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ABSTRACT

In this thesis, | present analysis of Time-Delay Control (TDC) and Enhanced Time-Delay

Control (ETDC) for robot manipulators. Each control will be analyzed and represented by their

characteristics. In addition, a new controller with combining strong points from each control scheme

will be proposed.

Time-Delay Control is a well-known controller because it is simple and robust, but it has a problem;

Time Delay Estimation (TDE) errors occur because the TDC uses TDE scheme to estimate

uncertainties of robot manipulators with discontinuous dynamics, also known as hard nonlinearities.

In order to remedy the problem, ETDC is proposed. While it compensates for the TDE error, a new

problem is created: chattering. In order to alleviate the problem, a new controller, which is much more

robust than ETDC is proposed. It also shows better initial error than ETDC. Simulations and

experimentations show the effectiveness of the proposed controller.
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| . Introduction

1.1 Research background and motivations

Robust Control techniques are one of several control schemes used to control plants with
modeling errors or model uncertainty to follow desired dynamic behavior. Mathematical models of
robot manipulators include model uncertainty because of friction, backlash, and varying loads with
respect to time. Therefore, a highly complicated controller is needed to control the motion of robot
manipulators accurately. However, implementation of a complicated controller is inefficient because of
it being difficult to design and heavy computational requirements.
A complicated controller is both difficult to design and heavy computational burdens make
implementation inefficient. Hence, a robust controller with a simple structure and easy design is
needed.

One type of robust controller is Time Delay Control (TDC) [3] for robot manipulators. TDC uses Time



Delay Estimation (TDE) to estimate the uncertainty of models such as disturbances and unknown

dynamics. TDC also has a simple structure in addition to computational efficiency [4, 5, 6, 12]. TDC

for robot manipulators has been successfully applied [3, 12, 7, 8, 11], and demonstrated to be useful

and effective.

TDC for robot manipulators estimates the Coriolis effect, centrifugal effect, and gravitational effect by

using previous input, output, and certain diagonal matrix for moment of inertia [4, 5, 6, 12]. Small

amounts of information are needed to estimate nonlinear terms in TDC for robot manipulators.

Accordingly, TDC for robot manipulators has little computational burden. However, the control

performance of TDC is degraded when plants have, what is known as hard nonlinearity such as static

friction and Coulomb friction. Hard nonlinearity has faster dynamics characteristics than time delayed

information in TDC [14, 15, 9, 17]. In particular, plants with static friction and Stribeck show Stick-Slip

phenomena when TDC is applied to the plants. Also, when the velocity of joints is at zero, plants with

Coulomb friction show performance degradation. In order to secure good performance, new schemes

must be created to compensate for the above phenomena.



Time Delay Control with Switching Action (TDCSA) research tried to compensate for the above

phenomena in TDC, [15, 9]. TDCSA combines TDC with concept of Sliding Mode Control (SMC) as a

compensator. TDCSA shows enhanced performance over TDC because SMC inputs appropriate

values into plant in a discontinuous manner. TDCSA has been successfully applied to excavator [16]

and proved to be useful. However, TDCSA has chattering problems because of the discontinuous

input. Furthermore, two parameters in TDCSA need to be tuned to give properly compensated input.

Other researches like Time Delay Control with Internal Model Concept (TDCIM) [17] and Enhanced

Time Delay Control (ETDC) [1] emerged. TDCIM combines TDC and concept of Internal Model.

TDCIM shows enhanced performance over TDC because the feed-back of internal model concept in

TDCIM adds to TDC. Consequently, TDCIM has a structure with double integral and also has little

computational burden. However, the stability of TDCIM is lower than TDC because of the double feed-

back in TDCIM. ETDC combines TDC and TDE error term. ETDC shows better performance than

TDC because of the TDE error term in ETDC [1]. The TDE error term in ETDC cancels the TDE error.

ETDC does not need additional gain in additional TDE error term and also has little computational



burden like the TDCIM. But, ETDC shows high frequency noise like chattering [Appendix A].

Consequently, ETDC needs additional filters to reduce the noise like chattering.

In this thesis, new control scheme is proposed to remedy the problem in ETDC. The new solution

contains TDE error term like ETDC and this term combines a certain gain. So, the characteristics of

the new controller can be changed by tuning the gain. Consequently, the new controller does not

need additional filters like ETDC and shows enhanced performance found in ETDC.

1.2 Composition of thesis synopsis

Chapter 1 describes background of the research and purpose. Chapter 2 will describe the

preliminaries necessary for this research, including Time Delay Control (TDC) and Enhanced Time

Delay Control (ETDC). Chapter 3 will represent the design method of the proposed controller. It will

be analyzed in frequency response with ETDC and TDC. Chapter 4 and 5 will present simulations

and experimentations to prove implementation of the proposed control and performance. Finally,

Chapter 6 will summarize the findings of the paper and state the conclusion.



Il . Literature Study

2.1 Time Delay control

2.1.1 Outline

Time Delay Control (TDC) uses Time Delay Estimation (TDE) scheme to estimate unknown
dynamics, disturbances, Coriolis effect, and the like in plants. The structure of TDC is very simple
because of the TDE scheme. In addition, TDC needs small amounts of information in terms of the
plant. Because of these advantages, TDC has been applied to various fields [3, 4, 5, 12, 8].

However, the control performance of TDC degrades when plants include what is known as hard
nonlinearity, such as static friction and Coulomb friction. This is because the hard nonlinearity has
faster dynamics characteristic than time delayed information in TDC [14, 15, 9, 17]. Particularly, plants

with effects of static friction and Stribeck show Stick-Slip phenomena in steady state by integral term



of TDC when TDC is applied in plants. Also, when the velocity of joints is at zero, plants with Coulomb

friction show degraded performance.

In this thesis, TDC is analyzed to find the causes of above phenomena. Therefore, TDC investigation

is briefly noted in 2.1.2. In 2.1.3, causes of the phenomena in TDC are analyzed with TDE error.

2.1.2 Time Delay Control

In MORGAN's research in 1985, TDE scheme is used to measure disturbance [10]. TDC law

of general linear or nonlinear system is derived from K. Youcef-Toumi [4, 5]. TDC law based on

Proportional Differential (PD) control for robot manipulators is derived from T. C. Hsia around the

same time [12, 13].

The general dynamics of robot manipulators can be described as follows:

M(0)0 +V(0,0) + G(6) + F(6,0) =< (2.1)

Where M(0) denotes n X n inertia matrix, n is the number of joints in robot manipulators, 0 is the

vector of a joint variable of nx 1, V(8,8) is Coriolis force and centrifugal force of vector of nx 1,



G(0) is gravity vector of nx 1, F(8,8) is a certain force like friction and disturbance, and t is torque

of n x 1 vector applying to the joint.

In (2.1), M is adopted instead of M(8). M is a constant matrix and based on M(@). Then, the

equation (2.1) can be described as follows:

M6 +H(0,6,0) =1 (2.2)

When nonlinear vector H(8,8,8) includes entire nonlinear terms, disturbance, and other factors in

robot manipulators, then, H(8,6,8) can be described as follows:

H(6,6,8) = (M(6) — M)O + V(0,0) + G(8) + F(0,0) (2.3)

By using Computed Torque Control scheme, Tt can be described as follows:

T=Mu+H (2.4)

u=04+Kp(64—0) +Kp(0; — 0) (2.5)

Where H is estimation value of H. K, and Kp are nxn diagonal matrix of Proportional

Differential (PD) gain. If H = H is valid, relationship between 6 and u is valid from equation (2.2)

and (2.4) as follows:



6=u (2.6)

Equation (2.5) applies to (2.6). Then, error dynamics of closed loop of TDC can be described as

follows:

Where, e £ 64 — 0.

To find estimation value of nonlinear vector H, TDC uses Time Delay Estimation(TDE) scheme. If

time delay L has atiny value, approximation equation is valid from equation (2.2) as follows:

H) = H,

=He-1) = Ty — Mé(t—L) (2.8)

Equation (2.5) and (2.8) apply to (2.4). Then, TDC raw can be described as follows:

T= t(t—L) - Mé(t—L)

+M[64 + Kp(64—6) + Kp (04 — 0)] (2.9)

If M is selected as a diagonal constant matrix, TDC is independent joint controller with PD gain and

M. Then, TDC block diagram can be described simply in figure 2.1. In other words, by using TDE



scheme, TDC does not compute complicated nonlinear dynamics. Advantages of TDC are its

efficiency and has light burden in terms of computation.

—Is?1+ Kps + Kp—

Fy

Kps + Kp

Fig. 2.1 TDC Block Diagram

Robustness of TDC in closed loop systems is determined by precise TDE value in terms of

nonlinearity, un-modeled dynamics, disturbance, and other factors. In the efficiency of TDE scheme,

time delay L is very important. In a manner of speaking as qualitative, time delay L should be selected

with an assumption that H;, is continuous, to remain valid. Namely, time delay L should be tiny value

as much as possible to estimate the information well.



