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Abstract—Nowadays, most digital controls for power converters
are based on DSPs. This paper presents a field programmable
gate array (FPGA) based digital control for a power factor cor-
rection (PFC) flyback ac/dc converter. The main difference from
DSP-based solutions is that FPGAs allow concurrent operation
(simultaneous execution of all control procedures), enabling high
performance and novel control methods. The control algorithm
has been developed using a hardware description language
(VHDL), which provides great flexibility and technology indepen-
dence. The controller has been designed as simple as possible while
maintaining good accuracy and dynamic response. Simulations
and experimental results show the feasibility of the method,
opening interesting possibilities in power converters control.

Index Terms—AC–DC power conversion, adaptive control,
concurrency control, custom hardware, digital control, field
programmable gate arrays, flyback converter, power factor
correction.

I. INTRODUCTION

T HE CONTROL of power converters is usually based on
analog commercial solutions. In the case of power factor

correction (PFC), the control is more complex because, in the
general case, two loops are involved. Anyway, there are several
analog commercial ICs solving this control problem. These cir-
cuits perform the basic control and their main advantages are
low price and ease of use.

The increasing performance and cost reduction of digital
circuits has made possible their application for power con-
verters control [1]–[3]. With a few exceptions [4], [5], they are
usually digital signal processor (DSP) based controllers that
exploit their mathematical oriented resources. These controllers
implement complex algorithms with many arithmetic opera-
tions. However, DSPs are not very common in high switching
frequency or low cost applications. PFC is no exception to
this tendency and a few digital controllers have arisen for this
application [6]–[8]. Again, they are based on DSPs, exploiting
their arithmetic resources.

The main limitation of DSPs is their sequential operation, that
is, instructions are executed one after the other. However, DSPs
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have been adapted for power electronics applications adding pe-
ripherals such as PWM modules, general purpose timers and
event interruption modules. These peripherals allow some con-
current operation, that is, several control tasks are performed
simultaneously. Anyway, the simultaneous tasks must be very
simple (PWM operation, timing ), and they are not enough
for a general concurrent operation structure like the one pro-
posed here.

Following this tendency to use concurrent hardware for con-
trol purposes, we propose using a custom hardware solution, im-
plemented in a field programmable gate array (FPGA) instead of
a DSP, in order to exploit its concurrent operation [9]. All the in-
ternal logic elements of the FPGA, and therefore all the control
procedures, are executed continuously and simultaneously. This
method allows using high speed demanding algorithms, like the
digital charge control proposed later in this paper for the current
loop. This method would not be possible using a DSP.

The control algorithms have been developed in VHSIC hard-
ware description language (VHDL) [10], [11]. This method is
as flexible as any software solution, like developing the control
algorithms in C-language for a DSP. Another important advan-
tage of VHDL is that it is technology independent. The same
algorithm can be synthesized into any FPGA and even has a
possible direct path to a custom chip. In this way, the FPGA
could be substituted by an Application Specific Integrated Cir-
cuit (ASIC), opening interesting possibilities in power systems
in terms of performance and cost.

VHDL has also been used for modeling purposes. The power
converter and the A/D converters (ADC) have been modeled
in VHDL in order to simulate the whole system. These models
have been developed as simple as possible in order to run long
simulations in a reasonable time. In this way, both control loops,
which differ greatly in their characteristic time, can be simulated
simultaneously.

An FPGA-based solution changes the design point of view.
Arithmetic operations should be kept to the minimum to opti-
mize the required logic resources (silicon area). However, con-
ditional execution (translated toif statements in VHDL) should
be exploited because of its hardware oriented nature. As a result,
an adaptive control is proposed for the voltage loop. Conditional
execution is also specially suitable for implementing protections
because they only actuate under specific conditions.

A disadvantage of FPGAs is their cost. They are slightly more
expensive than DSPs and they have no A/D converters inte-
grated, so their cost must be added. However, the high-speed
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A/D converter used in the proposed control can not be sub-
stituted by those usually integrated in the DSPs. Anyway, the
cost disadvantage would disappear substituting the FPGA by an
ASIC, suitable for mass production.

