
 
Abstract — As power and mechatronics systems become 

increasingly more complex, graduating engineers are required to 
have a deeper understanding of various electrical engineering topics 
such as: electronics, controls, electro-magnetism, electrical power, 
electric machines, communications, software, data acquisition and 
signal processing. To train electrical engineers of the future, 
conversant in these multi-disciplinary and often diverse fields, it is 
necessary to have a flexible laboratory platform that supports 
multidisciplinary areas of electrical engineering. This research 
project focuses on the practical hands-on integration of different 
multi-disciplinary fields using a unique development platform. 
Furthermore, the project enabled to validate, test and extend its 
operating limits in order to improve the quality of the product. In 
addition, a set of laboratory manuals to complement this platform is 
being developed. For future research enhancements, the platform is 
now being utilized for incorporating renewable energy capabilities. 
 

I. INTRODUCTION 

opics and curriculum in electrical engineering continue 
to grow as technology usage takes hold in our daily lives. 
Applications continue to diversify and require a level of 

sophistication that was not seen in past years. For educators in 
electrical engineering, it has become increasingly more 
important to develop new experiments to enable the teaching 
and learning of core subjects. This is enabled by hands-on tools 
that provide a rich and rewarding experience. A number of 
papers have recently been presented on the teaching of the 
emerging field of the smart grid which incorporates multi-
disciplinary topics [1, 2, 3, 4, 5, 6, 7]. As the applications are 
increasingly multi-disciplinary, a platform that incorporates and 
integrates these various aspects will produce a rich learning 
environment with improved learning results. 
 
For example, consider the digital speed controller of a 
permanent magnet DC motor, as shown in Figure 1. The basic 
blocks required are a comparator block to compare the reference 
speed with the actual speed of the DC motor to generate an error 
speed signal. However, the shaft speed of the motor needs an 
optical encoder with a digital stream of pulses output which will 
need estimation, filtering and adaptation before comparison. 
The error signal is then fed to a discrete-time PI controller to  
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provide proportional and integral gain characteristics to the 
system to minimize the error with suitable dynamic properties.  
 
The controller output is then fed to a pulse-width-modulated 
(PWM) duty cycle unit to generate firing pulses of a DC-DC 
half-bridge converter to vary the DC power to be fed to the 
motor. All these various blocks have deeper details that students 
need to comprehend and apply before a successful experiment 
can be built. Moreover, a timing clock signal is required to keep 
the system running in synchronism. Also, a serial 
communication is established to receive the reference speed 
command from the user and to send the acquired data from the 
equipment to a plotting software tool (Figure 2). The plotting 
tool runs on the student’s laptop computer for visualization of 
signals from the hardware, thus eliminating the need for an 
expensive monitoring equipment such as an oscilloscope. 
MegunoLink Pro [8] is a low-cost Windows-based application 
for receiving and sending serial data to a Personal Computer. 
Any devices that use serial streams over USB, RS-232 or UDP 
ports are supported including the Arduino micro-controller. 
 

 
 

Fig.1: Speed controller of a DC motor 

 

 
Fig.2: MegunoLink plotting software 
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Students can build this controller system either in software tools, 
such as EMTP, PSIM, EMTDC-PSCAD, Matlab-Simulink etc. 
or on a hardware platform. A major criticism of the use of such 
software tools is that they do not provide the hands-on feel that 
a physical model can provide. For students’ learning, this hands-
on approach is considered primordial. While software based 
tools enjoy a low cost of implementation, one of the criticisms 
that is usually aimed at physical models has been the higher cost, 
lack of ease-of-use, and inflexibility of adaptation. In this paper, 
a flexible laboratory platform that addresses these concerns as 
explained above is presented.  
 
 First, these controller systems are generally partitioned 

such that high-level algorithms run in software in a 
microprocessor or DSP and high-speed drive side 
controllers are usually implemented in digital circuits. 
Thus, it is highly desirable that the user can rely on an easy-
to-use software/hardware hybrid-simulation integrated 
platform.  