2.1.3 Time Delay Estimation Error

Generally, TDC can have error dynamics like equation (2.7) when time delay L has

sufficiently tiny value. However, time delay L cannot actually be zero in real-world systems. When

TDC is applied to real-world systems, time delay L is generally used as sampling time. Time delay L is

limited to be close to zero because of hardware limitations. So, TDE error can be occurred from time

delay L, which is not zero because of hardware limitations in real-world systems. The relationship can

be induced from equation (2.2), (2.4), and (2.8) as follows:

M(ue) — 6¢)) =Hey — Hey

= H(t) - H(t—L) (210)

In equation (2.10), right side term represents TDE error. Then, TDE error can be defined as follows:

AH(y) £ M(ug) — 8()) = Hy — Hy = Hey — Heep (2.11)

When a TDE error occurs, the error dynamics of TDE cannot be described as shown in equation

(2.7). The error dynamics can be described from equation (2.5) and (2.11) as follows:

é+ KDe + er = M_lAH(t) (212)

-10 -



A TDE error can be ignored for the most part when the time delay L is sufficiently smaller than

dynamic characteristics of nonlinearities and disturbance in systems. However, plants have very fast

dynamic characteristics like static friction, Coulomb friction, and others. It is difficult to accurately

estimate above information because of above reasons. Therefore, it is possible for TDE errors to

increase and as a result large tracking error can occur when TDC is applied to systems with static and

Coulomb friction.

2.2 Enhanced Time Delay Control

2.2.1 Outline

Time Delay Control (TDC) can estimate uncertainties of plants by using Time Delay

Estimation (TDE) scheme. However, control performance of TDC is degraded by TDE errors. Hence,

an advanced research, Enhanced Time Delay Control (ETDC) was developed by J. Y. Park and P. H.

Chang in 2003 [1]. ETDC are more accurate than TDC at the same sampling frequency. Also, ETDC

has nearly the same computational efficiency as TDC. In 2.2.2, ETDC raw is described and difference

-11 -



points between TDC and ETDC is represented. In 2.2.3, TDE error term in ETDC is derived as

different form and analyzed in terms of fundamental significance. In 2.2.4, error dynamics of ETDC is

derived and analyzed in terms of frequency response.

2.2.2 Enhanced Time Delay Control

ETDC adds approximated TDE errors into TDC to compensate for TDE errors. Then, TDC

with approximated TDE error is described (2.4) as follows:

T= Mu + i:lETDC (213)

Where AH is the approximated TDE errors. u is equal to the equation (2.5). H is also equal to the

equation (2.8).

To find approximated TDE errors, the main concept of ETDC states TDE error at the present time t

can be approximated by TDE error at the previous time t-L if the time delay L is sufficiently small. The

approximated TDE error can be described from (2.2) and (2.11) as follows:

-12 -



m(t) = AH(t—L)

=Hg-) —He-2) = (T(t—L) - Mé(t—L)) - (T(t—zL) - 1Vm(t—u)) (2.15)

Equation (2.15) applies to (2.14). Then, estimation of H in ETDC can be described as follows:

Hgrpe = Hyy + AH(_ ) (2.16)

From equation (2.5), (2.11), (2.13), and (2.16), error dynamics of ETDC can be described as follows:

é+ KDe + er = M_l(AH(t) - AH(t—L)) (217)

If time delay L is sufficiently small, TDE error at present time t can be compensated by TDE error at

previous time t-L. Then, the error dynamics of ETDC can be the same as equation (2.7).

From equation (2.5), (2.13), and (2.16), ETDC raw can be described as follows:

T=M[03 +Kp(64— 0) + Kp(8 —0)] + H + AH(,_ (2.18)

Rearranging equation (2.18) with (2.15), ETDC raw can be described again as follows:

T = 2(Te-1) — MOpy) = (Te-20) — MO(—21))

+M[84 + Kp(64 — ) + Kp(84 — )] (2.19)

13 -



In error dynamics of TDC and ETDC (2.12) and (2.17), if TDE error is very slowly changed, TDE

error can be ignored. Then, the error dynamics of both is equal to zero as shown in equation (2.7).

However, if term of H changes too fast, TDC cannot cancel the TDE error. Consequently, as can be

seen from (2.12), TDC cannot track the desired dynamics accurately. In such a situation, ETDC

shows better performance of control than TDC, Since TDE errors can be compensated by TDE errors

at previous time.

2.2.3 Time Delay Estimation Error Term

TDE error term in ETDC consists of torque, inertia matrix, and angular acceleration. In the

TDE error term (2 .15), T is also computed by the controller in previous time: t-L. The T is

computed by using equation (2.19) used t-L instead of t as follows:

Y1) = 2(Te—any) = MO _21)) = (Teemay) — MO_sp))

+M[04¢—1) + Kp(Bace-1) — Oe-1)) + Kp(Bage-1) — 8e-1)] (2.20)

Equation (2.15) is described with (2.20) as follows:

- 14 -



AH(,_1) = M[(84¢e-1) — (1)) + Kp(Ba(e-1) — O¢e-1)) + Kp(Bage-1) — Oe-))]

+(T(t—2L) - Mé(t—ZL)) - (T(t—sL) - Mé(t—SL)) (2.21)

In equation (2.21), (T¢—21) — MO¢_51)) — (T(r—s1) — MO(;_3;)) is TDE error term (2.15) with t-L

instead of t. Then, equation (2.21) is described as follows:

A,y = M[(84¢e-1) = O(-1)) + Kp(Ba(e-1) — O(e-1)) + Kp(Bage-1) — Oe-1))] + AH(e—21) (2.22)

From (2.22), TDE error term contains previous TDE error. Therefore, TDE error term can be

described by using previous TDE error terms as follows:

AH(,_) = M[(84¢e-1) = O(c—1)) + Kp(Ba(e-1) — O(e-1)) + Kp(Bage-1) — O¢e-))]

+M[(8a¢-20) — 0¢e—21)) + Kp(Oage—20) — 0e—21)) + Kp(Bace—21) — Oe—21)) ]

+M[(8ace—kr) — Occ—kr)) + Kp(Oace—rr) — Oce—kry) + Kp(Oace—rr) — Oce—rry) ] (2.23)

Where k is operation count, time t defines operation counts and sampling time: t & KL.

From equation (2.23), TDE error term in ETDC accumulated M[(84) — 6(») + Kp(8aw) — 0p)) +

Kp (84 — 0(p)] term from t-L to initial time.

- 15 -



ETDC raw can be described in time domain with TDE error (2.22) as follows:

Ty = M[B4¢) + Kp(84() — 0(v) + Kp(Bacr) — 8(r))] + Hpy + AH(,_y) (2.24)

Hey = Ty — MOy

A1) = M[(84¢-1) = O(c—1)) + Kp(Oa(e-1) = Oce-1)) + Kp(Buage-1) — Oe-1y)] + AH(e—2)

2.2.4 Analysis

This section shows the frequency response characteristic of ETDC. And characteristic of

ETDC is compared with characteristic of TDC in terms of low and high frequency range. In order to

derive ETDC'’s error dynamics, the torque in ETDC raw (2.24) is substituted by torque of equation (2.2)

as follows:

M[(8ac) — 65) + Kp(Bucey — 0ty + Ke(Bacey — 81))] + AHe—1y = Heey — Heyy (2.25)

AH(e_py = M[(84(e-1) — O¢e-1)) + Kp(Bace-1) — Oe-1)) + Kp(Ba(e-1) — Oe-1y)] + AH(eap)

In equation (2.25), TDE error term is substituted by equation (2.23) and right side term of the

equation is described by definition of TDE error (2.11) as follows:

- 16 -



M[(Bacr) — Or)) + Kp(Bacry — (1)) + Kp(Bary — 01))] (2.26)
+M[(84(-1) — 8c-1)) + Kp(Bae-1) — O¢e-1)) + Kp(Bace-1y — 8e-1y)]

+M[(6ac-21) — O¢c—21)) + Kp(Oage—20) — Oe-21)) + Kp(Oace—21) — O(e-21)) |

+M[(Baqe-re) = Oc-k1)) + Ko (Bae—sr) = Oce-rry) + Kp(Bae-sy = Oe-ry)] = AH(
Laplace transform is applied to error dynamics (2.26) with an assumption that time t is sufficient as
follows:
M[s2E(s) + KpsE(s) + KpE(s)] (2.27)
+M[s2E(s)e™ " + KpsE(s)e ™ + KpE(s)e 9]

+M[s2E(s)e 5 + KpsE(s)e 25 + KpE(s)e2L5]

+M[s2E(s)e " + KpsE(s)e ¥ + KpE(s)e *L5] = AH(s)

L
Where E(s) is Laplace transform of 64y — 0. e~ E(s). And e~Ls is time delay of L in Laplace

transform.

17 -



Rearranging equation (2.27) as follows:

M[(Is? + Kps + Kp) + (Is? + Kps + Kp) (e 75 + 7215 +eee +¢7*L5)|E(s) = AH(s)

Where I is the identity matrix.