As a conclusion, substituting the common DSP solutions by
FPGA-based ones means a trade-off between the DSP capacity
for arithmetic operations and the FPGA concurrency. In order
to exploit the FPGA concurrency new control algorithms must
be developed, because adapting the DSP ones to FPGAs would
mean no special advantage. These new algorithms can be quite
simple, like the digital charge control proposed, but they must
be designed from the concurrency point of view.

The rest of the paper is organized as follows. Next section
draws a general scheme of the application and its control.
Sections III and IV explain in detail both implemented control
loops, while Sections V and VI explain the digitally imple-
mented protections and the modeling method. Finally, there are
some experimental results and conclusions.

II. GENERAL SCHEME

The objective of a PFC converter is to take energy from the
ac source reducing the harmonic currents as much as possible,
ideally working as a resistor emulator (sinusoidal current).
Therefore, a loop must control the input current making
it proportional to the input voltage through a previously
defined conductance . This is the first loop: the current
loop, which controls according to . However, this loop
is not enough because the output voltage has also to
be controlled. Thus, the second loop controls changing

, used in the first loop. So the second loop controls
according to (voltage loop). An important difficulty for
the voltage loop is that has a 100 or 120 Hz ripple (twice
the AC mains frequency). Traditional analog controls filter
that ripple, reducing consequently the maximum voltage-loop
bandwidth to about 20 Hz. Digital controls usually avoid that
filter and the bandwidth reduction through some algorithm, like
calculating the ripple and subtracting it from the measured
signal. We propose a much simpler method based on measuring
the peak values. This is explained in the “Voltage-Loop
Controller” section.

Most PFC controls must observe at least three signals,
, , as reflected in Fig. 1. In digital controllers, these

signals are sampled through A/D converters. The only output
of the controller is the signal that drives the switch in the power
converter.

The proposed control also implements some protections that
open the switch under specific circumstances, like overcurrent
or overvoltage, or that avoid some malfunctions. These protec-
tions are implemented in the digital controller, so no external
resources are necessary for the protections. This is explained in
further detail in the “Protection Issues” section.

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 the
equivalent input conductance that is used in the second
part of the control, the current-loop. This second loop calculates
the control signal sent to the switch in the power converter.

Fig. 1. General scheme of a PFC converter.

The current-loop controls the mean input current making
it proportional to the input voltage through , and
therefore it achieves a high Power Factor (PF). The calculated
control signal is not a duty cycle, but an “On/Off” signal that
goes directly to the switch driver, avoiding a PWM block.
Anyway, the switching frequency is kept constant. The digital
protections are not shown for figure clearness. They actuate
over the control signal before it is sent to the switch.

III. CURRENT-LOOPCONTROLLER

This loop controls the input current in order to meet
the PFC goal. Its purpose is to keep proportional to ,
in this case through the equivalent input conductance , the
inverse of the equivalent input resistance , calculated by the
voltage-loop. The goal is to set the mean input current (over a
switching cycle) according to the following formula:

(1)

The proposed current-loop is the digital version of a charge
control. The original charge control for PFC applications was
proposed in [12], and it had not previously been implemented
in a digital version because it is not feasible using a DSP. The
working principle is to integrate during a switching cycle
(in the digital version, the integrator is substituted by a simple
adder) until it reaches the target value, defined by the product of

by , as reflected in (1). The digital version of the mean
input current is the sum of the input current samples divided by
the number of samples in a switching cycle ( in this
case)

(2)

This loop keeps the switch closed until the mean input cur-
rent reaches the value defined by (1). Substituting (2) in (1), the
condition for opening the switch becomes

(3)

In order to avoid one of the two multipliers in (3), is
scaled by the factor (number of samples in a switching
cycle). Therefore, the variable which is in fact used is

(4)

Finally, the algorithm implemented for the current-loop con-
troller is

(5)
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Fig. 2. Block diagram of the complete system.

