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Abstract Oscillatory base manipulators (OBMs) are a kind

of mechanical systems suffering from unexpected base os-

cillations. The oscillations affect tremendously system sta-

bility. Various control methods have been explored, but most

of them require measurement or prediction of the oscilla-

tions. This study is concerned with a novel OBM–the au-

toloader, which are used in modern, autonomous main bat-

tle tanks. The base oscillation of the autoloader is hard to be

obtained in practice. Furthermore, control synthesis for au-

toloaders is complicated with intrinsic payload uncertainty

and actuator saturation. To address these issues, a novel ro-

bust control scheme is proposed in this work relying on the

implicit Lyapunov method. Moreover, a novel two-Degree-

of-Freedom manipulator operating on a vibrating base is

constructed to realize the proposed control. To the best of the

authors’ knowledge, this is the first study considering both

control and hardware implementation for the OBM-like au-
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toloaders. Experimental results demonstrate that, although

without prior information of the base oscillation, the pro-

posed controller exhibits good robustness against the base

oscillation and payload uncertainty.

Keywords Autoloaders · Oscillatory base manipulators ·
Implicit Lyapunov function · Robust Control · Self-tuning

PD control

1 Introduction

Main Battle Tanks (MBTs) are tracked vehicles working

on harsh and random terrains, and equipped with actuators

and manipulators internally to facilitate the vehicle opera-

tion. Considerable efforts have been devoted to improving

automation of the MBTs, one of which is adoption of the

autoloader manipulators. The autoloader is used to automate

the process of loading objects, e.g. ammunition objects, in-

side the vehicle [1]. Compared with the manual loader with

human involvement in the operation, the autoloader has mer-

its of small volume, light weight and fast motion.

However, most of the existing autoloaders are facing the

problem of poor control accuracy due to its harsh work-

ing conditions [2]. Specifically, when the tracked vehicle is

moving and the autoloader is simultaneously operating at

speed inside the vehicle, the chassis (the mounted base of

the autoloader) will suffer from extreme oscillations caused

by external uneven terrains and internal interaction between

the autoloader and the vehicle, as shown in Fig. 1. The base

oscillation brings challenges to operation of both the manual

loader and autoloader. Currently, the manual loading process

is mostly operated while the vehicle is stationary. For the

existing autoloaders, most of them used traditional control

methods (such as the proportional derivative control), which

offered less robustness against the base oscillation and in



2 Yufei Guo et al.

Fig. 1 MBTs autoloader with oscillatory chassis

turn brought in poor positioning accuracy. An additional me-

chanical brake device was usually used to guarantee the con-

trol performance, but this led to unexpected contact forces

and in turn the poor reliability of the entire system.

In practice, numerous mechanical systems are also fac-

ing the base-oscillation-induced problem, such as macro-

micro manipulators, space manipulators, UVMs (underwa-

ter vehicle manipulators), offshore cranes, and so forth. They

can all be categorized as oscillatory-base manipulators (OBM-

s) [3, 4]. For the macro-micro manipulator, which is com-

posed of a rigid link and a flexible link, the base oscillation

is mainly from the structural vibration of the flexible link [5,

6]. For the space manipulator, due to working in the weight-

less environment [7, 8], even minimal impact between the

target and the manipulator can cause huge undesired oscil-

lation of the base (space craft). For UVMs, the mounted

base (underwater vehicles) is usually subject to a class of

fluid disturbance caused by oceanic current [9-12]. Offshore

cranes, also known as ship-mounted cranes, are also suffer-

ing from the oceanic-wave-induced oscillation [13-15].

In general, OBMs can be classified in three ways from

different perspectives, as shown in Tab. 1. First, it can be

classified based on whether oscillations are derived from ex-

ternal disturbances or internal interactions. Obviously, au-

toloaders together with offshore cranes and UVMs belong

to the first type, while space manipulators and macro/micro

manipulators are the second type. Moreover, OBMs can be

classified based on whether information about the base os-

cillation can be obtained in advance or not. Except for au-

toloaders, the base oscillation of most OBMs can be mea-

sured or predicted in practice. In addition, OBMs can be

classified according to their working task space, i.e. either

in inertia or non-inertial frame. The MBTs autoloader be-

long to the latter type, but most of other OBMs are the for-

mer type. In this paper, for the sake of simplicity, we give

code names for each type of OBMs. For instance, OBMs

with base oscillations from external disturbances are named

as type A1, where the character indicates the classification

method and the number indicates a type under the classifi-

cation.