 
 Second, and equally important, the entire system normally 

operates in closed-loop including physical components 
such as sensors, power converters and load motors, which 
in most applications, are tightly interconnected sub-
modules.  

 
These two facts make the testing, verification and redesign 
process long and error-prone, significantly increasing the 
chance of bugs detected during the field test, or even worse, 
bugs found at the customer's premises. Rapid prototyping allows 
users to make up a design quickly in order to interact with it and 
to explore design options earlier in the development cycle. For 
this, the user should be able to work at a high-level of abstraction 
and not worry too much about the low-level details, but still 
achieve the performance and efficiency required without 
sacrificing reliability. This platform (described below) enables 
users to re-use hardware in order to reduce manufacturing cost 
and time-to-market; and uses software as a means of 
differentiating products based on the same hardware platform. 
 
The rest of the paper is organized as follows: Section II provides 
a description of the K-ECS unit. Section III provides the 
experimental assessment and trials for the testing of the unit. 
Section IV states the conclusions of the paper. 

 
 

II. KYLOWAVE K-ECS UNIT DESCRIPTION 
 
The chosen platform to perform testing was the Kylowave 
Energy Conversion System (K-ECS) unit [9]. The unit provides 
a small but powerful, feature-rich energy converter system for 
renewable energy, control systems, mechatronics, power 
electronics and power systems teaching. Most existing 
instructional systems are high power as well as high cost. K-
ECS is a low power (300-500W) and low cost system (see Table 
1) with additional features not available in existing instructional 
systems. A high-level functional architectural view of the K-
ECS unit is shown in Figure 3. Each functional block is built in 

a logical and modular fashion to enhance user comprehension 
while using K-ECS. 
 
Table 1: Short summary of the K-ECS specifications. 
 

Input Voltage (Nominal) 12, 24 or 48 (AC or DC) 
Output Voltage (Nominal) 12, 24 or 48 (AC or DC) 

Power (maximum) 
300W to 500W depending on 
configuration 

Phases 1, 2 or 3 
PWM carrier frequency Up to 40 kHz 
Digital I/O control interface CMOS and TTL compatible 
Analog I/O interface 0 to 5V 
Weight About 150g 
Dimensions 7.2x5.32x1.59 inches 

 
 
K-ECS is an easy to use plug-and-play platform that can be 
connected to a computer USB port and used immediately. It 
integrates power conversion, control, sensor circuitry, data 
acquisition and communication in a small footprint which fits 
easily in most existing lab benches. K-ECS is an open and 
flexible platform (Figure 4) that can be used as a turn-key 
solution for the class contents and lab manuals developed by 
Kylowave Inc. or customized by software to fulfill the 
requirements of a custom designed course. The DC-DC and VSI 
power converter modules are sized for low voltage and low 
power to ensure the safety of the student and to be compatible 
with 12V, 24V and 48V industrial standard voltage and power 
levels. The unit includes a large number of sensors to monitor 
voltage and current in the power converter modules and 
additional ones to monitor external voltages and currents in 
general purpose applications. All sensor output signals are 
connected to an embedded Data Acquisition Module (DAM). 
Data sampled at the DAM can be directly accessed by the 
internal embedded controller or by an external controller 
connected to K-ECS digital interface. K-ECS embedded digital 
controller uses an Arduino Mega 2560 microcontroller (Figure 
5) [10] which can read and control all K-ECS internal features. 
By adhering to the Arduino open-source prototyping platform, 
K-ECS enables integration of a large number of third party 
modules to add new capabilities to the platform. It also supports 
the I2C (Inter-Integrated Circuit) and SPI (Serial Peripheral 
Interface) serial communication standard interfaces to connect 
K-ECS to COTS (Commercial Off-The-Shelf) external sensors.   
K-ECS was designed with students in mind. It has been 
ruggedized to be operated by students with additional circuitry 
to protect against overvoltage, overcurrent and short circuit of 
the digital, analog and power signals. In most faulty scenarios, 
K-ECS will flag the faulty scenario through an error LED, 
shutdown the faulty interface and resume operation one minute 
after the fault has been fixed. The platform is compatible with a 
large software base developed by the Arduino community. In 
addition, Kylowave Inc. provides some high performance 
libraries and example projects for PWM control, digital filter, 
control systems and renewable energy to name a few. 
 
