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Since their introduction in 1962 by T.G. Wilson and P.H. Trickey [1],Brushless DC (BLDC) motors have replaced their brushed counterparts in almost every application. BLDC motors are synchronous, electrically m;ii?needd“,’lﬁ”ﬁfﬁ,?ﬁrﬁﬁﬂ'iintmg Brace
commutated motors which offer significant increases in efficiency, controllability and longevity compared to brushed DC motors. However, BLDC motors do have one drawback. They require complex and NdFeB Permanent Magnets or ‘Poles’
expensive control electronics in order to drive the motor. The current generation of commercial controllers for small (<300A) motors invariably utilise a scalar control technique known as six-step commutation. This ;'”X R'gg

technique is suitable for steady state, low performance applications such as RC planes and helicopters but is not adequate for high dynamic or generally higher performance applications. With the rise of high g S

performance machines such as autonomous ‘drones’, which currently utilise commercial six-step BLDC controllers, a need for high performance BLDC motor controllers has been seen but as of yet, remains unmet by
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This research investigated the possibility of applying an advanced vector control technique (currently employed in industrial AC machine drives) to small BLDC machine controllers. Specifically, the objective of this _
: o : : : o W ) /e Figure 1. The BLDC Motor [2]
research was to develop a high performance BLDC motor controller by utilising Field Oriented Control techniques. The goals were for the controller to be capable of closed-loop precision control; ‘sensorless’ (‘self-

sensored’); and capable of low speed commutation (<100RPM).
Field Oriented Control

Field Oriented Control (FOCQC) is a vector control scheme currently employed in some high end industrial machine drives. At
the time of writing, no commercially available motor controller designed for small BLDC motor control could be found that
utilised field oriented control. Field Oriented Control or Vector Control manipulates space vectors in the direct (d) and
guadrature (q) axes in order to accomplish very precise and efficient motor control. The operating principle of FOC is to
RPN ‘manage’ the stator windings to keep the flux produced by the rotor’s permanent magnets orthogonal (909 to the stator

to ' field. This provides exceptionally precise torque control [3].
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FOC processing is carried out entirely in the direct-quadrature (d-q) reference frame. The direct
and guadrature components are simply the decomposition of the flux linkage state vector into

3-Phase 13 Phase two discrete components, the flux (d) and torque (g) producing components. This is best shown S Winding A
System I System graphically as in figure 3 to the right. It is clear that the direct component offers no useful torque P
and only serves to increase ware on the motor bearings. It follows that it is beneficial to minimise L ™ (Quadrature)
this component while maximising the quadrature component to the application set point. g T —
(Direct)
Stationary Reference Frame : Rotating Reference Frame : Stationary Reference Frame Proportional-integral (Pl) controllers are used to control the direct current component to zero and uwsrfﬁ-f:;a
the quadrature component to the application set-point. At this point, the controller requested
Figure 2. DRV8301-69M-KIT [6] Figure 4. Functional block diagram of a generic FOC drive [4] direct and quadrature components are back tran_sformed to a st_atlc three-phase rgference Figure 3. Direct (d) and
frame and used to generate Pulse Width Modulation signals to drive a three-phase inverter. The  othogonal (g) force components
FOC process is best summed up as in figure 4 to the left. [5]

Methodology
Research was, by design, conducted in three distinct phases: | nStaSP| N ™ - FO C

* InstaSPIN-FOC was evaluated using hobby BLDC motors and a development board (Figure 2 above) from Texas S NAEOE 5 2 st e selifan by 1ees e wiieh el

Instruments; : :
« A test board was developed with Bus Current Sense and a Rotary Encoder to test InstaSPIN empirically; e the “?‘p'd developme.nt o ad\(gnced FOL ek MTHer Sl ers. Mk
solution includes a proprietary unified observer structure, FAST, and all

