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1. INTRODUCTION

To achieve a more sustainable and inclusive global future, the Sustainable Development Goals
(SDGs) initiated by the United Nations (UN) play a crucial role in guiding countries worldwide toward better
outcomes [1]. Among the 17 goals outlined in the SDGs, ensuring equitable health and well-being for all,
represented by SDG 3, holds a very important position. SDG 3 focuses on providing fair and universal access
to quality healthcare services and promoting well-being for everyone, regardless of their socioeconomic
background. Achieving this goal requires not only overall improvements in health systems but also innovations
in treatment and rehabilitation, especially for significant diseases like stroke [2], [3].

Stroke is one of the most serious and debilitating diseases globally. In general, a stroke occurs when
blood flow to the brain is disrupted, which can cause significant damage to brain tissue and affect various
bodily functions. This damage often results in long-term disability, with paralysis being one of the most
common complications [4], [5]. The impact of stroke extends beyond the individual, creating a substantial
social and economic burden on families and communities due to the long-term care and rehabilitation required.
Given the significant challenges posed by stroke, improving the quality of rehabilitation services is crucial [6].
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In this context, technical developments like the creation of physiotherapy robots offer promising alternatives
for enhancing rehabilitation effectiveness and efficiency. Physiotherapy robots, particularly those based on
ankle-foot orthoses (AFO), are designed to assist patients with motor impairments due to stroke in their
rehabilitation, focusing on recovering walking ability and balance. AFOs are medical devices specifically
designed to support the foot, ankle, and lower limbs, helping patients with foot drop, ankle bone abnormalities,
and balance difficulties [7], [8].

In designing ankle-foot orthoses (AFO), one key component is the permanent magnet synchronous
motor (PMSM), used as an actuator in the robot due to its advantages in torque density and back drivability
[9]. To fully utilize these advantages, a proper control system is needed to manage and regulate PMSM
operations, including speed, torque, and motor position, according to rehabilitation needs. One commonly used
control method for managing PMSM in AFOs is field-oriented control (FOC). FOC is a control approach for
AC motors similar to DC motor control methods, where the principle is to separate the control of current in the
motor's excitation and load sections, allowing independent control of flux and torque. FOC provides fast torque
responses for optimal performance and precision in various applications [10], [11].

Previous research compared the performance of BLDC motors controlled by field-oriented control
(FOC) and electronic speed control (ESC) through testing. Tests using FOC with BTS 7960 and ESC showed
that FOC with BTS 7960 achieved higher speeds and greater torque (0.8%) compared to ESC, which had lower
torque. Based on these results, FOC with BTS 7960 is concluded to be a more optimal choice for rehabilitation
robots. However, FOC controllers have limitations, such as not achieving maximum torque, which requires a
complex electronic configuration for optimal performance [12].

Building on previous research, this study will advance by implementing closed-loop field-oriented
control (FOC) with BTS 7960. This system can provide feedback on output voltage when using PMSM motors
to achieve better results. A closed-loop system optimizes feedback from sensors to dynamically measure and
correct motor performance based on actual conditions. By using sensors such as encoders, closed-loop control
can continuously monitor parameters such as speed, torque, and motor position, and respond quickly to changes
in load or operational conditions. This ensures that the motor operates according to the desired setpoint,
enhancing performance, precision, and stability [13]. In contrast, an open-loop system only responds to
predetermined commands without adjusting for changes in load or working conditions, making it less
responsive to unexpected changes in the operational environment. By integrating closed-loop control, this study
makes a significant contribution to new knowledge by introducing a more adaptive and precise motor control
technology, offering new insights into more effective control strategies in the context of PMSM motor
applications [14], [15].

2. METHOD
2.1. Research flow

The research flow related to the implementation of closed-loop FOC controllers for PMSM motors on
rehabilitation robots involves several steps as shown in Figure 1. The initial research began with designing a
closed-loop FOC system using software. The next step is determining parameters to produce a fast output
response so that the hardware design of the closed-loop FOC control system using BTS 7960 could be continued.
After that, it was finished when the test result shows that the controller can move the motor [16], [17].

