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Tilt-fractional order proportional integral derivative control for DC motor
using particle swarm optimization

Introduction. Recently, the most desired goal in DC motor control is to achieve a good robustness and tracking dynamic of the set-
point reference speed of the feedback control system. Problem. The used model should be as general as possible and consistently
represent systems heterogeneous (which may contain electrical, mechanical, thermal, magnetic and so on). Goal. In this paper, the
robust tilt-fractional order proportional integral derivative control is proposed. The objective is to optimize the controller
parameters from solving the criterion integral time absolute error by particle swarm optimization. The control strategy is applied on
DC motor to validate the efficiency of the proposed idea. Methods. The proposed control technique is applied on DC motor where its
dynamic behavior is modeled by external disturbances and measurement noises. Novelty. The proposed control strategy, the
synthesized robust tilt-fractional order proportional integral derivative speed controller is applied on the DC motor. Their
performance and robustness are compared to those provided by a proportional integral derivative and fractional order proportional
integral derivative controllers. Results. This comparison reveals superiority of the proposed robust tilt-fractional order proportional
integral derivative speed controller over the remaining controllers in terms of robustness and tracking dynamic of the set-point
reference speed with reduced control energy. References 21, table 1, figures 14.
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Bcemyn. Ocmanniv wacom HailOinbus 6axicanoio Memor KepysanHs 08USYHOM HOCHIIHO20 CIPYMY € OOCACHEHHS. 2apHOT HAOitiHOCmi ma
OUHAMINHO20 GI0Cmedicels 3a0aH0i ONOPHOI WEUOKOCMI cucmemu Kepysanus 3i 360pomuum 36 saskom. Ilpoonema. Buxopucmogyeana
MoOenb Mae Oymu KoM02a 3a2aibHIUION | HECYNepeyuIuso npeocmasiamu PisHOPIOHI cucmemu (AKI MOXCYMb MICMUMU eleKmpuyHi,
MexaHiuni, meniogi, maeximui mowjo). Mema. Y yiti cmammi npononyemocs podacmue ynpaeiins NOXioHO NPONOPYIIHO20 iHmespana
0p0606020 nopsaoKky Haxuny. Mema nonacac 6 momy, wjob Oonmumizyeamu NaApamempu KOHMpONepd WIAXOM GUPIUEHHS Kpumepiio
iHmMezpanbHOi abCOMOMHOT MUMYACOB0T NOMWIKU WIAXOM onmumizayii poro yacmunox. Cmpamezisi YNpaeniHHA 3aCMOCO8YEMbCA 00
08USYHA NOCMILIHO2O0 CMpyMy Ol nepesipku  epexmushocmi 3anpononosanoi ioei. Memoou. [Ipononosanuii memoo ynpaguinhs
3acmoco8yemvcs 00 08USYHA NOCMINIHO20 CIPYMY, OUHAMIYHA NOBEOIHKA K020 MOOETIOEMbCA 306HIUHIMU NEPEUKOOaMUu ma wymamu
sumipise. Hoeusna. [lpononosana cmpamesia ynpasniHHs, CUHME308aAHULl podACMHULL NPONOPYIIHO-IHMEZPATbHO-OUpepeHyianbHUll
pe2yIamop WeUOKoChi Haxuy Opobo6ozo NOPAOKY 3aCmOCO8YEMbCs 00 0BUYHA NOCMITiHO20 cmpyMmy. IX npodykmusHicmbs ma naditinicme
TIOPIBHIOIOMBCA 3 NOKAZHUKAMU, WO 3a0e3neuyombCs KOHMPOnepamu nponopyiiiHoi inmezpanbhoi noXionoi ma nponopyiiHoi inmezpanbHoi
noxionoi 0poboso2o nopsoky. Pesynsmamu. Lle nopienanns nokasye nepesazy 3anponoHo8an020 podacmHuo2o nponopyitiHo-inmezpanbo-
oupeperyianvroco pesyiamopa weuoKocmi Haxumy Opobo8020 NOPSAOKY HAO [HWUMU pe2yismopamu 3 noenady pobacmuocmi ma
OUHAMIMHO20 8I0CMEdICeH sl 3a0an0i ONOPHOT WEUOKOCI 3i 3MeHWeHoIo enepeicio ynpaegninns. biom. 21, tabn. 1, puc. 14.

