Article

Deep Deterministic Policy Gradient (DDPG) Agent-Based
Sliding Mode Control for Quadrotor Attitudes

Wenjun Hu

check for
updates

Citation: Hu, W.; Yang, Y.; Liu, Z.
Deep Deterministic Policy Gradient
(DDPG) Agent-Based Sliding Mode
Control for Quadrotor Attitudes.
Drones 2024, 8, 95. https://doi.org/
10.3390/ drones8030095

Academic Editor: Abdessattar
Abdelkefi

Received: 15 January 2024
Revised: 3 March 2024
Accepted: 7 March 2024
Published: 12 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Yueneng Yang *

and Zhiyang Liu

College of Aerospace Science and Engineering, National University of Defense Technology,
Changsha 410073, China; huwenjun@nudt.edu.cn (W.H.); liuzhiyang@nudt.edu.cn (Z.L.)
* Correspondence: yangyueneng@nudt.edu.cn; Tel.: +86-13548676452

Abstract: A novel reinforcement deep learning deterministic policy gradient agent-based sliding
mode control (DDPG-SMC) approach is proposed to suppress the chattering phenomenon in attitude
control for quadrotors, in the presence of external disturbances. First, the attitude dynamics model of
the quadrotor under study is derived, and the attitude control problem is described using formulas.
Second, a sliding mode controller, including its sliding mode surface and reaching law, is chosen for
the nonlinear dynamic system. The stability of the designed SMC system is validated through the
Lyapunov stability theorem. Third, a reinforcement learning (RL) agent based on deep deterministic
policy gradient (DDPG) is trained to adaptively adjust the switching control gain. During the training
process, the input signals for the agent are the actual and desired attitude angles, while the output
action is the time-varying control gain. Finally, the trained agent mentioned above is utilized in the
SMC as a parameter regulator to facilitate the adaptive adjustment of the switching control gain
associated with the reaching law. The simulation results validate the robustness and effectiveness of
the proposed DDPG-SMC method.

Keywords: quadrotor; attitude control; deep deterministic policy gradient; gain adjusted; sliding
mode control

1. Introduction

As an unmanned flight platform, a quadrotor UAV has the advantages of a simple
structure, lightweight fuselage, and low cost. It is widely used in various tasks such as
cargo transportation, aerial photography, agricultural plant protection, rescue and relief
operations, remote-sensing mapping, and reconnaissance [1-4]. A wide range of application
scenarios also impose strict requirements on its flight control capability, particularly the
attitude control during UAV flight [4-6]. However, the lightweight fuselage of a quadrotor
leads to its poor ability to resist external disturbances, which reduces the accuracy of its
attitude control.

There have been many studies on attitude control methods for quadrotors. Some linear
control methods such as proportional integral derivative (PID) control [7-9] and linear
quadratic regulation [10] have been widely used in engineering practice, due to the advan-
tages of their simple structure and easy implementation. The PID and LQ methods were
applied for the attitude angle control of a micro quadrotor, and the control laws were vali-
dated through autonomous flight experiments in the presence of external disturbances [11].
A robust PID control methodology was proposed for quadrotor UAV regulation, which
could reduce the power consumption and perform well in the disturbances of parameter
uncertainties and aerodynamic interferences [12]. Twelve PID coefficients of a quadrotor
controller were optimized using four classical evolutionary algorithms, respectively, and
the simulation results indicated that the coefficients optimized from the differential evolu-
tion algorithm (DE) could minimize the energy consumption when compared with other
algorithms [7]. While linear or coefficient-optimized linear controllers may be suitable for

Drones 2024, 8, 95. https:/ /doi.org/10.3390/drones8030095

https://www.mdpi.com/journal /drones


https://doi.org/10.3390/drones8030095
https://doi.org/10.3390/drones8030095
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/drones
https://www.mdpi.com
https://orcid.org/0000-0003-2952-808X
https://orcid.org/0000-0002-7064-4229
https://doi.org/10.3390/drones8030095
https://www.mdpi.com/journal/drones
https://www.mdpi.com/article/10.3390/drones8030095?type=check_update&version=2