Equation (2.28) can be rearranged by using the sum of geometric sequence as follows:

—Ls
-Ls1=e

M [(152 + Kps + Kp) + (Is2 + Kps + Kp) (e 1_6_:)] E(s) = AH(s)

In geometric sequence, first term is e~%$ and common ratio is e~%S.

Rearranging equation (2.29) as follows:

1_g-Ls(k+1)

M| (Is? + Kps + Kp) () | E(s) = AH(s)

(2.28)

(2.29)

(2.30)

If each joint is individually analyzed, equation (2.30) can be described regarding arbitrary joint i as

follows:

1—e—Ls(k+1)

My (s® + Kpus + Kpir) (W) Ei(s) = AH;(s)

(2.31)

Where M;;: ith diagonal element of M, Kj;: ith diagonal element of Ky, Kp;: ith diagonal element

of Kp, E;(s): ith element of E(s), and AH;(s): ith element of AH(s).

Transfer function is described from equation (2.31) as follows:
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Ei(s) _ Myt ( 1-e~Ls )
AHi(S) (52+KDii5+KPii) 1—e—Ls(k+1)

(2.32)

In order to analyze frequency response characteristic of ETDC and TDC, transfer functions of ETDC

described in equation (2.32) and transfer function of TDC [Appendix A] are used. Bode magnitude plot

and parameters are shown as follows:

From figure 2.2, ETDC shows that robustness in terms of error is better than TDC in low frequency

range when TDE error is given as input However, in high frequency range, ETDC’s error rapidly

fluctuates and looks to be in an unstable state. Then, ETDC and TDC are applied to real robot system

to analyze characteristic of error. Consequently, overall range of the tracking error is reduced.

However, ETDC shows chattering problems in real system. The experimentation regarding ETDC is

shown in appendix B.
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[Il . Design and Analysis of Proposed Control

3.1 Outline

Enhanced Time Delay Control (ETDC) shows better performance than Time Delay Control

(TDC) because ETDC complements Time Delay Estimation (TDE) error of TDC. Comparing the

advantages of TDC and ETDC, TDC is more robust in terms of noise like chattering problems, while

ETDC generally shows better performance in terms of tracking errors than TDC. The proposed control

is robust in terms of the noise and shows similar control performances like ETDC.

In chapter 3.2, design method of the new control is introduced and, in chapter 3.3, the proposed

control is compared with ETDC and TDC in frequency response characteristics. Chapter 3.4

describes the discussion regarding the proposed control.
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3.2 Design of proposed control

New control scheme proposes to alleviate the noise including chattering problems in ETDC.

The difference between ETDC and TDC is the TDE error term. This term complements TDE error of

TDC. Consequently, ETDC shows better performance in terms of the range of error than TDC.

However, chattering problems occur in ETDC. If TDE error term in ETDC is removed, ETDC is

equivalent to TDC. Control performance of the ETDC is also equivalent to TDC. The proposed control

contains the TDE error term derived in equation (2.22) to keep the control performance of ETDC. And,

the TDE error term is combined with a certain gain to control the TDE error term. The gain is

designates as K¢ and called characteristic gain. The proposed control consists of ETDC derived in

equation (2.24) and the gain as follows:

Ty = M[By) + Kp(Bary — () + Kp(8a(e) — 8(1))] + Ay + KcAH .y (3.1)

Hey = T(e-1y) =~ MOy

AH(e_yy = M[(84(-1) — B(e—1)) + Kp(Bace—1) — Oe-1)) + Kp(Ba(e-1) — O(e-1))] + AH(e—ar)
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Where M is diagonal constant matrix and H is estimation value of H. Ky, Kp and K¢ are nxn

diagonal matrix of proportional gain, n X n diagonal matrix of differential gain, and n x n diagonal

matrix of characteristic gain respectively.

Range of the gain is limited as follows:

0<Kc<1 (3.2)

When the gain K¢ is close to 1, the proposed controller behavior is close to ETDC. However, when

the gain K¢ is close to 0, the proposed controller behavior is close to TDC. In the proposed control

scheme, characteristic of the controller is decided by the characteristic gain due to above reasons.

And, in the proposed controller, the TDE error term includes the previous TDE error term. Hence the

new controller is named as an Enhanced Time-Delay Control using a Second-Order Time-Delay

Estimation. The new controller will be concisely called as NEW

3.3 Analysis of the Proposed Control
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Chapter 3.2 described the design method of An Enhanced Time-Delay Control using a

Second-Order Time-Delay Estimation (NEW). This chapter shows the analysis of NEW in terms of

frequency response characteristic and NEW is compared with ETDC and TDC in the analysis. To

derive error dynamics of NEW, torque in NEW is substituted by torque of the general dynamics of

robot manipulators described in equation (2.1) as follows:

M[e(t) + KDe(t) + er“)] + KCAH(t—L) = AH(t) (33)

AH(,_1y = M[(84¢e-1) — 8c—1)) + Kp(Bae-1) — Oe-1)) + Kp(Ba(e-1) — O¢e-1y)] + AH a1

Rearranging equation (3.3) with the TDE error term described in equation (2.23), the error dynamics

can be described as follows:

+KCM[(éd(t—L) - é(t—L)) + KD(ed(t—L) - 6(t—L)) + KP(ed(t—L) - e(t—L))

+(0ace-21) — Ot—21)) + Kp(Oace-20) — Or-21)) + Kp(Oa(e—21) — Oe—21))

+(Oace-kr) — O¢c-kr)) + Kp(Oace—rry — Oe—rer)) + Kp(Bace—rr) — Oe—rry)] = AH(py
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Where k is the operation count.
Laplace transform is applied to error dynamics (3.4) with an assumption that time t is sufficiently
large as follows:
M[s2E(s) + KpsE(s) + KpE(s)] (3.5)
+KcM[s?E(s)e ™™ + KpsE(s)e ™ + KpE(s)e ™8

+52E(s)e %L + KpsE(s)e 25 + KpE(s)e 2Ls

+52E(s)e "5 + KpsE(s)e ™ + KpE(s)e ™*5] = AH(s)
Where E(s) is Laplace transform of 64y — 0): e(t)i E(s). And e~ is time delay of L in Laplace
transform.
Rearranging equation (3.5) as follows:
M(Is? + Kps + Kp)E(s) (3.6)
+KcM[(Is2 + Kps + Kp) (e7L5 + e72LS +eee +e7KLS)|E(s) = AH(s)

Where 1 is the identity matrix.
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Equation (3.6) can be rearranged by using sum of geometric sequence as follows:

M(Is? + Kps + Kp)E(s)

—Ls 1—E_L5k

+KM[(1s? + Kps + Kp) (e 74 =5 JE(s) = AH(s) (3.7)

In geometric sequence, first term is e~ and common ratio is e~Ls.
If each joint is individually analyzed, equation (3.7) can be described regarding arbitrary joint i as
follows:
M;;(s* + Kpys + Kpi ) E; (5) (3.8)
+KciiMyi (s* + Kpys + Kpip) (%S_(:q)) Ei(s) = AH;(s)
Where M;;: ith diagonal element of M, Kp;: ith diagonal element of Ky, Kp;: ith diagonal element
of Kp, K¢;;: ith diagonal element of K¢, E;(s): ith element of E(s), and AH;(s): ith element of

AH(s).

Rearranging equation (3.8) as follows:

Mii(5? + Kpigs + Kpi) Ei(5) ( = AH,(s) (3.9)

1+(KCii—1)e_LS—KCil'e_LS(k+1)
1-e~Ls

Transfer function of NEW is described from equation (3.9) as follows:
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. 7.1 _p—Ls
Ei(s) Mj; ( 1—e ) (3.10)

AH;(s) - (s24+Kpis+Kpii) \1+(kpy—1)e bs—k e bsterD

To analyze frequency response characteristic of NEW, the transfer function of NEW is shown and the
transfer function is compared with transfer function of ETDC and TDC as follows:

Parameters of NEW, ETDC, and TDC are displayed as follows:

In the results of frequency response characteristic, input values are TDE error and output values are
the error; it is the difference between desired position and measured position from the sensors. In low
frequency range, NEW'’s errors are mostly lower under TDC’s errors. It means that NEW is more
robust than TDC in terms of low frequency TDE error. In high frequency range, magnitude of errors
like the spike in NEW is less than ETDC in terms of high frequency TDE error. In other words, when

high frequency TDE errors are inputted to NEW and ETDC, NEW is more robust than ETDC in terms

of the TDE error as the input.
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Bode Diagram

ETDC

)
g nn
10 1 10° 1 10
Frequency (rad/s)
Fig. 3.1 Bode magnitude plots of NEW, ETDC, and TDC
Controller M;; Kpi; Kpi; Kei; L k
TDC 0.0003 20 100 - 0.002 -
ETDC 0.0003 20 100 - 0.002 5000
NEW 0.0003 20 100 0.1 0.002 5000

Table 3.1 Parameters of NEW, ETDC, and TDC

- 28 -




3.4 Discussion

NEW is proposed to alleviate the noise in ETDC. The proposed controller is derived from

ETDC and the characteristic gain. It is easily implemented like the ETDC. Characteristic of NEW is

decided by tuning the characteristic gain in NEW. When the gain is close to zero, NEW shows TDC’s

characteristic of control and stability. And, when the gain is close to one, NEW shows ETDC’s

characteristic of control and stability. In the frequency response characteristic, the characteristic gain

in NEW is tuned as 0.1. Consequently, NEW shows that robustness in terms of TDE error is less than

ETDC in low frequency range. However, robustness of NEW is better than ETDC in high frequency

range. The gain M of NEW is same with the gain M of ETDC in frequency response characteristic

analysis. However, in real system, the gains of both NEW and ETDC are optimally tuned as

appropriate values to derive best performance. Consequently, experimentation regarding NEW and

ETDC with the same gains will be shown to confirm the results of frequency response characteristics.