The control objective of different OBMs is similar, which

can be stated as: ‘Achieving robust stabilizing or tracking

control of manipulators suffering from base-oscillation-caused

perturbations’. For type A1 OBMs, the primary issue is the

base oscillation suppression. Various control techniques have

been developed, such as adaptive suppression approach [24],

feed-forward compensation approach [4, 7, 25-27], active

reaction null-space control [18, 19], vision-based predictive

method [28-30], and so forth. However, for type A2 OBMs,

due to the base oscillation comes from external excitations,

it is impossible to be suppressed or eliminated directly. For-

tunately, for some of them (type B1), the prior information

Tab. 1 Summary of OBMs classifications

Classification

method

Type Macro/micro

manipulators

Space

manipulators
UVMs Offshore

cranes

Autoloaders

of MBTs

A-origination of 1-internal interactions
√ √

oscillations 2-external disturbances
√ √ √

B-oscillations 1-yes
√ √ √ √

available 2-not
√

C-working task 1-inertial frame
√ √ √ √

space 2-noninertial frame
√
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of the base oscillation can be used to simplify the control de-

sign [31-33]. For example, Toda has proposed several con-

trol methods for ship-mounted manipulators based on that

the base oscillation’s frequency range can be obtained by

some prediction method [3, 34, 35].

Although there are a lot of studies on the control of OBM-

s, several problems are still unaddressed for MBTs autoload-

ers (type A2-B2-C2 OBMs). Specially, the base oscillation,

which is mainly caused by both uneven terrains and inter-

nal interaction between the autoloaders and vehicle chassis,

cannot be suppressed by current active or passive damping

control. Moreover, its prior information is difficult to predict

or measure in practice. Thirdly, for MBTs autoloaders, be-

cause of operation in non-inertial frames (based-fixed coor-

dinates), greater nonlinearities such as Coriolis and centrifu-

gal forces are induced. This brings much more challenging

factors to the control synthesis. In addition, for the control

design for the autoloaders, the payload uncertainty and ac-

tuator saturation also bring in great challenges, but most of

current studies did not consider these issues in depth.

This paper addresses the above problems and make the

following contributions:

(1) We firstly propose a general dynamical model of the

autoloader suffering from base oscillations. Due to the reali-

ty that the base has a much greater inertia than the autoload-

er, the base oscillation’s effect is regarded as the uncertain

perturbation of the autoloader, but the autoloader’s reaction

on the base is ignored. Then, the dynamical decoupling be-

tween the autoloader and the base is easily achieved by the

second Lagrange Equation. Moreover, the base oscillation

is firstly divided into three parts in this paper, which greatly

simplified the model building of the system.

(2) A novel roust control based on implicit Lyapunov

function [36,37] is developed stabilize the autoloader. It can

be considered a parameter-varying PD control whose control

gains are automatically tuned to guarantee stability of the

system. The proposed control has good robustness against

the base-oscillation-caused uncertainty as there is no need

for the base oscillation’s prior information. Moreover, the

control input is always norm-bounded.

(3) The hardware experiments for the robust stabilizing

control of MBT autoloaders are proposed for the first time.

The experiments certify the proposed control’s asymptotic

stability against not only base oscillations but also payload

uncertainty.

The organization of the paper is as follows. In Section 2,

the autoloader system’s configuration as well as the uncer-

tain dynamics model is presented with some analysis. Sec-

tion 3 presents the process of the control design and stability

analysis of which. The Section 4 provides the experimental

implementation and results, and the section 5 gives the pa-

per’s conclusions finally.

2 Preliminaries

2.1 System configuration

A novel 2-DOF (degree of freedom) autoloader was de-

signed in our previous research, as presented in Fig. 2.

As shown, the autoloader mainly consists of three parts:

a transfer device, a lifting device and a mounted frame. The

automatically loading process of the autoloader includes the

following four step motions. Firstly, the transfer device grasp-

s an object, e.g. the ammunition object. Then, the lifting de-

vice hoists the object to a pre-specified position. Thirdly,

the transfer device flips the object to make it aligned with a

succeeding device. Finally, the object is loaded into the suc-

ceeding device. From the perspective of positioning control,

only the motions of the second and third steps need to be

took into account. Moreover, the base oscillation also needs

to be considered in the control design. Therefore, the au-

toloader with the base can be simplified as a 3-links appara-

tus. In addition, the base mainly suffers from three directions

of oscillations in practice, as as show in the figure.

shake pitch

roll

Fig. 2 Virtual prototype of the autoloader

2.2 Dynamic Model

Based on above analysis, a simplified model for the au-

toloader with the oscillatory base is established, as shown

in Fig. 3, where xoy and XOY denote the inertial and non-

inertial coordinate, respectively; the Y axis is along the grav-

itational direction; B1, B2 and B3 represent the oscillatory

base, the lifting device and the revolving device (including

the payload), respectively; C2 and C3 are the centroid of B2

and B3, respectively; yr2 and θ3 denote the linear displace-

ment of the lifting device and the angular position of the
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revolving device, respectively; y1, θz1 and θx1 denote the

movements of the base along three different directions; L1

and L3 represent geometric parameters as shown in the fig-

ure.