Drones 2024, 8, 95

20f17

some of the above scenarios, it is often found that the nonlinear effects of the quadrotor
dynamics are non-negligible [13], and that the linear control methodologies are incapable
due to their reliance on approximately linearized dynamical models. Various control ap-
proaches have been used in quadrotors considering the nonlinear dynamics model. One of
these approaches is nonlinear dynamic inversion (NDI), which can theoretically eliminate
the nonlinearities of the control system [14], but this control method is much dependent on
the model accuracies [15]. The incremental nonlinear dynamic inversion (INDI) method-
ology was used to improve the robustness against the model inaccuracies, which could
achieve stable attitude control even though the change in pitch angle was up to 90° [16].
The adaptive control algorithm has also been widely used in quadrotor systems [17,18].
Two adaptive control laws were designed for the attitude stabilization of a quadrotor in
order to deal with the problem of parametric uncertainty and external disturbance [18].
A robust adaptive control strategy was developed for tracking the attitude of foldable
quadrotors, which were modeled as switched systems [19].

Due to the advantages of fast response times and strong robustness, the sliding mode
control (SMC) methodology has been widely applied in the attitude tracking of quadro-
tors [20,21]. However, the problem of control input chattering is apparent in the traditional
reaching law designed in SMC. A fuzzy logic system was developed to adaptively schedule
the control gains of the sign function, effectively suppressing the control signal chatter-
ing [22]. A novel discrete-time sliding mode control (DSMC) reaching law was proposed
based on theoretical analysis, which could significantly reduce chattering [23]. An adaptive
fast nonsingular terminal sliding mode (AFNTSM) controller was introduced to achieve
attitude regulation and suppress the chattering phenomenon. The effectiveness of this
controller was verified through experiments [24]. A fractional-order sliding mode surface
was designed to adaptively adjust the parameters of SMC for the fault-tolerant control of a
quadrotor model with mismatched disturbances [25].

The above works of research have great significance as references. However, the
control signal chattering still needs further improvement and attention when the SMC
method is applied in attitude regulation with external disturbances. There are many
strategies for reducing the chattering phenomenon of an SMC algorithm [26-31], such
as the super-twisting algorithm and sigmoid approximation. The first strategy mainly
introduces an integral term into the switching function term [28-30], which is equivalent to
low-pass filtering, so as to make the control signal continuous. However, the disadvantage
of this strategy is that it needs to select an appropriate integral term coefficient, and the
coefficient needs to be adjusted according to the change of the system motion state. The
second strategy usually approximates the switch function by constructing a function [31],
so as to remove the dependence on the switch function, so as to make the state change of the
system smoother. The disadvantage of this strategy is that the lack of the switch function
leads to a decline in the robustness of the control system, and eventually the steady-state
error becomes larger.

With the development of artificial intelligence technology, more and more reinforce-
ment learning algorithms have been applied to traditional control methodologies [32,33].
Inspired by these studies, a deep deterministic policy gradient (DDPG) [34] agent was
introduced to the SMC in this paper. The parameters linked to the sign function can
be adaptively regulated by the trained DDPG agent. This adaptive regulation helps to
suppress the control input chattering in attitude control, especially in the presence of
external disturbances.

The primary contribution of our work can be summarized as follows: a reinforcement
learning agent, based on DDPG, is trained to adaptively adjust the switching control gain
in the traditional SMC method. This adaptation effectively suppresses the chattering
phenomenon in attitude control.

The remainder of this paper is organized as follows: Section 2 introduces the attitude
dynamics modeling for a quadrotor UAV. In Section 3, the traditional SMC and the proposed
DDPG-SMC are designed for solving attitude control problems. In Section 4, the robustness
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and effectiveness of the proposed control approach are validated through simulation results,
followed by key conclusions in Section 5.