Also, when the characteristic gain of NEW is changed, control performance of NEW will be shown to
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check the effect of the gain in NEW. And then, experimentation regarding NEW and ETDC with best

tuned gains will be shown to introduce advantages of NEW.
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IV . Simulation

In this chapter, NEW on robot manipulator is simulated to check possibility of its

implementation. And NEW is compared with ETDC in terms of control performance. The plant

includes Coulomb friction, viscous friction, and gravity term. In addition, both controllers show control

performance in an environment with two links robot manipulator on simulation to prove usefulness in

multi-joint robots.

4.1 One Link Robot Manipulator

4.1.1 Plant for the one link manipulator simulation

The controllers are simulated on a plant with one link robot manipulator. The plant is shown

in figure 4.1. m, [, and g are mass of the link, length of link, and acceleration of gravity respectively.
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Here, mass is assumed as concentrated mass at the end of the link, and friction is influenced on the

joint. Also, gravity exerts vertical influence.

T 7777

Fig. 4.1 One link robot manipulator

Dynamics of robot manipulator is represented as follows:

M©)6+V(6,0)+GO)+F(6,0)=r1 (4.1)

Where M =ml? V =0, G = mglcos®, F = f.sgn(0) + f,0

Here, f, is Coulomb friction coefficient: f. =50[Nm]. f, is viscous friction coefficient: f, =

5[Nmsec]. m = 1.0 [kg]. { =1.0[m]. g = 9.8 [m/s?]
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4.1.2 Design of the controllers

ETDC is designed for simulation as follows:

Ty = Teery — MO—py + M0y + Kp (04 — 6) + Kp(84 — 0)] + AH(— (4.2)

AH( 1y = M[(Bac-1y = Oce-1)) + Ko (Bace-1) = Oe-1y) + Kp(Buace-1y = Oe-1)] + BH(e21

Parameters, M, K, and K, are setto 0.01, 20, and 100 respectively. In PD gain, natural frequency

is 10 [rad/sec] and critical damping is used. Also, time of sampling interval and time delay L are set

as 0.001 [sec] respectively.

NEW is designed as follows:

T(t) = T(t—L) - Mé(t—L) + M[éd + KD(éd - 9) + Kp(gd - 9)] + KCAH(t—L) (4.3)

AH(e_py = M[(8ace-1) = Oce-1)) + Kp(Oace-1) — O(e-1)) + Kp(Bace-1) = Oe-1y)] + AH(e—21y

Parameters, M, K, Kp, and K. are set to 0.095, 20, 100, and 0.1 respectively. In PD gain, natural

frequency is 10 [rad/sec] and critical damping is used. Also, time of sampling interval and time delay

L are set as 0.001 [sec] respectively.
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Desired trajectory is described by using fifth-order polynomial trajectory generation scheme as

follows [2]:

04(t) = ap + ait + apt? + ast3 + ast* + ast® (4.4)

ao = 60,
a, = 90,

8o
az =

2

20072000 (807+1280)t7—(360-05)tF

as

3 )
2t}
3000—300 7 +(140£+160 )t +(369—26 )t}
a4 = 2t% ’
f
1207-12600—(607+680 )t —(60—0f)t}
as = .

5
th

Where 6, is initial value of theta, 6, is final value of theta, and t; is finish time.

Values for each of the parameters in equation (4.4) are shown in table (4.1).

Desired input from equation (4.4) and table (4.1) is shown in figure 4.2. In the figure, (a) desired

trajectory and (b) desired velocity are described.
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Parameters
0, [Degree] 0 [Degree] tr [sec]
Time [sec]
0<t<5 0 30 5
5<t<10 30 0 10
10<t<15 0 -30 15
15<t<20 -30 0 20

Table 4.1 Desired values of trajectory for one link manipulator simulation

4.1.3 Results of the one link manipulator simulation

Results of simulation are represented in figure 4.3 when ETDC is applied to the one link

manipulator. In the figure, (a), (b), and (c) describe tracking error, velocity error, and input torque of

ETDC respectively. Results of simulation are represented in figure 4.4 when NEW is applied to the

one link manipulator. In the figure, (a), (b), and (c) describe tracking error, velocity error, and input

torque of NEW respectively. In the tracking error graph, errors like spike of ETDC and NEW occur in

about 0, 5, 10, and 15 [sec]. After the spikes of ETDC, tracking errors like noise fluctuate rapidly while
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tracking errors of NEW show relatively stable state. The noise like chattering problems of ETDC is

also shown in the velocity error and the torque graph. Control performance of ETDC is degraded by

the phenomena. Hence, ETDC is not suitable when precise control performance is required for robot

manipulators.
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Position [Degree|

Welocity [Degree/sec]|

(a) Desired Trajectory

TIME [sec]

(b) Desired Velocity

15 ; 1 : ! 1 ; ! 1 .'

W P ¥ i v W P P
i i W i i W i i
. P i P ' P

15 I i I i | I i | I
2 4 6 8 10 12 14 16 18 20
TIME [sec]

Fig. 4.2 Desired input for one link manipulator simulation:

(a) desired trajectory (b) desired velocity
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Error [Degree]

Velocity [Degree/sec|

Torque [Nm|

(@) Tracking Error

2 4 6 8 10 12 14 16 18 20

150

2 4 6 8 10 12 14 16 18 20
TIME [sec]

(C) Torque

100

o
o

-50

-100
0

2 4 6 8 10 12 14 16 18 20
TIME[sec]

Fig. 4.3 Simulation results of ETDC for one link manipulator:

(a) Tracking error (b) velocity error (c) torque
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Error [Degree]

Velocity [Degree/sec]

Tarque [Nm|

(@) Tracking Error

03

8 10 12 14 16 18 20

0.2

0.1

o

=}

=)
N

0.3 e
04 ] i i i i i
8 10 12 14 16 18 20
TIME [sec]
(C) Torque
150 T T T T T T
100
50
0
-50
-100
0 8 10 12 14 16 18 20
TIME[sec]

Fig. 4.4 Simulation results of NEW for one link manipulator:

(a) tracking error (b) velocity error (c) torque
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4.2 Two Links Robot Manipulator

NEW is applied to verify utility in multi joint manipulators. Here, two links robot manipulator is

used and described in figure 4.5. And ETDC and NEW are compared in terms of control performance.

4.2.1 Plant for the two links manipulator simulation

In this simulation, the plant includes Coulomb friction, viscous friction, Coriolis, centrifugal

effect, and gravity effect.

In figure 4.5, my, m,, l;, l,, and g are mass of the link 1, link 2, length of link 1, link2, and

acceleration of gravity respectively. Here, mass is assumed as concentrated mass at the end of each

link, and friction is influenced on each joint. Also, gravity is influenced in vertical directions.

Dynamics of robot manipulator is represented as follows:

M(0)0 +V(0,0) + G(6) + F(0,6) =1 (4.5)

Where,

_ [(my + myIF + myl3 4+ 2mylylc0s0, myl5 + mylyl,cos6,

M
myl3 + mylyl,c0s6, m,l3
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V — -_zelézmzl%lzsinez - é%mzlllzsingz
02m,l, ,sind,
G= [(m, + m;)glicos8, + m,gl,cos(6, + 92)]
m,gl,cos(6; + 6,)
F= Efv1'é1 + fc159”(§1)
[ f1202 + fe2s9n(03)

Here, f. is Coulomb friction coefficient: f., = f., =1[Nm]. f, is viscous friction coefficient:

for = foz = 1[Nmsec]. m; =m, =1.0[kg]. ;, =1, =1.0[m]. g=9.81[m/s?]

Fig. 4.5 Two links robot manipulator
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4.2.2 Design of the controllers

ETDC for this simulation is designed as follows:

Ty = Te-ry — MO_py + M|y + Kp (84 — 00)) + Kp(8acr) — ()] + AH(ey) (4.6)

AH(_1) = M[(84¢-1) = (1)) + Kp(Oa(e-1) = O¢e-1)) + Kp(Bace-1) — Oe-1))] + AH(e—2p)

Where M consist of M;; = 0.118 and M,, = 0.159. Kp=20l and K, = 100I. It means that natural

frequency is 10[rad/sec] and critical damping is used.

