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Abstract: Mobile robots are widely employed in various fields to perform autonomous tasks. In
dynamic scenarios, localization fluctuations are unavoidable and obvious. However, common
controllers do not consider the impact of localization fluctuations, resulting in violent jittering or
poor trajectory tracking of the mobile robot. For this reason, this paper proposes an adaptive model
predictive control (MPC) with an accurate localization fluctuation assessment for mobile robots,
which balances the contradiction between precision and calculation efficiency of mobile robot control.
The distinctive features of the proposed MPC are three-fold: (1) Integrating variance and entropy—a
localization fluctuation estimation relying on fuzzy logic rules is proposed to enhance the accuracy
of the fluctuation assessment. (2) By using the Taylor expansion-based linearization method—a
modified kinematics model that considers that the external disturbance of localization fluctuation is
established to satisfy the iterative solution of the MPC method and reduce the computational burden.
(8) An improved MPC with an adaptive adjustment of predictive step size according to localization
fluctuation is proposed, which alleviates the disadvantage of a large amount of the MPC calculation
and improves the stability of the control system in dynamic scenes. Finally, verification experiments
of the real-life mobile robot are offered to verify the effectiveness of the presented MPC method.
Additionally, compared with PID, the tracking distance and angle error of the proposed method
decrease by 74.3% and 95.3%, respectively.

Keywords: model predictive control; mobile robots; localization fluctuations; fuzzy estimation

1. Introduction

Mobile robots are being progressively used in numerous scenarios such as unmanned
factories, logistics centers, and exhibition halls, thanks to their superior flexibility and
maneuverability [1-3]. For unmanned operations, autonomous navigation technology is
intuitively important for robots [4]. To follow a given trajectory, mobile robots have to
be able to control their pose precisely and robustly based on the localization results [5].
However, localization and control issues are often studied independently, leaving robot
control performers to be improved.

The control system needs accurate localization results as a reference to maintain good
trajectory-tracking accuracy [6]. In traditional control methods, kinematic or dynamic
modelling or the control theory have been given more attention, and localization results are
always seen as an absolute truth value [7,8]. However, in practice, mobile robots, whether
using vision-based or LiDAR-based localization solutions, are subject to noise interference
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from their external sensors, which may lead to fluctuations in localization [9,10]. If the
controller still treats the localization result as absolute truth, this can lead to severe jittering
or large tracking deviations. To this end, this paper solves the robust control problem of mobile
robots under the localization fluctuations, including the accurate localization fluctuation estimation
and the robust controller design.

Through the above analysis, to improve the operation accuracy of the four-wheel dif-
ferential mobile robot, this paper analyses the localization fluctuation state in the dynamic
scene and then realizes the adaptive adjustment of the predictive step size of the model
predictive control. Therefore, the operation adaptability of the four-wheel differential
mobile robot is improved.

(1) Integrating variance and information entropy—an enhanced localization fluctuation
estimation method based on fuzzy logic rules is proposed to improve the accuracy of
the fluctuation assessment.

(2) A modified kinematics model with external disturbance using the Taylor expansion-
based linearization is established, which is convenient for controller design under
localization fluctuations.

(3 An improved MPC with an adaptive adjustment of predictive step size related to
localization fluctuation is proposed, which ensures the stability of the control system
in dynamic scenes.

(4) The proposed method has been tested in real dynamic scenarios and compared with
mainstream methods, and its effectiveness has been demonstrated.

