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Abstract. This paper has presented improved response performance of two-phase hybrid stepping motor control

using proportional integral and derivative (PID) tuned outer and inner loop compensators. It is desired to improve the
response performance tracking of a two-phase hybrid stepper motor to achieved overshoot less than 5 %, settling time
less than 0.16 s, and rise time less then 0.02 with 2 % criterion. To achieve the objective of the study, a dynamic
model of a two-phase hybrid stepper motor was obtained in the form of a transfer function. A robust PID tuning tech-
nique was adopted using the single input single output (SISO) Graphic User Interface (GUI) of the design task of the
Control and Estimation Tool Manager (CETM) of MATLAB software in designing the compensators. A single com-
pensator was designed and added to control loop of a two-phase hybrid stepping motor to improve the response per-
formance. Simulation was performed in MATLAB and an overshoot of 8§ % with the single loop compensator. How-
ever, the overshoot of the system requires further improvement. A new control loop was proposed using two-
compensator loop structure. The outer loop and inner loop compensators were designed and added to the two-phase
hybrid stepper motor control. Simulation was performed in MATLAB and the result obtained showed that with the
two-compensator loop structure, the overshoot was greatly reduced to 2.6 % with rise time of 12 ms and settling time
11 ms. This indicates that the response tracking performance of the system has been improved by the combined outer

and inner loop compensators.
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1 Introduction

Stepper motors are a kind of electromagnetic mechani-
cal devices that can transform discrete electric impulses,
typically of square wave pulses, into linear or angular
displacement [1]. They are special type of synchronous
motors designed to rotate through fixed angle called a
step for each electrical pulse received from control unit
[2]. They are usually employed in control and measure-
ment applications because of the advantage of easy open
loop control and no error accumulation which they offer
[1, 3]. Stepping motors are perfect choice for applications
with small power (less than 100 W) while maintaining
fast and efficient positioning control such as in robotics,
machine tools, servos, aerospace applications, printers,
and scanners [1, 4].

There are various advantages offer by stepper motors
such as small inertia, great output torque, and high fre-
quency response [1]. These characteristics have made the

use of stepping motors to be wide in the industry current-
ly, especially in control applications and measurement [1,
5]. Apart from the benefits mentioned above, such ad-
vantages like compatibility with digital system and no
feedback sensor requirement for position and speed sens-
ing [2, 6] have made their use worthwhile in control sys-
tems engineering. However, some drawbacks of stepping
motor are its relatively long settling time and overshoot
for a given step response [1]. There are different types of
stepping motors. One of them is the hybrid stepping mo-
tor.

A stepping motor that contains the permanent magnet
rotor and many teeth both on the rotor and stator poles is
called the hybrid stepping motor. Two- phase hybrid
stepper motor is stepper motor that contains the perma-
nent magnet rotor and many teeth both on the rotor and
the stator poles [1]. These devices are most commonly
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employed in the industry as ensures that the power elec-
tronic circuits are relatively simple because of higher
efficiencies over the variable reluctance permanent mag-
net stepping motors.

In this paper, the objective is to develop PID tuned
two-compensator control loop structure that will improve
the performance response of a two-phase hybrid stepper
motor. The system is expected to meet the following
performance criteria. Overshoot is less than 5 %, settling
time — 0.16 s, and rise time — 0.02 with 2 % criterion.

2 Literature Review

Attiya et al [1] designed a fuzzy-proportional integral
and derivative (PID) controller for variable speed control
of two-phase stepping motor in robotic grinding. It aimed
to improve the speed control performance of two-phase
hybrid stepping motor. Six motor speed input conditions
were considered for simulations. Simulations were con-
ducted in MATLAB. Salis et al [12] studied learning
position controls for hybrid step motors, from current fed
to full order models. Experimental study of both adaptive
and repetitive learning position control presented in lit-
erature for voltage-fed hybrid step motors was carried
out. Liu and Li [13] designed a stepper motor position
control system based on digital signal processor (DSP).
An incremental PID control algorithm was designed.
Experimental and simulation comparison of open-loop
control and closed-loop with PID effect was conducted.
With the PID closed-loop control, the results indicated
that effective improvement of the precision and dynamic
performance of the stepper motor can be realized. An
emotional controller for position control of hybrid stepper
motor derives called Brain Emotional Learning Based
Intelligent Controller (BELBIC) was proposed by Kha-
lilian et al [14]. It adopted direct torque control technique.
Simulations were conducted to ascertain the effectiveness
of the controller and the results obtained indicated fast
response, no overshoot and zero steady-state error. A
bang-bang control strategy was proposed in [9] for two-
phase hybrid stepper motor. Current tracking was per-
formed and the current was continuously maintained
within sustained limit in phase and desired speed ob-
tained. However, the control technique has fast switching
limitation. Two-phase hybrid stepper motor control using
Fuzzy-PID is presented by Zhang and Wang [6]. A com-
parison of the Fuzzy-PID with conventional PID indicat-
ed that the former yielded better performance than the
later.

