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Abstract: An adaptive proportional-integral-derivative (PID) controller based on Q-learning algorithm is proposed to
balance the cart-pole system in simulation environment. This controller was trained using Q-learning algorithm and
implemented the learned Q-tables to change the gains of linear PID controllers according to the state of the system
during the control process. The adaptive PID controller based on Q-learning algorithm was trained from a set of fixed
initial positions and was able to balance the system starting from a series of initial positions that are different from the
ones used in the training session, which achieved equivalent or even better performances in comparison with the
conventional PID controller and the controller only uses Q-learning algorithm. This indicates the advantage of
the adaptive PID controller based on Q-learning algorithm both in the generality of balancing the cart-pole system

from a relatively wide range of initial positions and in the stabilisability of achieving smaller steady-state error.

1 Introduction

Various controllers have been developed and widely used in
industrial environments such as proportional-integral-derivative
(PID) controllers, fuzzy logic-based controllers because of the high
robustness and scalability with the simplicity in structure.
Nevertheless, these conventional controllers suffer from the high
dependency on parameters. These controllers usually are not
optimally tuned and able to reach satisfactory performances in
real applications and require frequent adjustments when damages
occur or being in adverse situations [1]. Therefore, the tuning
parameters of conventional controllers to achieve an optimal
performance become an outstanding issue [2]. Additionally, these
controllers have less satisfactory performance in complex
environment, especially in the situations associated with practical
applications considering the high non-linearity and uncertainty of
the environment. These drawbacks address the importance
of developing alternative control techniques. Contrarily,
reinforcement learning (RL) algorithm is a machine-learning
algorithm that generates optimal policy by interacting with
environment and receiving reinforcement signals under the
circumstance where the dynamics and the underlying of the
environment remain unknown. This property proposes a promising
solution to solving the systems with high non-linearity by avoiding
formulating accurate mathematical models [3]. Combining
conventional control methods with RL is proved to be very
powerful and efficient in solving practical problems like robotic
control problems in high-dimensional state and action spaces [4].
There are several successful applications that have been
implemented such as robot navigation [3], autonomous helicopter
control [5] etc., showing a promising prospect of employing RL
algorithms in control systems.

Great amounts of researches have applied the RL algorithm to
achieve innovative control strategies. One of them is to totally
replace the conventional controllers by the RL algorithms. In [6],
five different RL algorithms (two value-iteration algorithms and
three policy-iteration algorithms) were tested to replace a
double-loop PID controller to control a ball screw feed drive, and
all the algorithms indicated the superiority of the RL algorithms to
the conventional PID controller. Ramanathan et al. [7] used
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Q-learning algorithm to control the level of a liquid in a non-linear
conical tank and a satisfactory performance was achieved.
Although ideal achievements were observed in the applications
stated above, it is also noticeable that since in RL algorithms the
choosing of state representation, output and reward all have
intensive effects on the performance of the controller, designing
controller by implementing RL algorithms individually becomes
more challenging when the dimensions of the state and action
space increase [2]. Another considerable approach is to combine
the RL algorithm with the conventional controllers, where the RL
algorithms are implemented to address the tuning issue that the
conventional controllers have.

To solve this tuning issue, several systematic methods have been
proposed in [8]. Ziegler—Nichols methods [9] proposed in 1995 is
regarded as a classical tuning rule, which has a broad
implementation in industrial environment. Genetic algorithms were
applied to provide an optimal conventional controller in the
research described in [10]. Besides, a novel approach applied to
optimise the parameters for non-linear PID parameters called ant
colony optimisation algorithm was proposed and implemented in
[11, 12]. Both methods showed better performance compared with
conventional controllers. However, most of these approaches have
high requirements on computational ability, while RL algorithms
significantly reduce the learning time [8].

