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Abstract

This document presents the develop and implementation of a low-cost research platform based on a
microcontroller. The platform was validated through implementation of a resonant controller in of3-
frame for Inverter-Based Generators. Also, this work proposes a comparative analysis between a
dSPACE 1006 and the embedded systems for control applications in inverter-based generators (IBGs).
For the development of the research platform, a microcontroller from the Texas Instruments
TMS320F28379D C2000 line was used. Our analysis revealed that control behavior for IBG
applications through a low-cost platform based on a microcontroller is similar to that of a dSPACE.

Introduction

In recent times, the use of renewable energy sources is increasing dramatically worldwide. This has led
to the questioning about sustainability of traditional electric power systems since they are mainly based
on the generation of fossil fuels (oil, coal, natural gas). The environmental needs are increasingly
demanding a change of the energetic paradigm due to the negative impact that fossil fuels cause. Thanks
to the inclusion of renewable energy, the concept of microgrid is becoming popular. Thus, the use of
Inverter-based Generators (IBG) is more common nowadays.

A microgrid can work in two operating modes: grid connected or in isolated mode. To achieve optimal
operation, the microgrids need advanced control strategies to guarantee the voltage and frequency levels
in any of the operating modes. A flexible platform that can operate in both operating modes without any
significant changes in hardware is ideal for research and education issues

Currently, the control of microgrids is a source of continuous research, specifically in the control of
IBG. That is why companies like OPAL RT, National Instruments, dSPACE Typhoon, RTSD, RT Box
Plexim, etc., are increasing their offer with respect to Hardware-in-the-Loop (HIL) systems. These
companies provide multiple modules to simulate real-time energy systems. These technologies allow
research centers to improve their infrastructure and, in this way, they emulate and solve problems
regarding to renewable energies. In [1], [2], [3] and [4] some works relating to the development,
implementation and analysis of controllers of power electronic systems in which they use HIL
technologies are presented.

Although these tools are very powerful, they are expensive as well. Therefore, they are difficult to access
by low-income universities that belong to developing countries. This paper aims to present a low-cost
microcontroller-based platform that allows for the implementation of advanced control strategies for
IBG. Also, this project presents the development of a comparative analysis in terms of performance with
respect to one of the HIL tools mentioned above, specifically a dASPACE 1006.
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Microcontroller-Based Research Platform for IGB Control Applications

For the development of the research platform for IBGs, we developed a control box (CBOX) based on
a microcontroller. This control box is composed of a Texas Instruments (TI) C2000 TMS320F28379D
microcontroller (uC), custom made analog signal conditioning board and electrical signal to light pulses
conversion board (optical fiber). Aditionally, a IBG Danfoss VLT-302 inverter and a SensorBox were
used, the last two supplied by the Sustainable Enegy Center (SEC) of the University of Puerto Rico de
Mayaguez (UPRM). The CBOX contains all the necessary ports to connect to the SensorBox and the
IBG to perform the respective control. A set of experiments was developed to program and interact in
real time with the uC through the blocks and tools provided by the Simulink-Matlab visual programming
environment. These experiments validated the different peripherals of the uC (ADCs, Digital
Input/Output, etc.) and implemented the desired control strategies for the control of IBGs. In addition,
Matlab offers a work environment called GUIDE [5] allowed to design a custom user interface, a drag-
and-drop environment to observe the values of the controller variables in real-time and to change the
parameters of the controller on the fly, if necessary. A general description of the developed platform is
shown in Fig 1.

