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Abstract: The Pendubot is a nonlinear underactuated system with two rotational degrees of freedom and a 
single actuator, making stabilization a challenging problem for intelligent and nonlinear control methods. 
Reliable balancing control is important for evaluating control strategies under both simulation and practical 
hardware constraints. However, although fuzzy and intelligent control methods have been investigated for 
Pendubot systems, the practical implementation and experimental behavior of ANFIS-based PD-Fuzzy con-
trol remain insufficiently documented, particularly in comparison with a conventional PD controller under 
the same laboratory conditions. This study aims to develop and evaluate an ANFIS-based PD-Fuzzy con-
troller for TOP-position stabilization of a Pendubot. The nonlinear dynamics are formulated using the Euler-
Lagrange method, while controllability of the linearized model is examined at the TOP and MID equilibrium 
points. The proposed controller uses ANFIS-based fuzzy blocks to approximate the proportional control 
actions, while derivative paths remain explicitly implemented. MATLAB/Simulink simulations show that 
the baseline PD and PD-Fuzzy controllers produce closely matched TOP-balancing responses, with settling 
times of approximately 2.36 and 2.37 s for link 1, respectively. Experimental evaluation using an STM32F407-
based platform demonstrates practical TOP balancing; however, the baseline PD controller provides more 
favorable behavior than the PD-Fuzzy realization under the reported hardware conditions. These findings 
indicate that ANFIS-based PD-Fuzzy control is feasible for Pendubot stabilization but does not necessarily 
provide performance improvement over a conventional PD controller. The study therefore highlights the 
importance of hardware-aware tuning, sensor quality, and broader ANFIS training data for future improve-
ments. 
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1. Introduction 
The Pendubot is a representative underactuated ro-

botic system consisting of two links and one actuated joint 
[1], [2]. The first link is driven by a motor, whereas the sec-
ond link rotates freely and is controlled indirectly through 
the dynamic coupling between the two links [3], [4]. The 
nonlinear dynamics, unstable equilibrium configurations, 
and limited actuation make the Pendubot a useful bench-
mark for investigating balancing control strategies and 
their implementation on laboratory platforms [5], [6]. 

Several control approaches have been investigated 
for the Pendubot and related underactuated control prob-
lems. Auto-tuning fuzzy PID control has been applied to a 

Pendubot system [5]. Fuzzy-based linear quadratic regu-
lator (LQR) approaches have also been investigated for 
Pendubot balancing [7], [8]. Other studies have considered 
fuzzy sliding-mode and adaptive sliding-mode strategies 
[9], [10]. Sliding-mode control for underactuated manipu-
lators and hybrid control strategies for swing-up and bal-
ancing have also been reported [11]–[13]. These studies 
demonstrate the use of conventional, fuzzy, optimal, and 
nonlinear control strategies to address the challenging dy-
namics associated with underactuated systems. 

A practical dilemma arises when a fuzzy-enhanced 
controller is implemented on a physical Pendubot. A con-
ventional PD controller has a relatively simple structure 
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and can provide effective balancing [14], whereas incorpo-
rating fuzzy blocks into the proportional control paths in-
troduces an additional training and implementation pro-
cess [15]. Therefore, the use of a fuzzy-enhanced structure 
should not be assumed to provide better practical perfor-
mance solely because of its more sophisticated control 
structure [16], [17]. The difference between simulation and 
experimental behavior can become significant because 
physical implementations are affected by factors such as 
sensor noise, actuator limitations, mechanical tolerances, 
friction, and other unmodeled system characteristics [18]-
[20]. These considerations make a direct comparison be-
tween the baseline PD controller and its fuzzy-enhanced 
realization relevant to the practical evaluation of the im-
plemented control approach. 

This study addresses this issue by implementing and 
evaluating an ANFIS-based PD-Fuzzy controller for 
Pendubot stabilization. The nonlinear dynamics are for-
mulated using the Euler-Lagrange method, and the con-
trollability of the linearized model is evaluated around the 
TOP and MID equilibrium configurations. In the imple-
mented controller, ANFIS-based fuzzy blocks approxi-
mate the proportional control actions, while the derivative 
paths remain explicitly implemented. A conventional PD 
controller is used as the baseline for comparison. The con-
trol strategies are evaluated through MATLAB/Simulink 
simulations and experimental tests on an STM32F407-
based Pendubot platform. 