B3
C3

Y

B2
C2

y

X

o

L1

B1

C33C

θ3

θ1z

y1

O θ1x

Fig. 3 Simplified model of the autoloader with oscillatory

base

The dynamics of the above simplified model can be de-

rived using the second Lagrange equation. Firstly, for sim-

plicity, the base oscillation is divided into three parts: the

pitch, shake and roll oscillations, respectively. Furthermore,

as mentioned before, the tank chassis has a much greater

inertia than the autoloader, so the base oscillation’s effect

is regarded as the uncertain perturbation of the autoloader,

but the autoloader’s reaction on the base is ignored. Final-

ly, regarding qqq = [yr2,θ3]
T as the system’s state variables,

the uncertain dynamical model of the autoloader with base

oscillation is established as follows:

H(q)q̈+C(q, q̇)q̇+G(q) = S+U, (1)

where HHH(qqq) denotes the inertia matrix, the Coriolis/centripetal

force term is CCC(qqq, q̇qq)q̇qq, the gravity force is presented us-

ing GGG(qqq), the control needed to be constructed is UUU , and

SSS denotes the uncertain perturbation from base oscillations

(payload uncertainty could also be included into this term).

Moreover, each term of Eq. (1) is as follows:

HHH(qqq) =

[

m2 +m3 m3L3cosθ3

m3L3cosθ3 m3L2
3 + J3

]

,

CCC(qqq, q̇qq)q̇qq =

[

−m3L3sin(θ3)θ̇2
3

0

]

,

GGG(qqq) =

[

(m2 +m3)g
m3gL3cosθ3

]

,

where J3 is the the revolving device’s inertia moment, m3

is the revolving device’s mass, m2 is the lifting part’s mass,

and g is the gravitational acceleration.

Moreover, S = [S1s,S2s]
T , [S1p,S2p]

T and [S1r,S2r]
T de-

note uncertain perturbation caused by the shake, pitch and

roll oscillations, respectively. Particularly, we can obtain

S1s =−(m2 +m3)ÿ1,

S2s =−m3L3cosθ3ÿ1,

S1p =−((m2L1 +m3L1 +m3L3cosθ3)θ̈1z

− 2m3L3sinθ3θ̇1zθ̇3 − (m2yr2 +m3yr2 +m3L3sinθ3)θ̇2
1z)

− ((m2 +m3)gcosθ1z − (m2 +m3)g),

S2p =−((J3 +m3L2
3 +m3L1L3cosθ3 +m3L3yr2sinθ3)θ̈1z

+ 2m3L3sinθ3θ̇1zẏr2 +(m3L1L3sinθ3

−m3L3yr2cosθ3)θ̇2
1z)

− (m3gL3cos(θ1z +θ3)−m3gL3cosθ3),

S1r = (m2 +m3)yr2θ̇2
1x +m3L3sinθ3θ̇2

1x − (m2 +m3)gcosθ2

− (m2 +m3)g,

S2r = m3yr2θ̇2
1x +m3L3sinθ3θ̇2

1x −m3gL3cosθ1xcosθ3

−m3gL3cosθ3.

Generally, the dynamical model described by Eq. (1)

possesses peculiar properties of robotic manipulators [38].

Below are the properties that will be used in the develop-

ment of the main results of this paper.

Property 1: HHH(qqq) is a symmetrical matrix, and it is uni-

formly bounded from above and below, i.e.

mzzz2 ≤ ‖zzzT HHH(qqq)zzz‖ ≤ Mzzz2, (2)

where m and M are positive constants, zzz is an arbitrary vec-

tor. In this paper, ‖ ∗∗∗ ‖ denotes the vector or matrix’s Eu-

clidean norm.

Property 2: HHH(qqq) also satisfies the condition that its par-

tial derivative is uniformly norm bounded, i.e.

‖∂HHH(qqq)
∂qi

‖ ≤ D,D > 0. (3)

Property 3: The following matrix:

NNN(qqq, q̇qq) = ḢHH(qqq)− 2CCC(qqq, q̇qq), (4)

is an anti-symmetric matrix. Specially, for any vector zzz, there

is

zzzT NNN(qqq, q̇qq)zzz = 0.

Property 4: In practice, SSS satisfies the following bounded

conditions:

‖SSS‖ ≤ S0,S0 > 0. (5)
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Property 5: The control input should also be bounded in

norm in practice. That means

‖UUU‖ ≤U0,U0 > 0. (6)

Property 6: There exist a positive constant g0 such that,

‖∂P(qqq)
∂qqq

‖= ‖GGG(qqq)‖ ≤ g0, (7)

where P(qqq) denote gravitational energy of the system.

Now, let us give description to the considered problem.

Problem statement: Constructing a control UUU for system

(1) affected by unpredictable perturbations SSS of Eq. (5) so

that the closed-loop controlled system is robustly stabilized

and simultaneously satisfies the given constraint shown in

Eq. (6).

3 Control design

In this section, a robust control based on the implic-

it Lyapunov function is proposed to solve the above-stated

problem. Moreover, stability analysis of the closed-loop, un-

certain system is carried out. In addition, for the purpose of

comparison, a traditional constant PD controller with gravi-

ty compensator is also presented.