2.2. Open loop FOC for RPM control

Open-loop field-oriented control (FOC) is a motor control method designed to regulate PMSM in a
relatively simple manner, but with limitations in responding to dynamic changes in operating conditions. In an
open-loop FOC system, motor control is based on predefined settings without real-time feedback [18], [19]. In
open-loop FOC, the commutation voltage for the motor is set using fixed frequency and phase relationships.
These settings are based on a constant input signal, which includes the desired speed and torque. The
commutation voltage is then directly applied to the motor to achieve the target rotational speed [20], [21]. This
system operates under the assumption that the motor’s operating conditions, such as load and performance,
remain stable and do not change significantly. The main advantage of open-loop FOC is its simplicity in design
and implementation [22]. Since it does not require feedback sensors, the system reduces the complexity of the
hardware and software needed for motor control. Additionally, open-loop FOC can be more cost-effective
because it does not require additional components for real-time measurement and adjustment [23]-[25].

However, there are several significant limitations to this method. Without real-time feedback, an open-
loop FOC system cannot adjust to sudden changes in motor performance or load. For example, if there is a
variation in load or external disturbances, the open-loop FOC cannot automatically correct the commutation
settings, which can result in less accurate speed control and reduced motor efficiency. This can lead to
fluctuations in motor performance and an inability to achieve the desired torque and speed with high
precision [26], [27]. Figure 2 presents the block diagram used in the open-loop FOC method.
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2.3. Closed-loop FOC for RPM control

Field orientation control (FOC) is an approach to control AC motors that is similar to the control
method for DC motors, where the principle is to separate current control in the amplifier section and the load
section of the motor. As shown in Figure 3, the block diagram of the closed-loop field-oriented control (FOC)
method compares the reference speed (RPM) with the actual speed (RPM) of the motor. The reference speed
(RPM) is compared with the actual speed (RPM) of the motor [28]. The difference between these two speeds,
or rather the RPM error, is then fed into the proportional integral (PI) controller to produce a control signal
(W). The control signal (W) produced by the PI controller is then transformed to produce a commutation
voltage (Va, Vb, Vc) that corresponds to the motor phases. In this transformation, the commutation voltage for
each motor phase is calculated based on time (t) and control signal frequency (W). The Vpeak is the maximum
voltage given to the motor. For instance, if the motor is supplied by 5 V, then the Vpeak is 5. The equations
used to calculate commutation voltage are (1)-(3).

Va = Vpeak/2 + Vpeak/2 % sin (W * t) D
Vb = Vpeak/2 + Vpeak/2 *sin (W xt + 2m/3) 2
Ve = Vpeak/2 + Vpeak/2 = sin (W =t + 4m/3) 3)
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For simulation, the Vpeak is filled with the desired maximum voltage. As for the implementation on
Arduino, the Vpeak is filled with the maximum pulse width modulation (PWM) duty cycle, which is 255 to
represent 100% duty cycle. This is due to the maximum voltage correlating with 100% duty cycle [12]. The
encoder sensor provides real-time feedback, allowing the system to dynamically adjust the control signal,
handle load variations and external disturbances, and ensure more accurate and responsive motor performance.
The integration of the encoder sensor in the closed-loop FOC system allows for more precise and efficient
adjustments, resulting in optimal motor control with reduced steady-state error and overshoot [29], [30].

2.4. Simulation on PSIM software

In this study, a closed-loop system is simulated using power system simulation software (PSIM),
which is software for designing, analyzing, and testing electrical and power electronic systems [31]. The design
of the closed-loop field-oriented control system is illustrated in Figure 4 and is divided into four parts. The first
part (I) shows the control signal and signal converter (c/p) that transforms the current signals (la, Ib, Ic) from
control signals to power signals. The second part (II) features a PMSM block and a rotary encoder to measure
the motor's RPM. The third part (111) is the FOC controller represented by a C-Block. The C-Block receives
the current RPM and generates the current signal for the first part. It also produces the control frequency (W)
for measurement purposes. Finally, the fourth part (IV) displays the clock to run the simulation.

