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Disturbance/Uncertainty Estimator Based Integral Sliding-Mode Control

Burak Kurkcu

Abstract—A disturbance/uncertainty estimator based integral
sliding-mode control approach is introduced. Explicit mathemati-
cal expressions for robust stability, performance, and bandwidth
requirement are derived. The integral sliding-mode controller is
built to satisfy certain industrial criteria. It is integrated into the ro-
bustness analysis via its quasi-linear representation. The proposed
methodology is experimentally verified on a high-precision gimbal
control application. It is seen that the estimator works well and sig-
nificantly improves performance and robustness in the presence of
disturbances and uncertainties.

Index Terms—Disturbance/uncertainty estimator (D/UE), gimbal
control, integral sliding mode, robust stability (RS)/performance.

|. INTRODUCTION

Sliding-mode control (SMC) is a nonlinear control technique that
alters the dynamics of a system by application of a discontinuous
control signal that forces the system to “slide” along a stable manifold.
SMC methods date back to the 1950s [1] and have gained popularity
and maturity since the 1970s [2]. Numerous successful applications
and theoretical extension of SMC have taken place in the last decades,
which include integral SMC (ISMC) [3] and time-varying sliding-
surface design. [4]. SMC has also enjoyed success on nonlinear/time-
delay systems [5] and systems lacking full-state measurements [6].

It is well established that the common SMC methods are insensitive
against matched uncertainties and disturbances [7]. Unfortunately, this
property is lost for unmatched disturbances [8], which include many
practical systems where the uncertainties do not enter through the con-
trol channels [9]. A variety of control strategies, including a distributed
active antidisturbance control [10] and linear matrix inequality (LMI)-
based control [11], have been proposed to address the problems caused
by the mismatched uncertainties.

Combining SMC or other control techniques with strategies that
give estimates of uncertainties and disturbances has been a promising
direction. The disturbance observer (DO) [or disturbance/uncertainty
estimator (D/UE)] is one such strategy [12] together with its impor-
tant extensions such as the modified uncertainty/disturbance estimator
(MUDE) applicable to delayed systems [13]. Novel combinations of
SMC and DO have been proposed including a method to construct
sliding surfaces with disturbance estimation [14], the extension of this
method to a larger class of disturbances [15] and to memoryless and
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memory-based integral sliding surfaces [16]. These studies also reveal
that the ISMC handles mismatched uncertainties robustly and the DO
alleviates chattering effects while retaining nominal performance.

A recent review collects major results in the literature regarding
DO-based control (DOBC) [17]. Two research directions and open
problems are identified as: “How to analyze the robust stability (RS)
and performance for a designed DOBC strategy?” and “For a described
level of uncertainty, how to develop a strategy that requires a minimum
level of feedback or control bandwidth?”

These items constitute the main contribution of this study: Explicit
expressions for RS, performance, and bandwidth requirements (specif-
ically the overall control system bandwidth) are derived for a novel
DOBC strategy. This is made possible by combining ISMC with an
'H.-controller embedded within the D/UE. As such, the D/UE has a
unique form different from the usual Q-filter and plant inversion based
architecture. Other contributions include the introduction of the total
equivalent disturbance (TED) framework and experimental verification
on an industrial gimbal system including comparison to state-of-the-art
DOBC methodologies.

[I. DISTURBANCE/UNCERTAINTY ESTIMATOR
A. Definition of Equivalent Input Disturbance (EID)

The concept of EID is reviewed briefly as it will help the development
later. The general representation of an LTI system injected with a
disturbance through an unknown channel B, d(t) is given as

Yo (t) == CJJU (t) (1)

where A € R"*", B R"™', By ¢ R"*"¢, C € R, z(t) €
R™ yo(t) € R,u(t) € IR, and d(t) € IR"**'. This case is called
mismatch condition for B # By.

Assumption 1: (A, B, C) has no poles or zeros on the imaginary
axis, the pair (A, B) is controllable, the pair (A, C') is observable and
A has no eigenvalue in the right-half-plane.

Assumption 2: B is full column rank so that the psuedoinverse
B* := (BT B) ! BT exists.

Let (X, X, ) be a o-finite measure space, over which L; denotes
all integrable functions, i.e., [} | f|dp < co. Similarly L., denotes all
functions that are essentially bounded, i.e., 3M |f| < M < oo. This
study deals with real functions defined almost everywhere so f € L,
simply means [, |f|dz < oo and f € L, means esssupy | f| < oc.

Assumption 3: The disturbance of the system in (1) is bounded and
integrable, i.e., d € Ly N L.

Remark 1: Assumption 1 is necessary to achieve output tracking.
Assumption 2 guarantees the existence of BT . Assumption 3 assures
the integrability and boundedness of disturbances.

