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 a b s t r a c t

Among the various soft actuators explored for robotic applications, the pneumatic muscle actua-
tors (PMAs) stand out because of many advantages, such as compliant structures, high power-to-
weight/volume ratios, and lightweight materials. Despite these advantages, their inherent nonlineari-
ties and time-varying dynamics pose significant challenges for tracking control. To tackle this challenge, 
we present a robust control method that is structurally simple and computationally inexpensive. Such 
a method is comprised of an error transformation scheme, which is deeply explored to withstand 
model uncertainties to accomplish the output tracking with assigned accuracy, and a tuning function 
for relaxing requirements on the initial conditions. Experimental results of the PMA are presented to 
validate the concepts.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Despite initially being aimed at purely industrial or scien-
tific purposes, robots are now on the verge of democratizing in 
many different sectors of society, such as home automation [1], 
medicine [2,3], education [4], and even entertainment [5]. Gears 
and motors constitute the core foundation of many robotic plat-
forms currently in use. However, with the rapidly growing inter-
est in soft robots inspired by bionic principles, the exploration of 
efficient soft actuators has become a key research focus for labo-
ratories worldwide [6–12]. Pneumatic muscle actuators (PMAs) 
are among the most common soft actuators, characterized by 
compliant structures, lightweight materials, and high power-to-
weight and power-to-volume ratios, making them highly sought 
after in the soft robotics community [11,12].

Even in a relatively short period, PMAs have made significant 
progress, including structure designing, advanced manufacturing, 
and assembly strategies [11]. There is no doubt that manufactur-
ing and integration techniques will continue to evolve, acceler-
ating the design and application of PMAs at an unprecedented 
pace. As an example of the PMAs, Festo Fluidic Muscles (FFMs) 
have ventured beyond the laboratory and been commercialized, 
targeting engineering practice. However, due to strong nonlinear-
ities and time-varying characteristics, most demonstrations using 
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PMAs have faced the tracking control problem that must be dealt 
with head-on to make continued progress.

With regard to the current control schemes of PMAs, two cate-
gories can be generally found: (1) ones for which the model infor-
mation is required; and (2) ones for which model information is 
avoided. The former, referred to as model-based control methods, 
typically employs either a theoretical model, which is derived 
from the PMA’s geometric structure and material properties [13], 
or a phenomenological model, which is empirically based on the 
relationship between input and output [14], to design control 
strategies [14–16]. Typically, with the help of inherent robust-
ness, sliding mode control (SMC) techniques are introduced to 
compensate for the uncertainties [17–19]. Qin et al. [20] em-
ployed the Bouc–Wen model to compensate for nonlinear hys-
teresis, utilizing an unscented Kalman filter (UKF) to estimate the 
state and modeling error, thereby enhancing the performance of 
the nominal controller, while Liu et al. [21] focused on devel-
oping an adaptive control system by integrating a PI controller 
within the Bouc–Wen hysteresis model. In addition to complex 
mathematical models, some learning-based models derived from 
experimental data can also serve as control strategies, such as
iterative learning [22] and spiking neuron networks (SNNs) [23]. 
For model-based control methods, performance heavily depends 
on the accuracy of the employed model. Moreover, the com-
plexity of the model directly influences the complexity of the 
corresponding controller. Consequently, discrepancies between 
the expected and actual behavior often arise due to various un-
certainties, such as friction and time-varying characteristics.
niversity. This is an open access article under the CC BY license
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The latter, herein called model-free control methods, is much 
more widely used due to obviating the need for model informa-
tion. The PID-type control methods are undoubtedly one of the 
most used schemes to control the PMAs [24–26]. Furthermore, 
the combination of the controllers and auxiliary approximation 
structures (e.g., neural networks [27,28] and fuzzy logic [29,30]) 
is beneficial because of the excellent approximation capability. 
Despite the application of the aforementioned methods in the 
tracking control of PMAs, several limitations persist. As noted 
in [31], an acceptable tracking performance for the PID-type 
control methods [24–26] stems from a time-consuming ‘‘trial and 
error’’ process. Additionally, once the controllers are introduced 
into approximation structures [27–30], the well-recognized issue 
being addressed remains the same for these: an extra pre-training 
procedure and computational burden. Note that PMAs are made 
of highly nonlinear material, whose characteristics vary with 
the temperature in the case of working in long-hour scenarios. 
However, the efficiency of methods is limited to a specific region 
due to the weak robustness against high nonlinearities and time-
varying characteristics. To address this issue, adaptive techniques 
have been incorporated into controllers to enable automatic gain 
adjustment [32–35]. However, this method inevitably increases 
the structural complexity of the controller. To address uncertain-
ties, reinforcement learning-based controllers [36,37] are directly 
employed to learn control strategies; however, they require a 
large amount of data and additional training time. Moreover, 
the data-driven model-free adaptive controller (MFAC) [38,39] 
utilizes historical data to estimate control parameters online and 
dynamically adjust the control strategy in real time, thereby 
addressing the modeling challenges and inherent uncertainties in 
PMAs without requiring model training.

