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ABSTRACT

This paper will focus on optimizing parameters of sliding mode
controllers (SMC) for hybrid stepper motor models simulated in
Matlab/Simulink. The main objective is to achieva smooth transient
and robust, steady-state to track reference rotor position when the
stepper motor is subjected to load disturbances Two different
structures of SMCcontrollers will be studied, which are based orthe
flat system concept that is applicabléo the stepper motor model. The
hassleto determine controller parameters will be optimized using the
Simulink Response Optimizer application The performance of the
controllers will be evaluated by considering load torque and variation
in the model parameters Although the results showed thatan open-
loop controller could move the rotor to the desired position, however,

the transient responsehad undesired oscillations before the output
settled at the steadystate. The response was improved by optimizing
SMCAT T OO0T11 AO0O6 DA GA idésieAse@p respdnse
requirement. Despiteboth SMC methods have successfully trael the

reference, there are some challenges to dealith each methodin

regard to the state measuremens, the number of optimized

AT T OO lpdramétedsdaid the scatteringof control inputs.

This is an operaccess article under theC&BY-SAlicense.

1. Introduction

One of the main features of a stepper motor is that the rotor position can be controlled
precisdly, which makes it suitable for robotic applications and 3D prining [1]. In openloop
control, the rotor position can be moved in discrete stepdy applying a sequence ofinput
voltages. However,the transient response inopen-loop control suffers from high oscillation
before the desired positionis settled. The openloop control hasbeen discussedn [2], such as
poor response, high nonlinearity of the system model, perturbation of load torque and
parameters uncertainty. In[3], an open-loop control simulation was conducted in Simulik
where the results showed unsmooth movement (discrete) in the rotor angular displacement,
and the movement ha stopped when external load exceeded thelectromagnetic motortorque.
Therefore, the main objective of this paper will be to optimize the paramers for the closed-
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loop controllers to achieve smooth transient and robust performance against disturbances at
steady-state operation.

In [4], some attractive features of SMC were mentiongsluch as insensitivity to parametes
variation, error in the modeling. One ofthe controlling implementations on hybrid stepper
motor to overcome the nonlinearity behavior such as detent torque is the variable structure
control (VSC) which is based othe sliding surface[5]. In [5-9], the controllers for motorswere
developed using Field Programmable Gate Array (FPGAyhere its main advantage isthe
precision for multi-control purposes. Ancther development is a sensorless speed controfor
stepper motor withal Ax AT 1T 0011 OOOOAOOOA OEAO AritRed] 8O OA
it required the usage of sigmoid or saturation block in SMdnstead, it applied an embedded
fuzzy logic controller[10]. Similarly, in[11], a smoothed sliding mode controller was developed
to reduce the chattering effect by implementing recurrent EIman Neural Networkas a
replacement ofthe sigmoid or saturation function. In [12], a new structure of proportional -
integral (PI) controller consists of proportional and integral gains which are constant and
correlated to motor parameters, while an extratime-varying speed gain multiplied into other
two gains.

Since the nonlinear modebf stepper motor can be classified aaflat system, all its states and
all its inputs can be expressed directly in terraof the outputs and thederivatives of the output
without integrating any differential equations [2]. When anonlinear system is flat, the system
is said to be controllableas the systemmodel structure is well characterized which makes it
suitable to design controllers for reference tracking and system stabilizatiofi?]. It is worth
mentioning that in aflat system, the entire system trajectories can be described terms of the
outputs where the number of required outputs shall be equal to the number of the system inputs
[4]. Therefore, the implementation ofthe SMCcontroller in this paper will focus onthe property
of stepper motorflatness.