The main contributions of this study are: (i) formula-
tion of the nonlinear Pendubot model using the reported 
mechanical parameters; (ii) controllability assessment of 
the linearized model at the TOP and MID equilibrium con-
figurations; (iii) implementation and evaluation of a con-
ventional PD controller and an ANFIS-based PD-Fuzzy re-
alization; (iv) simulation evaluation of TOP balancing and 
swing-up behavior; and (v) experimental evaluation of 
TOP balancing using an STM32F407-based embedded 
platform. The study does not assume that the fuzzy-en-
hanced controller will outperform the baseline controller; 
instead, the comparison is used to assess its feasibility and 
practical behavior under the reported hardware condi-
tions. Experimental claims are limited to TOP balancing, 
while MID controllability is evaluated analytically and 
swing-up performance is evaluated through simulation. 

The remainder of this paper is organized as follows. 
Section 2 presents the Pendubot model and equilibrium 
analysis. Section 3 describes the baseline PD controller, 
ANFIS-based PD-Fuzzy realization, genetic algorithm 
tuning, and swing-up module. Section 4 presents the 
MATLAB/Simulink simulation results. Section 5 describes 
the experimental platform and real-time implementation. 
Section 6 presents and discusses the experimental results, 
reproducibility considerations, limitations, and future de-
velopment. Finally, Section 7 concludes the paper. 
 

2. Pendubot Model and Equilibrium Analysis 
2.1. Mechanical Configuration 

The mechanical configuration is shown in Figure 1. 
The generalized coordinate vector is 𝑞 = [𝑞!		𝑞"]#, where 
𝑞! is the angle of link 1 with respect to the horizontal axis 
and 𝑞" is the relative angle of link 2 with respect to link 1. 
Since only the first joint is actuated, the generalized torque 
is 𝜏 = [𝜏!			0]#.  

The center-of-mass coordinates are obtained from the 
geometry in Figure 1. The active-link center of mass is lo-
cated at (𝑙$! cos 𝑞! , 𝑙$! sin 𝑞!), whereas the passive-link cen-
ter of mass is obtained by adding the link-1 endpoint po-
sition and the relative motion of link 2. These expressions 
are used to derive the kinetic and potential energies of the 
system. 
 

𝑥! = 𝑙$! cos(𝑞!),			𝑦! = 𝑙$! sin(𝑞!) (1) 

𝑥" = 𝑙! cos(𝑞!) + 𝑙$" cos(𝑞! + 𝑞") (2) 

𝑦" = 𝑙! sin(𝑞!) + 𝑙$" sin(𝑞! + 𝑞") (3) 
 

The Euler-Lagrange equation is then used to derive 
the nonlinear model. Let L denote the Lagrangian, K the 
kinetic energy, and V the potential energy. The governing 
relationship and the compact dynamic model are written 
as follows. 
 

𝐿 = 𝐾 − 𝑉 (4) 

𝑑
𝑑𝑡 :

𝜕𝐿
𝜕𝑞̇%

= −
𝜕𝐿
𝜕𝑞%

= 𝜏% (5) 

𝐷(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇)𝑞̇ + 𝐺(𝑞) = 𝜏 (6) 
 

Using the lumped parameters 𝛽!–𝛽& defined above, 
the inertia matrix, Coriolis and centrifugal matrix, and 
gravity vector are expressed as follows: 
 

𝐷(𝑞) = [[𝛽! + 𝛽" + 2𝛽'𝑐𝑜𝑠(𝑞"),
𝛽" + 𝛽'𝑐𝑜𝑠(𝑞")], [𝛽₂
+ 𝛽₃	𝑐𝑜𝑠(𝑞₂), 𝛽₂]] 

(7) 

 
𝐶(𝑞, 𝑞̇) 	= 	 [[−𝛽₃𝑞̇₂𝑠𝑖𝑛(𝑞₂),

−𝛽₃(𝑞̇₁
+ 𝑞̇₂)𝑠𝑖𝑛(𝑞₂)], [	𝛽₃𝑞̇₁𝑠𝑖𝑛(𝑞₂), 0]] 

(8) 

 
𝐺(𝑞) 	= 	 [𝛽₄𝑔	𝑐𝑜𝑠(𝑞₁) + 𝛽₅𝑔	𝑐𝑜𝑠(𝑞₁

+ 𝑞₂), 𝛽₅𝑔	𝑐𝑜𝑠(𝑞₁ + 𝑞₂)]ᵀ (9) 

 
The lumped parameters follow 𝛽! = 𝑚!𝑙$!" +𝑚"𝑙!" +

𝐼!,			𝛽" = 𝑚"𝑙$"" + 𝐼",			𝛽' = 𝑚"𝑙!𝑙$",				𝛽( = 𝑚!𝑙$! +𝑚"𝑙! and 
𝛽& = 𝑚"𝑙$". The numerical values are summarized in Table 
1.  
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Figure 1. Coordinate definition and mechanical parameters of 
the two-link Pendubot [21]. 
 