Knrouoei crosa: NBUTYH NOCTIHOrO CTPyMy, pPeryJiOBaHHSA HIBHIKOCTi, MponopuiiiHa iHTerpajsHa moxiaHa apo6oBoro

NOPSIAKY, ONTHMI3allisl POI0 YACTHHOK.

Introduction. The growing interest in electric motors is
justified by the need for industrial variable speed processes.
This solution makes it possible to control a process or a system
with minimal expenditure of energy and raw materials.

DC motor, by its very nature, has a high torque vs.
speed characteristic, enabling it to deal with high resistive
torques and absorb sudden rises in load effortlessly; the
motor speed adapts to the load. In addition, DC motors are
an ideal way of achieving the miniaturization that is so
desirable to designers, since they offer a high efficiency as
compared with other technologies.

The most desired goal in DC motor control is to achieve
a good robustness and tracking dynamic of the set-point
reference speed of the feedback control system. To achieve
this goal, the used model should be as general as possible and
consistently represent systems heterogeneous (which may
contain electrical, mechanical, thermal, magnetic and so on),
and all proposed DC motor models unavoidably incorporate
uncertainties and external disturbances.

Controllers based on fractional order calculus are
gaining more and more interests from the control
community. This type of controllers may involve fractional
operators and/or fractional systems in their structure or
implementation. They have been introduced in the control
applications in a continuous effort to enhance the system
control quality performances and robustness.

Actually, a success among researchers is the fractional
order proportional integral derivative (FOPID) [1]. In fact,
since the development of the first control approach using the
fractional proportional integral derivative (PID) controller,
different design approaches were proposed [2-4]. On the other

hand, in recent years it is remarkable the increasing number
of studies related to the application of fractional controllers in
science and engineering areas [5, 6], more concretely a
fractional sliding mode control [7]. In literature, fractional
PID controller is frequently used to control a first order plus
dead time system [8]. But, only few design methods are
considered for second order plus dead time system [9]. The
robust control strategies have been proposed to determine the
parameters of a robust controller. The majority of them use
appropriate optimization tools to solve the weighted mixed
sensitivity problem such as: H,, control through solution of
Riccati equations and linear matrix inequality approach
[10, 11]. Among them, proposed a new robust tilt-PID
controller based upon an automatic selection of adjustable
fractional weights for permanent magnet synchronous motor
drive control, the min-max optimization algorithm to solve
the weighted-mixed sensitivity problem [12].

Goal. In this paper, DC motor is controlled by a
proposed tilt-fractional order proportional integral derivative
(T-FOPID) speed control. The parameters of the proposed
controller are optimally learned by using particle swarm
optimization (PSO), and the optimization performance target
is chosen as the integral time absolute error (ITAE). The
performance and robustness of the T-FOPID controller are
compared in time domain by the FOPID and classical PID
controllers. This comparison reveals the superiority of the
proposed T-FOPID controller over the remaining controllers
in terms of ensuring good tracking accuracy and the ability
for rejecting the internal and external influences and
minimization of the measurement noise.
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The mathematical model of DC motor. Torque of a
DC motor is proportional to its armature current and current
field. The winding field of a DC motor gets excited from a
separate power supply, which is independent of its armature
current. To achieve a linear variation of torque, one current
(either field or armature) is kept constant while varying the
other and it is possible in a DC motor because its current
armature and field are independent of each other. Therefore,
DC motors can be divided into two types depending up on
how its torque is being controlled, namely armature-
controlled DC motors and field-controlled DC motors.