The first section in this paper will be about the method that introduces the operation
principle of astepper motor, the structure of two sliding mode controlles, andhow AT T OOT 1 1 AO O«
parameters can be optimized through Matlab/Simulink. The second section will cover the
results & discussionof anopen-loop controller and SMC controllers applied o stepper motor.
At the end of the paper, future workwill be discussed related to the implementation of the
proposed controllers, where the main contribution of this paperwas to study the structure of
stepper motor controllers and also toevaluate the simulationresults obtained from optimizing
OEA Al 1 pa@neteis A 06 O

2. Methods

2.1. Operation Principle of Stepper Motor [13]

The magnetic circuit B a hybrid stepper motor that is excited by two sources; fromthe
permanent magnet at the rotor shaft and also from windings at the stator polebig. 1shows a
typical layout for a hybrid stepper motor where the stator has 8 poles with two teeth in each
pole. The excitation is applied through two setof windings (two phases) on stator poles. The
first set of windings is plaed at poles 1, 3, 5, 7, while the second set of windings is placed at
poles 2,4, 6,8. Meanwhile, the rotor consists of two cylindrical stackéstack X and stack yas
shown in Fig. 1) coupled byapermanent magnet. Each stack Isathe same number of teethbut
one stack is displaced from the other by one tooth. When positive current applied on winding A
(phase A), the stator and rotor teeth are aligned at pole 3,7 in stack X, and at the same fiime
teeth are aligned at pole 1,5 stack Y.Tomovethe rotor in the clockwise direction, it is required
to remove the positive current on phase Aand apply positive current on phase B. In this case
the teeth will be aligned at pole 4,8 in stack X and at pole 2,6 in stack Y. To continue further
clockwise rotation, the positive current at phase Bs removed, and negative current at phase A
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is applied, then negative current at phase As removed, and negative current at phase B is
applied. By exciting the phases one at a time with A+, B+, B sequence, one rotor tooth is fully
rotated in the clockwise direction. To reverse the direction of rotation as counter clockwise, the
excitation sequence cyclas reversed (such as A+, B A, B+). Theangle rotation of one rotor
tooth is equivalentto 0 € €10¢ 0 w0 Q& 4 , wheren is the number of rotor teeth.While
the angle rotation during each phase excitationA A 1 1full-Atep@®which is equivalent to
"Q6 & a Qo i . In a Hybrid stepper motor, the phase difference between excitation
currents (difference between phase A and phase B) shall b&Z¢ hwhich is controlled by an
electrical drive circuit.
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Fig. 1. Hybrid stepper motor

2.2. Control System Structure

The proposed controller s will be basedon a sliding mode controller (SMG. Two different
approachesof SMGstructures will be implemented which are based orthe flat system concept
that is applicableto the stepper motor model;the state feedback controller approach shown in
Fig. 2[14] and the input-output approach shown in Fig. 3 [15]. More details aboutthese
controllers will be discussed in sectiols 3.4 & 3.5.

States (x)
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Ref. () States (z) puts (v)
Outputs (y)
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Fig. 2. The structure for SMCstate feedbackcontroller
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Fig. 3. The structure for SMCinput-output controller

2.3. Controller Design Optimization

To track reference input and to satisfy design requiremeist for the controlled system
through Simulink, the controller parameters can be optimized by applying three main steps.
First, StepResponseCharacteristics block has to be definedsuch as rise time, settling timeand
other characteristics as shown inFig. 4 Secondthe reference tracking specification has to be
specified in Check Against Reference blockhich will compare the reference inputwith the
actual output response thatthe controller has to satisfy. Third, inthe Simulink Response
Optimizer application shown in Fig. 5 the control parameters and the range (maximum,

minimum, and scale) of eah paramete have to be defined

Step time (seconds): 0
i Final value: 1.8%3.14/180

Initial value: 0

Rise time (seconds): 0.15 i % Rise: 80
Settling time (seconds): 0.2 i % Settling: 1
% Overshoot: 3 i % Undershoot: 1

Fig.4. Step Response Characteristics
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Fig. 5. Simulink Response Optimizer
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3. Result & Discussion

The objective of this sectionis to design controllers to stabilize the motor angular
displacement at the desired reference angle. Although applying the inputs in the opérop can
move the rotor angle to the desired position. However, the transient response will have high
oscillations before the output settled at the steadystate.