 

Figure 2. TOP and MID equilibrium configurations considered 
in the local controllability study. 
 
Table 1. Mechanical and derived parameters of the Pendubot. 

Parameter Value Unit 

𝑙! 0.15 m 
𝑙" 0.25 m 
𝐼! 0.0189 kg·m² 
𝐼" 0.000409 kg·m² 
𝑙#! 0.055 m 
𝑙#" 0.149 m 
𝑚! 0.25 kg 
𝑚" 0.07 kg 
g 9.81 m/s² 
𝛽! 0.0212 - 
𝛽" 0.0020 - 
𝛽$ 0.0016 - 
𝛽% 0.0243 - 
𝛽& 0.0104 - 

 
The first-link and second-link center-of-mass posi-

tions are written from the geometric configuration, differ-
entiated to obtain the velocities, and substituted into the 
total kinetic energy. The resulting compact expressions 
are: 

𝐾 =
1
2𝛽!𝑞̇!

" +
1
2𝛽"

(𝑞̇! + 𝑞̇")" + 𝛽$ cos(𝑞")𝑞̇!(𝑞̇! + 𝑞̇") (10) 

𝑉 = 𝛽4𝑔 sin(𝑞!) + 𝛽5𝑔 sin(𝑞! + 𝑞") (11) 

 
These energy expressions lead directly to the matrices 

in (4)-(6). The representation is convenient for simulation 
because the coupling between the active and passive joints 
remains explicit. It also clarifies why balancing is difficult: 
the passive-joint response is generated through the iner-
tial, Coriolis, and gravitational coupling terms rather than 
by a dedicated actuator. 

 
2.2. State Representation and Equilibria 

The first-order state vector is 𝑥 = [𝑞! 𝑞̇! 𝑞" 𝑞̇"]#. 
The nonlinear accelerations are obtained from 𝑞̈ =
𝐷(𝑞))![𝜏 − 𝐶(𝑞, 𝑞̇)𝑞̇ − 𝐺(𝑞)]. Linearization around an 
equilibrium gives the local state model 𝑥̇ = 𝐴𝑥 + 𝐵𝑢, 
where A and B are the corresponding Jacobian matrices. 
 

𝑥 = [𝑞! 𝑞̇! 𝑞" 𝑞̇"]# ,									𝑥̇ = 𝑓(𝑥, 𝑢) (12) 

𝐴 =
𝜕𝑓
𝜕𝑥V*!,	-!

,									𝐵 =
𝜕𝑓
𝜕𝑢V*!,	-!

 (13) 

𝐶 = [𝐵 𝐴𝐵 𝐴"𝐵 𝐴'𝐵],									𝑟𝑎𝑛𝑘(𝐶) = 4 (14) 

 
Three representative equilibrium configurations are 

considered. TOP corresponds to 𝑞! = 𝜋/2 and 𝑞" = 0. MID 
corresponds to 𝑞! = −𝜋/2 and 𝑞" = 0. A third OX-Top 
configuration is also examined. The TOP and MID equilib-
rium configurations are illustrated in Figure 2. The con-
trollability rank is four at TOP and MID, equal to the num-
ber of states. The OX-Top configuration has rank two and 
therefore does not provide full local controllability. The 
equilibrium configurations and their corresponding con-
trollability ranks are summarized in Table 2. 
 
3. Controller Design 
3.1. Baseline PID and Implemented PD Structure 

The standard PID control law is given by [22], [23]: 
 

𝑢(𝑡) = 𝐾.𝑒(𝑡) + 𝐾%^𝑒(𝑡) 𝑑𝑡 + 𝐾/
𝑑𝑒(𝑡)
𝑑𝑡  (15) 

 
The proportional term reacts directly to the present 

error, the integral term is intended to remove persistent 
offset, and the derivative term damps rapid variations. 
Among the considered control structures, a PD realization 
is selected for the implemented balancing model because 
of its practical suitability for the available plant and hard-
ware. 
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Figure 3. Implemented ANFIS-based PD-Fuzzy structure: fuzzy proportional paths and explicit derivative paths. 
 
Table 2. Equilibrium configurations and local controllability. 

Configuration q1 q2 Rank Interpretation 

TOP pi/2 0 4 Locally controllable 
MID -pi/2 0 4 Locally controllable 
OX-Top Reported in thesis Reported in thesis 2 Not fully controllable 

 
Table 3. Controller parameter reported in this study. 

Stage 𝑲𝒑𝟏 𝑲𝒅𝟏 𝑲𝒑𝟐 𝑲𝒅𝟐 

Simulation PD 91.5 9 71.3 5.5 
Experimental baseline 9.81 0.35 145.125 7 

 
Table 4. Genetic algorithm settings extracted from the appendix. 