2. Related Works
2.1. Localization Fluctuation Estimation

The problem of localization can be divided into simultaneous localization and map
building (SLAM) and localization based on an a priori map, depending on the presence
or absence of an a priori map [11]. Mainstream SLAM methods such as ORB-SLAM [12]
and LEGO-LOAM [13] can generate a map of the environment while obtaining localization
results. However, this method is subject to cumulative errors and has poor real-time
performance. In contrast, a priori map-based localization provides accurate and efficient
positional information and is often used as a reference for control [11]. Bayesian filter-based
localization frameworks are currently the dominant approach using a priori map, such as
Kalman filtering or Monte Carlo localization (MCL) [14-16]. In particular, MCL is widely
used due to its ability to adapt to non-Gaussian non-linear scenarios [14,17]. Although
there is much research around the robustness of MCL, existing algorithms are not immune
to localization fluctuations in highly dynamic scenarios. The accurate description of the
localization fluctuations is of great significance for the design of subsequent navigation
systems. For this reason, Zapata et al. propose to use the maximum particle weight in
the MCL as a benchmark to determine the current localization reliability [18]. When the
maximum particle weight is less than the weight threshold, this is an indication that the
currently estimated pose is not reliable. Nevertheless, it is not robust to use the weight of
only one particle to measure localization reliability. In turn, variance and entropy values
are common in addition to valid metrics for estimating localization fluctuations, which take
into account the set of particles with weights in an integrated manner [19-21]. The variance
is well understood mathematically and physically—the larger the variance, the greater the
localization fluctuation—but is poorly described for localization data with multi-peaked
distributions. Higher information entropy indicates smaller differences in particle weights,
demonstrating greater uncertainty in localization. In particular, entropy is more accurate
for non-convex data evaluations [22,23]. However, relying solely on a numerical metric is
prone to misclassification. In this regard, the main objective of this paper is to design a robust
assessment method that integrates more localization fluctuation metrics into consideration.
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2.2. Mobile Robot Control

As one of the key modules, control technology has a great impact on the stability
and accuracy of mobile robots [24]. In the process of motion, it is usually subject to
external disturbances such as model uncertainty and parameter perturbation, resulting
in motion oscillation and deviation, and even skidding and rollover [25]. To suppress
disturbances, many scholars have made efforts to improve the performance of mobile bots.
For example, the literature [26] designs a sliding mode control (SMC) scheme based on a
reduced-order-extended-state observer, which realizes the active compensation of friction
under the condition of uncertain parameters and ensures the stability of an operation.
Through the smooth fitting of the path and design of MPC, the literature [27] realizes the
high-speed movement of the four-wheeled independently steering robot with action delay.
For the tracking problem of wheeled mobile robots with bounded disturbances and various
practical constraints, a robust MPC method is proposed to ensure the safety and comfort
during an operation [28]. At present, SMC and MPC have been the focus of research
because of their excellent characteristics in high-speed and high-precision motion control
methods [6,29,30]. Although SMC has the advantage of being insensitive to disturbances,
the oscillation produced by itself is difficult to be eliminated, which makes it difficult
to be widely used [31]. The gradual iterative optimization is brought by MPC, which
can well handle the model constraints caused by structure, dynamic system, etc., and is
conducive to achieving smooth motion [32,33]. This advantage improves the robustness of
the control. In the design process of existing MPC methods, the observed localization data
are usually treated as accurate values, which can ensure the stability of motion in static- or
high-localization accuracy scenes [34,35]. Therefore, in the dynamic scene, the design of the
controller needs to take into account the localization fluctuations, so as to avoid causing
motion oscillation. For this purpose, how to improve the robustness and accuracy of the controller
in the localization fluctuation scenario has become a key issue to be studied in our work.

3. System Modelling and Problem Formulation
3.1. System Modelling

Figure 1 shows the four-wheel differential platform model. The four-wheel differential
platform has good motion performance and can achieve zero radius turning by adjusting
the speed of the left and right wheels, which improves its adaptability to complex scenes.
As the special case of mobile robots, the general modelling method can improve the general
adaptability of the model [36,37]. Therefore, to further analyze the four-wheel differential
platform and improve its motion controllability, the following general kinematics model of
a mobile robot is given:

x=f(xu) 1

where x = [x,v,6]" is the state variable; u = [0, w]” represents the control variable, x and y
are the position of the mobile robot center point in the global fixed coordinate system, and
6 denotes the robot heading angle; v and w are the linear velocity and angular velocity of
the mobile robot, respectively. The Taylor formula is used to expand the nonlinear mobile
robot model at the reference point (X, u,) to obtain the linear model of the mobile robot, so
that the modelling accuracy can be guaranteed.
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Figure 1. The four-wheel model and single-track model of the considered INMD-MR.

