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Abstract—Quadcopter technology has developed fast
because it’s flexibility and capacity for high maneuvers. What
makes PMSM suitable for Quadcopter is their high power to
weight ratio, reliability and efficiency. These motors allow the
operation of torque and speed control which are important for
stability and maneuverability in the flight of the aircraft.
Nevertheless, certain and smooth flight caused by regulation of
PMSM speed and current is necessary for stable and
maneuverable movement. This work presents a new control
strategy connecting the ILQR control to govern the speed while
the PCC profit the dynamic response and control torque ripples.
A comparison is made on the performance of the ILQR-PCC
system with nominal Proportional-Integral (PI) control and
ILQR. From the results it is evident that the ILQR-PCC system
is far superior to both the PI & ILQR controller in regards to
the dynamic response, the disturbances rejection capacity as
well as reducing the current signal distortions hence reducing
the torque ripples. Its working was evidenced in a nonlinear
LQR-controlled quadcopter to track the reference accurately
and to have minimum distortion in current regulation. The
presented work improves the control systems of quadcopters: it
introduces a reliable method that improves stability and
increases the performance of the quadcopter; therefore, this
paper contributes to the existing knowledge.

Keywords—Quadcopter Control; PMSM; ILQR; Predictive
Current Control; Torque Ripple Reduction; UAV Stability.

I. INTRODUCTION

Nowadays, quadcopters have turned into an object of
interest for research and development in academia as well as
industry because of their broad multifunctional uses and the
increasing complexity of the technologies being employed.
These are called unmanned aerial vehicles (UAVs) and are
widely used in different fields today: military, social, and
business ones, and have different purposes — surveillance,

delivery, search and rescue operations, and more. This has
encouraged many companies and researcher to come with
new designs that will adequately address the operational
changes that come with the growing interest in quadcopters.
There is a growing need therefore for improvements in the
design of quadcopters that will improve on the reliability and
safety of their flight [1]-[5].

Quadcopters as one of the most commonly used UAVs
have certain difficulties connected with their complex and
nonlinear dynamic models. Such models can be distinguished
by high dynamic: they are based on six output signals and
four input signals, representing the speeds of the four electric
motors that control the quadcopter’s flight. The control of
these motors is therefore very important in ensuring the right
flight path and stability is achieved making the job of the
flight control engineers and Aircraft designers complex [6]-

[9].

Another determinant which can greatly affect the
operations of the quadcopters is the type of the used motors.
PMSMs are well recognized as the most suitable motors for
the Quadcopter applications, because they have high power
density, high efficiency, no rotor windings and low electrical
loss and very low torque pulsations [10]-[17]. These
characteristics make the PMSMs more appropriate for the
high demands of the UAV applications.

To manage PMSM drives various traditional control
methods have been designed such as: For example, DTC is
characterized by a high torque response rate, yet due to
problems with the high frequency current harmonics of low
order, it operates at high sampling frequency. In contrast,
Field-Oriented Control (FOC) is preferred providing the
fastest response times and a high stability in steady-state
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operation in a large speed range. However, it is sometimes
difficult to manage the transient conditions of vehicle motors
using FOC especially within dynamic environments and or
rapidly varying conditions [18]-[27].

A number of research works have examined the various
sophisticated control techniques for improving the operation
of PMSMs. For example, [28]-[36] has developed a two-layer
control system for PMSMs used in electric vehicles: MPC is
used in the outer loop to control the motor’s speed while PI
control is used in the inner loop to manage the current. From
the simulation study, the proposed MPC-PI system is found
to outperform other control approach and its compatibility for
electric vehicles. In a like manner, [37]-[40] designed a high-
speed control method employing SMC for the inner speed
control and a crude hysteresis current control for the outer
current loop. This approach offered good enhancement of the
speed response rate and reduced overshoot to the targeted
speed therefore can be applied in complex drive systems.

Other improvements were done by [41]-[46] where the
author recognized the shortcomings in the conventional
techniques of motor control and came up with a more
effective model predictive current control for PMSMs. This
method effectively eliminated the heavy computations and
present ripples, which as elucidated previous, help in
boosting performance according to hardware experiments
and simulations. Furthermore, [47]-[52] investigated the
application of state feedback controller using LQR to control
speed of PMSM that, in turn, exclude periodic fluctuation in
speed and torque. This approach using LQR-based technique
provides a better performance than a conventional PID
controller.