3.1 Constant PD control

For system (1), if SSS = 0 , a simple PD control combined

with gravity compensation can stabilize the system.

Specifically, introducing

UUU = kkkp(qqqd − qqq)− kkkd q̇qq+GGG(qqq), (8)

where qqqd is the setting reference point. For simplicity, we

set qqqd = 0 here. Also, kkkd and kkkp represent the constant gain-

s of the PD controller, both of which are positive definite

matrices.

Furthermore, we choose a Lyapunov function as

V =
1

2
q̇qqT HHH(qqq)q̇qq+

1

2
qqqT kkkpqqq. (9)

Since HHH(qqq) and kkkp are positive definite, we can conclude

that the Lyapunov function V is also positive definite.

Then, differentiating the function along the system tra-

jectory, we can obtain

V̇ =−1

2
q̇qqT kkkd q̇qq ≤ 0. (10)

Due to Eqs. (9) and (10), it can be concluded that system

(1) with SSS = 0 is asymptotically stable at (qqq, q̇qq) = (qqqd ,0).

3.2 Implicit Lyapunov control

However, when SSS 6 6 6=== 000, the system is with uncertainty

and becomes

HHH(qqq)q̈qq+CCC(qqq, q̇qq)q̇qq = SSS− kkkpqqq− kkkd q̇qq. (11)

The aforementioned constant PD controller is no long

valid in this case. It could not guarantee stability of the un-

certain system. For simplicity, the gravity term GGG(qqq) is also

considered as part of SSS here. This is because that the grav-

ity compensation approach is very much accurate-model-

dependent, which is hard to realize in practice. Additionally,

for simplicity, HHH(qqq), GGG(qqq), etc., are abbreviated as HHH, GGG,etc.

in the following part of this paper.

For system (1), we redefine kkkd and kkkp as,

kkkd = α HHH, kkkp = βIII, (12)

α =

√

β
M
, β =

3U2
0

8V
, (13)

V =
1

2
q̇qqT HHHq̇qq+

1

2
βqqq2 +

1

2
α q̇qqT HHHqqq, (14)

where V is a candidate Lyapunov function, III is an identity

matrix.

Obviously, above Lyapunov function as well as control

gains kkkd , kkkp are implicit function of state variables.

Next, V will be proved to be a real Lyapunov function.

Particularly, we will give V ’s positive definiteness, and neg-

ative definiteness of V̇ .

Stability analysis:
Firstly, we will estimate the bound of V .

In particular, it could been obtained the following in-

equality by Cauchy inequality, Eq. (13).

‖α q̇qqT HHHqqq‖ ≤ α
√

(q̇qqT HHHq̇qq)(qqqT HHHqqq)

≤ 1

2
q̇qqT HHHq̇qq+

1

2
α 2qqqT HHHqqq ≤ 1

2
q̇qqT HHHq̇qq+

1

2
βqqq2.

(15)

Combing Eq. (14) and inequality (15), we finally obtain the

bound of V as follows,

1

4
(q̇qqT HHHq̇qq+βqqq2)≤V ≤ 3

4
(q̇qqT HHHq̇qq+βqqq2)). (16)

Obviously, V has the property of global positive definite-

ness, for any (qqq, q̇qq) 6= (0,0),
Secondly, the derivative of the Lyapunov function will

be evaluated.

Particularly, by differentiating both sides of the Eq. (14),

it could be obtained

V̇ =
1

2
α q̇qqT ḢHHqqq+

1

2
α q̈qqT HHHqqq+

1

2
α q̇qqT HHHq̇qq

+
1

2
α̇ q̇qqT HHHqqq+

1

2
q̇qqT ḢHHq̇qq+ q̇qqT HHHq̈qq+βqqqT q̇qq+

1

2
β̇qqq2,

(17)
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with

α̇ =− α
2V

V̇ , β̇ =−β
V

V̇ , (18)

Moreover, by premultiplying HHH−1, we can rewrite Eq. (11)

as

q̈qq = HHH−1(−kkkpqqq− kkkd q̇qq−CCCq̇qq+ SSS), (19)

Substituting Eqs. (12), (18) and (19) into Eq. (17), we obtain

V̇ (1+
1

2

β
V

qqq2 +
1

4

α
V

q̇qqT HHHqqq)

=−α (
1

2
q̇qqT HHHq̇qq+

1

2
α qqqT HHHq̇qq+

1

2
βqqqT qqq)

+
1

2
q̇qqT ḢHHq̇qq− q̇qqTCCCq̇qq+

1

2
α q̇qqT ḢHHqqq

− 1

2
α qqqTCCCq̇qq+ q̇qqT SSS+

1

2
α qqqT SSS.

(20)

According to the anti-symmetry of matrix NNN (Property 3) ,

Eq. (20) could be rewritten as

V̇ (1+
1

2

β
V

qqq2 +
1

4

α
V

q̇qqT HHHqqq)

=−α (
1

2
q̇qqT HHHq̇qq+

1

2
α qqqT HHHq̇qq+

1

2
βqqqT qqq)

+
1

2
α q̇qqT ḢHHqqq− 1

2
α qqqTCCCq̇qq+ q̇qqT SSS+

1

2
α qqqT SSS.