As the discussion about the field-controlled DC
motor is out of scope of this paper, we shall continue our
discussion with armature-controlled DC motors.

In an armature-controlled DC motor which is shown in
Fig. 1, the excitation for the winding field is kept constant and
the torque is varied by varying the supply voltage connected
to the armature. In some cases, a permanent magnet is used
instead of winding field to produce the magnetic flux which is
again independent of the armature current. Such motors are
called permanent magnet DC motors [3].

xVe
B

Fig. 1.Schematic diagram of the armature-controlled DC motor

R

A well-known linear model of DC motor for the
speed control system is shown in Fig. 2.
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Fig. 2. Block diagram of armature-controlled DC motor

The transfer function relating the armature voltage
V.(s) and angular velocity Q(s) with T;(s) =0:

Q(s) _ K, 1
V,(s) LJs’+(LB+RJ)s+RB+KK,

The transfer function relating the load torque 7;(s)
and angular velocity Q(s) with V,(s) = 0:

Q(s) L,s+R,

T,(s) L,Js’+(L,B+RJ)s+RB+KK,

The nominal values of DC motor are summarized in
Table 1 [13].

)

Table 1
DC motor parameters
Motor parameters Value
Moment of inertia J, kg-m?/s> 0.0988
Viscous friction coefficient B, N-m-s/rad | 0.000587
Torque constant K,, N-m/A 0.67609
Armature resistance R,, Q 1.5
Armature inductance L, H 0.2
Voltage constant K,, V/(rad/s) 0.67609

Tilt-fractional order proportional integral derivative
(T-FOPID). The general structure of the proposed T-FOPID
controller is shown in Fig. 3.
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Fig. 3. Block diagram of proposed T-FOPID controller

The transfer function of the proposed T-FOPID
controller is given by:

K(s,X)=£{+(Kp+%+Kd~s”j. 3)
SN

The tilt component has a fractional order transfer
function represented by (s '), where adjustable
parameter N is preferably chosen between 2 and 3. Here,
X=(K, N, K,, Ki, Ky, 4, )" is the design vector to be
optimized by an adequate optimization algorithm. The
search space limiting the optimal components of the
proposed T-PID controller is defined by:

K, <K <K,
2<N<K3;
<K,<K

Pmax’

>
max

Kpmin
K, <K<K

Imi
Kdmin
0<A<l;
O<pu<l.

Tuning of T-FOPID by PSO algorithm. Many
intelligence algorithms are proposed for tuning the T-FOPID
parameters. Tuning T-FOPID parameters by the optimal
algorithms such as the genetic algorithm and PSO algorithm.
However, it is slow to search the best solution [14, 15].

The PSO concept consists of changing the velocity (or
acceleration) of each particle toward its pp.,; and the g
position at each time step. Each particle tries to modify its
current position and velocity according to the distance
between its current position and py., and the distance
between its current position and g, as shown in the
following. At each step n, by using the individual best
position, p,., and global best position, g, a new velocity

for the i" particle is updated by [16]:
Vin)=wVi(n=1)+ 1 (ppess, = pi(n=1))+
+eor) (gbest,. - piln- 1)}
where w is the constriction factor; p; is the position
vector; r; and r, are the random numbers between [0; 1];
c; and ¢, are the positive constant learning rates, called
self-confidence and swarm confidence respectively.
Each of the three terms of the velocity update
equation has different roles in the PSO algorithm [17].
The first term w¥V(n) is the inertia component, which is
responsible for keeping the particle moving in the same
direction as it was originally heading. The value of the
inertial coefficient w is typically between 0.8 and 1.2, which
can either dampen the particle’s inertia or accelerate the

“
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particle in its original direction. Generally, lower values of
the inertial coefficient speed up the convergence of the
swarm to optima, and higher values of the inertial coefficient
encourage exploration of the entire search space [18].

