IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

AN IEEE JOURNAL Volume 8

2020

A multidisciplinary, applications-
oriented, all-electronic archival
journal continuously presenting
the results of original research or
development across all of IEEE’s
fields of interest. Supported by
author publication fees, its
hallmarks are a rapid peer review
and publication process with
open access to all readers.

(IAECCG)
(ISSN 2169-3536)

4 IEEE



IEEE Access Editorial

IEEE Access Editor-in-Chief
Derek Abbott, University of Adelaide, Australia

Editorial Board

Sonia Aissa, Istitut National de la Recherche Scientifique (INRS), Montreal, Canada
Anuradha Annaswamy, MIT, Cambridge, Massachusetts, USA

Nirwan Ansari, New Jersey Institute of Technology, Newark, New Jersey, USA

Jun Cai, Concordia University, Canada, Montreal, Quebec, Canada

Kun-Shan Chen, Guilin University of Technology, Guangxi, China

J.-C. Chiao, Southern Methodist University, Dallas, TX, USA

M. Jamal Deen, McMaster University, Hamilton, Ontario, Canada

John W. Evans, NASA, Washington, DC, USA

Shaikh Anowarul Fattah, Bangladesh University of Engineering and Technology (BUET),
Dhaka, Bangladesh

Melinda Hodkiewicz, University of Western Australia, Perth, Australia

Chih-Lin I, China Mobile Research Institute, Beijing, China

Yumi lwashita, NASA-JPL California Institute of Technology, Pasadena, CA, USA
Bruce Jacob, Florida Polytechnic University, Lakeland, Florida USA

Abbas Jamalipour, University of Sydney, Sydney, Australia

Bahram Javidi, University of Connecticut, Storrs, CT USA

Weihua Jiang, Nagaoka University of Technology, Nagaoka, Niigata, Japan

Lina Karam, Lebanese American University, Beirut, Lebanon

Okyay Kaynak, Bogazici University, Istanbul, Turkey

Germano Lambert-Torres, Gnarus Institute, Itajuba, Brazil

Joy Laskar, Maja Systems, Milpitas, California, USA

Gianluca Lazzi, University of Southern California, Los Angeles, California, USA
Victor Leung, The University of British Columbia, Vancouver, British Columbia, Canada
Shengtao Li, Xi’an Jiaotong University, China

Qilian Liang, University of Texas at Arlington, Arlington, Texas, USA



Leda Lunardi, North Carolina State University, Raleigh, NC, USA
Michal Mrozowski, Gdansk University of Technology, Gdansk, Poland
Michele Nappi, University of Salerno, Fisciano, Italy

Hugo Proenca, University of Beira Interior, Covilhd, Portugal

Yi Qian, University of Nebraska-Lincoln, Lincoln, Nebraska, USA
Zhihua Qu, University of Central Florida, Orlando, Florida, USA

Susanto Rahardja, Singapore Institute of Technology/Infocomm Technology Cluster,
Singapore, Singapore

Mehrdad Saif, University of Windsor, Windsor, Ontario, Canada
Ali Serpenguzel, Kog University, Istanbul, Turkey
Levent Sevgi, Okan University, Istanbul, Turkey

Ashitey Trebi-Ollennu, NASA-JPL California Institute of Technology, Pasadena, California,
USA

Daniela Tuninetti, University of Illinois Chicago, Chicago IL, USA
Ge Wang, Rensselaer Polytechnic Institute, Troy, New York, USA
Andreas Weisshaar, Oregon State University, Corvallis, Oregon, USA

Enrico Zio, Mines ParisTech (France), Politecnico di Milano (ltaly), Paris, France, Milano,
Italy



Table of Contents

Design and Real-Time Implementation of Takagi-Sugeno Fuzzy Controller for
Magnetic Levitation Ball System

Haomiao Yu;Chen Guo;Zhipeng Shen;Zheping Yan

SDRE-Based Integral Sliding Mode Control for Wind Energy Conversion Systems

Bayandy Sarsembayev;Kanat Suleimenov;Botagoz Mirzagalikova;Ton Duc Do

Robust Integral State Feedback Using Coefficient Diagram in Magnetic Levitation
System

Iswanto Iswanto;Alfian Ma’arif

Parameters Tuning of Reduced-Order Active Disturbance Rejection Control

Caifen Fu;Wen Tan

Comparison of Linear and Nonlinear Methods for Distributed Control of a Hierarchical
Formation of UAVs

Anam Tahir;Jari M. B6ling;Mohammad-Hashem Haghbayan;Juha Plosila

Tracking Control of High Order Input Reference Using Integrals State Feedback and
Coefficient Diagram Method Tuning