Beyond eliminating the reliance on model information in 
tracking control of PMAs, engineering practice places great em-
phasis on user-defined transient and steady-state performance 
across control methods. The same idea is behind the promising 
methods in [40–46] for closed-loop systems. However, uniformly 
ultimate boundedness (UUB) is guaranteed. Furthermore, to com-
pensate system uncertainties, these methods also involve adap-
tive techniques or approximation structures [40–46]. Moreover, 
the operation of having to reselect some controller parameters 
is required when the task is reassigned, which is inconvenient 
for practical applications. In addition, all real-world systems are 
faced with output constraints coming from specifications of op-
eration and considerations of safety. From a practical standpoint, 
the controller should be structurally simple, computationally 
efficient, and user-friendly, while minimizing the reliance on 
specialized hardware. These considerations are essential in the 
continued development of the control method.

Motivated by the previous discussions making great strides in 
the challenges of tracking control for PMAs, this paper focuses 
on the tracking control problem for PMAs subject to unknown 
dynamics, output constraints, and time-varying characteristics. A 
robust control method without involving approximation struc-
tures or adaptive techniques is provided for solving the above 
problem in practice. The basic idea behind the presented con-
troller is structurally simple, computationally inexpensive, and 
easy to be used. No hard calculation of analytic derivatives de-
manded in backstepping design is conducted from a theoretical 
perspective. By exploring the potential robustness of an error 
transformation technique in-depth, the presented method can 
accomplish the tracking control of the PMA, avoiding a high cost 
in building or maintaining complex models of PMAs.

This paper is organized as follows. An overview of the most 
commonly utilized models for PMAs is provided in Section 2.1. 
Section 2.2 gives the description of output constraints. This is 
followed by Section 2.3 in which we propose a task description 
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required to be accomplished in the tracking control. Next, in Sec-
tion 3, we design the controller to address the task description in 
Section 2.3. Then, Section 4 gives the stability analysis. Section 5 
experimentally demonstrates the performance of the presented 
control method using a PMA system. In Section 6, we conclude 
this paper and offer suggestions for further work.

2. System description and problem formulation

2.1. System description

The most commonly utilized model for describing PMAs is the 
three-element model, as described in Fig.  1, which is composed 
of the spring element K (P), damping element B(P), and contrac-
tile element F (P). According to [17,28,35], the overall system is 
obtained as ⎧⎪⎨⎪⎩

mẍs(t) + B(P)ẋs(t) + K (P)xs(t) = F (P) − mg
B(P) = B0 − B1P(t)
K (P) = K0 − K1P(t)
F (P) = F0 + F1P(t)

(1)

where xs(t) denotes the amount of PMA contraction. m, P(t), and 
g are the mass of load, the air pressure of the PMA, and the 
gravitational acceleration, respectively. B0, B1, K0, K1, F0, and F1
correspond to the polynomial coefficients. In practice, the mass of 
load m is changed according to different working scenarios, which 
can be formulated as follows: 
m = m0 + ∆m (2)

where m0 stands for the nominal mass, and ∆m is the change 
of mass m. Precisely, the internal air pressure of PMA can be 
expressed as 
P(t) = p0(t) + ∆p(t) (3)

where p0(t) represents the initial air pressure inside the PMA, and 
∆p(t) denotes the variation of air pressure of the PMA. Because of 
PMAs possessing two equilibrium points at xs(t) and x0, we have 
ẍs(t) = ẍ0 = 0 and ẋs(t) = ẋ0 = 0. At initial time, we preset the 
initial pressure p0(t) to fix the PMA displacement x0. According 
to (1) and (2), one has 
F (p0) − K (p0)x0 = (m0 + ∆m)g (4)

According to (3) and the above analysis, we have 
u(t) = ∆p(t) = P(t) − p0(t) (5)

x(t) = xs(t) − x0 (6)

Combining (1), (2), (4), (5), and (6), the model of PMAs can be 
rewritten as 
ẍ(t) = H(t)u(t) − D(t)ẋ(t) − G(t)x(t) (7)

where⎧⎨⎩
D(t) = (B0 − B1p0(t)) / (m0 + ∆m)

G(t) = (K0 − K1p0(t)) / (m0 + ∆m)

H(t) = lẋ(t) + bx(t) + f

with l = B1/(m0 + ∆m), b = K1/(m0 + ∆m), and f =

(F1 + K1x0) /(m0 + ∆m).