The above equations are implemented as shown in Fig. 3.
All the variables are represented in fixed-point format with the
number of bits indicated in the figure. The sampled variables

, representation depend on the A/D converter scale and
the resistor divider, which can be chosen for an adequate repre-
sentation. The accumulator uses more bits than , as-
suring that overflow never takes place. The format is such
that can be directly compared to .

The number of possible duty cycle values (equivalent to the
PWM resolution) is the result of dividing the comparator fre-
quency by the switching frequency (50 kHz). That is the reason
for using a higher frequency for the adder and comparator
(20 MHz) than for the A/D converter (5 MHz). In this way,
the duty cycle resolution is 400 instead of 100, which would
be the result if the comparator worked at the ADC frequency.
This is done in order to avoid high frequency oscillations
[5], [13], as reflected in Fig. 4(a). Another solution would be to
use a 20 MHz A/D converter, but the proposed solution obtains
almost the same result with a slower, and therefore cheaper,
ADC. The same sample is added up to four times, but the
error associated with this operation is small, ashas a slow
evolution during a switching cycle as shown in Fig. 4(b). The
mean input current is measured with about a 1.6% error, which
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 multiplier
frequency allows to implement it using fewer resources.

The proposed digital charge control would be difficult to use
in a DSP because of the DSP sequential nature. At least, two in-
structions would be necessary after every sample (addition and
comparison), making the process too slow for obtaining an ac-
ceptable duty cycle resolution. That is why DSP-controllers use
more complex algorithms for the current loop, which are usu-
ally based on PID algorithms [6]–[8]. The main difference of the
proposed current-loop controller is that no duty cycle is calcu-
lated but the switch is controlled directly, so the PWM module is
embedded inherently in the proposed algorithm (no extra PWM
is necessary). This means that the mean input current is con-

Fig. 3. Current-loop controller scheme.

(a)

(b)

Fig. 4. (a) Mean input current for 100 (left) and 400 (right) possible “d” values.
(b) Input current sampled at 5/20 MHz.

trolled more accurately, as it is controlled at 20 MHz (every
50 ns) instead of at 50 kHz (every 20s, when a new duty cycle
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is calculated). The advantage of doing so is a higher PF. How-
ever, the PF obtained by the PID algorithms is high enough, so
the actual advantage is a simpler algorithm for the same or even
higher accuracy.

This loop, implemented as a digital charge control, is a good
example of the FPGA advantages. It uses a high-speed algo-
rithm in which all the resources are executed simultaneously.
The hardware resources required for the algorithm implementa-
tion are quite small (just an adder, a comparator and a multiplier)
when compared with the traditional PID algorithms. The main
point, which makes it as accurate as the traditional algorithms, is
concurrency: not many resources, but executed simultaneously.

Other advantages of this current-loop are valid operation for
both CCM and DCM and no need for a converter model. This
method is valid independently of the inductor value.

IV. V OLTAGE-LOOPCONTROLLER

The previous loop makes proportional to through
, therefore achieving power factor correction. However, that

loop alone would leave the output voltage uncontrolled.
Therefore, the voltage-loop calculates in order to control

, and consequently the input power .
The whole control has only one output: the control signal sent

to the switch in the power converter. This signal is calculated
by the current-loop as explained before. The second loop (the
voltage-loop) actuates changing the value that is sent to the
current-loop. So one loop changes a parameter used in the other
one. That is the way in which two different signals and

are controlled with just one control signal.

