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This paper presents a design of digital control based on a fixed-point model for an
application of a single phase AC-DC boost Converter with a high power factor and low

current distortion. The system uses a simple closed-loop control with a slow voltage loop
(outer loop) to stabilize the output DC bus voltage at the required level and a fast current
loop (inner loop) to achieve input power factor correction. The digital control uses a fixed-
point structure that improves the control accuracy without increasing the number of
arithmetic operations and does not require specific running conditions. The behavior of
the system is fully verified by using a digital simulation under Matlab/Simulink
environment and experimentally with an implementation in real-time using Xilinx ISE
14.7 software, hardware description language VHDL, Xilinx FPGA ML605 board, and
EVAL-AD7656 evaluation board for high-speed analog-to-digital conversion. The
obtained results show a good agreement between experiments and simulations for steady-
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state and transient-responses.

1. INTRODUCTION

Recently, due to the advancement in digital electronics, the
field programmable gate arrays (FPGAs) have appeared as
new solutions for the implementation of complex control
algorithms. Compared to the conventional implementation
solutions (processor and microcontroller chips) [1], the
FPGAs are fully programmable, the updates and the
adaptations can be carried out even after delivery to the
customer. The development cycle of complex systems is
shortened by the early availability of product prototypes
(intellectual property IP cores), and the developed hardware
can be updated in the field, resulting in an extremely short
time-to-market in FPGAs, the complex tasks can be solved by
software implementations; also the executions can be obtained
with a significant speed via the tasks parallelization [2-5].

It should be noted that to reduce cost and time, the FPGAs

enable to test the developed algorithms even before conception.

This technique is called FPGA in the loop (FIL) where the
system tuning and its validation can be obtained easily and
safely. The FIL combines the software flexibility and real-time
accuracy with a hardware execution speed [6, 7]. The
controlled system (generators, sensors, observers and
mechanical actuators...etc.) can be simulated on a host
computer PC with a software environment such as Matlab-
Simulink and at the same time, the control algorithm can be
executed in real-time on the hardware (FPGA) [8].

In some previous research works, several digital controllers
using FPGAs were realized for the single-phase AC-DC boost
power factor corrector (PFC) topology. The algorithms of
these controllers are based on different ideas and analysis [9-
15].
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In this context, the work of this paper deals with an
application of a non-polluting single-phase AC-DC converter
digitally controlled by the ML605 Xilinx FPGA board [16].
The topology is composed of a single phase diode-bridge
associated with a DC/DC boost converter [17, 18]. The main
goal of its closed-loop control system is to maintain the DC
bus voltage at the required level and ensure the unity power
factor correction (the input current drawn from the source
should be sinusoidal and in phase with the voltage).

A digital simulation using Matlab/Simulink of both the
power and control systems is performed and the digital
controller is developed and implemented in real-time on
FPGA with several tests. The control algorithm is
implemented using 16-bit fixed-point operator. The use of
fixed-point arithmetic operators offers significantly less area,
a shorter latency, and less power consumption [5, 19, 20]. The
selection of the data range of a suitable fixed-point
representation format for FPGA implementation is obtained
from the Matlab/Simulink model-based design. The illustrated
results confirm the good agreement between the simulation
and the experimental study.

The remaining of this paper is organized as follows. The
conventional single-phase AC-DC converter is presented in
Section 2. Section 3 presents the non-polluting single-phase
AC-DC converter and its closed-loop control system. The
implementation of the control algorithm in FPGA is presented
in Section 4. Section 5 describes the internal control module
developed in FPGA. The obtained simulation results for
different operating conditions are illustrated and discussed in
Section 6. Section 7 presents the experimental implementation
on the FPGA system board and the obtained experimental
results. Some conclusions are given in Section 8.
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2. CONVENTIONAL SINGLE PHASE AC-DC

CONVERTER

Semiconductor diodes are generally used in rectifier bridges,
which rectify an alternating current (AC) to direct current
(DC). They can produce only a rectified DC voltage of a fixed
average value. The conventional single-phase AC-DC
converter contains generally of a full-bridge rectifier followed
by a capacitor filter to reduce the ripples present in the output
voltage (Figure 1) [18, 21]. The input current of such a rectifier
circuit comprises current pulses that result a high harmonic
distortion of the input current. In this topology, the diodes
conduct only during the charging of the capacitor; when the
instantaneous source voltage is greater than the capacitor
voltage (for short periods of time). The typical total harmonic
distortion of input current for this type of rectifier is generally
in the range of 55% to 65% and the power factor is about 0.6
[22]. Figure 2 shows the typical simulated line voltage,
capacitor voltage, and line current waveforms.