Impressively, stepper motors have multiple “toothed”
electromagnets arranged around a central gear-shaped
piece of iron [1]. Figures 1 and 2 show the general step-
ping motor main parts and a cross-section of two-phase
hybrid motor.

Stator

7\ __ coil

Figure 2 — Cross-section of two-phase
hybrid stepping motor [1, 8]

3 Research Methodology

3.1 Mathematical modelling

3.1.1 General equations

Only A typical model of a two-phase hybrid stepping
motor consists of the shaft mechanical dynamics together
with the electrical dynamics of the stator coils [1, 9]. The
electrical response is faster than the mechanical response
[1, 9, 10] which makes it possible to consider the mathe-
matical dynamics only [9].the model consists of electrical
and mechanical equations [9]. The electrical dynamics
are given by [9]:

dI

a :i(va_RIa+mesinN9); (1
dt L
dI
b :l(\/h —RI, + K, 0cosNo). @
dt L

Mechanical equations are [9]:

dI/dt = (K, I,cosNO — K, I,sinNO —
— B — T, — K,,sindN0); 3)

a0 _ ® 4
dt

where 1, and [, are the currents in phases A and B re-
spectively, A; V, and V,, are the voltages in phases A and
B respectively, V; o is the rotor speed, rad/s; € is rotor
position, rad; R is the resistance of the phase winding ;
L is the self-inductance constant, H; B is the viscous fric-
tion constant (N-m-s/rad); J is the rotor inertia, kg'mz;
Ty is the load torque, N-m.
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3.1.2 Transfer function model

Figure 3 shows the model of a two-phase hybrid step-
ping motor [1]. The open loop transfer function of G(s) of
two-phase hybrid stepping motor is given by [1, 6, 11].

KIv Kli KH 1 Ke

KPv+— KPvi— Ly [ LEE
SKDvs * || THs+1 | Ls+R

Figure 3 — Model of two-phase hybrid stepping motor [1]

The values of the parameters of selected stepping mo-
tor for MATLAB simulation are presented in Table 1.

Table 1 —Simulation parameters [8]

Parameter Value Unit
L 4.0 mH
R 1.2 Q
J 260 kg-m*
B 0 N-m-s/rad
B 1 -

Kpy 100 -
K, 0.2 N-m/A
N 180 -
K;, 0 -
Ky 15 -
K;; 500 -
K, 5 -
K, 500 -

The open-loop transfer function of two-phase hybrid
stepping motor considered in this paper given by [6]:

2700000(s + 5)(s +100) 5)

G(s) = .
® s* +19799s° + 650000s> + 7500s

3.1.3 State space model

The transfer function of a two-phase hybrid stepping
motor presented in equation (5) is transformed into a state
space model as follows:

Y(s) 2.7-10°(s+5)s +100) 6)
UGis)  s*+19799s° +6.5:10°s* +7500s
X(s) Y(s) 2.7-10°(s+5)s+100) ()
UGs) X(s) s*+19799s° +6.5:10°s* +7500s
X(s) 2.7-10° (8)

UGs)  s*+19799s® +6.5:10°s> +7500s
X(s)-[s* +19799s” +6.5-10°s> +7500s] = 2.710°U(s). (9)
Assuming zero initial conditions:

s*X(s) +197995°X(s) + 6.5:10°s*X(s) (10)
+7500sX(s) =2.7-10°U(s) .

The expression in s-domain is converted into time do-
main as follows:

X=X,; (11)
IR (12)
dt

%2 _y o (13)
dt }

dx, x,: (14)
dt

X, ==7500x, - 6.51° x, ~19799x, +2.710°u(r). (15)

Transforming equations (11)—(15) into state space
form gives:

510 1 0 0 Tx]1 7T o
k|00 | 0 x| 0|, 09
X] 0 0 0 1 X3 0 ’
£, [0 =750 -6510° -19799|x, | |2.710°
YO _ 1055 +500; (17)
X(s)
Y(s) = (s +105s +500)X(s). (18)

Solving equation (18) and transforming it into state
space form gives:

y=[500 105 1 0][x, x, x, x,°. (19

Equations (16) and (19) match the general, linear state
space form:

X = Ax+ Bu; (20)
y = Cx+ Du, (21)

where D = 0 for simulation in this paper.

