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a  b  s  t  r  a  c  t

This  paper  proposes  a self-tuning  PI  controller  for the  speed  control  of electrical  motor  drives.  The  pro-
posed  PI controller  gains  are  adjustable  parameters  and will  be updated  online  depending  on  the speed
error.  They  are  designed  to vary  within  a pre-determined  range  to eliminate  the  problems  faced  by
the  conventional  fixed  PI controller.  The  performance  of  the  proposed  self-tuning  PI controller  using a
field oriented  control  (FOC)  of  hybrid  stepper  motor  (HSM)  is  simulated  and compared  with  the  con-
ventional  PI  controller  under  tracking  performance,  parameters  variation  and  load  torque  disturbances.
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The  proposed  controller  is implemented  with  DSP-DS1102  control  board  and  evaluated  through  labo-
ratory  experiments  for the HSM  drive.  Simulation  and  experimental  results  show  the  effectiveness  of
the proposed  approach.  It  is  very  simple  and has  given  improved  results  when  compared  with  previous
approaches.
daptive control
peed control

. Introduction

The control of stepper motors has attracted much attention
ver the past few years, due to the developments in control theory
nd the availability of low-cost digital hardware [1–4]. The hybrid
tepper motors (HSMs) have been widely known for their high effi-
iency and torque capability as compared to other stepper motor
ypes [5]. HSMs are generally operated in open loop due to their
pecial structure. They are mainly used for simple point-to-point
ositioning tasks in which they were open loop controlled, and no

nformation on the motor shaft position or speed was used [6].
In the open loop control, there is no feedback of load posi-

ion to the controller, however the motor must respond to each
xcitation change. This introduces large overshoot, resonance and
orque ripple problems which degrade the dynamic performance
f HSMs. Besides, if fast excitation changes are applied, the step-
er motor can lose steps and therefore, it fails to move the rotor
o the new demanded position quickly and accurately. This would
esult a permanent error between the actual load position and the
equired position and, consequently, lose its stability and synchro-
ization [6,7]. Therefore, open loop control of HSMs is insufficient,

o closed-loop control is essentially required for high perfor-
ance applications under parameters variation and load torque

isturbances.
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The closed-loop principle has been introduced to stepper motors
in order to increase positioning accuracy and reduce their sensitiv-
ity to load disturbances. Nowadays, stepper motors are more often
closed-loop controlled, in particular, for machine tools and robotic
manipulators. They have used in applications which require to per-
form high-precision operation in spite of mechanical configuration
changes such as load torque disturbances and inertia variations. The
use of classic closed-loop algorithms such as proportional–integral-
derivative (PID) control is inadequate since these algorithms are
often sensitive to mechanical configuration changes [8]. Classic
control methods that make use of linear models for designing con-
trollers are valid only for small variation around an operating point.
This problem can be solved by applying advanced closed-loop con-
trol techniques such as self-tuning regulation (STR) [8] or nonlinear
feedback control [9] where the controller is enforced to adapt itself
to the motor operating conditions. Applied to stepper motors, STR
gives better performance than PID controller because this tech-
nique is adaptive to system variations [8]. Nevertheless, this kind
of control strategy is difficult to be implemented due to the large
amount of floating-point computation, which necessarily increases
the sampling period. In adaptive methods, the control laws such
as model reference adaptive control and STR are nonlinear con-
trol laws which are difficult to derive. Furthermore, they require
accurate parameters tuning.
Various feedback control methods have been developed to
improve the performance of microstepping for permanent mag-
net stepper motors [10–12]. An optimal algorithm for closed-loop
control of HSM drives has been presented in [13]. A third order
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liding mode controller (SMC) for a stepper motor has been pro-
osed in [14]. A Lyapunov-based control with a nonlinear observer

n microstepping for permanent magnet stepper motors has been
roposed in [15]. In this work, the stability of the closed-loop
ystem has been analyzed. The application of the conditional servo-
ompensator technique to position control of a permanent magnet
tepper motor, which incorporates a servocompensator as part of