Remark 1.  As pointed out at [14–16], it is worth noting that 
the higher-order terms in B(P), K (P), and F (P) provide higher 
approximation accuracy, but increase complexity in the model. 
Meanwhile, the polynomial coefficients (i.e., B0, B1, K0, K1, F0, and 
F1) are changed when the air pressure of the PMA P(t) lies in dif-
ferent values. However, from a practical point of view, the simple 
model (i.e., the Reynolds model) is usually considered. Further 
details regarding this description can be found in [17,28,35].
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Fig. 1. Three-element model of PMA systems.

Remark 2.  Over the last decade, there has been an explosion 
of work in the tracking control of PMAs. In particular, the poly-
nomial coefficients (i.e., B0, B1, K0, K1, F0, and F1) are required 
to be known in [14–16]. Recent surveys in [17,28,32,35] still 
highlight the need for estimating polynomial coefficients when 
dealing with the tracking control of PMAs. Nevertheless, in this 
paper, the polynomial coefficients (i.e., B0, B1, K0, K1, F0, and F1) 
are unknown.

After the model is introduced, the problem formulation needs 
to be presented in the subsection. This paper forces on the track-
ing control problem. The control objective of (7) is to perform 
output tracking, i.e., the position x(t) is demanded to track the 
reference trajectory xr (t). The tracking error is expressed as 
e(t) = x(t) − xr (t) (8)

2.2. Output constraints

In practice, many systems have physical constraints for the 
safe operation or preventing equipment damage. Since the maxi-
mum displacement of PMAs is 30% of the initial length [11,13], a 
sort of position constraint for (7) is considered as 
k(t) < x(t) < k̄(t), ∀t ≥ 0 (9)

where k(t) denotes the lower constraint boundary, and k̄(t) rep-
resents the upper constraint boundary. In the PMA systems, a 
precondition on (9) is taken into consideration, i.e., 
k(0) ≤ x(0) < k̄(0) (10)

By using (8), (9) is converted into 
k(t) − xr (t) < e(t) < k̄(t) − xr (t), ∀t ≥ 0 (11)

An assumption borrowed from the existing work [47], is ex-
ploited for the subsequent development below.

Assumption 1.  There exist two positive constants q and q̄, which 
satisfies the following inequality, i.e., 
q < k̄(t) − k(t) < q̄, t ≥ 0 (12)

2.3. Problem formulation

Problem 1.  Consider PMAs (7) with unknown nonlinear dynam-
ics. The objective is to design a robust control method such that 
3

the system (7) output tracks the reference trajectory with the 
assigned accuracy w1, i.e., 
lim
t→∞

|e(t)| < w1 (13)

The assigned tracking accuracy w1 is a positive design param-
eter with w1 > 0. All closed-loop signals remain bounded, and 
the specified output constraint is strictly respected throughout 
the operation.

Consider Assumption  1 and the assigned tracking accuracy w1
under output constraint (11). We have the following inequality 
k(t) − xr (t) < w1 < w̄1 < k̄(t) − xr (t) (14)

Here, for the subsequent development, one assumption that 
is the wide-scale adoption in the literature [32,35,40–46] and 
reasonable in practice [13–16], is introduced and motivates the 
accomplishment of stability analysis in the following work.

Assumption 2.  The reference trajectory xr (t) keeps in the set (
k(t), k̄(t)

)
, and its first-order derivative ẋr (t) maintain bounded.