3.2 System Configuration and Compensator
Design

3.2.1 System configuration

Two closed-loop structures of the two-phase hybrid
stepper motor control system were considered in this
paper as shown in Figures 4 and 5. The structures con-
form to single-input single-out feedback loop of the
MATLAB control tool. The loop has two compensators,
two summing points, and a unit feedback gain.

Eis) HFH\ Cis) o i) Vgl
.\-[ —

Figure 4 — Initial system configuration
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Figure 5 — Final system configuration

3.2.2 Compensator design

In this paper, three compensators were designed using
proportional integrating and derivative (PID) tuning
method. Automatic (balanced performance and robust-
ness) design mode was adopted. This was achieved using
the SISO graphic user interface (GUI) design task of the
Control and Estimation Tool Manager (CETM) of
MATLAB software. The first compensator, C(s) was
designed and added to the control loop and simulation
performed as shown in Figure 4. In a bid to further im-
prove the response performance of the plant, two-
compensator control technique was developed, with outer
loop compensator, C;(s) and inner loop compensator,
Cy(s) as shown in Figure 5. Tables 2—4 show parameters
of the developed compensators.

Table 2 — Parameters of compensator, C(s)

Type Location Damping Frequency
Real Pole -175.40 1 1754
Integrator 0.0 -1 0.0
Real Zero -83.3 1 83.3
Table 3 — Parameters of compensator, C;(s)
Type Location Damping Frequency
Real Pole -2.38 1 2.38
Integrator 0.00 -1 0.00
Real Zero —1.18 1 1.18
Table 4 — Parameters of compensator, C,(s)
Type Location Damping Frequency
Real Pole —1.00 1 1.00
Real Pole -5.88 1 5.88
Real Zero —1.00 1 1.00
Real Zero —-1.00 1 1.00

The gain of the compensator is equal to 0.6, 944.1 and
3.0 for data presented in Tables 2, 3, 4 correspondently.

Hence, the mathematical expressions of the compensa-
tors are given by equations (22)—(24). The closed loop
control structure for the simulation in MATLAB envi-
ronment is shown in Figure 5:

C(s) = Q@%; 22)
s(1+0.0057s)

C,(s) = 944_1%; (23)
s(1+0.42s)

C.(s) = 3,00 HAES) (24)

(1+5)(1+0.17s)

4 Results

This section presents the simulation results obtained in
MATLAB. Figure 6 is simulation results for control loop
simulation of the plant (uncompensated). With first feed-
back compensator added to the forward path of the
closed-loop, simulation was conducted and result ob-
tained is shown in Figure 7. Figure 8 is the simulation
result of the final proposed closed control system for two-
phase hybrid stepping motor with two-compensator con-
trol algorithm. Figure 9 is the Bode stability plot of the
proposed two-compensator closed loop control. The
performance comparison of the system for various simu-
lation cases considered is presented in Table 5.

Step Response

Amplitude

L I I I
o 05 1 15 2 2.5 3 35

Time {seconds) %10°

Figure 6 — Step response plot for uncompensated system
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Figure 7 — Closed loop step response with compensator C(s)

Step Response
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Figure 8 — Closed loop step response with two-compensator
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Bode Diagram
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Figure 9 — Bode plot of the final simulation closed-loop system

Table 5 — Characteristics performance comparison

Characteristics | uncompensated C(s) C(s) and Cy(s)
Rise time (s) 8.3-1077 0.01 0.02

Settling time (s) 1.6-10° 0.07 0.11

Overshoot (%) 0.0 8.01 2.56

5 Discussion

The step response performances of the various cases
considered are presented in Table 5. It can be seen that
the result of the uncompensated two-phase hybrid step-
ping motor control loop shown in Fig. 6 is quite promis-
ing. However, the response performance gives 0 % over-
shoot and below the setpoint value. This indicates that the
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IMokpaleHHs1 XapaKTePUCTUKH KePYBAHHA ABO(A3ZHUM riOPUIHUM KPOKOBUM
JABUTYHOM i3 3acTtocyBanHsM PID-HasamroBaHnx KoMneHcaTropis