Continuing from the work done by LQR, [53]-[58]
studied the improvement of LQR controllers with aid of
computational  intelligence  algorithms. The paper
investigated three optimization algorithms; Simulated
Annealing, Grey Wolf Optimization and Reinforcement
Learning to improve the performance of LQR controllers in
PMSM systems. The use of these algorithms was used in
numerical simulations in Matlab/Simulink where it was
observed that the LQR controllers designed in this way
performed better than the basic LQR approach by providing
a more fine-tuned and effective means of control.

These studies are therefore indicating the need to
implement direct motor control strategies for the countries
that want fast and accurate response while at the same time
suppressing current distortions. LQR is also identified across
the literature as being important in motor drive systems for
realizing adequate control of speed and torque of motors.
Based on these results, this research suggests a novel
approach that incorporates PCC in the inner current control
loop of the drive system and, LQR for speed control in the
outer loop. This is expected to give the drive system higher
reliability and dynamics as a result of the selected
combination. To prove the efficiency of the proposed drive
system a number of comparisons were made with drive
systems that are based on other controllers such as LQR and
PI controllers. The outcome of the proposed system is proven
by the quadcopter performance test, together the scenario-

based simulations, which reveal enhanced performance and
practicability of the system in dynamic UAV settings.

1L MATHEMATICAL MODEL OF THE QUADCOPTER

A quadrotor as shown in Fig. 1 consists of four rotors of
equal size and shape, with each pair of opposing rotors
rotating in the same direction, opposite to that of the other
pair [59]-[67].

The movement of a quadrotor is governed by the forces
and torques generated by the four rotors. When one of the
quadcopter's motors rotates, a torque (T;) in (1) is generated
around the motor axis and a lift force (z;) in (2) is directed
toward the z-axis that is proportional to the speed and
acceleration of each propeller's rotation.

T = bwm? (1)

i W, 2

Where, J, is the Propeller inertia (kg:m?). b is the Lift
coefficient (N-s*rad?). d is the Drag coefficient
(N'm-s*/rad®). wp,; is the Mechanical speed of the (i)

propeller motor (rad/s).

Consequently, four forces and torques will be generated
that contribute to the movement and rotation of the
quadcopter around the three coordinate axes according to the
following in (3)-(4).

Uy Wm;
u, Wm?
us| = 6| )
| Uy wmi
0 b 0 -b
| 0 -b O
G= —d d —-d d @)
b b b b

Where, u,is the X-axis thrust force (N). u, is the Y-axis
thrust force (N). u; is the rotation torque about z-axis (N-m).
u, is the Z-axis thrust force (N).

To describe the positioning of any object in coordinate
space, it is necessary to determine the position coordinates
and orientation angles of that object within a specific
coordinate system in general, there are two coordinate
systems [68]-[74]. The first is system: an Earth fixed
coordinate system (O1). the second is system (b): a body fixed
coordinate system (Ob). In general, it is more convenient to
formulate the rotational equations of motion with regard to
the body-fixed frame when modelling quadcopters.
Nonetheless, the earth fixed coordinate system is used to
develop the linear motion equations.

To transform the angular velocity between the two
systems, the following relationships are used [4] in (5).

1 1 S¢T9 CyTo
6|=10 —S¢ H 6))
¥ |0 s¢/cg Cy/Co

Where, [P g 7]is the angular velocity in the quadcopter
body Coordinate system (rad/s). [¢ @ p]is the angular
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velocity in the Earth Coordinate system (rad/s). ¢ is the angle
of rotation about the x-axis (rad). 6 is the angle of rotation
about the y-axis (rad). ¥ is the angle of rotation about the z-
axis (rad).

Fig. 1. Directions of rotation, and forces resulting from motors rotation

The relationship for transforming the linear velocity from
the quadcopter body Coordinate system to the Earth
Coordinate system is given as follows [4] in (6).

%@ CpSeSp —SyCsp  CySeCyp + SySy
CoSy CoCy w
Where, [x ¥ Z]is the linear velocity in the Earth
Coordlnate system (m/s). [u v w]is the linear velocity in

the quadcopter body Coordinate system (m/s).