The second term ci7(Ppess — pi(n — 1)), called the
cognitive component, which acts as the particle’s
memory, causing it to tend to return to the regions of the
search space in which it has experienced high individual
fitness. The cognitive coefficient ¢, is usually close to 2,
and affects the size of the step that the particle takes
toward its individual best candidate solution pjeq.

The third term c75(gpess — pAn — 1)), called the social
component, causes the particle to move to the best region
that the swarm has found so far. The social coefficient ¢,
is typically close to 2, and represents the size of the step
that the particle takes toward the global best candidate
solution gy, the swarm has found up until that point.

The random values r; in the cognitive component
and r, in the social component which causes these
components to have a stochastic influence on the velocity
update. This stochastic nature causes each particle to
move in a semi-random manner heavily influenced in the
directions of the individual best solution of the particle
and global best solution of the swarm.

In order to keep the particles from moving too far
beyond the search space, we use a technique called velocity
clamping to limit the maximum velocity of each particle. For
a search space bounded by the range [pmin, Pmax), Velocity
clamping limits the velocity to the range [Vim, Vinaxls
where Viax = k(Pmax — Pmin)/2. The value represents a user-
supplied velocity clamping factor, 0.1 <k < 1.

Based on the updated velocity, each particle changes
its position as follows [19]:

pin)=pi(n=1)+¥(n). ©)

The position is confined within the range of [pmin, Pmax]-
If the position violates these limits, it is forced to its proper
values. Changing position by this way enables the i particle
to search around its local best position, py., and global best
position, gy

Pmin i Pi < Pmaxs
Pi =\ Pi if Pmin < Pi < Pmax> )
Pmax  if Pi> Pmax;

The PSO is an algorithm with population. It starts
with a random initialization of the swarm in the space of
research. With each iteration of the algorithm, each
particle is moved according to the equations of motion
which are given by (5), (6).

Objective function. As already mentioned, the
fitness function to be minimized is the ITAE performance
criterion [20, 21]. The integral of the absolute magnitude
of error (ITAE) criterion is defined as

T
ITAE = j tlefe)dr . (8)

0
The ITAE performance criterion index has the
advantages of producing smaller overshoots and
oscillations than the IAE (integral of the absolute error) or
the ISE (integral square error) performance indices. In
addition, it is the most sensitive of the three, i.e., it has the
best selectivity. The ITSE (integral time-square error)

index is somewhat less sensitive and is not comfortable
computationally. Since it is not practicable to integrate up
to infinity, the convention is to choose a value of T
sufficiently large so that e(¢) for ¢ > T is negligible.

Tuning parameters of T-FOPID by PSO algorithm.
Optimization by PSO consists of designing the optimization
goal, ie., the fitness function and then encoding the
parameters to be searched. The PSO algorithm runs until the
stop condition is satisfied. The best particle’s position gives
the optimized parameters.

The parameters of the T-FOPID controller (Fig. 4) to
be optimized has seven unknown parameters to be tuned
X=(K, N, K,, K;, Ky, 1, y)T . Hence the present problem
of controller tuning can be solved by an application of the
PSO algorithm for optimization on a seven-dimensional
solution space, each particle has a seven-dimensional
position and velocity vector.

DC Motor

1 s [ 1 )
{ ? Les+R, Js+B

¥
Ke K @
T+ Kp+ 3+ Kas
SN

T-FOPID controller

Fig. 4. Feedback T-FOPID control of DC motor

The optimization process based on the PSO is
summarized by the flowchart, depicted in Fig. 5.

Initialize 50
{Ke, N, K, Kiy K, A, 1}

3

Calculate ITAE for 50
{Ke, N, Kp, Kiy Kgy A, 1}

Is current
{Kt,N,Kp,K‘,Kd,A,u} fitness
value better then pp,,, fitness

Assign current
[Kr. N, Kp; K. Kq, /1-11}

a5 NEW Pest

[ |
¥

Assign best
{Ke. N Ky, Ki K, A, 1Y's

Doest value to Gpest

Keep previous ppes

Calculate velocity for each
{Ke, N, Kp, Ki, Ka, A, 11}

!

