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Abstract: This paper presents a simple control method on the basis of the trajectory planning for
vertical Acrobot to accomplish the control goal of moving the system from the downward initial
position (DIP) and steadying the system at the upward target position (UTP). First, for the active link,
we frame a trajectory that contains some adjustable parameters. Along the framed trajectory, we
can make the active link stabilize at its end angle from its start angle. Furthermore, we change the
trajectory parameters to make the passive link also arrive at the zone near the end angle. Next, we
devise a PD-based tracking controller to track this planned trajectory. In this way, the vertical Acrobot
is swung up to a small zone near the UTP. Then, from the approximate linear model at the UTP, we
devise a stabilization controller to stabilize the vertical Acrobot at the UTP. Finally, we implement the
simulation to show the validity of the proposed method.

Keywords: underactuated system; vertical acrobot; trajectory planning;

1. Introduction

The rigid manipulator is a mechanical system composed of a connecting link and joint,
which is widely used in the real industrial process [1]. The joint without the corresponding
control input is called the passive joint [2], and the manipulator with the passive joint is
called the underactuated manipulator. The underactuated manipulator has fewer control
variables than free degrees [3,4]. Due to its low cost and energy consumption [5,6], this
system has received extensive attention and has become a research hotspot in the field of
mechanical systems [7,8]. However, its dynamic characteristics are relatively complex, and
there are strong coupling relations among the system states, energy, and torque [9,10]. In
addition, the lack of some actuators makes the control of such system more challenging.

The underactuated manipulator moving on the vertical plane is called the vertical
underactuated manipulator (VUM). Its control problem can be defined as: designing an
appropriate controller to move the VUM system from the downward initial position (DIP)
and steady it at the upward target position (UTP) [11]. Because the VUM is a second-order
nonholonomic system [12], the relationship between the angular velocities and the angles
of the links cannot be obtained by direct integration. In addition, the dynamic model of this
system does not meet the Brockett’s criteria [13,14], making it difficult to design a smooth
state feedback controller to accomplish its control goal [15]. These pose great challenges to
the control of the VUM.

However, at the UTP, the approximate linear model (ALM) of the VUM can be calcu-
lated, which provides the possibility for accomplishing the stable control of this system [16].
Hence, most scholars adopt the zone method to achieve the system swing-up and stable
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control goal. This method defines the system as in the balance zone when the linkage
states satisfy certain conditions; otherwise, the system is in the swing-up zone [17]. The
swing-up controller is usually designed to increase the total energy to move the system
to the balance zone, and the common methods include the partial feedback linearization
approach, the passivity-based approach, the energy-based approach, and so on. Among
them, the energy-based approach constructs an energy-related Lyapunov function, and
designs a controller including the states of all links and the total energy, which can not only
improve the success rate of entering the balance zone, but also shorten the time required
for the system to enter the balance zone. Then the stabilization controller on the basis of the
ALM at the UTP [18] is designed in the balance zone to accomplish the stable control goal
of the VUM [19,20], and the main methods include the LQR approach, the linear matrix
inequality approach, etc.

Although the zone control method is sometimes effective, the following issues need to
be addressed: (1) if the limit range of the state conditions is too small, these conditions are
hard to meet [21-23], resulting in difficulty moving the system smoothly to the balance zone
via a swing-up controller [24]; if the limit range is large, the torque will occur at a sudden
moment [25], and even the stabilization controller cannot accomplish the stabilization of
the VUM system when the controller is switched [26]. (2) Due to the complex coupling
relations among the linkage states, energy, and torque [27], the swing-up controller is prone
to singular phenomena, which increases the complexity of a controller design [28,29].

The vertical two-link underactuated manipulator includes the Pendubot (with first
active joint) [30] and Acrobot (with second active joint) [31], which are often used to verify
the validity of the method for the nonlinear system. In this paper, taking the vertical Acrobot
as the research object, we created a simple control strategy on the basis of the trajectory
planning method to solve the problems in the zone control method and accomplish the
system control goal. Firstly, a trajectory with adjustable parameters was framed for the
active link. By analyzing the trajectory characteristics, the active link can be moved from its
start angle, and be stabilized at the end angle along the planned trajectory. Due to the state
coupling relationship, the parameters in the trajectory were adjusted to ensure the passive
link also arrived at the zone near its target position. Then, a PD-based tracking controller
was devised to track the planned trajectory, swinging the system up to a small zone near
the UTP. When the linkage states satisfy the switching criteria, a stabilization controller was
designed to stabilize the system at the UTP, thus realizing the control goal of the vertical
Acrobot. Finally, the simulation result shows the validity of the proposed approach.