Taking into account this hybrid representation and
deciding to locate the body-fixed frame's origin at the
quadcopter's centre of mass, with its axes serving as the main
axis of inertia, it can obtain the following nonlinear model of
the quadrotor expressed in a hybrid frame [75]-[83] in (7)-

(12).
X% = (sin(P) sin( ) + cos(P) sin(0) cos(p))ug/m (7
¥ = (—cos(YP) sin( @) + sin(YP) sin(6) cos( ))uy/m (8)
Z=—g+ (cos(0) cos(p))us/m 9)

p = 1/L)Urqw, + lu; + (Iy —I)qr) (10)
1

q= (I_> (_]rpwr + luZ + (Iz - Ix)pr) (1 1)
y

7= (1/I)(uz + (Ix — I,)pq) (12)

Where:

Wy = —Wp, + Wiy — Wy + Wy

J» is the propeller inertia (kg-m?). I; is the inertia moment of
the quadcopter about the i-axis (kg-m?). L is the length of the
quadcopter arm (m). M is the mass of the quadcopter (kg). G
is the Earth's gravitational acceleration (m/s?).

I11. MATHEMATICAL MODEL OF PMSM

The mathematical model of the three-phase PMSM in a
rotating two-dimensional coordinate system w is given as
follows [84]-[87] in (13)-(15).

S . . I’scl
— i+ wlsq + =
sd Lscl

(13)

lsg = —

1654
) R; . . Pm Vsq
isq = Loy lsq — Wisq L w+ Le, (14)
14 f
=—(T,y,—T) —~w (15)
] ( em L) ]

Where R represents the stator winding resistance of the
motor. Lgg, Lgg(H) is the stator winding inductances along
the d and q axes, respectively. isq, isq (4) is the stator currents
along the d and q axes, respectively. Vi, Voq (V) is the stator
voltages applied along the d and q axes, respectively. @, is
the flux generated by the magnets in the rotor. T, (N.m) is
the load torque. f(N.m.sec/rad) is the coefficient of
friction. J,, (kg.m?) is the moment of inertia. T, (N.m) is the
electromagnetic torque.

A. Control of Quadcopter using ILOR

The control law of the linear quadratic regulator (LQR) is
based on minimizing the cost function shown in the following
relationship [11][14] in (16).

tf

- f X(OTQMOX®) + uTORMu(D)] dt

to

(16)

where @Q,R are semi-defined positive diagonal weight
matrices. To achieve this, the control law is defined as shown
in the following relations in (17).

u=-KX (17

X is are the variable states, and u is the control signals (model
input signals) in (18).

K =R™1BTP (18)
where P is a solution of the Riccati algebraic equation in
(19).

Q+ATP+PA —PBR'BTP =0 (19)

A and B are the dynamic and system input matrices,
respectively.

To achieve high dynamic performance and accurate
reference signal tracking, an integral term may be added to
LQR, so it can be called ILQR. for a quadcopter, the linear
model is given as in (20).

Xq = AqXq + Byug
where:
Xe=%,%,2,0,0,,%,,2,p,q9,7 and ug=
Uq, Uy, Uz, Uyg.

O3x3 O3x1 Osx1 0 Izxz Ozxs
O3x3 O3x1 O3xsa 0 O3x3 I3x3
Ag =[01x3 0 9 0 O3xz 0O1x3, (20)
O1x3 —g 0 0 O3xz 0Oi1x3
Os4x3 Ogx1 Osxz 0 O3zx3 Ogxs
Ogx1 Ogx1 Ogx1  Ogx1
1/m 0 0 0
By=| 0 1/, 0 0
0 0 1/], 0
0 0 0 1/],
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The state space will be augmenting by adding new state
variables as follows in (21)-(23).

(x = Xrep — X 21)
Zy = Yrer =Y (22)
Z.z = Zref — 2 (23)

The state space of the quadcopter becomes as follows in
(24).
X, [ Ay O] [x(® B, 012x1
[Fo) =l ool o Juwo + o)
Xref
refe(t) = |::Vref:|

Zre f

_13><3

24)

The control law of quadcopter is given by the following
relationship in (25).

— o(®)

X
Gasiz Ky ] [{q () 25)

Fig. 2 shows the block diagram of the complete control
system for a quadcopter, which consists of two stages. In the
first stage, the quadcopter control signals are calculated. In
the second stage, the reference speeds of the four motors are
calculated to make the quadcopter move according to the
desired path.

B. FOC PMSM using PI Controller

Fig. 3 shows the block diagram for controlling motor
speed and currents using PI controllers. Proportional gain is
utilized to enhance the rise time, while integral gain is
employed to reject steady-state error. To determine these
parameters, it can use several methods, including the Ziegler-
Nichols method, and the internal model control approach,
trial and error approach which is used in this paper [16]. In
the outer regulation loop, the speed is regulated, and the

reference value for the iy, current is obtained, while the
reference value for the iyz; current is zero to obtain the
maximum torque of the motor [17][18]. This is followed by
a sine pulse width modulation (SPWM) stage to obtain the
pulses that are applied to the inverter feed the motor.