The CBOX uses a C2000 TMS320F28379D microcontroller. It operates at 200MHz and is equipped
with 24 analog-to-digital (ADC) conversion channels with a resolution of 12 bits, 16 independent 32-
bit PWM channels, floating point unit (FPU), JTAG emulation tool and other features that make this
microcontroller ideal for high capacity digital control purposes in IBG applications.
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Fig 1. General system overview
System Assembly

The three boards contain in the CBOX are describe as follow: first, analog signal conditioning board is
required to convert the voltage signal levels from the SensorBox into a range that the microcontroller
can read (0-3.3V). The CBOX is packaged in an enclosure which was designed in SolidWorks and made
by a 3D printer. It contains a port to connect it to the conventional grid (120Vac), a USB port to
communicate and program the uC in Real-Time, 14 ports for analogue signal input from the SensorBox,
5 output ports and 1 input for optical signals to control the IBG. The CBOX was designed with 14
channels that allow analog signals to be read simultaneously, from the SensorBox. The SensorBox was
originally designed to convert the measured signals into a range of voltage levels from -10V to + 10V.
For this reason, a signal conditioner circuit is used to convert these voltage levels to a range of OV to
3.3V, which is the operating range of the ADC unit of the uC. To achieve this objective, it was necessary
to attenuate and add an offset value to the signals coming from the SensorBox in order to convert them
into positive unipolar signals to read it properly with the uC. The OP482 amplifier from Analog Devices
was used for this task because it has a high response speed (9V/us), wide bandwidth (4 MHz), low noise
and other features that make it ideal for this application. this amplifier has 4 independent channels with
high response speeds.

To generate an attenuation of 0.15, resistors of RD=150Q and RC=1kQ were used Fig 2 shows the
proposed design of the analog signal conditioning circuit. The output voltage is given by (1).
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Fig 2. Analog signal conditioning circuit

Second, Optical Signal Conditioning Board is required to convert the PWM (electrical signals) into light
signals, which will be responsible for carrying the control signals to the IBG, this board receives
electrical signals and transforms them into light signals, has 6 optical signal ports, 5 outputs and 1 input.
The 5 optical output signals are distributed as follows: 3 signals are from PWM responsible for applying
the control signals to the IBG; a Reset signal to reset the IBG in case it is blocked a non-lethal fault;
and an Enable signal for activating or deactivating the IBG. On the other hand, the input signal called
TRIP informs the IBG had a fault and is blocked. This board is interconnected with the Analog Signal
Conditioning Board through a ribbon cable.

Finally, BNC Signals Board is required to connect to 14 BNC channels of the SensorBox output ports.
This board is connected to the Analog Signal Conditioning Board using a ribbon cable. In short, this
card serves as an interface between the SensorBox and the Analog Signal Conditioning.

Fig 3 shows the final assembly of the CBOX. The CBOX is organized so that its main modules can be
visually identified and used with little risk of damage.
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Fig 3. Final box assembly of the CBOX. Left: internal view. Right: external view

Graphic Interface

Grafic Interfaces allow easy control of software applications, which eliminates the need to learn a
programming language and write commands in order to run an application. With the help of Matlab
GUIDE, an interface was created that allows you to program the uC with files previously created from
Simulink and at the same time observe and change the parameters of the controllers that were
implemented. For each type of controller implemented in this platform, different interface were
developed.

Fig 4 shows the interface developed for the aff controller, which will be discussed later. As you can be
seen, the interface consists of 4 sections that will be described below.
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Fig 4.User interface for the microcontroller-based platform for IBG control applications

The Options section contains three buttons.
o The “Go Online” button allows you to program the uC with the control strategy and keep the

system running in real-time.

o The “Go Offline” button allows you to reset the uC and finish the data transmission in Real-Time.
The “Start Measuring” button allows you to display some variables of interest on the screen in
real-time, such as the dc bus voltage (Vdc), RMS value of the IBG output current (Iout), RMS
value of the voltage of IBG output (Vout), Ppower that is delivering the IBG (P RMS) and voltage
errors with respect to the reference (Va, Vb, Vc RMS Error).

The Mode section allows you to switch between the type of control strategy or the open loop system
without a controller.