Update
{Ke, N, Ky, K;, Kg, A, u}

Is Fitness value <0.1 Or
iteration =15?

Fig. 5. The flowchart providing the robust T-FOPID speed
controller tuning by PSO algorithm

Simulation results and discussion. The nominal values
of DC motor are summarized in Table 1, the nominal voltage
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V,=120 V. The transfer function relating the armature voltage
V.(s) and angular velocity £Xs) with 7;(s) =0:
Qs) 0.67609
V(s)  0.01976-5 +0.14832-5+0.45798
The transfer function relating the load torque 7;(s)
and angular velocity (Xs) with V,(s) = 0:
Qs) 02-s+1.5

Ty(s)  0.01976-5% +0.14832 -5 +0.45798
The corresponding optimization problem contains

seven unknown variables. It is expressed as follows:
0<K,<3;
2<N<3;
0<K PES 50;
0<K; <50;
0<K;<5;
0<A<l,;
O<u<l.

This problem is solved by the PSO, in which the

following tuning parameters are used (Fig. 6):

e SwarmSize = 50;

e OFun = @FFtfopidfunction;
MaxIter = 15;
MinFit=0.1.
The provided optimal solution X by the PSO allows
determining the following T-FOPID, FOPID and PID
controllers [15]:

X' cx-=

0.501 30
1<T_F0P,D(s):T +16.6384 + — e +2.2729. 54004
S S
50
S0‘985

K ropip(s)=12.1348 + +2.4856-59979;

36.8206 180.2349

K pip(s)=15.3326+ +2.029-

1+180.2349- (lj

fitness value

number of iterations
s

Fig. 6. The best provided minimization using the PSO
of the fitness value

The above mentioned three controllers are connected
with the linear nominal DC model and the obtained
feedback control system is then excited by the three
exogenous inputs: mechanical speed reference,
disturbance and sensor noise signals. The load torque
input 77 = 20 N-m, applied at the starting time t =4 s. The
random signal of zero mean and Gaussian distribution
with a variance equal to 10~ with the star-time 7 = 7 s.
Therefore, Fig. 7, 11, 12, 14 compare the mechanical
speeds provided by the three PID, FOPID and T-FOPID

speed controllers. Otherwise, where their control signals
are compared in Fig. 14.

Tracking echelon signal reference speed. The
nominal reference speed of this motor is 157 rad/s (120 V
is the supply voltage).

speed, rad/s
160 : : ‘ :
"
Reference
140 PID
FOPID
T-FOPID
120
100
80|
60 -
40
20
o | ‘ . | ‘ . ‘ | ]
o 1 2 3 4 5 6 7 8 9 10
Fig. 7. The given speed with torque load and measurement noise
presence
speed. rz‘ld/s

160

155 Reference | |
PID
FOPID
T-FOPID

150 |

145 4

140 ‘ ‘ ‘ ‘ ‘ ) . ‘ L ts
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2

Fig. 8. Zoom of the given speed parts of transient-state

Torque load rejection. The presence of the load
torque input 7; = 20 N-m, which is applied at the starting
time ¢ =4 s. From the Fig. 7, we conclude that the T-FOPID
controller allows tracking the reference speed with high
accuracy. Figure 8, the zoom parts given speed of transient-
state and Fig. 9, the zoom parts given speed of the presence
load torque input 7, = 20 N-m, applied at the starting time
t=4s. In Fig. 10, the zoom parts give speed of the presence
measurement noise random signal of zero mean and
Gaussian distribution with a variance equal to 10~ with the
star-time £ =7 s.