Alfian Ma’arif;Adha Imam Cahyadi;Samiadji Herdjunanto;Oyas Wahyunggoro

Holistic Control Approach for the Grid-Connected Converter of a Battery Energy
Storage System

Ciro Nufez;Nancy Visairo-Cruz;Alberto Arellanes;Dante Mora;Juan Segundo

Adaptive Integral-Sliding-Mode Control for Spacecraft Single-Axis Pointing Using Two
Torques

Tao Wang;Yingchun Zhang



IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 12,2020, accepted September 25, 2020, date of publication October 6, 2020, date of current version October 16, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3029115

Tracking Control of High Order Input Reference
Using Integrals State Feedback and Coefficient
Diagram Method Tuning

ALFIAN MAARIF“1, (Member, IEEE), ADHA IMAM CAHYADI?, SAMIADJI HERDJUNANTO?,
AND OYAS WAHYUNGGORO?2

! Department of Electrical Engineering, Universitas Ahmad Dahlan, Yogyakarta 55191, Indonesia
2Department of Electrical Engineering, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia

Corresponding author: Alfian Ma’arif (alfianmaarif @ee.uad.ac.id)

This work was supported in part by the Universitas Ahmad Dahlan Grant.

ABSTRACT The purpose of the research is tracking control to follow the input reference signal such
as step, ramp, parabolic, and high order reference stably. The challenge is rising when high order input
references, such as parabolic or polynomial, are used in the advanced system. Like in satellite and missile
launcher systems, the triple integrator systems have to follow parabolic or polynomial trajectory with
high stability required. The research proposed an integrals state feedback controller to combine simple
state feedback control with cascade-layered integral control. The order of the input reference defines the
structure and number of integrals used. Along with Coefficient Diagram Method in its tuning process,
the proposed controller is guaranteed to have good stability and zero steady-state error. Simulation results and
mathematical proofs of stability and zero steady-state error are provided on the paper. The proposed method
can follow various input references such as the ramp, parabolic, polynomial, and higher-order reference based
on the simulation and mathematical proofs. The stability using the pole location also shown the negative poles

that give a stable system.

INDEX TERMS Integrals control, state feedback, tracking control, input reference, coefficient diagram.

I. INTRODUCTION

The goal of tracking control is to follow any kind of ref-
erence signal. There are some reference signals such as
impulse [1], [2], step [3], [4], ramp [5], parabolic [6], [7],
parabola [8], periodic [9], sine [10], pulse [1], [11], and ran-
dom [1], which commonly used in control, robotic and indus-
trial systems as input reference. There are also less popular
polynomial references, such as third-order polynomial ref-
erence, fourth-order polynomial reference, and higher-order
reference (HOR), which are used in the trajectory system or
more complex and advanced systems.

Some researches about tracking control of step, ramp,
and parabolic signals have been done. Some control tech-
niques have been proposed, such as the Servo System
with Polynomial Differential Operator [12], Coefficient Dia-
gram Controller [13], State Feedback with One and a Half
Integrator [14], Proportional Integral Derivative (PID) Con-
troller [15], Type II PID Controller [16], [17], Fuzzy
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Controller [18], nonlinear tracking control [ 19] and backstep-
ping [20]. However, those researches have not been evaluated
for input signal tracking with higher reference order than
the parabolic signal. Therefore, this research proposes a new
control approach to track high order input references.

In tracking control, it is essential to track the reference sta-
bly, especially polynomial ones. As mentioned earlier, some
polynomial references with higher-order are used in complex
and advanced systems. For example, a satellite system has a
parabolic orbit trajectory. Hence, it needs a stable and robust
parabolic tracking controller. In other cases, a missile accel-
eration has polynomial reference to track and follow a target
in the missile launcher system. Both satellite and missile
launcher systems can be seen as triple integrator systems and
belong to high order systems [21].

Some previous research had been done to track time-
varying signal, which is another term of polynomial input
references for specific control purposes: i.e., fault-tolerant
tracking [22], asymptotic tracking [23], and fixed-time track-
ing [24]. However, based on the literature review, there has
been no tracking control study for the triple integrator system
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to date. Besides, most proposed controllers can be suitable
only for specific goals with complex calculations or structure
design.

Some common and simpler controllers, such as conven-
tional PID and fuzzy controllers, are not suitable to be
applied. The PID controller may be able to stabilize those
high order systems (integrating system) [25] and high order
input reference [26], but it has bad transient system perfor-
mance. In other words, it cannot track the reference stably.
Meanwhile, a fuzzy controller design takes a lot of effort
and experimental data. It will be more confusing to tune the
fuzzy parameters [18], [27]. Moreover, the fuzzy controller
cannot guarantee that the augmented system will result in
good performance and stability [28]. Thus, it is inadequate
to use those common controllers in tracking control of triple
integrator systems.