(21)

Moreover, due to the vector of the Coriolis/centripetal forces

CCCq̇qq satisfies the following condition [38].

CCCq̇qq = ḢHHq̇qq− 1

2
(

∂
∂qqq

(q̇qqT HHHq̇qq))T . (22)

Equation (21) could be further rewritten as

V̇ (1+
1

2

β
V

qqq2 +
1

4

α
V

q̇qqT HHHqqq)

=−α (
1

2
q̇qqT HHHq̇qq+

1

2
α q̇qqT HHHqqq+

1

2
βqqqT qqq)

+
1

4
α (q̇qqT (

∂
∂qqq

HHH)q̇qq)T qqqT + SSS(q̇qq+
1

2
α qqq).

(23)

In the following, each term on the right of the equal sign

in Eq. (23) will be evaluated.

Specially, for the first term, by using Eqs. (13) and (14),

we have

α (
1

2
q̇qqT HHHq̇qq+

1

2
α q̇qqT ḢHHqqq+

1

2
βqqq2)

= αV =

√
3U0

2
√

2M
V 1/2.

(24)

For the second term, by Cauchy inequality and inequality

(3), we have

1

4
α (q̇qqT (

∂
∂qqq

HHH)q̇qq)T qqqT

=
1

4
α [(q̇qqT (

∂
∂q1

ḢHH)q̇qq),(q̇qqT (
∂

∂q2

HHH)q̇qq)]T qqqT

≤ 1

4
α
√

2Dq̇qq2‖qqq‖.

(25)

By using Eq. (16) and inequality (2), we obtain

qqq2 ≤ 1

β
(q̇qqT HHHq̇qq+βqqq2)≤ 4

α 2M
V, (26)

q̇qq2 ≤ 1

m
(q̇qqT HHHq̇qq)≤ 1

m
(q̇qqT HHHq̇qq+βqqq2)≤ 4

m
V. (27)

Then, substituting inequalities (26) and (27) and into (25),

we obtain

1

4
α (q̇qqT (

∂
∂qqq

HHH)q̇qq)T ≤ 2
√

2D

m
√

M
V 3/2. (28)

For the third term, by Cauchy inequality and inequalities (2)

and (5), we obtain

‖SSST (q̇qq+
1

2
α qqq)‖ ≤ S0

√

‖q̇qq+
1

2
α qqq‖2

= S0

√

q̇qq2 +
1

4
α 2qqq2 +α qqqT q̇qq ≤ S0

√

5

4
(q̇qq2 +α 2qqq2),

≤ S0

√

5

4
(

1

m
q̇qqT HHHq̇qq+

β
M

qqq2),

≤ S0

√

5

4

1

m
(q̇qqT HHHq̇qq+βqqq2)≤ S0

√

5

m
V .

(29)

Let us introduce a new notation

B = 1+
1

2

β
V

qqq2 +
1

4

α
V

q̇qqT HHHqqq. (30)

Finally, substituting Eq. (24), inequalities (28)-(30) into (23),

we obtain

BV̇ ≤−
√

3U0

2
√

2M
V 1/2 +

2
√

2D

m
√

M
V 3/2 + S0

√

5

m
V 1/2 (31)

Next, let us prove the positive-definiteness of BBB for any (qqq, q̇qq).
Using Eqs. (14) and (30), we have

B =
1

V
(

1

2
q̇qqT HHHq̇qq+βqqq2 +

3

4
α q̇qqT HHHqqq). (32)

By Eq. (15) we have

α q̇qqT HHHqqq ≥−1

2
q̇qqT HHHq̇qq− 1

2
βqqq2. (33)

Substituting inequality (33) into Eq. (32), we obtain

B ≥ 1

V
(

1

2
q̇qqT HHHq̇qq+βqqq2 +

3

4
(−1

2
q̇qqT HHHq̇qq− 1

2
βqqq2))

=
1

V
(

1

8
q̇qqT HHHq̇qq+

5

8
βqqq2)≥ 0.

(34)



Robust stabilizing control for oscillatory base manipulators 7

It is obvious that for any (qqq, q̇qq) 6= (0,0), B is positive. Then,

the inequality (31) could be rewritten as,

V̇ ≤− 1

B
(

√
3U0

2
√

2M
− 2

√
2D

m
√

M
V − S0

√

5

m
)V 1/2. (35)

Hence, if we set U0 and S0 satisfying following inequal-

ity, the global negative definiteness of V̇ must be obtained.

U0 > 2

√

10M
3m

S0 +
8D√
3m

V (qqq0, q̇qq0), (36)

where (qqq0, q̇qq0) is the initial state of the system.

At this point, we achieve the conclusion that the system’s

equilibrium state, (qqq, q̇qq) = (0,0), is globally asymptotically

stable.