The System Measurements section allows visualizing on display the variables of interest in real-time at
the moment the “Start Measurement” button is pressed. It also contains a slider bar that allows you to
vary the reference voltage for the IBG between 20 and 120 volts RMS as desired, it is also accompanied
by a display (Vref) where you can enter numerically and observe the value of the voltage reference.
Finally, the section of Voltage and Current P+R Control allows to visualize and change the values of
the volatage parameters and current controllers (Kpv, Kres, Kp, Ki) as desired, the selection of these
values will be farther discussed.

Platform Validation

To validate the correct functioning of the platform, a three-phase inverter with an LCL filter
was used. The platform was validated by controlling the voltage in the capacitors (Ci) and the current
control in the input inductance (Li).

In order to control the inverter, it is necessary to measure the signals of interest, which is
achieved with the SensorBox described above. Once the signals of interest are measured, they are sent
to the uC, which is responsible for carrying out the respective control and generating the PWM signals
that will switch the inverter's power transistors and obtain the desired output voltage.

In Fig 5, a general scheme of the inverter with the LCL filter and a load is observed. In addition,
all the voltage and current measurements necessary to control the inverter are observed. On the other
hand, the PWM block represents the optical signals from the optical signal conditioning board.
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Fig 5. General scheme of the three-phase inverter with LCL filter

The model of the inverter is represented in equations of state. For simplicity of the model and
control of the three phase inverters, the aff transform is used in the reference frame aligned to the voltage
in the capacitor of the LC filter. The LC filter model is given by the following equations:

A

_1/Li _Ri/L

To validate the platform the resonant control in af-frame was selected, work related to the
implementation of these controllers is described in [6]-[9]. shows the general scheme of the system with
PR control (af), in which there is an internal loop that controls the circulating current by Li and an
external voltage loop that controls the voltage in the capacitor Vc.
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Fig 6. General schematic of the IBG with PR (of3) current and voltage controller

where the GPWM transfer function corresponds to the delay due to the calculation device (Ts) and the
PWM (0.5Ts), with Ts being the sample period. The GPWM transfer function is given by:
1

S — (3)
1+ 1.5T,s

Gpwm(s) =

The transfer functions GV (s) and GI (s) correspond to the PR controllers of voltage and current,
respectively. The main characteristic of these controllers is that it has an infinite magnitude gain in its
resonant frequency ®, and it presents an abrupt 180 phase change in the frequency ®. The equations Gy
(s) and Gi (s) are given by (4) and (5), where K, - K, and K, - Kj; are the proportional and resonant
constants for current and voltage controllers, respectively. 0 is the desired resonant frequency, in this
almost 377rad/s [10][11].
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For the controller mentioned above, the design and calculation of their parameters was carried
out by means of the frequency response using the bode diagrams as in [10]. Table 1 shows the values
of the system parameters to be controlled.



Parameters Symbol Nominal Value
Switching frequency fs 10kHz
Sampling Time Ts 100us
Filter inductance Li-Lo 1.8mH
Filter capacitance C 8.8uF
LC Filter resistance R 20
System frequency Wo 2%pi*60 rad/s

Table 1. System Parameters

The constants of the PR controllers obtained for the current and voltage controller were K,,;=0.
- Kii=200 and K,»=1.5 - K;» =100, respectively.

Experimental Results

Prior to experimental implementation, to carry out the comparative analysis of the platform
developed in this investigation with respect to a HIL technology, it was necessary to validate the system
with the simulation strategies described. For this reason, the MATLAB-Simulink tool was used, which
allows executing complex system simulations with precision.

Subsequently, to evaluate the performance of the proposed research platform, one of the
inverters of the SEC-UPRM microgrid test bench was used [12]. The experimental setup is represented
in Fig 7 consisted of a 2.2kW Danfoss inverter, an LCL filter, a CBOX or dSPACE, and a SensorBox.
The switching frequency of the inverter was adjusted to 10 kHz by symmetric spatial vector modulation.
Finally, the voltage in the capacitors (V¢) was acquired using a Lecroy Wavesurfer 64Xs oscilloscope,
which allows the measured signals to be converted into data that can be processed in Matlab. For
validation, our platform was compared to the behavior of the dSPACE 1006. In the two systems, the
same controller was implemented with the same parameters, the same inverter was controlled with the
same LCL filter.