3. Controller design

To achieve the above problem, we design a robust controller. 
The first step toward the presented controller is related to the 
tuning function α(t) with the following form [48] 

α(t) =

{
−

1
2 cos

(
π t

tu

)
+

1
2 , t < tu

1, t ≥ tu
(15)

where tu > 0 is a design parameter. Through making use of (8) 
and (15), the modified position error is given by 
λ1(t) = α(t)e(t) (16)

Subsequently, the virtual control law is presented as 
θ (t) = −aχ (t) (17)

with 

χ (t) = tan
(

πλ1(t)
2w1

)
(18)

where a > 0 is a design parameter. Using (15), the velocity error 
can be written as follows: 
λ2(t) = α(t)ẋ(t) − θ (t) (19)

Finally, let us define the control law as follows: 
u(t) = −cβ(t)δ(t) (20)

with 

β(t) =
1

w2 cos2
(

πλ2(t)
2w2

) (21)

and 

δ(t) = tan
(

πλ2(t)
2w2

)
(22)

where c > 0 and w2 > 0 are design parameters.
It is worth noting that the tuning function α is designed to 

regulate both the position tracking error and velocity. Without 
this function, the initial position error and velocity of PMAs 
are strictly constrained within their assigned bounds. However, 
its incorporation allows the initial position error to exceed the 
predefined limit, thereby effectively relaxing the constraints on 
initial conditions.
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Remark 3.  Significant progress has recently been achieved in the 
position control of PMAs, particularly through the development of 
controllers that utilize approximation structures [27–30,42,46] or 
adaptive techniques [32,33,35,40–45] to estimate unknown non-
linear terms or compensate for nonlinearities. In this paper, these 
structures or techniques are evaded in the control design, re-
gardless of unknown nonlinear dynamics. The presented method 
is distinguished by its structural and computational simplicity, 
eliminating the need for complex analytic derivative calculations 
typically required in backstepping designs [17,18,32,35] is con-
ducted. This streamlined method not only reduces computational 
burden but also enhances practical usability.

4. Stability analysis

This section proposes the main result. Here, the stability anal-
ysis begins with the following lemmas. Specifically, Lemmas  1
and 2 are borrowed from the previous work, and further details 
regarding the proof process can be found in [43]. Lemma  3 and its 
proof are given below. Subsequently, we propose the main result 
in Theorem  1 using the following lemmas and Assumption  1 and 
2. Before moving on the main result, three lemmas are given.

Lemma 1.  For any continuously differentiable function f (t) with an 
initial value of f (0), we have the following properties.

(1) If α(t)f (t) keeps bounded, then f (t) is bounded.
(2) If f (t) methods infinity, then α(t)f (t) methods infinity.

Lemma 2.  For t ≥ 0, if w1 < e(t) < w̄1 holds, then the tracking 
error cannot violate the output constraints.

Lemma 3.  If χ (t) and λ̇1(t) maintain bounded, and |λ1(t)| < w1
holds, then θ̇ (t) keeps bounded.

Proof of Lemma  3. First of all, differentiating (18) yields 

χ̇ (t) =
π

2
1

cos2
(

π
2

λ1(t)
w1

) (
λ̇1(t)
w1

)
(23)

After that, by differentiating (17) and using (23), one has 

θ̇ (t) = −a
π

2
S−1(t)

(
λ̇1(t)
w1

)
(24)

where 

S(t) = cos2
(

π

2
λ1(t)
w1

)
(25)

With the careful inspection of (18), it should be noted that if 
χ (t) maintains bounded, then |λ1(t)| < w1 holds. Further on, 
S(t) in (25) remains bounded. As long as S(t) and λ̇1(t) remain 
bounded, the boundedness of θ̇ (t) is guaranteed. Hence, Lemma 
3 is proven.

Having established the preceding lemmas, we now proceed to 
present the main result, stated formally as the following theorem.

Theorem 1.  Considering the above system (7) satisfying Assump-
tions  1 and 2. The presented control method solves Problem  1.

Proof of Theorem  1. A method by seeking a contradiction takes 
on the subsequent sequel. We establish that 
|λi(t)| < wi, i = 1, 2, t ≥ 0 (26)

By seeking a contradiction, let us assume that opportunities 
exist to violate the above inequality (26), such that ⏐⏐λ (

t
)⏐⏐ ≥ w , i ∈ {1, 2}, f ∈ Z+ (27)
i f i

4

where tf  represents the first time to violate (26).
On the basis of the continuity of e(t) and λi(t), i = 1, 2, 

Assumption  2, and the controller design given beforehand, it can 
be obtained that there surely exists the modified tracking errors 
λi(t) as 
lim
t→t−f

|λi(t)| = wi, i ∈ {1, 2} (28)

By recalling (15)–(19), one has 
|λi(0)| < wi, i = 1, 2 (29)

According to (29), tf > 0 holds. Thus, we have that 

|λi(t)| < wi, i = 1, 2, t < tf (30)

The analysis is presented afterward. In the following, the time 
argument is dropped from the above-defined variables for pre-
sentation compactness.

