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Abstract—Controllers for power converters have moved to the
digital domain and the operating frequency has greatly increased
making the process of debugging, tuning and experimenting
with complex features more difficult. More powerful testbenches
based on easily accessible System On Chip (SOC) devices can
be used. This paper presents and compares two approaches to
the problem. The first is a dedicated approach in which all the
components of the system have been developed separately, the
second one is based on the use of an integrated commercial
enviroment such as Matlab & Simulink with ad hoc adaptation
for real time monitoring and controller data acquisition.

Index Terms—Digital control of power converters, Monitoring
and testing framework, FPGA SoCs, Integrated Design Environ-
ment, rapid prototyping, model based design, Matlab

I. INTRODUCTION

Digital controllers in switch-mode power converters offer
many advantages such as the capability to easily implement
advanced control laws through software or programmable
hardware enhancing the reconfigurability and allowing to use
a single implementation for meeting a wide range of product
requirements [1]—[8].

The general structure of a digitally controlled power con-
verter to which we will refer in the following (Figure 1) com-
prises a switch-mode power converter circuit, sensors for elec-
trical quantities and the associated analog-to-digital converters
(ADC) and finally a computation hardware which must execute
the tasks of control algorithms, that may involve digital signal
processing, filtering, and sometimes system identification [9],
in discrete time domain. Converter switches are ultimately
driven by the digital pulse width modulated (DPWM) signals
whose duty cycle is determined by the computation hardware
to achieve desired control behaviour. Depending on the ar-
chitecture and performance requirements, different families of
digital devices [10]-[17], such as microcontrollers (MCU),
digital signal processors (DSP), application specific integrated
circuits (ASIC), complex programmable logic devices (CPLD)
or field-programmable gate arrays (FPGA), can used for the
implementation.

High frequency commercial converters are usually imple-
mented as custom chips and in the prototyping or parameter
tuning phases the logic circuits may be substituted by field-
programmable gate arrays (FPGA). Tuning of a controller
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Fig. 1. Digital Control of power converter

or its characterization over a range of external and internal
parameters requires a repetitive sequence of hardware changes
and measurements, while debugging the values of internal
parameters requires the real time acquisition of a large number
of internal signals. System-On-Chip (SoC) devices, which
integrate into a single chip a large FPGA and a multi-
core Hard Processor Systems (HPS), offer the capability of
rapid prototyping and faster debugging. These two parts of
SoC devices are tightly connected to each other and able to
communicate at high speed.

In programming and monitoring phases, HPS may imple-
ment the task of collecting data, configuring the FPGA, and
providing high level interface to the user, where the FPGA
fabric executes the main controller logic, as shown in Fig. 2.

However, the development of SoC based control and mon-
itoring system requires knowledge from multiple discipline
areas, such as digital control, VHDL, C/C++ programming
languages and etc. [22] (Fig. 4), which leads to more time
being spent on implementation and verification phases, rather
than the design itself.

Alternatively, model based approach using Matlab &
Simulink can achieve the same objective with automatic code
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Fig. 2. Basic internal modules of SoC-FPGA pakcage (e.g. Intel Cyclone
V) used to implement digital controller and real-time monitoring. FPGA
and HPS fabric communicate through built-in AXI (Advanced eXtensible
Interface) bridge. FPGA section runs digital controller logic, while HPS
performs real-time configuration and monitoring/recording. ADC interface
logic controls external ADC chip.

generation for SOC-FPGA devices, enabling faster prototyping
and easier verification [16] at higher abstraction level.

This paper presents our experience in building experimental
environments for the operation of switching converters as an
extension to the experiment carried out in the previous work
[22]. First, we will synthetically present a project dedicated to
the analysis of different modulation types of the PWM signal
driving the converter, which has been developed with generic
development workflow of SoC devices for digital controller
design and real-time monitoring of power converters. Secondly
we will present the with fully based on the integration of com-
mercially available MATLAB tools developed to overcome the
main limits of the first approach and with a wider scope.

II. DEDICATED ENVIRONMENT

The experiment had a target of analysing the influence of
PWM modulation techniques on the converter output noise
due to limit cycle [21]. The monitoring environment was
developed to reduce the effort of collecting and organizing
the large amout of data generated by varying input, output
and internal controller parameters. We have used a "DEl-
SOC” protyping board from Intel which contains an ADC
module, set of high level interfaces for connecting to a host
computer system, and a ”Cyclone V” SoC chip with a large
FPGA array and a dual core ARM-based HPS. The converter
is a synchronous NMOS buck converter driven by the PWM
signal from the controller operating in the range of 100 kHz
to 200 kHz switching frequencies.

Figure 2 shows the main components, that are the SOC
board and the host processor, and the functional architecture of

Fig. 3. Comparison of output voltage DC errors at different Vin voltage levels,
tested with direct PWM and dithered PWM, and experimentally verified using
the framework described in [22]. Vin=10V, fsw=100kHz, Vout=5V, digitally
controlled synchronous NMOS buck converter

Fig. 4. Generic design flow for SoC board

the system. External components were a programmable input
power supply and a programmable load.

