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DESIGN OF UNIVERSAL CONTROL UNIT
FOR BRUSHLESS DC MOTORS

J. Toman, J. Hrbacek™, V. Singule™

Abstract: The paper presents the design of both power andraloelectronics used to develop a
universal BLDC (brushless DC) motor control uniteinded for an aircraft fuel metering pump. The
controller allows employing various methods for smmand sensor-less control including frequency,
trapezoidal, sinusoidal and fielding oriented cahtrThe power subsystem provides three power totem-
pole switches as well as a wide range of input anxlliary circuitry. As needed by the target airftra
industry standards, conclusions of a thorough FMEEalysis of the resulting device are given.
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1. Introduction

The Brushless Direct Current (BLDC) motors haveently gained substantial popularity among
applications that require increased mechanicahlitiiy, operation in explosive or otherwise harsh
environments and accept slightly higher demandghercontrol unit. It has been proven that BLDC
motors are suitable for use in critical control leggiions in aerospace due to their architecture,
performance and characteristics. One of such ajuits is a fuel metering pump drive that is being
developed as a part of the CESAR (Cost EffectivalbBAircraft) EU project.

The operation of any aerospace actuator basedBib& motor (e.g. the fuel metering pump) is
safety-critical and its safe operation requireslable control algorithm that ensures safe starénd
running of the BLDC motor in the whole operatiomga. Several applicable control algorithms and
methods which have been evaluated within the CESiect are described hereinafter as well as the
controller itself that host these algorithms.

2. BLDC motor control theory

Brushless DC motor (BLDC, also known as electrdhiaammutated motor) is from the construction
point of view very similar to the synchronous motdgth permanent magnets in the rotor. The main
difference is usually different shape of the depetb EMF waveform — trapezoidal for BLDC (simple
block commutation optimization) and sinusoidal $gnchronous motors (complex sinusoidal control).

From the modeling perspective, the trapezoidallyimebBLDC motor can be perceived as a DC
motor whose mechanical commutator is replaced égtreinic means, i.e. by sequential switching of
the windings to the power. This similarity impliggt the quantities current-torque and voltage-@pee
are linearly dependent.

2.1. Frequency control

The basic control principle of the BLDC motors reduency control. In its simplest form, called
trapezoidal control or six-step commutation, it ides a winding power switching sequence as
a replacement of the mechanical commutating defisd-ig. 1a depicts, the commutation law defines
six succeeding states with only two windings powesenultaneously (the third one is left floating).
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The biggest strength of this method is its simplicon the other side, the moment control at lower
speeds is rather worse which leads to moment aeebgpulsations.

The other technique — sinusoidal control — overcothés ripple by harmonic driving of all three
windings at the same time. Smoothly rotating cursgpace vector has a constant magnitude and is
always in the quadrature direction to the rotorstaswn in Fig. 1b. However, the complexity of this
control method is much higher compared to the #aiokal commutation. A precise position of the
rotor has to be known; moreover, the sinusoidalroamation is prone to be suboptimal in the area of
higher angular speeds. The reason is that the mgndirrent magnitude controllers are limited inthe
bandwidth and are not able to precisely follow femtmonic signals.
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Fig. 1: Commutation law of a) trapezoidal contrgldinusoidal control (Microchip, 2011)

2.2. Field oriented control (FOC)

FOC overcomes the problem mentioned in the prevjgaragraph by direct control of the current
space vector in the rotor coordinates. This veshmuld have a fixed size and its direction shodd b
perpendicular to the rotor (quadrature axis). Theent control is then provided also in the rotor
coordinates which means that the control problemnsfiorms from exact tracking of a sinusoidal
signal to much simpler regulation of steady qua#itThis ensures that the quality of current aintr

is independent on rotor angular velocity. The tégia that allows such a control method is the Rark’
forward and inverse transformation between theetiptgase stator coordinate system and the rotor d-q
coordinate system. Because the frequency of thhassfbrmations calculation has to be the same as
the needed working frequency of the current cortrop, the FOC is quite heavy on computational
power of the host system.