 robust SMC  design, has been presented in [16].
Recently, artificial intelligence control techniques have been

resented to represent motion control systems which are difficult
o be represented by mathematical models [17–21]. A laboratory
xperiment of fuzzy logic controller using a 16-b microcontroller
or a stepper motor drive has been described in [8,17]. An artifi-
ial neural network (ANN) control scheme has been proposed in
18,19]. The ANN shows good results in stepper motor speed tra-
ectory tracking [18]. However, when the system is subjected to a
udden load disturbance, the ANN takes a long recovery time to
ope the changes because it requires large amount of computa-
ions for learning and adaptation. In [19], the controller achieves
he tracking process with a high degree of accuracy; even in the
resence of external disturbance. A low-speed-damping controller
or a stepper motor using ANN, to improve the performance at less
han the resonance speed, has been presented in [20]. An intelligent
ontrol scheme using online growing radial basis neural network
ontroller in parallel with an implicit model adaptive controller has
een proposed in [21].

It is well known that a conventional PI controller is most widely
sed in industry due to its simple control structure, ease of design
nd low cost. However, the PI controller is unable of simultaneously
eeting good step reference tracking and good load torque rejec-

ion. Moreover, it suffers from disadvantages of slow response,
arge overshoots, and oscillations. Because of the widespread use of
I control it is highly desirable to tune this controller gains [22–25].

During the past decades, a lot of attention has been given to
he problem of designing adaptive controllers and self-tuning reg-
lators. Various types of self-tuning PID controllers have been
roposed in [26]. Different approaches have been adopted for
ole-assignment regulators, where the controllers are chosen

n such a way that the closed-loop-system poles are placed at
respecified positions depending on the required system perfor-
ance. Pole and/or zero assignment approach for the purpose

f tuning a PID controller has been presented in [27–31]. Gain
cheduled scheme for PI controller, as it is simple to imple-
ent and provides good performance, has been proposed in

32,33].
The PI controller gains of this control scheme are tuned such that

he drive system exhibits satisfactory transient and steady state
esponses under varying operating conditions. Therefore, in order
o improve the shortcomings of dynamic performance associated
ith the conventional fixed PI controller and at the same time main-

ains its advantages, a self-tuning of its gains becomes an effective
hoice.

The main contributions of this paper are as follows:

The controller gains of the self-tuning PI speed controller are
adapted online with the speed error unlike many of the previously
fixed PI controllers.
The self-tuning PI speed controller is designed to give better per-
formance and to avoid the overshoots and undershoots under
change of step speed reference and load torque disturbance.

The effectiveness of the proposed self-tuning PI controller is ver-
ified using computer simulation and experiments throughout
trajectory tracking accuracy and robustness properties against
load torque disturbances and parameters variation.
esearch 119 (2015) 293–303

• The proposed self-tuning PI controller is compared with the
conventional One-Degree-Of-Freedom (1DOF) PI control and the
Two-Degrees-Of-Freedom (2DOF) PI control.

This paper is organized as follows: Section 2 presents the
dynamic modeling of HSM. Section 3 describes the mathematical
model of FOC. In Section 4, the 1DOF PI controller, the 2DOF PI con-
troller and the proposed self-tuning PI controller for speed control
of HSM are presented and compared. Sections 5 and 6 present the
simulation and experimental results. Finally, Section 7 gives the
conclusion of the current paper.

2. Dynamic modeling of HSM

The mathematical model of a HSM assumes that the magnetic
circuit is linear (no saturation) and the mutual inductance between
phases is negligible. So, the motor can be represented by the fol-
lowing electric equations;

va = Rsia + Ls
dia
dt

− Nr mωr sin(Nr�r) (1)

vb = Rsib + Ls
dib
dt

− Nr mωr sin(Nr�r − �/2) (2)

where ia and ib are the currents of phases A and B, va and vb are the
phase voltages, Rs is the phase resistance, Ls is the phase induct-
ance, ωr is the angular velocity, �r is the mechanical rotor position,
 m is the motor maximum magnetic flux, and Nr is the rotor teeth
number.

