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Abstract:

In this study, a sensorless hybrid control scheme for brushless direct current (BLDC) motors for use in multirotor
aerial vehicles is introduced. In such applications, the control scheme must satisfy high-performance demands
for a wide range of rotor speeds and must be robust to motor parameter uncertainties and measurement noise.
The proposed controller combines field-oriented control (FOC) and direct torque control (DTC) techniques to
take benefit of the advantages offered by each of these techniques individually. Simulation results demonstrate
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the effectiveness of the proposed control scheme over a wide range of rotor speeds as well as good robustness
against parameter uncertainties within -5to + 10% for inductance and -5to + 5% for resistance parameters. The
proposed hybrid controller is robust also against noise in voltage and current measurements. In order to verify
the results from simulation, the proposed hybrid controller is implemented in hardware using the TI C2000
Piccolo Launchpad and TI BOOSTXL-DRV8305EVM BoosterPack. Testing is done with a Bull Running motor
typically used in aerial drones. Testing experiments demonstrate that the hybrid controller reduces the rotor
speed ripple when compared to DTC while operating in steady-state mode and decreases the response time to
desired speed changes when compared to FOC.

SECTION 1 Introduction

Sensorless brushless direct current (BLDC) motors are very popular in multirotor aerial vehicles such as
qguadcopters or drones. While there has been significant work done on the topic of control for BLDC motors used
in traditional industrial and electronics applications, much less has been published on the same topic targeting
multirotor aerial drones. Nevertheless, much of the control approaches for aerial drones are direct adaptations
of the more traditional control solutions despite that aerial drones are more challenging. First, the range of
supported rotational speeds is usually much wider to address all operational states, from resting to hovering to
complex acrobatics performed in the air. Second, the response time of the control scheme must be very short to
be able to effectively support complex manoeuvres and precise control of the flying drones. In addition, power
consumption which is directly affected by the quality of the control scheme is important especially in drones,
which currently are exclusively powered from batteries.

Despite the large amount of work on control schemes for sensorless BLDC motors in traditional application
domains, it is not clear yet what is the best or most appropriate control scheme when it comes to multirotor
aerial drones. Most of the previously studied control schemes trade one or more of the performance metrics
discussed earlier for the others. That is why, this paper proposes to combine some of the best previously studied
control techniques and rotor position estimation techniques and investigates the performance when applied to
the case of sensorless BLDC motors used in multirotor aerial vehicles. Preliminary results of this study were
discussed in [1]. To this end, the main contributions of this paper include:

e A hybrid controller for BLDC motors that combines the field-oriented control (FOC) and direct torque
control (DTC) techniques to take benefit of the advantages offered by each of these techniques
individually is proposed.

e The derivation of the state-space equations that represent the electrical-mechanical model of the BLDC
motor is presented.

e The state-space model is used in simulations to investigate the performance of the proposed hybrid
controller.

e The proposed hybrid controller is further verified with a hardware prototype to confirm results from
simulations.

The remainder of this paper is organised as follows. In Section 2, related work is reviewed. In Section 3, the
derivation of the motor model that is employed in simulations is presented and the FOC and DTC techniques are
discussed. Then, the proposed hybrid control technique is presented in Section 4. In Section 5, simulation results
are presented, followed by hardware experiments in Section 6. Finally, the main contributions of this paper are
summarised in Section 7.



SECTION 2 Related work

Previous work on control of sensorless BLDC motors can be looked at from two perspectives: what actual control
method is utilised and what estimation technique is used to calculate the rotor position, which is crucial to the
mechanics of any control technique. Representative studies of the most popular control approaches are listed in
Table 1. This table presents a comparison of these control schemes in terms of the input variables that are
utilised, intermediate variables, actual control technique, supported operation modes, and modelled load
characteristics.



Table 1 Representative control schemes for BLDC motors

Study

Name of approach

Model of motor

Input variables

Intermediate states for control
technique

Load characteristics

[2] FEM info assisted state mechanical Iy, Iy, Vo, Vy line-to-line flux linkage constant load torque
observer
[3] I-F starting method mechanical Iy, Iy, Vo, Vy 0, w mechanical torque depends
on motor speed
[4] speed-independent electrical Iy, Iy, Vo, Vy no explicit 8, generate functions | not modelled
position function of it
[5] unknown state observer | electrical Lobs Iner Lcar Vabr Voer Vea | Eanr Ever Eca not modelled, experiments
for variable torque
[6] current injection electrical Loo, Lo, Ipy, Iy, 1oy, 1._ | Al,, AL, Al,, AAL,, AAL,, AAl. | not modelled
[7] iterative learning mechanical Iy, Iy, Vo, Vy several constant mechanical torque
[8] field-oriented control electrical I, Iy, Vo, Vi,V lg, 1y, 0, w not modelled
[9] direct torque control electrical I, Iy, Vo, Vy Y, T, 0, w not modelled




The study in [2] presented a control approach, including an algorithm for the transition between open-loop
startup and closed-loop control. However, it relies on finite-element analysis of a motor in order to operate. This
can be difficult to perform for the variety of motors available for multirotor aerial vehicles. The I-F starting
method proposed in [3] focuses mainly on the transition between open-loop and closed-loop control. The
speed-independent position function [4] provides information about commutation points by taking a ratio of the
back electromotive force (back-EMF) and determining when that ratio exceeds a set threshold. It also claims
that the approach can be used as a position function, but this is highly susceptible to noise. The unknown state
observer [5] starts with the speed-independent position function as an input into an observer which generates
estimates of the back-EMF magnitudes. These are then analysed to determine the position and speed of the
rotor. The current injection technique [6] employs high-frequency carrier currents which can be analysed to
determine the rotor position due to changes in rotor inductance. A drawback of this approach is the increased
power consumption due to the fluctuating currents. The iterative learning approach [7] attempts to determine
how much lag is present in the control system in order to correct for the phase delay. FOC and DTC techniques
[8, 9] have been adapted from induction motors to brushless DC (BLDC) motors and allow for direct control of
the motor torque. Their drawbacks are their requirements for knowledge of position and rotor speed.