A. Voltage-Loop Design

For clearness purposes, the following calculus are made with
instead of , which is the variable used. The only change

is a scaling by the factor as reflected in (4).
The control formula has been calculated without any transfer

function. Furthermore, the controller has been calculated di-
rectly as a discrete controller, not as the digital redesign of an
analog algorithm. The principle is just equaling the input and
output power so remains unchanged, based on the capac-
itor value, . The power balance equation is the following one,
where is the output voltage at the beginning of a rectified

cycle and at the end of the same cycle

(6)

The input power depends on the previous value of the input
conductance , and the goal is to calculate the new
value so the input power is equal to the output power,
restoring the balance

(7)

(8)

(9)

The result is a second order equation, but the implemented
algorithm uses the first order equivalent equation (which is the
linearization around the working point)

(10)

is the period of rectified (10 ms), is the
reference value for (48 V) and is also considered a
constant (110 V), so is the only variable. This algorithm is a
discrete regulator that makes the difference between the new and
the previous values proportional to the error. This error is
the difference between the reference and measured values

(11)

B. Voltage-Loop Analysis

As stated before, the voltage-loop algorithm has been de-
signed without calculating any transfer function, just equaling
the input and output power. However, in order to analyze the
control algorithm, its transfer function is calculated. As it is a
digital regulator, the -transform (discrete) transfer function is
used. The corresponding-transform formula is deduced as

(12)

being constant equal to

(13)

Therefore, the transfer function is

(14)

As the variable used is instead of , the constant
includes the factor in the actual algorithm.

Its physical implementation is reflected in Fig. 5, according
to (10). This algorithm, if transformed to a continuous equa-
tion, would correspond to a PI control. Therefore, it has no
steady-state error. It has also shown a good dynamic response
for controlling , recovering steady state within 3–4 cycles
as shown in the experimental results.

The implemented loop is quite simple. All the variables are
represented in fixed-point format using the number of bits indi-
cated in Fig. 5. There is a subtractor for the difference between
the reference and measured . The result of the subtraction
has to be multiplied by a constant . However, this constant
can always be adjusted to a power of two (changing the internal
representation 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
spite of this loop simplicity, it has worked fine attaining a good
dynamic response and accuracy (as shown later in the “Exper-
imental Results” section). This allows keeping the whole con-
troller very simple, according to the design methodology here
proposed.
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Fig. 5. Voltage-loop controller scheme.

In a power factor correction application, has a 100 or
120 Hz ripple (twice the AC mains frequency). An advantage
of using a digital control is avoiding the low-pass filter used for

, which analog controls use for canceling that ripple. This
filter decreases dramatically the bandwidth, and therefore the
dynamics. Some controls [7], [14] overcome this problem cal-
culating the ripple and subtracting it from the measured .
However, this calculus is not a trivial one. We propose a simpler
method that consists in using the maximum value of in each
rectified cycle . In this way, does not need
to be filtered and no further calculation is necessary. The main
drawback of this method is that the changes in happen only
once every rectified cycle (at 100 or 120 Hz), when a new

value is measured. In spite of it, a good dynamic re-
sponse is achieved. Other disadvantage is that the meanis
not controlled, but the ripple peak value. The ripple amplitude is
proportional to the load value, so the mean changes slightly
as the load changes (higher as the load decreases). This could be
avoided by controlling the maximum and the minimum simul-
taneously, which would also improve the loop dynamics.

C. Adaptive Voltage-Loop Algorithm

The proposed voltage-loop is a PI control that has been calcu-
lated simplifying the power balance equation. As the algorithm
has been calculated to recover steady state in a singlecycle,

Fig. 6. V sampling delay due to the maximum technique.

its dynamics are quite demanding. Therefore, stability problems
have to be analyzed.

In order to do so, a discrete root locus analysis (in the-plane)
is presented. For this analysis, the complete open loop transfer
function is necessary, so the transfer function betweenand

is shown (representing the output capacitor behavior based
on the mean current balance during a rectifiedcycle)

(15)

Equation (15) is the continuous transfer function, but for the
discrete analysis its-transform is used. In fact, it has been
converted using the modified-transform so we can take into
account the delay introduced by the technique of sampling

during a rectified cycle. The parameter “”
represents this delay, being 1 for no delay and 0 for a full period
delay ( ms for 50 Hz mains). The delay is usually one
fourth of the period, as shown in the left part of Fig. 6, so “”
is usually 0.75.