K-ECS creates a modern and stimulating learning environment 
to teach disciplines such as control systems, renewable energy 
and smart grid by providing ready-to-run hardware, software 
and comprehensive experiment laboratory manuals including 



design files and examples. Students with minimum prior 
experience in these subjects can successfully implement a 
laboratory experiment using K-ECS and the associated learning 
resources. Experienced students can take advantage of the 
proprietary libraries to develop sophisticated applications to 
complement and enhance their learning and/or research. 
 

 
 

Fig. 3: K-ECS high-level functional architecture. 

 

 
 

Fig.4: View of the K-ECS unit 

 
The K-ECS unit comprises of the following hardware: 
 Single/three phase diode bridge rectifier. 
 DC-DC converters, full- and half-bridge configurations 

providing options for buck, boost, buck-boost 
configurations. 

 Three-phase power Voltage Source Inverter (VSI) using 
MOSFET devices with built in voltage/current sensors. 

 Protection circuits for over-current detection and limitation. 
 Sensor circuitry for monitoring voltage (4 units) and current 

(2 units). 
 Embedded Arduino Mega 2560 micro controller; this is an 

open-source electronic prototyping platform [10]. Different 
modules from vendors could be added to the main board to 
add more capabilities to the system such as wireless 
communication. Figure 5a illustrates the Arduino Mega 
2560 board and its technical specification (Table 2). The 
board is interfaced with current and voltage transducers 

placed on the K-ECS motherboard and fed into the analog 
inputs of the Arduino board to monitor the voltage and 
current.  

 Standard power, analog and digital connectors. 
 Standard communication interfaces (Ethernet, ZigBee, 

USB, Bluetooth, and Wi-Fi). 
 High speed A-D converters. 
 K-ECS library. 
 

 
a) 

 

 
b) 

Fig. 5: a) Arduino Mega 2560 board and b) Speed controller sketch 

 
 
Table 2. Technical Specification of Arduino Mega 2560 Board 
 

Microcontroller 
ATmega2560  
(8-bit) 

DC Current 
per I/O Pin 

40 mA 

Operating Voltage 5V 
DC Current 
for 3.3V Pin 

50 mA 

Input Voltage 7-12V Flash Memory 256 kB 
Input Voltage 
Limit 

6-20V SRAM 8 kB 

Digital I/O Pins 54 EEPROM 4 kB 
Analog Input Pins 16 Clock Speed 16 MHz 

 
 

III. EXPERIMENTAL ASSESSMENT AND TRIALS 
 

As discussed earlier in the Introduction, the experimental 
assessment of the K-ECS was based upon a permanent magnet 
DC motor speed controller. One of the objectives of feedback 



control is to reduce the effect of disturbances on a system, and 
make the system more insensitive to parametric variations and 
create a well-defined input-output relationship. This requires 
careful design of the feedback controller as the feedback can 
unintentionally make a stable open-loop system to become 
unstable in closed-loop operation. 
 
Initially, most feedback controllers were implemented using 
analog electronics. These implementations work well and are 
capable of achieving high closed-loop gains. However, they 
tend to produce bulkier and more expensive implementations 
than digital implementations. Presently, the vast majority of 
feedback controllers are implemented using some sort of digital 
processor (microcontroller, DSP, FPGA, etc.). Analog 
controllers are used almost exclusively in niche applications that 
require a high closed-loop gain and bandwidth that cannot be 
attained by digital controllers. During the past three decades, 
many different topologies of feedback controllers have been 
developed, but the popular PI (Proportional-Integral) and PID 
(Proportional-Integral-Derivative) structures are still used in 
most industrial applications. This is due to their relatively 
simple analysis and design process, reduced resource utilization, 
and reasonable performance to many important industrial 
applications. In general, PID controllers produce higher 
performance than PI controller. However, the additional 
derivative action makes the controller more sensitive to noise or 
fast transients in the feedback control loop. In practical 
applications, Pl controllers are traditionally used on current and 
speed control applications because of the potential noisy signal 
related to the motor shaft speed and winding current 
measurements. The integral relationship between the position 
and the speed of the motor shaft causes the position sensor signal 
to be much smoother than the speed measurement signal. Thus, 
PID controllers are often used for position control systems. 
 
