International Journal of Robotics and Control Systems

IJRCS

Vol. 1, No. 2, 2021, pp. 209-225
ISSN 2775-2658

http://pubs2.ascee.org/index.php/ijrcs

O Akt

Optimizing the Parameters of Sliding Mode
Controllers for Stepper Motor through Simulink
Response Optimizer Application

Magdi S. Mahmoud 2%, Ali H. AIRamadhan b2

ab Systems Engineering Department, Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia
I msmahmoud@kfupm.edu.sa; 2 g201906270@kfupm.edu.sa;

* Corresponding Author

ARTICLE INFO

ABSTRACT

Article history
Received 22 May 2021
Revised 08 July 2021
Accepted 09 July 2021

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 achieve a smooth transient
and robust, steady-state to track reference rotor position when the

stepper motor is subjected to load disturbances. Two different
structures of SMC controllers will be studied, which are based on the

Keywords flat system concept that is applicable to the stepper motor model. The
illld“(lf M(’d_e Controller (SMC); hassle to determine controller parameters will be optimized using the

at Dutput Simulink Response Optimizer application. The performance of the
Stepper Motor;

controllers will be evaluated by considering load torque and variation
in the model parameters. Although the results showed that an open-
loop controller could move the rotor to the desired position, however,
the transient response had undesired oscillations before the output
settled at the steady state. The response was improved by optimizing
SMC controllers’ parameters to meet the desire step response
requirement. Despite both SMC methods have successfully tracked the
reference, there are some challenges to deal with each method in
regard to the state measurements, the number of optimized
controllers’ parameters, and the scattering of control inputs.

Input-Output;
State Feedback;
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1. Introduction

One of the main features of a stepper motor is that the rotor position can be controlled
precisely, which makes it suitable for robotic applications and 3D printing [1]. In open-loop
control, the rotor position can be moved in discrete steps by applying a sequence of input
voltages. However, the transient response in open-loop control suffers from high oscillation
before the desired position is settled. The open-loop control has been discussed in [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 Simulink
where the results showed unsmooth movement (discrete) in the rotor angular displacement,
and the movement had stopped when external load exceeded the electromagnetic motor torque.
Therefore, the main objective of this paper will be to optimize the parameters 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 mentioned, such as insensitivity to parameters
variation, error in the modeling. One of the controlling implementations on hybrid stepper
motor to overcome the nonlinearity behavior such as detent torque is the variable structure
control (VSC) which is based on the sliding surface [5]. In [5-9], the controllers for motors were
developed using Field Programmable Gate Array (FPGA), where its main advantage is the
precision for multi-control purposes. Another development is a sensorless speed control for
stepper motor with a new control structure that doesn’t require state transformation. Neither
it required the usage of sigmoid or saturation block in SMC. Instead, 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 Elman Neural Network as a
replacement of the 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 extra time-varying speed gain multiplied into other
two gains.

Since the nonlinear model of stepper motor can be classified as a flat system, all its states and
all its inputs can be expressed directly in terms of the outputs and the derivatives of the output
without integrating any differential equations [2]. When a nonlinear system is flat, the system
is said to be controllable as the system model structure is well characterized, which makes it
suitable to design controllers for reference tracking and system stabilization [2]. It is worth
mentioning that in a flat system, the entire system trajectories can be described in terms of the
outputs where the number of required outputs shall be equal to the number of the system inputs
[4]. Therefore, the implementation of the SMC controller in this paper will focus on the property
of stepper motor flatness.

The first section in this paper will be about the method that introduces the operation
principle of a stepper motor, the structure of two sliding mode controllers, and how controllers’
parameters can be optimized through Matlab/Simulink. The second section will cover the
results & discussion of an open-loop controller and SMC controllers applied on a stepper motor.
At the end of the paper, future work will be discussed related to the implementation of the
proposed controllers, where the main contribution of this paper was to study the structure of
stepper motor controllers and also to evaluate the simulation results obtained from optimizing
the controller’s parameters.