Regarding the RL-based controllers, several techniques have been
proposed in previous researches. A methodology named Discrete
Action Reinforcement Learning Automata was proposed in [13],
two extension versions of this method were proposed in [14, 15],
aiming to tune the parameters of one PID controller with higher
learning speed. Both controllers were tested on an Automatic
Voltage Regulator system. Similarly, Continuous Action
Reinforcement Learning automata for PID controller [13] was
applied as an on-line tuning method in the research done by
Howell and Best [16] and Mohammadi et al. [17]. In the research
of [17], the approach was also tested via an engine idle-speed
control system and the Ball and Beam System in simulation
environment. Both showed superior performance compared with
the conventional controllers tuned following the Ziegler—Nichols
methods. However, the integral and interpolation operation in the
algorithm brings the extra cost of computation. Another method

This is an open access article published by the IET, Chinese Association for Atrtificial Intelligence and 235
Chongging University of Technology under the Creative Commons Attribution License

(http:/creativecommons.org/licenses/by/3.0/)


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

named actor—critic method used to tune PID parameters was
implemented in [18] as to implement wind turbine control, and a
similar method was implemented in [1] as to achieve tracking
function in a special class of linear systems. In both algorithms,
the actor mapped states to PID controller parameters and the critic
provided the evaluation of the output of actor. Both approaches
indicated better performances contrasted to the conventional PID
controllers. Meanwhile, Q-learning algorithm [19] is also widely
used in tuning parameters for controllers. Researches [8, 20] used
this algorithm to tune fuzzy controllers. Carlucho et al. [2] tuned
the PID controller using an incremental Q-PID algorithm by
dynamically dividing the actions into more specific areas to obtain
higher controlling accuracy. The simplicity in utilisation and
independency to the system parameters make Q-learning algorithm
more reliable in real applications [14]. Nevertheless, less attention
was paid to implementing Q-learning algorithm to tune parameters
for multiple PID controllers. One related research is [21], which
tuned two sets of PID controllers to control the angular and
linear speed of a soccer robot and achieved good performance in
speed response and stability. However, in this research the
learning process of finding optimal parameters for PID controller
required long computation period, and less analyses were
conducted on the learned controller regarding the stability or
robustness.

As to address the open issue of implementing Q-learning
algorithm on multiple PID controllers, an adaptive PID controller
based on Q-learning algorithm is proposed in this research. It
adapts to the similar approach implemented in [21] by varying the
values of gains of linear PID controllers according to different
operating space of system state after training with Q-learning
algorithm, instead of having a set of fixed gains through the whole
controlling progress. Generally, this innovative controller
implements direct control through the PID controllers in the lower
level while achieving adaptive adjustment of controller gains by
learning through Q-learning algorithm in higher level, which
improves the performance of the controllers in non-linear and
complex systems. Additionally, in order to have a more
comprehensive analysis of the approach, the proposed controller
was tested on the classical cart—pole problem in simulation
environment in comparison with conventional PID controllers and
the controller only wusing Q-learning algorithm. The main
contributions of this paper are summarised as follows:

(i) An innovative structure of controller is proposed. The controller
consists of two linear PID controllers with Q-learning algorithm
applied to adaptively change the values of gains during the
controlling process.

(i) The performance of the controller is tested on the cart—pole
system in simulation environment. Both the learning efficiency and
the states of the cart—pole system are analysed.

(iii) Two other categories of controllers are provided as comparison,
which are traditional linear PID controller and the controller only
applies Q-learning algorithm. The comparison indicates the
benefits of the adaptive PID controller in generality and stability.

The structure of rest of the paper is organised as follows. In
Section 2, a brief introduction of relevant theories is conducted.
The methodology and technical details are described in Section 3
and the simulation results of three different controllers are
illustrated and compared in Section 4. Finally in Section 5, a
conclusion is drawn and the future work is mentioned.

2 Preliminary
2.1 Linear PID controller
Fig. 1 illustrates the structure of a typical linear PID controller, which

consists of three components, namely proportional, integral and
derivative part. Equation (1) provides the output of the controller

Proportional
Kl )

>/ g Il

Derivative

et Pains ¢ Nell,) Integral
Set "-()_j\l-— !

