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Abstract—The design of advanced digital controllers for power
converters requires dedicated hardware which may result in
increased complexity and development time. As the number
of control variables increases, operations such as monitoring,
debugging, testing and optimization become more difficult. The
paper presents a methodology and a prototype of a system
that have facilitated non-invasive monitoring of the controller
of power converter in real-time and performing more effective
automated tests. This has been achieved by leveraging the
tremendous reconfigurability of modern System-on-Chip (SoC)
devices that integrate both Field Programmable Gate Arrays
(FPGA) and high-performance standard Hard Processor System
(HPS) in one package with built-in, programmable interconnects.
In this proposed architecture, FPGA section implements digital
controller and HPS handles monitoring and interfacing for
remote supervision by re-using standard Linux system libraries.
The monitoring system sets the controller parameters, collects
all internal controller signals and organizes them. It provides an
interface through ethernet for external data processing environ-
ments such as MATLAB® or Python, which in turn allows to
integrate other instrumentation sources in order to execute au-
tomated tasks. This paper will also present the application of the
proposed methodology to the investigation of the quantization-
induced limit cycles in converters.
Keywords-component, formatting, style, styling, insert

I. INTRODUCTION

Compared to analog systems, digital controllers in switch-
mode power converters offer serveral advantages such as lower
sensitivity to parameter variations and better versatility in
terms of cost and design re-use [1]-[4]. The ability to easily
implement advanced control laws through software enhances
the flexibility a nd r econfigurability, th us, al lowing to us e a
single hardware implementation for meeting a wide range
of product requirements [5]-[11]. Moreover, standard and
well-established automated design tools can be applied to
greatly reduce development time and design effort, whereas
complex control strategies with math-intensive and highly
parallel algorithms can be described and implemented by an
Hardware Description Language (HDL) [12]-[14].
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Figure 1. Digital control of power converter - Generic block diagram

Modern power converters with digital controllers, as sum-
marized in Fig.1, mainly consist of these functional units:

o A switch-mode power converter circuit;

o Sensors for measuring electrical quantities at different

nodes;

o Analog-to-digital converters for sensor data acquisition;

« A computation engine, necessary for implementing digital

control laws, filtering, identification and etc.;

¢ A monitoring interface, mostly optional, but useful for

testing and supervision of controller operation;
Current computational engines used for digital control algo-
rithms in power converters include microcontrollers, digital
signal processors (DSP), application specific integrated circuits
(ASIC), complex programmable logic devices (CPLD) and
field-programmable gate arrays (FPGA) [15]-[19].

However, as the switching speed of modern converters
increases and control intervals shorten, very high-performance
processing units are required to implement some algorithms in
fully digital mode. Moreover, real-time monitoring, debugging
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converter with digital configuration and monitoring interface. Output is
connected to programmable load module. Both “configure” and “monitor”
represent digital interfaces. c(t) and ¢/(t) are complementary pulse-width-

modulated (PWM) signals that drives the converter switches at fs

frequency.

Outline of digital control loop for synchronous buck

and verification of largely parallel, high-speed operations or
auto-tuning of critical parameters in digital feedback loops
require special setup. When experimenting different control
behaviors in a real system, one needs to perform extensive tests
and validations for many possible scenarios, while monitoring
all external and internal states of the digital control loop
for correctness. So, it becomes very time consuming and
laborious task if not done in a programmatic manner. With the
advent of system on chip (SoC) devices, and their increasing
affordability, above-mentioned challenges of computation and
monitoring tasks are eased. SoCs that feature both FPGA and
Hard CPU units in one package, with built-in, very efficient,
high speed interfaces allow to partition the tasks accordingly.
Specifically, monitoring of FPGA parallel operations can eas-
ily be done through an embedded user program running inside
CPU unit, which allows to analyze and test innovative control
laws for power converters efficiently and with great details.
This also enables to verify novel control methods for different
operating conditions, to look for possible glitches or non-
linearities, intrinsic to digital control, and to the mitigate of
such issues.