C. FOC PMSM using ILOR

To design a ILQR for speed and currents control of
PMSM, the state space is given as follows in (26).

—R, .
I 0 0 0 0 [ 1 0 ]
o R S S | ) I
lS.q 0 I —L— 00 | isq | v
S I P L
[%mj o P S me o of
(.isd J J Sisa 0 0
0 0 -1 0 0 0 0
-1 0 0 0 0
0 0
0 0]
m-ref
+ (1) OJ[isd—ref]
0 1
(26)

The control law of speed and currents of PMSM is given
by the following relationship in (27).

isd
V d* isq
S
[Vsq*] = ~[Koyuz Koigyp 1| @m 27N
Wm
(isd

Fig. 4 shows the block diagram for controlling the speed
and currents of the motor using ILQR, where it is noted that
it consists of one regulation stage, through which the voltages
to be applied to the motor are obtained. The driving system
here also includes a SPWM stage to obtain the pulses.

Uy Wimni-ref YRV W1 Uq
> Drive system >
refq(t)
. .
> Uz . mm2—re{ PVISM-2 W2 l{: X
¥ OfﬁgR of g | Drive system “ i !
q Quadcopter G G Quadcopler
2 ! ) ipler
— Eg (25 Us me—ref w U3z
q(25) R [ PMSM-3 m3 R
- “| Drive system -
U, Wms—ref ——————— W) u
4 . m4 re{ PVISM-4 m4 4 R
> “| Drive system )l -

Fig. 2. The block diagram of the complete control system of quadcopter
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—| PMSM
17K L 2 2 ~L
s <
SPWM 5.,
A A A 9'9 Wy
v —>[v/s}—0
lsd lsq
v isq \l« v
sq—ref isq speed ~ w
4 4 € PI controller (_O(_ PI controller 90(_ m—ref
9 ’ _’O
—>
("79 lvsd—re f iy
N PI controller

Fig. 3. Sketch of PI control system of PMSM

¢ ( iaﬁ lsd—ref
lsd

SPWM
A A A
lsq I‘sd Wm
Usq -ref
? 4 < Speed and
6 20 current
?'9 Vsd—re f ILQ Regul.ator
€ Eq (27)

Fig. 4. Sketch of ILQR control system of PMSM

Iv. FOC PMSM USING ILQR-PCC

A. Regulating PMSM currents using PCC

Since its initial introduction in the late 1970s, model
predictive control, or MPC, has undergone significant
development. It has seen a significant advancement in the
control research community and industry throughout the past
three decades. The reason for MPC's success is that it is,
without a doubt, the most universal method for describing the
control problem in the time domain [19].

By reducing the error between the reference value and the
predicted value, the MPC determines the optimal switching
vector [20]. MPC can be applied with different methods,
predictive speed controller [21], Model predictive torque
control [22], or predictive current control [23].

PMSM
v V¥V VY
<@
03 4.
'/
o
v v p/s | 6
sd qu
v
¢ wm—ref W

€ lsd—ref

With the proposed PCC, the inverter produces a
consistent number of feasible switching vectors. To do this,
the PMSM model is used to estimate, for each switching
vector, the currents at the inverter output terminal. Thus, an
objective function is designed to select the best switching
vector. Reducing the difference between the reference
currents and the expected stator currents is the aim of this
objective function. There is no longer need for a modulation
stage [23].

The difference between the stator's anticipated current
(1p(k + 1)) and reference currents (iyef(k + 1)) is calculated
by the following objective function in (28).

Ziyaad H. Saleh, Enhanced Dynamic Control of Quadcopter PMSMs Using an ILQR-PCC System for Improved Stability and

Reduced Torque Ripples



Journal of Robotics and Control (JRC) ISSN: 2715-5072 1657
gk—-1)=v(k—-1)- (R s ok — 1)
§ =Tk + 1)~ Tp(k + D e-b=w Remq s an

where:

(28)

Torer(K + 1) = Tgg_rer(k + 1) +]15[3—ref(k +1)

Ipk+1) =g p(k+ 1) + Jigg—,(k + 1)

Continuous voltage equation for PMSM can be obtained
as follow [20] in (29).

dig
F;:TS’RS+LSd—;+§ (29)

Where v, refers to the stator voltage generated at the
inverter terminal, Ls refers to the stator inductance, & refers
to the back electromotive force. one might estimate the stator
current in the subsequent sampling instant for any voltage
vector U, (x) created at the inverter terminal by substituting
(di/dt) as in (30).