Figure 1. Single-phase full-bridge rectifier followed by a
capacitor filter
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Figure 2. Typical simulated AC source voltage, capacitor
voltage and input current waveforms

3. NON-POLLUTING SINGLE PHASE AC-DC

CONVERTER

While the capacitor filter used in the conventional rectifier
significantly eliminates the ripple from the output DC voltage
and introduces high distortions to the input current (current
discontinuously with short pulses). Several passive and active
methods were used to correct the power factor of this converter
and make the total harmonic distortion (THD) of its input
current at the required level [18]. The limits of the harmonic
pollution are imposed typically by the standard norm IEC
61000-3-2 which evaluates and fixes the limit for equipment
that draws input current less than or equal to 16A per phase
[18, 21, 23].

The power factor depends on both current harmonic content
and displacement power factor. The structure depicted in
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Figure 3 generally acts as a pre-regulator connected to an AC
source to bring its power factor close to unity. The single-
phase source provides its energy to resistive load via a PFC
stage composed of a single phase diode-bridge associated with
a DC/DC boost converter. This topology is characterized by
high efficiency; it offers a good DC bus voltage regulation and
a unity power factor at the AC source side with a closed-loop
control.

The control circuit illustrated in Figure 3 is performed with
a slow voltage loop (outer loop) to stabilize the DC bus voltage
and a fast current loop (inner loop) to achieve a near unity
power factor. For the first loop, a proportional-integral (PI)
controller is used to regulate the DC bus voltage. Its output
(magnitude of the reference source current) is multiplied by a
rectified sinusoidal signal synchronized with the source
voltage. The obtained result is considered as the instantaneous
reference inductor current ir.r. For the second loop, the
inductor current ip is forced to track its reference irwr by a
hysteresis current controller within the desired bandwidth.
This regulator is characterized by simplicity and high
robustness.
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Figure 3. AC-DC boost PFC with current and voltage loop
control

The DC bus voltage V; is sensed and compared with a
reference value Vg.r. The obtained error is used as input for
the PI controller and the output of the PI controller is It refmax.

Assuming that i; = i;,.r and considering that the converter
components are ideal, with this assumption a power balance is
independent of the presence of the converter and the
expressions of the instantaneous powers can be equal on the
source and the load sides as:

Vmax-lmax ~ % VS
eimer = v, (C. 5D (M
with:
Vmax: Magnitude of the source voltage;
Imax: Magnitude of source current.
(1) can be rewritten as:
Viz + E . d‘/S2 Vmaxlmax (2)
R 2 dt 2
with:
Ve =T, + 7,



(2) is of a non-linear nature. The linearization around the
operating point gives the transfer function of the system:
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The scheme in closed-loop is given by Figure 4.
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Figure 4. PI controller for DC bus voltage regulation

The parameters of PI controller are calculated by dominant-
pole compensation method as:

RC
Kp :71{[
Y 4)
K - 1 8nf¥
LT, T BRVyu.

with:
K,: gain of proportional action.
Ki: gain of integral action.
B: attenuation of the measured output voltage.
f.: the voltage closed-loop crossover frequency.

4. IMPLEMENTATION OF CONTROL ALGORITHM
ON FPGA

The global control system of the structure presented by
Figure 3 is digitally implemented on the ML605 FPGA board,
as illustrated in Figure 5. It contains three parts: analog-to-
digital converter AD7656 [24], ML605 FPGA and XM105
mezzanine card [25]. The implemented control program
requires two voltage sensors and one Hall Effect current sensor
to detect the source voltage, the DC bus voltage, and the
inductor current respectively.

| L 0(Vs
s R
| Voltage Sensor_| [ Current Sensor | Voltage Sensor
AD7656
=z 1
FMCHPC
ML605 FPGA :) XMI105

FMCLPC

Figure 5. Digital control algorithm system for AC-DC boost
PFC
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4.1 Analog-to-digital converter ad7656

The AD7656 is used to perform the analog-to-digital
conversion of the captured signals (source voltage, DC bus
voltage, and inductor current). The AD7656 has six-channel
16-/14-/12-bit, simultaneous sampling and high-speed parallel
and serial interfaces. It can be interfaced with FPGA,
microprocessors, or digital signal processors (DSPs). It
operates with a throughput going of up to 250 kSPS and
contains a low noise, wide bandwidth track-and-hold
amplifiers that can handle input frequencies up to 4.5 MHz
[24].