At the same time, the linear model reduces the amount of computation, convenient for
the design of the controller and is conducive to the actual implementation. Furthermore, at
the Taylor expansion for Equation (1) at the point (x;, u,), we have:

X = fxrur) + fro (X = xr) + fu, (u—ur) + Oy )

where ), is the reference control input; u, denotes the calculated reference input, fy,(+)
and are coefficient matrices of function f(-) expanded at (x;, u,); O(r) is the higher order
remainder of the Taylor expansion. By defining e = x — X, we have

e= fye+ fuii+0O; 3)

where e represents the following error of the mobile robot; i = u — u, is the change of input
control law. In the actual motion process, it is difficult to realize the continuous control
of the mobile robot. Therefore, obtaining a discrete-time model of the four-wheel mobile
robot is necessary. Setting the sampling period as T, where

e(k+1) =e(k) + Te(k) 4)
where k is the sampling time. The above model is rewritten as
e(k+1) = A(k)e(k) + B(k)u (k) + O, (k) )

where,
1 0 —T-vu,sinb,(k)
A(k) = [0 1 T-v,cosb(k) ],B(k) =
00 1

T sin 6, (k)
0

(6)

Tcosbr(k) 0
0
T

Therefore, in order to improve the controllability of the four-wheel mobile robot, we
realized the linear modelling of the mobile robot kinematics model. This facilitates the
design of the controller and makes the control of the mobile robot simpler.

3.2. Localization Problem Formulation

The mobile robot localization problem is often regarded as a typical Bayesian esti-
mation problem. Bayesian filter-based localization algorithms solve robot localization
problems by estimating the probability distribution of robot poses in the pose space and
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assigning a probability to each possible hypothetical pose using a confidence level (Belief),
which is expressed as

B(sk) = p(sk|o1x, 1.4, M) 7)

where sy is the robot’s pose in the two-dimensional plane at time k, which can be expressed
as (Xg, Yk, Ox); xx and yj are the robot’s position, and 6y is the robot’s heading; 01, and
u1.x represent the sensor observations and motion control from the initial time to time &,
respectively; M is the a priori map.

According to the Markov hypothesis and Bayes rule, the Bayesian filter-based localiza-
tion method can recursively estimate the robot’s poses, but it involves a large number of
integral operations and nonlinear non-Gaussian features of the observation and motion
models, which make the efficient and accurate solution a concern. To this end, this paper
uses the MCL approach to compute Equation (7), which uses a particle set with weights to
represent B(s), i.e.,

Np
B(sp) ~ Y wlo(se— s ®)

np=1

N,

where the set of particles with weights is denoted as {<S,Enp],wl[(np ]>} " w,[:l” Vis the
np=1

weight of the n,-th particle S,Enp Vand N, means the total number of particles; s,[(np } can be

written as (xl[(n” ],y][:lp ], 9,[{””]) ; x,[(np ], y,[(np ] and 9,[;1” ] are the position and orientation of the

particle; 4(+) is the Dirichlet function. Usually, the particle with the highest weight is
selected as the current localization result.

4. Localization Fluctuations Estimation

Both variance and information entropy have their own unique advantages in express-
ing localization fluctuations and can reflect the characteristics of the particle set. However,
a single performance metric still has a large randomness that affects the accuracy of the
fluctuation assessment. To solve the above problems, a fuzzy logic rule incorporating
variance and entropy is proposed to evaluate the localization fluctuations. Localization
fluctuations are represented as follows:

Lf = [Lge Liy Lrol" = [fv(Ve) + fE(E), fry(Vy) + FE(E), fuo(Ve) + fe(E)]" (9)

xy 0V, <mVr g  O0<E<mEr
fvilVi) = S By mVri < Vi <V, fe(E) = { Be m3Er < E <m4Er (10)
Ay Vi <V; AE nsEr < E

where V; and E are the variance and entropy, respectively; i = x,y,6; fy;(V;) and fg;(E;)
are the localization fluctuation factors based on V; and E; ay, By, Ay, ag, B and Af are
the fluctuation parameters; 0 < ay < By < Ay and 0 < ag < Bg < Ag; 41, 12, 73 and 1
are the weight coefficient; 0 < 171 < 7 and 0 < 573 < #14; V17 and Er are the variance and
entropy threshold value, severally. L fisa three-dimensional vector [L Far L Fyr L fg]T that
represents the fluctuations of x, y, and 6. Meanwhile, Lf is determined by the variance and
entropy values, where the entropy values are only related to the particle weights, so all
three dimensions are set uniformly.