 Motor Identification Routines Failed despite numerous attempts; ) ) ) ; .
« After Discussion with Texas Instruments Engineers, the reason for this was found to be poorly iregnilgg::nl;c’c)'gnsb:s(:ksel.l ;Zet‘:]ee rlaeloc}; delfl lggﬁtgﬁg l:Se Iﬁgt(;gljllr\lk FOC is best
suited (oversized) hardware, particularly feedback scaling, and the very low inductance of A mmar'seo: by Fi V\:e 5 1o the 1 qﬁ; ' ] !
hobby motors. The only solution to this was to design custom hardware with more suitable u ! y Higu 'ght.

feedback scaling. » : : : :
* InstaSPIN’s Torgue and Speed Controllers were evaluated with guessed motor parameters. A Inst.aSPII\_I-.FOC.: featgrg cn'gpal Lo e suigeess © Uil Dl s automatl_c
motor identification. This is critical because small BLDC motors are rarely (if

* Excellent results were found with the Torque Controller; ever) provided with information required for the tuning of the Pl controllers
 The speed controller was plagued by instability when speeds were commanded outside of a € p o qulr : g '
This information includes the stator resistance, inductance and total flux

SR AETONT (EITEE — SASlRIRIZ ) o SR linkage. Using InstaSPIN, these parameters can be found by running a one
* This was a result of the guessed motor parameters as they directly effect the Pl nkage. using r N P . y running ]
time identification routine.
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loop gains, K, and K- It was hoped that more suitable hardware scaling would Figure 5. InstaSPIN™-FOC Block Diagram [6]
allow the controller to commutate the motor over a much wider speed range. |

« Custom Hardware Development Resu tS

« A custom FOC controller based on a Texas Instruments BoosterPack was designed. All testing was conducted using revision 2C of the Custom FOC Controller and the same power supply and load was used

 Texas Instruments establishes several hardware prerequisites for InstaSPIN hardware, including  for all motors and controllers tested. The six-step controllers chosen reflected mid-high range (Plush 40) to low range
phase current and voltage feedback requirements. (Hobyking SS) commercially available controllers.
 Two versions were fabricated, populated and successfully tested.

« Custom FOC Controller Evaluation The Custom FOC Controller was able to reliably identify all tested BLDC motors (including several that are not included in

* The Custom FOC Controller developed was evaluated against commercial options. the tables below). Importantly, identification was run several times on each motor without issue and results were very

: Relat(ij\lle efficiency, minimum and maximum commutation speeds as well as motor response times were consistent. A completely unknown motor was also identified to prove the robustness of the identification routine.

tested.
* General Observations were made of the operation of the motors as driven by different controllers. Tables 1 and 2 below show that the custom FOC controller’s response time and capability for low speed commutation was
considerably superior to any of the tried commercial controllers.
C UStO m C O ntro | | er D eve | O p m e nt The Custom FOC Controllers relative efficiency was also tested against the selected commercial controllers. This test
_ _ . _ showed the FOC Controller, on average, using 35% less power than the commercial controllers for any given commutation

Several versions of Custom FOC Controller were developed with two revisions (2A and 2C) being speed. It is doubtful that a comprehensive test suite would show such a profound efficiency improvement. However, the
fully populated and successfully tested. Power and feedback stages of the controller used TI’s results were repeatable and no serious flaw in test methodology is known.
BOOSTXL-DRV8301 ‘BoosterPack’ (analogous to Arduino ‘shields’ — not a standalone controller)
documentation as a reference design. Note, Texas Instruments releases all design documentation Table 1. Loaded Motor Results. Table 2. Unloaded Motor Results.
for the BOOSTXL-DRV8301 for public use and encourages the use of their designs as references for
custom deSignS. Controller: InstaSPIN FOC Plush 40 Plush 10 Controller: InstaSPIN FOC Plush 40 Plush 10 HobyKing SS
Revision 2A of the Custom FOC Controller was fabricated using the CNC mill at CQU. This version ) ) X . . ) .
was successfully tested and showed considerable improvements on the Tl development board . E . . : o = | . = | . = | . -
initially tested. The controller was capable of commutating a BLDC motor at speeds as low as o 2 T T O - I I Motor: s |52 _|5|&|_|5]|2|._]3
100RPM. In addition, InstaSPIN identification routines were successful on all motors tried. 2l 2| 8| 2|2 |8|2|2]E¢ E|S| 8| |88 |2 |2|8|2|8)8
Revision 2C of the Custom FOC Controller was professionally fabricated, although, still manually % § § :é § § % § § =l | 8|z 218 |z|2/8&8|2| 2|8
populated. Performance was increased still further and commutation speeds as low as 65RPM were e L —
possible with a completely ‘sensorless’ controller. (RPM) SN 1150 850 || 820 | 1050 | 730 | 920 Speed (RPM) 150 | 100" | 100 3275 | 2750 ) 2700) 2150 | 1650 | 1700 | 1575 1 NA | NA