The objective of this experiment is to study a digital feedback 
PI controller for the DC motor. The student will tune the KP and 
KI parameters of a PI controller to regulate the speed of the load 
consisting of motor-gearbox-encoder unit. 
 
As shown in Figure 5b, the student will receive an Arduino 
sketch that implements a closed-loop Pl controller including:  
1. Code to measure shaft speed from an optical encoder signal. 
2. Code to filter the speed measurement using a digital first-

order low pass filter. 
3. A digital Pl controller to stabilize the shaft angular speed.  
 
During the experiment, the student will learn how to: 
 
 Implement a continuous-time low pass filter in a digital 

microcontroller using continuous-time to discrete-time 
mapping techniques. 

 Implement a continuous-time PI controller in a digital 
microcontroller using continuous-time to discrete-time 
mapping techniques. 

 Tune a PI controller to meet a set of given specifications 
(rise time, overshoot, etc.). 

 Simulate the system dynamics (PI controller and DC motor 
group) in continuous and discrete-time. 

To explore the overall functionality of the K-ECS module, each 
of its individual sub-systems was first tested and validated. 
Next, a new set of more complex test scenarios were designed 
to validate the robustness, responsiveness and explore the limits 
of the platform based on traditionally used applications. 
Numerous possibilities exist when the different converters are 
considered. Loads can be connected externally. A typical list of 
the various applications feasible is presented below: 
 Power supplies. 
 Motor drive applications. 
 Renewable energy (solar and wind etc.) inter-connections. 
 Unified power flow controller. 
 Automated meter reading (AMR). 
 Etc. 
 
Due to space limitations, we can only expand on one application 
here. Operational limits of the platform where found when 
implementing the DC-Motor Speed Control system (Figure 1).  
 
A failure mode was detected when the PI gains of the controller 
were tuned in search of a stable response to a large step 
disturbance; this resulted in a severely oscillatory response 
followed by a rapid catastrophic failure in the unit. The failure 
mode was tested again and found to be repeatable. Once the 
failure occurred, it was traced back and discovered that the gate 
drivers (identified by the red circle in middle of Figure 6) and 
the MOSFETs (identified by the red circles on left and right 
sides of Figure 6) were permanently damaged and needed 
replacement. 
 
 

 
 

Fig. 6: Damaged components, so bootstraps were added to protect MOSFETs 
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Fig. 7: Addition of Bootstrap 
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When troubleshooting the failure mode, 5V spikes at the ground 
of the drivers of the MOSFETS were detected (Figure 8). To 
protect the converter MOSFETs from burning out again, a RC 
bootstrap was designed (Figure 7) and physically placed across 
the MOSFETS (identified with black circles in Figure 6), and a 
new set of tests was conducted to verify the functionality of the 
platform under stable PI controller tuning (Figure 9a) and under 
highly oscillatory tuning (Figure 9b). Running the experiment 
again, with the RC bootstraps, it was observed there were no 
spikes in any of the gates during operation. Also, the new 
protection allowed a faster, more aggressive switching of the 
gates (Figure 9b) and the capability of surviving highly 
oscillatory systems, as shown in Figure 9b.  Finally, the newly 
designed bootstrap (snubber) protection circuitry for the K-ECS 
module was adopted by the manufacturer. 
 

 
 

 
Fig. 8:  Noise at the ground gate for Half-Bridge DC-DC Converter 

 

Also, a set of laboratory manuals were written to complement 
and reproduce the experiences. 
 