Fig. 1 Structure of PID controller

in discrete time form:

e(ty) —e(ty_)

k
u(ty) = Kpe(ty) + K Z e(t)A + Ky AL
: &

i=0

M

where 7, is the kth time step; (7, ) is the output in kth time step; e(#;)
is the error in kth time step; A#, is the interval of sampling time in
simulation; and Kp, Kj, K, are the proportional, integral and
derivative gains, respectively.

2.2 Reinforcement learning

RL is a goal-directed problem-solving approach which belongs to
one of the approaches in machine learning. This approach was
inspired by the nature of learning, which learns to generate control
policy only by interacting with environment without knowing the
underlying of the system model. The RL problem can be defined
as agent—environment interaction shown in Fig. 2. In this
interaction, the agent observes states S, € S and takes actions
A4, € A. The environment receives actions, updates new states
S,;1 € S and outputs a scalar reward R,,; € R C R. The agent
then receives the reward, stays in new states S,,; € S and choses
new actions 4,,; € A. This interaction continues until reaching
the terminal state St € S. The goal of the agent is to derive an
optimal control policy which maximises the discounted
accumulated rewards, named as expected discounted return G, [as
defined in (2)], in the long term:

G =R +YRp+ 72Rt+3 too= Z ')/(RH"'“' 2)
k=0

where v is the discounting factor, 0 < y < 1.

The RL problem is based on Markov decision processes (MDP)
[22]. An MDP has the property that the current state encodes
enough information for the agent to make decision despite the
previous states it has visited. There are two main categories of RL
algorithms, which are policy-based ones and value-based ones. In
value-based RL, a value function is used to estimate the value of
being in each state. The definition of the state-value function from

— Agent
SJ' RJ' Af
: R: +1
Environment
: S{ +1

Fig. 2 [llustration of agent-environment interaction in RL
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a given state under policy 7 is

V7T(S) = [E’JT[thst = S] = [E7T |:Z '}/th+k+l |St = S:| H (3)

k=0

where E denotes the expectation under policy .
Similarly, the action-value function ¢, of taking action « in state s
under policy 7 can be defined as

q‘n'(ss ll) = [E‘n'[Gt|St =5, Ar = a]

© “
= [E77|:Z ')/(Rt+/c+1 IS, =s,4, = ai|~
k=0

Among all the action-value functions, the optimal action-value
function, defined as

4.5, @) = maxq,(s, a) ©)

generates the optimal policy .

The Q-learning algorithm [23] is an off-policy value-based
learning algorithm of RL. In this algorithm, the Ilearned
action-value function, (), directly approximates the optimal
action-value function, ¢, instead of following the current policy.
The updating rule is

(S A) < QS ) + Ry + ymax O(S,y,, @) — XS, 4)];
(6
where « denotes the learning rate.

The general procedures of the Q-learning algorithm is presented in
Algorithm 1 (see Fig. 3) [22].

2.3 Cart-pole problem

The standard cart—pole problem is shown in Fig. 4. A rigid pendulum
is connected to a cart with a hinge. The pendulum is able to rotate in
the vertical plane, while the cart is restricted to move in the

1 Initialize Q(s,a),Va € A, Vs € S, arbitrarily;
2 For every episode;

3 repeat

4 Initialize state Sy;

s repeat

6 Perform action A¢, observe Sy 11 and Iy 1;
7 Update @ values according to Eq. (6);

8 S; — S>‘+l

9 until S; reaches terminal state St;
10 until episode ends;

Fig. 3 Algorithm 1: Q-learning algorithm

one-dimension track. A horizontal force u(f) is applied to this

system as to balance the pendulum. There are four variables used

to describe the state of the cart—pole system, which are 6(¢), 6(¢),

x(¢) and x(¢) denoting the angle of the pendulum, angular velocity,

displacement of the cart and the velocity of the cart, respectively.
The dynamic model [24] is given below:

X1 () = x,(0) (N

—F (M + m)x,(t) — m*Px,(t)? sinx, (£) cos x, (£)
+Fymlx,(t) cos x| (t) + (M + m)mgl sinx,(¢)
—ml cos x, (H)u(t)

