAn analog control based on a UC3854 circuit has been de-
operation of the converter, since it works as a resistor emulagigned and simulated, in order to compare both solutions (digital
and the output bulk capacitor must absorb the oscillations on tred analog). The analog control includetead-forwardioop,
input power. a current loop (averaged current mode control) and a Pl voltage
Dynamic responseshown in Fig. 14, shows a sudden stefpop. In order to compare it with the presented digital control,
from 40% to 60% of the nominal load (resistive load is usedhe designed analog one has a similar oscillation in the output
Input current reaches the new amplitude in only one line cycheoltage.
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5 Vidiv One of them, the current loop, has been designed as a digital
1A Al AA N version of a charge control, which is independent of the con-
VV VWV ﬂ WATAVATAYAVAY, / duction mode. This has been possible thanks to the FPGA con-
Vot /\/l/ VyVvyv© - currency, showing a high accuracy in spite of its simplicity. A
A {\ (\ good dynamic response has also been achieved, and protections

\ \ n\ f\\ \ \ f\\ f\\ \ have been added without any external resources.

Static and dynamic responses have been evaluated experi-
mentally. The proposed digital control has been compared with a

/ \ / conventional analog solution. Dynamic response improves with
| ViU VLV YL VLY the proposed control (one line cycle of establishment time for
i the input current), in spite of its simplicity. Static performance
is very satisfactory (PB 0.99).

Implementing the control algorithms in a hardware descrip-
tion language (as VHDL) allows high flexibility and technology
t independence. The same controller can be directly synthesized
100ms 200ms 30fms into any other FPGA or even in an ASIC, and it can also be
added to other logic blocks forming a more complex multi-task
Fig. 15. Analog control dynamic response (simulation). system in a single chip.
Solutions based on specific hardware, that allows high con-

currency, are suitable to be used in other power electronics

) The analog contr'ol. has been simulated under the same corx plications, like interleaved converters, power integrated cir-
tions used for the digital control (load step from 40% to 60%) IRits dynamic voltage scaling, etc

order to make a proper comparison. Reference lines have been
added in Figs. 14 and 15 to compare the dynamic response.
In the case of the proposed digital control, the input current
(Iin_ac) reaches its new value in only one line cycle, while the The authors thank A. Soto and J. A. Oliver for their sup-
analog control takes three line cycles. The output voltagg:) port in control analysis and comparison with traditional control
takes less time in the digital solution (2.5 line cycles) that in thegorithms.
analog control (five line cycles).
The simulated analog control has a worse dynamic response

for both the input current and the output voltage. This is due to ) o ) )
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