It is worth stating that the calculation of V; and E usually requires a series of localiza-
tion results over a period of time. However, it is not practical to perform a large number of
localization experiments in situ to determine the current localization fluctuation state, and
we would prefer to conduct the evaluation depending on the localization data at a certain
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T
Ly = [Lfx Lpy Lyo] =

N
time. Fortunately, the MCL result is expressed as a particle set {<le vl w][(n” ] > } ’ 50 that
np=

Vi and E can be represented as

n n 2 n irni -2
Vpx = ZW[ ' VPV = Zw "y U Ve = ) wi(6; —6,) (11)
i=1
Np
-y w,[cn”} logw,[(n”} (12)
np:l

N
where Vpi and EP are the variance and entropy from {<s][( r ],wl[(np ] >} ! . ; * denotes the
np=

mean value of the related particle’s pose.
Although V; and E can be reflected by the localization results at a certain time based

N,
on {<sl[(np }, w,[{np ] > } ! Y the exact relationship between V,;,
ny=

be indicated analytically. Fuzzy logic rules are an effective means to infer an output based
on input variables. Hence, we integrate V,;; and V; into a fuzzy formula using the following
fuzzy logic rules:

Vi, Ep and E are still difficult to

rulel: if 0<V, <V, then fyn = fvi(Vi) st 0<V; <mVr
rule2: if szZ < V < Vplg then fyip = fVl(Vz) st. mVy <V <mVg (13)
rule3: if Vyia § Vi then fyviz = fvi(V;) s.t. 1V <V,
where Vi1, Vyin, Vyiz and V)4 are fuzzy demarcation boundaries for Vy;; fyi1, fvis and fyis
are the fluctuation values based on variance.

Similarly, the fuzzy formula for describing the mapping relation between Ej, and E
can be written as

rulel: if O0<E,<Ep then fpy = fg(E) st. 0<E<mn3Er
rule2: if Ep <Ep <Ep then fpp = fp(E) s.t. m3Er < E <iyEr (14)
rule3: if Ep4 < Ep then frz = fE(E) s.t. naEr < E

where Epq, Epp, Eps and Epy are fuzzy demarcation boundaries for Ep; fr1, fe3 and fg3 are
the fluctuation values based on entropy.

For implementation, the boundaries V};; to V}i4 and Ep to Epg can be learned from a
mass of variance and entropy of localization results in different dynamic environments. As
the next step of a standard procedure of constructing a fuzzy logic system, defuzzification
is achieved by the weighted average method. Additionally, the fluctuation factor L is
obtained as follows:

I r r r T
Y Xmfvam 2 XmfEm X meVym Y XmfEm Z_: Xmfvem Z XmfEm
m—lr + m= 1r , :1r + mzlr , mflr + 1r (15)
X Xm X Xm Y Xm X Xm X Xm Y Xm
m=1 m=1 m=1 m=1 m=1 m=1

where  is the number of fuzzy rule bases; X, denotes the trigger strength of m-th rule. If
the V), or E, satisfies the fuzzy rule, then x, is 1. Otherwise, x is set as 0.
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5. Adaptive MPC Considering Localization Fluctuation

In order to realize the robust control of the four-wheel mobile robot, based on the state
space discrete model of Equation (5), we construct the cost function required in the optimal
control process

Np -
(k) 76)) = Y- le(k -+ i) PleCk+ 0] + X [k + 10 Rk + )] (16)
i=1 i=0

where J(-) is the cost function; e(k + i|k) and u(k + i|k) represent the error value and control
fluctuation value of time k + 1 predicted at time k, respectively; N, and N are prediction
and control horizon, respectively, and the value of the control horizon is not greater than
the prediction horizon; P and R are the weight matrix.

To ensure the feasibility of optimal prediction, the control variables of the prediction
process are as follows:

ﬁmin S ﬁ(k) S ﬁmax (17)
Umin < u(k) + Ti(k) < timax
Ormin S Or (k) S Ormax

where epin and emax are the minimum and maximum errors, respectively. #min and #max
are the minimum and maximum values of the control law increment, respectively. Oymin
and Ormax are the minimum and maximum perturbations, respectively.

Considering the existence of localization fluctuation, to ensure the stability of opera-
tion, N, and N, need to be further adjusted as follows:

Np = [kymax(Lg)] + kp

Ne = [kymax(Lg)] + ke (18)

where L is the estimated localization fluctuation value obtained from Equation (9), max()
is the maximum value function of a vector, k1, is the adjustment coefficient. k., k, € N is
the minimum adjustment coefficient. [X] is the maximum integer value not greater than X.
Considering the constraint state of the predictive control method, there are N < N,.