(M + m)(J + mI2) — m22(cos x, (1))

X3(0) = x4(0) ©

®)

(1) =

Fymlx,(t) cos x, () 4+ (J + mI*)mlx,(£)? sinx, (f)
—Fy((J + mlz)x4(t) - m2g12 sinx, (¢) cos x,(?)
+(J + mPyu(r)

(M + m)(J + m2) — m2(cosx, (1))

Xy() =

(10)

where x,(¢) is the displacement of angle (rad); x,(¢) is the angular
velocity (rad/s); x;(f) is the position of the cart (m); x,(¢) is the
linear velocity of the cart (m/s); u(f) is the force applied to the cart
(N); M is the mass of the cart (kg); m is the mass of the pendulum
(kg); ! is half length of the pendulum (m); J is the moment of
inertia of the pendulum, J = m?/3kgm?; F, is the friction factor
of the cart (N/m/s); F, is the friction factor of the pendulum
(N/rad/s); and g is the gravity acceleration, g = 9.8 m/ 2.

3 Methodology

In this section, the details of the methodology are introduced. The
whole architecture of the adaptive PID controller based on
QO-learning algorithm is introduced in Section 3.1. The learning
process using Q-learning algorithm is explained in Section 3.2.

3.1 Design of the controller

The adaptive PID controller based on Q-learning algorithm proposed
was designed to balance the cart—pole system. The architecture of the
controller is shown in Fig. 5. The direct control of the system is
accomplished by two linear PID controllers, while the adaption of
the parameters is based on the learned Q-tables, which are
obtained from the training process using Q-learning algorithm.

As shown in Fig. 5, the control of the pendulum and the cart is
implemented by PID controllers. At time step #,, PID controller 1
takes 6, =0 as reference, inputs the error of the angle e, ()
defined as

ey(ti) = Orer — 0ti) )

and outputs the force u,,(,), which is defined as

k
u,(t;) = Kppe,(t) + Kip Z e, (t)Ay
=0 (12)

e, () — e,(t_1)
K. P P ,
+for Aty
where Kpp, Kjp and Kpyp are the proportional, integral and derivative
gain of PID controller 1, respectively.

PID controller 2 takes x,.; = 0 as reference, inputs the error of the
position e,(t,) defined as

Fig. 4 [lllustration of the cart-pole system ee(ly) = Xper — X(4) (13)
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Fig. 5 Architecture of adaptive PID controller based on Q-learning algorithm

and outputs the force u,(¢;), which is defined as

ec(tk) — ec(tk— 1)

k
u(t) = Kpce () + Kic Z e (t)AL + Kpe A,

i=0
(14)

where Kpe, Kjc and K are the proportional, integral and derivative
gain of PID controller 2, respectively.

The force u,(t;) and u(f;) are summed up as a total force u(t;)
which applies to balance the cart-pole system. By simulating the
system dynamics, the states of the system (6(z,), 6(t,), x(t;.), X(#;))
are obtained. These four continuous variables are discretised into
four discrete variables (n(t,), #y(t;), n5(2;), n4(2,)), which are
taken as the presentation of state S, € S in the QO-learning
algorithm.

There are six learned Q-tables in total with each Q-table is
associated with one controller gain. Q Tables 1-3 are associated
with the derivative, integral and proportional gain of the PID
controller 1 which controls the pendulum, respectively. Similarly,
Q Tables 4-6 are associated with the derivative, integral and
proportional gain of the PID controller 2, respectively, which
controls the cart, accordingly. To be noted, O Tables 1-3 only
take n,(#,) and n,(#;) as states, while O Tables 4-6 take the whole
four variables n,(#,), n,(#,), ns(¢,) and ny(t,) into consideration.
When given the current state, each learned Q-table generates the
optimal value for the corresponding controller gain.