2. Attitude Dynamics Modeling for Quadrotor UAV

The quadrotor is considered a rigid body, and its attitude motion can be described by
two coordinate frames: an inertial reference frame (frame I) O;x;y;z; and a body reference
frame (frame B) Oyxpy32p, as shown in Figure 1. The attitude motion of the quadrotor can be
achieved by rotating each propeller. The attitude angles can be described as 7 = [¢, 6, ] T
in frame B, where ¢, 0, i are the roll angle (rotation around the x-axis), pitch angle (rotation
around the y-axis), and yaw angle (rotation around the z-axis), respectively. The attitude
angular velocities are expressed as { = [p, ¢, r]T, where p, q, r are the angular velocities in

the roll, pitch, and yaw directions, respectively.

X Yi
Figure 1. Attitude motion of the quadrotor in coordinate frames.

According to the relationship between the angular velocities and the attitude rate, the
attitude kinematics equation of the quadrotor can be expressed as follows [35]:

1 =®(y)¢ (1)

where
1 tanfsin¢g tanfcos¢

O(y) = |0 cos ¢ —sing ()
0 secfsing secBcos¢

The attitude dynamics equation of the quadrotor can be written as follows [36]:

Ji+Ix () =1 (3)

where | = diag (]x, Iy, ]Z); Jx, Jy, and |, are the moments of inertia along the Oyx3, Opyy,

and Oyz;, axes, respectively; T = [L, M, N ]T denotes the control inputs; L, M, and N are
the control torques in the roll, pitch, and yaw directions, respectively. When external
disturbances are taken into account, the attitude dynamics Equation (3) can be rewritten as

Ji=-{x () + T+ )

where T; denotes the external disturbances.
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3. Control Design for Attitude Control

In consideration of attitude control in the presence of external disturbances, a sliding
mode controller, along with its sliding mode surface and reaching law, is chosen for the
quadrotor dynamic system. The stability of the designed SMC system is validated using
the Lyapunov stability theorem. Then, a reinforcement learning agent based on DDPG
is trained and applied to the aforementioned SMC method without compromising the
system’s stability.

3.1. SMC Design

In this section, a sliding mode controller is designed for attitude regulation of the
quadrotor. The control objective can be described as follows: the actual attitude = [¢, 6, ¥] T
needs to be regulated to the desired attitude 1; = [¢4,604, wa)”
Jim [lz7 = 4]| = 0.

In the controller design process, the sliding mode surface is first selected. Then, the
control law is chosen to compute the control signal. Finally, the stability proof of the
designed SMC system is validated using the Lyapunov stability theorem. The control
scheme of SMC for attitude tracking is depicted in Figure 2.

asymptotically, i.e.,

Y

Sliding Mode | T Dynamics
Control law B model ¢

I
\j

Figure 2. Block diagram of SMC.

The specific design of the sliding mode controller can be expressed as Algorithm 1.

Algorithm 1. Design Methodology of SMC.

Input:
(1) Desired attitude angles 7,
(2) Actual attitude angles #
(3) Model parameters of the quadrotor
Output: Control signals for the attitude dynamics model
Step 1: Design of the control signal
(a) Define the sliding mode surface s
(b) Select the reaching law s
(c) Compute the control signal T
Step 2: Proof of the stability of the closed-loop system
(a) Select a Lyapunov candidate function V'
(b) Calculate the first-order derivative of V
(c) Analyze the sign of the above derivative of V
(d) Conclude the convergence of the attitude motion
Step 3: Termination
If the attitude control errors meet the requirements, conduct the algorithm termination and
output the control signal 7. Otherwise, carry out Step 1 until convergence of the control errors.