 

a) 
 

b) 
 

Fig. 9: Validation of responses  

 
 

IV. FUTURE WORK 

                        

Fig.9: pcDuino3 board [11] 

Due to the extensive use of Voltage Source Converters (VSCs) 
and their new adaptive/intelligent controllers requiring intensive 
computations in many applications, some limitations have been 
observed with the usage of the Arduino Mega due to either 
memory limitations or speed of calculations. In order to 
overcome this, the pcDuino3 board (Fig.9) has been adopted for 
integration with the K-ECS. A more detailed specification of the 
pcDuino3 board is provided in the Appendix. Fig.10. shows 
laboratory setup with the equipment. 

 

Fig.10: Laboratory setup. 

 
 



V. CONCLUSIONS 
 

 A new generation of low-cost, flexible hardware platform 
for educational purposes dealing with power, electronics, 
controls and communications subject areas has been 
developed. This will be useful for both under-graduate 
teaching and research laboratories. 

 The unit was rigorously tested in laboratory conditions and 
improvements were made to ruggedize the equipment. 

 Manuals have been produced for the equipment usage under 
actual classroom conditions. Feedback from students will 
be used to both improve the equipment and the procedures 
for equipment usage. 

 Going forward, additional tests and experiments are being 
devised to augment the repertoire of the K-ECS unit. 
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VII. APPENDIX 
 
The pcDuino3 is a high performance, cost effective mini PC 
platform that runs full-featured operating systems such as Linux 
(Ubuntu) and Android and has support for programming 
languages such as C, C++, Java, Python, Arduino, and more. 
The pcDuino3 has an impressive set of features including an IR 
receiver, SATA host, USB-OTG, LVDS LCD interface, MIPI 
camera interface, 3.5mm audio output, battery header, WiFi, 
Ethernet, and more. The pcDuino3 acts much like a computer, 
needing only a 5V, 2A power supply, keyboard, mouse and 
display to get running. You can even use the USB-OTG to 
connect remotely. Connect it to your network with either the 
WiFi module or Ethernet jack so you can log data, run a web 
server, or control devices remotely. The more powerful 

pcDuino3 uses a dual core A20 processor which makes it one of 
the most powerful single board computers on the market. 
 
An API has been developed for the pcDuino3 that allows the 
user to access all of the functions that you would expect using 
simple Arduino-style language.  
 
The AllWinner-A20 CPU in conjunction with the Mali-400 
GPU delivers enough power to handle multimedia (FULL HD) 
or office applications smoothly and quickly. Thus the pcDuino3 
can handle the same tasks like a classic PC under Linux or 
Android, or be used as a Media Center with infrared remote 
control. It needs to be noted that Linux Ubuntu 12.04, XBMC 
Media Center, Scratch and Arduino IDE are pre-installed on the 
integrated 4GB flash memory.  
 
This device has a microSD card reader available, and can also 
be booted from a microSD card (e.g. Android 4.2.2). In general, 
the device will boot first from the Flash memory. If a microSD 
card is inserted with an operating system, then the device will 
boot from it. You can also use the SD card slot as well as a 
memory expansion (up to 32GB) over the possible SSD or hard 
drive connected by the existing SATA interface. 
 
Unlike other single board computers with only digital 
inputs/outputs, the pcDuino3 is also equipped with 6 analog 
inputs/outputs. They can be used to control analog devices like 
the Arduino temperature sensors, light sensors, and much more. 
Another interesting feature of the pcDuino3 is the built-in USB 
OTG interface. It provides an option to be accessed from a 
connected Windows PC with a USB network interface via VNC-
Remote Desktop software installed on the pcDuino3. Thus, the 
pcDuino3 can be operated without screen, which is a very useful 
feature for some applications, e.g., specific measurement or 
control tasks. 
 
The device is completely open source, so users can program 
their own projects without any restrictions. For this purpose, 
there are a lot of detailed Information, circuit diagrams and 
programming examples on the homepage of pcDuino3. 