The electromagnetic torque produced by a two-phase HSM is
equal to the sum of the torque resulting from the interaction of the
phase currents with magnetic fluxes created by the magnets and
the detent torque, which results from the magnets of the rotor. The
total torque equals

Te = −Nr mia sin(Nr�r) − Nr mib sin(Nr�r − �/2) − Tdm sin(2Nr�r)

(3)

where Tdm is the detent torque of HSM.

3. Field oriented control of HSM

3.1. Motor d–q model

In order to have linear and decoupling terms, the model of the
HSM in the d–q rotor reference frame, by applying the Park trans-
formation to Eqs. (1) and (2), can be expressed as follows [34,35]:

did
dt

= −Rs
Ld
id + Nrωriq + vd

Ld
(4)

diq
dt

= −Rs
Lq
iq − Nrωrid − Km

Lq
ωr + vq

Lq
(5)

dωr
dt

= Te
J

− B

J
ωr − TL

J
(6)

d�r
dt

= ωr (7)

where id and iq are the direct and quadrature currents. vd and vq

are the direct and quadrature voltages. Ld and Lq are the direct and
quadrature components of inductance. Km is the torque constant. J
is the coefficient of moment of inertia. B is the coefficient of viscous
friction.
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the undesirable oscillations and overshoot. In transient condition,
a large control signal is used to accelerate or decelerate the motor
to the reference value within smallest possible time. During this
period, Kp(t) is at its maximum value and Ki(t) is maintained at its
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Fig. 1. Block diagram of a field oriented controlled HSM

.2. Field oriented control principles

In order to simplify the control, direct current id is set to zero.
hen, the developed torque can be expressed as:

e = Kmi
∗
q, id = 0 (8)

The electromechanical equation becomes

dωr
dt

= Km
J
i∗q − B

J
ωr − TL

J
(9)

The overall block diagram control structure for the speed control
f a HSM drive system can be constructed as shown in Fig. 1.

. Speed control schemes of HSM

.1. Design of the conventional PI controller

The conventional fixed PI controller can be constructed as fol-
ows:

∗
q = Kpce(t) + Kic

∫
e(t)dt (10)

The conventional PI controller gains (Kpc and Kic) are tuned at
ated conditions based on Ziegler–Nichols tuning rules and have
hese fixed values along with the different operating conditions.

The Ziegler–Nichols tuning rules consist of determining the
oint where the Root-locus plot of the open loop system intersects
he imaginary axis. This point is obtained by connecting a purely
roportional controller to the system with zero integral gain, and by

ncreasing the controller gain until the closed-loop system reaches
he stability limit, at which sustained oscillations occur. The oscil-
ation period is denoted Pcr and the corresponding critical gain by
cr. The Ziegler–Nichols choice for the PI gains is then specified as

ollows [22–24]:

Kp = 0.45 Kcr

Ki = 1.2 Kp/Pcr

}
(11)

.2. Design of the self-tuning PI controller

The key feature of the proposed scheme of a self-tuning PI con-
roller is that the gains are varied over a pre-determined range

or varying operating conditions. It is well known that the pro-
ortional term (Kp) is responsible for improving overshoots, rise
ime response and the integral (Ki) term reduces steady state error.

hen the speed error is large, a high value of proportional gain is
e system using the proposed self-tuning PI controller.

necessary for better control effort. Similarly, when the speed error
is small a high value of integral gain is necessary to overcome steady
state error.