Step 1 (a):
The control error can be defined as

e=13—1 ()



Drones 2024, 8, 95 50f17
Then, the sliding mode surface can be derived as
s =e-+ce, (6)
where ¢ = diag(cy, ¢2,¢3), and ¢1, 3, ¢3 are selected positive numbers.
The derivative of s can be expressed as
s=e+ce (7)
Substituting Equations (1)—(3) and (5) into (7), we can obtain
s=cete=cetijy— P~ I (L% (JO) +T+ 1), (®)
where we can define
d= T4 (9)
Equation (8) can be rewritten as
§ = cetijy = (T~ I (= < (JO) + T+ 4d) (10)
Assumption 1. The external disturbance d is assumed to be bounded and satisfies
ld|| <D, (11)
in which D is a positive finite variable.
Step 1 (b):
The reaching law of the sliding mode surface can be selected as follows [37]:
§ = —As — ksign(s), (12)

in which A and k are both diagonally positive definite matrices, with A = diag(A1, A2, A3),
and A1, Ay, A3 are selected as positive numbers, the same as k = diag(ky, ko, k3), and
ki(i = 1,2,3) is also a selected positive number, and sign(-) represents the sign function.
Step 1 (c):
Based on calculations of the angular velocity  and transformation matrix ®(#), as
well as the derivation of Equations (8) and (12), the control signal for attitude dynamics
model can be designed as follows:

T = x (J7) +J (1) (As + ksign(s) + cé + iy — D(1)?) (13)

Step 2:
The stability of the closed-loop system is proven as follows:

Theorem 1. Considering the attitude dynamics system described in Equation (4), with the sliding
mode surface selected as Equation (6), if the exponential reaching law is chosen as Equation (12),
and the control signals for the attitude dynamics model are designed according to Equation (13),
then the designed SMC system is stable, and the actual attitude can converge to the desired attitude
in finite time.

Proof of Theorem 1. We can select a Lyapunov candidate function as

V==s's (14)
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Based on Equation (10), taking the derivative of Equation (14) with respect to time, we
can obtain

V= sTs = s"{ce+ij,— g — @I (=Cx (J7) + T +d) } (15)
Then, substituting (13) into (15), we have

ce+ijy — ()0 — ()]
V=s$ [ =0x(0)+Ex(JO) +J7 (1)
(As + ksign(s) + cé + i, — () + d)
=sT(—As — ksign(s) — d)
= —AsTs — k||| —s"d
< —|[Allls|I* = lI%][ls| = Dlis]| < 0

(16)

We can assume that the sliding mode surface s = 0 and obtain the following equation:

lim s = lim (e + ce) = lim { (14 — 1) + (i, — 1) } (17)
Based on the selection of the diagonal positive definite matrix ¢, we can obtain the
following expression:

lim |lg — ]| =0, lim [[i, — (| = 0, (18)

Remark 1. From Equation (18), the designed control law in Equation (13) can guarantee the
stability of the closed-loop system based on the Lyapunov stability theorem. The attitude-tracking
error will converge to zero asymptotically if the sliding mode surface is equal to zero. Consequently,
proving the stability of the designed SMC system has been completed.

3.2. DDPG-SMC Design
3.2.1. The Architectural Design of DDPG-SMC

The above derivations have proven that the control error can converge to zero asymp-
totically in the designed SMC for a nonlinear system (Equation (4)). However, high-
frequency chattering of the control signal will appear near the sliding surface due to the
selected reaching law (Equation (12)) with a sign function. The intensity of chattering is
determined by the parameter associated with the sign function, namely the control gain k.

Inspired by the combination of reinforcement learning algorithms and traditional con-
trol methodologies, a reinforcement learning agent based on DDPG is trained to adaptively
adjust the switching control gain. The trained agent is applied as a parameter regulator
for the designed SMC, and the block diagram of this designed DDPG-SMC is shown in
Figure 3.

DDPG-based k

4

Sliding Mode | T Dynamics
Control law ™ model 3

\

parameter regulator

\/

I
\/

Figure 3. Block diagram of DDPG-SMC.