2. Methods

2.1. Operation Principle of Stepper Motor [13]

The magnetic circuit is a hybrid stepper motor that is excited by two sources; from the
permanent magnet at the rotor shaft and also from windings at the stator poles. Fig. 1 shows 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 sets of windings (two phases) on stator poles. The
first set of windings is placed 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 stacks (stack X and stack Y, as
shown in Fig. 1) coupled by a permanent magnet. Each stack has the same number of teeth, but
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 time, the
teeth are aligned at pole 1,5 in stack Y. To move the rotor in the clockwise direction, itis required
to remove the positive current on phase A and 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 B is removed, and negative current at phase A
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is applied, then negative current at phase A is removed, and negative current at phase B is
applied. By exciting the phases one at a time with A+, B+, A-, B- sequence, one rotor tooth is fully
rotated in the clockwise direction. To reverse the direction of rotation as counter clockwise, the
excitation sequence cycle is reversed (such as A+, B-, A-, B+). The angle rotation of one rotor
tooth is equivalent to (tooth rotation = 360°/p), where p is the number of rotor teeth. While
the angle rotation during each phase excitation called “full-step,” which is equivalent to
(full step = 90°/p). In a Hybrid stepper motor, the phase difference between excitation
currents (difference between phase A and phase B) shall be (1z/2), which is controlled by an
electrical drive circuit.
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Fig. 1. Hybrid stepper motor

2.2, Control System Structure

The proposed controllers will be based on a sliding mode controller (SMC). Two different
approaches of SMC structures will be implemented, which are based on the flat system concept
that is applicable to 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 about these
controllers will be discussed in sections 3.4 & 3.5.
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Fig. 2. The structure for SMC state feedback controller
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Fig. 3. The structure for SMC input-output controller

2.3. Controller Design Optimization

To track reference input and to satisfy design requirements for the controlled system
through Simulink, the controller parameters can be optimized by applying three main steps.
First, Step Response Characteristics block has to be defined, such as rise time, settling time, and
other characteristics, as shown in Fig. 4. Second, the reference tracking specification has to be
specified in Check Against Reference block, which will compare the reference input with the
actual output response that the controller has to satisfy. Third, in the Simulink Response
Optimizer application shown in Fig. 5, the control parameters and the range (maximum,

minimum, and scale) of each parameter have to be defined.

Step time (seconds): 0
Initial value: 0
Rise time (seconds): 0.15
Settling time (seconds): 0.2

% Overshoot: 3

i Final value: 1.8%3.14/180
i % Rise: 80
i % Settling: 1

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 section is to design controllers to stabilize the motor angular
displacement at the desired reference angle. Although applying the inputs in the open-loop can
move the rotor angle to the desired position. However, the transient response will have high

oscillations before the output settled at the steady-state.

3.1. Stepper Motor Modelling [16]
By combining electrical and mechanical differential equations, the overall hybrid stepper

motor model can be described by 4th order differential equations:

dig . .
P [vy — Rig + Ky sin(p6)]/L
dip )
i [vy — Rip — Ko cos(pB)]/L
€Y)
dw
pra [—Kiniasin(pf) + Kni, cos(pf) — Bw]/] —T./]
o
T

Where, the parameters and nominal values of the commercial stepper motor are defined in
Table 1, while the states and inputs are defined in Table 2.

Table 1. Nominal Parameters [17]

Parameter Description Nominal Value
Load Torque (T;) 0.01Nm
Winding Resistance (R) 10 0
Winding Self-Inductance (L) 0.0011H
No. of Rotor Teeth (p) 50
Rotor inertia () 5.7 X 10~%kgm?
motor torque constant (K,,) 0.113Nm/A

Viscous Friction Constant (B)  0.001 Nm/rad/s

Table 2. States and Inputs

Description Variable
Phase A Current iq
Phase B Current ip
Rotor Angle 0
Angular Speed of the Rotor W
Phase A voltage Vg
Phase B voltage vy

Define the state x = [xq, X3, X3, x4] = [ig, ip, 0, 0] and the inputs [uq, u,] = [v4/L, vp/L]. The
system model can be represented as
5(1 = _lel + K2x3 Sin(KSX4) + Uq

Xy = —Kyx; — Kyx5 cos(Ksxy) + U 2
X3 = —K3xq sin(Ksx,) + K3x, cos(Ksx,) — Kuyxz — T,/]

X4=x3
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where the parameters are redefined as K; = R/L, K, = K,,,/L, K; = K,,,/], K, = B/], K5 = p,
Ke =Tpu/].
3.2. State Transformation [17]

DQ (Park) transformation in (3) can be applied on the model to simplify the expression
where ¢ can be either the state currents or the input voltages

¢>d] _ [ cos(p6) sin(pe)] ¢a] -
bq —sin(pf) cos(pf)| 1P
The new transformed state equations become
.7?1 = _Klfl + stzf3 + 17,1
.7.?2 = _Klfz - K5321.723 - K2i3 + ﬁz
(4)

X 3 = K3%, — K43
.7?4, == f3
where the state X = [X;, X3, X3, X4] = [id, ig)w, G]And the inputs [y, U] = [vq/L, vg/L].