The self-tuning PI controller output, which is considered as the
reference torque component of the motor, can be described as:

i∗q = Kp(t)e(t) + Ki(t)

∫
e(t)dt (12)

where e(t) = ω∗
r (t) − ωr(t), Kp(t) is the proportional gain and Ki(t)

is the integral gain. These gains are functions of the speed error e(t).
The gain Kp(t) is expressed as a function of speed error as follows:

Kp(t) = Kp(max) − (Kp(max) − Kp(min))e
−[ke(t)] (13)

where k is a constant which decides the rate at which Kp(t) varies
between maximum and minimum values of the proportional gain.
A large proportional gain, Kp(max) is used to speed up the transient
response when the speed error e(t) is large and when the error
e(t) becomes small, a minimum proportional gain Kp(min) is used
to eliminate overshoots and oscillations. The integral gain Ki(t) is
expressed as a function of speed error signal e(t) as:

Ki(t) = Ki(max)e
−[ke(t)] (14)

Under steady state condition when speed error e(t) is small, large
integral gain is used to overcome the steady state error. When the
error is large, a small integral gain is used in order to eliminate
Time [sec]

Fig. 2. Simulated step responses of both the conventional fixed PI controller and the
proposed self-tuning PI controller for a highly under-damped control system.
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ig. 3. Simulated step responses of the 1DOF, the 2DOF PI control and the proposed
elf-tuning PI control during, (a) reference tracking, and (b) load torque disturbance.

inimum value. Under steady state operating condition, the inte-
ral gain Ki(t) is increased to its maximum value. These two gains
re varied online as a function of speed error e(t).

From Eq. (13), it can be obvious that when the error e(t) is large
he exponential term approaches zero (e−[ke(t)] → 0) and therefore,
e have Kp(t) = Kp(max). Similarly, when e(t) is small the exponen-

ial term approaches 1 (e−[ke(t)] → 1) and hence Kp(t) = Kp(min). The
ntegral gain Ki(t) in Eq. (14) varies in the range of 0 ≤ Ki(t) ≤ Ki(max).

.3. Example 1: A highly under-damped system

Consider the transfer function of a highly under-damped control
ystem is Gp(s) = 1/s

(
s2 + 9s + 25

)
with � = 0.9, ωn = 5 rad/s.

The control system response is examined using the conven-
ional PI controller. The gains of the PI controller are chosen using
iegler–Nichols and Root-locus methods. Using Ziegler–Nichols
uning method, it has been found that Pcr = 1.25 and Kcr = 225. Then,
he gains of the conventional PI controller using Eq. (11) become
p = 0.45Kcr = 101.25 and Ki = 1.2 Kp/Pcr = 97.2. In case of using Root-
ocus plot, the gains of the conventional PI controller become
p = 50 and Ki = 0.01.

The self-tuning PI controller is designed also using
iegler–Nichols and Root-locus methods. Using Ziegler–Nichols
Fig. 4. Simulated step responses of all design types of the 2DOF control method as
[36] and the proposed self-tuning PI control during, (a) reference tracking and (b)
zoomed of load torque disturbance.

tuning method, it has been found that Kp(max) = 2Kcr = 450,
Kp(min) = 0.45Kp = 101.25, Ki(max) = 0.05 and k = 0.1. In case of
using Root-locus method, it has been found that the PI con-
troller zero Ki/Kp should be 0.005 and the proportional gain Kp

should be large as 25 to guarantee the stability and give good
dynamic performance. The self-tuning PI controller is designed
to have the following gains based on Root-locus plot, Kp(min) = 25,
Kp(max) = (1.5 : 2)Kp(min) = 37.5 : 50, Ki(max) = 0.125 : 0.01. and k = 0.01.

The simulation results for the output response of the above sys-
tem to a unit step reference are shown in Fig. 2. It is observed that
the proposed self-tuning PI controller using Root-locus method
gives a better performance in comparison to the other control
methods. This would show how the proposed control respond in a

stepper motor system with little mechanical damping. As clear, the
speed error decays quickly to zero. Also, the proposed controller has
minimum overshoots and small settling time when compared with
the conventional PI controller. Moreover, it has been justified the
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Fig. 5. Simulated responses of reference and rotor speeds, reference and actual rotor position signal, and developed torque during starting operation using, (a) the conventional
fixed  PI controller, and (b) the proposed self-tuning PI controller.
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Time [sec]

Fig. 6. Simulated speed responses during sudden change of speed using, (a) 

act that Ziegler–Nichols tuning method for tuning a PI controller
s obsolete and gives too small stability margins.