The vast majority of control techniques found in the literature were proposed for classic BLDC motors that are
larger, of higher power ratings, and usually operated at lower rotor speeds than the smaller motors used in
aerial drones that operate at higher rotor speeds. While classic BLDC motors are outside the scope of this paper,
the reader is referred to recent studies that discuss well these classic approaches [10—-12]. In contrast, previous
literature on BLDC motor control techniques for aerial applications is less, and it is more common to find studies
that focus on flight controllers and path planning for aerial vehicles [13] as well as on manipulation [14].
Nevertheless, one can find previous studies that focus on the actual motor control. For example, the study in
[15] proposed a fractional-order (also known as non-integer) proportional—integral-derivative controller that
was shown to perform better than the so-called coefficient diagram method. A low-complexity adaptive bias
and adaptive gain algorithm for closed-loop electronic speed control was presented in [16]. Many industry white
papers and application notes discuss back-EMF FOC techniques to control multi-phase motors, but usually they
lack specific details [17-19].

An important aspect of previous control techniques is that they need an estimation technique for the rotor
position. This estimation technique is very important because the quality of the estimation directly impacts the
performance of the overall control scheme. The majority of the previous techniques used sliding mode
observers (SMOs) because they are robust to noise and parameter uncertainties [20—28]. Reduced order
observers have been also used due to their computational efficiency and simpler structure [29]. These studies
estimate some form of back-EMF either in the stator reference frame or line-to-line values. The back-EMF is
directly related to the speed of the motor, so, knowing the value of back-EMF allows to calculate the speed of
the motor. Regardless of the back-EMF representation, the estimated values are used to determine the rotor
position through the arctangent function. Rotor speed can then be determined from a history of rotor positions.
Sliding mode and reduced order observers are not new concepts, and so, most of these studies report various
improvements over prior techniques. The study in [20] performed tests of the robustness of the SMO by varying
the estimates of rotor resistance and inductance and observing the resulting stability of the system. The study in
[21] improves the accuracy of the SMO over a larger speed range by varying the observer gain with estimated
velocity. The work in [23] adds feed-forward input in order to reduce estimation delay. In order to reduce the
inherent chattering in SMOs, the study in [24] swaps a sign function for a sigmoid function. The reduced order
observer in [29] improves the convergence of the error and robustness of the proportional-integral (Pl)
controller by using reference voltages instead of measured voltages for the inverter, which also reduces the
need for filtering.



A popular approach for rotor position estimation and control is based on back-EMF zero crossing detection

[30, 31]. This approach relies on sensing the points when the back-EMF induced in the motor windings cross
zero. The sensing of the phase zero crossing points is done while each of the three phase windings is not
powered. Then, information on the zero crossing points is used to control, via Pl controllers and pulse width
modulation (PWM), the commutation of phase voltages. The zero crossing detection also has the limitation that
the back-EMF is zero when the rotor is standstill, very small and with a large signal-to-noise ratio at low speeds
that makes the crossing point detection challenging.

SECTION 3 Derivation of the three-phase motor model

This section presents the derivation of the motor model used to develop the proposed controller as a hybrid
combination of the FOC and DTC techniques. A three-phase motor has three windings connected to a neutral
point, which is not directly accessible. The electrical equivalent circuit of such a three-phase motor, together
with the three-phase inverter to drive it, is shown in Fig. 1. The simplest way to make such a motor to rotate is
through a periodic six-step commutation process. This process involves stepping through a six-step sequence in
which the three-phase inverter is controlled such that its switches are turned on and off in a pre-determined
order. For example, the six steps to control the switches from Fig. 1 are: (1,4) on, (1,6) on, (3,6) on, (3,2) on, (5,2)
on, (5,4) on, and then (1,4) on again and so on. In each of these steps, exactly one high-side switch and one low-
side switch is turned on at a time. This produces a current through the motor such that a magnetic field is
created that helps to turn the rotor.

1 I_/

Battery Inverter Motor equivalent circuit

Fig. 1 Equivalent circuit diagram of the inverter and the three-phase motor
Based on the equivalent circuit from Fig. 1, the following equations can be derived:

Vgn =IgRq+ La&ia + e,

. d
Upn = leb + Lbalb + €p

. d .
Ven = 1R, +Lcalc + e,

(1)
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where R, is the phase resistance of phase x (i.e. a, b, or c), L, is the phase inductance, v,,, is the instantaneous
voltage between phase x and the motor neutral winding point n, i,. is the phase current, and e, is the induced
back-EMF. The back-EMF is dependent on the rotor position and velocity and is given by the following
expression [22]:

€a = kewef(6.)

21
ep =kewef(0,— ?)

4
ec =Kkewef (6 — ?)