3.3. Flatness System [17]

Stepper Motor model can be classified as a flat system where all states and all inputs can be
expressed in terms of outputs and the derivative of the output, which is shown in (5) to (9). To
show the system is flat, it is necessary to have a number of outputs and inputs to be the same.
Hence, another output besides rotor angular displacement shall be defined where direct current
I; will be chosen. Hence, the first and second outputs are defined as (y; = I; = ;) and (y, =
6 = x,). Since the system is flat, the nonlinear model can be said controllable where it is possible
to find a controller that steers the desired outputs from the initial state to the final state.

Y1 =X

5
V1 = xX1=K1x1 + Kgsxox3 +uq .
V2 = X4
Vo = X4 = X3 (6)
5}2 = )'('3 = K3X2 - K4x3
1 1 .
Xy = k—(X3 + K4x3) = K—[}’2 + K, yZ]
3 3
1
_lr e 7
X, X, [yz K43’2] (7
3’2(3) = K3 X [K1x; — Ksx1x3 — Kpxz + Up] + Ku i,
Uy = X + Kix1 — Ksxpx3
' Ks . C N (8)
=y, + Ky, — X, (2 + Ky 32)72
3
U, = )2,'2 + leZ + K5x1x3 + K3X3
- 9)

1 . K . ) ) .
oA (YZ + K, YZ) + . (2 + Ky y2) + Ksy192 + K3,
3 3

3.4. State Feedback Control Approach

Since there are two inputs in the system, it is required to design two sliding surfaces. The
sliding surface s; will be designed such that flat output y; can track reference output y; _ which
ref

influenced by control input u; with the following structure was developed base on [17]:
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Bj—1) Bj-2)

( (
Sj = QoY; + aiy; + et 01(/3]._1)(}’]' - Yref) (10)

Where B; is the highest derivative of y; expressed in u; and ay, -, @(p;—1) are constant

coefficients and a5 = 1.

From u; and u, in (8) and (9), the highest derivatives of flat output are y; and y2(3). So, in

this case, the sliding surface is a two-dimension vector where the proposed sliding surface can
be as the following:

S1 = Oy (J/1 - J/1ref) =V1— idref 11

Sy = oy, gy, +ay (J/Z - J/ZTef) =y, + a1y, + a2 (Y2 — Orey) 12)
s ao(y1 = la,,;)

=L s g | (13)
2 Vo + a1y, + az (V2 — Orer)

The control inputs u; will be selected such that the derivative of the sliding surface s; = v;,
where v; is a sub-control input in u;. Then,

S1=y1 = —Kix; + Ksxox3 +uy
(14)
u, = lel — KSXZX3 + V1
S; = y2(3) + a1y, + azy;
S = &(x)+h(x) tu,
1 Ki\ .. .
§(x) = (1 - K_s) J’z(g) + (“1 + K_:) Y2 + Y, (15)
h(x) - _K]_XZ - KSX1X3 - K2x3
u; = — §(x) — h(x) + v,
v; = —W; sign(s;) (16)
Where
1, s>0
sign(s) =40, s=0
-1, s<0
and W; > 0.

By choosing V = %SZ as candidate Lyapunov function, its derivative becomes V = ss. As the

surface derivative can be expressed as V, = §; = —W; sign(s;)s;. This will always satisfy V, < 0,
which means that the system is asymptotically stable, and outputs can diverge to the desired
reference. To eliminate chatter behavior due to controller switching, v; can be redefined as the
following:

v; = —W,; sat (%) a7
Where
o (E L Isi<e
sat (;l) 0 , 5=0
sign(s;), Isi| =0
ande >0

The state feedback controllers can be expressed in terms of states as the following:
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u; = Kyxqy — Ksxpx3 — Wisign(sy) (18)
(ay — a1 Ky + K5) 1 .
u, = |K, — X 4 X3+ (K; — ap)x, + K5x1x3—K—W2 sign(s,) (19)
3 3

In this controller structure, it looks that all states have to be measured. However, as a system
is flat, only the two flat outputs are required to be measured, while the rest of the states can be
computed from flat outputs and their derivatives. It is important to highlight that when Simulink
computes the derivatives, it is based on numerical 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 through the observer.