The architecture of the DDPG-based parameter regulator is shown in Figure 4.
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DDPG Agent
e State

Observation Qpservations o ~
e ‘ Action k

Reward | Reward
_, Calculation

Figure 4. The architecture of the DDPG-based parameter regulator.

3.2.2. The Basic Principle of the DDPG Algorithm

DDPG is an algorithm designed to address continuous action problems within the
Actor—Critic (AC) framework [38], In this approach, the policy network parameters are
continuously optimized to enhance the output action to achieve higher scores in the value
network. In the designed DDPG-SMC approach in this paper, the DDPG agent needs to
be trained beforehand. The system described in Figure 3 serves as a training environment,
and the training data are derived from multiple flight simulations.

The basic principle of the DDPG algorithm (Algorithm 2) can be introduced as follows.

Algorithm 2. DDPG Algorithm.

Input: Experience replay buffer D, initial critic networks” Q-function parameters 62, actor
networks’ policy parameters 07, target networks Q' and 7’.
Initialize the target network parameters: 62 < 62, §7 « 0.
for episode = 1 to M do
Initialize stochastic process N to add exploration to the action.
Observe initial state s1.
for time step =1 to T do
Select action a; = 77(s¢|0™) + Np.
Perform action a; and transfer to next state s;; 1, then acquire the reward value r; and the
termination signal d;.
Store the state transition data (s¢, a¢, ¢, dt, s;41) in experience replay buffer D.
Calculate the target function:

y(re, Spvn, di) =1+ y(1 —dp) Q' (5t+1/ o’ <St+l‘9n/ ) ‘QQ/>
Update the critic network using the minimized loss function:
2
L=g D (y(re, sesn, di) — Q(st, a[69))
(st, ay, 1y, dy, 5p41)EB

Update the actor network using the policy gradient method:
Vgr] = Veﬂﬁsgg Qor (s, pgo(s))
Update target networks:
09 < 09 + (1 )69
0™« p6™ + (1—p)6"
end for
end for

The design of the DDPG-based parameter regulator consists of two processes: training
and validation. During the training process, the quadrotor’s flight simulation is conducted
to collect all of the state and control data, which amounts to the accumulation of experience.
Then, based on the accumulated experience data, the neural network parameters are
optimized and updated using gradient calculation, the stochastic gradient descent method,
and other techniques. After multiple episodes of iterative training, the policy in the policy
function converges to the optimal one. The validation process is used to validate the
feasibility and generalization of the trained agent’s optimal policy.
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3.2.3. Design of the Neural Network and Parameters Related to DDPG

The neural network of DDPG mainly consists of a Critic network and an Actor network.
The Critic network consists of a state part and an action part. The state part receives state
input and passes through a fully connected layer with 128 and 200 nodes, respectively. The
action part receives action input and passes through a fully connected layer with 200 nodes.
The activation function of each fully connected layer is Relu. The state part and action
part are connected together and form the Critic network through a Relu layer and a full
connection layer. The structure of the Critic network is depicted in Figure 5.

<
State: 9

Feature Input-layer

A 4

Critic State 1
Fully Connected-layer:128 )

A 4

N
Critic Relu 1 Action: 3
Relu-layer ) Feature Input-layer
A 4 N A 4
Critic State 2 Critic Action 1
Fully Connected-layer:200 ) Fully Connected-layer:200

]
A 2

Add
Addition-layer:2

Y

Critic Common Relu
Relu-layer

A 4

Critic Output
L Fully Connected-layer:1

Figure 5. The structure of the Critic network.

The Actor network consists of three fully connected layers with 128, 200, and 3 nodes,
respectively, and receives state input and outputs action signals within a set range. The
activation functions of fully connected layers are Relu and Tanh, respectively. The structure
of the Actor network is shown in Figure 6.

e R 4
State: 9 Actor Relu 2
-1 T Relu-layer
Image Input-layer ) L y )
I I
e 2\ 4 N\
Actor 1 Actor 3
Fully Connected-layer:128 Fully Connected-layer:3
. }
'd A ( N\
Actor Relu 1 Actor Tanh
Relu-layer Tanh-layer
J - J
e < 7 e i 1\
Actor 2 L Actor Scaling
L Fully Connected-layer:200 ) Scaling-layer

Figure 6. The structure of the Actor network.