Step 1: Firstly, differentiating (16) via utilizing (8) yields 
λ̇1 = α̇ (x − xr) + αẋ − αẋr (31)

Injecting (17) and (19) into (31) gives 
λ̇1 = α̇ (x − xr) − αẋr + λ2 − aχ (32)

Let us define the Lyapunov function as follows: 

V1 =
1
π

χ2 (33)

Differentiating (33) gets the following form 

V̇1 =
2
π

χχ̇ (34)

Substituting (23) into (34) and using (32), one further has 

V̇1 =
1
w1

χ
1

cos2
(

π
2

λ1
w1

) (I1 − aχ) (35)

where

I1 = α̇ (x − xr) − αẋr + λ2

Subsequently, the boundedness of I1 is built upon the discussions 
below. As mentioned previously, a tf  exists such that for t < tf , 
we can obtain that (1) under Assumption  2, one has that ẋr  is 
bounded; (2) recalling (15), it holds that αẋr  and α̇ are bounded; 
(3) based on (16), (30), and Lemma 1.1, one further gets that the 
boundedness of (x − xr) and λ2 is guaranteed; and (4) according 
to the boundedness of α̇ and (x − xr), α̇ (x − xr) keeps bounded. 
In light of the above discussions, it can be seen that I1 keeps 
bounded. Thereby, there exists an inequality with the following 
form 
|I1| < Ī1, t < tf (36)

where ̄I1 > 0 is a constant. Substituting (36) into (35) yields 

V̇1 ≤
1
w1

1

cos2
(

π
2

λ1
w1

) |χ |
(
Ī1 − a|χ |

)
(37)

Finally, if we want to have V̇1 < 0, the underlying inequality 
holds 

|χ | >
Ī1
a

, t < tf (38)

To this end, according to (15), it is clear that α(0) = 0. Further 
on, from (16), one has that λ1(0) = 0. As a result, by (18), we can 
get that χ (0) = 0. With the aid of the analysis given above and 
(33), we have 

|χ | ≤
Ī1

, t < tf (39)

a
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Step 2: Firstly, by differentiating (22) and using (21), one has 

δ̇ =
π

2
βλ̇2 (40)

Differentiating (19) leads to 
λ̇2 = α̇ẋ + αẍ − θ̇ (41)

Next, substitute (7), (20), and (41) into (40), which yields 

δ̇ =
π

2
β (I2 − Hcαβδ) (42)

where 
I2 = α̇ẋ − θ̇ − α(Dẋ + Gx) (43)

The Lyapunov function is defined as 

V2 =
1
π

δ2 (44)

Differentiating (44) via applying (42) yields 
V̇2 = βδ (I2 − Hcαβδ) (45)

Then, we are ready to establish the boundedness of I2 in ((43)) 
over 

[
0, tf

)
. In light of (15), (17), ((18)), (19), (30), and Lemma 1.1, 

it holds that α̇ and ẋ are bounded, and thus α̇ẋ remains bounded. 
Recalling (17), (18), (30), and Lemma  3, the boundedness of θ̇ is 
ensured. Based on (15), (16), (30), Lemma 1.1, and Assumption 
2, one further gets that the boundedness of x is guaranteed. Since 
we face a physical system, the air pressure inside the PMA p0, the 
nominal mass m0, and the uncertain part ∆m remain bounded. 
According to [14–16,32,35], the polynomial coefficients (i.e., B0, 
B1, K0, K1, F0, and F1) are bounded. Based on the above-mentioned 
points, it is found that I2 which is the sum of several bounded 
functions, remains bounded. As such, (43) can be expressed by 
using an inequality in the form 
|I2| < Ī2, t < tf (46)

where Ī2 > 0 is a constant. Based on [14–16,32,35], there exist 
some unknown constants H and H̄ such that 
0 < H ≤ |H(t)| ≤ H̄ < ∞ (47)

According to (45), (46), and (47), we rewrite (45) explicitly as 
V̇2 ≤ |βδ|

(
Ī2 − Hcα|βδ|

)
(48)

Eventually, (48) shows that V̇2 < 0, which ensures 

α|βδ| >
Ī2
Hc

, t < tf (49)

Recalling (28) and Lemma 1.2, we have 
lim
t→t−f

α|βδ| = +∞ (50)

According to (44), the following result is obtained that 

α|βδ| <
Ī2
Hc

, t ∈
[
tr , tf

)
(51)

From the above discussions (see Steps 1 and 2), it can be seen 
λ1 and λ2 are impossible to approach w1 and w2 as t < tf , which 
means that the obtained results in (39) and (51) contradict the 
deduction below (27). Consequently, the supposition is invalid, 
and the result presented in (26) is true.