4.2 M1605 FPGA

The ML605 FPGA controls and processes the AD7656 data
acquisition system, and then generates the control signal. The
ML605 board enables users to develop designs targeting the
Virtex®-6 XC6VLX240T-1FFG1156 FPGA. It permits the
application of various research fields based on FPGA such as
embedded processing systems and hardware in the loop co-
simulation, signal and imaging processing...etc. The ML605
board has one 2.5V LVDS differential 200 MHz oscillator and
66 MHz 2.5V single-ended clock socket provided for user
applications. Some commonly used features include a DDR3
SODIMM memory, an 8-lane PCI, Express® interface, a tri-
mode Ethernet PHY, general-purpose /O, and a UART.
Additional user- desired features can be added through
mezzanine cards attached to the onboard high-speed VITA-57
FPGA Mezzanine Connector (FMC) high pin count (HPC)
expansion connector, or the onboard VITA-57 FMC low pin
count (LPC) connector [16].

4.3 XM105 mezzanine card

The XM 105 mezzanine card is used to output the generated
signal and send it to transistor IGBT via an integrated card that
ensures the insulation and the dead time of control signals [25].

5. FPGA INTERNAL CONTROL MODULE DESIGN

To design the overall control system, the internal control
module is written by using VHDL language with a structural
description, where each part of the control system is designed
in different levels of abstraction, according to the required
accuracy and the complexity of each model.

Algorithm design

@ Floating point ¢ code

Fixed point conversion (word and
fractional length)

@, Fixed point VHDL code

Implementation on FPGA

No
Good

Performance
Yes

Successful design

Figure 6. Different steps for the design implementation flow
of a digital control algorithm



The flowchart of Figure 6 summarizes the different steps

used for the implementation of the digital control algorithm.
1. Design and simulation of the control algorithm under
Matlab/Simulink software.
2. Determination of suitable fixed-point representation
(word and fractional length) using the fixed-point and
HDL-Coder tools integrated into Matlab/Simulink
Software [8] or by manual calculation [19].
3. Implementation of the control algorithm.
4. Verification of the control algorithm performance. If
the performance is satisfied, a successful design is
approved; else the execution returns to step 2 again.
The AC-DC boost PFC system is controlled by a closed-
loop control utilizing a PI controller and a hysteresis current
controller as shown in Figure 3.

The output of the PI controller in the discrete-time domain
is given by [7, 26]:

Iirefmax (K) = Iprefmax(k — 1) + TsKje(k) (5)
- Kpetk—1)

where:

Ts: Sampling period.

e(k) and e(k — 1) Are the DC bus voltage errors at k and
k-1 respectively.

For the hysteresis current controller, an RS flip-flop
followed by a comparator is used. The comparator has an
upper threshold (VH) and a lower threshold (VL). The RS flip-
flop receives the signals provided by the comparator and
generates the control signal of transistor IGBT.

The VHDL behavioral description of the whole system is
performed in a 16-bit fixed-point format. Figure 7 shows the
16-bit fixed-point data format of the AC-DC boost PFC
control algorithm generated by fixed-point tools in
Matlab/Simulink.
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Figure 7. 16-bit fixed-point data format Matlab/Simulink
model of AC-DC boost PFC control algorithm
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Figure 8. Implemented 16-bit fixed-point data format circuit
of the AC-DC boost PFC control algorithm

The FPGA hardware implementation model 16-bit fixed-
point data format generated by Xilinx ISE software is shown
in Figure 8.

The connection between AD7656 and ML605 FPGA should
be tested to confirm the correct data and timing requirements.
The AD7656 is connected to ML605 FPGA through the FMC
HPC connector. The AD7656 operates at a frequency of 100
MHz generated by the ML605 FPGA. The ML605 FPGA
sends a start signal acquisition when the BUSY signal is at
high level, AD7656 starts sampling, when the sampling is over,
the BUSY signal passes in low level, the FPGA reads out the
six channels. The whole conversion time takes 4pus. Figure 9
shows the interface signals and data bus between ML605
FPGA and AD7656.

Figure 9. Interface signals and data bus between ML605
FPGA and AD7656

6. SIMULATION RESULTS

In order to verify the feasibility of the AC-DC boost PFC,
several simulation tests are performed under Matlab/Simulink
environment for different operating conditions. The
demonstration is done for a low-power application, where the
parameters of the power circuit are given in Table 1. The
hysteresis band is fixed to 0.1 A. For the calculation of the PI
controller parameters, the crossover frequency is 5 Hz and the
attenuation of the measured output voltage is of 0.01.