The research activity presented in this paper describes a
methodology and a prototype of a cost-effective, laboratory
testbench implemented with FPGA-SoC board (Fig.3), which
allows to make real-time, non-invasive monitoring of digital
power converters. The implemented system has enabled to
perform automated tests with varying parameters. In partic-
ular, it provides a MATLAB interface for remote supervision
and data analysis and testing of complex conditions can be
performed on a given converter. The ability to capture and
investigate internal values of critical digital variables in real-
time facilitates debugging of a control algorithm with any com-
plexity. In the proposed architecture, a digital controller has
been implemented in the FPGA section using HDL, whereas
HPS handles configuration of parameters and interfacing for
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Figure 3. Basic internal modules of Intel SoC package (e.g. Cyclone V) used
to build a digital controller. FPGA and HPS fabric communicate through
built-in AXI (Advanced eXtensible Interface) bridge. FPGA part implements
digital controller, while HPS performs configuration and monitoring/
recording (see also Fig.2). ADC interface logic written in HDL interacts with
external ADC chip

remote supervision. The "DE1-SoC” evaluation board [20],
that incorporates Cyclone V SoC from Intel, has been used for
the testbench.

The paper is organized as follows: the overall system behav-
ior and the structure of each module are described in Section
IT providing a few examples of the design procedures. Section
III describes the prototype which implemented a digital PID
(proportional-integral-derivative) controller for a synchronous
buck converter. As a case study, quantization-induced limit
cycle oscillations (LCO) has been investigated and a recently
proposed LCO suppression method, based on Dyadic digital
pulse modulation (DDPM) [21], is examined to demonstrate
the system capabilities. Finally, in Section IV some concluding
remarks are given, and further future works are discussed.

II. METHODOLOGY DESCRIPTION

We use, as an example, the implementation and the char-
acterization of a digital control loop for a synchronous buck
converter. Fig. 2 illustrates the general outline of a converter
under experiment, whose output voltage is regulated by a digi-
tal controller, which in turn may be configured and monitored
through digital interfaces. In order to observe the behavior
of the controller in different load conditions, both in steady-
state and transient mode, the converter output is connected
to a programmable load module that can also be configured
through a digital interface. For testing and verification, one
may also need to assess the behavior of the control with
different Analog-to-Digital Converter (ADC) configurations,
thus the configurable interface for ADC has been included. All
digital components and their interconnections are implemented
inside Cyclone V SoC from Intel that integrates FPGA and
HPS units in one package. For this particular experiment,
”DE1-SoC” evaluation board is used. It provides also a number
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Figure 4. Overview of controller blocks inside FPGA. Each block has its
own set of ”Configuration” and ”Monitoring/Recording” registers whose
values are exchanged with HPS. Registers are set of dedicated memory
signals that store controller data.

of external peripherals, such as ADC, extrenal memory,video
and ethernet interfaces. The functions of the digital control
loop are partitioned as depicted in Fig.3.

The user program running on top of the Linux OS in the
HPS side configures and monitors the c ontroller 1 ogic which
is deployed in FPGA side. More detailed explanations about
the operation of each module and sub-module are given in the
subsequent sections.

A. FPGA Blocks

PID-based compensator has been adopted in the digital
controller for its simplicity in terms of design and description.
However, any other kinds of control techniques with greater
complexity can be deployed instead of PID, the only limitation
being the number of available logic elements on a given SoC
package. The FPGA fabric inside Cyclone V features 85k logic
elements, of which only less than 10% has been occupied
by the whole system with all its components. Fig. 4 and
5 illustrate the outline of the controller and communication
blocks that are implemented in the FPGA section using HDL.

The external fixed clock signal C'LK.,; is provided to
the built-in PLL (phase-locked-loop) block, that will generate
the system clock CLK,,, with the desired frequency for
all other FPGA blocks. The digital PWM generator block
takes C LK, and the duty cycle value d[k] as inputs, and
generates two complementary PWM signals (¢(¢) and ¢ (t))
at the output, which are separated by a dead-time interval.
The frequency of generated PWM signals and their resolution
are configured through dedicated registers. Moreover, in order
to synchronize with other blocks, it produces another clock
signal C LK, at the switching frequency of the converter.

Each module incorporates an individual set of memory
blocks called registers. They are divided into two categories:
configuration and monitoring registers. Modules obtain their
settings from their own set of configuration registers, while

they write all the acquired and computed data to the respective
monitoring registers. At the HDL level, those registers are just
a set of internal variable signals with the specific length.

For example, ADC interface performs an acquisition of
converter’s output voltage vg[k] by sending proper digital
commands to the external ADC chip. This block controls
the sampling rate and the resolution of the ADC according
to the given configuration. Digital reference voltage value
Vrer[k] is provided through another register. By comparing
vs[k] and V,..¢[k], error signal e[k] is calculated at the same
time instance, since all calculations are done in parallel. Both
acquired vs[k] and calculated error value e[k] are written
to their monitoring registers, as depicted in Fig.4 where
configuration registers are shown as C blocks andmonitoring
ones as M blocks.