.4. Example 2: Comparison with 1DOF and 2DOF control

ethods [36]

The simulation results for comparing the proposed self-tuning
I controller with the 1DOF and 2DOF control methods of [36]
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Fig. 7. Simulated speed responses during speed reversal using, (a) the conven
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nventional fixed PI controller, and (b) the proposed self-tuning PI controller.

are shown in Fig. 3. The step reference input and the load dis-
turbance are applied at t = 0.05 s and t = 0.55 s, respectively. It has
been observed that the 1DOF PI control is inherently incapable
of simultaneously meeting good step reference tracking and good

load torque rejection during transients [36]. So, to reduce or elimi-
nate the overshoot appearing for the 1DOF PI control, 2DOF control
has been used {Eq. (26) with m = 1 in [36]}. However, the speed
response is slow. Alternatively, the self-tuning PI controller gives a

0.04 0.05 0.06 0.07 0.08
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tional fixed PI controller, and (b) the proposed self-tuning PI controller.
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Fig. 8. Simulated responses of reference and rotor speeds, developed torque, and stator currents of phases a and b during sudden load change using, (a) the conventional
fixed  PI controller, and (b) the proposed self-tuning PI controller.
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Fig. 7(a) and (b). It is evident that the proposed self-tuning PI con-
troller gives a good performance in comparison to the conventional
fixed PI controller in terms of overshoot.

Table 1
Gains of conventional PI speed controller.

Proportional gain 0.6
Integral gain 0.01

Table 2
Gains of the proposed self-tuning PI speed controller.
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Fig. 9. Simulated speed responses under load inertia variations using (a) th

ignificant performance in comparison to the 1DOF and the 2DOF
ontrol methods under speed reference tracking and load torque
isturbance.

The simulation results for comparing the proposed self-tuning
I controller with all design types of the 2DOF control methods
resented in [36] are shown in Fig. 4. The step reference input and
he load disturbance are applied at t = 0.05 s and t = 0.25 s, respec-
ively. As obvious, the 2DOF using Eq. (32) with m = 3 in [36] gives an
xcellent performance when compared with the other two design
ypes of the 2DOF in terms of fast response [36]. However, the
peed response suffers from overshoot and the speed dip is the
ame in all types of 2DOF control methods [36]. On the other hand,
he proposed self-tuning PI controller ensures a superior perfor-

ance during speed reference tracking and load torque disturbance
n comparison to all types of the 2DOF control methods presented
n [36] with low overshoot and minimum speed dip during torque
isturbance.

. Simulation results

Simulation model is established in Matlab/Simulink envi-
onment based on the introduced mathematical model. The
erformance of the HSM drive system is tested under different
perating conditions. Simulation results are presented under start-
ng operation, step speed command, speed reversal, parameters
ariation and load torque disturbances. Performance of the self-

uning PI controller in comparison to the conventional PI controller
s examined and assessed. The gains of the conventional PI and the
elf-tuning PI controllers are given in Tables 1 and 2, respectively.
he rating and parameters of the HSM are given in Table 3.
ventional fixed PI controller, and (b) the proposed self-tuning PI controller.

5.1. Reference tracking performance

The HSM drive system is tested using the two speed controllers
for trajectory tracking performance. Fig. 5(a) and (b) shows the
simulated speed responses, the developed torque and the rotor
position signal during staring operation at 50 rad/s using the con-
ventional fixed PI and the self-tuning PI controllers. It is obvious
that the speed response and the developed torque with the fixed PI
controller suffer from overshoots in comparison to the self-tuning
PI controller. Moreover, the rotor position signal has an error and
takes a long time to reach the steady state value. The same con-
clusion is observed with step speed reference change from 50 to
75 rad/s as shown in Fig. 6(a) and (b).

The stability and synchronization of the drive system with the
two controllers are examined during speed reversal as shown in
Proportional gain max 0.8
Proportional gain min 0.6
Integral gain 0.01
k  0.1
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Table  3
Parameters of HSM.