2.3. Sensor and sensor-less control

Each control principle has different demands orssgninputs needed for its successful operation.
The simplest case is the block commutation that oakds to know three angular positions where the
commutation should occur; this is usually acconfggsusing Hall or optical sensors. Basically, there
are two types of sensor-less control techniquesribard, 2001). The first type is position sensing
using back EMF of the motor, and the second orernsgputational position estimation that uses motor
parameters, terminal voltages and currents.

In the case of the sinusoidal-based control methaglsresolution measurements of rotor position
are required. Hall/optical sensors produce onlgréie information about rotor angular position and
do not fulfill the demands; a quadrature encodex @solver seems to fit well.

3. Control system architecture

The control system can be divided into two mairtgarthe control unit itself and a software toal fo
diagnostic/control purposes. The control unit igHfer comprised of its hardware platform (providing
power electronics, sensory, computations means aangliary circuits) and firmware equipment
(implementing described control algorithms).
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3.1. Hardware subsystem

The hardware development has been conducted im twdmmply with aerospace quality standards,
including RTCA/DO-254 — “Design Assurance Guidarioe Airborne Electronic Hardware” (FAA
Advisory Circulars, 2005) and RTCA/DO-160F — “Ermnmental Conditions and Test Procedures for
Airborne Equipment” (RTCA, Inc., 2007).

Three milestone hardware versions (and several derelopment versions) have been developed
within the CESAR project. Each new version of thatcol and power electronics meant progress and
new possibilities in the control methods, such aesser-less or FOC methods. The newe¥, 3
generation is shown in Fig. 2 and consists of agvoslectronic board to which the control board is
connected using a 50-pin connector.

Fig. 2: The & generation hardware

The control board features the Microchip dsPIC30E606-bit DSP that disposes of UART and CAN
bus communication lines usable for communicatiothwguperior systems. This DSP fully supports
motor control applications and has 4 independenMPdlannels — 3 for the three-phase power unit
and 1 for the electrical brake and PFC of the riinbus.

The power electronics are composed of three pow@®SWKET totem-pole switches with
appropriate drivers, fast over-current and ovetag# protection circuits and 3 Hall-effect current
sensors. Both current shapes — trapezoidal or @ohals— are feasible. The analog part of the board
allows measuring of back EMF voltages needed fos@eless control also during the start-up phase,
when the angular speed is low.

An extra MOSFET with driver is added onto the maid bus on this board. If necessary it allows
active breaking of connected electrical drive. &anance of this electrical brake depends on the
amount of returning energy and recuperation pdggkiof main DC power supply.

3.1.1 Firmware
The firmware acts in the following three main roles
e motor control itself — robust operation of the BLER®tor in all regimes
» safety provision — proper reaction to failure egéstates
* communication with master/diagnostic systems —rpatar setup, logging etc.

The control principles described in the theoret®mattion of the paper have been algorithmized
and implemented as a part of the control systemissfare. A MATLAB/Simulink blockset capable
of generating C code for the chosen DSP familyilable — it can be advantageously utilized fat fa
functional evaluation of the control algorithms dmped using simulations. A benchmarking study of
this approach is provided in (Lambersky & Vejlup@k11). However, use of the generated code in
the final product would not be suitable becausesighificant demands on code efficiency and
reliability originating from the aerospace applioatarea (RTCA, Inc., 1992).
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The architecture of the used dsPIC30F6015 DSP liy faptimized for the use of C as
programming language. The Microchip-supplied C citengan also be used in conjunction with the
MATLAB/Simulink environment during the Hardware-the-Loop development phase.

3.2. Software control tool

Developed control software Graphical User Interf@@®l) is shown in Fig. 3. It depicts a simplified

electrical schematic of three MOSFET half-bridgeitshes and a three-phase BLDC motor. The
software communicates via a serial RS-232 line dCAN bus with the control electronics and

displays the main values from the power electronics

This SW tool works with the presentel @ersion of the control hardware. Operation wita #f
generation has minor limitations due to its lessglex design. The designer can monitor immediate
conditions in the circuit; all monitored data candtored for further analysis.
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Fig. 3: GUI of the control software tool

4. Control algorithm test results

To evaluate the performance of the control systewh the designed electronics, two types of the
evaluation test were used. Firstly, the start secgieof the fuel pump was performed. The start
sequence of the fuel pump, shown in Fig. 4 lefts wexrified for a step change request from 50 pércen
of the fuel flow. This means that the starting flavel was 43 I/h (3250 rpm of the BLDC motor) at

2 MPa of back pressure. The required flow aftegp steange should be 92 I/h (7300 rpm of the BLDC
motor) at 3.9 MPa of back pressure. The start t6fre74 ms was achieved which is acceptable.
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The next important feature of the fuel pump is #tep time performance. The stop time
characteristic was much more difficult to measiitge directly connected speed or flow sensor to the
fuel pump influences the stop time characterisitee only way was to measure the speed from the
motor’s internal Hall sensors.