3.2 Training process

One crucial procedure in designing the controller is the training of
the Q-tables, which maps the current states to actions (different
values of gains in this situation). The whole training process is

shown in pseudo code form Algorithm 2 (see Fig. 6). As to speed
up the learning process, an adaptive learning rate method named
Delta—Bar—Delta [25] was implemented.

The following are some details of the training process.

3.2.1 Discretisation: Each continuous variable is divided into
several buckets, the values within the same bucket are regarded as
one same state. The buckets are set using the same rule defined as

1 if Xeon < Xnin
n= 10 if xcon > Xmax (15)
X, .
LX—C—OHX =X N+ 1 if Xy < Xeon < Xpaxs
max min

where |x] = max {n € Z|n < x}; n denotes the discrete variable;
X.n denotes the continuous variable; X, ;, and X, are the lower
and upper bounds of x,,, respectively; and N denotes the number
of buckets each variable is divided into, N = 10 in this situation.
The number of the buckets is decided depending on the simulation
performance.

The values set for discretisation are shown in Table 1.

3.2.2 e-greedy method: When given the current state, all six
QO-tables generate the actions according to the e-greedy method.
This method is defined by

random action if é<e

argmax Q(s, a) otherwise’ (16)
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1 Initialize Q;(s,a) =0,Va € A,Vs € 8,i=1,2,...,6;
2 Initialize learning rates a1 and cvo;

3 Initialize exploration rate ¢;

4 while episode < maxepisode do

5 =103
6 Initialize Sy (0(t), 0(t), z(t),&(t)):
7 Decay € (when episode > 0.6 x mazepisode e=0);
8 fort = 1;¢{ < maxtime;{ + + do
9 Discretization of state Sy, obtain
n(t), na(t), ns(t), ng(t);
10 fori=1;i <3;i+ +do
11 According to ny (t), na(t), choose action A;
following e-greedy policy;
12 end
13 fori=3;i <6:;i+ + do
14 According to ny (t), na(t), ns(t), na(t), choose
action A; following e-greedy policy;
15 end
16 Obtain total output u(t) according to Eq. 11 to 14;
17 Observe new state
Sp1(0(t+1),0(t + 1), z(t +1),2(t+ 1));
18 Receive reward J'i’;, for
Q1(s,a),Q2(s,a) and Q3(s,a);
19 Receive reward R, for
Qals,a),Qs(s,a) and Qg(s,a);
20 Discretization of state S¢41, obtain
ni(t+1),na(t + 1), ng(t + 1), na(t + 1);
21 Update learning rate cvy for
Q1(s,a),Q2(s,a) and Qa(s, a);
22 Update learning rate o for
Qa(s,a),Qs(s,a) and Qs(s,a);
3 Update Q1 (s, a), Q2(s,a) and Q3(s,a) using Rp
and vy
2 Update Q4(s,a), Q5(s,a) and Qg(s, a) using Re
and
25 Sp S£+l
2 end
27 end

Fig. 6 Algorithm 2: the training process

Table 1 Values set for discretisation

Values Xnin Xnax
o(t) —45 x 7/180 45 x /180
6(t) -15 15
x(t) -3 3

x(t) -15 15

where ¢ is a random number subject to normal distribution,
0<¢é<l

As to speed up the convergence, the value of € decays with the
increment of training episodes and is set to zero after certain
episodes, while the number of episodes is decided according to the
training performance. The details are defined as

1
——+0.001 eps < 0.6 x maxepisode

1 + ecps .
T 0 otherwise,

e(eps) = 17)

where eps is the current episode and maxepisode is the maximum
number of episodes.

gains of PID controller 1 is defined as

1 if |6+ 1)] < |6(n)| and |6t + 1) > 6y,
R,= 12 if |6(+ 1) < Oy, (18)

0 otherwise,

where 6y, is the threshold set for angle, 6;;,, = 0.01 in this situation.
The reward scheme for the Q-tables that are associated with the
gains of PID controller 2 is defined as

1 if |6+ 1] < |60 and |x(z + D] < |x()| and |x(z + 1)] > x
R,=1{2 if [x(t+1)| < xjim
0 otherwise,
(19)

where x;;,,, is the threshold set for position, x;;,, = 0.1 in this situation.