Furthermore, using the cost function of Equation (16), the following state equation of
the prediction horizon is obtained:

e(k) = F(k)u(k) 4 L(k)e(k) + G(k)ii(k — 1) + O, (k) (19)

with T
e(k) = [e(k+1]k),... e(k+ Np|k)]

(k) = [a(k+1]k),... i0(k+ N, —1]k)] T (20)
O,(k) = [0y (k+1[k),...,Op(k+ N, —1[k)] "

The coefficient matrix is expressed as:

B(k) .. 0
A(k+1)B(k) 0 o
ikt Np—1 i=k+Np-1

B(k+Np—1)+1l_ 1" A@)Bk) ... Bk+Np—1)+TIT_,q ~ A@)B(k+Nc)
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i=k+N,—1 T
L(k) = |A(k), A(k+1)A(k),..., H A(i) (22)
B(k)
B(k+1)+ A(k+1)B(k)
G(k) : (23)

Bk+ Ny —1) ...+ T3 A()B(k)

Therefore, in order to ensure the optimal operation process, the following optimization
objectives are obtained by combining Formulas (16), (17) and (19)

mine! (k)Pe(k) + @i (k)Rii(k) (24)

Considering modelling error and disturbance, Equation (19) is introduced into the
optimization objective (24), thus:

minO,T (k) PO, (k) + i (k)Rii(k)

(25)
subject to
min(emax — M(k), Ormax) < Oy (k) < max(emin — M(k), Ormin)
i < 0) < i @

Umin < Ll(k) + T”(k) < Umax

= F(k)u(k)L(k)e(k) — G(k)ii(k — 1) is the intermediate variable

By adjusting the above equation, the control law optimization under the scenario of
disturbance fluctuation is realized.

where M (k)

Furthermore, the stability proof of the designed controller is given as follows

Theorem 1. When the optimal control strategy of (19)-(25) is adopted and the following conditions
are satisfied:

(27)
u(k+N;) =0 (28)
Then, the system will approach stability.
Proof. The optimization function of the system can be rewritten as
Np
J(e(k+1),u(k+1)) = 2 le(k+i+1/k+1)]"Ple(k+i+1/k+1)]
i=1
+ Sj [k +i+ 1)k + 1) R[A(k +i+ 1k +1)] (29)

%[e* (k+i+1k)]TPlex (k+i+1]k)] + Nfzol[a* (k+ i+ 1K) " R[E(k + i + 1[k)]

Combined with Formulas (27) and (28), there is
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Np

J(e(k+1),1i(k+1)) = ¥ [ex (k+i|k)]TPle* (k+ i|k)] + ﬁ”iol[ﬁ* (k + i|k)] "R  (k + i|k)]

i=1

—[e* (k+1]k)]"Ple = (k + 1|k)] — [it * (k|k)]"R[i * (k|k)] 30)

= Jx*(e(k),u(k)) — [ex (k+ 1|k)]TP[e * (k4 1]k)] — [u * (k|k)]TR[ﬁ* (k|k)]

with J*(e(k + 1),u(k + 1)), which is the optimal control value at time k. Then, e¢* (k + i|k)
and u*(k + i|k) are the predicted values obtained by solving the optimization function at
time k to k + i. Hence, combining Equations (27) and (28), we have:

e"(k+1) =e"(k+1lk), u* (k) = u*(k|k) (31)
Then,
J*(e(k+1),u(k+1)) <J(e(k+1),u(k+1))
=Jx(e(k),u(k)) —[ex (k+ 1)]TP[e x(k+1)] — [ﬂ(k)]TR[ﬁ* (k)] (32)
< J*(e(k), u(k))

Therefore, the optimal value of the cost function will gradually decrease in the process
of iterative updating. It shows that the optimization method can guarantee the asymptotic
convergence of the system. [

6. Experimental Validations
6.1. Experimental Implementation

The experimental scenes and four-wheel differentially driven mobile robot are shown
in Figure 2. The mobile robot basically consists of an industrial computer (Intel(R) Core
(TM) i7-6500U CPU @2.50 GHz, 8 GB of RAM, 64-bit operating system), two LiDARs,
four motor encoders and some related sensors, such as an ultrasonic transducer and anti-
collision strip. More specifically, two UTM-30LX 2-D LiDARs with a range of 30 m and
scanning rate of 40 Hz are used, which guarantee that the robot has enough field of view to
ensure safety and real-time pose tracking. To avoid the blind spot of LIDAR, we installed
four MaxBotix MB7360 ultrasonic sensors around the robot with a high resolution of 1 mm
and a measuring distance of 5 m, which is sufficient to detect possible dynamic obstacles
during the robot’s movement. As demonstrated in Figure 2b, the experimental environment
is a dynamic and wide square surrounded by overgrown grass and a large number of
pedestrians. Three sites are selected for the localization experiments to determine the fuzzy
rule parameters. To comprehensively demonstrate the performance of the proposed control
system, we first conduct localization experiments in different dynamic environments. Then,
through real control experiments, the effectiveness of the proposed MPC method is verified.