An equivalent LTI system, where disturbances enter only through
the input channels, is given in

B(t) = Ax(t) + B (u(t) + dea (t)), y(t) =Cz(t) ()

where z(t) € R"*',y(t) € R and d.q(t) := B* B;d(t) € R. This
form is called the matching condition as d.q is additive to u.

T (t) = Ax (t) + Bu(t) + B,jd(t),
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Fig. 1.

Configuration of the overall proposed control system.

Definition 1: Consider the output y, of system (1) and the output
y of system (2) under zero input . = 0. The disturbance d,q is called
EID if y, (¢t) = y(¢) for V¢ > 0.

Lemma I (see [18]): Under Assumptions 1-3, there always exists
an EID satisfying Definition 1.

Based on the discussion in this section, the plant will be taken to be
in the EID form (2) for the rest of this paper.

B. Disturbance/Uncertainty Estimator

The configuration for overall proposed estimator system is illustrated
in Fig. 1, where K is the main controller, K, is the controller for the
observer (i.e., D/UE), e(t) € IR is the observer error, u(t) € IR is the
output generated by the main controller, % (¢) € IR is the estimation of
the D/UE. The proposed system includes two separate feedback loops:
The top-left one is a unity-feedback system built via ISMC (K). The
bottom-right one is the D/UE, within which the signal  is the estimated
disturbances and uncertainties. The perturbed plant P is defined as

Pe{PA+AW;) | V|Ale <1} A3)

where W7 denotes robustness weight function that is stable strictly
proper and A is any unstructured uncertainty function. The nominal
plant P can be represented as

P=C(sI - A)'B. “)

In the following, we establish some results based on Fig. 1, which will
be used to analyze the behavior of the proposed D/UE-based control
system.

Lemma 2: The estimation produced by the D/UE can be written in
terms of the complementary sensitivity function of the observer part
Tobs =1~ Sobs = PKnbs(]- + PKobs)71 as

U= Tobs (AWTutot + ded + AI/VTded) . (5)
Proof: From Fig. 1, one can write
Yr = P(utot + dcd)>

Yn = Putot: Yobs = Pa. (6)

E=Yr —Yn — Yobs = Putot - Putot + }Sd(‘,d — Pu

= obs(yr - yn) = Snbs((p - P)utot + Pdcd)~ (7)
where S, = (1 4+ PK,p,s)~!. Reorganizing (7) yields
Pi = Tol)sP(AWT Utot + ded + AI/VT ded) (8)

and for P # 0 this implies (5). |

Remark 2: Due to Assumption 1, it is possible to design K
such that £(¢) — 0 in the desired frequency range. This design will be
carried out in Section III-A via H.,-control. Lemma 2 states that the
estimation of the disturbances/uncertainties depend on the sensitivity
function of observer part, i.e., Sops (or 75,5 ). By shaping this function,

Fig.2. Block diagrams of the nominal and perturbed systems. (a) Nom-
inal system. (b) Perturbed system. (c) TED form of the perturbed system.

one can control various estimation characteristics. For instance, one
can adjust the bandwidth by having T, (jw) ~ 1 for frequencies,
where full estimation is desired. As another example, if no overshoot
in estimation is desired, one can impose || Tops |l < 1.

C. Total Equivalent Disturbance

A consequence of Lemma 2 is that the D/UE estimates a signal of
the form (5), which is not only the disturbance d.q but also some effect
brought upon by the uncertainty AWr . Thus, from the viewpoint of
the estimator, the effective disturbance is more than just d.q, which we
formalize in this section.

Definition 2: Consider the nominal system in Fig. 2 (a) and the
perturbed system subject to disturbance d.q in Fig. 2(b). The TED is
defined as

dtot = Jed + ded (9)
where
dea = (14+ AW 'AWru . (10)

The residual disturbance d,.s is defined as the difference between
the total disturbance d;,; and the estimation u, i.e., d;cs = dio — U.
Finally, the perturbed residual disturbance is defined as

dros = (1 + AWy )dyes - (11)

Lemma 3: Under Definition 2, the perturbed system in Fig. 2(b)
and the alternative form in Fig. 2(c) are equivalent.