To train the DDPG agent to adjust the switching control gain k, the training episodes
were set as 200, with the simulation time of each episode being 10 s and the time step
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being 0.02 s. Initial and desired attitude angles during the training were selected as
1o = [0.1rad,0.2rad, —0.1rad]” and #,; = [0.2rad,0.1rad,0.1rad]”, respectively. More pa-
rameters related to DDPG are listed in Table 1.

Table 1. Parameters related to the DDPG agent.

Parameter Value
State dimension of the input layer 9
Action dimension of the output layer 3
Reward discount factor 0.995
Minimum batch size 128
Max steps per episode 500
Max episodes 200
Agent sample time 0.02s
Experience replay buffer 1 x 10°
Target smooth factor 1x1073

The cumulative reward after each episode of training was recorded and output, and
the reward at each step could be calculated using the following equation:

r(t) = —@t - [n(t) —na(t)], (19)
where @ represents the weight matrix, which was selected as [1 1 1], and t is the flight time.

3.2.4. The Training Results of DDPG

The training process was stopped when the average reward of cumulative training
was less than —1 or the number of training episodes reached 200. The final training
result is shown in Figure 7, where the green line represents the expected reward value for
each training episode, and the blue and red lines denote the actual and average reward
values, respectively. It can be seen that the actual reward value suddenly decreases at the
165th training episode, which is a normal result obtained by the agent in the process of
continuous exploration, and the difference between the reward value and the maximum
reward value is not obvious. With the increase in the number of training episodes, the
actual and average rewards converge to the maximum at the 170th training episode, and
the actual reward almost coincides with the expected reward. This indicates that the agent
has completed training, and can be introduced as a parameter regulator in the above sliding
mode controller.

In order to validate the generalization of the trained agent’s optimal policy, it is
necessary to test the control performance of the UAV model under various flight conditions.
Specifically, it is necessary to evaluate the improvement in control performance by adjusting
control parameters adaptively under different flight conditions. The relevant numerical
simulation results are presented in Section 4.3.

Remark 2. By using the designed parameter regulator based on the trained DDPG agent, the
switching control gain related to reaching law can be adjusted adaptively according to the attitude
control error. Compared with SMC, the only difference of DDPG-SMC is that the parameter k can
be adaptively adjusted within the same value range. As a result, the stability proof of DDPG-SMC
is the same as that of SMIC in Section 3.1, and the closed-loop system of both methods is stable.

Therefore, the control signal in DDPG-SMC can be represented as
T={x(JO)+J® () (As + ksign(s) +ce + 17, — Cb(q)(f), (20)

in which k is the time-varying switching control gain related to reaching law.
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Figure 7. Each episode reward for gain-learning with the DDPG agent.

4. Simulation Results

The robustness and effectiveness of the proposed control approach can be verified via
flight simulations. The quadrotor used in our study is modified and designed on the basis
of a DJI F450 UAV, and its specific technical parameters are shown in Table 2.

Table 2. Model parameters of the quadrotor.

Parameter Value
Mass m/kg 3.350
Inertia moment about o,x}, Jx/ (kg-mz) 0.0588
Inertia moment about opyy, [y / (kg-m?) 0.0588
Inertia moment about 0,2z}, [,/ (kg-mZ) 0.1076
Lift factor b 8.159 x 1075
Drag factor d 2.143 x 107

Distance between the center of mass and the

rotation axis of any propeller [/m 0-195

The basic simulation conditions are described as follows. Initial attitude angles
and angular velocities of the quadrotor are set as 5y = [0.1rad,0.2rad, —O.1rad]T and
{o = [Orad/s,Orad/s,Orad/ S]T, respectively. The desired attitude angles are selected as
74 = [Orad,0.1rad, Orad]T. The external disturbances are assumed to act on the system
in the form of torques: 7; = 0.005 x [sin(7r/100¢) cos(7r/100t) sin(7r/100¢)] "N m.
Three control approaches, including SMC, the AFGS-SMC proposed in reference [22], and
the DDPG-SMC designed in this paper, are used in the flight simulation, respectively.