This research proposes to solve this problem by using a
state feedback controller combined with the integral control.
Both methods are already proposed for tracking control sepa-
rately, with their respective pros and cons [29]. In this paper,
the proposed integral control design has some layers in the
structure, like a cascade. The cascade is based on the order of
the input references used for tracking.

The structure design of the controller is crucial for tracking
control. However, state feedback and integral gains also need
to be determined carefully to guarantee good system perfor-
mances. The controller needs to be easy to design in any kind
of reference used in the system with stable and accurate track-
ing. Some methods that may solve this tuning problem are
pole placement [30], pole assignment [31], Linear Quadratic
Regulator (LQR) [32], [33], metaheuristics algorithm [34],
Linear Matrix Inequalities (LMI) [35] and Coefficient Dia-
gram Method (CDM) [36], [37]. The only method among
those previously mentioned methods which has standard
parameters as a tuning method is CDM. It can avoid the
trial and error of the tuning process. Hence, the effort and
time consumed in tuning the controller parameters can be
efficient [38]. Thus, this research uses the coefficient diagram
method as the tuning method for state feedback and integral
gains needed in the controller design.

The structure of the research will be briefly explained as
follows. The first section is the introduction. The next section
is the Input Reference that discusses the kind of input refer-
ence signal. The third section is the integrals state feedback
design for high order input reference. Then, the next section
discusses the theory of the coefficient diagram method. Later,
the Ackermann formula used in the coefficient diagram
method is explained in the next section. The fifth is about
the steady-state error that discusses the final value theorem
and input substitution. The sixth section is the results and
discussions. The last part is the conclusion and future work.

II. INPUT REFERENCE

There are many kinds of input reference signals. They can be
seen in Table 1. Some others that are not listed in the table are
pulse, sine, parabola, periodic, impulse, and random signal.

182732

TABLE 1. High Order Input Reference Signals

Order

Reference (i) Input Reference Time Integral (i)
0 Step t° 1
1 Ramp tt 2
2 Parabolic t? 3
3 Polynomial 3-order 3 4
4 Polynomial 4-order t* 5
i Polynomial i-order ti-1 i

Pulse and random signals can be described as ’series’ of
step units. Hence they can be categorized into step reference.
Meanwhile, the parabola, periodic, sine wave signals can be
seen as the parabolic equation so that it belongs to the third
order of input reference. The impulse signal is a special case
because its order is lower than the step signal, but it still
requires one integral in the control structure.

Table 1 also shows the order of time and reference for each
signal. The step input reference signal is a first-order refer-
ence signal and has a zero level time order. A control system
requires one integrator to stabilize the step reference input
signal. In contrast, the ramp signal is a second-order reference
signal and has a level one-time order. The control system
requires two integrators to stabilize it. Likewise, the pattern
continues for reference signals with higher order.

The basic idea of the design is the increase in the reference
signal’s order also increases the reference signal’s order so
that the system has no steady-state error. The characteristic
of integral control is that it can eliminate steady-state errors.
Therefore, the control system requires additional integral
control to eliminate the steady-state error.

IIl. INTEGRALS STATE FEEDBACK
The system is modeled in the state space form as

x = Ax +Bu Q8
y=0Cx )

where x is the state, u is the control signal, y is the output,
A, xm 18 a constant state matrix, B« is the constant input
matrix, and Cjx,, is the constant output matrix.

Then, the system is augmented to the proposed integrals
state feedback controller. The integrals state feedback control
scheme for stabilizing the step, ramp, parabolic, or poly-
nomial input reference is shown in Fig. 1. The )" [ is the
integrals control. The detailed scheme of )" [ is shown in
Fig. 1(b). The variable i is the order of integral control,
as shown in Table 1.

For simplicity, the input reference signal is assumed as
a unit step first as it requires the simplest structure design.
This controller design later will be compared to the proposed
controller and called a “conventional’” method.

The new equation based on Fig. 1 is

;= Az+Bu+Fr 3)
y==Cz @

VOLUME 8, 2020
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FIGURE 1. Integral state feedback.

where

=] T
=[5 8] B=[B)e=[§] r=[?]

where zis the new state,. & is the state variable, Knxn is the new
state constant matrix, B, is the new input constant matrix,
Glxn is the new output constant matrix, F is the constant
reference matrix, and n = m + i is the dimension of integrals
state feedback.