The main innovations of this paper are as follows:

(1) In contrast to existing methods, the vertical Acrobot is easily swung up from the
DIP to a small zone near the UTP by adjusting the parameters in the planned trajectory
and tracking this trajectory.

(2) Compared with the energy-based swing-up controller, a simpler PD-based tracking
controller without the singular value is devised.

(3) Unlike most methods that are only suitable for a particular system, the method
proposed in this paper is also applicable to the VUM with multiple links and passive joints.

2. System Dynamic Model and Control Idea

Figure 1 displays the model of the vertical Acrobot moving on the vertical plane. The
variables in Figure 1 are defined in Table 1.
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Table 1. Definition of the variables in Figure 1.

Variable Meaning
j j = 1: Passive link; j = 2: Active link
m; Mass of j-th link
L; Length of j-th link
Ji Lotary inertia of j-th link
lj Distance between j-th joint and centroid of the j-th link
q; Angle of j-th link
g Acceleration of gravity
T Torque

A y (m) @ Active joint

q, O Passive joint
@ Center of mass
>
x (m)

Figure 1. Model of the vertical Acrobot.

We obtain the dynamic model of the vertical Acrobot by utilizing the Euler-Lagrange
method:

Ni1g1 + Niggo + My + P =0 1)
No1g1 + Npjo + Mo +Pr =1 2

where §; and § are the angular accelerations of the passive and active link. Ny1, N1p, Np1,
Ny, M1, and M, are shown as follows:

N(q):{ N1 Niz ]

Noi  Np 3)
_ mll%+mzl%+m2L%+2m2Lllz Ccos QQ+]1 +> le%-f—mzL]lz Ccos Q2+]2
mﬂ% + myLql; cos g2+ 2 mzl% + P
N M, . —H’I2L112£71172 sinqz — mlelz(ql + 172)172 Sinth
M(q,9)= [ M, ] o [ myLy14? sin g, )
P(q) = { P ]:{ —(mqly + myLq)gsingy — mplpagsin(qy + q2) } 5)
P, —miplpg sin(qy + g2)

where g1 and ¢ represent the angles of the passive link and active link, and 4; and 4 are
the angular velocities of the passive and active link.

Let z = [z1 20 z3 z4]T = [q1 92 41 42]7, then the state space equation of the vertical
Acrobot is rewritten as

z2=g(z)+h(z)n (6)

where

g(2) = [ a1 ] = NU(q)(M(g,9) + P(4)) @)
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and
hy —Ni2/(N11 N2 — Ny Nip)

h(z) = [ Iy } - [ Ni1/(N11N2p — Np1Npp)

For the vertical Acrobot, because its head joint has no driving device, resulting in the
lack of corresponding control torque, it is difficult to directly control the passive link to
accomplish its control goal. Generally, by increasing the total energy of the system, the
underactuated system can be swung up to the zone near the target position. However, the
coupling condition among the control torque, system energy, and linkage states makes the
controller on the basis of the energy approach prone to the singularity in the design process.
Although some scholars have proposed avoiding the singularity by adjusting controller
parameters, there are also other problems, such as complex controller design and difficult
controller parameter selection.

In view of these problems, the purpose of this paper is to propose a simple control
method, which does not need to consider the singularity of the control process, and can
easily adjust the design parameters. Combined with the control goal of the active link,
by means of the trajectory planning method, it is convenient to frame a trajectory for the
active link. The design of the trajectory is the key of the swing-up motion of Acrobot,
which is related to whether the control goal of the active link can be realized. The framed
trajectory of the active link must meet the following requirements: (1) The initial and target
position of the trajectory must be consistent with the start and end angle of the active link.
(2) The angular velocity trajectory obtained by deriving the planned angle trajectory should
satisfy that the values at the initial and terminal time are zero. In this way, by tracking
the trajectory satisfying the above conditions, the active link can be moved directly from
the start angle and be stabilized at its end angle, thus realizing the control goal of the
active link.