4.1. Simulation Results of SMC

The relevant control parameters of the sign function in SMC are designed as follows:
k = diag(0.2,0.2,0.2) and A = diag(1.5,1.5,1.5). The numerical simulation results are
depicted in Figure 8.
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Figure 8. Simulation results of SMC.

As shown in Figure 8a, the dashed and solid lines represent the desired and actual
attitude angles, respectively. The convergence times of attitude angles in three directions
(roll, pitch, and yaw) are 1.8 s, 2.1 s, and 1.8 s, respectively, from the initial value to the
desired value. This indicates that the quadrotor attitude can be regulated into the desired

attitude using the SMC algorithm, in the presence of disturbances.

The time histories of angular velocities and control inputs are depicted in Figure 8b,c,
respectively. It can be seen that the attitude angular velocities in three directions approach
0 rad/s during time periods of 2.2's, 2.4 s, and 2.2 s, respectively. The angular velocities

oscillate slightly around 0 rad/s to maintain balance in the quadrotor system.

However, the chattering of the control inputs is more severe when the control system is
stabilized. The control input signal in the roll direction oscillates in the range of —0.012 N-m
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to 0.014 N-m, the control input signal in the pitch direction oscillates in the range of
—0.008 N-m to 0.016 N-m, and the control input signal in the yaw direction oscillates
in the range of —0.018 N-m to 0.024 N-m. Since the control input signals denote the
torques generated by the quadrotor propellers, chattering at high frequencies is absolutely
unacceptable for the quadrotor’s actuators.

Figure 8d,e represent the time evolutions of control gains related to the reaching
law and sliding mode surfaces, respectively. It can be seen that sliding mode surfaces
converge to zero asymptotically, and the control gains remain constant throughout the
entire simulation process. These constant gains lead to the chattering phenomenon of
control signals.

4.2. Simulation Results of AFGS-SMC

The chattering phenomenon is caused by high-frequency switching around the sliding
mode surface, attributed to the term k-sign(s) in SMC. The adaptive fuzzy gain-scheduling
sliding mode control (AFGS-SMC) method in the reference [22] was proposed by the
authors’ team in 2016. This method can effectively suppress the control signal chattering,
and the authors would like to compare it with the method proposed in this paper in terms
of control performance. The simulation results for this method are depicted in Figure 9.
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Figure 9. Simulation results of AFGS-SMC.

As presented in Figure 9a, the dashed and solid lines represent the desired and actual
attitude angles, respectively. The convergence times of attitude angles in three directions
(roll, pitch, and yaw) are 2.2 s, 2.5 s, and 2.2 s, respectively, from the initial value to the
desired value. This demonstrates that the quadrotor attitude can be regulated into the
desired attitude using the AFGS-SMC algorithm, in the presence of disturbances.

The time evolutions of the quadrotor’s angular velocities and control inputs are
depicted in Figure 9b,c, respectively. It can be seen that the attitude angular velocities in the
three directions approach 0 rad/s during time periods of 3.1 s, 2.8 s, and 3.1 s, respectively,
and the oscillation is significantly reduced. In contrast to the results for SMC, the chattering
phenomenon of the control input is significantly reduced.

Figure 9d,e represent the time evolutions of control gains related to the reaching law
and sliding mode surfaces, respectively. It can be seen that the sliding mode surfaces
converge to zero asymptotically, and the control gains are adjusted adaptively via the
associated fuzzy rules in AFGS-SMC. This adaptive adjustment helps reduce the chattering
phenomenon of control signals.