The u is the control signal, that is a sum of the integral
control signal (u7) and state feedback control signal (ugsr).
It can be written as,

>)

U = uy + usr (5)

The state feedback control is

X1
x2

usp = —[ki k... k]| (6)
X

— —Kx 7

where K = [k; ko ... k,]is the state feedback gain.
A. INTEGRALS CONTROL

The proposed method of integral control structure for
high-order input references will be explained in this part. The
reference is assumed to have i order of reference. Based on
Fig. 1(b), the integral control signal can be written as

&1
w=[ky ky ... k] 512 ®)
&
= Ki§ )
where Ky = [k“ kpp ... kl,-] is the integrals gain.

VOLUME 8, 2020

The derivation of integrals blocks based on Fig. 1(b) can
be seen as integral states and written as follows

élzr—yzr—Cx (10)
£ =&
&5 =&
£l =6 (11)
Therefore, the matrix of integrals can be written as
0 0 0 ... 0 r—Cx
1 0 O ... 0 0
é_— — 0 1 0 0 £+ 0 (12)
0O 0 O 1 0 0

Now, let assume the used reference is ramp signal. Based
on (10), (11), and (12), the integral state matrix for a unit ramp

1S,
0 O
Iramp = |:1 0j| (13)

Meanwhile, the integral state matrix for unit parabolic as
input reference becomes

0 0 O
Iparabolic =1 0 0 (14)
0O 1 O

Furthermore, the integral state matrix for High Order Ref-
erence can be written as

o 0 o ... O
1 o ... 0
0 1 0 0

Inor = (15)
0 0 O 1 0
The first row in (15) can be deleted. Then the matrix will

have the identity matrix apart from the last column of zero.
It can be rewritten as a general matrix as follow,

Inor = [Iixi 0] (16)

where I is the identity matrix, and i is the order of reference
from Table 1.

B. THE AUGMENTED SYSTEMS

The system must fulfill controllability conditions (M) and
state controllability conditions (P) to apply the proposed
integrals state feedback control. Respectively, the criteria are

M=[B AB A’B A~IB] (17

A 0 B
P=|-C 0 0 (18)
0 Imor O

where the rank of those matrices must not equal to zero.

182733
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After the system is proved to be controllable and com-
pletely state controllable, the controller design is continued.
The new proposed augmented system design for the high
order reference as input is

;= Az+Bu+Fr (19)
y=Cz (20)
where
z—_x]
| &
A o o] _ [B]_ [cT"
A=|-C 0 o] B=|0o|C=]0
| 0 Imor O 0 0
K
F=|1
0

The overall control signal is the sum between the state feed-
back control signal and the integral control signal. By substi-
tuting (7) and (9) into (5), it can be rewritten as follows,

u = usr +u; = —Kx + K
= Kz 21)

where

K=[ki ko «.. ky | —ki —kp, ... k] (22

Matrix K is the controller gain matrix and will be tuned by
using the coefficient diagram method.

Hence, finally, the augmented system state-space equations
can be rewritten. By substituting (21) to (19), the state error
equation becomes

7= (A-BK)z+Fr (23)
y=Cz (24)

The equation (23) and (24) is the final closed-loop system
with the proposed control signal.

IV. COEFFICIENT DIAGRAM METHOD AND

ACKERMANN FORMULA

The coefficient diagram method (CDM) is used in the
research to tune the proposed controller’s parameter. The
target polynomial (closed-loop polynomial) is the system’s
characteristic polynomial with the control signal augmented
in CDM. The target polynomial for the system in (23) is

n i—1
1 ,
Pr=ap (Y |[[— @'} +rs+1 (25)
i=2 \j=1 Vi]—j
=" +ap_ 15"+ s +ag (26)

where o, is the coefficient of the closed-loop polynomial (or
desired polynomial in s-plane), y,, is the stability index, t is
the equivalent time constant and

_ [T an—j

, 27)
T n

(200]

182734

The standard form of the stability index, y;,, is
Vol =..=y3=py=2 y =25 (28)

The standard form is from past research that gives the
best response with fast settling time and a little overshoot
characteristic. The equivalent time constant, t, is

1
E—— 29
T=30s (29)

where f; is the settling time, and it can be chosen between
2.5 and 3 seconds for the good system’s response.