Setting Value 

Maximum generations 20000 
Population size 20 
Crossover probability 0.6 
Mutation probability 0.4 
Encoding parameter vector 

 
The implemented balancing model uses two PD 

channels associated with the two joint errors. After tuning, 
the simulation gains are 𝐾.! = 91.5, 𝐾/! = 9, 𝐾." = 71.3, 
and 𝐾/" = 5.5. The real-time platform requires empirical 
retuning and uses 𝐾.! = 9.81, 𝐾/! = 0.35, 𝐾." = 145.125, 
and 𝐾/" = 7. These two parameter sets are kept separate in 
the paper because they belong to different implementation 
stages. The controller parameters used in the simulation 
and experimental stages are summarized in Table 3. 
 

𝑡 = g𝐾.!𝑒! +𝐾/!𝑒̇!h − g𝐾."𝑒" +𝐾/"𝑒̇"h (16) 

 

3.2. ANFIS-Based PD-Fuzzy Realization 
The fuzzy-enhanced design retains the derivative 

paths and replaces the two proportional gain paths with 
trained fuzzy blocks. The resulting ANFIS-based PD-
Fuzzy control structure is illustrated in Figure 3. Input-
output data are generated from the baseline proportional 
channels and used to train fuzzy approximations of 𝐾.! 
and 𝐾." using the MATLAB ANFIS editor. 

Input-output data are generated from the baseline 
proportional channels and uses the MATLAB ANFIS edi-
tor to construct fuzzy approximations for 𝐾.! and 𝐾.". 

Consequently, the hybrid controller is not a fully inde-
pendent fuzzy controller; it is a data-driven realization of 
the proportional paths within the broader PD-Fuzzy 
framework. 

The implemented ANFIS-based fuzzy block uses 
three triangular membership functions with constant out-
put terms. The fuzzy models are trained using input-out-
put data generated from the corresponding proportional 
control paths and subsequently incorporated into the PD-
Fuzzy controller. 

The ANFIS workflow is carried out in four steps. 
First, a random excitation is generated and passed through 
the selected proportional gain. Second, the paired input 
and output signals are stored as a training matrix. Third, 
the MATLAB ANFIS editor creates a Sugeno-type fuzzy 
approximation. Finally, the trained fuzzy block replaces 
the corresponding proportional gain in the closed-loop 
model. The same procedure is repeated for the second pro-
portional path. 

The source introduces ANFIS as an adaptive neuro-
fuzzy inference system in which the membership-function 
parameters are adjusted from training data. The generated 
fuzzy model uses a Sugeno form, constant or linear conse-
quent functions, and a shared rule structure. In the re-
ported workflow, the fuzzy block learns the baseline pro-
portional relation rather than constructing a large manu-
ally designed rule base. 
 
3.3. Genetic Algorithm Tuning 

The simulation gains are obtained using a genetic al-
gorithm. The optimization process involves population in-
itialization, fitness evaluation, selection, crossover, muta-
tion, and termination. The overall genetic algorithm opti-
mization workflow is illustrated in Figure 4. The reported 
code uses a maximum of 20000 generations, a population 
size of 20, crossover probability 0.6, and mutation proba-
bility 0.4. These values are summarized in Table 4. 
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Figure 4. Genetic algorithm workflow used for controller-param-
eter search. 

 
Table 5. Swing-up simulation summary. 

Quantity Reported result 

Link 1 settling time approximately 2.5 s 
Link 2 settling time approximately 2.4 s 
Requested voltage up to 24 V 
Experimental validation not completed in the source 

 
3.4. Swing-Up Simulation Module 

This study also derives a swing-up module by reor-
ganizing the second-link dynamics and applying an outer 
PD tracking loop for link 1. This part is validated in simu-
lation only. The reduced dynamics are expressed with a 
virtual input v and an outer PD law. 
 

𝑣 = 𝐾)(𝑞̇!𝑑 − 𝑞̇!) + 𝐾*(𝑞!𝑑 − 𝑞!) (17) 

𝑢 = 𝑠𝑤𝑖𝑛𝑔 − 𝑢𝑝	𝑡𝑒𝑟𝑚 + 𝑏𝑎𝑙𝑎𝑛𝑐𝑖𝑛𝑔	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (18) 
 

The simulated response reaches the balancing region 
after approximately 2.5 s for link 1 and 2.4 s for link 2, 
while the requested drive voltage reaches 24 V. The simu-
lated swing-up and balancing responses are shown in Fig-
ure 5. The hardware prototype did not reproduce this 
swing-up task because the available power stage and en-
coder signals were insufficient for reliable operation. The 
main reported swing-up simulation results are summa-
rized in Table 5. 
 