(2)

where k, is the back-EMF constant that is dependent on motor construction, w, is the angular velocity of the
motor, 6, is the electrical rotor position, and f(8,) is a trapezoidal function. Rearranging the expressions from
(1), the following set of equations can be derived:

d 1 R, 1
dt'e eI a7, C
d 1 R, 1
@ T T
d 1 R, 1
dcle Tl

(3)

As the neutral point of the motor windings is not directly accessible for measurement, an alternate must be
derived. Hence, using v, = Vun — Vpn, Vpe = Vpn — Ven and assuming that in a balanced or symmetrical motor
wehaveL, =L, =L.=LandR, = R, = R, = R, the differences between the above equations can be
calculated in order to eliminate the neutral voltage measurement. This results in the following equations:

. 1 .. 1
a(la_lb) :Zvab_Z(la_lb)_zeab
d ) 1 R ) 1
a(lb_lc) :vac_Z(lb_lc)_zebc

(4)

where ey, = e, — ep, and ey, = e, — e.. Additionally, since i, + i, + i, = 0, we can substitute i, = —(i, +
ip) into (4) and solve for di, /dt and dij /dt. In this way, the following equations, which represent the electrical
portion of the model used in this paper, are derived:

R 2 1
i [ia] _ I_Z 0 [ia] n 3L i‘ [vab - eab]
dt Lip 0 _5 ip . i 1 |LVpc — €pc
L 3L

(5)
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On the other hand, the Newton's second law of motion applied to the dynamics of rotating masses gives the
following relationship between torque and acceleration [32]:

dw,,
det

XT

1
J
(6)

where XT is the sum of the torques, J is the rotational moment of inertia of the rotor, w,, is the mechanical
angular velocity of the motor, and dw/dt is the mechanical angular acceleration since acceleration is the
derivative of velocity.

The torques present in a motor include the electromagnetic (or developed) torque, the load torque, and the
mechanical drag. The developed electromagnetic torque is denoted as T, and the load torque as T;. The
mechanical drag depends on the rotor speed and is typically given by the expression fw,,. In this

expression, B is a constant that depends on the motor construction and once again w,, is the rotor mechanical
angular velocity. Substituting in w,,, = (2/p)w,, the following equation relating angular velocity and torque is
arrived at [33]

dw 1 203
STl G
(7)

The developed electromagnetic torque is given by the following expression [5]:

T, = k; [iaf(Qe) tipf (96 - 2?71') +icf (93 Bl 4%)]
(8)

where k; is the torque constant for the motor which depends on motor construction and 8, is the electrical
angle of the rotor or rotor position.

Using (5) and (6), together with the fact that (d/dt)8, = w,, the following state-space equations to represent
the electrical-mechanical model of the three-phase BLDC motor can be derived:


https://ieeexplore.ieee.org/document/#disp-formula5
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LY
L i
la R la
dlip| [0 -7 0 offi
dt we pﬂ we
O, 0 0 T 0|L6e
Lo 0 1 0.
_ 2 1 0_
3L 3L
1 1 Vab — €ap
+ _i ﬂ Vpe — €pc
T —T,
0o o Z|t e
2]
L0 0 O

(9)

This system of equations, along with (8) and (2), represents the model that will be used to simulate the
operation of the proposed control for a three-phase BLDC motor.

SECTION 4 Proposed hybrid controller

4.1 System-level block diagram

This section describes the system-level diagram of the proposed hybrid control scheme for BLDC motors and
present details about each of the specific control techniques employed. The system-level diagram is shown in
Fig. 2. The idea is to combine the FOC and DTC control techniques in a way that takes benefit of the advantages
of each technique in order to reduce the response time and the steady-state error. The benefits of the DTC
technique are its lower computational cost and faster responses to changes in load torque or desired speed
when compared with the FOC technique. In contrast, the benefits of the FOC technique include lower speed
ripple and power consumption at steady-state operation compared to DTC.

€FTvelocity Y |

° Inverter

DTC o

Fig. 2 System-level block diagram of the proposed hybrid controller

As the FOC technique performs better during steady-state operation and the DTC technique performs better
during transient operation, the hybrid controller implements a scheme to select between the two techniques.
The error in rotor velocity or speed dictates how this selection is made. That is, the FOC technique is selected if
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the rotor velocity error is less than a pre-determined threshold. Otherwise, if the error is larger than the pre-
determined threshold, the controller selects the DTC technique. Next, the FOC and DTC control techniques are
described.

4.2 Field-oriented control

FOC, also known as vector control, was originally designed for AC induction machines, but was adapted for DC
machines as a means of reducing torque ripple and noise [34]. The idea of FOC is to represent torque and flux as
two distinct and separately controllable variables. As the maximum torque is developed when the rotor
magnetic field lags the stator generated magnetic field by 90 electrical degrees, FOC attempts to maintain a
constant 90 electrical degree torque angle while also controlling the torque magnitude. Since speed is
proportional to the time integral of the net torque, the motor speed can be controlled by controlling the
developed torque. Practical implementations of the FOC technique usually follow the sequence of operations
illustrated in Fig. 3.

i i i iy ViV
a'b'c
g Clarke [« B Park [dg PI d"q
Transform Transform Controller
Inverse Vg VB Inverse |V, V|, V.
>  Park > Clarke —>
Transform Transform

Fig. 3 FOC technique is implemented as a sequence of several operations

To represent the resultant flux and torque as orthogonal values, the three-phase current values are transformed
into a stator-stationary two-phase representation by using the Clarke's transformation [35, 36]

1 11

2|0 T2 Tz|[e

[iﬁ]_glo V3 _ﬁ‘ ;
2 2

(10)

where i, and ig are the phase currents represented in the (af8) frame of reference. Furthermore, under the
assumption that the motor is a balanced three-phase system, i.e. i; + i, + i, = 0, ic can be eliminated to derive

the simplified Clarke's transformation
. 1 07..
[ i
lﬁ E ﬁ lp

(11)