The Ackermann Formula will be used to obtain Integrals
state feedback from Coefficient Diagram Method. It is a
well-known method to determine the state feedback gain
matrix [29]. First, a system is represented in state-space as
follows,

z=Az—Bu (30)
with the state feedback control signal as
u=-Kz 31

Hence, the equation of system (30) with state feedback
control (31) becomes

;=(A-BK)z (32)
Let assume a new equation to substitute the A — BK,
A =A-BK (33)
so that the desired characteristic equation is
s — A +BK| = |sI — A| (34)
="+ s+
=0. (35)

Based on the Cayley-Hamilton theorem, A satisfied its own
characteristic equation as

d(A)=A"+ A"+ At ad=0  (36)
By considering (33) and following identities,
A2 — (A —BK)? = A2 — ABK — BKA (37)
A3 = (A —BK)® = A’ — A’BK — BKA
— BKA? (38)

with n = 3, the characteristic equation from (36) becomes

ozl + A + 0111&2 + A3
= w3l + A + ;A2 + A’ — )BK
— a1ABK — a;BKA — AZBK — ABKA

— BKA? (39)
Therefore, we can get

al+ A + A2+ A3 = ¢ (R) =0 (40)

a3l + A + A2+ A3 = ¢ (A) #0 (41)

VOLUME 8, 2020
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By substituting (40) and (41) in «3 into (39), we obtained

¢ (A) = ¢ (A) — @2BK — ] ABK — BKA% — o;BKA
—ABKA — AZBK  (42)

Since ¢ (A) = 0, then the equation becomes

& () = B (@K — o KK — KA?) + AB (1K — KA)

+AZBK (43)
=[B | AB | AZ’B]
02K — a1 KA — KA?
X o K — KA (44)
K

By multiplying both sides of (44) by the inverse of the
controllability matrix, we obtained

AB1 ¢ (A)
K — othX — KA?
= oK — KA (45)
K

[B | AB |

By multiplying both sides of (45) by [0 0 1],
we obtained

[0 o 1][B | AB | AZB]'4@)
oczK—HleK—tKKZ
=[0 0 1 a1K + KA (46)
K
which can be written as
K=[0 0 1]x[B | AB | A’B] '¢(A).

(47)

For an arbitrary positive integer n, the state feedback gain
is
K= [0 o --- 0 1 ]

x[B | AB | - | A"'B]'g@)

(48)
where
dA) =A"+ A"+ A+ al (49)

Therefore, the Ackerman formula for determining the inte-
gral(s) state feedback gain is

K=[0 - 0 1]
x[B | AB | AB] ' A)  (50)
where
A =A"+a A"+t At (5D

VOLUME 8, 2020

V. STEADY STATE ANALYSIS
Steady-state error evaluation is used to testify whether the
controller is able to reach the reference value in ideally
‘infinite’ time. It can be achieved from simulation results
or mathematical calculations. The calculation of steady-state
error can be done by using two methods: final value theorem
and input substitution. Both of the methods are represented
in the research.

The first one is the final value theorem. The steady-state
error value can be calculated based on the following equations

lim s (s) = lim sR (5)[1 — C GLA)'B] (52

where R(s) is the reference signal in s-domain.
The other one is the input substitution; for the step and
ramp reference, respectively, the input substitution is

e(00)gep = 1 —yss=1—CA™'B (53)
e (oo)ramp = tl—lfgo (f = yss)
PN ~ e N2
= lim <[1 + CA”B] t+C (A”) B) (54)
—00
Then, the input substitution for the parabolic reference is as
follows. Given the system in state-space form as

z=Az+Bu (55)
y = Cz (56)

If the reference signal is a parabolic reference, r = 2, the
steady-state solution, zg for z is

2 =U? + Vi + W (57)
where, U, V, W are constant. Also,

Substituting r = 12 along with (57) and (58) into (55) and
(56) yields

Ut +V = A(Ur> + Vi + W) + Bi? (59)
yss = C(U2 + Vt + W) (60)

In order to balance (59), the matrix of coefficient 12, AU =
—B or

U=-A""B (61)
Equating constant terms in (62), we have AV = U, or
V=AU (62)
Equating constant terms in (62), we have AW =V, or
W=A"lvV (63)
Substituting (61), (62), and (63) into (60) yields

vss = C(—A7'Br2 + A~ (—A"HBr
+A7 (A" H(=ATHB) (64)
= —C(—A"'Be+ A )Br+ (A™1)’B)  (65)

182735
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The steady-state error for parabolic reference is

e(00) = lim (t2 — ym)

—00

lim (1 + CA—lB) 2+C (A‘l)th

—>00
3
+C (A—l) B (66)
The steady-state error for the high order reference is

¢(00) = lim (ri —ym>

t—00

lim (1 + CAle) iy i C <A71>n+1 B

t—00

n=1

(67)

where i is the order input reference. The steady-state error for
infinity time can be calculated using the final value theorem
in (52) and input substitution in (67).