Proof: Clearly Fig. 2(b) and (c) would be equivalent if a given input
produces the same y, in both cases. For Fig. 2(b)

Yr = P(l + AI/VT)(utot + dcd) . (12)

From the block diagram in Fig. 2(c) and using Definition 2
+ P(l + AWT)(dCd - ﬁ) = P(l + AWT)(U + dcd — ﬁ)

from where (12) follows. |
The TED concept allows restructuring Lemma 2 into the following
theorem.
Theorem 1: The estimation produced by the D/UE is

ﬁ’ - Tobs(l + AV[/T)(l + TobsAWT)ildtot' (13)
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Proof: Rewriting (5) with u,, = u — 4 yields
U= Tons(AWr (u — @) + deq + AWrdeq).
Grouping terms with @
(1 + Tons AWr )t = Tops (AWru + (1 4+ AWrp)deq) -
Solving for @, we obtain
0 = Tops D(AWru + (1 + AWr)doq)
= Tons (1 + AW)D((1 4+ AWr) " AW u + dog)
where D := (1 + T,,s AWy )~!. Utilizing Definition 2 yields
@ = Tops (1 + AWr)D(deq + doa) = Tops (1 + AWy ) Ddyy.-

The theorem states that the performance of the estimator depends
tightly on the bandwidth of the estimator (w,}s) expressed in the fol-
lowing equivalent forms:

Within the BW < Thps & 16 Sops 2 0 9 w < wops (14)
Out of the BW & T, = 0 < Sohs ~1lEew> wons (15)
Transition < Tops, Sobs # {0, 1} < w close to wops - (16)

Based on these comments and Theorem 1, the following remark is
useful.

Remark 3: Within its bandwidth, the D/UE perfectly estimates the
total disturbance since 4 = dy, if T,,s = 1. From Fig. 2(c), it is clear
that d,s = (1+ AWy )d,es = 0. In this case, Fig. 2(c) reduces to (a).
So within its bandwidth, the D/UE makes the perturbed system behave
as the nominal system. Outside its bandwidth, the estimate of the D/UE
is zero since 4 = 0 for T,},s = 0. Thus, the system behaves as if there
was no D/UE.

Ill. CONTROLLER DESIGN

The main task of control system design is to satisfy the robust per-
formance objective. For robust performance, the following two expres-
sions must hold true at the same time

[WrT|l <1 and |WpPS|, <1 (17)

where Wp is the performance weight, S = (1 + PK)~! is the sen-
sitivity function, 7= PK (1 + PK)™! is the complementary sensi-
tivity function, and S is the sensitivity function for all possible plants
(S = (1+ PK )~1). The first equality in (17) by itself is the RS crite-
rion [19].

A. Design Procedure for K,,s Using H.., Control

This synthesis of K, is based on the model-matching approach
that is defined in [19]. The model matching problem is to find the
minimum model-matching error for

fY(th = I‘C[?lulr? ”Tl - T2 Qim”oo (18)
where Q;, is a stable yet possibly improper transfer function that
satisfies (18) and 77,75 € €2, where (2 denotes the family of all sta-
ble, proper, and real-valued rational transfer functions. In addition, 7%
should have no zeros on the imaginary axis. As seen in Fig. 1, K
only acts on the nominal plant P. Since estimation of high-frequency
disturbances/uncertainties are not of interest, the output of K},5 should
be shaped by a weighing function W, . Thus, the robust performance
criterion for designing K, is rearranged as

[We Sobs | + W Kobs Sons |2 ||, < 1/2 (19)

where Wy, is the control input weight. A coprime factorization for S,
and Ty, exists as

Sobs = JM-(Y - NQ): Tons = N(X + AIQ) (20)

where X, Y, M, and N are polynomials used in the coprime fac-
torization of the plant. () is any function belonging to ). After the
performance weight Wp, control input weight 1, and the nominal
plant are defined, the control system design procedure is carried out in
the following steps:
1) First, the coprime factorization of plant is obtained.
2) A transfer function @, that minimizes the modified robust perfor-
mance problem

IWp MY — NQun) + Wy M(X + MQun)* |l < 1/2
is obtained. This expression can be simplified by defining
Ry :=WpMY, Ry:=WpMN
Sy =WyMX, Sy :=WyMM (21)
which yields
IRy — RoQiml|* + [S1 — S2Qim|* ||, < 1/2. (22)

3

~

Equation (22) is a quadratic function of Q;,,,. To employ the model-
matching algorithm, (22) needs to be transformed into the follow-
ing form

U1 = UsQim|* + Us |l < 1/2 (23)

where U; and U, are stable, proper, real-rational transfer functions,
and U; is a real-rational transfer function with U3 = Us, where
U, denotes Us (—s). The functions U; and U, can be expanded as
follows:

— — —1
Uy := (RyRy + 5251)F Vip, Us =: FViyp (24)

where F}; denotes the spectral factor of the function F' := R, R, +
S5 S, . In addition, F' has no zeros or poles on the imaginary axis,
F = F and F(0) > 0. V,, denotes an arbitrary all-pass function
such that U; € €. The function Uj is in the form

Us = (WP WPWU WU)(WP Wp + WU VVU)71 (25)

where Wp denotes Wp(—s) and W denotes Wy (—s). If
IUs ]| > 0.5, the model-matching problem is not solvable.
4) The final model-matching problem can be obtained from (23) as

HU471 Ul - U471U2Qi!!1“00 < 13 Yw (26)

where U, denotes a spectral factor of 15 — Us.