Rated voltage (V) 5 Coefficient of viscous friction [N m s/rad] 0.00047
Phase  resistance (Ohm) 0.37 Torque constant 0.153
Phase inductance (mH) 0.9 Rotor inertia (kg m2) 15.62e−5
Number  of rotor teeth 50 The step angle 1.8◦

Number of phases 2 Detent torque (N m) 0.002
Maximum flux linkage (Wb) 0.005 Maximum speed (rpm) 440
Rated speed (rpm) 314
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The basic configuration of the experimental system is shown
in Fig. 13. It consists of a HSM interfaced with a digital control
board based on a Texas Instruments TMS320C31 Digital Signal
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ig. 10. Simulated responses of speeds and variations of Kp(t) and Ki(t) for starting
peration using the proposed self-tuning PI controller.

.2. Robustness against load torque disturbances and parameters
ariation

The robustness of the self-tuning PI controller is proved and con-
rmed under load torque disturbances. Fig. 8(a) and (b) show the
peed response, the developed torque and the stator currents of
he HSM drive system with the two speed controllers at 50 rad/s
peed reference. It is observed that the speed recovers quickly and
he speed dip is low using the self-tuning PI controller which is not
he case with the conventional fixed PI controller.

The sensitivity of the proposed self-tuning PI controller is also
xamined under load inertia variations. Fig. 9(a) shows the speed
esponses at 50 rad/s with different load inertias (J = 2Jo, J = Jo,

 = 0.5Jo) using the conventional fixed PI controller. The same sim-
lation responses are taken using the self-tuning PI controller as
hown in Fig. 9(b). These results show that the speed response with
he proposed controller is better than the corresponding response
ith the fixed PI controller in terms of overshoots and settling time.
owever, the fixed PI controller is better in its rising time compared

o the proposed controller. The main reason of this performance
or the conventional fixed PI controller reveals to that it is designed
t certain operating point. If this operating point is changed the
erformance of PI controller is degraded.

The variations of Kp(t) and Ki(t) of the proposed self-tuning PI
ontroller during transient conditions are shown in Figs. 10–12. The
imulated speed responses and both Kp(t) and Ki(t) variations dur-
ng starting condition are shown in Fig. 10. The same responses are

aken under the repetitive operation and the sudden load change as
hown in Figs. 11 and 12, respectively. As obvious, the self-tuning PI
ontroller gains are updated online depending on the speed error.
herefore, the proposed controller has maximum capabilities at
Fig. 11. Simulated responses of speeds and variations of Kp(t) and Ki(t) under repet-
itive operation using the proposed self-tuning PI controller.

large speed error. However, if the speed error decays to zero, the
controller has the minimum gains which they are the gains of the
conventional PI one. This guarantees that the proposed self-tuning
PI controller achieves simultaneously good reference tracking and
good load torque rejection.

6. Experimental results
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [sec]

Fig. 12. Simulated responses of speeds and variations of Kp(t) and Ki(t) under load
torque disturbance using the proposed self-tuning PI controller.
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Fig. 13. Block diagram of DSP-based real-time implementation of the pro

rocessor for real-time control. Stator currents are measured using
all-effect sensors. The measured current signals are acquired by

he A/D input ports of the DSP control board. This board is hosted
y a personal computer on which mathematical control algorithms
re programmed and downloaded for real-time control.

The motor phases are fed by two H-bridge MOSFET power con-
erter connected to a 5 V DC voltage source. The motor phase
urrents are controlled by a hysteresis controller which generates
he MOSFET gate drive signals by comparing the measured currents
ith their corresponding references. The output switching com-
ands of the DSP control board are obtained via its digital ports and
nterfaced with the converter through an opto-isolated gate drive
ircuit. A picture of the overall experimental system of HSM using
SP control board and the associated interface circuits is shown in
ig. 14.

Fig. 14. A picture of the overall experimental syste
 self-tuning PI controller for field oriented control of HSM drive system.