Maximum Stable Rotor Speed Maximum Stable Rotor
17.2 | 185 | 15.0 | 16.5 | 18.1 | 145 | 16,5 | 183 | 14.7 | 16.4 NA NA

. . . 5.95 4.65 4.8 5.90 4.60 4.57 54 4.3 4.6
Key components of the Custom FOC Controller (Revision 2C) include: LU speed (kPRM)
. - T ition ti t
« TMS320F28027F Microcontroller; GO AR R (Tsr: neitiontime zerotofullsbeed | o | 112 | waz | 142 | 127 | 123 | 11 | 13 | 12 f{;ir;z;;z ge 797 |09 | 051 039 | 076 | 061 | 054 | 069 |08 | 054|061 | NA | A

Maximum Bus Current
10.87 9.93 10.07 | 13.56 | 18.46 | 12.21 | 10.87 | 12.62 | 13.56 (A) 1.14 | 1.7 | 1.14 | 2.15 | 2.62

 DRV8301 3-phase pre-driver, SBgg— s =
« CSD18533Q5A 17A MOSFETS; L= =
« Bidirectional current sense — scaled for 10A continuous current; el
« 3-phase and bus voltage sense- scaled for 24V,
o Full 14pin JTAG breakout;

« |2C and GPIO breakout;

 10A RMS Current Rating;

 Up to 24V Bus Voltage;

Maximum Bus Current (A) 191 | a4 23 | 134 | 242 | wa NA

i Conclusion

All of the stated objectives of this research were met. The viability of Field Oriented Control for use on small hobby BLDC motors has been
proven with results showing considerable improvements against the six-step controllers tried. The developed controller was able to identify
| |5 _' a wide range of hobby BLDC motors and control them over their entire speed range. The low speed commutation capability of the

s Ca) custom FOC controller is a distinct improvement over commercially available controllers. The minimum commutation speeds were

' substantially lower for the Custom FOC Controller than for any of the commercial options tested. It is important to note that at low speeds,
3p 8 ARl ahcFos the motors were capable of generating a substantial amount of torque when driven by the Custom FOC Controller. This is in contrast with
R the commercial controllers tested which would stall at a few thousand RPM when the rotor was touched.

The primary shortcoming in this research is the lack of controller testing. All efficiency testing was conducted relative to commercially
available controllers and the developed controller’s ‘actual’ efficiency remains unknown. In addition, many planned tests were omitted
from the research due to a lack of lab equipment. These tests include torque output, vibration testing and thermal response. It is
recommended that a more complete test suite be developed to further test the controller developed. This would include efficiency,

vibration and torque output tests.

; 8 20 of O el |
e o ¢ LT & 8 S

1
*ﬁ;%;%#gg@ Tl A It is also recommended that the I12C abstractions, already started, be completed. This would allow the Custom FOC Controller to send
_ B . motor data, including rotor speed, bus voltage and even motor temperature, to a ‘master’ controller. In addition, 12C can also be used to
Figure 7. Custom FOC Controller (Revision 2A) Figure 6. Custom FOC Controller send commands to the controller to re-identify motors, change between torque and speed controller modes and send more accurate

(Revision 2C) set-points. SPRT/702
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