RTy oo T
e e OB CIO N
0)

Then, the back electromotive force can be calculated as in

31).

LS—>
—Fsls(k)

The back electromotive force at present (k) can be estimated,
by extrapolating the prior back electromotive force, é(k —
1). Additionally, because the sample frequency is higher than
the back electromotive force frequency, the back
electromotive force's magnitude won't fluctuate significantly
over the course of a single sampling period. Therefore,
é(k) = é(k — 1) is assumed [24].

B. Regulating PMSM speed using ILOR

To design a ILQR for speed control of PMSM, the state
space is given as follows in (32):

ot
)=

— 0| @m

] ][ewm +
-1 0

the control law of speed of PMSM is given by the

following relationship in (33):

1.5p%0m
]
0

il + [} [omrer] — (32)

[isq*] = —[Kiyxq Kigyql [;:)n;] (33)

Fig. 5 shows the block diagram for the ILQR-PCC control
system of PMSM, and the Fig. 6 shows the flowchart for
implementing the PCC technology.

. fso—
sa _sa ref

PCC

A

,[sﬁ—ref <

PMSM
v v VIr
2
& e
0 lsa Llsp
’L v
l'vg;q—:r'.gf Speed o)m_?,ef
. |e ILQ Regulator
Eq (32)
R ——
lsd—ref

Fig. 5. Sketch of ILQR-PCC control system of PMSM
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| +
. R! TS = T! -
—»[ Lyep ()= Ly _yar (K) + Jlg_y o () ‘ t(k+1) = (1= ) ik) + 2 (v () — e (k)
5 5
¥
| 100=Leall) +J15(K) | 0
¥ = |isrt—re}'(k +2)- i.m'—p(k + 1)1
L L -
ek — 1) = v(ora) — 7= by — (Rs ~ F’) ik —1) * lopores e+ 1) — by, (k + 1)
5 5 1
| e()=e(k-1) | 90 < Gop
¥ Gop = 9()
[ Gop =@ ‘ J op =f
[ no
ole i=7
‘ Apply v(j,,) ‘
[ L 2
| Jeta=Jops k= 1)=ilk) |
Fig. 6. Flowchart of predictive current control system for PMSM
V.  SIMULATIONS RESULTS 1500 [ ' '
To evaluate the performance of the suggested ILQR-PCC 450 490
system and offer a comparison with alternative control aas
systems, simulation is carried out in Matlab/Simulink 448 0 D.020.040.050.08
. . , 1000} 0 0.020040060.08 :
environment. Table I displays the PMSM's parameter values. s
8 i
TABLEI. THE PARAMETER VALUES OF PMSM % ﬁg
stator resistance, {2 0.33 R S 442
inductances stator on d-axis, H 28x10° Ly 500 | 1 7’ 1.005  1.01 1
inductances stator on g-axis, H 28x10° Lg
permanent magnet flux, wb 6x10* O 450 ——wm using PI-PI
number of poles pairs 8 p 445 ——wmusinglLQR
inertia torque, Kg.m? 2.6x107 | J, 1 12 14 1s ——wim using LOR-POCwn-ref
frictional constant, N.m.rad.sec”' 8.6x107 f 0 s . s w
Mechanical speed, rad.sec™! 942 W 0 05 1 1.5 2 2.5 3

The reference speed is determined at 450rad/sec from
Osec until 1sec, where its value becomes 900 rad/sec. The
load torque is changed from quarter of the nominal torque to
the full nominal torque at 0.5sec. Fig. 7 shows the speed
regulation response and the Fig. 8 shows the iy; current
regulation response.

It is clear from the results shown in Fig. 7 that the
proposed control system is superior in terms of response
speed and robustness to external disturbance represented by
a change in the value of the load torque. It is also clear from
Fig. 8, that the proposed control system is superior in
reducing current fluctuations, which was regulated at 0A.