3.2.4 Adaptive learning rate: As to improve the efficiency of
convergence, the adaptive learning rate algorithm called Delta—
Bar-Delta [25] was implemented. The algorithm is defined as

Kk if8,_,8>0
—¢a, if 8 ,5,<0 (20)
0 if5_,8=0

Aa, =

where Aq;, is the increment of the learning rate in time step #; k is a
positive constant value to increase the learning rate; ¢ is a positive
constant value denoting the discounting factor; §, is the temporal
difference (TD) error [22] in time step ¢, 6, =R, .+
ymax Q(St+I= a)— 0, 4,); 6, = (1 — @), + ¢5,_;.

e learning rate in time step 7 + 1 is updated as

@ =a,+Aa,. @n

By applying this rule, the learning rate will be updated by comparing
the current TD error with the accumulated TD error in previous steps.
When the learning rate becomes too large, the increment of the
learning rate changes sign and reduces the learning rate. On the
other hand, if the learning rate is too small, the learning rate keeps
changing in the previous trend and speeds up the convergence.

All O-tables use adaptive learning rate algorithm, while the setting
of parameters is different. O-tables used to change the gains of the
controller of the pendulum share the same set of parameters, while
the other O-tables share another set of parameters. The values used
in this research are presented in Table 2.

3.2.5 Other settings of parameters: The parameters used in
initialisation are listed in Table 3. The running of each episode
will be interrupted if one of the following situations occur,
|6(1)| > 0.57 or |x()| > 10.0, which is not ideal in real physical
world as to improve the efficiency of the simulation.

4 Simulation results
In this section, the simulation results of implementing adaptive PID

controller based on Q-learning algorithm (named as QPID controller

Table 2 Parameters set for adaptive learning rate algorithm

Q tables of PID controller 1 Q tables of PID controller 2

3.2.3 Reward scheme: The reward schemes are different A 0.015 0.3

according to the PID controllers. The Q-tables for pendulum share K 0.1ag 0.002c

the same reward scheme, while the others apply a different one. ¢ g'g 8'2

The reward scheme for the Q-tables that are associated with the ¢ i i
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Table 3 Parameters set in initialisation

Variables

Values

initial position of 6(t)

—0.7854, 4 0.7854

initial position of 6(t) 0
initial position of x(t) -0.1, + 0.1
initial position of x(t) 0
number of actions for all tables 50
variation range of Kpp [-3000, 0]
variation range of Kp [-300, 0]
variation range of Kpp [-3000, 0]
variation range of Kpc [-2000, 0]
variation range of K¢ [-5, 0]
variation range of Kp¢ [0, 20001
maximum episodes 6000
maximum timesteps 8000
interval sampling time 10 ms

v 0.99
Table 4 Parameters of cart-pole system

Variables Values
M 1.3282 kg
m 0.22 kg
/ 0.304 m
Fo 22.915 N/m/s
F 0.007056 N/rad/s
g 9.8 m/s?
Table 5 Parameters of Q controller

Variables Values
initial position of 6(t) 0.1745
initial position of 6(t) 0
initial position of x(t) 0
initial position of x(t) 0
maximum episodes 30,000
maximum time step 2000
interval sampling time 10 ms
discount factor y 0.99
learning rate « 0.01

exploration rate €

min (1500/episode)

Table 6 Parameters of PID controllers

Gains PID controller 1 PID controller 2
P -270 -80
i -10 -0.5
D —1500 2000

in the following content for the simplicity of expression) are
demonstrated. The QPID controller was trained from four fixed
initial positions (0(1‘) = +0.7854rad, 6(t) = 0, x(r) = +£0.05m,
X(f) = 0) with 0-0.04 rad subtracted from each fixed point
randomly on angle as disturbances. The learned Q-tables
were implemented to generate the optimal gains of the PID
controllers. The QPID controller was applied to balance the
cart—pole system from a series of initial positions, which are the
combinations of