The PMSM motor block enables virtual simulation of the motor's characteristics and behavior. Motor
specifications can be adjusted, allowing for performance analysis in a virtual environment and more effective
control optimization [32]. In this study, the BM 4108 380 KV motor is modeled using the PMSM block.
Table 1 shows the parameters of the BM 4108 380 KV motor [33]. After setting the motor parameters, the next
step is to conduct open-loop simulation testing with load variations from 10 to 60 grams. Subsequently,
experiments are conducted on parameters such as P and | to achieve the most optimal transient response. The
selection of P and | parameters is done through an initial trial approach. For example, starting with initial values
of Kp = 2 and Ki = 10. After analyzing the simulation results with these values, it was found that the system's
performance did not meet the desired target. Therefore, these parameter values are gradually increased in
certain increments until an optimal parameter combination is found that provides the best system response.
This process involves repeatedly adjusting Kp and Ki until parameters are found that meet the criteria for
system performance, such as minimal overshoot and the fastest settling time. These optimal values are then
retested with load variations from 10 to 60 grams to ensure consistent performance under various conditions.

%
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Figure 3. Closed-loop field-oriented control (FOC) method block diagram
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Figure 4. Designing a closed-loop field-oriented control simulation on PSIM software
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2.5. Implementation using BTS 7960

The closed-loop FOC control system using BTS 7960 involves a PMSM motor as an actuator and
BTS 7960 as the motor driver, as depicted in Figure 5(a) displays the schematic of the closed-loop field-
oriented control (FOC) system using BTS 7960 motor drivers. This schematic provides a visual representation
of how the various components in the system are connected and work together and Figure 5(b) in the
implementation, the hardware design includes Arduino Uno as the microcontroller, three BTS 7960 motor
drivers, a power supply, PMSM motor model BM 4108 380 KV as the system output, and a hall sensor (AS5600
Magnetic Encoder) as a feedback sensor.

Table 1. Modeling a PMSM in PSIM software

Parameter name Value
Rs (stator resistance) 0.193Q
Ld (d-axis ind.) 0.1303 mH
Lg (g-axis ind.) 0.1814 mH
Vpk/krpm 0.004824
No. of poles P 4
Moment of inertia 0.000065 kg-m2
Mech. time constant 10s
Torque flag 1
Master/slave flag 1
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Figure 5. Closed-loop field-oriented control system using BTS 7960: (a) schematic and (b) implementation
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The power supply provides voltage to the motor, which is controlled by Arduino control signals based
on the FOC algorithm [34]. These signals are sent through three BTS 7960 motor drivers, with each motor driver
pin playing a specific role. Here, if the power signal comes from M+, then the control pin is the R_PWM pin. If
the power signal comes from M-, then the control pin is the L_PWM pin. On the Arduino, the corresponding
pin to generate a PWM signal is pin 9, 10, and 11, which produce a 490 Hz PWM signal. The PMSM motor
then receives the controlled voltages, processes them to generate position and RPM feedback through the Hall
sensor. In PMSM motor control, the signal feedback on each channel (A, B, C) is commonly collected using the
Hall sensor for efficient control [12]. But, in this study, the Hall sensor collects the motor RPM instead.

Similar testing scenarios as in the simulation are taken. First, open loop conditions are tested for
various loads from 10 to 60 grams, where constant W is given to the controller. Then, closed loop conditions
are tested, where the optimal PI controller obtained from the simulation is used. Transient response, such as
overshoot and settling time, is observed.

3. RESULTS AND DISCUSSION

This section presents two main results: simulation and implementation on both open-loop and closed-
loop systems. The simulation results offer theoretical predictions of system behavior, while the implementation
results provide empirical data that validate the system's performance under various conditions.

3.1. Simulation
3.1.1. Open-loop

The researcher discusses the simulation results of field-oriented control (FOC) using PSIM software,
including both open-loop and closed-loop conditions, with tests conducted across various loads to understand
the control system's response comprehensively. In the open-loop condition, various load variations were
applied to the system with key parameters [35], [36]. Table 1 presents the results of the tested load variations,
ranging from 10 to 60 grams. The analysis focuses on four parameters: RPM, steady-state error, overshoot, and
set point. These parameters provide significant insights into the system's response to load variations.