The two-phase (af8) representation does not take into account the rotor position. However, knowledge of the
rotor position is necessary to ensure that the stator-generated magnetic field is 90 electrical degrees ahead of
the rotor magnetic field. Therefore, the (af?) system of coordinates is rotated from the stator reference into the
rotor reference by 6,, the rotor's electrical position. This is accomplished by using Park's transformation [35, 36]
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ol = [ conlls]
(12)

This transformation together with the Clarke's transformation are geometrically illustrated in Fig. 4. At this
point, the two quantities in the (dq) coordinate system represent the torque (aligned with axis q) and the
resultant rotor flux (aligned with axis d) of the motor. Since these quantities are orthogonal to each other, they
can be independently controlled, typically through separate Pl controllers, in order to generate the desired (dq)
voltages. In order to apply the desired voltages, the (dq) quantities need to be converted back into the (af3)
frame of reference. This is accomplished by rotating the (dq) quantities by —8, as given by Park's inverse
transformation [35, 36]

[Ua] _ [cos(@e) —sin(ee)] [vd]
vg| = Isin(6,) cos(6,) 1lVq
(13)
_q axis, B axis
baxis & +
\\ § i }f
\\\ i i ,ff '\ .
A i
\ Lo
\\\ iR L7 A— > >d axis
N - |
_____________ K ___ ., _aaxis
/ 11 o axis
N a ‘o
fa"; \\
/ \\
.-’f! \\
/ \

C axis
Fig. 4 Projections (a, b, c) = (a, B) and (a, B) = (d, q) transform a three-phase time and speed dependent
system into a two coordinate, (d, q), time-invariant system

Finally, the (@) components can be used directly by a space-vector modulation (SVM) controller in order to
generate the PWM phase quantities that control the inverter connected to the three-phase motor. Or
alternatively, they can be converted back into the three-phase (abc) system through the Clarke's inverse
transformation [35, 36]

_ 1 0 -
Va — 1 \/_§ Vg
Up| = 2 2 [v 5
VU 1 \/§
2 o

(14)
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4.3 Direct torque control

DTC, also known as direct self-control, was developed in the eighties [37, 38]. Compared to the FOC technique,
the DTC technique has the advantage of a simpler control structure and reduced computational complexity.
Thus, it offers a faster response to changes in load torque and desired speed. Therefore, the DTC technique is
used during transitions between different speeds. A drawback of the DTC technique is that it exhibits increased
torque ripple.

The implementation of the DTC technique requires estimates of the generated torque and flux. The stator flux
linkage can be represented as orthogonal @ and § components in the (af8) coordinate system. Each of these
components can be found by computing the integral [39]

¢Aa=L%a—mam

(15)

where 1, represents the a or § component of the stator flux linkage, v, is the a or § component of the voltage,
and i, is the a or § component of the current. Using these values then, the flux linkage magnitude and
produced electrical torque can be found using the following expressions [39]:

w@|=ﬁ%@yﬂwwy

3
Te(t) = 2PWa®ip +Pp(0)ie)
(16)
where (t) is the stator flux linkage at time t and p is the number of motor poles.

The actual control of the inverter driving the three-phase motor is implemented through space-vector
techniques. This is illustrated in Fig. 5, which shows all six vector combinations of controlling the inverter. Each
of the vectors encodes whether the high-side driver is switched on, represented by a ‘1’, or off, represented by a
‘0’. The low-side driver is assumed to be in the opposite state of its corresponding high-side driver. As the motor
is a three-phase system, there are eight possible states for the inverter, out of which only six are shown in Fig. 5.
States 0 and 7 are not included because they correspond to the cases when the high-side drivers are either all
off or on.



Vs I VT ) V, (010)

q
7 V(WLT )
>V, (001)

V, (100) <

Vs (101) Vi (110)
Fig. 5 lllustration of the SVM used to implement the DTC technique

Despite not employing Park's transformations that rely on precise position information, the DTC technique still
requires knowledge of the rotor position in order to determine which sector of Fig. 5 the rotor is in and thus to
know how to control the inverter. Keeping track of the rotor position can be achieved through a look-up table
(LUT) shown in Table 2. This LUT is indexed by the rotor position, flux error (erry), and torque error (err;) to
find the correct space vector control signal that needs to be applied to the inverter [40].

Table 2 LUT used by the DTC technique

erry |err; |1 |2 |3 |4 |5 |6
1 1 V2 |V3|V4|V5|V6e |Vl
1 0 V7 | VO |V7|VO|V7]|V0
1 -1 V6 | V1 |V2|V3|V4|V5
-1 1 V3 |V4|V5|V6|Vl|V2
-1 0 VO | V7 | VO | V7 | VO | V7
-1 -1 V5 |V6|V1|V2|V3|V4a

4.4 Sliding-mode observer

The FOC and DTC techniques use rotor position information to generate the correct control signals. The rotor
position could be easily calculated if one had direct measurements of the back-EMF signals generated by the
motor three phases. However, because the neutral winding of the motor is not accessible, such direct
measurements are not directly available in motors used in aerial drones. Therefore, one must rely on estimates
of the back-EMF signals, which can be calculated from measurements of the phase-to-phase voltages and phase
currents, which do not require access to the neutral point of the windings inside the motor.