6(r) E{+0.7854, +0.5236, +0.2618, Orad},
01y = 0, x(f) € {£0.05, +0.02, 0m}, x(f) = 0

and succeeded in balancing the system from all these initial
positions. Additionally, as for comparison, two other types of
controllers are applied to the system to compare the controlling
performances. The first type of controller employs the tabular
Q-learning algorithm (named as Q controller in the following
content for the simplicity of expression) and the second one is
the conventional PID controller. Position 6(f) = 0.1745rad,
0(t) =0, x(t) = 0, x(t) = 0 was chosen as the initial position to
compare the performance of QPID controller with Q controller,
considering that the Q controller has the limitation and is not able
to balance the system when the angle or the position exceeds the
set value. Position x; =45°x, =0, x3 =0.05m, x, =0 was
chosen as the initial position to test the performance of QPID
controller against the PID controller. The structure of the
following content is as follows. Section 4.1 provides the setting of
the parameters in the simulation, which includes parameters set for
the cart—pole system and the controllers used in comparison.
Section 4.2 compares the performance of QPID controller against
O controller and the performance of the QPID controller against
PID controller, separately.

4.1 Setting of parameters

4.1.1 Cart-pole system: The parameters set for the cart—pole
system are illustrated in Table 4.

4.1.2 Q controller: The Q controller takes the four variables
of the cart—pole system (6(z), 6(¢), x(¢), x(t)) as input and generates
the force which directly applies to the cart to balance the
system. 6(f) is divided into six buckets (with —21 x 7/180,
—6 x w/180, 0, 6 x /180, 21 x /180 as dividing points); 6(¢)
is divided into three buckets (with +6 x w/180 as dividing
points); x(¢) is divided into three buckets (with +2.4 as dividing
points); x(f) is divided into three buckets (with +0.5 as
dividing points). The output force is mapped into ten actions
which evenly distribute among [ — 100N, + 100N]. The system

i
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Fig. 7 Learning curve of QPID controller
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Fig. 9 Response curves of Q controller and QPID controller

receives reward as 1 when |6(f)] < 6 x /180 or |x(7)| < 0.1,
otherwise, reward is 0.
The relevant parameters set for Q controller is given in Table 5.

4.1.3 PID controller: The PID scheme applied in this research
consists of two linear PID controllers, which control the angle
position of the pole and the position of the cart separately. The
gains of two linear PID controllers were obtained by manual
tuning according to Ziegler—Nichols method [9] and are shown in
Table 6.

4.2 Controlling performance

4.2.1 Learning curves: The learning performance of Q-learning
algorithm is indicated by the learning curve, which plots the
accumulated reward obtained with the incrementation of the
episode. The aim of comparing learning curves is to indicate
the learning efficiency of Q-learning algorithm applied in different
controllers. The convergence of the learning curve shows the
success in Q-learning algorithm and the time steps used to reach
convergence indicates the learning efficiency. The learning curve
of QPID controller in the training process is presented in Fig. 7
and the learning curve of the O controller is shown in Fig. 8, both
of which show the convergence. However, it can be observed that
the learning curve of the QPID controller does not show the
convergence trend as the conventional learning curves do. This is

controller instead of the forces. There are several combinations of
gains which would be suitable for the PID controller to balance
the system and reduce the difficulty of the Q-learning algorithm in
finding proper set of gains for the PID controllers, which results in
the high frequency of appearance of high accumulated reward in
the learning curve. Nevertheless, after about 5000 time steps, the
exploration rate of the Q-learning algorithm used in QPID
controller was set to zero as to improve the efficiency of converge;
an obvious convergence can be noticed, which indicates the
success of Q-learning algorithm in finding optimal solutions to
adapting the gains.