Bounded property Analysis:
It has been mentioned that the proposed control has the

property of bound in norm. Next, we will give the relative

theoretical proof.

In particular, according to the control input UUU and Cauchy

inequality, we could obtained

UUU2 = (kkkd q̇qq)2 +(kkkpqqq)2 + 2(kkkd q̇qq)T (kkkpqqq)

≤ 4

3
((kkkd q̇qq)2 +(kkkpqqq)2 +(kkkd q̇qq)T (kkkpqqq)).

(37)

Then, substituting the first equation of Eqs. (12) and (13)

into Eq. (37), it has

UUU2 ≤ 4

3
(

β
M
(HHHq̇qq)2 +β2qqq2 +(α HHHq̇qq)(βqqq)),

≤ 8

3
β(

1

2
q̇qqT HHHq̇qq+

1

2
βqqq2 +

1

2
α q̇qqT HHHqqq).

(38)

Finally, according to Eq. (14) and the second equation of

Eqs. (13), we obtain

UUU2 ≤ 8

3
βV =U2

0 . (39)

The proof of the boundary property of the control input (6)

is completed.

As mentioned above, the control input UUU is a function of

the Lyapunov function V , but which is an implicit function.

A practical problem will be faced is the solution of the V .

In particular, substituting Eqs. (13) into (14), it could

been got

16V 2 = 8q̇qqT HHHq̇qqV + 3U2
0 qqq2 +

2
√

6U2
0√

M
q̇qqT HHHqqqV 1/2. (40)

Then, introducing the following notations

x =V 1/2, ξ = 2

√

2q̇qqT HHHq̇qq,

η =
2
√

6U0√
M

q̇qqT HHHqqq, γ =
√

3U0‖qqq‖,
(41)

and substitute Eqs. (41) into Eq. (40), we obtain the follow-

ing equation.

16x4 − ξ 2x2 −ηx− γ2 = 0. (42)

Moreover, there is a theorem [37]: if the coefficients sat-

isfy the inequality,

ξ 2 + γ2 > 0, |η | ≤ |ξγ|. (43)

Equation (42) must have a real root. The root must be posi-

tive and unique.

For our problem here, for any (qqq, q̇qq) 6= (0,0), we have

ξ 2 + γ2 = 8q̇qqT HHHq̇qq+ 3U2
0 qqq2 > 0, (44)

η 2 = 24
U2

0

M
(q̇qqT HHHqqq)2 ≤ 24U2

0 (q̇qq
T HHHq̇qq)2qqq2 = ξ 2γ2. (45)

Hence, in this paper, the value of V can be obtained by

solving equation (42) using Newton iterative method. Then,

the value of control gains kkkp, kkkd and the control input UUU
could be obtained in turn.

4 Experiments and results

In order to verify performance of the proposed control,

a hardware experimental platform is designed, and several

sets of experimental results are presented and analysed. Ad-

ditionally, it has been found that the shake oscillation affects

the autoloader the most in practice, so only the shake oscil-

lation was considered in the experiment.

4.1 Hardware Platform

As shown in Fig. 4, our experimental platform is a scaled

model of the above-mentioned autoloader. It mainly consists

of three mechanical components: a lifting part, a revolving

part and a mounted frame. Moreover, two servomotors are

used to drive the lifting part and revolving part. Furthermore,

both motors are equipped with digital encoders in the rears,

which can provide a certain number of pulses per revolution

and in turn the feedback signals of the motor shaft’s angu-

lar position and velocity for the system control. Additional-

ly, in order to reduce the speed of the motors and increase

their output torques, two planetary-gear reducers are fitted

between the mechanical devices and the relative servomo-

tors. Moreover, above servomotors, encoders and reducers

are all from MAXON company.

The control module of the experimental platform includes

two digital positioning controllers (EPOS2 controllers pro-

vided by MAXON) and a Lenovo 32-bit personal computer.

For achieving parallel control of the lifting part and the re-

volving part simultaneously, the master-slave communica-

tion technique is used in our experiments. Particularly, the
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Mounted 

frame

Guide

Lifting 

part

Maxon DC 

motor 2

Revolving 

part

Maxon DC 

motor 1

Windows

LabVIEW

PC

Fig. 4 Principle of the hardware platform

Implicit Lyapunov 

function based 

control

PI control
-

Torque 

constant
manipulator

Current loop

Servomotor contol

-+ +

Fig. 5 Control loop of the experimental system

two EPOS2 controllers communicate as slaves, and the PC

communicates as a master. Moreover, the CANopen com-

munication protocol is used to transmit and receive data be-

tween the master (PC) and the slaves (EPOS2 controllers).

The EPOS2 controller has the typical three-loop-control

(current-position-velocity) strategy embedded. However, in

our experiments, only the built-in current-control-loop is adopt-

ed, while the position-velocity loops are replaced by a self-

built loop based on the proposed control method. Moreover,

the inner (current-control) loop adopts proportional-integral

(PI) control. As shown in Fig. 5, it can be seen that the two

control loops are connected by the torque constant of the ser-

vomotors. Additionally, our real-time control program was

developed and successfully implemented in LabVIEW pro-

gramming environments based on a Windows DLL file which

contains some basic EPOS2 commands.