3.1. Stepper Motor Modelling [16]

By acombining electrical and mechanical differential equations, the overall hybrid stepper
motor model can be describedy 4th order differential equations:

= YQ 01 OEf—10
ET VORI
qQQ .
=0 YQ 01 AT p—o
Qo
o @
G5 U QOEf— 0 QATH— 61T Y
o
00 |

Where, he parameters and nominal values othe commercial stepper motor are defined in
Table 1, while the states and inputsare defined in Table 2

Table 1. Nominal Parameters[17]

Parameter Description Nominal Value
Load Torque™Y o &
Winding Resistance (R) p T
Winding Selfinductance 0 T8t Tt Op
No. of Rotor Teethn U Tt
Rotor inertia 0 V¥ P T QR
motor torque constant ™ plUodro

Viscous Friction Constant (B) 8t mp a7i iR

Table 2. States and Inputs

Description Variable
Phase A Current Q
Phase B Current Q

Rotor Angle —

Angular Speed of the Rotol 1
Phase A voltage ]
Phase B voltage 0

Define the statec o ho Foo hoo "ORCON h— and the inputs 6 O 0 FOR F0 . The
system model can be represented as

W V® LOOEdw o
® L VOATOw o 2
() VOOEdI® VOAT®® Vo “YI
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where the parametersare redefined asv  'Yf0,0 0 FO,0 0 Fybvo O6F0 0,
v Y Ju
3.2. State Transformation [17]
DQ (Park) transformation in (3) can beapplied on the modelto simplify the expression
where %«can be either the state current®r the input voltages
%o AT iD— OEf — %o 3
%o OEf — Al D— %o (3)
The new transformed stateequations become
o Od Udof O
o od ovadaf v O
of v 0
o o
where the statecf  offedfoffof  "QFON h—And the inputs 6 b 0 FOh 70 .
3.3. Flatness System[17]

Stepper Motor modelcan be classified aa flat systemwhere all states and all inputs can be
expressed in terns of outputs andthe derivative of the output, which is shown in(5) to (9). To
show the system is fld, it is necessary tohave a number of outputs and inputs to be the same.
Hence another output besidesrotor angular displacementshall be defined wheredirect current
“Owill be chosen Hence, the first and second outputs ardefinedas (0 O of and w
— of . Since the system is flat, the nonlinear model can be said controllallkere it is possible
to find a controller that steers the desired outputsfrom the initial state to the final state.

(4)

W
W W=V O LKL o
W
O » o (6)
W O L L
. p . C p . C
W =0 0L —o 0o
Q L
. p . C
0w — 0 W (7)
0
w 0 DO LWw LW O L W
o) W LW L
, A V (8)
W VW —®w U0
0
o] W VLWw LWw L
p . C v . . . (9)
o O b o —® 0d Vod Vb

3.4. State Feedback Control Approach

Since there are two inputs in the system, it is required to design two sliding surfaces. The
sliding surfacei will be designedsuch that flat outputw can track reference outputcwy ~ which

influenced by control input6 with the following structure was developed base ofl17]:
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i o | @ E | (AR (10)
Where! is the highest derivative of & expressed in6 and| B h are constant
coefficients and p.

Fromo6 and 6 in (8) and (9), the highest derivatives of flat output ared and w .Sqin
this case, the sliding surfae isatwo-dimension vector wherethe proposed sliding surfacecan
be as the following:

i | © w 10 (11)
i ] 0w O | O W w |0 0w — (12)
i i e 0 13
i ‘ . . .
l w | 0w ] 0 — (13)
The control inputs 6 will be selected such thathe derivative of the sliding surfacei 0,

where U is a subcontrol inputin 6 . Then,

[ Vw Lww O
e (14)
60 Uw LWw U
i () | W | ®
i , 0 Qw o
, P — W | — 0 | W (15)
Qw DWW UVUWWw U
0 , ® Qw v
0 Wi Qe (16)
Where 3
ph i m
Qe m™ i m
phi
andw T
By choosngw -i as candidate Lyapunov functionits derivative becomesw ii.As the
surface derivative can beexpressedasw i w i "Q0&i . This will always satisfy® 1

which means thatthe systemis asymptotically stable, and outputs can diverge to the desired
reference.To eliminate chatter behavior due to controller switching0 can beredefined as the
following:

0 6 wﬁr (17)
Where

and] Tt
The state feedbackcontrollers can be expressed in terraof states as the following:
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0 VLw Lo wi QO (18)
, N L
0 V] 5 W L | W LW OﬂleQs (19)
In this controller structure, it looks that all states have to be measured. Howevearsa system
is flat, only the two flat outputsare required to be measured while the rest ofthe states can be
computedfrom flat outputs and their derivatives. It is importantto highlight that when Simulink
computesthe derivatives, it is based omumerical calculations, which generate noise and slows
the simulation time. Therefore all states will be assumed to be available to the controller either
by measuring states or by estimating them throughthe observer.

3.5. Input -Output Control Approach

Another SMC method will be implementedwhich hasa unique controller structure based
on Multi-Input Multi -Output (MIMO) flat systems[15]. The proposel SMC controller can
overcome the needo measurethe entire system states because this methodependsonly on
the measured flat outputs andon the applied inputs. The MIMO flat system can be represented
in the following form:

w 6 - (20)
where « is the highesteé derivative of flat output, 6 is the controlled input, and— is all

state termswhich can betreated as unknown oras adisturbance.
The stepper motor model can be representedastwo decoupledflat outputs with the highest

derivative w andw as the following:

w o0 -
Recallo ® 0w Uww O then (1)
- L U —®w Lw w,0 O
W o -
Recallo — @ 0 w then
. (22)
() VW LLW VLLWW LLVLW LW ULO
- 0O VLOUW VLLOW LVLLW U
6 ULO
The models caralso beexpressed as output tracking erros ‘Q in the following form:
Q Q -
Q o o
Q o0 6 W i oo?— o (21)
Q i Q i E Qi T o
0 Q i E 71 i Q

wherew ando  are reference outputs and inputsrespectively.

As perthe controller sliding surface, defined in[15], two sliding surfacescan be defined as the
following:

N O O TN ! (22)
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) 0O o o o o o0 © o T © (23)

the following i domain equationsare Hurwitz polynomials (stable).

00 n (22)

T T o TR T o T B (23)

3.6. Simulation

The simulations were conducted on three different structures ofcontrollers to evaluate the
transient and steadystate performance ofoutput response. These controllers are opefoop,
SMC state feedback, and SMC inpotitput.

Forthe open-loop controller shown in Appendix A the inputswere chosen to move the rotor
4 steps inthe clockwise direction, then reverse the rotation counterclockwiseso therotor can
go back to its original position. This can be achieved by applying phase voltageé&\+, B+, A B
, A, B+, Atsequenceas shown inFig. 6. As the rated inputvoltage of the selected commercial
stepper motor is 12V when 12V voltage and higher is applied, the steady-state response of
angular position will remain the same(step-length =0.0315 radian), butwith higher applied
voltagewill cause higher oscillationn transient response Meanwhile, when the input is below
12V (for instant 6V), the system behaved differently as shown iRig.7.

For SMC state feedback controlleshown in Appendix B the selection of tR AT T OOT 1 1 AO
coefficients in Oj p ¢ Ghd h Fo ho A ) can be optimizal using the Simulink Response
Optimizer application. When step response characteristic determined as per Fig. 4 the
parameters can be optimized as shown iffable 3. The response of the states is shown in Fig.8.
These results were obtained when refereriag inputs 0 R HO h— were applied as

shown in Fig. 9. In this case, he load torque was neglected from both the model and the
controller. To evaluate the impact of load torque”Y on the system response, three cases were
considered as shown irig.10. It is important to emphasize that the reference voltages have to
be continuously exciting the motor when it is loadedQherwise, once the excitation is removed,
the motor will not maintain its angular position. Hence, the) AT A haveto be set at

12V all the time. The steadystate error will be almost zero as long as the applied load torque is
0.001 or less. Any torque beyond 0.001 will causenoticeable steadystate error. Fig.11 shows
the impact of variation in model parameters when0 h) fy )  are multiplied by a factor of
100 and 200. With this large variation appliedo all parameters, the impact orthe transient and
steady-state can be observed.