Step 3: After the discussions (see Steps 1 and 2) mentioned 
above, our task in this step is to discuss the boundedness of all 
closed-loop signals. The following description plays an important 
role, as below. According to the analysis results in Steps 1 and 
2, we have that (26) holds for all t ≥ 0. These results indicate 
that the computed results in (18), (21), and (22) keep bounded. 
5

Under (19) and (26), the velocity is bounded. Further on, θ in 
(17) and u in (20) are bounded. As a consequence, all closed-loop 
signals remain bounded. According to Lemma  2, we have that the 
specified output constraint is never transgressed. This completes 
the proof.

5. Experimental investigation

The above section provides stability analysis from a theo-
retical perspective. In order to validate the effectiveness of the 
control method described in Section 3, the experiments are con-
ducted with the PMA system, and the results are presented in this 
section.

5.1. Experimental setup

In this paper, we construct a hardware platform for the PMA 
to evaluate the performance of our control method. This platform 
consists of two power supplies, an air compressor, an air filter 
regulator, a magnetic indicator stand (7010S-10, Mitutoyo Corp., 
Kawasaki, Japan), two electro-pneumatic regulators (ITV2050-
312L, SMC Corp., Tokyo, Japan), a 64-bit Windows-7-based host 
computer with an Intel Core i7 processor @ 3.40 GHz and 16-GB 
RAM, a PCI data acquisition card (NI PCI-6221, National Instru-
ments Corp., Texas, USA), a PMA (MAS-10-100N-AA-MC-O-ER-EG, 
Festo AG & Co. KG, Esslingen, Germany) with a length of 10 cm, a 
laser displacement sensor (OADM 20I2441/S14C, Baumer Electric 
AG, Frauenfeld, Switzerland), a mass airflow sensor (AWM5104, 
Honeywell Inc., NJ, USA), and a pneumatic cylinder(SC32X250, 
AirTAC International Group, Taiwan, China). The picture of the 
hardware platform is given in Fig.  2. The schematic diagram of the 
PMA actuated system is shown as Fig.  3. Specifically, the electro-
pneumatic regular first receives the control input signal to drive 
the PMA movement. Then, the laser displacement sensor sends 
the position feedback signal of the PMA to the host computer. 
To demonstrate the controller’s ability to resist external distur-
bances, the right end of the PMA is connected to a pneumatic 
cylinder that provides a horizontal disturbance force.

5.2. Experimental results

Experiments were performed to demonstrate the feasibility 
of the presented control method using the above experimental 
setup (see Fig.  2). For comparison purposes, a comparative study 
was made with one additional control method, i.e., the model-free 
adaptive control (MFAC) method [49]. It is known for its simplic-
ity and direct data-driven method, making it a suitable baseline 
for evaluating the performance of other model-free controllers 
without the complexity of auxiliary approximation structures, 
such as neural networks or fuzzy logic. In all experiments, the ref-
erence trajectory was intentionally designed to start away from 
the actuator’s initial position, effectively introducing step-like 
conditions. This setup demonstrates that the proposed controller 
relaxes the requirement on the initial alignment with the ref-
erence trajectory, highlighting its robustness and adaptability to 
practical variations.

Case 1: In this case, we demonstrate that the presented control 
method can manage the position tracking with the assigned accu-
racy w1. Note that the air is entered into the pneumatic cylinder 
from port B. Before performing the experiment, the presented 
control method was uploaded to the PC. After that, the PMA was 
requested to track the reference trajectory xr = −0.5 sin t − 2. 
Further on, controller parameters were set to t = 6, a = 2, c = 2, 
u
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Fig. 2. The experimental platform of the PMA actuated system.
Fig. 3. The schematic diagram of the PMA actuated system.
w2 = 0.5, k = 0, k̄ = −3, and w1 = 0.5. The experimental results 
are exhibited in Fig.  4.