uggt

Figure 2. Experimental scene and platform. (a) Platform prototype. (b) Dynamic scene. (c) Grid map
of the scene.
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6.2. Experimental Results and Discussions
6.2.1. Experimental Results of Localization Fluctuation Estimation

To construct fuzzy logic rules for localization fluctuation estimation, 100 frames of
LiDAR measurement are collected at each of the three sites in different dynamic scenarios
using a mobile robot. In total, 900 frames of LiDAR data were provided for the fuzzy
estimation. The LiDAR data from low to high dynamic scenes at Site 2 in the square are
shown in Figure 3a. The LiDAR data from low to high dynamic scenes at Site 2 in the square
are shown in Figure 1. Specifically, as shown in Figure 1, the low dynamic scenes have less
than 10 percent of the observed noise, which is ideal for localization. The medium dynamic
scenario is depicted in Figure 3b, where the observed noise accounts for 20 to 30 percent of
the overall observed data, a common and realistic scenario. Extremely dynamic scenarios,
such as the one shown in Figure 3c, will have noise levels close to 50 percent, which can
easily lead to localization fluctuations or even localization failure.

S T -

\",

)

*

4

5

p!
TN oanR

fnaoaqd e

-

e
L]

!

-

Figure 3. LIDAR measurement in different dynamic scenes at site 2. (a) Low dynamic environment.

(b) Medium dynamic environment. (¢) High dynamic environment.

Next, we determine the relationship between V), and E, and the mapping between E,
and E. We put a different number of obstacles around the robot and record 100 localization
results. V; and E correspond to each localization result at three sites. In this way, as
indicated in Table 1, we get the V; and E of 100 localization results at three sites in different
dynamic environments. And, as the dynamic level of the scene increases, V; and E become

correspondingly larger.
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Table 1. The results of the V; and E of multiple localization results in different dynamic environments.

Low Dynamic Scene

Medium Dynamic Scene High Dynamic Scene

V. /(m?) V,/(m?) Ve/(rad?) E V,/(m?) V,(m?) Vp/(rad?) E V,/(m?) V,(m?) Vol(rad?) E
Sitel 124 x107% 323x 107 153x107° 633 219x107* 855x 1074 193 x107° 641 467 x107% 628x10° 748x107° 656
Site2 1.62x 1074 571 x 104 557 x 107 632 209x107% 745x107% 1.04x 106 643 433x107* 126x1073 270x 1076 651
Site3 180 x 104 263 x 10*  148x 1076 637 266x 107 9.09x 1074 476x107° 639 345x 1074 183 x10° 897 x10° 654
According to the V; and E in different dynamic scenes, we can know the status of the
localization fluctuations to which V), and E belong. Meanwhile, for example, when i = x,
Equation (10) can be set to
0.00 0.00 <V, <193 x 1074 0 000<E<637
Fre(Vi) =025 1.93x1074 <V, <323x107%, fe(E) ={025 637 <E <647 (33)
0.5 323 x 1074 <V, 0.5 647 < E
Specifically, the relationship between V); and V;, and the mapping between E, and
E, are shown in Table 2. We have grouped V),; and E,, which fit into different fluctuation
ranges, into one category. The 300 V),; and V; ranges are linked. Similarly, the mapping of
the ranges of E and E,, is found.
Table 2. The results of V}; and E, in different ranges.
Range Rangel: B B Range2: . Rangj&
0.00 < V, < 1.93 x 10 193 x 1074 < V, < 3.23 x 10 323x 107+ <V,
703x 1074  306x107*  505x10%  117x102  354x10%  392x107*  118x10°1  910x10°* 584 x 107
Vpx/(m?) 98 lines of V),
476 x 1074 337 x107% 457 x 10 396 x107% 288 x10*  149x107%  139x 103  785x107% 883 x 10°*
Range rangel: B B range2: B rangfa?a:
0.00 <V, < 611 x 10 611 % 107* < V, < 1.98 x 10 198 x 102 <V,
801x 104  408x107%  145x 10  261x1072  324x 10  901x10%  282x1077  120x1072 137 x 1073
Vpy/ (m?) 98 lines of Vi
275x 1074 186 x 1074 269x 10  218x107%  321x 10  140x107%  112x107%  820x 1074  1.14x 107
Range 000 < Vrangel: » » range2: . rangfsl’v:
00 < Vp < 1.88 x 10 1.88 x 1076 <V < 157 x 10 157 x 1075 < V
4591076 1.03x107°  350x 107  314x107%  830x 107  934x107  513x10°  120x107* 199 x 107
Vyo/(rad?) 98 lines of Vg
766 x 1076 245x10°°  301x1076  988x 107  212x1076  169x10°°  109x107%  211x10°  595x 1075
Range o.ooragn%ei:ew 6.37ra§n%ef:6.47 6r.ir7lg§3lé
6.22 251 5.18 5.05 630 5.00 111 8.85 7.79
Ey 98 lines of E,
4.88 5.03 4.07 573 539 519 7.29 7.98 7.94