The overview of the experimental hardware system is

presented in Fig. 6. As shown in the figure, the mechani-

cal device is mounted on an electromagnetic vibration table

(provided by ETS Solution Beijing Ltd), which can simulate

the chassis vibration of the combat vehicle on the move.

Moreover, according to the control input’s boundary prop-

erty (6) and the linear relationship between the torque and

current of the motor, we can obtain that the desired currents

of the motors satisfies the condition.
√

c2
d1 +(0.013cd2)2 ≤C (46)

Fig. 6 Photograph of hardware platform

where cd1 and cd2 are desired currents for lifting motor and

revolving motor respectively. Particularly, we finally obtain

C = 3600mA after some calculation.

Other system parameters are set as: m2 = 5kg, m3 = 1kg,

J = 0.01kg ·m2, L3 = 0.05m, m = 0.01, M = 8, U0 = 800,

S0 = 200, D = 0.01 and the gravitational acceleration equal-

s to 9.8m/s2. Moreover, the original point is set as the ter-

minal state of the stabilizing control, and the initial state is

set as (q10, q̇10,q20, q̇20) = (0.144,0,−0.524,0). In addition,



Robust stabilizing control for oscillatory base manipulators 9

the PI gains of the current loop control is are respectively

tuned as kp1 = 352,kI1 = 92 and kp2 = 217,kI2 = 62 for lift-

ing part and revolving part, respectively.

4.2 Experiment results

Based on the above experimental platform, five cases of

hardware experiments was implemented.

The Case 1 experiment is a contrast one, there is no base

oscillations (SSS = 0) nor payload uncertainty. The Case 2 ex-

periment is to certify the control is robust to the real base

oscillation. The base oscillation data is from our previous

work, a simulation study of tracked vehicles maneuverabili-

ty by ADAMS/ATV software. Moreover, due to current s-

tudies on OBMs control mostly used traditional sinusoid

base oscillations, another contrast experiment was carried

out as the Case 3 experiment. The amplitude and frequency

of the sinusoid oscillation are 10mm and 36rad/s, respec-

tively.

In order to further prove the control’s robustness against

to payload uncertainty, two more cases of experiments were

implemented. One is the case of considering the payload un-

certainty only (Case 4) and the other for the case of both pay-

load uncertainty and base oscillation are took into account

(Case 5). For the case of payload uncertainty, an additional

mass block is installed on the centroid of the revolving part,

the mass of which is 0.4kg.

To illustrate the control’s performance more clearly, re-

sults of these experiments are divided into two groups, as

shown in Tab. 2.

Tab. 2 Experiment groups

Group NO. Case NO. Base Oscillation Payload

Case 1 N/A N/A

Group I Case 2 Real oscillation N/A

Case 3 Sinusoid oscillation N/A

Case 1 N/A N/A

Group II Case 4 N/A 0.4 kg

Case 5 Real oscillation 0.4 kg

Group I: In this group, to illustrate the control’s robust-

ness against to the base oscillations, we firstly present the

results of Case 1, Case 2 and Case 3 experiments.

The corresponding experimental results are presented in

Fig. 7. Particularly, the black, blue and red curves stand for

the case of no base oscillation, base oscillation from previ-
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Fig. 7 Results of Group II. (a) Position of the lifting part. (b) Velocity of the lifting part. (c) Angle of the revolving part. (d)

Angular velocity of the revolving part. (e)Lyapunov function. (f) Base oscillation.
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ous simulation and sinusoidal base oscillation, respectively.

It can been seen form Fig. 7a- Fig. 7d that, for all cases, the

system converge towards the terminal state in a very short

time. This proves that the proposed controller has good ro-

bustness to disturbances caused by base oscillations. How-

ever, we can also see that it takes more time for the case of

base oscillations in comparison with no base oscillation, and

case of sinusoidal base oscillation took the most time. In par-

ticular, the setting times are 2.915 seconds (without base os-

cillation), 3.01 seconds (base oscillation from previous sim-

ulation), 3.38 seconds (sinusoidal base oscillation), respec-

tively. Moreover, it can be found that the response curves of

angular velocity exhibit obvious oscillation characteristics

especially for the case of sinusoidal base oscillation. Hence,

it can been concluded that the frequency of the base oscil-

lation will affect the system dynamic response. Fig. 7e is

the responses the implicit Lyapunov function. Clearly, for

both cases, the function approaches the terminal state non-

monotonically. The reason is that the value of U0 we chosen

is much smaller than the requirement of sufficient condition

(36). This results further present the implicit Lyapunov con-

trol’s effectiveness. Additionally, Fig. 7f presents the base

oscillation responses of case 2.