30BHIIIHBOI0 Ta BHYTPIllIHLOI0 KOHTYPiB
Onmeka E. B.', Uin’e6epe M., Hkipyka A. I1.2

"' Kadenpa enexrponiku, Yuisepcuter Hirepii, m. Hirykka, Hirepis;
? Kacenpa elekTpoTexHikn Ta exektpoHiky, Yaisepcurer U. O. OmkyKky, M. Vi, Hirepis

AHoTanisi. Y CTaTTi HaBEeOCHO TMOJINIICHY XapaKTEPUCTHKY KepyBaHHA ABO(GA3HHM TiOpUIHUM KpPOKOBUM
IBUTYHOM 13 BHKOpUCTaHHAM PID-HanmamroBaHMX KOMIICEHCATOPiB 30BHIIIHBOIO Ta BHYTPIIIHBOTO KOHTYPIB.
[TixBumeHo edexkTHBHICTD BIITyKy IBO(A3HOTr0 riOpHUIHOrO KPOKOBOTO JIBUTYHA O JOCATHYTOTO Iepe PEeryIIoOBaHHS
HwKk4e 5 % 1 uvacy perymroBanHs 0,16 c. J[nsg MOCATHEHHS METH JOCHIDKEHHS CTBOPCHO JWHAMIYHY MOJIECNb
IBO(a3HOrO TiOPUAHOTO KPOKOBOTO JIBHIYHA 3a JOIOMOTOI0 Inepenaroynoi ¢yHknii. OOpaHO HaliiHY METOIUKY
PID-nanamTyBaHHs, Ska BUKOPHCTOBYE €IMHUA BXiTHWI CHTHAJ 13 3aCTOCYBaHHAM TIpadiuHoro iHTepdeircy
KOPHCTyBa4a, a TaKOXX JUCIETYepa iHCTPYMEHTIB KOHTpOdro Ta ominku mporpamMd MATLAB mms npoekTyBaHHS
KomreHcaTopiB. Jns migBHINEHHS e(EeKTHBHOCTI BIATYKY OIMH KOMIICHCATOpP CIIPOEKTOBAaHO 1 BOYAOBAaHO [0
KEpYyIO4oro KOHTYpY ABO(A3HOro TiOpHAHOTO KPOKOBOTO JBUryHAa. UHCIIOBE MOJENIOBAaHHS BHKOHYBAJIOCH Y
nporpami MATLAB, a koedilieHT nepeperysroBaHHs CTaHOBUB 8 % IUIsi OJJHOJIAHKOBOTO KoMmIleHcatopa. OmHak
HasBHE IIEPEPETyNIOBaHHs CHCTEMH BHMMarae IIOJAJIbIIOT0 ii yHOCKOHaleHHsA. Y 3B’SI3Ky 13 muM, Oyio
3aIpONOHOBAHO HOBHH KOHTYp KEPYBaHHS i3 BHKOPHCTaHHSIM CTPYKTYpPH 3 IBOKOMIIEHCATOPHHM KOHTYpOM. Y
pe3yabTaTi po3po0IeHO KOMIIEHCATOPH 30BHIMIHBOTO 1 BHYTPIITHBOTO KOHTYPY, SIKI 3aCTOCOBaHI IpH KepyBaHHI
nBo(ha3HUM TiOPUIHIM KPOKOBUM JIBUTYHOM. UHCIIOBE MOJIEIIOBaHHS 3I1HCHIOBANIOCH i3 3acTocyBaHHSIM MATLAB,
a OTpUMaHMH pe3ylbTaT II0Ka3aB, IO JUI JBOKOMIICHCATOPHOI CTPYKTYPH IIepeperyJroBaHHs OyJio 3HAauHO
ckopoueHo 10 2,6 % 3 uwacoM perymoBaHHs 12 Mc. lleil pe3ympTaT CBiJUUTH NPO MOKpamieHHs e(eKTUBHOCTI
CHCTEMH BIJICTEXEHHS BIATYKAMH NIIIXOM 3aCTOCYBaHHS KOMOIHOBaHMX 30BHIIIHIX 1 BHYTPIIIHIX KOHTYDIB
KOMITEHCATOPiB.

KiouoBi cjioBa: xoMmneHcaTop, KOHTYp KepyBaHH:, rpadidHnil iHTepdelic KopucTyBada, MPOMOPLiiiHI 1HTeTpat 1
noxinHa, PID-HanamryBanHS.
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