3.5. Input-Output Control Approach

Another SMC method will be implemented, which has a unique controller structure based
on Multi-Input Multi-Output (MIMO) flat systems [15]. The proposed SMC controller can
overcome the need to measure the entire system states because this method depends only on
the measured flat outputs and on the applied inputs. The MIMO flat system can be represented
in the following form:

v = w4 (20)

where yi(") is the highest nt" derivative of flat output, u; is the controlled input, and {; is all
state terms which can be treated as unknown or as a disturbance.

The stepper motor model can be represented as two decoupled flat outputs with the highest
derivative y; and y2(3) as the following:

yi=u+§¢
Recall x; = y; = —K;x; + Ksx,x3 + 14 then (21)
1. . . _
(1= —Kiy1 + Ks (K_ [, — K4}’2])}’2. Uy = Uy
3
3’2(3) =uUy;+ 0
. 1 ..
Recall x, = A [y2(3) - K4y2] then
B) = RS 4 K Koo — KaKeva Vo — KoK 4 Kt + Kail (22)
Yo = —Kyy, + KiKyy, — K3Ksy1Y, — K3Kay, + Ky, + K3up
(2 = =K1V, + K1K4 Yo — K3Ksy1Y2 — K3K; 9, + Ky
u; = Kzl
The models can also be expressed as output tracking errors (e,,;) in the following form:
93(,?) =eyi +
€yi = Vi = Viper
O'.
ui = U — Ujppr = -W; sat(?l)—uiref (21)

_ km+n_1 Sm+n_1 + km+n_2 Sm+n_2 + °ee + kl S + ko e. .
Sm(sn—l + konim—2 SMTZ 4 et Kmins1 S+ km+n) t

where y; y and u;,, s are reference outputs and inputs, respectively.

i

As per the controller sliding surface o; defined in [15], two sliding surfaces can be defined as the
following:

01 = g1€y1 t 9o f €y1 (22)
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() (2) (3)
= k k k k k (23)
Oz = euq + 4 euq + 3ey2 + 2 eyz + 1 eyZ + 0 eyZ

where the coefficients g,, g, and ky, k3, k;, k1, k can be selected such that the polynomials in
the following s —domain equations are Hurwitz polynomials (stable).

915+ 90 =10 (22)
S5+ kyst + kys® + kys? +kis+ kg =0 (23)

3.6. Simulation

The simulations were conducted on three different structures of controllers to evaluate the
transient and steady-state performance of output response. These controllers are open-loop,
SMC state feedback, and SMC input-output.

For the open-loop controller shown in Appendix A, the inputs were chosen to move the rotor
4 steps in the clockwise direction, then reverse the rotation counterclockwise, so the rotor can
go back to its original position. This can be achieved by applying phase voltages in A+, B+, A-, B-
, A-, B+, A+ sequence, as shown in Fig. 6. As the rated input voltage 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), but with higher applied
voltage will cause higher oscillation in transient response. Meanwhile, when the input is below
12V (for instant 6V), the system behaved differently as shown in Fig. 7.

For SMC state feedback controller shown in Appendix B, the selection of the controllers’
coefficients in “(13)” (ag, @1, ay, Wi, W5, €) can be optimized using the Simulink Response
Optimizer application. When step response characteristics determined as per Fig. 4, the
parameters can be optimized as shown in Table 3. The response of the states is shown in Fig. 8.
These results were obtained when referencing inputs Varer Vbref: Idref’ 0,cr were applied as

shown in Fig. 9. In this case, the load torque was neglected from both the model and the
controller. To evaluate the impact of load torque (7}) on the system response, three cases were
considered as shown in Fig. 10. It is important to emphasize that the reference voltages have to
be continuously exciting the motor when it is loaded. Otherwise, once the excitation is removed,
the motor will not maintain its angular position. Hence, the Varer and Ubyer have to be set at

12V all the time. The steady-state error will be almost zero as long as the applied load torque is
0.001 or less. Any torque beyond 0.001 will cause a noticeable steady-state error. Fig. 11 shows
the impact of variation in model parameters when (K, K,, K3, K,) are multiplied by a factor of
100 and 200. With this large variation applied to all parameters, the impact on the transient and
steady-state can be observed.