5) With T, := U, ' U,, Ty := U, "' U,, inequality (26) is of the form
(18), which can be solved for Q.

6) It must be checked that );,, and the final form of () are proper. If
not, one can multiply Q;,, with a suitable low-pass filter to satisfy
1Ty =@ < 1.

7) The controller K, is obtained for internal stability through
Youla—Kucera parameterization

Kobs = (X + MQ)/(Y — NQ). (27)

The design procedure described by the above-mentioned steps usu-
ally produces a satisfactory solution. However, the resulting controller
is generally high order, which might cause difficulties in physical im-
plementation. Some model reduction techniques could be useful at this
point.
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B. ISMC Design for K

The reference tracking problem using integral sliding mode (ISMC)
is now considered. The controller design is performed utilizing the
equivalent disturbance form of the system in Fig. 2(c). Note that
the D/UE already cancels the disturbances in a target frequency
range, easing the workload of the ISMC. Some residuals may still
remain, however, especially at higher frequencies, as well as distur-
bances/uncertainties not captured by the EID [14]. In this fashion, the
D/UE and ISMC complement each other in an overlapping way, pos-
sibly creating some redundancy desirable in critical industrial/military
systems.

Let the transfer function of the plant be

s™Mm +b18m71+"'
s" 4 apstTl 4

+ by,
+ a,

(28)

with n < m and r = n — m being the relative degree. The system can
be written in normal form

éi = Ci+17
ér =R,z+ S5,(+ au,

z=B,z+ P,(, i=1,...,r—1

y==Q (29)

where the subscript n stands for normal form and

C:: [Clw"v(r}T

Assumption 4: Without loss of generality, we assume o > 0; if not,
one can redefine o «+— —« and v «+— —u, which leaves (29) unchanged.

Assumption 5: The system (29) is assumed to be minimum phase
for the output tracking to be possible. (Exact tracking of the output is
not possible if the assumption fails, though acceptable results may still
be possible.)

The form (29) can be viewed as an interconnection of two blocks.
The z-system is called the zero dynamics. This system has input y = ¢y
and is stable due to Assumption 1. Thus, the control design effort can be
concentrated on the (-system. The perturbed (-system can be expressed
compactly as

= [y7y7 . '7y<’r71)}T‘

(W =fralutds), y=a (30)
where f := f(z,{) = R,z + S, ( and dres is a matched disturbance
as shown in Fig. 2(c). The sliding manifold is defined in operator
notation as

=D+ Ar) (er) (31)
where A > 0, D := d{ ser = [e,e:=y—ys=C —ya,and yg is
the desired trajectory. The definition of (31) that on the sliding surface
imposes, i.e., for o = 0, e; and its derivatives (including e = y — y,)
converge asymptotically to achieve y — yg.

The initial state e; (0) of the integrator element can be tailored to start
the system directly on the sliding manifold at £ = 0 and this removes
the reaching phase. This is desirable as the system is more susceptible
to noises and uncertainties during this phase [3].

Theorem 2: Let the sliding manifold o be defined as in (31). Let
the integrator initial condition be

r—1
—k—1 (k)
(k+1)}“ e (0). (32)
k=0
where (, ", ) is the binomial coefficient indexed by r and k + 1. Then,

o(0) = 0.

3943
e |
e 1 | € o sgn(o) | —k, | ' U
— = (s+A)" [—> sgn —
1 N Qo 1
Fig. 3. Inner structure of the ISMC block K.

Proof: The sliding manifold o in (31) can be written as
o= (D+1) (er) = Z (Z))\T—ke(lk)_
k=0
Att =0

a5 (1o

=2e/(0)+ > (k: l)x"*“*le“)(o).

k=0

Equating to zero and solving for e; (0)

A <§ <k i . )A"‘le(“(o))

from which (32) follows directly. |
The time derivative of the sliding manifold (31) is

6[(0) ==

r r r—k .

a:(D+A)e:kZO(k)A Felk) (33)

r—1
AR (,:)M*ke“') (34)

k=0

-1
—f+a (u+ cires) y) Z < )y—kew, 35)
The ideal input choice to achieve ¢ = 0 would be
.1 ( ) N (7 gk o)
Uigeal = —res + > —f+y, - Z (k))» € (36)
k=0

but this input may not be used directly, because of the following prac-
tical limitations related to industrial systems.