In particular, Fig.  4(a) shows the position tracking of the PMA. 
It can be seen that the presented control method has the ability 
to accomplish the position tracking of the PMA under the position 
constraints. Fig.  4(b) illustrates the position tracking error of the 
PMA where the assigned accuracy, i.e., w1 = 0.5, is achieved, de-
spite the lack of model information. Fig.  4(c) depicts the velocity 
of the PMA in this experiment, where we can see that the velocity 
keeps bounded. Fig.  4(d) depicts how the control input changes 
during running the presented control method, where the pressure 
of the injected air ∆p(t) in the PMA is reasonable and bounded. 
Fig.  4(e) describes the airflow of the PMA, and Fig.  4(f) shows 
the air pressure at port B with the constant pressure indicating 
an invariant external disturbance. As discussed in Section 3, the 
proposed control method achieves position tracking of the PMA 
while satisfying the imposed output constraints.

To further demonstrate the capability of the presented con-
troller in achieving a pre-specified steady-state tracking accuracy, 
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the same reference trajectory was tracked using identical con-
troller parameters, except that the tracking accuracy was set to 
w1 = 0.3. The experimental results under this condition were 
shown in Fig.  5.

As expected, the output position of the PMA remains within 
the prescribed constraints and the trajectory tracking error still 
stays within the prescribed bounds, as shown in Fig.  5(a) and 
Fig.  5(b), respectively. To evaluate the influence of the parameter 
w1 on the tracking performance, we calculated the root mean 
square tracking error (RMSTE) during the steady-state phase. As 
presented in Table  1, a smaller value of w1 results in a reduced 
steady-state tracking error.

Case 2: In this case, we demonstrate that the controller pa-
rameter tu can be tuned to regulate the transient performance of 
trajectory tracking. Our experiment initially used the parameter 
tu = 6 in the presented controller. The parameter tu associated 
with the design of the tuning function, is closely related to the 
transient performance. Specifically, changes in tu follow a well-
defined rule that allows for a clear evaluation of its impact on 
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Fig. 4. Results utilizing the presented controller (tu = 6, w1 = 0.5). (a) Measured position and the reference position (x(t) and xr (t)). (b) Error between the measured 
position and the reference position (e(t) and w1). (c) Velocity of the PMA (ẋ(t)). (d) Change of the control input (u(t)). (e) Airflow of the PMA. (f) Air pressure at 
port B.
Table 1
RMSTE of different controller parameters in Cases 1 and 2.
 Parameters Periods (s)
 10–20 20–30 30–40 40–50 50-60  
 tu = 6, w1 = 0.5 0.0969 0.0970 0.0972 0.0993 0.1013 
 tu = 6, w1 = 0.3 0.0891 0.0852 0.0866 0.0878 0.0875 
 tu = 2, w1 = 0.3 0.0842 0.0827 0.0835 0.0866 0.0847 

system behavior. To this end, the same reference trajectory was 
still performed to accomplish tracking control of the PMA. Con-
sidering the same experiment conditions in Fig.  5, all controller 
parameters were selected as the same values except for the 
parameter tu, which was set to tu = 2. (see Fig.  6).

As illustrated in Fig.  6, the value of the parameter tu indeed 
influences the system performance. The transient performance 
at which the position tracking error e(t) starts to converge to 
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the assigned accuracy, improves with decreasing the value of the 
parameter tu (see Figs.  5(a), 5(b), 6(a), and 6(b)). In addition, 
decreasing the value of the parameter tu adversely increases the 
value of the velocity ẋ(t) (see Figs.  5(c) and 6(c)), and the peak 
values of control inputs u(t) have a significant influence in the 
initial stage (see Figs.  5(d) and 6(d)). Since the parameters w2
and c are not changed in this case, the steady-state error has no 
significant influence (see Figs.  5(b) and 6(b)). We can see that 
from a practical point of view, the choice of the parameter tu
is based on the trade-off between the maximum output of the 
actuator and a user-acceptable convergence time. For example, 
to achieve the tracking control with a large initial value during 
a very short time, the actuator produces a huge output. The 
tracking performance of the presented controller in steady state-
phase is quantified using RMSTE, and the results for this case are 
shown in Table  1. It is evident that the steady-state errors in both 
situations show no significant difference.