For SMC input-output controller, the proposed coefficients in [15] will be selected, which are
for an asynchronous motor with two pairs of poles in the rotor, unlike the stepper motor in this
case study which has 50 pairs of poles. The complete system modeling with the controllers has
been built in the Simulink, which can be seen in appendix C1. The angular motor position y, can
track the reference when e chosen to be very small (e = 2752). However, in this case, the output
always has a steady-state error, and the error magnitude is varying depends on the level of
applied step reference, as shown in Fig. 12. This could be explained due to the existence of
nonlinear terms in the model and also due to DC gain in the closed-loop transfer function at the
steady-state, which could be eliminated by feedforward gain if the model was fully linearized.
To improve the system response, the model was slightly modified to include reference input
(U1, f) in the 1stcontroller as shown in appendix C2, and the parameters were optimized by

Response Optimizer application in Simulink. The optimized parameters couldn’t converge to
the desired step response characteristic as indicated in Fig. 4, but the output response shown in
Fig. 13 is for the best-optimized parameters obtained in Table 4. With these new parameters,
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the

steady-state error has been enhanced even at different levels of step inputs, but output

response becomes slower with slight oscillation before settling at a steady state. It is interesting
to highlight that the newly optimized parameters in the first controllers (u;) are negative while
in the second controller (u,) are positive, and the overall system remained stable. Also, the
controllers have more parameters comparing to the first SMC state feedback controller, and its
response suffered from high switching frequency with high controllers gains that must be put
into consideration.
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Table 3. Optimized Parameters for SMC State Feedback Controller

Parameters

Optimized Value

49}

1

a

466.8183

a;

2.3152e + 04

Wi

2.0414e + 04

W,

9.0996e + 04

€

116.6243

Table 4. Optimized Parameters for SMC Input-Output Controller

Parameters

Optimized Value

Wi

—1.2588e + 04

W,

5.2665e + 04

9o

—3.6470e + 05

g1

—4.4456e + 06

ko

9.3255e + 09

ky

7.9660e + 09

ka

6.7043e + 09

8.6421e + 11

100.1950

1.1028e — 05
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4. Conclusion and Future Work

This paper has reviewed the nonlinear model of a hybrid stepper motor where the motor has
shown stable response in the open-loop as the desired rotor position can be reached by applying
proper voltage sequences. However, open-loop 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 be recognized as a flat system, the paper has focused on studying the
behavior of the stepper motor responses by optimizing the parameters of controllers based SMC
flat output approach. Two different SMC control structures were proposed where the first SMC
approach is based on state feedback while the second SMC approach is based on input-output.
Both controllers showed the ability to track reference input, and also they overcame oscillation
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 angle (1.8° in this case
study) applied as reference.

This paper focused on simulation outcomes to optimize the parameters for SMC controllers
through Simulink. It is important to validate the results on the real stepper motor. Hence
separate paper will be developed to focus on the implementation of SMC controllers. In [18, 19],
the required components to control a stepper motor were 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 compared with newly
optimized parameters to achieve better performance.

Acknowledgment: The authors acknowledge the support of King Fahd University of Petroleum and
Minerals in conducting this research work.

Appendix A: Open-Loop Controller of Stepper Motor
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Fig. A1. Open-loop stepper motor model
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Appendix B: SMC State Feedback Controller
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Fig. B1. SMC state feedback controller model
. Si .
Variable v; = —W;sat (?) v; = —W;sign(s;)

05+ \\\\. [ : F ‘A-

. e T == " " =3
os :‘f‘-"" “-‘,\ os ‘ |

States , @ , . : : & . . ;

15f t [——oems| o I 1

1 I\ il

I\ 2 i
ast [\ ’ A
N | Y
- — “f ‘ il
0 - 04”‘
Controlled n 1 ]
Inputs i
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Appendix C1 : SMC Input-Output Controller as per [15]
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Fig. C1. SMC Input-Output Controller as per [15]

Appendix C2: Modified SMC Input-Output Controller

Fig. C2. Modified SMC Input-Output Controller
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