1) The perturbed residual disturbance cim is unknown. In addition,
while the plant uncertainties are ideally absorbed into circs, in prac-
tice some residuals may remain. Hence, differences may arise be-
tween the actual values of o and f and those used in the con-
troller (i.e., those of the nominal plant). We denote the latter by «vy
and f.

2) Incertain applications, it may be infeasible to modify the controller
block structure in Fig. 1. That is, only the tracking errore = y — y,
is fed to the controller and no additional information (e.g., plant
states, reference signal) can be utilized (Derivatives of the error
() are required to compute the sliding surface o but it is possible
to obtain these from e using robust differentiation methods [20] or
bandlimited differentiation as described in the following section.).

Theorem 3: The following control law with the block diagram given
in Fig. 3 achieves tracking of y, under both constraints 1 and 2 listed
earlier:

u = —a—osgn(a) (37)

0
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where
ko >at fT+ad" +a’y; +a"ut +aty (38)
and
ag/a<at, |l < Jdel <dTs ly < yh
r—1
Z (Z))f’kem <u", n>0. (39)
k=0

Proof: Defining V = %02 and differentiating
V=¢0= (f+a(u+(fres) —yy) +U)a

where U :=

2;10 (IZ) A"~ elk) | Substituting (37)

. - . - «
V= fJ—O—ozd,esor—y,(, o+ TUo — —kolo|.
QY

To achieve V = 60 < —n|o| for a given n > 0, it must hold that
el 5 . ~ a
ky > —O‘eradresfyfl ) +U‘+f0n.
a «

Using triangle inequality, a higher bound can be obtained; so choos-
ing ky as in the following equation will satisfy the above-mentioned
condition

Qo Qg r
ko>7‘f‘+0{0 drcs +7}y((1)
« (0%

+ 2 |0]+ 2.
« «

Using the bounds defined in (39), it is clear that one can choose &
as defined in (38) to satisfy the above-mentioned expression. Hence,
follows the statement of the theorem. ]

Remark 4: At this point, it is useful to note once again how the
D/UE improves the ISMC design. If good estimates are provided for
disturbances/uncertainties, the bounds o™, d* will be small. From (38),
this enables using a smaller gain for k. This reduces the switching gain
of the ISMC, alleviating high-gain related problems, such as chattering.
A similar approach has been employed in [14].

C. Quasi-Linear Representation of the System

The describing function N (A*, s) for a nonlinear system is essen-
tially the equivalent of frequency response but it can depend on both
the amplitude and frequency of an input sinusoid A* sin (wt). The fre-
quency domain representation of the sliding-mode controller (37) with
block diagram shown in Fig. 3 can be expressed as

ko

U(A*,s) = fa—ON(A*, s)o(s)

(40)

where N (A*, s) is the describing function of the nonlinearity, i.e., the
signum function. From (31)

o(s) =(s+2)"Er(s) = (s +2)

E(s). (1)
S

Substituting (41) into (40) yields

UAr,s) = R0

(&%)

(A", 5)(s + )" Eis). (42)

The describing function of the signum function can be derived as
in [21], which is

N(A*,5) = N(A*) = 4/(7A"). 43)

Substituting (43) into (42) gives the quasi-linear transfer function for
the sliding-mode controller as

dky (s+ )"

K(A",5) = T rATq s

(44)

To alleviate chattering, it is common to replace the sign function sgn (o)
with sat (0/¢), i.e., a saturation function with boundary layer thickness
¢. Its describing function can be derived as in [21], which is

1 %

. ‘ ‘ , .45
Q%r [sin’l(%) + =y /1- j—zz} , A >0

Also, in addition to being highly sensitive to noise, the numerical
differentiation in the definition of the sliding surface o could resultin an
improper transfer function, which is problematic for implementation.
For this reason, a bandlimited derivative is frequently employed, i.e.,

o(s) = <5/Nf% + A)T Er(s)

is used in place of (41) where Ny > 0. Substituting (45) and (46)
into (40) and carrying out the computations yield

N(A") =

(46)

_nkt)d) Kl (8)7 A* S ¢
KA s)=1 . 47
— K (s), A > 9
where
1 S "
Ky (s) = [Sinl (%) + % 1- % Ki(s). (48)

The quasi-linear transfer functions (44) and (47) can be thought of as a
family of regular transfer functions parameterized by A*. The frequency
characteristics of the closed-loop system under the ISMC (37) can be
obtained through multiple runs varying A* within a range of interest.
The importance of this approach is that the ISMC can be integrated into
the frequency-domain RS/performance analysis to be carried out in the
succeeding sections. To simplify the notation in the rest of the paper,
we shall drop the arguments A* and s and simply use K to denote the
quasi-linear transfer function of the controller.