4. MATLAB and Simulink Results 

The TOP-position simulations compare the baseline 
PD controller and the PD-Fuzzy realization. For the base-
line PD case, link 1 settles at approximately 1.571 rad after 
2.36 s and  remains  within  1.566-1.598  rad.  Link 2  settles  

 
(a) 

 
(b) 

 
(c) 

Figure 5. Simulated swing-up and balancing responses: (a) link 1 
angle, (b) link 2 angle, and (c) requested drive voltage. 

 
around 0 rad after 1.3 s and remains within -0.045 to 0.007 
rad. The corresponding TOP-balancing responses are 
shown in Figure 6. 

For the PD-Fuzzy case, link 1 settles at approximately 
1.571 rad after 2.37 s with the same reported response in-
terval of 1.566-1.598 rad. Link 2 again settles after approx-
imately 1.3 s with a reported range of -0.045 to 0.007 rad. 
The response shapes in Figure 7 are therefore closely 
matched to the baseline result. A summary of the reported 
TOP-position simulation results for both controllers is pro-
vided in Table 6. 

The reported link-1 range implies an absolute upper 
deviation of approximately 0.027 rad from the final value. 
This value is a direct post-processing result from the inter-
val given in the source.
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 (a) (b) 

Figure 6. Simulated TOP-balancing responses of the baseline PD controller: (a) link 1 and (b) link 2. 
 
 

   
 (a) (b) 

Figure 7. Simulated TOP-balancing responses of the PD-Fuzzy realization: (a) link 1 and (b) link 2. 
 
Table 6. Top-position simulation summary. 

Controller Signal Target Settling time Reported range 

PD q1 1.571 rad 2.36 s 1.566 to 1.598 rad 
PD q2 0 rad 1.30 s -0.045 to 0.007 rad 
PD-Fuzzy q1 1.571 rad 2.37 s 1.566 to 1.598 rad 
PD-Fuzzy q2 0 rad 1.30 s -0.045 to 0.007 rad 

 

 
Figure 8. Completed laboratory Pendubot prototype. (1) Link 1, 
(2) Link 2, (3) Cabinet. 

5. Experimental Platform and Real-time Implementation 
5.1. Hardware configuration 

The laboratory platform consists of a two-link Pendu-
bot, an STM32F407 Discovery board, a CP2102 USB-UART 
interface, encoder feedback for both joints, an L298 H-
bridge, and a NISCA NF5475 DC motor. Link 1 is 0.15 m 
long and link 2 is 0.25 m long. The links are fabricated from 
mica sheets, and the electronics are mounted inside a cab-
inet. The completed prototype is shown in Figure 8.  

The mechanical design uses a 10 mm mica sheet for 
link 1 and a 5 mm mica sheet for link 2. The first link is 150 
mm long and 40 mm wide. The second link is 250 mm long 
and 40 mm wide. The joints are assembled with encoder 
couplings, and the enclosure provides a compact mount-
ing location for the controller, power supply, and motor-
drive  electronics.  The  reported  mechanical  construction  
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Figure 9. Hardware integration details: (a) PCB and STM32F407 
board and (b) electronics enclosure interior. (8) NISCA NF5475 
brushed DC motor, (9) STM32F407, (10) L298N H-bridge motor 
driver,  (11) CP2102 USB-UART, (12) PCB. 
 
Table 7. Reported mechanical construction details. 

Part Material or dimension 

Link 1 mica, 150 mm × 40 mm × 10 mm 
Link 2 mica, 250 mm × 40 mm × 5 mm 
Cabinet approximately 43 cm × 35 cm × 15 cm 
Joint sensing encoder coupling at both joints 

 
Table 8. Main experimental component. 

Component Reported specifications or role 

Controller board STM32F407 Discovery, ARM Cortex-
M4F 

Motor NISCA NF5475 brushed DC motor, 12-
24 V 

Motor power 32 W 
Encoder resolution 200 ppr; 800-count processing used in 

software 
Motor driver L298 H-bridge 
Computer interface CP2102 USB-UART 
Base sampling time 0.01 s 

 
Table 9. Motor specifications reported in this study. 

Motor parameter Value 

Supply voltage 12-24 V DC 
Rated power 32 W 
Load current 1.49 A 
Starting current 8.264 A 
Starting torque 464 mN·m 
Load torque 71.07 mN·m 
Speed 4500 rpm 

 

Table 10. H-bridge comparison from this study. 