The modified -transform of (15) is

(16)

The parameter “” is highly dependent on the load value—
in (15)—so different transfer functions have to be analyzed for
different loads. The root locus is based on the open transfer func-
tion, which is the result of multiplying (14) by (16). Fig. 7 shows
the discrete root locus for nominal conditions (nominal load and

). The poles of the closed-loop system, marked with
crosses, are quite inside the unit circle, which is the condition
for stability. However, simulations have shown some instability
problems for low loads (below 25% of the nominal load) under
sudden changes in the load value. These problems are due to
two reasons. The first reason is the delay introduced by the con-
trol algorithm. When a positive step load takes place, the output
voltage decreases and its maximum can appear at the beginning
of the period, as shown in the right part of Fig. 6. Therefore,
the parameter “ ” changes temporally to 0, worsening stability.
The second reason is that the control has been calculated around
a working point equal to the nominal load, but the transfer func-
tion changes for different loads. The discrete root locus for 25%
of the nominal load and 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.

An easy solution to avoid instability would be to decrease the
constant used in the control—in (14). However, this solution
would decrease the dynamic response of the voltage-loop.
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Fig. 7. Discrete root locus for nominal load andm = 0:75.

Fig. 8. Discrete root locus for 25% nominal load andm = 0.

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 the
load value. The original constant is used for loads over 50%
of the nominal load, and the second constant for lower loads.
This second constant is 1/4 of the original one, and its corre-
sponding poles are marked with squares in Fig. 8. A power of
two is used because in this way the multiplier is substituted by a
shifter whichever the constant being used. The new closed-loop
poles are inside the unit circle even under the worst delay con-
ditions , assuring therefore stability.

Fig. 9. Step from 60 to 40% nominal load (simulation).

The last problem is to measure the load value in order to
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
calculated for , which in fact represent the output load be-
cause the input and output powers are the same in steady state.
The result is an adaptive control in which the control algorithm
is changed by the controller when the load changes from above
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
Fig. 9.

D. Possible Improvements

Some improvements in the voltage-loop considered for the
future are as follows.

1) Maximum and minimum control. The ripple effect is
cancelled measuring the maximum value each cycle.
However, that means that the mean value can change
slightly depending on the load. This problem can be over-
come measuring the minimum and the maximum values,
and trying to control both simultaneously.

2) The value is changed only once every rectified
cycle (10 ms for 50 Hz mains). This is enough for the
voltage-loop because it is a slow one. For improving its
dynamics, the value should be refreshed with a higher
frequency. However, this would worsen the Power Factor
Correction. A possible solution would be to refresh
with a higher frequency only during transitions, when
good dynamics are necessary.

V. PROTECTIONISSUES

An important advantage of using an FPGA for the controller
is that some protections can be added with no additional re-
sources and almost no drawback in performance. The FPGA
concurrency allows to execute the logic dedicated to the main
control (the two loops explained before) and any additional logic
devoted to protections simultaneously. In this way, there is al-
most no drawback in the controller performance because the
control logic is executed as if there were no protections. Even
more, the protections are executed continuously, instead of the
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periodic execution in a DSP. DSP solutions must keep the pro-
tections resources at a minimum because the main control is
stopped while a protection is verified.

Digital controllers can implement protections much easier
than their analog counterparts. Analog ICs used for power con-
verters control do not include protections. Therefore, adding a
protection in an analog controller means adding hardware out-
side the IC controller. That is an advantage of digital controllers,
in which no additional components are necessary for adding new
algorithms. In fact, any algorithm can be added while there are
available resources (memory program in DSPs or empty macro-
cells in FPGAs). Besides, the same measured signals,
and used for the main control are also used as protections
input information.

Four protections have been implemented in the proposed
controller.

1) Overvoltage: a limit to the output voltage. Whenever this
limit is reached the switch is kept off in order to avoid
possible damages.