VI. CONTROLLER DESIGN ALGORITHM

The design process to tune the integrals state feedback using

the coefficient diagram method and Ackermann formula will

be described as follows,

1. Find the state matrix constant size (m) based on the

A matrix system, the input reference order based on
Table 1 (for ramp i = 2, for parabolic i = 3 and so on),
and the state matrix of augmented system n = m + i.
For example, the parabolic reference will be used for
the triple integrator system. The system model is,

0 1 0 0 117"
A=|0 0 1| B=|o|cCc=]o0
(0 0 0 1 0
(68)
A 0 0
A=|-Cc 0 o
| 0 Imor O
"0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 0 0
-1 0 0 0 0 0 (69)
0 0 0 I 0 0
0 0 0 0 1 0
B=[B 0]'=[0 o 1 0 o o]
(70)

2. Check the rank of controllability and state controllabil-
ity matrices using (17) and (18).

3. Define the closed-loop polynomial or target polyno-
mial from (25), (26), (27), (28), and (29). In the pre-
vious example case with the desired settling time #
as 3 seconds. Thus the equivalent time constant 7 is
1 second. The target polynomial can be defined as

follows.
2.3.4.5
VsYaViVaV

182736

70 )

PT = 56 + SS
VsVEvivavi  vavivavy
B, 1 2

s+ —s +15+1 (72)

s
vrivi vri on

= a6s6 + a5s5 + a4s4 + ot3s3 + Ol2S2 +o1s + oo

(73)

4. Find the integrals state feedback gain by applying the
Ackermann formula. For the previous example case,
this step can be rewritten as follows

K=[0 0 0 0 0 1]
«[B AB A% AB A'B AB|
x ¢ (A) (74)
where
¢ (K) = X6 + Ollgs + OlzK4 + ()[3K3A+ 0[422
+asA +agl  (75)

1

VII. RESULTS AND DISCUSSION

There are some examinations in the section. The first exam-
ination is to track and to stabilize the triple integrator sys-
tem using the proposed controller for ramp and parabolic
reference. The result will compare the conventional (inte-
gral state feedback) and proposed controller (integrals state
feedback). The second examination is about control the sys-
tem for the polynomial reference. The third examination is
about the integrals state feedback design for low order refer-
ence. The fourth examination is about the stability analysis
using the pole position.

Simulations made in the research are done in MATLAB.
The controlled system is a triple integrator system. The sys-
tem model is written as follows

G = - (76)
s
or in the state space form has matrices as

IERIESHER
A=|0o o 1| B=|o|Cc=]o0 (77)
0 0 0 1 0

CDM parameters used for all later-mentioned controller
designs are as follows. The targeted settling time is t; = 3
hence T = 1 is used. The stability indexes used are the
recommended standard stability index parameter as in (28).

A. RAMP AND PARABOLIC INPUT REFERENCE
First, the system is checked based on the criteria mentioned
in (17) and (18). Both ranks of the controllability matrix (M)
and state controllable matrix (P) are 4. Thus, the system is
able to be controlled by the proposed integrals state feedback
method.

The augmented system for ramp input tracking based on
the algorithm is

:=Az+Bu+Fr (78)
y = Cx (79)

VOLUME 8, 2020
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where
0 1 0 0 0
R A 0 0 0 1 0 0
A=|-c o|=l0 0 0 0 0 (80)
0 Inor -1 0 0 0 0
0 0 0 1 0
0 1 0
0 T 0 0
ﬁ:[ﬂ: 1 6:[(0:} =|l0|F=]|0
0 0 1
0 0 0
(81)

The closed-loop polynomial is

Pr = Ol5S5 + oz4s4 + oz3s3 + a2s2 + a1s + ap
= 5 + 20s* + 2005 + 1000s> + 2500s + 2500
(82)

The controller gains can be found by using the Ackermann
formula. The process can be briefly described from the fol-
lowing equations.

K=[0 0 0 0 1]
x[B AB A’B AB A‘B] '¢(A) (83
where

é(A) = A5 + o A* + A’ + a3A? + a4 + as]
— A% + 20A* + 200A3 + 1000A2 + 2500A -+ 25001

(84)
Hence, the obtained controller gain matrix is
K=[ki kx ki | kn kn]
=[1000 200 20 2500 2500] (85)

Parabolic input tracking requires a similar controller design
process. The augmented system for parabolic input track-
ing is mentioned in (69), (70), (73), and (74). Meanwhile,
the obtained controller gain matrix for parabolic input is

K=[ki ko ks | kn kp k3]

= [8000 800 40 40000 100000 100000]

(86)

The augmented system performances, for both ramp and
parabolic input tracking using integrals state feedback, then,
are compared to conventional method performance results.
The conventional method is the implementation of state feed-
back control, with only one integral gain used.