Item L298 module IR2184 H-bridge 

Input voltage 5-30 V DC 12-36 V DC 
Maximum power 25 W per bridge 150 W 
Control method PWM PWM 
Maximum current 2 A per bridge 30 A 

 
details are summarized in Table 7. The main components 
and their reported specifications or roles are summarized 
in Table 8. 

The STM32F407 platform is selected because it pro-
vides an ARM Cortex-M4F processor, 1 MB Flash memory, 
192 KB RAM, and integrated debugging support. This 
study uses the Waijung blockset to deploy the 
MATLAB/Simulink model to the target without an addi-
tional code-generation workflow. This arrangement 
makes the platform suitable for rapid laboratory iteration. 

The CP2102 USB-UART interface provides the com-
munication path between the embedded controller and the 
computer. The documented pins include TXD, RXD, GND, 
5 V, DTR, and 3.3 V. In the implemented setup, the UART 
link is used for transmitting measured values and support-
ing the experimental monitoring process. The integration 
of the controller, motor driver, communication interface, 
and PCB within the experimental enclosure is illustrated 
in Figure 9. 

The NISCA NF5475 motor is reported with a 12-24 V 
supply range, 32 W rated power, 1.49 A load current, 8.264 
A starting current, 464 mN·m starting torque, 71.07 mN·m 
load torque, and 4500 rpm nominal speed. The integrated 
encoder uses A and B pulse channels and a 5 V supply. The 
reported motor specifications are summarized in Table 9. 

This study compares the L298 module with an 
IR2184-based H-bridge. The higher-power IR2184 option 
is rated for a larger current, whereas the L298 module is 
selected for the developed prototype because it is simple, 
inexpensive, and adequate for the intended laboratory 
tests. The reported specifications of the two H-bridge op-
tions are compared in Table 10. 
 
5.2. Embedded Control Chain 

The embedded chain reads pulses from the two en-
coders, converts them to angular measurements, com-
putes the control command, applies a rotation-direction 
and safety-limit block, and generates PWM for the motor 
driver. The computer interface is used for communication 
and monitoring. The thesis reports a protection range of -
90 to 90 degrees for joint 1 and -30 to 30 degrees for joint 2. 
The overall real-time control chain implemented on the 
STM32F407 platform is shown in Figure 10. 

The Waijung blockset is used to connect the 
MATLAB/Simulink model to the STM32F4 target [24], 
[25]. Timer-based blocks implement encoder reading and 
PWM generation. The angle-conversion logic accounts for  
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Figure 10. Real-time control chain derived from the implemented STM32F407 platform. 

 

 
Figure 11. High-level Simulink organization of the embedded PID-Fuzzy experiment. 
 
Table 11. Real-time software module 

Module Function 
Read_Encoder Read pulse counts and convert them to joint angles 
UART Transmit measured values through CP2102 
PID_controller Compute the baseline or fuzzy-enhanced control command 
Lim_and_rotation_direction Apply safety limits and set motor direction 
Setup Configure STM32F4 and UART parameters 

 
pulse counting and scaling. The main real-time software 
modules and their functions are summarized in Table 11. 
The source contains some inconsistent encoder descrip-
tions; therefore, this article reports the sensor specification 
as 200 ppr and separately notes the 800-count processing 
used in software. 

The real-time Simulink implementation is organized 
as a closed loop with encoder reading, UART communica-
tion, controller computation, safety limiting, and PWM ac-
tuation. Figure 11 reproduces the high-level block organi-
zation of the fuzzy-enhanced experiment. 
 
5.3. Encoder Processing and Safety Logic 

The embedded model reads the two encoder channels 
using timer blocks and converts pulse counts into angles. 
The source notes that one mechanical revolution is pro-
cessed as 800 counts after the selected pulse scaling. For 
link 1, the conversion is referenced to the vertical position. 

For link 2, the relative angle is obtained from the difference 
between the two measured joint motions. 

 

𝑞! = 360° 8𝑐𝑜𝑢𝑛𝑡1800 9 − 90° (19) 

𝑞" = 360° 8𝑐𝑜𝑢𝑛𝑡2800 9 − 𝑞! (20) 
 

Before the PWM command is issued, a direction block 
selects the motor polarity from the sign of the control sig-
nal. A limit block disables actuation when the measured 
angles leave the permitted balancing region. This protec-
tion is useful during laboratory testing because the under-
actuated plant can rotate rapidly when the upright condi-
tion is lost. 

 
5.4. Encoder Interface and Real-Time Execution Notes 

Two encoder interfaces are used in the experimental 
platform. The encoder integrated with the NISCA NF5475  
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Table 12. Encoder and interface details. 