Control HMI

Lecroy
Wavesurfer

Fig 7. Experimental Low-Cost Research Platform



The experimental results of the PR (ap-frame) control implemented was validated for both the
CBOX and a the dSPACE. Fig 8 shows the voltage behavior in the capacitor for the controllerless system
with our platform and the dSPACE.
The voltage reference was initially set at 60V RMS. After 1 second, a 60V step was used to reach the
voltage of the conventional grid (120V RMS). It was observed that the transient in the simulated model
had more harmonic components as in the open loop model because the simulation did not consider all
damping factors. It is observed that the behavior of V¢ controlled by our platform and by dSPACE had
a similar dynamic. The simulated system had a settling time of 15ms, and a maximum exceeding of 7V
with respect to the reference (less than 5%). The system controlled by our platform and the dSPACE
behaved in a similar way and had a maximum overshoot in one of its 15V phases (less than 10%) and
also presented a maximum error of 5V in steady state, that is, an error of less than 3%.The exact
similarity values between our platform and the dSPACE when implementing the af controller will be
presented in the next section.
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Comparative Analysis

For the PR (af-frame) controller implemented in our platform and in a dSPACE 1006 the
voltage signals in the capacitor (Vc) is compared, which is superimposed and compared with respect to
the V¢ of the simulated model in a time interval determined.

For each platform with respect to the simulated model, the root mean normalized square error
(NRMSE) is defined by [13].

NRMSE =100 X (1 __ Verer = Ven 2). (3)

||Vcref - mean(Vcref)”
where || Indicates Euclidian norm of a vector. The vectors Vcp; and Ve,r represent the Ve for each
platform and the V¢ of the simulated model, respectively. The NRMSE is suitable for this validation
because it considers the complete measurement during a specific time interval. This means that it is
suitable for comparing responses with a high frequency component, such as signals from an IBG that
operates at high frequencies. Fig 9 shows the NRMSE for the system with PR controller (af-frame) All
adjustment values are above 96% in each of the phases of V¢ with respect to the simulated model. In
addition, the system controlled by the uC has an error rate of less than 1% with respect to the dSPACE
when compared to the simulated model. These results demonstrate that our platform has the ability to
keep the IBG stable and controlled through the implementation of the aff controller, obtaining results
similar to those of dSPACE.
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Through the results obtained when applying the NPSME to the V¢ Voltage obtained with our
uC-based platform, as well as when implementing PR (ap-frame) controller in the dSPACE with a real
IBG, we observed that the errors regarding the dSPACE in all the cases were less than 1% with respect
to the simulated model. These results demonstrate that our platform has the capabilities to implement
control strategies for IBG applications, obtaining results similar to that of the dSPACE.

On the other hand, when directly comparing our platform and the dSPACE, NRSME values of
97.25%, 96.79%, and 96.93 are obtained for the three phases of the voltage in the capacitor VcA4, VcB,
and VcC, respectively.

According to our criteria, it is considered that a value greater than 85% similarity between our
platform and the dSPACE is sufficient to determine that the platform meets the requirements to
implement control strategies for IBG applications. The results obtained demonstrate that our platform
has the capacity to implement controllers for IBG applications, since through the implementation of the
ab and dq controller there is a stable and contracted system with a percentage of similarity greater than
the threshold (85%) established with respect to a dSPACE 1006.

Conclusion

By implementing a PR (ap-frame) controller for IBG applications through a low-cost uC-based
platform, a similar behavior is obtained as when implementing the controllers with high-performance
technologies. The comparative analysis carried out demonstrates that the results obtained with our
platform based on a uC and the dSPACE 1006 are similar. The platform proposed in this work allows
for the research and implementation of advanced control strategies for IBG to be accessible to
universities with low budgets that are in the process of development.
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