speed, rad/s

160 T T
Reference | |

155 |- .
PID

150 - FOPID
T-FOPID

145 |

140 L : L
35 4 45 5 5.5

Fig. 9. Zoom of the given speed parts of torque load
speed, ra‘d/s

Reference
PID
FOPID
T-FOPID

L i L L
8 82 84 86 8.8 9 9.2 94 96 9.8 10

Fig. 10. Zoom of the given speed parts of measurement noise

Tracking rectangular signal reference speed.
Used to excite the feedback control system. The input is
assumed by:

157 rad/s
(0} "=
712157 rad/s

0<t<2s and 6s<t<10s;
2s<t<6s.
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speed, rad/s

200
150
Reference
100 PID
FOPID
T-FOPID
50 [
ol
a
-50 [
-100
-150
4,s
200 . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
150 speed, rad/s
-155 9
% Reference b
-160 PID 7
FOPID
T-FOPID
165 I I I I I I I N I 4s
15 2 25 3 35 4 45 5 55 6 6.5
160 Speed, rad/s
155
150 4
Reference c
PID
145 - FOPID b
T-FOPID
LS

140 L
55 6 6.5 7

Fig. 11. a — the given speed for reference speed rectangular
signal by the three controllers PID, FOPID and T-FOPID;
b, ¢ — the zoom parts

Tracking sinusoidal signal reference speed. The
reference speed input is assumed to be a sinusoidal signal
based sample type. It is given with the amplitude 4 = 157,
where 100 samples per period 7= 3.14 s.

200 speed‘ rad/s s

Reference
PID

150 1
FOPID
T-FOPID

100

50

-100 [

-150 [

1, 8]

. -2000 1. 2 3 4 . 5 6 7 8 9 10
Fig. 12. Mechanical speeds given by the three controllers PID,
FOPID and T-FOPID

control signals
e =2

700

T-FOPID
600 PID 1
FOPID

500

400

300

200

100

ol

-100 [

ts

Mo 2 s 4 5 6 71 8 8 0
Fig. 13. Control signals by the three PID, FOPID and T-FOPID
speed controllers

Therefore, the output signals given with T-FOPID,
FOPID and PID controllers are compared in Fig. 12,

where in their control signals are compared in Fig. 13
with reference speed input is a sinusoidal signal.
Tracking triangular signal reference speed. The
second reference speed input is assumed to be a triangular
signal with the amplitude 4 = 157 and the period =2 s.

200 spccd,‘rad/s i

Reference

150 PID
FOPID /
T-FOPID

100

50

0r

-50 [

-100

L 1 l 1 . | L s
0 1 2 3 4 5 6 7 8 9 10

Fig. 14. Mechanical speeds given by the three controllers PID,
FOPID and T-FOPID

Despite changing the speed to several forms
(rectangular signal Fig. 11, sinusoidal signal Fig. 12 and
triangular signal Fig. 14), we note that the T-FOPID
controller tracks it with high accuracy.

Conclusions. In this paper we have proposed the new
robust tilt-fractional order proportional integral derivative
controller, for the optimization of parameters in this controller
we used the particle swarm optimization algorithm. It is a
very simple and efficient algorithm which gave optimal
parameters of proposed controller, based on the integral time
absolute error criterion. The speed of a DC motor in a closed
loop with tilt-fractional order proportional integral derivative
controller. First, we subjected the dc motor to different speeds
(constant signal, rectangular signal, sinusoidal signal and
triangular signal), we noticed the ability of the proposed
controller to change the dc motor speed to follow these
speeds with high accuracy in a short time. Secondly, we
studied the efficiency of the proposed controller in rejecting
the external influences (torque load) and minimization of the
measurement noise. Finally, we compared the performance of
the proportional integral derivative and fractional order
proportional integral derivative controllers to confirm the
superiority and efficiency of the tilt-fractional order
proportional integral derivative controller in tracking
accuracy and the ability to reject the internal and external
influences. Based on these results, it can be said that the
proposed controller is very effective and reliable in
controlling the speed of the DC motor.
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