Figs. 15–17 show the reference and rotor speeds, the rotor posi-
tion signal and the absolute rotor position under step speed change
using the self-tuning PI controller. This includes step change of ref-
erence speed at different reference values 314, 130, and 60 rpm,
respectively. It is obvious that the rotor speed, and consequently,
the rotor position reaches the steady state value smoothly with-
out overshoot or undershoot. Moreover, the drive system has a
fast dynamic response and takes a minimum rise time to reach the
steady state value. However, the rotor speed contains ripples which
increase at low speeds as observed from Fig. 17.

Experimental results are presented also during forward and

reverse motoring operation at 314 rpm as shown in Fig. 18. It is
clear that the rotor speed follows the reference speed smoothly.
Moreover, experimental results are presented with repetitive oper-
ation to test the precise operation of the drive system and the fast

m of HSM using DSP-DS1102 control board.
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Fig. 15. Experimental results of reference and actual speeds, rotor position signal,
and absolute rotor position during step change of speed reference at 314 rpm using
the  proposed self-tuning PI controller.

Fig. 16. Experimental results of reference and actual speeds, rotor position signal,
and absolute rotor position during step change of speed reference at 130 rpm using
the proposed self-tuning PI controller.

Fig. 17. Experimental results of reference and actual speeds, rotor position signal,
and absolute rotor position during step change of speed reference at 60 rpm using
the  proposed self-tuning PI controller.

Fig. 18. Experimental results of reference and actual speeds, rotor position sig-
nal, and absolute rotor position during forward and reverse motoring operation
at 314 rpm using the proposed self-tuning PI controller.
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Fig. 19. Experimental results of reference and actual speeds, rotor position sig-
nal, and absolute rotor position during repetitive operation at 314 rpm using the
proposed self-tuning PI controller.
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ig. 20. Experimental results of reference and actual speeds under sudden change
f load torque of 0.2 Nm at 200 rpm using the proposed self-tuning PI controller.

ynamic response as shown in Fig. 19. It is observed that the drive
ystem maintains its stability and synchronization with fast start
nd stop operations. This proves the effectiveness of the proposed
losed-loop control of HSM drive system.

The HSM drive system is also tested and examined experimen-
ally under sudden load change from no-load to full-load of 0.2 N m.
t is obvious that the speed recovers quickly to the steady state value
s shown in Fig. 20.

In experimental system, the speed sensor is followed by a low
ass filter to alleviate the high speed ripples. This is the main reason
or the delay time in the measured speed compared to the simu-
ation one. Moreover, in real-time control using DSP-DS1102, the
ystems exhibits some delay due to data acquisition ports like A/D
onverter, computation time burden due to field oriented control.

his makes a delay in the control effort.

The self-tuning PI controller gives a good performance in com-
arison to PID control and STR [8], and Online Random Training
f Neural Networks [18] and exhibits a similar performance as

[

esearch 119 (2015) 293–303

multilayer neural networks [19]. However, it is simple when
compared with these approaches and no need for adding sensors.

7. Conclusion

In this paper, the self-tuning PI speed controller for electri-
cal motor drives has been presented. The HSM drive system as
a test bed has been examined experimentally and by computer
simulations using the proposed self-tuning PI controller and the
conventional fixed PI one. The gains of the proposed controller have
been varied and tuned such that the drive system exhibits satisfac-
tory transient and steady state response under varying operating
conditions. Experimental and simulation results show the effec-
tiveness of this approach, and demonstrate the usefulness of the
proposed controller for high performance drives. The proposed
controller method has shown a good performance in comparison to
the conventional fixed PI controller in terms of trajectory tracking,
load inertia variations and load torque disturbances. Furthermore,
the proposed method has characterized by its simplicity, low com-
putation time, ease of implementation and improved dynamic
performance under parameters variation and load torque distur-
bances. It has been concluded that the proposed controller is very
simple and has given improved results when compared with pre-
vious approaches such as IDOF and 2DOF control methods.
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