The distribution of V),; and Ej, in the different ranges of V; and E are shown in Figure 4.
We have used box plots to illustrate the distribution characteristics. It is easy to see that there
are overlapping parts of V),; and E, in different ranges, which provide for the construction
of fuzzy rules. According to Figure 4, the boxes in different ranges have a distinct overlap.
Hence, we can easily choose the fuzzy partition boundary V,;1[1V;4 and E,;1LJE 4 for V;
and Ey, respectively. Finally, the “premise” of the fuzzy rule base defines V),; and Ep, and
the fluctuation values fy;10fy;3 and fr1UfE3 are the “conclusion”. Equations (13) and (14),
when i = x, can be rewritten as
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rule1: if 0.00 < Vpy <5x 1074 then fyx = fye(Vy) st 0.00 <V, <193 x 1074
rule2: if 1.62x107* <V, <6.07x107%  then fyp = frx(Vi) st 193x1074 <V, <323x107%  (34)
rule3: if 494 x 107 < Vpy then fyiz = fvi(Vy) st 323 x 1074 < Vy

rulel: if 0.00<E, <521 then frp1 = fe(E) s.t. 0.00 <E <637
rule2: if 446 <E, <627 then fry = fe(E) st 637 <E <647  (35)
rule3: if 6.04 <E, then fp3 = fg(E) s.t. 647 < E
20107 [0, 1.93x107)(15%~85%)
10 L 1.93%10)(15%~85% [0. 6.11x10°)(15%~85%) 08
18 ]Ol ﬂll.‘)ﬂlo".3.ZSXI0")(]5%~85%) 2.0%10° [6.11x10, 1.98x107)(15%~85%) 2.08x10
L6x10 [3.23x10", «0)(15%~85%) L43x10° - [1.98%107, 00)(15%~85%)
1.4x10° Median Line - Median Line
£ 12x10° Lo
== 1.0x10 E
T 8.0<0° = 1.0x107
6.010 5x10° 607107 £.04x104 6.98+10 6.33x10°
4.0x10* 5.0%107 4 3.96x10"
2.0%10% 0.49x10 1.62x10* 688510 1.78x10*
0.0 : : 0.0 — .
[0, 1.93x10%) [1.93x10, 3.23x10) [3.23x10, o) [0, 6.11x10) [6.11x10, 1.98x107) [1.98x10%, o)
V/(m?) V,/(m?)
(a) (b)
1.5%10" 10
[0, 1.88%10°)(15%~85%) Tax107 [0.6.:37) (15%~85%)
[1.88x10°, 1.57x10%)(15%~85%) [6.37,6.47) (15%~85%) 8.65
Lox10 [1.57x10%, o0)(15%~85%) 8] 6.47,) (15%~85%)
.0x107*4 Median Line Median Line
:’x,é‘ ol 6.27 604
< 5.0x10° " 521
N 4.46
5.4x10% 9:3x10° 3.8x10° “
0.0 5.7x107 1.4x10° 291
" " " 2 ‘ ‘ ‘
[0, 1.88x10%) [1.88x10°, 1.57x10°) [1.57x10°, o0) [0,6.37) [6.37,6.47) [6.47,)
V,/(rad?) E
(0) (d)

Figure 4. The distribution of V,, and E, in the different ranges of V and E. (a) Vpy in the different
ranges of Vy. (b) Vpy in the different ranges of Vy,. (c) V}p in the different ranges of Vj. (d) Ep in the
different ranges of E.