Internal blocks of PID controller are also designed in the
similar manner, in which coefficient values (K, K;, Kg) are
configurable and the results of each section (u,, u;, ugq) can
be monitored independently.

A dithering module is added between PID and PWM gener-
ator for testing different types of digital dithering methods in
order to observe their effect on the converter output voltage.
Applying various dithering methods on the discrete signal u[k]
coming out from PID compensator allows to minimize the
non-linear LCO of output voltage. Dithered duty cycle values
d[k] at each switching cycle can be monitored as well. Ex-
tensive analysis related to LCO-free operation of the DC-DC
converter were studied and detailed experimentation results
were given in [22]. In the current testbench, two different
techniques, namely thermometric and dyadic (DDPM) based
ditherings, are implemented inside the module. The type of
the selected dithering technique may be changed through the
module’s configuration register set.

Furthermore, the digital controller may be configured for
open loop operation as well. This may be very useful to isolate
PWM and dithering blocks, bypassing the error generator and
PID compensator modules.

All configuration and monitoring registers are connected to
the HPS through the built-in bridge interconnect from the
standard AXI bus whose purpose is to enable the HPS to
access the FPGA signals like its own peripherals with unique
assigned base addresses. The connection is based on a master-
slave relation. Both FPGA and HPS can be configured either
master or slave devices, depending on which section is likely
to initiate the process. In the current configuration, all FPGA
registers are seen as slave peripherals, whereas HPS acts as a
master device.

Figure 5 describes the implementation overview of the AXI
bus interface from the FPGA side. Many specific steps of
assigning base addresses and making FPGA to AXI connec-
tions are automated by Quartus - Platform Designer tool [24].
This tool provides numerous pre-designed blocks that are
easily added to the design using graphical user interface.
Programmable Input-Output (PIO) registers and AXI Mas-
ter/Slave Logic are the examples of those pre-designed blocks.
Once the modules inside Platform Designer are ready, the
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Figure 5. Section of AXI interface blocks inside FPGA. Set of
Programmable Input-Output (PIO) registers are used to connect FPGA
blocks with built-in AXI bridge interconnect. PIO registers are seen as
slave peripherals from HPS side. "Monitoring” data are fed to the HPS
through Dual-port FIFO for synchronization.

HDL code of those blocks are generated automatically.

The configuration r egisters are t hen ¢ onnected d irectly to
their corresponding PIO block signals. Meanwhile, monitoring
registers are linked via dual-port Firstln First Out (FIFO)
modules. The purpose of the FIFOs is to synchronize data
transfer from FPGA to HPS, since they work at different
clock rates with completely separate clock sources. The values
inside monitoring registers are updated at every switching
cycle of the converter, hence FIFOs prevent missing any data.
For the current experiment, FIFO depth was chosen very
conservatively to be 128 words. However, depending on the
project requirements, it can be adjusted to have different size.

B. HPS Program Fow

The HPS portion of Cyclone V SoC features a dual-core
CPU based on ARM Cortex-A9, as well as many other
peripherals. There are two ways of developing a software for
the HPS section: bare metal and Linux OS based. In bare
metal application, a developer needs to write each functionality
and has a great control over each peripheral, memory and
timing. However the codebase becomes tedious to develop
and maintain. Meanwhile, in Linux based development, many
functionalities related to file handling, communication proto-
cols and user interface are provided by the system.

The main role of the program running inside the HPS is
to link external data processing and visualization tools with
the FPGA, as shown in Fig.6. In other words, HPS provides
an interface to higher-level development environments such
as MATLAB. High speed link can be established to the
host computer running MATLAB, through standard ethernet
interface that is built-in peripheral integrated in the HPS
section. And the ability to use standard Linux OS with
its standard services and libraries allows a fast and easy
development of HPS software. The present work uses the

‘o

i HES Host PC
g Memory and g v s (%

S other HPS = % ) 9 | € MATLAB

1 “

N preipherals | ,| g < o g g Program
L o 8 < = o]

RS S99l (@ |

> Dual-core | X ;- &g —

> ARMCPU | S| 4| [T 8| |2

RS =l 9 c & | O

< —le 8 mEE b Remote
g > axi Master Lol |EE g Console
< K3 Interface S |

| —

Figure 6. Block diagram of the HPS program. HPS communicates with
the Host PC through dedicated ethernet port, by using TCP-IP protocol.