The most popular estimation technique of the back-EMF signals is theSMO technique because of its many
advantages including good robustness to parameter uncertainty and variation, and low computational
complexity, which in turn leads to fast convergence and dynamic response [26, 27]. The SMO technique uses
currents and voltages expressed in the (af3) frame. A common formulation of the continuous time SMO is given
by [23]
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di, R 1
— = ——i,+ Z(va —e,) + Kisat(erry)

dAt L

dﬁ =—52 +1(v — eg) + K;sat(errg)
dt L B I3 B B 1 B
i ,sat(err,)

dﬁ = K,sat(errg)

dt g

(17)

A

where e, represents the back-EMF signal expressed in the (af3) frame of reference, i, is the estimated current

in the (af) frame of reference, s = err, = i, — i, is the sliding surface, and sat(x) is the saturation function
defined as

-1,x< -1
sat(x) = x,-1<x<1
1,x=>1

(18)

The values of the parameters K; and K, serve as constraints to ensure the stability of the SMO; they must
satisfy the following inequalities [20]:

1
K1> Zlelmax
K,< 0
(19)

Solving the system from (17) is the basis of finding the estimated values of the back-EMF signals, which are then
used to compute the rotor position using the following expression [20]:

A

0, = atan2 | —

(20)

A A

where 6, is the estimated electrical position and e,, is the estimated back-EMF signal in the (af) frame of
reference. Having the rotor position calculated, the rotor velocity then can be easily found by taking the time
derivative. To reduce the noise introduced and compounded by the derivation operation, a low-pass filter is
typically employed.
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SECTION 5 Simulation of the proposed hybrid controller

5.1 Simulink model

In the first phase of verification and testing, simulations are conducted to verify the proposed hybrid controller.
For this purpose, a Matlab/Simulink testbench is developed whose system-level block diagram is shown in Fig. 6.
This testbench has three main components: (i) the model of a three-phase BLDC motor, which essentially is
given by (9), (ii) a control block, which is the proposed hybrid control approach discussed in Fig. 2, and (iii) a
simulation block that emulates the six-stage inverter that drives the motor. The motor model block receives as
inputs the three-phase voltages and the load torque and calculates the phase currents, the rotor position, and
the rotor velocity. The voltage and current signals from the motor model are fed as inputs into the controller
block, which determines the control signals that should be used to control the speed of the motor. These control
or gate signals are passed to the six-stage inverter, which converts them into voltage signals supplied to the
motor model block. The next paragraphs discuss and provide more details about each of these three simulation
components or blocks.

Desired
Speed Gate

Signals

labes Vabe

Fig. 6 System-level block diagram of the simulated testbench

The mathematical model for the motor model block is given by (9) that was derived in Section 3. A simplified
diagram of the model block is shown in Fig. 7. Line voltages and the load torque are fed as the inputs into this
diagram. The back-EMF voltages are subtracted from the input line voltages to derive v, and v, which are
then used together with the difference between the generated and load torques, T, — Tj, as inputs into the
state-space equations. The outputs of the simulation of these equations are the motor speed, the rotor position,
and the phase currents as shown in Fig. 7. The rotor position and speed are used to compute the back-EMF
signal values as expressed by (2). Furthermore, the phase currents and the back-EMF values are combined to
determine the electrical torque as dictated by (8), which will then be used in the next iteration of the simulation
algorithm.
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Fig. 7 Diagram of the motor model block from Fig. 6

The controller block from Fig. 6 is detailed in Fig. 8. Here, first, the Clarke's transformation is applied to the
voltage and current input values because the FOC, DTC, and SMO techniques require voltages and currents
represented in the (af) reference frame. The SMO block from Fig. 8 is further detailed in Fig. 9. The SMO block
is responsible with the estimation of the rotor position and speed using (17) and (20). These quantities together
with the desired velocity value are used by the FOC and DTC blocks as shown in Fig. 8.

i3] i .
desired ol Direct Gate Signals pre
Torque
V,
25| Controller
Iaﬂ -~
O estimated | @ estimated
) "
Vabe | Clarke |"%|va Sliding- @ estimated
Transform I : > Mode > Hybridi
. . i
Labe Lap Observer @ desired —pf
O estimated | @ estimared 3
fap _‘;
> Field
@ desired Oriented | Gate Signals roc
Cantroller

Fig. 8 Diagram of the proposed controller block from Fig. 6
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Fig. 9 Details of the SMO block from Fig. 8

Detailed views of the FOC and DTC blocks are shown in Figs. 10 and 11. The FOC block from Fig. 10 receives
voltages and currents in the (af3) coordinate system. These are converted into their counterparts in the (dq)
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frame using the estimated position and Park's transformation. Pl controllers use the rotor speed to determine
the desired torque value, the resultant flux error, and the torque error. The desired resultant flux is set to 0. The
resultant flux error and torque error represent the commanded (dq) voltage levels. These (dq) voltage levels
are sent through the Park's inverse transformation in order to get the Extra \left or missing \right) components,
which then are fed directly into the space-vector modulator to generate the actual command signals for the
inverter.

@ commanded @ estimated
i i Vv Inverse Space-
. Park ‘ Pl ? Park L’gitor
Transform | . |Controllers
Iq Vg | Transform
L) : A
a9
Fig. 10 Details of the FOC block from Fig. 8
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b

Fig. 11 Details of the DTC block from Fig. 8

The DTC block, detailed in Fig. 11, receives the same voltages and currents in the (af3) coordinate system. These
are used in (15) and (16) to compute the resultant flux and torque generated by the motor, which are then
compared with the desired resultant flux and torque references and sent through hysteresis controllers to
determine error signals. The control signals to drive the inverter are generated from the LUT from Table 2,
depending on the rotor's sector in the space-vector diagram, the resultant flux, and torque error.