For SMGinput-output controller, the proposed coefficients i 15] will be selected which are
for anasynchronous motor with two pairs of poles in the rotor, unlikethe stepper motor in this
case study which has 50 pagof poles. The complete system modeling with the controllers has
been built in the Simulink which can be seen in appendi€1 Theangular motor position w can
track the reference wherj chosento be verysmallf ¢ ). However,in this casethe output
always hasa steady-state error, and the error magnitude is varying depends orthe level of
applied step reference as shown inFig. 12. This ould be explained due to the existence of
nonlinear terms in the model and also due to DC gain ihé closedloop transfer function at the
steady-state, which could be eliminated by feedforward gain if the model was fullyihearized.
To improve the system response,hie model was slightly modified to include reference input

0 in the 1stcontroller as shown in appendixC2, and the parameters were optimized by

Response Optimizer application in Simulink. The optimized paramete8 1 O1 AT 8O0 AT 1T OA O«
the desired step response characteristiasindicated in Fig. 4 butthe output response shown in
Fig. 13is for the bestoptimized parameters obtained in Table 4 With these new parameters,
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the steadystate error has beenenhancedeven at different levels of step inpus, but output
response becomes slower with slight oscillation beforsettling at asteady state. It is interesting
to highlight that the newly optimized parameters inthe first controllers 6 are negative while
in the second controller 6 are positive, and the overall system remained stable. Also, the
controllers have more parameters comparing to the first SM&tate feedback controller and its
response suffered from high switching frequency with higlcontrollers gains that must be put
into consideration.
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Fig. 6. OpenLoop Control (12V applied input voltage)
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Table 3. Optimized Parametersfor SMC State Feedback Controller
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4. Conclusion and Future Work

This paper has reviewed the nonlinear model ad hybrid stepper motor where the motor has
shown stable response in the operoop asthe desired rotor position can be reached by applying
proper voltage sequencesHowever, openrloop response suffered from high oscillation before
the desired position is met, which is not preferred in stepper motor applications. Since the
stepper motor model can berecognizedasa flat system, the papethasfocused onstudying the
behavior of the stepper motor responses by optimizing the parameteisf controllers based SMC
flat output approach. Two different SMCcontrol structures were proposedwhere the first SMC
approachis based on state feedback while the second SM@proachis based on inputoutput.
Both controllers showed the ability to track referenceinput, and also they overcameoscillation
problems during transient response. However, the main challenge was to select proper
controller parameters where the Simulink Response Optimizer application was utilized to
satisfied desired step response requirement. From the obtained responses, it can be concluded
that the controllers can perform better when full step change of rotor anglep@® in this case
study) applied asreference.

This paper focused on simulation outcomes to optimize the parameters for SMC controllers
through Simulink. It is important to validate the resuts on the real stepper motor. Hence
separate paper will be developed to focus on the implementation of SMC controllers[18, 19],
the required components to control a stepper motor vere achieved using Arduino and NodeMcu
Microcontrollers. The future work will be to configure hardware including; controller in
Arduino Microcontroller, motor drive, stepper motor, position, and electrical current sensors.
Also, the optimized parameters in this paper will be implemented and compadewith newly
optimized parametersto achieve better performance.
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Appendix A: Open-Loop Controller of Stepper Motor
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Fig. Al. Openloop stepper motor model
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Appendix B: SMCState Feedback Controller
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Appendix C1 : SMCinput -Output Controller as per [15]

Fig. C1.SMC InputOutput Controller as per[15]

Appendix C2: Modified SMClinput -Output Controller

Fig. C2.Modified SMC InputOutput Controller
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