Table 1. Power circuit parameters

Parameters values

AC Source voltage (RMS) Ve 10V
AC Source frequency f 50 Hz
DC bus voltage Vs 20V

DC bus capacitance C 1100 pF
DC boost converter inductance L~ 10 mH
Load resistance R 200 Q

Figure 10 shows the waveforms of source voltage and
current for the steady-state operating. Note that the output DC
bus voltage is fixed to 20 V. It is well observed that the
resistive load is fed by a non-polluting converter, where the
source current has a near-sinusoidal waveform and it is
perfectly in phase with the source voltage; this can show that
the source power factor is very close to unity.

The waveforms of the output DC bus voltage and the source
current for the step change of Vi.r are presented in Figure 11.
After a short transient, the output DC bus voltage is maintained
close to its new reference value with a good stability. The
source current has a near-sinusoidal waveform.
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Figure 10. Simulation results in steady-state: (a) Source
voltage, (b) Source current
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Figure 11. Simulation results for the step change of Vs
(increasing from 20 V to 25 V and decreasing from 25 V to
20 V): (a) DC bus voltage, (b) Source current

Figure 12 shows the waveforms of the output DC bus
voltage and the source current for the step change of resistive
load. It can be observed that after a short transient, the output
DC bus voltage is maintained close to its reference value of 20
V. The unity power factor operation is successfully achieved.
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Figure 12. Simulation results for the step change of resistive
load (increasing from 150  to 200 Q and decreasing from
200 Q to 150 Q): (a) DC bus voltage, (b) Source current

7. EXPERIMENTAL SYSTEM AND RESULTS

Figure 13 shows the experimental test bench prototype
performed in laboratory to validate the simulation results and
the efficiency of the AC-DC boost PFC system. For the
implemented control program, two voltage sensors (with an
attenuation of 0.01) and one Hall Effect current sensor (with
an attenuation of 0.1) are used to sense the source voltage, the
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DC bus voltage, and the inductor current respectively. The
sensed signals are introduced via a high-speed analog-to-
digital converter AD7656. The control program is simulated
using Matlab/Simulink and Xilinx ISE 14.7 environments and
implemented in real-time through the ML605 Xilinx FPGA.
The provided control signal is drawn by the XMI105
mezzanine card and is sent to IGBT via the gate drive circuit.

Figure 13. Experimental test bench with FPGA system
control

For the experimental tests, the same parameters of the
power circuit and control data are used as in digital simulation
tests.

Table 2 shows the FPGA resources of implemented method.
Compared to Table 2 in ref. [11], this method uses less FPGA
resources.

Figure 14 shows the waveforms of the source voltage and
current obtained during the operating in steady-state (with 20
V of DC bus voltage). It is well noted that the AC-DC boost
PFC draws a sinusoidal current at high quality and in phase
with the voltage, which leads to a perfect power factor
correction.

Table 2. FPGA resources used by the implemented method

Number of Block RAMs 0]
Number of Slice LUTs 268
Number of fully used FIP-FLOPs 369
Number of DSPs 1
CAll NSTEK | L ] | (stee] o ratoad
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r’_ | \
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Figure 14. Experimental results: Source voltage and current
in steady-state
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Figure 16. Experimental results: DC bus voltage and source
current for the step change of resistive load (increasing from
150 Q to 200 Q and decreasing from 200 Q to 150 Q)

The waveform of the output DC bus voltage and the source
current for the step change of V. is presented in Figure 15.
After a short transient, the output DC bus voltage is well-
regulated around to its new reference value.

Figure 16 shows the waveform of output DC bus voltage
and the source current for the step change of resistive load.
After a short transient, the output DC bus voltage is maintained
stable around to its reference value of 20 V.

8. CONCLUSION

This paper has described a digital control based on a fixed-

point model for a non-polluting single phase AC-DC converter.

The latter improves the control accuracy without increasing
the number of arithmetic operations and does not require
specific running conditions. The converter comprises a diode
bridge rectifier followed by a DC/DC boost converter. It is
controlled by using a closed-loop control to ensure the
correction of the input power factor and the regulation of the
output DC bus voltage. The system is simulated under
Matlab/Simulink environment and experimentally tested with

an implementation in real-time using Xilinx ISE 14.7 software,

hardware description language VHDL, Xilinx FPGA ML605
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board, and an AD7656 high-speed analog-to-digital converter.
The experimental results are in good agreement with the
simulation results for different operating conditions.

This application can be extended to renewable energies area,
especially for the stand-alone photovoltaic systems, where the
investigated topology can be used as an alternative to batteries
in order to solve the main drawback of the energy production
intermittency; i.e. the photovoltaic system can be interfaced
with the single-phase grid (as secondary source) via this
topology to ensure a continuous power supply.
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