These FOC and DTC blocks generate the control gate signals that are passed to the hybridisation block from
Fig. 8, which then generates the final commanded gate signals for the inverter. The implementation details of
the hybridisation block are shown in Fig. 12.
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Fig. 12 Details of the hybridisation block from Fig. 8

5.2 Simulation results
Now that the details of the simulation setup from Fig. 6 have been discussed, simulation results are reported.

5.2.1 Motor model

The motor model used in all simulations is for the Bull Running BR2804-1700 kV BLDC motor, whose picture is
shown in Fig. 13. The same motor will be used in the experimental hardware setup later on as well. The
parameters of this motor are given in Table 3. The motor is supplied from a 12 V power supply.
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Fig. 13 Picture of the Bull Running motor modelled in our simulations and used in the hardware testing

Table 3 Parameters of the Bull Running motor

R [0.11Q

L | 18uH

J | 0.348uN X m/s?
k; | 0.54mN X m/A
k. | 0.54mV/(rad/s)
ks | 0.437uN X m/s
p |14

5.2.2 Stability analysis and disturbance rejection

As the proposed hybrid controller is essentially a mechanism to switch between two well-known techniques, the
FOC and the DTC techniques, its stability is that of either of the individual technique that is being used at a given
time. The same applies for the disturbance rejection characteristics of the proposed controller. These
characteristics depend on several parameters, including the actual gains of the Pl controllers from

Figs. 10 and 11. Moreover, other design attributes are of interest, including the response time to rotor speed
change requests and the mean-square rotor speed error during steady-state operation. The response time is
given by the time the control takes to reach 95% of the desired value (for step-up command), starting from

when the desired rotor speed changes. The mean-square error (MSE) is given by (1/N) Z?’zl(wdesired -

Wactual)?, and is measured when the system is operating in steady state, where N is the number of simulation
steps when the rotor is considered to be rotating at a steady speed.

To tune the proposed hybrid controller, a brute-force design space exploration was conducted in order to
investigate and identify values for the Pl gains, hysteresis band, and the hybridisation threshold (Fig. 12). During
this exploration, the following cost function was used in each simulation for a given set of parameter values:

Cost = /(NormRespTime)?2 + (NormMSE)?
(21)

where the normalised response time NormRespTime is given by Extra close brace or missing open brace and
the normalised steady-state MSE NormMSE is given by MSE/MSEy;ax. The normalisation was done in order to
ensure that both cost components counted equally. The best parameters found to minimise the value computed
by (21) are listed in Table 4 and are used in all simulations.

Table 4 Controller parameters

Parameter Value
threshold 25 (RPM)
hysteresis band | 0 (RPM)
FOC P Gain 0.5

FOC | Gain 0.05

DTC P Gain 0.35

DTC | Gain 0.01

Finally, the authors are currently looking into issues related to stability and disturbance rejection during
controller switching times between the two individual techniques and will report findings in future work.
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5.2.3 Speed step-up response

The first set of simulations compare the speed response of the proposed hybrid controller with the responses of
the individual pure FOC and pure DTC techniques, for a speed step-up command. The results of this simulation
are presented in Fig. 14. The simulation is run for 2 s with time being represented on the x-axis. The y-axis
represents the rotor speed. The speed step-up command to change the speed from 500 to 4000 RPM occurs at
time 1 s. This command is shown as Reference Speed in the figure, while the three simulated techniques are
shown as Pure FOC, Pure DTC, and Hybrid Controller. It is observed that the FOC technique performs rather
poorly. It requires a much longer transition time and fails to reach the desired rotor speed. However, the pure
FOC technique as well as the hybrid technique have lower steady-state speed ripples compared to the DTC
technique. The pure DTC and hybrid techniques have slightly larger ripples at low speed (i.e. 500 RPM), but, they
offer a lower mean-square speed error compared to the FOC technique. During transient operation, both the
hybrid and the DTC techniques respond quickly, in about 0.1 s. The hybrid approach follows the DTC approach
closely, which is expected because the hybridisation block selects the DTC technique to run when the speed
error is large. This set of simulations shows that the proposed hybrid technique benefits from the smooth
steady-state operation of the FOC technique and the quick transient response of the DTC technique.

Results from Testing Speed Response
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Fig. 14 Comparison of the speed step-up response achieved with the hybrid controller and with the FOC and DTC
techniques

5.2.4 Reference input rotor speed tracking

This set of simulations look at how the proposed hybrid controller performs for two different rotor speed
change requests. First, step changes of the input reference from low to high and from high to low speeds are
studied. The simulation results of the step-up and step-down speed responses are shown in Fig. 15. Second, an
input reference profile where the desired rotor speed is ramped-up and then ramped-down is investigated. The
results are shown in Fig. 16. In both figures, the desired input rotor speed is shown as Reference Speed and the
speed achieved by the hybrid controller is shown as Actual Speed. It can be observed that the hybrid controller
offered good performance in both cases. The response is fast and the steady-state speed is settled to very
quickly in the case of the step responses. Also, the ramp speeds are tracked well.
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Fig. 15 Speed response to step-up and step-down controls achieved with the proposed hybrid controller
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Fig. 16 Speed response to ramp-up and ramp-down controls achieved with the proposed hybrid controller

5.2.5 Load response

In the next set of simulations, the objective is to find out the maximum achievable rotor speed with the
proposed hybrid controller in two different situations: with and without mechanical loading. To determine the
mechanical loading, information from the UIUC propeller database available at [41] is used. The mechanical
torque due to the propeller at a given velocity, 7, can be computed with the following expression:

T = Cppn®D°

(22)
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where G, is a constant dependent on the propeller design, typically with a value of 0.05 [41], p =
1.225kg/m?3 is the air density, n is the speed of the rotor in radians per second, and D is the diameter of the
propeller in metres. In this work, an 8-inch or 0.2032 m propeller diameter is studied and based on the
information available at [41], it is assumed that C,, = 0.05.