NEW is designed as follows:

Tty = Te-1y) — MOy + M[Ba(r) + Kp(8a(r) — () + Kp(Bacr) — 8(1y)] + KcAH(e ) (4.7)

A1) = M[(84¢-1) — (1)) + Kp(Oa(e-1) — Oce-1)) + Kp(Bace-1) — Oe-1y)] + AH(e—2p)

Where M consist of M;; = 0.359 and M,, = 0.300. Kp=20I, Kp = 1001, and K. = 0.11. Natural

frequency is 10[rad/sec] and critical damping is used.

Desired trajectory is described by using fifth-order polynomial trajectory generation scheme [2] as

follows:

041(t) = 045(t) = ay + ait + apt? + ast® + a,t* + ast® (4.8)
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ag = 90,

a, = 60,

bo
az = 7,

20052000 (86 7 +126 )t —(360—6)t}
a3 = 2t} ’

3000—300+(140 s +1600 )t s +(360—20)tF
- 2tf ’

 120,-1200—(60+600)t (8o -8 )t
2t3 |

Where 6, is initial value of theta, 6 is final value of theta, and ¢, is finish time.

Then, each value of parameters in equation (4.8) is shown in table 4.2.

Parameters
6, [Degree] ¢ [Degree] tr [sec]
Time [sec]
0<t<25 0 30 25
25<t<5 30 0 5
5<t<75 0 -30 7.5
75<t<10 -30 0 10

Table 4.2 Desired values of trajectory for two links manipulator simulation

- 43 -



Desired input from equation (4.8) and table (4.2) is shown in figure 4.6. In the figure, (a) desired

trajectory and (b) desired velocity are described.

4.2.3 Results of the two links manipulator simulation

Results of simulations are represented in figure 4.6 and 4.7. In two figures, (a), (b), and (c)

are tracking error, velocity error, and torque of joint 1 respectively. And (d), (e), and (f) are tracking

error, velocity error, and torque of joint 2 respectively.

Results of ETDC and NEW are shown in figure 4.6 and 4.7 respectively. In the figures, ETDC’s

errors like the spike in 2.5 and 7.5 [sec] are less than NEW. However, ETDC'’s errors in initial part are

shown like chattering problems. Also, initial parts of velocity error and torque of ETDC show that

values of velocity and torque are changed rapidly. Such phenomenon is not suitable when exquisite

control performance is required.
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In the two links manipulator on simulation, NEW is verified by the results. Hence, NEW is suitable to

application for multi-joint robots. In next chapter, NEW will be applied to six Degrees Of Freedom

(DOF) robot; Samsung FARAMAN AT2.
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Fig. 4.6 Desired input for two links manipulator: (a) desired trajectory (b) desired velocity
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Fig. 4.7 Simulation results of ETDC for two links manipulator:
(a) tracking error at joint 1 (b) velocity error at joint 1 (c) torque at joint 1

(d) tracking error at joint 2 (e) velocity error at joint 2 (f) torque at joint 2
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Fig. 4.8 Simulation results of NEW for two links manipulator:

(a) tracking error at joint 1 (b) velocity error at joint 1 (c) torque at joint 1

(d) tracking error at joint 2 (e) velocity error at joint 2 (f) torque at joint 2
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V . Experimentations

Six degree of freedom (DOF) robot is used for the experimentations to show control

performance. NEW'’s control performance is compared with ETDC’s control performance. In the

results, the noise including chattering problems is especially highlighted between tracking errors of

NEW and ETDC.

Composition of chapter 5 is as follows. Chapter 5.1, the robot system is explained in terms of

hardware and software. Chapter 5.2 shows NEW and ETDC being implemented with same gains:

M, K,, and Kp. Chapter 5.3 shows the characteristics of NEW when characteristic gain in NEW

changes. Chapter 5.4, NEW and ETDC are implemented in the 6 DOF robot: FARAMAN AT2.

Chapter shows the conclusion on above experimentations.
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5.1 Composition of System

AT2 robot with 6 DOF is shown in figure 5.1. Motor driver and industrial computer for

controlling the robot are shown in figure 5.2 and figure 5.3 respectively. And then, overall structure

of system is described in figure 5.4. Specification of this robot is represented in terms of mechanical

and electrical characteristics in table 5.1.

Industrial computer is included Fedora Core 5, Real Time Application Interface (RTAI)-3.4-CV, and

Linux Kernel 2.6.17. Here, Fedora Core 5 is not real time operating software. Therefore, Fedora is

combined with RTAI to become a real time operating system.

= .

Fig. 5.1 Six degree of freedom robot: FARAMAN AT?2
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Fig. 5.2 Motor driver: CSD 3 series

INDUSTRIAL COM

Fig. 5.3 Industrial computer
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Encoder

Motors in Robot

Industrial L

Computer
Control
input

Motor Derivers

Fig. 5.4 Overall structure of the robot system

Items Specifications
Robot type Vertical Articulated Robot
Degree of Freedom 6
Allowed weight 3kof
Repetition Accuracy +0.04mm
ARM length (MAX) 720mm
Joint 1 +160°(240°/s)
Joint 2 +150° ~ -45°(240°/s)
Operating range & Max
Joint 3 +80° ~ -200°(240°/s)
velocity
Joint 4 +200°(320°/s)
Joint 5 +120°(300°/s)
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Joint 6 +360°(480°/s)
Joint 4 8.17N.m
Allowed Moment Joint 5 8.8N.m
Joint 6 6.36N.m
Motor type AC servo motor
Encoder type Absolute encoder
Temperature 0 ~+40°C
Installation Environment Humidity 20 ~80%RH
Vibration Below 0.5G
BODY Approx. 34kg
Weight
CONTROLLER Approx. 25kg
CONTROLLER TYPE SRCP Series
Power Consumption 1.6KVA

Table 5.1 Specification of FARAMAN AT2 robot

5.2 First Experimentation: NEW and ETDC with same gains

The results of frequency response characteristics of NEW were discussed in chapter 3. In

the results, NEW is shown that robustness of NEW is better than ETDC in terms of the error in the

high frequency range. However, ETDC’s errors in low frequency range are less than the NEW. Hence,

NEW and ETDC with same gains such as M, K;, and K, will be implemented at joint six in AT2
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robot. And, the results of experimentation will be described with results of the frequency response

characteristics analysis.

5.2.1 Implementation

ETDC is designed to be implemented for joint six in AT2 robot as follows:

Ty = Teery — MO_py + M0y + Kp (04 — ) + Kp(84 — 0)] + AH(— (5.1)

AH(e_py = M([(8aqe-1) = Oe-1)) + Kp(Oace-1) = O(e-1)) + Kp(Bace-1) = Oe-1y)] + AH(e—21)

NEW is designed as follows:

T(t) = T(t—L) - Mé(t—L) + M[éd + KD(éd - 9) + Kp(gd - 9)] + KCAH(t—L) (5.2)

AH(e_py = M[(8ace-1) = Oce-1)) + Kp(Oace-1) — O(e-1)) + Kp(Bace-1) = Oe-1y)] + AH(e—21y

The values of M, K, and K, for both NEW and ETDC are set to 0.0008, 20, and 100 respectively.

The characteristic gain K, in NEW is set as 0.1. In PD gain, natural frequency is 10 [rad/sec] and

critical damping is used. Also, time of sampling interval and time delay L are set as 0.002 [sec]

respectively.
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Desired trajectory is described by using fifth-order polynomial trajectory generation scheme [2] as

follows:

04(t) = ap + ait + apt? + ast3 + ast* + ast® (5.3)
ap = 6,,
a, = 6,,
a; = 19'_0’

_2005-2000—(80+120,)tr—(360-67)t7

as = 3 )
2t}
3000—300+(1405+1600 )t s +(360—20)t 7
44 = 2t4 ’
f
1260 5-12600—(60+60,)t;—(Bo—6)t}
as = .

5

Where 6, is the initial value of angle. 6; is the final value of angle and ¢, is finish time.