To further verify the effectiveness of the proposed system
in reducing current and torque ripples, the two Fig. 9 and Fig.
10 show a comparison between PMSM currents and
electromagnetic torque respectively for using the three
control systems.

time (sec)

Fig. 7. The speed regulation response

1.199 1.2 1.201

= isdref

= isd using PI-PI
==isd using ILQR
== isd using ILQR-PCC

0 0.5 1 15 2 25 3
time (sec)

Fig. 8. The iz current regulation response
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<
20+ — Iph using PI-PI )
— Iph using ILQR
-30 —_— Iph using ILQR-PCC 7
40 i . . ; ‘
0 05 1 15 2 25 3
time (sec)

Fig. 9. Comparison of the current waveform when using the three control
systems

0.12 T
0.06
0.1 | 0.055 -
0.05
0.08 | 0.045 -
—_ 1.594 1.596 1.598 1.6
€
Z
o 0.06 |-
=)
g
L
004} ——T__using PI-PI
em
— Tem using ILQR
0.02 ——T,, using ILQR-PCC i
—T
0 | I I
0 0.5 1 1.5 2 25 3
time (sec)

Fig. 10. A comparison between the response of the electromagnetic torque
when using the three control systems

It is clear from the results presented in Fig. 9 and Fig. 10
that the effectiveness of using the proposed control system is
evident, it contributes to reducing current distortions, and the
electromagnetic torque ripples have the lowest value
compared to other control systems.

A simulation was performed regarding the operation of
the PMSM drive system within a quadcopter, with full load
torque applied to the PMSM. Fig. 11 to Fig. 14 show the
response of the quadcopter control system to follow the
desired path. Fig. 15 shows the speeds of the four motors. Fig.
16 to Fig. 18 show the response of the first motor drive
system to regulate speed, current, and torque.

It is clear by reviewing the results in Fig. 11 to Fig. 14
that the quadcopter control system is effective, as the desired
path is tracked with high accuracy and dynamism. As is clear
from Fig. 15, the speeds of the four motors are different
within small limits to ensure the correct guidance of the
quadcopter to the desired position. The effectiveness of the
aircraft control system and tracking the desired path
inevitably means the effectiveness of the engine speed control
system, as shown by the results in Fig. 16 to Fig. 18. It is

noted that the reference signals are tracked accurately and
quickly, with low ripples for both the motor current and
torque.

60 T T T T T T

50

40

30

x (m)

20

10

-10 I | I I | | I |
0 5 10 15 20 25 30 35 40 45

time (sec)

Fig. 11. . response of quadcopter on the x-axis
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yref

12
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VI CONCLUSION

In this paper, the author develops a new strategy for
controlling the Permanent Magnet Synchronous Motor
(PMSM) control system with an objective of having a stable
dynamic response and least torque fluctuations. The proposed
control system is composed of an ILQR for speed regulation
and PCC and is a significant improvement over conventional
control strategy. The effectiveness of the ILQR-PCC control
system was rigorously evaluated by comparing its
performance against two established control systems: The
comparison is made between the ILQR and the Proportional-
Integral (PI) control system.

The detailed comparison of the comparative metrics is
presented in Table II, where one can note the advantage of
the ILQR-PCC control system. In other words, the
performance of the ILQR-PCC system was characterized by;
a measurable improvement in the system’s dynamic
response, better disturbance attenuation capabilities, and
reduced current waveform distortions which compiled to the
reduction of torque ripples. Nevertheless, the PI and ILQR
control systems cannot compete with the ILQR-PCC system,
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especially in the cases when high dynamic stability and
accurate definition of current regulation is needed.

This was again proven when the ILQR-PCC control
system was implemented in an LQR-controlled quadcopter.
This experimental analysis substantiated that the system’s
capability to follow reference signals was fast and precise
while concurrently keeping minor current distortion. Another
area where improved control capability was apparent was in
the aircraft’s capacity to track the desired attitude flight
profile with lot of precision and quickness.

TABLE II. COMPARISON BETWEEN THE THREE SYSTEMS

System performance in speed

Control regulatl‘o n - Current and
system settling required time to torque ripples

¥ . overcome external

time .
disturbance

PI-PI 0.35sec 0.6sec high
ILQR 0.02sec 0.01sec high
ILQR-

PCC 0.01sec 0.006sec low

Owing to these findings, there is potential in enhancing
the ILQR-PCC control system for improved operation of the
PMSM driven applications, especially in areas that need
specific speed and accurate control as in flight of the
quadcopter. It may be beneficial for future works to extend
the described control strategy to other similar systems, assess
the methodology’s performance when coping with higher
dimensional or multiscale systems, in addition to discussing
how possible shortcomings such as computation time and
real-time requirements may be overcome.
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