The data in Table 2 illustrates the system's response variations to changes in motor load in an open-
loop condition, where an increase in load influences torque despite the motor RPM remaining at 7.3. The
system's stabilization time also shows an increase with the load, indicating the complexity of the system's
response to changing conditions. A consistent steady-state error of 75.67% indicates the system's inability to
reach the 30 RPM set point, reflecting a limitation that needs to be addressed. Although the overshoot decreases
with an increase in load, its level remains high and can impact the system's performance in reaching the set
point. This analysis concludes that system improvement is needed through the implementation of a closed-loop
control system, which is expected to minimize steady-state error, reduce overshoot, and enhance the system's
response to changing conditions. Thus, the use of a closed-loop is anticipated to improve system accuracy and
stability, enabling the achievement of set point values with greater precision. Figure 6(a) shows the simulation
results graph of speed with a 60-gram load in the open loop condition, while Figure 6(b) presents the simulation
results graph of torque with a 60-gram load in the open loop condition.

Table 2. The simulation results with various load variations in the open-loop condition
Load (gram) RPM Torsi (Nm)  Settling time (s)  Steady state error (%) Overshoot (RPM) Set point (RPM)

10 7.3 0.00329 0.29 75.67% 191 30
20 7.3 0.0066 0.6 75.67% 110 30
30 7.3 0.0088 0.65 75.67% 57 30
40 7.3 0.00923 0.71 75.67% 41 30
50 7.3 0.0098 0.85 75.67% 37 30
60 7.3 0.0135 0.98 75.67% 37 30
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Figure 6. The simulation results for a 60-gram load in an open-loop condition: (a) RPM and (b) torque
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3.1.2. Closed-loop

In the closed-loop condition, control parameters KP (proportional gain) and Kl (integral gain)
significantly affect performance and system response. Table 3 presents the results of tests involving variations
in KP and KI values, considering parameters such as settling time, steady-state error, and overshoot. Table 3,
considering three control system parameters, namely settling time, steady-state error, and overshoot, during
the testing of load variations with different combinations of KP and Kl values, the results indicate that the first
configuration with KP at 6 and KI at 100 provides fast stabilization time at 0.27 seconds and an overshoot of
35 RPM, although with a slightly negative torque of -0.0217, indicating a good response to system changes.
The second configuration with KP at 4 and K1 at 100 shows slower stabilization time but a more stable response
with a small torque of 0.0028. The third test with KP at 10 and KI at 60 demonstrates fast stabilization time at
0.4 seconds and a low overshoot of 17, creating a balance between stabilization time and overshoot, although
with a high torque of 0.316. The fourth test with KP at 10 and KI at 100 has a fast stabilization time at
0.35 seconds but a high overshoot of 60 RPM and a high torque of 0.03, affecting system performance. The
fifth test with KP at 10 and KI at 50 shows fast stabilization time at 0.259 seconds but a very high overshoot
of 182 RPM with a torque of 0.288. The last test with KP at 10 and Kl at 200 has a fast stabilization time at
0.27 seconds, a low overshoot of 40, and a lower torque of 0.0281.

Based on the analysis, it can be concluded that the values of KP and KI significantly impact the control
system. The interaction between the two creates a balance between fast response and stability. The optimal
combination appears to be KP at 6 and Kl at 100, demonstrating optimal performance with fast settling time,
low steady-state error, and minimal overshoot. Therefore, in this testing condition, optimization with KP at 6
and KI at 100 is identified as the most effective parameter choice. After previously discussing the
characteristics of the control system with proportional (KP) and integral (KI) parameters set at values of
60 and 100, the next step is to apply these parameters in a variation test.