Although the control goal of the active link can be easily realized through the tracking
control, the motion state of the passive link is different when tracking a different trajectory
of the active link, which may result in the failure of realizing the system swing-up control
goal. However, from (1), there are coupling relations among the angular acceleration,
angular velocity, and angle of each link. So, we can indirectly control the passive link by
adjusting the state of the active link. Hence, we need to add some adjustable parameters to
the planned trajectory for the active link. By changing these parameters, the states of the
active link and passive link can be changed. In this way, it is theoretically possible to swing
the VUM up to the UTP. In addition, from the aspect of controller design, it is necessary to
devise a controller to track the framed trajectory for the active link. The controller is only
connected to the state of the active link; thus, the tracking controller on the basis of the
trajectory planning method does not have the singular phenomenon. Next, we give the
specific process of the trajectory planning and controller design.

®)

3. Trajectory Planning

From the control goal of the vertical Acrobot, we obtain the end angle of the active link,
denoted as gy,. If the start angle g, is given, according to g, and 4., an angle trajectory is
framed with adjustable parameters for the active link as follows:

1
Jo = Goe — (G2e — q2s)e_p3t sin {pzt(l — p%) 4 arccos(pl)} )

where 0 < p; <1, pp > 0and p3 > 5.

Remark: The angle trajectory (9) is a curve related to the time and adjustable parame-
ters p1, p2, and p3. The selection of these adjustable parameters is crucial to the successful
realization of the system control goal. We can reduce the fluctuations of the trajectory by
increasing p; and shorten the time of approaching the target position by increasing p, and
p3. Due to the few parameters in the trajectories designed in this paper, the appropriate
trajectory parameters can be selected by attempts easily, swinging the vertical Acrobot up
to a small zone near the target position quickly by the tracking control.
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Taking the derivation of (9) obtains the angular velocity trajectory:
, _1 . 1 _
G2 =p3(1—pf) *sin {Pzt(l —pi)t arCCOS(m)] (q2 = gas)e P!
(10)
1
— cos [pzt(l —p})?+ arccos(pl)} (g2e — Gos)eP3t
The angular acceleration trajectory is also obtained
B _ 2.-p3t(1 _ 2\ % o _ 2\
o = (722 = 920)(p2e ! (1= ) sim(acos(py) + pat (1 p) )
—pa2e P3t(1— p3) 2 sin(acos(p1) + pat(1 — p3)2) (11)

+2papse P3t cos(acos(pr) + pat (1 — P%)%))

From (9) and (10), we can obtain the initial position and velocity (t = 0) and target
position and velocity (f — o) of the planned trajectory:

Go=4q2s, 4, =0, t=0
{‘72_112e, g, =0; t—o0 (12)

which are consistent with the start and end state of the active link.

In addition, from (11), 4, is bounded, which means that (9) and (10) are uniformly
continuous. So, combined with (12), regardless of the values of the parameters, the active
link can always converge to its end state along the designed trajectory (9) when t — oc.

From (10) and (11), when tracking the trajectory (9) with different p;, pp, and p3, the
motion state of each link is different. Thus, we can adjust the linkage state by changing the
parameters p1, p2, and p3. It should be emphasized that there are only three parameters in
the trajectory designed in this paper, and the parameter rectification is relatively simple.

The planned angle trajectory and corresponding angular velocity trajectory are shown
as Figure 2. Along the planned system’s angle trajectory, the active link can always arrive at
its end angle with a zero angular velocity at a certain time. At this moment, two links of the
vertical Acrobot are straightened, as shown in Figure 3a. However, generally, it is difficult
to ensure that the passive link also reaches its end angle with a zero angular velocity while
the active link follows the trajectory (9). After the active link reaches its end state, the
endpoint of the vertical Acrobot will move along the circle with the passive joint as the
center and the radius L1 + L,. From (10) and (11), the state of the active link is related to the
adjustable parameters. So, based on (1), if we choose different parameters, the state of the
active link and the passive link will also be different. Therefore, we adjust the parameters
of the planned trajectory to make the states of the active link and the passive link satisfy
the following conditions:

[rem (g1 — q1¢,270)| < ay, |[rem(qa — qoe, 27) | < w2, 41| < a3, |42| < oy (13)

where a1, a5, a3, and a4 are small positive numbers, and rem(a, b) is a function that can
obtain the remainder after division of a by b. At this time, along the planned angle
trajectory, the vertical Acrobot is moved from the DIP to a small zone near the UTP, as
shown in Figure 3b.