Group II: In this group, to further illustrate the control’s

robustness against to payload uncertainty, the results of Case

4 and Case 5 experiments are presented. Moreover, as a con-

trast case, the Case 1 experiment result is also presented

here.

Corresponding results are shown in Fig. 8. By contrast,

experimental results of case 1 (without neither oscillation

nor payload uncertainty) are still presented here. Specifical-

ly, the black, green and brown solid lines in the figure corre-

spond to the case of neither payload uncertainty nor base os-

cillation, only payload uncertainty, both payload uncertainty

and base oscillation, respectively. As can be seen from Fig.

8a- Fig. 8d, the system takes 3.01 seconds and 3.311 sec-

onds approaching to the terminal state for the two new cas-

es, respectively. Obviously, the payload uncertainty, as did

base oscillation, leads to a longer settling time of control

compared with the case of neither base oscillation nor pay-

load uncertainty. Moreover, it can see from Fig. 8e that the

Lyapunov function curves also exhibit non-monotonically

decreasing behavior, due to the sufficient condition (36) is

not satisfied. Nevertheless, the control can steer the system

approaching to terminal state. At this point, we obtain the

conclusion that the proposed control has good robust perfor-

mance against to not only base oscillation but also payload

uncertainty. In addition, Fig. 8f is the position response of

0 0.5 1 1.5 2 2.5 3 3.5

Time (s)

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

P
os

iti
on

 o
f l

ift
in

g 
pa

rt
 (

m
)

case 1
case 4
case 5

(a)

0 0.5 1 1.5 2 2.5 3 3.5

Time (s)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

A
ng

le
 o

f r
ev

ol
vi

ng
 p

ar
t (

ra
d)

case 1
case 4
case 5

(c)

0 0.5 1 1.5 2 2.5 3 3.5

Time (s)

0

50

100

150

200

250

300

T
he

 v
al

ue
 o

f L
ya

pu
no

v 
fu

nc
tio

n

case 1
case 4
case 5

(e)

0 0.5 1 1.5 2 2.5 3 3.5
Time (s)

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

V
el

oc
ity

 o
f l

ift
in

g 
pa

rt
 (

m
/s

)

case 1
case 4
case 5

(b)

0 0.5 1 1.5 2 2.5 3 3.5

Time (s)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

A
ng

ul
ar

 v
el

oc
iy

t o
f r

ev
ol

vi
ng

 p
ar

t (
ra

d/
s)

case 1
case 4
caes 5

(d)

0 0.5 1 1.5 2 2.5 3 3.5

Time (s)

-15

-10

-5

0

5

10

15

20

P
os

iti
on

 o
f t

he
 b

as
e 

(m
m

)

case 5

(f)

Fig. 8 Results of Group II. (a) Position of the lifting part. (b) Velocity of the lifting part. (c) Angle of the revolving part. (d)

Angular velocity of the revolving part. (e)Lyapunov function. (f) Base oscillation.
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the oscillatory base.

Furthermore, Fig. 9 presents the tracking responses of

the current loops, in which the dashed-dot and solid lines

present desired current and actual current, respectively. More-

over, the upper sub-figure presents lifting part’s response.

The bottom sub-figure are the results of revolving part. It can

been seen from the figure that the actual currents achieved

good tracking performance to the desired currents. This proves

the effeteness of the current-loop’s PI control. Moreover, we

can also see that the desired currents, which were calculat-

ed based on control input of mechanical system, are always

satisfying the condition (42). This proved the designed con-

trol’s property as shown in inequality (6), and it can be con-

clude that the control is always bounded in norm.
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Fig. 9 Experiment results of the current responses of Case 5

5 Conclusion

In the presence of chassis oscillations and payload un-

certainty, this paper have proposed a robust stabilizing con-

trol scheme for the MBT autoloaders. The proposed control

method has several advantages and originality comparing

with the existing researches. It has had the ability to deal

with the uncertain chassis-oscillation-induced perturbations

without the predictions or measurements of the chassis os-

cillations. It has also exhibited good robustness against pay-

load uncertainty. Moreover, the proposed control has always

been bounded in norm. Results of several hardware exper-

iments has further proved that the proposed control has of-

fered good performance in practice.
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Figures

Figure 1

MBTs autoloader with oscillatory chassis



Figure 2

Virtual prototype of the autoloader



Figure 3

Simpli�ed model of the autoloader with oscillatory base



Figure 4

Principle of the hardware platform

Figure 5

Control loop of the experimental system



Figure 6

Photograph of hardware platform



Figure 7

Results of Group II. (a) Position of the lifting part. (b) Velocity of the lifting part. (c) Angle of the revolving
part. (d) Angular velocity of the revolving part. (e)Lyapunov function. (f) Base oscillation.



Figure 8

Results of Group II. (a) Position of the lifting part. (b) Velocity of the lifting part. (c) Angle of the revolving
part. (d) Angular velocity of the revolving part. (e)Lyapunov function. (f) Base oscillation.



Figure 9

Experiment results of the current responses of Case 5
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