Then, each value of parameters in equation (5.3) is shown in table 5.2.
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Parameters
0, [Degree] 0 [Degree] tr [sec]
Time [sec]
0<t<1 0 30 1
1<t<2 30 0 2
2<t<3 0 -30 3
3<t<4 -30 0 4

Table 5.2 Parameters of desired trajectory in first experimentation

5.2.2 Results

The left side of figure 5.5 shows the desired trajectory for this experimentation. The highest

position is positive 30 degrees at 1 [sec] and the lowest position is negative 30 degrees at 2 [sec]. The

right side of figure 5.5 represents the desired velocity. The fastest velocity is about positive 56

[degrees/sec] at 0.5 and 3.5 [sec]. The slowest velocity is about negative 56 [degrees/sec] at 1.5 and

2.5 [sec].
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Figure 5.6shows the results of tracking errors when ETDC and NEW are implemented at joint six of

AT2 robot. In the figure, when NEW is compared with ETDC in terms of the errors of relatively high

frequency, frequency range of the errors in NEW is relatively less than ETDC. This phenomenon is

similar to the results of frequency response characteristic described in chapter 3. The range of

general errors in NEW is wider than ETDC. This result is similar with experimentation of ETDC and

TDC. Cause of the result is related with the characteristic gain in NEW because the gain is set to 0.1

to be close to the characteristic of TDC. Hence, this experimentation properly shows the characteristic

of NEW and ETDC compared in frequency response characteristics analysis.
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(a) Desired Trajectory
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Fig. 5.5 Desired input for first experimentation: (a) desired trajectory (b) desired velocity

- 58 -



() Tracking Eror

Emor [degree]

08 i i i i i i i i i
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Time [sec]

(b) Velocity Emor
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(c) Torque
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Fig. 5.6 Results of ETDC in first experimentation:

(a) tracking error at joint 6 (b) velocity error at joint 6 (c) torque at joint 6
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(@) Tracking Ermor
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Fig. 5.7 Results of NEW in first experimentation:

(a) tracking error at joint 6 (b) velocity error at joint 6 (c) torque at joint 6
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5.3 Second Experimentation: NEW with various characteristic gains

This experimentation shows the effect of the characteristic gain of NEW. Range of the gain is

defined between 0 and 1. Here, when the gain is increased to be closer to 1 from 0.1. NEW is

implemented at joint six in AT2 like the previous experimentation. The results of this experimentation

are analyzed in terms of control performance and the noise including chattering problems.

5.3.1 Implementation

NEW is designed for this experimentation as follows:

T(t) = T(t—L) - Mé(t—L) + M[éd + KD(éd - 9) + Kp(gd - 9)] + KCAH(t—L) (5.4)

AH(e_py = M[(8ace-1) = Oce-1)) + Kp(Oace-1) — O(e-1)) + Kp(Bace-1) = Oe-1y)] + AH(e—21y

Parameters of NEW are described in table 5.3.

M, Ky, and K, in NEW used same values decided in the previous experimentation. In PD gain,

natural frequency is 10 [rad/sec] and critical damping is used. The gain K, is increased from 0.1 to

1.0. Also, the time of sampling interval and the time delay L are both set to 0.001 [sec].
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Case
1 2 3 4 5
Parameters
M 0.0008 0.0008 0.0008 0.0008 0.0008
K, 20 20 20 20 20
Kp 100 100 100 100 100
K, 0.1 0.3 0.5 0.7 0.9

Table 5.3 Parameters of NEW in second experimentation

Desired trajectory is described by using fifth-order polynomial trajectory generation scheme [2] as

follows:

04(t) = ag + ayt + a,t? + azt® + a,t* + ast®

ag = 90,
a, = 90,

bo
az =

-62 -

(5.5)



_2007-2000—(80+1200)t—(300-67)t}

az = 3
2t} ’
3000—300+(140 £ +1600 )t s +(360—20)t 7
Ay = 2tk )
f
1260512600 (60 +60,)tr—(Ho—b)t7
ag = .

5
2ty

Where 6, is the initial value of angle. 6, is the final value of angle and ¢, is finish time.

Then, each value of parameters in equation (5.5) is shown in table 5.2.

Parameters
6, [Degree] 6; [Degree] tr [sec]
Time [sec]
0<t<15 0 30 1.5
1.5<t<3 30 0 3
3<t<45 0 -30 45
45<t<6 -30 0 6

Table 5.4 Parameters of desired trajectory in second experimentation

5.3.2 Results

Figure 5.8 shows the desired trajectory for this experimentation. The highest position is positive 30

degrees at 1 [sec] and the lowest position is negative 30 degrees at 2 [sec]. Figure 5.9 shows the
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results of tracking errors when the characteristic gain is increased from 0.1 to 0.9. In the results, when

the gain is 0.1, peak point in positive error range is close to about 0.49. When the gain is 0.3, peak

point in positive error range is close to about 0.25. When the gain is 0.7, peak point in positive error

range is close to about 0.1. From above results, when the gain increases, overall range of the errors

is decreased. However, when the gain increases, frequency of errors including chattering is also

increased.
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Fig. 5.8 Desired input for second experimentation: (a) desired trajectory (b) desired velocity
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(a) Tracking Error with Various Characteristic Gains
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Fig. 5.9 Results of NEW in second experimentation:

(a) tracking error with various characteristic gains (b) torque with various characteristic gains
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5.4 Third Experimentation: NEW and ETDC with optimally tuned gains

This experimentation shows the comparison results of control performance in each controller

when the gains of NEW and ETDC are optimally tuned. NEW and ETDC are implemented for six

joints in AT2 robot. The results of this experimentation are analyzed in terms of control performance.

5.4.1 Implementation

ETDC is designed to implement in AT2 robot as follows:

Tty = Teory — MO_py + M|y + Kp(8a) — 0(r)) + Kp(8acr) — 8())] + AH(ey) (5.6)

A1) = M[(84¢-1) — (1)) + Kp(Oa(e-1) — Oce-1)) + Kp(Bace-1) — Oe-1y)] + AH(e—2p)

Here, M is 6 by 6 diagonal matrix and tuned from a tiny value. The value is described in table 5.5. In

PD gain, the natural frequency is 10 [rad/sec] with critical damping. Kp and Kp are set 20 and 100

respectively. Also, time of sampling interval and value of time delay are set as 0.002 [sec] respectively.

And, NEW is designed as follows:

-67 -



Ty = Teory — MO¢_py + M[B4¢) + Kp(8a) — 0ry) + Kp(Bace) — 8())] + KcAH(,_p) (5.7)

AH(—) = M[(8a¢-1y = 8¢e-1)) + Ko (Bage-1) = O-1y) + Ke(Bae-1) = 8¢e-n)] + AHe—21)
In parameters, values of M, Kp, Kp, and K. are shown in table 5.6. Here, K. is 6 by 6 diagonal
matrix and values of K is used as 0.1. NEW also used same natural frequency and critical damping

as ETDC. Also, the time of sampling interval and time delay L are both set to 0.002 [sec] respectively.

Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
M 0.0048 0.0041 0.0062 0.0042 0.00148 0.00075
Kp 20 20 20 20 20 20
Kp 100 100 100 100 100 100

Table 5.5 Parameters of ETDC in third experimentation
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Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
M 0.032 0.028 0.035 0.031 0.0118 0.0062
Kp 20 20 20 20 20 20
Kp 100 100 100 100 100 100
K¢ 0.1 0.1 0.1 0.1 0.1 0.1

Table 5.6 Parameters of NEW in third experimentation

Desired trajectory is described by using fifth-order polynomial trajectory generation scheme [2] as

follows:

04(t) = ap + ast + apt? + ast® + ast* + ast® (5.8)

ao = 60,
a, = 90,

8o
az =
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20052000 (86 7 +126 )t s —(300—6)t}
as = )

2t}
3000—300+(140 £ +1600 )t s +(360—20)t 7
A4 = 2t% ’
f
1260512600 (60 +60,)tr—(Ho—b)t7
ag = .

5

Where 6, is the initial value of angle. 6; is the final value of angle, and ¢, is the finish time.

Here, AT2 robot has 6 DOF. Therefore, each joint trajectory is set as 6. It means that 6 joints follow

the same trajectory: 6,; = 6,41 = 045 = 043 = 044 = 045 = O46.

Then, each value of parameters in equation (5.8) is shown in table 5.6.

Parameters
6, [Degree] 0¢ [Degree] tr [sec]
Time [sec]
0<t<?2 0 30 2
2<t<4 30 0 4
4<t<6 0 -30 6
6<t<8 -30 0 8

Table 5.7 Desired values of trajectory in third experimentation
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5.4.2 Results

In figure 5.10, the graph (a) shows desired trajectory for this experimentation. The highest

position is positive 30 degrees at 2 [sec] and the lowest position is negative 30 degrees at 6 [sec]. The

graph (b) shows desired velocity. The fastest velocity is about positive 28 [degrees/sec] at 1 and 7

[sec]. The slowest velocity is about negative 28 [degrees/sec] at 3 and 5 [sec]. Results of tracking

errors of ETDC are plotted in figure 5.11. In the figure, the graph (a), (b), (c), (d), (e), and (f) are

tracking errors at joint 1, 2, 3, 4, 5, and 6 respectively. Figure 5.12 represents the torque of each joint

in AT2 robot when ETDC is applied. Results of tracking errors in NEW are plotted in figure 5.13. In the

figure, the graph (a), (b), (c), (d), (e), and (f) are tracking errors at joint 1, 2, 3, 4, 5, and 6 respectively.