D. Robustness Improvement of the Proposed System

The proposed D/UE has important benefits against distur-
bances/uncertainties as captured by the following theorems.
Theorem 4: With the usage of proposed D/UE, the RS condition
for the system is

Sobs

—_— <1.
1-— |WTTobs‘

‘ ’ WpT (49)

‘ o0

Proof: Let L, = PK denote the loop transfer function for the
nominal plant. For the design of K, the nominal closed-loop [see
Fig. 2(a)] is also stable so the Nyquist plot for L, does not encircle the
point —1 + j50. Let IA/I, be the loop transfer function for the perturbed
plant in Fig. 2(b). It is clear from Fig. 2(b) that ﬁp is indeed the transfer
function from e to y,, i.e.,

L, = PKD = PK + PKWy S, DA
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where D = (1 + T,,; AWy )~!. Since the set of all possible plants is = o T Lo g
norm-bounded, following statements must hold for RS: = S ~N
S 20 o0 4
~ ~ = T
RS [14+L,|#0 & |14+L,[>0 5 Tobs
= 40 1
< |1+PK+PKWTSUMDA| >0 107" 1(30 16‘ 1(32 163 1‘0" 10°
R Frequency (rad/s)
for all w, L,, and A. For the worst case, A is such that the mag-
nitude is |A| = 1 and the phase is such that the terms 1+ PK and Fig. 4. Sensitivity and complementary sensitivity functions.

PKWy; S,,s DA have opposite signs. Thus
RS & |1+ PK|— |PKWzS,,sD| >0 Vw

& Wy Se,s DT| <1 Vw (50)
WT Sobi
—— T <1 Vw. 51
1 + Tobs Av‘/T “ ( )
To simplify further, note that
1 <14+ AWrTons| + [WrThns| Yw (52)
and therefore
1= |WrTons| <14+ AWrTos] Vw (53)
% SO bs W So hs
120 < Lol V. (54)
1 + TohsAWT 1- |WTT0bs‘
Using this final expression, it is clear that (51) holds if
WT Sobs ‘
— Ti<1 Yw
' 1- |WT Tobs'
which is the statement of the theorem. |

Theorem 5: With the use of the proposed D/UE, the robust perfor-
mance condition is

WP PSSobs

—_— < 1.
1-— |WTTobs‘

o0

(55)

Proof: The robust performance goal can be posed as minimizing
the effect of the disturbance on the output [19]. From the block diagram
in Fig. 2(c), one obtains the transfer function from Dy, to Y, as

Y, /Dyes = P(1+ AWyr)/(1+ PK) = PS. (56)
Expressing in terms of amplitude
[V, | = |PSDyes| = |PS(Dior — U)|. (57)
From Theorem 1
Y, | = | PS(1 = Tops(1 + AW ) D) Dyoy | = ’155501)5[90tot

where D = (14 T,,,AWy)~!. Arranging and weighing the error
with Wp
(WYo)/Dioi| = |(We PSS0) /(1 + Tons AWr)| - (58)

and requiring the expression to be less than unity for all frequencies
imply

‘WPPSSObSD(jw)‘ <1 VYw e R, VA, (59)
By the help of (52) and (53)
WP pssobs .
————(jw)| <1 Yw € R,VA 60
1-— ‘TobsWT | (j ) ( )
which justifies (55). |

IV. APPLICATION EXAMPLE: CONTROL OF A HIGH-PRECISION
GIMBAL SYSTEM

The proposed control architecture is implemented on a high-
precision gimbal system given in which is an official product of
ASELSAN, Inc. [22]. The goal is to keep the camera’s line-of-sight
fixed despite all the motion, vibration, and disturbances. The stable
nonminimum phase nominal plant that satisfies Assumptions 1, 2,
and 5 is

s+ 12.3
s+ 84153 +3 x 10°s2 + 3.8 x 1065 + 1.79 x 107

P:Oé()

where ay = 1.8 x 109, satisfying Assumption 4. This model was ob-
tained from experimental data using N4SID subspace system identi-
fication [23]. The input is the motor torque, the output is the gyro
signal for the elevation axis. Next, the maximum variation of the nom-
inal plant is obtained, for which the system identification process is
carried numerous times for different initial conditions, resulting in
Wy (s) = 2(s +40)/(s + 210). The performance requirements de-
fines that disturbance rejection up to 160 rad/s is required, the maxi-
mum possible disturbance imposed is 20 dB at 60 rad/s and closed-loop
bandwidth requirement is 165 rad/s. To meet these requirements, the
weights used for designing K5 are