The FPGA section implements the controller which has
been manually designed using parametric blocks. Parameters
which may programmed are shown in figure 2 by the letter
”C”. The significant variables of the controller are sampled and
stored into memories indicated by "M”. Control and memory
registers may be written or read by the HPS section through
an internal high speed interconnect. The HPS, using a library
of procedures called by a MATLAB® server process running
under the Linux operating system, receives commands from
a MATLAB script program running on the host processor
which serves also as display and monitoring unit. First the
controller parameters are set, data from the converter in
operation are collected and finally the results are computed
and displayed. The script may also set and acquire data
from components outside the converter such as the power
supply and the programmable load . As an example, figure
3 represents the combined result that has been obtained by
many testing sequences executed automatically by a Matlab
script, and shows the output voltage error as a function of the
input voltage using either a direct PWM or a more complex
dyadic [21] modulation. The approach, extensively described



in [22], has proven to be very effective in performing complex
analyses on a buck converter investigating non linear, limit
cycle related noise and transient behaviour.

Limits arise from the fact that the complete system is
based on the use of three different and independent design
flows, namely the HDL tool for the design of the controller,
the programming of the MATLAB server and its library and
finally the experiment script itself. For each parameter to be
set or variable to be monitored, it is necessary to define and
instantiate it in the VHDL code, define it at the FPGA/HPS
interface and at the variable level in the server program and
finally to define it and use at the MATLAB script level.
These definitions are related to three different tools, must be
consistent and have to be manually checked, requiring multiple
code changes for each modification in the controller structure,
which in turn is a time consuming and error prone effort (Fig.
4).

III. USING AN INTEGRATED ENVIRONMENT

A second framework was developed using an existing
integrated environments, namely a MATLAB/Simulink HDL
coder toolbox automating the hardware-software co-design
workflow for SoC based systems. The same DE1-SoC board
was used and an high-speed GaN based buck converter (shown
in Fig. 8) was developed in order to push the testing to higher
frequencies. Some limitations of the Simulink toolbox due to
high-speed operation of the controller were overcome by an
extension of the toolbox.

A. HDL coder: features and limitations

The HDL coder package contains the blocks that can be in-
serted inside Simulink to design hardware compatible models.
The main advantages of this tool are that the simulation and
hardware models are compatible and that the automatic VHDL
code generation for FPGAs is more reliable with respect to
manual coding. In addition, it allows to implement some
hardware algorithms directly in MATLAB script and maps it
precisely to the VHDL code. and supports the SoC based hard-
ware with automatic configuration of HPS-FPGA interconnect
bridges (e.g. AXI4 master-slave). Finally it generates the SoC
software interface model/script for communicating with HPS
section in order to observe FPGA signals of interest in real-
time.

The general workflow of SoC based hardware design using
the integrated environment with the HDL coder toolbox is
shown in figure 5. The required hardware model (Fig. 6) is
designed in Simulink, using the HDL coder blocks. In our
case, the target hardware model is the controller for the GaN
based buck converter. The model can be simulated to verify the
operation and may need additional simulink blocks to simulate
external signals such as signals from the ADCs.

Then the HDL workflow advisor sets the options of the
Simulink hardware model such as the choice of the target hard-
ware platform supported by the toolbox and some auxiliary
configurations. The HDL workflow advisor will take care of
creating SoC project, generating VHDL codes for FPGA part,
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Fig. 5. Standard SoC HDL workflow of MATLAB & Simulink

Fig. 6. Model based design of digital controller in Simulink, compatible for
SoC-FPGA code generation

Fig. 7. Generated Software Interface Model to be used by Embedded Coder
toolbox and run in external mode by Simulink

the software interface model/script (Fig. 7) for HPS section,
the interconnect bridge configuration, and finally compiling
and uploading the FPGA bitstream, in one uninterrupted
automatic flow.

Designing the controller in Simulink enables to verify its
behaviour by simulating before actually deploying it into the
hardware. After the hardware deployment, it also allows to
monitor the FPGA signals in real-time by running the software
interface model/script generated by the HDL coder toolbox.
In that process, Simulink first generates the HPS compatible
C code, then compiles, uploads and runs it on HPS part of
the board. All the outgoing and incoming data between the
interface model running in Simulink and the SoC board are
exchanged by the defined communication link that are usually
Ethernet and/or serial ports.

A major limitation has been encountered when the auto-



Fig. 8. Testbench setup for testing digital controller loop of GaN-based buck
converter using model based approach

generated software interface model (Fig. 7) is run in Simulink
for real-time monitoring of FPGA signals. Since the control
of switch-mode power converter operates at high-speed, cor-
responding FPGA signals are updated at least every converter
switching cycle. This fast updated FPGA signals can not be
fully captured by the interface model running in simulink, due
to different time-steps and speeds of the system components.
In this experiment, the converter board operates at 300kHz
- 800kHz. But, the most reliable Simulink time-step for the
interface model is found to be only 1ms (or 1kHz). Therefore
when observing the signals with this time-step, most samples
are lost. To overcome this limit, we have designed an extension
to the framework to maintain real time monitoring and at the
same time taking the full advantage of HDL coder toolbox.