2) Overcurrent: a limit to the input current. This is not a limit
to the mean input current, but to the instant input current.
Again, the switch is kept off when this limit is reached.
It avoids the transformer saturation or any other physical
damages.

3) Maximum duty cycle: an upper limit to the duty cycle.
This is an usual protection that assures constant switching
frequency and that avoids possible physical damages.

4) Maximum duty cycle change: the duty cycle can not
change beyond a limit from switching cycle to switching
cycle. This avoids sub-harmonic oscillations that can
take place if the duty cycle is above 0.5. However, the
control dynamics could be affected by this limit, so it has
been calculated in order to let the dynamics unaffected.

VI. M ODELING METHOD

The proposed control has been modeled in VHDL language
and implemented in an FPGA [15]. This modeling method has
two main advantages.

1) Rapid changes and error correction. If a control mistake is
detected, the only handmade job is to change the VHDL
code accordingly. Synthesis and reprogramming jobs are
made automatically by tools, shortening considerably the
time spent in the correction. The same process is used
for adding any new functionality. No hardware change is
necessary for changing the control algorithm. This feature
has proven to be very useful, specially in prototypes like
the one presented here.

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
and the final implementation.

A problem of developing a digital control for a power
converter using VHDL is simulating the whole system (dig-
ital control and power converter together). There are some
simulators for mixed (analog–digital) signal models, like
PowerSim, but they handle code and not VHDL. Other
option is using Matlab-Simulink, which is valid for the power

Fig. 10. Complete VHDL model for simulation.

converter simulation and can also generate VHDL code from
Simulink models through specific plug-ins like Xilinx System
Generator. However, there is not a direct way to generate
generalized VHDL RTL code from Simulink and, anyway,
that would change the control design flow adopted (starting
from VHDL). A third option is using VHDL-AMS, a version
of VHDL that includes analog functions [16]. However, a
major goal is to obtain a model ready for fast simulation. This
is due to the need of simulating both control loops, which
requires simulating thousands of switching cycles (millions of
system clock cycles). The solution adopted is to create VHDL
functional models for the rest of the system, that is, a model for
the power converter (flyback) and other one for the ADCs. This
is reflected in Fig. 10. The flyback model is just a first order
model representing ideal components. Its first order equations
model the behavior of the inductor and capacitor under both
conditions: switch on and off. No switching phenomena can be
studied in this model but it works for controlling the signals
evolution and, therefore, testing the control. The ADCs model
includes their delays, which have to be taken into account for a
detailed analysis of the controller. In this way, the control was
exhaustively tested under all conditions and it did work at the
first time in the actual system.

VII. EXPERIMENTAL RESULTS

An actual power converter prototype has been designed in
order to test the proposed control strategy. A 50 W flyback con-
verter operating in CCM, with 110 V in the ac input and 48 V
in the dc output has been built. The chosen switching frequency
is 50 kHz. Probably, DCM is preferred for such a low power.
However, CCM is more interesting as a test bench because the
duty cycle can not be kept constant for power factor correction.
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Fig. 11. Actual prototype.

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 be
easily reduced with a redesign of the control layout.

The proposed controller has been implemented in a Xilinx
FPGA, model XC4010. Due to the control simplicity, it has oc-
cupied only 5200 equivalent gates (even less than an 8-b mi-
croprocessor). The resulting digital design is fully synchronous,
using a 20 MHz system clock. A picture of the chosen FPGA
with the input current ADC is shown in Fig. 12. For prototyping
purposes FPGAs are well indicated, but for a possible series pro-
duction ASIC implementation could be very interesting from
the cost point of view.

The A/D converters are a HI5805 (12-b, 5 MSPS) for the input
current and two ADC0808 (8-b, 10 kSPS) for the output and
input voltage. The ADC for the current loop is critical in terms
of speed, while the ADCs involved in both voltages sampling
can be low speed converters or even can be substituted by a
multi-channel ADC. Although the input current ADC has a 12-b
resolution, the experimental results have shown that 8 b would
be enough for any of the ADCs involved in this application.