Table 7 Characteristics of response curves (Q controller and QPID
controller)

Characteristics Q controller QPID controller
overshoot (angle) 0.0479 (rad) 0.3763 (rad)
undershoot (angle) 0.1316 (rad) 0.1574 (rad)
rise time (angle) 6 (time steps) 4 (time step)
settling time (angle) 4 (time steps) 69 (time step)
steady error(angle) 0.026 (rad) 0 (rad)
overshoot (position) 0.0930 (m) 0.2121 (m)
undershoot (position) 0.2443 (m) 0.4264 (m)

rise time (position) 76 (time steps)
settling time (position) —

86 (time step)
772 (time step)

. . tead iti 0.1351 0
due to the actions chose by the O-tables are the gains of PID steady error (position) m) m)
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4.2.2 Performances of controllers: The learned Q-tables were performances by plotting the response curves of cart—pole system
implemented in the designed controllers to balance the system. The applied with different controllers. In each comparison, four
following shows the comparison of different controlling response curves are given by plotting the position and velocity of
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both the pole and the cart against time in one figure, which indicates
the characteristics of the controllers.

(i) Comparison of Q controller with QPID controller: Fig. 9 com-
pares the response curve of the system controlled by Q controller
and QPID controller with the initial position 6(f) =
0.1745rad, 6(t) =0, x(t) = 0, x(t) = 0. The characteristics of the
response curves are shown in Table 7. The overshooting or under-
shooting of the curves related to the QPID controller are greater
than the ones related to the Q controller both in pole and in cart posi-
tions. Besides, the settling time of the QPID controller (69 time steps

Table 8 Characteristics of response curves (PID controller and QPID
controller)

Characteristics PID QPID
overshoot (angle) 0.3527 (rad) 0.5866 (rad)
undershoot (angle) 0.1316 (rad) 0.4306 (rad)
rise time (angle) 44 (time steps) 4 (time step)
settling time (angle) 320 (time steps) 64 (time step)
steady error (angle) 0 (rad) 0 (rad)
overshoot (position) 2.075 (m) 0.9279 (m)
undershoot (position) 0.2443 (m) 0.1807 (m)

rise time (position)
settling time (position)
Steady error (position)

76 (time steps)
426 (time steps)
0 (m)

13 (time step)
772 (time step)
0 (m)

Force (N)
g

for pole and 86 time steps for cart) is longer than the Q controller
(4 time steps for pole and 76 time steps for cart). One factor that
leads to these performances is the initial position in this test was
not trained in the learning process, the combination of the gains
might not be the optimal solution to the controllers from this starting
position. However, QPID shows an obvious advantage in steady
state since Q PID controller reaches the desired position both for
the pole and for the cart, while Q controller remains an error of
0.026 rad for pole and 0.1351 m for cart with obvious oscillation.
In conclusion, the Q PID controller has bigger overshooting and
undershooting and longer settling time compared with Q controller,
but it has better performance in reaching steady state and reducing
steady-state error.

The total forces generated by two controllers are shown in Fig. 10.
The adaption of the gains of QPID controller during controlling
process is presented in Fig. 11, where the red crosses denote the
chosen values of the gains of PID controllers in each time step ¢
and the blue lines indicate the trend of variation.

(ii) Comparison of PID controller with QPID controller: The initial
position set in this comparison is 6(f) = 0.7854rad, 6(r) =0,
x(f) = 0.1m, x(fr) = 0. Fig. 12 shows the response curves of the
cart—pole system when QPID controller and PID controller were
applied to control. The characteristics of the response curves are
illustrated in Table 8. The QPID controller results in bigger
overshoot in balancing the pole while smaller overshoot and
undershoot in balancing the position of the cart. The settling time
in both QPID controller and PID controller is almost the same.

o -1000 [
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Fig. 14  Adaption of the gains of OPID controllers (initial position6(t) = 0.78541ad, 0(1) = 0, x(t) = 0.1 m, k(1) = 0)
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The output forces generated by QPID controller and PID
controller are shown in Fig. 13.

Fig. 14 demonstrates the adaption of the gains of QPID controller
during controlling process.

5 Conclusion

In this research, an adaptive PID controller based on Q-learning
algorithm was proposed. The performance of the controller was
tested on the cart—pole problem with comparison of conventional
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