6.2.2. Experimental Results of Adaptive MPC

Furthermore, to verify the superiority of the control method considering location
uncertainty, we choose the following comparison methods: (1) The traditional PID control
method with optimizing parameters, where K, = 0.5, K; = 1.5 and K; = 0.1. (2) The
proposed control method does not consider the localization fluctuation (NMPC) with
N = N, = 5. In the proposed control method, the control parameters are set as follows:
ky = ke = 5, ki = ko = 10. The specific tracking process of the comparison method is
described as follows:

The trajectory tracking of various comparison methods is shown in Figure 5. The initial
point of the four-wheel differential mobile robot is (10, 0). It can be seen from Figure 5 that
there is an error between the attitude angle of the initial point and the slope of the curve,
resulting in a large tracking error. With time adjustment, all control methods can achieve
fast convergence. It can be seen from the enlarged drawing of Figure 5 that compared with
the proposed method and NMPC method, PID has a large oscillation. Further analysis
shows that the proposed method has a better tracking effect.
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Figure 5. Tracking response of the comparison method.

Figures 6 and 7 are the distance error and angle error, respectively. Specifically, Figure 7
shows that the overshoots of the PID and NMPC are 0.5903 m and 0.5502 m, while the
proposed method is 0.4603 m. Furthermore, by comparing the proposed method with
NMPC, it is found that the tracking process is optimized through adaptive step adjustment.
On closer inspection, the average errors in the stable stage (10 s~60 s) of PID, NMPC
and proposed methods are 0.0374 m, 0.0177 m and 0.0096 m, which show that the errors
are reduced by 74.3% and 45.8%, respectively. It is found in O that the angle error of
the PID method fluctuates greatly, while the NMPC and the proposed method will be
limited to a small range. The average angle errors of PID and NMPC are 0.1001 rad and
0.0062 rad during a 10~60 s stabilization period, while the proposed method with a small
error is 0.0047 rad. The stable errors are reduced up to 95.3% and 31.9%, respectively. By
comparison, the proposed method achieves better error suppression.
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Figure 6. Distance error of the comparison method.
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Figure 7. Orientation error of the comparison method.

From Figure 8, the adjustment of the prediction horizon is given through the local-
ization fluctuation output by the localization module to ensure the control’s stability and
accuracy under the high localization fluctuation scenario. Therefore, compared with the tra-
ditional PID and NMPC methods, the proposed method can realize the dynamic adjustment
of the step size, improve tracking accuracy and reduce motion fluctuation.

15 T T T

101 1

Prediction Horizon N

5 . . . . .
0 10 20 30 40 50 60

Time (s)
Figure 8. Adjustment of the prediction horizon.

7. Conclusions and Outlook

In this paper, an adaptive MPC for mobile robots with the fuzzy estimation of local-
ization fluctuations was discussed, which accurately evaluates the localization state and
effectively improves control accuracy and robustness. First of all, a localization fluctua-
tion estimation based on fuzzy logic rules was proposed, which takes into account both
the effects of variance and information entropy, thereby obtaining accurate estimates of
localization fluctuations. Then, a modified kinematics model with external disturbance
using the Taylor expansion-based linearization was constructed. In addition, according
to localization fluctuation, an enhanced MPC with an adaptive adjustment of predictive
step size was proposed to maintain the stability of the control system in dynamic scenes.
The experimental results show that the step size of MPC can be effectively and adaptively
adjusted with localization fluctuation in different dynamic scenes, avoiding the generation
of oscillation. In the stable tracking phase, the proposed method reduced the tracking dis-
tance error by 74.3% and 45.8% compared with PID and NMPC. In addition, in comparison



Sensors 2023, 23, 2501

15 of 17

References

to PID and NMPC, the tracking angle errors of the proposed method decreased by 95.3%
and 31.9%, respectively. In future work, we will explore the potential of deep learning for
applications in localization fluctuation assessments and improve the control framework to
better integrate localization fluctuation information.
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Notations and Abbreviations

The following key notations and abbreviations are used in this paper.

Notations/Abbreviations  Descriptions

SMC sliding mode control

MPC model predictive control

J(+) cost function

Np, Ne Prediction/control horizon

P,R weight matrix

v linear velocity

w angular velocity

o () fu, () coefficient matrices

O(r) higher order remainder of the Taylor expansion
P estimated localization fluctuation value
ki adjustment coefficient

ke, kp € Ny minimum adjustment coefficient
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