It should be emphasized that the trajectory model designed in this section is also
applicable to the multi-link VUM. We can design a similar trajectory for each active link of
the multi-link VUM and then adjust the trajectory parameters to make all links move to the
target position simultaneously.
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Figure 3. Motion-process analysis: (a) case 1; (b) case 2.

4. Control Scheme

In this section, we design a PD-based tracking controller to track the planned angle
trajectory, swinging the vertical Acrobot to a small zone near the UTP. Then, we design a
pole-assignment-based stabilization controller to realize the system stable control.

4.1. Tracking Controller Design

We define the trajectory tracking error as Ag = g — j and A§ = 4§ — 4. Based on Ag
and Ag, the candidate Lyapunov function is constructed as

1

_1, . 2
V= EAq + iKpAq (14)

where Ky, > 0.
The derivative of V is

V = AjAG+ KpAgAg = (g2 +hata + Kp(q — )] (4 — §) (15)
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We design the PD-based trajectory tracking controller as

1 “ :
= g[8+ Kp(g = @) — o+ Kad — )] 16)

where K; > 0.

Because N(q) is a positive-definite symmetric matrix, N~!(g) is also a positive definite
symmetric matrix. From (3) and (8), h is the main diagonal element in N~1(g), so i, > 0.
Therefore, there is no singular value in the tracking controller 1;. Compared with the exist-
ing swing-up controller, the PD-based tracking controller based on the planned trajectory
is simpler without complicated formula derivations.

Substituting (16) into (15), we obtain:

V=[g2+mm+K(q—7)](d—§) =Ks(d— > <0 (17)

Thus, on the basis of LaSalle’s invariance principle, when V = 0, § = §. Combined
with (6), we can obtain g = . So, the active link can always track the planned trajectory to
its end angle through the controller (16) regardless of the values of the trajectory parameters.

4.2. Stabilization Controller Design

Based on the ALM at the UTP, we designed a pole-assignment-based stabilization
controller [32] to make the vertical Acrobot stabilize at the UTP.
For approximate linearization of (6) at the UTP, we can obtain

= Az+Bmn (18)

where A and B are shown in [28].
Then, for the linear system (18), we designed the stabilization controller as follows:

Ts = —Kz (19)

where K is the controller gain.
Substituting (19) into (18), we obtain

2= (A-BK)z (20)

The PLACE function in Matlab is used to solve the value of K, ensuring [A — BK]
is a Hurwitz matrix. In this way, the stabilization controller (19) enables the closed loop
system (20) to be stable; all links converge to their end states eventually. The vertical
Acrobot is stabilized at the UTP finally.

To sum up, the control method in this paper can be divided into two stages:

1.  Tracking control stage: Swinging the vertical Acrobot to a small zone near the UTP by
using the PD-based tracking controller;

2. Stable control stage: Stabilizing the vertical Acrobot at the UTP by using the pole-
assignment-based stabilization controller.

The controller is switched from the PD-based tracking controller to the pole-assignment-
based stabilization controller when (13) is satisfied.

5. Simulation Result

In this section, we demonstrate the validity of the presented method through sim-
ulation. During the simulation process, we used a high-precision solver and set a small
tolerance to increase the accuracy of the simulation as much as possible.