Table 4 displays the simulation results of loading variations with KP at 60 and Kl at 100 in the closed-
loop condition, focusing on three control system parameters: settling time, steady-state error, and overshoot.
For a 10-gram load variation, a high positive torque of 0.383 reflects a very good system response with a
relatively fast settling time at 0.39 seconds and a steady-state error of 0%. However, the high overshoot of
211 RPM indicates oscillations after reaching the set point, requiring further adjustments in the control system.
In the case of a 20-gram load variation, the lower positive torque of 0.0495 indicates a slightly weaker response,
with a slightly longer settling time at 0.78 seconds and a steady-state error of 0%, but oscillations are still
present. As the load increases to 30 grams, the lower positive torque of 0.00349 indicates a lower response,
with a longer settling time at 1.17 seconds and a lower overshoot of 27, showing an improvement in system
stability. For a 40-gram load variation, the increased positive torque of 0.211, with a lower overshoot of
22.9 reflects a stronger response and increased stability.

Table 3. Simulation results from testing several variations of KP and KI parameters
KP Ki RPM Torsi (Nm) Settling time (s)  Steady state error (%) Overshoot (RPM)  w

6 100 20 0.176 0.25 0% 37 36
4 100 20 0.0194 0.4 0% 31.5 33
10 60 20 0.316 0.4 0% 17 13
10 100 20 0.03 0.35 0% 60 51
10 50 20 0.288 0.259 0% 182 13
10 200 20 0.0281 0.27 0% 40 17

Table 4. The loading variations in the closed-loop system with optimal parameters

KP  Ki  Load(gram) RPM  Torsi (Nm)  Settling time (s)  Steady state error (%)  Overshoot (RPM)
6 100 10 20 0.383 0.39 0% 211
6 100 20 20 0.0495 0.78 0% 38
6 100 30 20 0.00349 1.17 0% 27
6 100 40 20 0.211 1.28 0% 22.9
6 100 50 20 0.154 1.53 0% 21
6 100 60 20 -0.205 1.75 0% 21

However, the settling time continues to increase to 1.28 seconds, indicating increased system
complexity with a heavier load. When the load is increased to 50 grams, the lower positive torque of 0.154 and
the continued increase in settling time to 1.53 seconds indicate a slower response, although the overshoot
remains relatively low at 21. For a 60-gram load variation, a negative torque of -0.205 and a change in polarity
require special attention. Despite a steady-state error of 0%, the settling time continues to increase to
1.75 seconds, indicating a progressively slower system response, and the change in polarity requires further
analysis. Figures 7(a) and 7(b) visually depict changes in the system response to a 60-gram load variation,
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showing a significant impact on motor torque and RPM. Load changes result in changes in the required torque
to maintain system stability, and the decrease in torque values at a 60-gram load indicates that the system has
reached its capacity limit to handle higher loads.

From the simulation results, it can be concluded that the closed-loop system is significantly superior
to the open-loop system in terms of accuracy and stability. Although the closed-loop system has a slightly
longer settling time, its advantage is evident in its ability to reach the desired set point and handle disturbances
and load variations. In contrast, the open-loop system exhibits higher overshoot, greater oscillations, and
significant steady-state errors, indicating its limitations in effective control. Therefore, the closed-loop system,
especially with optimized KP and KI parameters, delivers better performance, demonstrating a more stable and
accurate response to changes in conditions and loads.

100 0.4 ‘ } ‘
80 R | \ \ J
60 ' - 0.2 i [ ‘ |
e < 0—»*“—‘%“”‘”.
o) _ g - ‘ . | g
0 B 03 “ ‘ }
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Figure 7. The simulation results for a 60-gram load in a closed-loop condition: (a) RPM and (b) torque

3.2. Implementation
3.2.1. Open loop

In the implementation of an open-loop system utilizing the BTS7960 motor driver, various load
variations were systematically introduced to assess the system's performance across key parameters. The load
variations, which ranged from 10 to 60 grams, were carefully tested to observe their impact on the system's
behavior. The results of these tests, highlighting the system's response under different loading conditions, are
comprehensively presented in Table 5.

In the implementation under open-loop conditions, with a 10-gram load, the system exhibits a very
low settling time, indicating a rapid response to light loads. However, as the load increases, such as at 20-
grams, 30-grams, 40-grams, 50-grams, and 60-grams, the settling time tends to increase. This suggests that the
system becomes less responsive and requires better adjustments to handle heavier load variations. To optimize
system performance, especially under heavier loads, the implementation of proportional and integral (PI)
control can be an effective solution. This control can help reduce steady-state errors in the system, enhance
stability, and expedite settling time. By designing appropriate Pl control parameters, the system can efficiently
respond to load changes, optimize response, and maintain stability under various operational conditions.
Figure 8 illustrates the graph of the 60-gram load implementation under open-loop conditions.