[

k
s+ w, /Fe/M, } Fu

W —
s+ wykry/e > Wuas(s) [ skuy/e + w,

where w, = 27 60 rad/s is the cutoff frequency for S,y,s, M, = 1 limits
its gain to unity (thus no overshoot), w, = 2790 rad/s is the cutoff
frequency for KonsSons, My = 500 limits its gain, k, =1, k, =7
are filter degrees, and e = 0.0001 achieves approximate integral action.
Following the procedure in Section III-A, a solution was obtained with
Yopt = 0.95, which is close to the limit performance and S, being
very close to the weight Wp . Next, an ISMC is designed using the rules
in Sections I1I-B and III-C, followed by some experimental tuning. As a
result, the gain ky /ag and A are chosen as 1.75 and 20, respectively. For
practical implementation derivative filtering is utilized and the signum
function is replaced with saturation. The sensitivity/complementary
sensitivity functions of the nominal system and the D/UE are shown in
Fig. 4. Since a quasi-linear representation is utilized for K, multiple
lines appear for S and T". Each line corresponds to one of the ten equally
spaced values in the range A* € (0,15). The upper bound is chosen
to cover, with some safety margin, the highest amount of uncertainty
anticipated. The frequency response can be thought to lie within the
bounds of the family of lines seen in the figure. Fig. 5 shows the
control effort in comparison to what would happen without the D/UE.
First case is the control structure with no D/UE and sgn being used for
ISMC. Second is with no D/UE but sgn replaced by sat. Third is the
proposed structure with D/UE and sat. The results support the claims
in Remark 4. The RS and robust performance conditions as defined by
Theorems 4 and 5 are shown in Fig. 6 for the system with and without
the D/UE. It is seen that robust performance is achieved for the DOBC
case, but the condition is not met without the D/UE.
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Fig. 7. Angular displacement comparison (experimental). under a custom disturbance profile. Once again all methods perform

To benchmark the proposed method, a comparison is made with the
case when both K4 and K are designed via H-synthesis, instead
of K being designed with ISMC. Moreover, comparisons are also
made with two other state-of-the-art techniques, namely sliding-mode
observer (SMO) [24] and MUDE [13]. All methods were run with
various parameter variations and those resulting in the best performance
were selected for presentation here. The form of the SMO is

2(t) = Az(t) + Bu(t) — Gie, (t) + G, 0

where ¥ = —p(t,y,u)Pye, /|| Poey |, e, (t) := Cz(t) — y(t)is the es-
timation error, P is a symmetric positive definite matrix, and the scalar
function p(.) is the design parameter. The form of the MUDE is

U(s) =B (A, X + B, C — AX) —

where UDE := BT [(A — sI)X(s) + BU(s)e "*]G(s). Here, we
take 7 = 0 since the system is minimum-phase. Fig. 7 shows the angu-
lar displacement of the gimbal, which is a standard measure of gimbal
performance in vision applications, under the same environmental con-
dition for all methods considered. The proposed method also seems to
improve upon SMO and MUDE. The figure actually shows the worst
case performance for the proposed approach; the experiments were re-
peated numerous time for different initial conditions. It was observed
for all experiments that the proposed approach remains stable with ac-
ceptable performance, hence supporting Theorems 3—-5 experimentally.
The usefulness of the ISMC controller as the main controller is also
evident: The displacement is considerably higher when an H.-based
main controller is utilized.

As an extra comparison in Fig. 8 simulation results are presented to
evaluate only the D/UE parts. For simplicity, we focus only on distur-

BT"K.E + UDE

as desired. Note that the proposed method has no overshoot and it dis-
plays low settling time. It is straightforward to set such properties in
the proposed method through shaping 75,5 as described in Remark 2.

V. CONCLUSION

A novel D/UE-based ISMC approach is proposed. Explicit expres-
sions for RS, performance, and bandwidth were derived, which had
been proposed as open problems for DOBC systems. Common indus-
trial requirements are satisfied by the ISMC, whose quasi-linear rep-
resentation enables integration into robustness analysis. Experimental
and simulation results confirm that the proposed method performs well
in comparison to state-of-the-art DOBC methods.

REFERENCES

[1] S. V. Emelyanov, “A technique to develop complex control equations by
using only the error signal of control variable and its first derivative.”
Avtomatika i telemekhanika, vol. 18, no. 10, pp. 873-885, 1957.

[2] V. Utkin, “Survey paper variable structure systems with sliding modes,”
IEEE Trans. Automat. Control, vol. AC-22, no. 2, pp. 212-222, Apr. 1977.

[3] V. Utkin and J. Shi, “Integral sliding mode in systems operating under
uncertainty conditions,” in Proc. 35th IEEE Conf. Decis. Control. IEEE,
1996, vol. 4, pp. 4591-4596.

[4] M. L. Corradini and G. Orlando, “Linear unstable plants with saturating
actuators: robust stabilization by a time varying sliding surface,” Automat-
ica, vol. 43, no. 1, pp. 88-94, 2007.