Figure 5.14 represents the torque of each joint in AT2 robot when NEW is applied. ETDC is compared

with NEW in terms of errors including chattering. NEW shows that robustness against the relatively

high frequency errors is better than ETDC. Especially, in joint 4 of figure 5.11 and 5.13, NEW shows

more enhanced performance than ETDC in terms of the noise like chattering problems and the

general range of the errors respectively. When NEW'’s error like the spike in early part of tracking error
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graph shown in figure 5.13 is compared with ETDC’s error in figure 5.11, the error of NEW is generally

less than ETDC. NEW error reduction is evident by figure 5.11 and 5.13. When the error at joint 4 in

figure 5.11 (-0.038) is compared to the error at joint 4 in figure 5.13 (-0.047). The comparison reveals

that error reduction of NEW over ETDC is about 19%. Therefore, NEW is generally better than ETDC

in terms of initial error.
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Fig. 5.10 Desired input for third experimentation: (a) desired trajectory (b) desired velocity
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Fig. 5.11 Tracking errors of ETDC in third experimentation:

(a) tracking error at joint 1 (b) tracking error at joint 2 (c) tracking error at joint 3

(d) tracking error at joint 4 (e) tracking error at joint 5 (f) tracking error at joint 6
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Fig. 5.12 Torque of ETDC in third experimentation:

(a) torque at joint 1 (b) torque at joint 2 (c) torque at joint 3

(d) torque at joint 4 (e) torque at joint 5 (f) torque at joint 6
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Fig. 5.13 Tracking errors of NEW in third experimentation:
(a) tracking error at joint 1 (b) tracking error at joint 2 (c) tracking error at joint 3

(d) tracking error at joint 4 (e) tracking error at joint 5 (f) tracking error at joint 6
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Fig. 5.14 Torque of NEW in third experimentation:
(a) torque at joint 1 (b) torque at joint 2 (c) torque at joint 3

(d) torque at joint 4 (e) torque at joint 5 (f) torque at joint 6
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5.5 Conclusion

In this chapter, three experimentations are shown to check the characteristic of NEW and

verify control performance of NEW by comparing ETDC. In the first experimentation, parameters of

NEW are same with parameters of ETDC except the characteristic gain of NEW because the gain is

not included in ETDC. Also, this experimentation properly explains the characteristic of NEW and

ETDC compared in frequency response characteristics analysis in chapter 3.

In the second experimentation, effects of the characteristic gain in NEW are shown when the gain is

increased from 0.1 to 1.0. Overall range of the errors is decreased in the results. However, the errors

like chattering problems are increased because characteristic of NEW is close to ETDC when the gain

is close to one.

In the third experimentation, NEW and ETDC are optimally tuned to show best performance of the

controllers. In the results, NEW is more robust than ETDC in terms of the errors including chattering.

Also, NEW generally shows better performance than ETDC in terms of the overall range of the errors

and the initial error respectively.

- 78 -



From above results, NEW’s control performance is more enhanced than control performance of

ETDC.

-79 -



VI . Conclusion

Robust Control techniques are one of several control schemes used to control plants with

modeling errors or model uncertainty to follow desired dynamic behavior. One type of robust controller

is Time Delay Control (TDC) [C] for robot manipulators. TDC uses Time Delay Estimation (TDE)

scheme to estimate the uncertainty of models such as disturbances and unknown dynamics. However,

control performance of TDC is degraded by TDE errors. Hence, an advanced research, Enhanced

Time Delay Control (ETDC) was developed by J. Y. Park and P. H. Chang in 2003 [A]. ETDC are more

accurate than TDC at the same sampling frequency.

ETDC shows better performance than TDC in the experimentation of a real system because ETDC

complements TDE errors in TDC. In comparing the advantages of TDC and ETDC, TDC is relatively

more robust in terms of noise including chattering. ETDC generally shows better performance in

terms of range of the tracking error than TDC.
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In order to alleviate the problems exhibited by ETDC, An Enhanced Time-Delay Control using a

Second-Order Time-Delay Estimation (NEW) is proposed. The new controller is based on ETDC.

Therefore, ETDC is analyzed in terms of different points between ETDC and TDC. Different point is

the TDE error term, and, the TDE error term in ETDC is analyzed. The term constantly accumulates

with previous TDE error term. In the analysis of frequency response characteristic of ETDC and TDC,

ETDC shows that the robustness of ETDC is better than TDC in terms of the errors in low frequency

range when TDE error is given as an input. However, in high frequency range, ETDC’s errors show

rapid fluctuation like an unstable state.

NEW contains the TDE error term derived in equation (2.22) to alleviate TDE errors when TDE

scheme is applied. And, the TDE error term in NEW combines with a certain gain. The gain is called

characteristic gain. By adding the gain, NEW can control values of TDE error term. Characteristics of

NEW are determined by tuning the characteristic gain in NEW. When the gain is close to zero, NEW

shows the characteristics of TDC. But, when the gain is close to one, NEW exhibits characteristics of

ETDC. The analysis of the frequency response characteristic, the characteristic gain in NEW is tuned
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to 0.1. Consequently, NEW shows that robustness of NEW is better than ETDC in high frequency

range.

In the three experimentations, NEW’s control performance is shown by comparing ETDC’s control

performance. In the first experimentation, NEW uses the same parameters as the ETDC, except for

the characteristic gain in NEW. The experimentation verified the frequency response characteristic of

NEW and ETDC. The second experimentation shows the effects of the characteristic gain of NEW.

Overall range of the errors of NEW decreases when the gain is increased from 0.1 to 1.0. However,

errors including chattering are increased because the characteristic of NEW is closer to ETDC when

the gain is close to one. In the third experimentation, the gains of NEW and ETDC are both optimally

tuned to show best performances. NEW is more robust than ETDC in terms of the errors including

chattering. Also, NEW generally shows better performance than ETDC in terms of the overall range of

the errors and the initial error.

From above results, the proposed controller’s effectiveness is verified. When NEW is applied to
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various real systems for precision control, NEW shows usefulness in terms of range of errors, noise

including chattering, and initial error.
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Appendix A

In appendix A, transfer function of TDC is derived from TDC's error dynamics (2.12).
é +Kpé + Kpe = M~ 'AH (2.12)
Equation (2.12) is represented in time domain as follows:
€ + Kpé() + Kpey = MT1AH (A1)
Laplace transform is applied to the error dynamics (A.1) with an assumption that time ¢ is
sufficient as follows:
s2E(s) + KpsE(s) + KpE(s) = M~1AH(s) (A2)
Where E(s) is Laplace transform of @4¢y — 6(: e(t)i E(s).
If each joint is individually analyzed, equation (A.2) can be described regarding arbitrary joint i
as follows:

(5% + Kpys + Kp)Ei(s) = My~ AH(s) (A3)
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Where M;;: ith diagonal element of M, K,;: ith diagonal element of Ky, Kp;: ith diagonal

element of Kp, E;(s): ith element of E(s), and AH;(s): ith element of AH(s).

Transfer function of TDC is described from equation (A.3) as follows:

= -1
Ei(s) _ M;;

AHi(s)  (s?+Kp;iS+Kpi;)
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Appendix B

Time Delay Control (TDC) compared with Enhanced Time Delay Control (ETDC) regarding
performance of tracking error in SAMSUNG FARAMAN AT2 robot.
TDC is designed to implement in AT2 robot as follows:
T = Tery — MBe_r) + M (84 + Kp(8g — ) + Kp (04 — 6)) (B.1)
Here, M is 6 by 6 diagonal matrix and tuned from nominal value. The values are described in
table B.1. In PD gain, natural frequency is 10 [rad/sec] with critical damping. Kp and Kp are set
20 and 100 respectively, and time of sampling interval is set to 0.002 [sec], and time delay . uses
time of sampling interval.
ETDC is designed as follows:
t=M[04 +Kp(6g— 0) + Kp(8q — 0)] + Hyy + AH(,_ ) (B.2)
Hy =11y — Mé(t—m

AH(,_1) = M[(84¢-1) — O(c—1)) + Kp(Oa(e-1) — Oce-1)) + Kp(Bae-r) — Oe-1y)] + AH(e—2p)
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In parameters, values for M, Kp, and Kp, are shown in table B.2. Here, M is 6 by 6 diagonal

matrix and tuned from nominal value. The values are described in table B.2. In PD gain, natural

frequency is 10 [rad/sec] with critical damping. Kp and Kp are set 20 and 100 respectively. Also,

sampling time is set to 0.002 [sec], and time delay . uses time of sampling interval.

Desired trajectory of TDC and ETDC is represented in figure B.1. Each desired trajectory is same

trajectory and the results are represented in figure B.2.

figure B.2, ETDC shows that range of tracking error reduced. However, ETDC shows the noise

including chattering.