The system response of ramp and parabolic input reference
is shown in Fig. 2 and Fig. 3. It is shown that the proposed
controller can follow the parabolic reference. Meanwhile, the
conventional controller cannot follow the reference. There is
a steady-state error in a conventional controller.

The simulation showed that the proposed controller could
stabilize the system to follow the reference signal. Based on
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FIGURE 2. Integral state feedback for ramp input reference.
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FIGURE 3. Integral state feedback for parabolic input reference.

Fig. 2 and Fig. 3, the proposed controller is able to track
both ramp and parabolic references stably. However, the con-
ventional method implementation shows that there are some
tracking errors. The steady-state error values can be calcu-
lated by using input substitution and final value theorem.
These mathematical proofs supported the simulation results.
The steady-state error calculation by using input substitution
for ramp input reference and parabolic can be calculated
using (53) and (54). Meanwhile, the final value theorem for
input reference can be calculated using (52).

Then, the steady-state error by using the input reference for
the proposed controller is

ess_ramp (00) = [E)Igo(()t +0)=0 (87)

ess_parabotic (00) = lim (01> +0r +0) =0 (88)

Meanwhile, the steady-state error by using the Final
value theorem for the ramp input proposed tracking
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controller is

lim sE (s)

s—0

. 1
= lims— |1

s—0 §2

55 4 20s* + 20053 + 1000s2 + 25005 + 2500
0

R
2500

The steady-state error for parabolic by using the Final value
theorem for the proposed controller is

2500s + 2500 :|

(89)

lim sE (s)
s—0
. 1
=imE [l
40000s2 + 10000s + 100000
 $0 440055 + 800s* + 8e353 + des? + 1eSs + 1e5i|
=0 (90)

where €” is the 10™.

The input substitution and final value theorem proof result
for the proposed controller in (87), (88), (89), and (90) shown
that the proposed controller has zero steady-state error. Thus
the controller can track the input reference.

Then, the conventional integral state feedback has steady-
state error as

€ss_ramp (00) = tgrgo(Ot +0.4)=04 91)
Cosparapone (00) = 1im (07> +14+0.2) =00 (92)

The final value theorem of conventional integral state feed-
back for ramp input reference is

lim sE (s)

s—0

1
= lims— |1
sLOS.@ |:

2500 i|

55 4 20s* + 20053 ++ 1000s2 + 25005 + 2500
1000

2500
The final value theorem of conventional integral state feed-
back for parabolic input reference is

93)

lim sE (s)
s—0

1
= lims— |1
sl—l;%ss3 |:
2500
$3 4+ 20s* + 200s3 + 100052 + 2500s + 2500
1000
=5 =% (94)

The input substitution and final value theorem result for the
conventional controller in (91), (92), (93), and (94) showed
that the conventional controller has steady-state error 0.4
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for ramp input reference and infinity for the parabolic ref-
erence. Thus the conventional controller cannot track the
input reference. The completed mathematical proof is shown
in Table 2.

TABLE 2. Steady state error (SSE).

Ramp Parabolic
Controller Method Method
FVT IS FVT IS
Conventional
Integral State Feedback 0.4 0.4 o ©
Proposed 0 0 0 0

Integrals State Feedback
FVT = Final Value Theorem, IS = Input Substitution

B. POLYNOMIAL INPUT REFERENCE TRACKING

The second examination is about control the system for the
polynomial reference. It is stabilized the high order input
reference, such as third-order polynomial until fifth-order
polynomial.

The result is shown in Fig. 4, Fig. 5, and Fig. 6. The numer-
ical simulation showed that the proposed controller could
follow the high order reference. Meanwhile, the conventional
controller gave the steady-state error response. Later, the
mathematical proof result is shown in Table 3 by using the
Final Value Theorem and Input Substitution. There is infinity
steady-state error in the conventional controller and zero
steady-state error in the proposed controller.

Response of Third Order Polynomial

0.35 |
03H ™™™ Reference | /
e Conventional / |
0.25H Proposed g

State
o
L o
(4] N
:.\\
~,
~

0.1 £
/'
0.05 o
4‘_,."’
0 S i
0 0.5 1 1.5

Time (second)

FIGURE 4. System response of third order polynomial input reference.