The structural parameters of the vertical Acrobot are listed as follows:

m; =1kg, my=1kg, L1 =1m, Ly =2m, I; =05m (21)
Ihb=1m, J; =0.083 kg -m?, J, =033 kg m?
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From the control goal, we know the system start state and end state as:

[qls/ qZS/ ‘7151@25] = [7-[/ 0/ 0/ 0] (22)
[qle/ q2e, 1’716/ qZE] = [21’11 T, 27’12 T, 0/ 0]
where 111 and n; are integers.
First, we randomly give a set of trajectory parameters as follows:
p1 =05 p2=4, p3=38 (23)

The parameters in the PD tracking controller (16) and the condition (13) are set as:
Ky =25, K; =10, a1 = 0.05 (24)
Ny = 0.05, N3 = 0.1, Ny = 0.1

Set the closed-loop poles as —3, —4, —5, and —6. Then, the gain of (19) is calculated
through the PLACE function:

K = [—323.2457, —134.7809, —138.2825, —66.1075] (25)

The simulation result with the parameters (23) is shown in Figure 4. The control goal
of the system is not achieved by tracking the trajectory with this set of parameters. At about
2s, (q2,42) — (—27m,0). That is, the active link is moved to the end angle from its start
angle, and its angular velocity becomes zero. However, at this point, (41,41) are in an
unstable state, and the passive link does not arrive at the end state. The states switching
conditions (13) are not met, causing the controller to be unable to switch to the stabilization
controller. Although we can set w;(i = 1,2,3,4) as a larger value to relax the conditions (13),
this will result in sudden torque change switching the controller (16) to the controller (19).
Thus, we mainly adjust the trajectory parameters to make the state conditions (13) hold.

In order to make the states of all links meet the conditions (13), combined with the
simulations, we select an appropriate set of parameters by attempts

p1=05 p2=9, p3=5 (26)

By tracking the trajectory with the parameter (26), the conditions (13) are satisfied.
In this way, the controller is switched to the stabilization controller from the PD-based
tracking controller.

The parameters in (16), (13), and (19) are the same as those in (24). The simula-
tion result with the parameter (26) is shown in Figure 5. At about 4 s, (q1,42,41,42) —
(0,—2m,0,0) and 7 — 0. That is, all links are moved to their end angles from their start an-
gles, their angular velocities become zero, and the torque converges to zero. The endpoint
trajectory in Figure 6 shows that the endpoint is swung up from the DID, is stabilized at the
UTP finally, and the system control goal is realized. Compared with the control effect (7 s,
180 N - m) in [11], although the maximum torque of the presented method increases, the
time to accomplish the control goal is significantly shortened. More importantly, compared
with the method in [11], the method in this paper has no complicated formula derivation
process and is simpler with less calculation. In addition, different from the traditional zone
method in [28], the proposed method can easily swing the vertical Acrobot up directly to
the small zone near the UTP by tracking the planned trajectory with suitable parameters,
and there is no singular value in the tracking controller during the control process, which
also demonstrates the simplicity and superiority of our method.
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Figure 4. Simulation results with (23): (a) angle; (b) angular velocity; (c) torque.
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Figure 5. Simulation results with (26): (a) angle; (b) angular velocity; (c) torque
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Figure 6. Endpoint trajectory.
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6. Conclusions

This paper presented a simple control strategy on the basis of the trajectory planning
method for the vertical Acrobot to accomplish the swing-up and stable control goal. First,
the angle trajectory from its start angle to its end angle was framed for the active link, and
the trajectory included some adjustable parameters. Then, the PD-based tracking controller
was devised to track the framed trajectory. The state switching conditions were met by
adjusting the parameters in the planned trajectory. Next, a stabilization controller was
devised to steady the system at the UTP. Finally, the simulation result showed the validity
of our method.

It is easy to swing the vertical Acrobot up from the DIP to a small zone near the UTP by
using the proposed method. Compared with the existing methods, the PD-based tracking
controller is simpler without the singular value. Moreover, the trajectory model in this
paper is universal and can be directly applied to the multilink VUM. In the future, we will
combine some intelligent methods to study the control strategy of the manipulator with
multiple links and multiple passive joints. In addition, we plan to build an experimental
platform of the underactuated manipulator to further verify the effectiveness of the pro-
posed control strategy through experiments by comprehensively considering the external
disturbance, measurement noise, parameter disturbance, and other influence factors.
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The abbreviations used in our paper are as follows:
DIP Downward initial position

UTP  Upward target position

VUM  Vertical underactuated manipulator

ALM  Approximate linear model
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