Static and dynamic tests have been performed with the pro-
totype. Both tests are reflected in Figs. 13 and 14 respectively.
Steady state operationis quite satisfactory. Input current is al-
most sinusoidal, obtaining a PF higher than 0.99 even in tran-
sient operation (input current waveform keeps a good shape
in load transitions). This is due to the high accuracy of the
proposed current-loop algorithm, a digital implementation of a
charge control. The output voltage ripple is inherent to the PFC
operation of the converter, since it works as a resistor emulator
and the output bulk capacitor must absorb the oscillations on the
input power.

Dynamic response, shown in Fig. 14, shows a sudden step
from 40% to 60% of the nominal load (resistive load is used).
Input current reaches the new amplitude in only one line cycle.

Fig. 13. Steady-state response (experimental).

Fig. 14. Dynamic response (experimental).

It shows that the voltage loop is fast enough to change the input
conductance in very few cycles.

Output voltage transition is slower due to the delay of the
voltage loop and to the dynamic of the capacitor (in the actual
prototype the output bulk capacitor is 440F). However, the
output voltage does not fall dramatically in the transitions. The
output bulk capacitor stores a lot of energy and it is able to keep
the voltage within a reasonable interval when a variation of the
load occurs, in spite of the inherent output voltage ripple in the
PFC circuits.

An analog control based on a UC3854 circuit has been de-
signed and simulated, in order to compare both solutions (digital
and analog). The analog control includes afeed-forwardloop,
a current loop (averaged current mode control) and a PI voltage
loop. In order to compare it with the presented digital control,
the designed analog one has a similar oscillation in the output
voltage.
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Fig. 15. Analog control dynamic response (simulation).

The analog control has been simulated under the same condi-
tions used for the digital control (load step from 40% to 60%) in
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
( reaches its new value in only one line cycle, while the
analog control takes three line cycles. The output voltage
takes less time in the digital solution (2.5 line cycles) that in the
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
the filter used for avoiding the output voltage ripple, which is
necessary for avoiding perturbations on the current loop. This
filter turns the voltage loop slower, and then the input current
establishment time is higher. In conventional analog controls a
trade-off must be reached between dynamic response and input
current distortion. Relaxing the output voltage filter improves
the dynamic response, but worsens the input current distortion
(PF). The proposed solution avoids the output voltage filter, so
the dynamic response can be improved without affecting the
input current distortion.

VIII. C ONCLUSION

A full digital controller for a power converter has been
proposed. The most important difference from previously
proposed digital controllers is that it is based on specific
hardware (an FPGA in this case) instead of the common DSP
solutions. The main advantage of this method is that all the
logic is executed continuously and simultaneously (concurrent
operation). New high-speed algorithms can be used in this way.
However, complex arithmetic operations should be avoided
whenever possible, because they need much resources (silicon
area). This is the other main characteristic of the proposed
controller:simplicity.

The target system of this work is a flyback converter working
as a Power Factor Corrector, although it can be easily adapted
to any other topology or application. This task (PFC) makes the
control a bit more complicated, involving two control loops.

One of them, the current loop, has been designed as a digital
version of a charge control, which is independent of the con-
duction mode. This has been possible thanks to the FPGA con-
currency, showing a high accuracy in spite of its simplicity. A
good dynamic response has also been achieved, and protections
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
the proposed control (one line cycle of establishment time for
the input current), in spite of its simplicity. Static performance
is very satisfactory (PF 0.99).

Implementing the control algorithms in a hardware descrip-
tion language (as VHDL) allows high flexibility and technology
independence. The same controller can be directly synthesized
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
system in a single chip.

Solutions based on specific hardware, that allows high con-
currency, are suitable to be used in other power electronics
applications, like interleaved converters, power integrated cir-
cuits, dynamic voltage scaling, etc.
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