Fig. 17 reports the results of these simulations. It can be seen that the proposed control scheme can attain a
maximum rotor speed of slightly over 5000 RPM without mechanical loading and almost 4000 RPM with
mechanical loading. This is expected because the generated electrical torque (see (8)) indicates that the
produced torque is dependent on the current through each phase. Thus, only a fixed amount of torque can be
produced because only a limited amount of power is available and supplied to the motor.

Saximum Speed Test

6000 .
=) M
@ 4000 L 1
@ ]
kot H
© 2000 .'
@ I
}
ot Reference Speed | -
= = No Load
===-Propeller Load
-2000 : :
0 0.5 1 1.5 2
Time (s)

Fig. 17 Simulation results from testing for the maximum attainable rotor speed with and without propeller-
loaded control

5.2.6 Noise sensitivity

This section studies the performance of the hybrid controller when white noise is injected into the simulated
system. The noise mimics practical variations or uncertainties in voltage measurements. The objective is to
observe how susceptible the proposed hybrid controller is to voltage measurement noise. More specifically,
noise is injected artificially in the input voltages, v, of the controller from Fig. 8. The voltage noise is injected
following a Gaussian distribution with zero mean and with a standard deviation varied in the interval 0..2V with
increments of 0.4 V. These values are indicated as Voltage std. dev. =0, 0.4, 0.8, 1.4, 1.6, 2.0 [V] in Fig. 18, which
shows the plots obtained from six different simulations corresponding to the clean case (i.e. no noise

injected, Voltage std. dev. = 0) and five different noisy cases (i.e. distributions Voltage std. dev. =0.4, 0.8, 1.4,
1.6, 2.0 [V]). Essentially, input voltages have added to them random samples from the distributions
corresponding to each of these standard deviations at each of the simulation steps. Again, the simulation is run
for 2 s with time being represented on the x-axis, while the rotor speed is shown on the y-axis. The simulation is
conducted for a speed step-up command to change the speed from 500 to 4000 RPM, similarly to the set-up
from Fig. 14. This command is shown as Reference Speed in Fig. 18. It can be observed that the injected voltage
noise starts affecting the motor operation at low speeds (i.e. 500 RPM) right away, once the noise standard
deviation gets a value of 0.4 V. As the noise standard deviation is increased towards 2 V, the rotor speed ripples
can reach up to 900 RPM, which is quite high. In contrast, at high rotor speeds (i.e. 4000 RPM), the impact of
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noise injection is smaller percentage-wise and the desired speed is tracked better. As the noise standard
deviation is increased towards 2 V, the rotor speed deviated down to 3700 RPM. Of note is that the authors also
investigated the robustness of the hybrid controller against current measurement noise and found that the
system was able to tolerate better such noise; that is, rotor speed was tracked better and ripples were smaller.
The simulation plots are not reported here, but they can be found in [1].
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Fig. 18 Simulation results when noise is injected into voltage measurements

5.2.7 Model parameter uncertainty

In addition, simulations were conducted to study how the proposed controller can tolerate variations in the
values of resistance and inductance in the motor model. While due to lack of space, the simulation plots are not
reported here, it was found that the proposed hybrid controller becomes unstable as resistance is varied beyond
-5 and +10% around the nominal value. Also, the tolerable inductance ranges were from -5 to +10% at high
speeds and -5 to +5% at low rotor speeds.

SECTION 6 Hardware prototype of the proposed hybrid controller

6.1 Experimental setup

A hardware prototype to test the operation of the proposed hybrid controller was developed. The motor used in
experiments is the same Bull Running BR2804-1700 kV BLDC motor, which was modelled and used in the
simulations from the previous section. The prototype is constructed with a Texas Instruments (TI) LAUNCHXL-
F28027 C2000 Piccolo Launchpad with the BOOSTXL-DRV8305EVM BoosterPack and a Teensy 3.2 development
board.

The LAUNCHXL-F20827 features a TMS320F28027F Piccolo microcontroller, with a clock frequency of 60 MHz,
64 kB of flash, and 12 kB of RAM. It also includes 12-bit analogue-to-digital converter and 8-channel PWM
peripherals. It is used to execute the algorithms that implement the proposed hybrid motor controller; that is,
the FOC, DTC, and SMO techniques as well as their combination into the top-level hybrid scheme. The BOOSTXL-
DRMB8305EVM includes the TI DRV8305 motor gate driver for three-phase BLDC motors. It provides short circuit,
shoot-through, thermal, and under voltage protection. It is used as the main inverter that drives the Bull
Running motor. In addition, it provides phase voltage and current values to the LAUNCHXL-F28027. The Teensy
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3.2 board features a 32-bit ARM processor overclocked at a clock frequency of 96 MHz. It is primarily used to
play the role of a ‘flight controller’ whose task is to set desired rotor speeds for the LAUNCHXL-F28027F hybrid
controller. It is also used to measure the motor's RPM. Of note, for numerical differentiation of some variable x,
the standard approach based on [x(k + 1) — x(k)]/AT, is implemented; where k is the sampling index (i.e.
discrete time) and AT is the sampling time. Fig. 19 shows a picture of the entire experimental setup.