3.2.2. Closed-loop

During the closed-loop implementation of the field-oriented control (FOC) system, load variations
ranging from 10 to 60 grams were introduced to examine key parameters. The analysis focused on RPM and
settling time, offering insights into the system's response to these variations. The results of these tests are
detailed in Table 6.

Table 5. The results of the control system implementation with various load variations
in an open-loop condition

Load (gram) RPM  Settling time (s)  Overshoot (RPM)
10 20 0.52 23
20 20 1.17 20
30 20 1.27 38
40 20 1.39 37
50 20 1.47 33
60 20 2.24 21
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Application of PI control in a closed-loop control system with load variations, there is a noticeable
improvement in response for a 10-gram load, with a reduced settling time from 0.52 seconds to 0.36 seconds
and an overshoot of 21, indicating system optimization for more efficient response to light loads. For a
20-gram load, PI control continues to play a role in maintaining system stability with an acceptable increase in
settling time to 0.52 seconds and an overshoot of 20. With a 30-gram load, PI control enhances the adaptability
of the system with a significant decrease in settling time from 1.27 seconds to 0.78 seconds and an overshoot
of 21. Although there is a moderate increase in settling time from 1.39 seconds to 0.84 seconds for a 40-gram
load, PI control still maintains an efficient system response. For 50-gram and 60-gram loads, PI control
provides significant improvement, albeit with an increase in settling time, with an overshoot of 20 for 50 grams
and 21 for 60 grams. From this evaluation, it can be concluded that PI control plays a crucial role in optimizing
the system's response to load variations, allowing for increased response speed, reduced overshoot, and overall
system stability. Figure 9 illustrates the graph of the 60-gram load implementation in a closed-loop condition.

The comparison between open-loop and closed-loop control systems in implementation demonstrates
the superiority of the closed-loop configuration in terms of stability and responsiveness. The closed-loop
system has a lower average settling time (0.825 seconds) and smaller overshoot (21.17%) compared to the
open-loop system, which has an average settling time of 1.35 seconds and an overshoot of 28.67%. This
indicates that the closed-loop system provides better control, faster stabilization, and more accurate responses
to input changes. Although the open-loop system is simpler, the closed-loop system offers greater flexibility
and adaptability [37], [38], making it more suitable for applications requiring high stability and precision.
However, challenges such as motor vibration and insufficient current data in the FOC implementation on
PMSM motors can affect the quality of movement and system stability, indicating the need for further
refinement [39], [40].

30 Overshoot ¢ Error steady state ¢

.50 Settling Time
SetPoint

e SetPOINt  wmm—RPM

Figure 8. Graph of the implementation of a 60-gram load under open loop conditions
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Figure 9. Graph of the implementation of a 60-gram load under closed-loop condition
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Table 6. The results of the control system implementation with various load variations
in a closed-loop condition
Load (gram) RPM  Settling time  Overshoot (RPM)

10 20 0.36 21
20 20 0.52 20
30 20 0.78 21
40 20 0.84 22
50 20 141 20
60 20 1.45 21

4. CONCLUSION

This research successfully simulated and determined the closed-loop field-oriented control (FOC) on
permanent magnet synchronous motor (PMSM) within the context of rehabilitation robots. Simulation results
indicate that the implementation of closed-loop FOC, particularly with PI control and adjustment of KP and
Kl values, significantly enhances system response compared to the open-loop condition. The KP and KI values
used were 60 and 100, demonstrating that closed-loop performs better than open-loop, especially in response
to load variations from 10 to 60 grams. However, the implementation of closed-loop FOC using BTS 7960
reveals challenges such as less smooth vibrations at low speeds, caused by magnet phenomena (cogging), and
unstable motor movements. Insufficient current data also affects the stability and smoothness of the motor’s
motion, despite efforts to improve the data.
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