X. Li and X. Gao Biomimetic Intelligence and Robotics 5 (2025) 100252
Fig. 5. Results utilizing the presented controller (tu = 6, w1 = 0.3). (a) Measured position and the reference position (x(t) and xr (t)). (b) Error between the measured 
position and the reference position (e(t) and w1). (c) Velocity of the PMA (ẋ(t)). (d) Change of the control input (u(t)). (e) Airflow of the PMA. (f) Air pressure at 
port B.
Case 3: Here, we demonstrate that the presented control 
method can accomplish tracking control of the PMA under un-
known dynamics. Before performing the experiment, the pre-
sented control method was uploaded to the PC. After that, the 
PMA was requested to track the reference trajectory xr =

t sin(2π t(1+t/55)/55−π/2)/360−2 with the varying amplitude 
and frequency. Further on, controller parameters were set to 
tu = 2, a = 2, c = 2, w2 = 0.5, w1 = 0.2, k = 0, and k̄ = −3. 
In the following experiments, the air entered into the pneumatic 
cylinder from port A at t = 20 s to provide the external 
disturbance. For the sake of comparison, the MFAC method is 
employed. Unless stated otherwise, the same trajectory and test 
conditions were employed. Along this line, the parameters in the 
MFAC method were selected as η = 0.5, µ = 1.9, ρ = 31.7, 
and λ = 0.03. Figs.  7 and 8 illustrate the results obtained for 
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the experimental demonstration by running the same platform, 
where the presented control method and the MFAC method were 
considered, respectively.

More specifically, the presented control method and the MFAC 
method both have the ability to realize tracking control. At the 
initial stage (see Figs.  7(a) and 8(a)), the similar behavior has 
been shown by using two control methods. However, when the 
amplitude and frequency of the reference trajectory increase, 
the steady-state error gained by employing the MFAC method 
increases noticeably as time goes on (see Fig.  7(b) and Fig.  8(b)). 
RTSME is employed to quantitatively evaluate the tracking per-
formance of the two control algorithms, as shown in Table  2. 
Evidently, the presented method exhibits superior steady-state 
performance. In addition, it can be seen that utilizing the pre-
sented control method guarantees that the steady-state error 
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Fig. 6. Results utilizing the presented controller (tu = 2, w1 = 0.3). (a) Measured position and the reference position (x(t) and xr (t)). (b) Error between the measured 
position and the reference position (e(t) and w1). (c) Velocity of the PMA (ẋ(t)). (d) Change of the control input (u(t)). (e) Airflow of the PMA. (f) Air pressure at 
port B.
converges to the specified accuracy bounds (w1 = 0.2) within 
the specified time, and the steady-state error cannot escape the 
specified accuracy bounds as time goes on. On the contrary, The 
steady-state error of MFAC method exceeds 0.2 in the later stage 
of tracking (see Fig.  8(b)). Figs.  7(d) and 8(d) can give the reason 
to explain this phenomenon. The presented control method can 
quickly adjust the control input to finish the position tracking 
when the frequency and amplitude of the reference trajectory 
are changed. However, the MFAC method cannot achieve it in 
this case, which works on the measured input/output data and 
is based on off-line parameters. According to the results, it can 
be seen that the presented control method is capable of working 
in the position tracking of the PMA with unknown dynamics, 
unpredictable disturbances, and output constraints.
9

Table 2
RMSTE of different Controllers in Case 3.
 method Periods (s)
 5–30 30–60 60–90 90–120 120–150 150-180 
 Presented 0.0110 0.0144 0.0207 0.0329 0.0435 0.0590  
 MFAC 0.0128 0.0212 0.0404 0.0746 0.0993 0.1439  

6. Conclusion

This paper introduces a control method for the PMAs, which is 
structurally simple, computationally inexpensive, and easy to be 
used. Built upon a tuning function and an error transformation 
scheme, this method is capable of implementing the position 
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Fig. 7. Results employing the presented controller. (a) Measured position and the reference position (x(t) and xr (t)). (b) Error between the measured position and 
the reference position (e(t) and w1). (c) Velocity of the PMA (ẋ(t)). (d) Change of the control input (u(t) and w2). (e) Airflow of the PMA. (f) Air pressure at port A.
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Fig. 8. Results employing the MFAC method. (a) Measured position and the reference position (x(t) and xr (t)). (b) Error between the measured position and the 
reference position (e(t) and w1). (c) Velocity of the PMA (ẋ(t) and w2). (d) Change of the control input (u(t)). (e) Airflow of the PMA. (f) Air pressure at port A.
tracking of PMAs under unknown dynamics and output con-
straints. We characterized the stability analysis of the control 
method from a theoretical perspective. Further on, we validated 
the effectiveness of the presented control method by considering 
experimental results. This work we have presented is preliminary. 
While the current work is preliminary, future efforts will aim to 
extend this method to more complex robotic systems involving 
multiple PMAs.
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