4.3. Simulation Results of DDPG-SMC

Similar to the AFGS-SMC method mentioned above, the control gains of DDPG-SMC
are time-varying and can be adaptively scheduled through the DDPG-based parameter
regulator. The simulation results for DDPG-SMC are depicted in Figure 10.

As depicted in Figure 10a, the dashed and solid lines represent the desired and actual
attitude angles, respectively. The convergence times of attitude angles in three directions
(roll, pitch, and yaw) are 2.0 s, 1.9 s, and 2.0 s, respectively, from the initial value to the
desired value. This demonstrates that the quadrotor’s attitude can be regulated into the
desired attitude using the designed DDPG-SMC algorithm, in the presence of disturbances.

The time evolutions of the quadrotor’s angular velocities and control inputs are
presented in Figure 10b,c, respectively. It can be seen that the attitude angular velocities
in the three directions approach 0 rad/s during time periods of 2.1 s, 2.4 s, and 2.6 s,
respectively, and the oscillation is much less.

Figure 10d,e represent the time evolutions of control gains related to the reaching
law and sliding mode surfaces, respectively. It can be seen that the sliding mode surfaces
converge to zero asymptotically, and the control gains related to the reaching law are
adjusted adaptively via the trained DDPG agent. This adjustment can help reduce the
chattering phenomenon of control signals.
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Figure 10. Simulation results of DDPG-SMC.

4.4. Comparative Analysis of Simulation Results

To compare the control performance of the above three methods, the convergence time
and steady-state errors of the attitude angles and the chattering amplitudes of the control
signals are selected as performance indicators, which are listed in Table 3.

Table 3. Control performance indicators of the three methods.

Performance Indicators SMC AFGS-SMC DDPG-SMC
Convergence time (s) 2.1 2.5 2.0
Steady-state errors (%) 2 5 1

Chattering amplitudes (N-m) (—0.018,0.024) (—0.006, 0.006) (—0.005, 0.005)
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It can be seen that both AFGS-SMC and DDPG-SMC can greatly reduce the chattering
of control signals. However, in the DDPG-SMC method, the convergence time is shorter
and the steady-state error is smaller than those of the AFGS-SMC method, indicating that
the DDPG-SMC method exhibits better control performance.

Remark 3. (1) The traditional SMC, referenced AFGS-SMC, and designed DDPG-SMC methods
all perform effectively and robustly in attitude control, with the presence of external continuous
disturbances. (2) The disadvantage of the traditional SMC is that a high-frequency chattering
phenomenon exists in the control input signals. (3) The control gains related to the reaching law in
DDPG-SMC can be adjusted adaptively via the trained reinforcement learning agent, where the
chattering phenomenon is effectively reduced.

5. Conclusions

In view of the chattering phenomenon in the traditional SMC for quadrotor attitudes,
a novel approach based on reinforcement learning, called DDPG-SMC, is proposed. The
attitude dynamics model of the studied quadrotor is derived, and the attitude control
problem is described by formulas initially. A traditional sliding mode controller is designed
for the nonlinear dynamic system, and the stability of the closed-loop system is ensured via
the Lyapunov stability theorem. A reinforcement learning agent, based on DDPG, is trained
to adaptively adjust the switching control gain in traditional SMC. This trained agent
is then utilized in SMC as a parameter regulator to develop the DDPG-SMC approach.
The simulation results indicate that the proposed DDPG-SMC approach demonstrates
excellent robustness and effectiveness in attitude control for quadrotors. Compared with
the traditional SMC method, the proposed approach can effectively suppress the chattering
phenomenon in the presence of external disturbances. The research in this paper can
provide a methodological reference for addressing the chattering problem of SMC when
the control system is affected by external disturbances. The authors will conduct hardware
experiments to verify the feasibility of the proposed method in the future.
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