-90 -



Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
M 0.0320 0.0280 0.0300 0.0300 0.0115 0.0062
Kp 20 20 20 20 20 20
Kp 100 100 100 100 100 100
Table B.1 Value of gains for TDC
Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
M 0.00480 0.00410 0.00620 0.00420 0.00148 0.00075
Kp 20 20 20 20 20 20
Kp 100 100 100 100 100 100

Table B.2 Value of gains for ETDC
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(a) Desired Trajectory
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TDC & ETDC at joint 2

TDC & ETDC at joint 1

e

RS SRR I

w - w
£ E
k-1 -3
® = ® g
wo—
b o W o k3
L) O
¥ & g B £
=+ = o = o - =
g ‘
Lar]
~”
o~
o~
- ot - : .
I i - I P -
= § Y e - g S8 e dg 3
c®s%s <2 %¢%4
Jfaplion3 JGapion3
o
T o
: @
uqqiqqls
. . ~
SN S
w
LEEEE —w
o u
¥ Bl
k=1 k=3 H
o el o u —
........................... W o w .w. ™ M
2 [3] 0 L& H @
5 T B : =
t £ oGl 1. E
.................... - o E = ;
H
B Bl
PR Fp e o -
H [ H
H : i H
i s T SRR LN Foeebe - ;
I JUUOS DUSUOR N A L. K.
m S~ - L
=+ ™ =] - L] L] = - = -t W om -
s o T @ 9 = ? @ g <

|Bapliosg |Gapliong |Gaploug

Fig. B.2 Tracking error of TDC and ETDC
-93 -



29

23 AU EeolHE AT AAAIAAF PR
|8 F4E NUALA

2% vy E#els = w9 vldF Aol (highly nonlinear), ¥4 H FHgo] A= sl
A # ¥ (strongly coupled)®d ZHEo|t}. welr, 28 SFAS A3 AAstr] A=
Basl vl AdgA| o7 7 oA "o, ey AARE old Aojr|E AAZTE RS

__?__
ofeg Wl ohet, Aoirle] TH ZHNAE MEEHCY. mebd F o dud TE

il

THAAME ZHE] vl Aol 9 eh(disturbance) ol gk Aloj7Ho] Q- =T},

olggt a7t F3& F U= AP oEA AFAAS ©]-&F Ao 7]H (Time Delay Control:
C)o] AFH AT, TDC &= EHES] oF X3 ol & REx= Hdy 5935 F4517]
218l AlZEA A5 (Time Delay Estimation: TDE)S o]-&3l= Aloj7]eltt. o] A7+ Aw7HA
MEE a5 Ao dagFol vete ©edt FRE YA R, o v/ fEed digh
G AAAS B, sHARE, TDE 1M ol&o®m, ARF Add dHI} =HE o] &3]
o], AIZIAA By wmE FYs EA, A9 Hard Nonlinearity % ®/F3F+= AA

ubZ&E (static friction)o]lyt ZFZFwE&E (coulomb friction)e] ZTHMEC & 7S, TC ¢

FN

Aol el AstHEs @S HAFEu. ol AAAFAE JIWe AR, A=

A A AF7G apell oJsfiA] Az Ao 7] o] s AtAIZ] Aolth. o] AAAFTA abE
BAEI Aol S ¢ A7 Aol7RE sAE AR A Ao (Enhanced Time Delay
Control: ETDC)7} A|RFE AT, FFE AZAAA A7 H S AybA o= AZEA A Ao 7] H el B,

=
d Ch. epARE, FdE AAAA ) 7IE S 7= ARREA AA o] 7 R ol vl

=z
= o

o
olr
o

1o

FN

AEE (chattering) Z2 @S HolEd. webd FgE AAAA 7 ol A=

A3ty A&, oA ATAAFHS o] &3 g H A 7FA] A A o] (Enhanced Time-Delay Control



ke
719

SHAIRE 1

¢
A AH

shel,

<]

=
fLE

Al

e HoFEr),
Q.

Al AA 7] 2]

E

Al (characteristic gain)o]2h
o] AlQle]l 0 o2 7HgA Aol HAS

A ZHA A A 0] 7] o]

=0 A
A

= O]
1o

=

7T

[

o

=
A4

ARA QA B3 A
%43

Kol
=

|

0 3 1 Ake] %k

< 7]E9]

A

L

<)
€

E

=

=2}
=

o]

AR QA7 o] Holw Ao]x
o] Aslel

3

o

A}
N QA7) Bk 95 o]

wHhom,
HolFEh,  wEkA

3k

using a Second-Order Time Delay Estimation)
L

o

)74 4 A0} 7]

.l

)E)l—

63:

7}

Al A A o] 7]

T

N

Al

AAZ 7]E9)

(TDE), A 7FA<A3A 2 X}F(TDE error),
_ 95 _

3

=z
T8

A e & (chattering)

Al o]
Al 7FA] A A o] (ETDC) ,

AREA A0 (TC), A17HA
R0

o]
o]:

X744 1 7)o 7] 9}
Ao}7]
o

[s1
oL



A 2

gm
N

=3
o

o

aj]

o]

FHAAY AE

-
R

oM 2gdeld uz

Tor

e

B!

file)

Yo, aga

3
H

NI olze] FAA A}

=
T

3

N
~

o[

ofp

|

o]
e

{Jz
=L

o] Rodrigo, Widya

o)

N

|
o
o

i

—_
jang
o

oR

o[

bl

ToR
B

s
NS

dow 7 ool

—_—

ek, o BlXl Rgos vk £2 9

- 06 -



’

o] ¥

R
i

el

AZ17F H A5

ot

)

—

O

o]
A

HpEky o 2

=
=

271

-97 -



Curriculum Vitae

Name : JinHo Do
Birth Date :July 31, 1985

Education

2011.3 ~ 2013. 8: Master of Robotics Engineering, Daegu Gyeongbuk Institute of Science and
Technology (DGIST), Korea

2003.3 ~ 2011. 2: Bachelor of Mechanical Engineering, Kumoh National Institute of Technology,
Korea.

- 08 -



- 99 -



	I . Introduction
	1.1 Research background and motivations
	1.2 Composition of thesis synopsis

	II . Literature Study
	2.1 Time Delay Control
	2.1.1 Outline
	2.1.2 Time Delay Control
	2.1.3 Time Delay Estimation Error

	2.2 Enhanced Time Delay Control
	2.2.1 Outline
	2.2.2 Enhanced Time Delay Control
	2.3.3 Time Delay Estimation Error Term
	2.2.4 Analysis


	III . Design and Analysis of Proposed Control
	3.1 Outline
	3.2 Design of the Proposed Control
	3.3 Analysis of the Proposed Control
	3.4 Discussion

	IV . Simulation
	4.1 One Link Robot Manipulator
	4.1.1 Plant for the one link manipulator simulation
	4.1.2 Design of the Controllers
	4.1.3 Results of the one link manipulator simulation

	4.2 Two Links Robot Manipulator
	4.2.1 Plant for the two links manipulator simulation
	4.2.2 Design of the Controllers
	4.2.3 Results of the two links manipulator simulation


	V . Experimentation
	5.1 Composition of System
	5.2 First Experimentation : NEW and ETDC with same gains
	5.2.1 Implementation
	5.2.2 Results

	5.3 Second Experimentation: NEW with various characteristic gains
	5.3.1 Implementation
	5.3.2 Results

	5.4 Third Experimentation: NEW and ETDC with optimally tuned gains
	5.4.1 Implementation
	5.4.2 Results

	5.5 Conclusion

	VI . Conclusion
	6 Conclusion



<startpage>12
I . Introduction 1
 1.1 Research background and motivations 1
 1.2 Composition of thesis synopsis 4
II . Literature Study 5
 2.1 Time Delay Control 5
  2.1.1 Outline 5
  2.1.2 Time Delay Control 6
  2.1.3 Time Delay Estimation Error 10
 2.2 Enhanced Time Delay Control 11
  2.2.1 Outline 11
  2.2.2 Enhanced Time Delay Control 12
  2.3.3 Time Delay Estimation Error Term 14
  2.2.4 Analysis 16
III . Design and Analysis of Proposed Control 21
 3.1 Outline 21
 3.2 Design of the Proposed Control 22
 3.3 Analysis of the Proposed Control 23
 3.4 Discussion 29
IV . Simulation 31
 4.1 One Link Robot Manipulator 31
  4.1.1 Plant for the one link manipulator simulation 31
  4.1.2 Design of the Controllers 33
  4.1.3 Results of the one link manipulator simulation 35
 4.2 Two Links Robot Manipulator 40
  4.2.1 Plant for the two links manipulator simulation 40
  4.2.2 Design of the Controllers 42
  4.2.3 Results of the two links manipulator simulation 44
V . Experimentation 50
 5.1 Composition of System 50
 5.2 First Experimentation : NEW and ETDC with same gains 53
  5.2.1 Implementation 54
  5.2.2 Results 56
 5.3 Second Experimentation: NEW with various characteristic gains 61
  5.3.1 Implementation 61
  5.3.2 Results 63
 5.4 Third Experimentation: NEW and ETDC with optimally tuned gains 67
  5.4.1 Implementation 67
  5.4.2 Results 71
 5.5 Conclusion 78
VI . Conclusion 80
 6 Conclusion 80
</body>