Fig. 19 Picture of the custom hardware setup to test the proposed hybrid controller

To calculate the rotor speed, a custom setup that uses a photoresistor to detect when a custom made blade
crosses over is used. The photoresistor is part of a voltage divider circuit connected to an analogue comparator
that is used then to generate a digital signal intercepting the moments in time of the blades crossing over the
photoresistor. The ‘flight controller’ running on the Teensy 3.2 board is programmed to detect the falling edges
of this comparator, which can be used to measure time of flight that in turn can be used to estimate the rotor
speed and thus RPM with the following expression:

RPM = 60/(T x N)
(23)

where T is the measured time between two adjacent blades passing over the photoresistor in seconds and N =
3 is the number of blades. In addition, a digital-to-analogue converter is used to output a voltage proportional to
the rotor speed, which is captured on an oscilloscope. Note that, alternatively one could estimate the rotor
speed using information about the commutation times inside the motor controller implemented on the
LAUNCHXL-F20827 Launchpad and have that communicated to the ‘flight controller’ running on the Teensy 3.2
board. This was not done in the current implementation. To start-up the motor, an open-loop control scheme is
used until the motor is rotating fast enough.

6.2 Testing results

The testing consisted of a sequence of commands for desired speeds as follows: the desired rotor speed was set
to 1000 RPM for the first 10 s, then to 2500 RPM for the following 10 s, and to 1500 RPM for a final 10 s period.
Using a Tektronix MSO 3014 mixed signal oscilloscope, the following data were captured: the measured RPM
expressed in 1 mV/RPM on the oscilloscope and a flag indicating whether the hybrid controller is running either
the FOC or the DTC control technique. For each speed change command, the response time is measured from
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the time the rotor speed begins to change until it reaches 95% of the desired change. Fig. 20 shows the speed
response of the proposed hybrid controller as measured by the oscilloscope. For clarity, the plot in Fig. 20 does
not include the individual DTC and FOC curves; those curves look as shown in Fig. 14. During the initial startup,
the rotor speed overshoots the desired speed, but eventually converges on the desired rotor speed of 1000
RPM. It can be seen that the rotor speed does experience some ripples, which are larger at high speeds than at
low speeds. It is suspected, this may be due to the fact that the control loop in the hardware runs at 60 kHz
(limited by the microcontroller frequency and the actual complexity of the implementation) instead of 1 MHz
like in the case of simulations in Simulink/Matlab. There may also be some timing error on the Teensy board
measurements which would cause larger errors at higher speeds. This potential hardware bug is under
investigation. The response times for these speed changes were <0.148 s, as measured with the Tektronix MSO
3014 oscilloscope.

Hybrid Speed Response
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Fig. 20 Response of the proposed hybrid controller to commanded speed changes

Fig. 20 includes in the lower half of the plot also the flag signal recorded on the oscilloscope that indicates when
the controller switched between the FOC and DTC techniques. This indicator is implemented by toggling one of
the LaunchPad's GPIO pins high when the hybridisation module uses the FOC technique and low when the DTC
technique is selected. In the figure, a value of 500 indicates the use of the FOC and a value of 0 indicates the use
of DTC. As expected, the hybrid controller employed the DTC technique during startup and speed-change
operations and switched to the FOC technique during steady-state operation.

The same hardware testing experiment was conducted for the hybrid controller and individually for the FOC and
DTC techniques separately. Rather then presenting plots similar to those in Fig. 14 for the FOC and DTC
techniques, the MSE of the rotor speed is calculated and reported to quantify differences between this
technique and the proposed hybrid controller. The MSE of the rotor speed was calculated for each of the three
experiments during a 10,000 point window where the rotor was operating during steady state. The results are
reported in Table 5, where it can be seen that the hybrid controller achieved the lowest MSE overall. The
average measured rotor speeds for each commanded desired speed are also included in Table 5. To find out the
maximum attainable rotor speed by the hybrid controller, a desired speed of 20,000 RPM was commanded. It
was found that the maximum speed attained by the Bull Running rotor was slightly over 3500 RPM.

Table 5 MSE results and achievable rotor speeds by the three different control techniques tested in hardware

Control | MSE Achieved speed for desired | Achieved speed for desired | Achieved speed for desired

1000 RPM 2500 RPM 1500 RPM
DTC 1.6165 | 899 RPM 2366 RPM 1365 RPM
FOC 0.6854 | 912 RPM 2516 RPM 1397 RPM

hybrid | 0.6823 | 913 RPM 2495 RPM 1394 RPM
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SECTION 7 Conclusion

In this paper, a hybrid control scheme for BLDC motors used in aerial drones was proposed. The proposed
controller combines FOC and DTC techniques to take benefit of the advantages offered by each of these
techniques individually. A complete derivation of the state-space equations that represent the electrical-
mechanical model of the BLDC motor was presented. This derived state-space model was then used in to
investigate the performance of the proposed hybrid controller. Comprehensive simulation experiments
demonstrated the effectiveness of the proposed control scheme over a wide range of rotor speeds. The
performance of the proposed hybrid controller was verified also with a hardware prototype constructed to
control a Bull Running motor, which is typically used in quadcopters. Experiments confirmed the results
achieved via simulations for rotor speeds of up to 3500 RPM.
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