B. Ad-hoc extension as a replacement of software interface
model

In order to avoid the speed related data loss, the standard
HDL coder workflow has been modified. First, the hardware
design must begin with a golden reference simulink model,
that incorporates predefined FIFO blocks with dual ports to
synchronize the HPS and FPGA in a flexible manner, as
depicted in figure 9. The designer must insert a FIFO block
for each monitored FPGA signal inside the simulink model.
After this step the HDL workflow advisor operations remains
the same.

After the HDL workflow advisor completes its job of
creating, generating, compiling and uploading the model into
the FPGA, a separate ad-hoc automation script must be run
manually in the MATLAB working folder. The script takes
the default software interface model/script as its input, and
imitates the behaviour with more accuracy, by generating a
C program for the HPS that implements interface between
MATLAB and FPGA and a further MATLAB script as a
template for monitoring the signals.

The general structure of this ad-hoc framework is shown
in figure 10. The C code is automatically compiled and
uploaded to the SoC board by the script. The main advantage
of using this extension is to improve the numerical integrity
of the monitoring process without sacrificing the integrated
flow of the standard HDL coder toolbox. So, in the end,
the designer can run the whole process without leaving the
MATLAB/Simulink environment.

Digital control loop, similar to the one implemented in [22],
has been redesigned in simulink model and adapted to the

Fig. 9. FIFO queues in both FPGA and HPS section to overcome the problem
of data loss due to speed differences

MATLAB and Simulink

Hardware Algorithm and System Design built on top of
Golden Reference Model

y

HDL Workflow Advisor Simulation

{

HDL IP Core Generation

SoC & FPGA EmbEdd.Ed Ad-Hoc Extension Script
System Tool Integration

(Quartus, Vivado, etc...) 1 1

compile ‘ :

Software Interface Script

[ ™ ] : C code MATLAB
FPGA bitstream :  generation monitor script
upload T T T T
l compile

([ swhbuid |

* upload

SoC Platform
(DE1-50C)

Fig. 10. Ad-Hoc framework for faster operation and better numerical integrity

GaN based board (fig. 8). Many automated experiments (fig.
11-16) have been carried out for testing the effectiveness of
different PWM dithering techniques such as Dyadic and Ther-
mometric in high-frequency GaN board, also demonstrating
the integrated framework.

As shown in figures 11-14, output voltage errors will be
different for the direct PWM signal with no dithering applied.
Also, the direction of change in Vin-input voltage effects
how DC error will behave. However, applying Dyadic based
dithering, one can increase the effective PWM resolution with-
out safrificing the system clock and stability, which can also
eliminate the input voltage dependency for output voltage dc
errors. This is verified both for small and large output current
operations as well. Since this kind of experiments require
significant amount of measurements and reconfigurations, au-
tomated testing script was applied to configure, acquire, and
plot the data within MATLAB framework descibed above.

Another experiment (shown in figures 15-16) was carried
out with open-loop system, in order to compare two PWM
dithering techniques and their effects on the output voltage
ripple of the converter, once again, carried out by scripted
procedures. This latter figures approve the result obtained in
[21], that shows the advantages of using Dyadic dithering
modulation compared to other traditional methods, showing
lower and consistent output voltage ripple both in high current
and no load situations.



Fig. 11. DC error Vin sweep UP (150mA) - GaN based synchronous buck
converter

Fig. 12. DC error Vin sweep DOWN (150mA) - GaN based synchronous
buck converter

Fig. 13. DC error Vin sweep UP (15 A) - GaN based synchronous buck
converter

Fig. 14. DC error Vin sweep DOWN (15 A) - GaN based synchronous buck
converter

Fig. 15. Compare Dithering Methods (Dyadic vs. Thermometric; 0A - No
load; Npwm=7bit; Dithering=>5bit)

Fig. 16. Compare Dithering Methods (Dyadic vs. Thermometric; 15A load;
Npwm=7bit; Dithering=5bit)

IV. CONCLUSIONS

The analysis of the paper has shown that the use of an
integrated environment has the main advantage of presenting
to the developer a uniform view of the system at the hardware
and sotfware level from the architectural point of view and
at the simulation and real time level from the operational
viewpoint. In the general case the integrated approach provides
a far larger flexibility and greatly reduces the development
time of an experimental analysis for power converters and is
a powerful tool for the designer.

However it requires the hardware platform which is used to
be already integrated with the tool itself and this is true only
for a limited set of them. If a new custom platform is de-
veloped, the effort of adapting it to an integrated environment
may be large and may be worthwhile only if the platform itself
is repetively reused. A tradeoff must be evaluated between the
advantage of a general tool and the time to target for a single
or limited number of applications.

A further point which requires further investigation and
which has not been taken into account in this research is
the effect of using an integrated environment for pushing the
application to the limits of the hardware technology, that is
whether it limits the optimizations which may be applied if
a custom approach is taken. Typically a custom solution may
better exploit technological or hardware advances, but on the



other hand the wider design exploration spectrum offered by
an integrated environment may allow to find better performing
archiectural alternatives.
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