Item Reported detail 

Integrated motor encoder 5 VDC; A/B pulse channels; 200 ppr; 20 kHz response 
Auxiliary joint encoder 5 VDC; A/B pulse channels; 200 ppr; 6 mm shaft; 45 mm outer diameter 
CP2102 interface TXD, RXD, GND, 5 V, DTR, and 3.3 V pins 
PCB integration STM32F4, CP2102, two encoder inputs, and L298 output 
Software angular scaling 800 processed counts per revolution in the implemented model 

 
Table 13. Experimental top-balancing comparison. 

Control label Record length Joint 1 observation Joint 2 observation Overall assessment 

PD baseline 800 samples ≈ 8 s about -15° to 20° about -1° to 2.45° More favorable 
PD-Fuzzy 700 samples ≈ 7 s offset around -11.5° about -4°  to 4° Operational, but less favorable 

 
Table 14. Source-based reproducibility checklist. 

Category Reported setting 

Plant geometry l1 = 0.15 m; l2 = 0.25 m 
Simulation gains 𝐾+! = 91.5; 𝐾,! = 9; 𝐾+" = 71.3; 𝐾," = 5.5 
Experimental gains 𝐾+! = 9.81; 𝐾,! = 0.35; 𝐾+" = 145.125; 𝐾," = 7 
Controller target TOP balancing; MID analyzed locally 
Sampling and PWM base sample time 0.01 s; PWM period 0.001 s 
Angle limits joint 1: -90° to 90°; joint 2: -30° to 30° 
Encoder processing 200 ppr sensor; 800-count software processing 
Swing-up status simulation only; requested voltage reaches 24 V 

 

 
Figure 12. Experimental TOP-balancing responses of the baseline 
controller: joint 1 and joint 2 angles versus sample index. 

 

 

Figure 13. Experimental TOP-balancing responses of the PD-
Fuzzy realization: joint 1 and joint 2 angles versus sample in-
dex. 
 

motor is supplied at 5 VDC and provides two pulse chan-
nels, A and B. Its reported resolution is 200 ppr and its doc-
umented response frequency is 20 kHz. The auxiliary en-
coder used at the second joint is also supplied at 5 VDC, 
provides A and B channels, and is reported with a 200 ppr 
resolution. The source additionally lists an approximately 
100 g mass, a 6 mm shaft diameter, and a 45 mm outer di-
ameter for this auxiliary sensing unit. The reported en-
coder and interface specifications are shown in Table 12. 

The sensing principle described in this study is opti-
cal pulse generation. A coded rotating disc interrupts or 
transmits light from an LED source toward receiving ele-
ments. The resulting square-wave signals allow the pro-
cessor to estimate position and rotational speed. In the em-
bedded implementation, the Read_Encoder subsystem 
converts the measured counts to angular values before the 
feedback signals are passed to the controller. 

This study also presents a dedicated interface board 
designed to connect the STM32F4 controller, the two en-
coder signals, the L298 driver, and the CP2102 communi-
cation module. This hardware arrangement supports a 
closed-loop execution cycle consisting of pulse acquisition, 
angular conversion, controller evaluation, direction and 
safety checks, and PWM generation. The cycle is repeated 
continuously during the balancing test. 

The timer settings distinguish the control update 
from the PWM actuation. The source reports a 0.01 s base 
sampling time for the model and a 0.001 s PWM period. 
These values are retained exactly as reported so that a fu-
ture replication can rebuild the timing configuration with-
out assuming unreported implementation details. 



Mach et al., ANFIS-Based PD-Fuzzy Control for Pendubot Stabilization 
   

 
Scientific Journal of Engineering Research 2026, 2, 4 https://journal.futuristech.co.id/index.php/sjer 

481 

6. Experimental Results and Discussion 
6.1. Experimental Procedure 

The experimental tests begin with the Pendubot man-
ually positioned near the upright TOP equilibrium. The 
embedded controller then reads the two encoder signals, 
calculates the control command, checks the permitted an-
gle region, and applies PWM to the motor driver. The 
logged angle traces are reported against the sample index.  

Two balancing tests are compared. The first uses the 
baseline controller labelled PD in the source. The second 
uses the fuzzy-enhanced controller labelled PD-Fuzzy. As 
explained earlier, both implemented structures are inter-
preted conservatively as PD-like realizations because the 
visible blocks retain proportional and derivative paths 
without a clearly deployed integral channel. 
 
6.2. Baseline Balancing Test 

In the baseline experiment labelled PD in the source, 
800 samples are recorded with a sampling time of 0.01 s, 
corresponding to approximately 8 s. Joint 1 remains oscil-
latory, with an observed range of approximately -15 to 20 
degrees. Joint 2 is more tightly regulated, with a reported 
range of approximately -1 to 2.45 degrees. The recorded 
traces are shown in Figure 12. 