MATLAB environment and its tools to communicate with the
SoC board. The program running on the HPS first initiates

the TCP server. The MATLAB program then connects to the
running server using the ethernet connection, then sends the
converter configuration d ata w hich a re t hen w ritten t o the

configuration registers inside FPGA. After this, HPS program
starts recording the values of the required monitoring registers
from the FPGA and forwards them to MATLAB.

The ability to use the standard Linux operating system
on a board extensively assists the process of establishing
communication to the host computer.

Furthermore, the board features a USB-to-COM link, for a
simple serial connection to the Host PC, that allows to open a
remote console and execute command line tools of the Linux
environment running inside HPS.

The TCP server and command line programs are both
written in C programming language. They use the custom
library procedures for accessing FPGA registers. For example,
each register base address is mapped in Linux kernel memory
space with the procedure named as initializeFPGA().

C. Interfacing with MATLAB

MATLAB provides a user friendly environment for data
analysis and visualization. Many electronics laboratory instru-
ments, such as programmable power supplies, digital oscillo-
scopes or spectrum analyzers, have a toolboxes that can easily
be integrated into MATLAB. So, it is possible to generate
completely automated testing results within MATLAB.

In Fig.7, the simplified flowchart blocks of both HPS and
MATLAB programs are illustrated with some of the function
names that are developed.

In the following chapter, few examples of the testing results
generated from MATLAB, connected to the SoC board and
programmable power supply, are given.

III. PROTOTYPING AND TESTING RESULTS

The block diagram of the experimental setup is shown in
Fig.8. As it can be seen, the DE1-SoC evaluation board featur-
ing Cyclone V chip is handling the control and monitoring of
the synchronous buck converter and programmable load, while
host computer is running MATLAB program which collects
and analyzes all the data coming from the converter and other
instruments.
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Following parameters can varied in any combination and
configured during run-time of the converter:

e ADC resolution: N4, (from 1-12 bit resolution)

o ADC sampling rate: up to 250 ksps

« Digital voltage reference V,..r: range is 0 to 10 V

« PID coefficients: Kp, Ki, Kd

o Dithering modes: (Direct, Thermometric, Dyadic [21],
(23])

o Dithering word size: (Myg;;, - number of bits used for
dithering)

« Digital PWM resolution: Ny, = [2-9 bits], maximum
is limited by the system clock

o PWM switching frequency: fs, (100 kHz or 200 kHz)

o Load resistor: (4 switches, each driving binary weighted
resistance values. Overal 16 different load resistances that
can be changed almost instantly)

e Supply Voltage: 0-30 Volts.

Many experiments on the converter control have been
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performed using the testbench, with varying parameters. It
has been used to study the effects of quantization on the
output voltage when the power converter is controlled digitally.
Obtained results have been published extensively in separate
research papers [22], [23].

Figures 9-11 show some of these results obtained by run-
ning automated data collection tasks and analysis in MATLAB.
Each of these MATLAB figures c omes f rom t he execution
of one individual script which in turn generates a sequence
of experiments in the controller with varying parameters
and whose data are acquired from the monitoring units. For
instance, in Fig.10, the static error in the output voltage is
automatically acquired and plotted for 30 different input (Vin)
voltage values for two different ADC resolution and dithering
methods. All these configurations are s et s equentially i n the
MATLAB script.

IV. CONCLUSIONS

The implementation of a FPGA-SoC based monitoring
system for digitally controlled power converters has been
presented in this paper. It has been shown that the pro-
posed methodology and prototype have greatly facilitated non-
invasive monitoring of the controller in real-time and resulting
in more effective automated testing. This methodology can be
applied to experiment other converter topologies with different
control algorithms.

Automated programming of complex experiments and data
analysis may be performed at high level of abstraction. How-
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ever, currently, the design of the digital controllers of the
converters are performed manually and the insertion of the
monitoring and configuration i nterfaces a re a 1so performed
manually, although in a very systematic way. Future devel-
opments are along three main lines

o Automate the process inserting monitoring and configu-
ration registers in the digital controller hardware

o Moving the design of the controller themselves to higher
level languages and tools integrating them with the mon-
itoring system.

« Implementing the experiment scripts in a non-proprietary
environment and language such as Python, in order to
expand the user-base of the methodology.

The final target is the development of a seamless integrated
environment for the full design, characterization of power
converters.
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