Stop time characteristic is shown in Fig. 4 righte fuel pump should stop in this case from the
nominal fuel flow of 92 I/h (7300 rpm of the BLDCator) at 3.9 MPa of back pressure. The stop time
value of 83 ms was achieved which is acceptable.

5. Failure mode analysis — FMECA

Failure Mode, Effects, and Criticality Analysis & mandatory part of the development of any
electrical application in the aerospace industpEEA is also a part of the certification process an
there is no possibility to operate any device withthe approval of relevant authorities. A preliatiy
FMECA study of the § generation of electronics was carried out withie CESAR project. The
main aim is to find the most critical componentgthe electrical design and provide a feedback to
innovate or supersede critical components. Nexh¢oFMECA analysis, a set of DO-178B, DO-160
(Environmental Conditions and Test Procedures fobdkne Equipment), MIL-STD-810 and other
standards have to be followed during the whole ligweent cycle.

5.1. Reliability and safety requirements

The technical life of any actuator and especiallfuel pump should be at least 20 000 hours or
20 years (the earlier applies). In aerospace tbeaghility of failure in a flight hour is usually fieed
as follows:

e Failure S1 — “Unsolicited FMP running on maximaéeg” 10°
e Failure S2 — “Lost of regulation” 10°
* Failure S3 — “False indication of the FMP failure” 107
e Failure S4 — “Impossibility to stop the FMP” 10°

The failure analysis should be evaluated with mfee to the outside environmental conditions in one
year of operation.

5.2. FMECA conclusions

During the preliminary FMECA evaluation about 858sgible failure states on about 386 failure
positions have been analyzed. The most signifi€ahires have been located along a short-circuit
path through the semiconductor switching componehtke device. Its risk factor RN is higher than
600.

Reliability and safety analysis has found 9 possthilures of the electronic control unit, which
can be critical. The most critical devices are semiluctor diodes. The probability of their failuse
possible to decrease by usage the special typéshigiher reliability (devices with the M category
dedicated for special purposes).

The overloaded components are usually source dfirési and decrease the whole failure
probability. According to the FMECA calculationsist not recommended to overload any active or
passive components more then 50 % of their maxiaiakes to keep high reliability.

In the conclusion of the FMECA document there igally a summary of the components that
built the whole reliability number. The main rueriot to use complicated integration circuits (sagh
ASIC circuits), under-designed power semiconductgdiodes, MOSFETSs), under-designed
electrolytic capacitors and to use as little meatarconnections, connectors, relays etc. as plassib
(especially no-name low cost devices).

The following Tab. 1 captures the FMECA preliminamysults in numbers. F(t) means the
probability of failure in one flight hour.
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Resulting value F(t) Requirement
Failure S1 1,250 - 16 1-10°
Failure S2 1,565 - 16 1-10°
Failure S3 1,500 - 18 1-10
Failure S4 3,138 - 16 1-10°

Tab. 1: The failure probability of FMP system cahnit

6. Conclusion

Three evaluation versions of the BLDC motor contnakdware have been developed within the
CESAR project. With all three generations of elegits we have been able to verify the sensor and
sensor-less control algorithms described hereirabdihe optimal control method for the fuel
metering pump actuator system has been found: dioation of the sinusoidal frequency start-up
phase with operational trapezoidal sensor moderaostems to best fit the needs. The requirements
for a fluid metering pump control system have beediilled and requested dynamic behavior has been
achieved.

In addition it has also been possible to apply ewvaluate modern trends in the aerospace industry
development. Using appropriate software environmenthave been able to prepare a mathematical
model of the system and determine suitable settifigise controller during simulation and modeling.
This approach, called Model Based Design, is rgmdining popularity and its principles have been
applied and tested within the CESAR project.
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