[S] M. Yan and Y. Shi, “Robust discrete-time sliding mode control for un-

certain systems with time-varying state delay,” IET Control Theory Appl.,

vol. 2, no. 8, pp. 662—674, 2008.

C. Edwards, A. Akoachere, and S. K. Spurgeon, “Sliding-mode output

feedback controller design using linear matrix inequalities,” IEEE Trans.

Automat. Control, vol. 46, no. 1, pp. 115-119, Jan. 2001.

C. Edwards and S. K. Spurgeon, Sliding Mode Control: Theory and Ap-

plications. Boca Raton, FL, USA: CRC Press, 1998.

[6

—

[7

—



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 63, NO. 11, NOVEMBER 2018

3947

[8]

[10]

(11]

[12]

[13]

[14]

[15]

X. Yu and O. Kaynak, “Sliding-mode control with soft computing: A sur-
vey,” IEEE Trans. Ind. Electron., vol. 56, no. 9, pp. 3275-3285, Sep. 2009.
S. Li, H. Sun, J. Yang, and X. Yu, “Continuous finite-time output regu-
lation for disturbed systems under mismatching condition,” IEEE Trans.
Automat. Control, vol. 60, no. 1, pp. 277-282, Jan. 2015.

X. Wang, S. Li, X. Yu, and J. Yang, “Distributed active anti-disturbance
consensus for leader-follower higher-order multi-agent systems with mis-
matched disturbances,” IEEE Trans. Automat. Control, vol. 62, no. 11,
pp- 5795-5801, Nov. 2017.

H. H. Choi, “LMI-based sliding surface design for integral sliding mode
control of mismatched uncertain systems,” IEEE Trans. Automat. Control,
vol. 52, no. 4, pp. 736742, Apr. 2007.

W.-H. Chen, “Nonlinear disturbance observer-enhanced dynamic in-
version control of missiles,” J. Guid., Control, Dyn., vol. 26, no. 1,
pp. 161-166, 2003.

L. Sun, D. Li, Q.-C. Zhong, and K. Y. Lee, “Control of a class of industrial
processes with time delay based on a modified uncertainty and disturbance
estimator,” IEEE Trans. Ind. Electron., vol. 63, no. 11, pp. 7018-7028,
Nov. 2016.

J. Yang, S. Li, and X. Yu, “Sliding-mode control for systems with mis-
matched uncertainties via a disturbance observer,” IEEE Trans. Ind. Elec-
tron., vol. 60, no. 1, pp. 160-169, Jan. 2013.

D. Ginoya, P. Shendge, and S. Phadke, “Sliding mode control for mis-
matched uncertain systems using an extended disturbance observer,” I[EEE
Trans. Ind. Electron., vol. 4, no. 61, pp. 1983-1992, Apr. 2014.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

J.Zhang, X. Liu, Y. Xia, Z. Zuo, and Y. Wang, “Disturbance observer based
integral sliding mode control for systems with mismatched disturbances,”
IEEE Trans. Ind. Electron., vol. 63, no. 11, pp. 7040-7048, Nov. 2016.
W.-H. Chen, J. Yang, L. Guo, and S. Li, “Disturbance-observer-based
control and related Methods—An overview,” IEEE Trans. Ind. Electron.,
vol. 63, no. 2, pp. 1083-1095, Feb. 2016.

J.-H. She, M. Fang, Y. Ohyama, H. Hashimoto, and M. Wu, “Im-
proving disturbance-rejection performance based on an equivalent-input-
disturbance approach,” IEEE Trans. Ind. Electron., vol. 55, no. 1,
pp. 380-389, Jan. 2008.

J. C. Doyle, B. A. Francis, and A. R. Tannenbaum, Feedback Control
Theory. North Chelmsford, MA, USA: Courier Corporation, 2013.

A. Levant, “Higher-order sliding modes, differentiation and output-
feedback control,” Int. J. Control, vol. 76, no. 9/10, pp. 924-941, 2003.
J.-J. E. Slotine and W. Li, Applied Nonlinear Control. Englewood Cliffs,
NIJ, USA: Prentice-Hall, 1991.

B. Kiirk¢ii and C. Kasnakoglu, “Estimation of unknown disturbances in
gimbal systems,” Appl. Mech. Mater., vol. 789, pp. 951-956, 2015.

P. Van Overschee and B. De Moor, “N4SID: Subspace algorithms for the
identification of combined deterministic-stochastic systems,” Automatica,
vol. 30, no. 1, pp. 75-93, 1994.

C. Edwards, S. K. Spurgeon, and R. J. Patton, “Sliding mode observers
for fault detection and isolation,” Automatica, vol. 36, no. 4, pp. 541-553,
2000.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