 
6.3. PD-Fuzzy Balancing Test 

The fuzzy-enhanced experiment records approxi-
mately 700 samples, corresponding to about 7 s. Joint 1 is 
balanced with a negative offset around -11.5 degrees, 
while joint 2 fluctuates within approximately -4 to 4 de-
grees. The traces are shown in Figure 13. The source there-
fore demonstrates that the PD-Fuzzy implementation is 
operational on the real system, but it does not demonstrate 
a performance improvement over the baseline controller. 
The reported observations from the two experimental bal-
ancing tests are compared in Table 13. 

 
6.4. Discussion 

The simulation study shows that the PD-Fuzzy reali-
zation reproduces the baseline response around TOP with 
nearly identical settling times. The hardware study is more 
demanding: encoder noise, wiring effects, power-stage 
constraints, mechanical tolerances, and the limited train-
ing coverage of the fuzzy blocks influence the observed 
performance. Under these conditions, the baseline control-
ler remains the more favorable choice in the reported ex-
periment. 

The results should be interpreted conservatively. 
TOP balancing is demonstrated in both simulation and ex-
periment, whereas MID is supported only by local control-
lability analysis. Swing-up is demonstrated only in simu-
lation. These distinctions clarify which results are experi-
mentally validated and which are supported only by anal-
ysis or simulation. 

The experimental traces also indicate that joint 2 is 
more tightly regulated than joint 1 in the baseline test. This 
difference reflects the distinct roles of the active and pas-
sive joints in the underactuated system. Further improve-
ments may include a higher-capacity motor driver, im-
proved encoder wiring, and a broader ANFIS training da-
taset. 
 
6.5. Reproducibility Notes 

The reported information provides sufficient detail to 
reconstruct the main balancing experiments. The plant di-
mensions, mechanical parameters, controller gains, sam-
pling time, PWM period, safety limits, encoder processing, 
motor type, and motor-driver configuration are specified. 
Table 14 summarizes the parameters relevant to future 
replication and includes only values explicitly reported in 
the source. 

The simulation and experimental parameter sets are 
deliberately listed separately. The source does not claim 
that one parameter set can be transferred unchanged from 
MATLAB/Simulink to the physical prototype. Mechanical 
tolerances, signal noise, actuator saturation, and driver 
limitations require practical retuning. Reporting both sets 
avoids ambiguity and improves reproducibility. 
 
6.6. Limitations and Future Development 

Several limitations are preserved from the source ra-
ther than hidden during manuscript preparation. First, the 
experimental platform does not complete the automatic 
swing-up task. Second, the encoder wiring introduces 
noise and the experimental response remains less favora-
ble than the simulation response. Third, this study demon-
strates TOP balancing but does not provide experimental 
MID-balancing data. Fourth, the fuzzy blocks approxi-
mate the proportional gains learned from the baseline con-
troller and therefore do not yet exploit a broader operating 
envelope. 

This study proposes four directions for further work: 
improve the time-varying error of the baseline controller, 
upgrade the hardware so that swing-up can be tested ex-
perimentally, extend the two-link Pendubot to a three-link 
configuration, and compare the resulting system with 
other control approaches such as LQR and backstepping. 
These directions are retained as the future-work agenda of 
the article. 

From a publication perspective, the most important 
future improvement is a controlled experimental cam-
paign with identical initial conditions for the baseline and 
fuzzy-enhanced designs. Repeating each test several times 
and storing the raw encoder and PWM signals would 
make it possible to compare settling time, overshoot, 
RMSE, control effort, and robustness under disturbance. 
The current paper provides the implementation baseline 
for that next stage. 
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7. Conclusion 
This paper has presented a nonlinear Euler-Lagrange 

model and an ANFIS-based PD-Fuzzy control for the 
Pendubot system using a measured parameter set. Local 
controllability was verified for both TOP and MID equilib-
ria, while the OX-Top configuration was considered as an 
additional case for comparing controllability. While nu-
merical simulations at the TOP configuration indicated 
comparable dynamics between the baseline PD and the 

PD-Fuzzy realizations, experiments on an STM32F407-
based hardware platform successfully demonstrated TOP 
balancing. With current hardware limitations and encoder 
noise conditions, the baseline PD controller performed 
more effectively than the fuzzy-enhanced variant. In the 
future, our work will focus on upgrading equipment, re-
ducing sensor noise, realizing swing-up experimentally, 
extending the model to three links, and comparing the ap-
proach with LQR and backstepping methods. 
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