C. STABILITY ANALYSIS USING POLE LOCATION

Some mathematical proofs of the augmented system’s stabil-
ity are presented in this sub-section. Pole locations for sta-
bility are used. The closed-loop polynomials or the targeted
polynomial tuned by using CDM shown in Table 4 where
n = m + i is the augmented matrix size from A, ;, matrix
size and order of reference (i). The first row is the desired
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FIGURE 5. System response of fourth order polynomial input reference.
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FIGURE 6. System response of fifth order polynomial input reference.

TABLE 3. Steady state error (SSE).

Third Order ~ Fourth Order  Fifth Order
Polynomial Parabolic Parabolic
Controller Method Method Method
FVT IS FVT IS FVT IS
Conventional oo o o oo . -
Integral State Feedback
Proposed 0 0 0 0 0 0

Integrals State Feedback
FVT = Final Value Theorem, IS = Input Substitution

polynomial for the ramp reference. The second row is the
desired polynomial for parabolic reference, and so on.

It is shown that the targeted polynomials from the
fifth-order until the ninth order of s give the negative root.
Thus, the desired polynomials will result in a stable system.
Thus, it is clear that the system has a stable system. Then,
for the system (19) using a controller (21), have pole location
will always in a left-hand plane (LHP) with the minimum real
pole is —2.84 and —2.95.
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TABLE 4. Pole location of closed loop or target polynomial.

n Desired Polynomial (Pr) Pole Position

s5 +20s* + 200s® + 1000s2
5 + 2500s
+ 2500

$12 = —5.56 + 6.39i
S34 = —3.02 + 1.76i
55 = —2.84

6+ 4055 + 800s? + 4e*s? 12 = —11.14 + 13.04i

6 +eSs S34 = —3.22 £ 1.86i
+e5 ss =—8.32 sg=-295
s7 + 80s° + 3200s° + 64634543 51, = —22.25 + 26.07i
. i §§Zs§z Sy4=—3.2+ 1.86i
© aots S5 = —14.64 s¢=—11.49
+ 8eb s; = =295

58 4+ 160s7 + 128e2s°
+512e3s% + 1024e*s*

$1, = —44.50 £ 52.13i
S34=—321+ 1.84i

8 10246557 + 512052 ss = —30.02 s, =—20.85
+128e7s + 128¢7 s; =—10.74 sg=—2.95
5% 4+ 32058 + 512e2s7 s;, = —89.50 + 104.261
+4096€3s° + 16384e*s® S34 = —3.21 + 1.84i
9 +32768e5s* + 32768e°s? ss = —59.98 55 = —42.03
+ 16384e7s% + 4096€8s s; = —19.83 sz = —10.75
+ 40968 Sg = —2.95
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FIGURE 7. System response of step input reference.

D. HIGH ORDER INTEGRALS STATE FEEDBACK FOR LOW
ORDER REFERENCE

Based on previous examinations for a ramp, parabolic, and
some polynomials input tracking, it can be seen that the
proposed method still lack flexibility with its design. Hence,
to see the importance of the design, further examination is
done.

Hypothetically, the controller design for higher-order input
reference should be able to track lower-order input references.
Hence, integrals state feedback design for fifth-order input
reference is applied to the triple integrator system with lower-
order references such as step, ramp, and parabolic units.

The simulation result for step tracking is shown in Fig. 7.
The step response test results in zero steady-state error with
overshoot 62.94 percent and undershoot. The overshoot is
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FIGURE 8. System response of ramp input reference.
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FIGURE 9. System response of parabolic input reference.

likely to happen since the number of integrals corresponds
to the aggressiveness of the system’s response. Too many
integrals are used in the system cause the system tends to have
a bigger overshoot. However, it is shown that the system is
able to be stabilized in general.

The augmented system’s response for ramp and parabolic
tracking is shown in Fig. 8 and Fig. 9. The controller is able to
control the system stably while tracking the reference value.
The augmented system also achieved zero steady-state error.
There is no oscillation detected in the response. Thus the high
order controller design can be implemented for low order
reference.

VIil. CONCLUSION

The paper proposes about integrals state feedback design for
tracking high order input references. The coefficient diagram
tunes the parameter controller. The simulation and mathemat-
ical proof show that the proposed controller can track the high

182740

order input reference. Meanwhile, the conventional controller
has a steady-state error.

The stability analysis using pole location shows that the
closed-loop polynomial has a negative pole. Thus, the system
is stable. The integrals state feedback design for fifth-order
input reference can track all of the references from step until
the parabolic reference. Thus the high order controller design
can be implemented for lower-order reference.

Future work of the research may include further analysis of
system performances on a real-time experiment, especially on
the state feedback controller’s practical implementation.
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