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Three-phase induction motors are the main drivers of the industrial world
because of their low price and good reliability. However, this type of motor
does not have built-in speed control. These problems can be overcome by
utilizing the Variable Frequency Drive (VFD) inverter. This research
investigates the induction motor's characteristics in every load condition and
combines a VFD inverter with an external speed controller based on Arduino.
The motor is mounted on a Prony brake testbed frame to measure the motor's
torque and mechanical power. The test results show the highest torque value
obtained is 0.57 Nm, and the highest output power value is 0.042 kW. The

motor cannot maintain the setpoint speed after loading in the open-loop
control system. Meanwhile, the closed-loop control system has been
successfully implemented, and the motor can return the speed to the setpoint
value after loading, with an average settling time of 14.67 seconds.

Prony brake

This is an open-access article under the CC-BY-SA license.

1. Introduction

The electrical motor is the backbone of the industry since it can speed up the process. Based on
the supply current, there are two types of electric motor, namely AC dan DC motors. AC motor has
low maintenance cost compared to DC motor, which uses carbon brush [1][2]. There are two
categories of AC motors, which are synchronous and asynchronous. The induction motor is the most
common type of asynchronous motor mainly because of its low price, simple yet robust construction,
ease of maintenance, and reliability [3-5]. The induction motors are mainly used and consume
approximately 60% of the plant's total energy [6]. Besides that, it is also used as a traction motor in
electric vehicles, such as in [7][8]. However, it has a very complex, nonlinear mathematical model
and does not have inherent speed control; hence, the induction motor was traditionally used for fixed-
speed operations [9]. Advancements in semiconductor technology have enabled more sophisticated
methods in real-time speed control for induction motors.

One of the most common ways to control an induction motor’s speed is using Variable Frequency
Drive (VFD) or Variable Speed Drive (VSD) [10]. VFD’s inverter work by adjusting the motor’s
input frequency and voltage, thus varying its speed. Real-time speed control allows for better
efficiency of an induction motor because it allows the motor to operate at a specific speed or power
necessary for its specific application, avoiding redundant power usage. According to [3], there are two
common methods to perform induction motor speed control: scalar and vector control. Scalar control
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is simple, easy, and parameters-independent modeling [11-15]. On the other hand, vector control has
a high controlling performance; thus, it is the most widely used [16-18].

Traditionally, VFD operates as an open-loop control using the scalar control method, meaning its
output signal does not affect its input control signal. If the motor receives additional load at any point
of its operation, it would be unable to maintain its current operating speed unless it is manually
changed. A solution to this problem is to add a feedback signal to perform a closed-loop control
system. A closed-loop control system feeds back the output signal to the input; therefore, the output
signal affects the value of the input signal. This system operates by assigning a setpoint input value;
in this case, it is the desired motor speed that the controller must achieve. The feedback signal is then
calculated concerning the input setpoint. If the feedback signal does not match the input setpoint, the
difference between the two values is labeled as an error. The controller will then apply a specific
algorithm to output a corrected signal. The controller will continue to apply the algorithm to cut the
error down to zero, thus achieving the assigned setpoint. There are many closed-loop speed control
algorithms for induction motor speed control, such as PID [19], the fuzzy logic controller (FLC) [20,
21], sliding mode controller (SMC) [22], Artificial Neural Network (ANN) [23, 24], and the
combination between conventional and artificial intelligent method as can be found in [25-27].
Compared to others, PID is mostly used because of its simplicity and reasonably good performance
[28]. According to [29] and [30], nearly 90% industrial using PID control.

Understanding the characteristics and capability of a motor is substantial for motor selection. One
of the simplest methods for mechanical power measurements is a Prony brake dynamometer [31]. For
this paper, the three-phase induction motor is fitted to a Prony brake testbed. This testbed works by
balancing two-arm levers on either side of a disk brake system with weights; one arm will be given a
fixed weight for initial balancing, and the other will be given variable weights during operation.

This research investigates the induction motor's characteristics in every load condition and
combines a VFD inverter with an external speed controller based on Arduino. Variable loads were
given to the motor by applying and adjusting the brake intensity for torque and power measurements
and for the automatic speed control test. The speed control was implemented using an Arduino
microcontroller by assigning a setpoint value and observing how the motor responds to the given
variable loads. This system is designed for simplicity and reprogramming ability; hence Arduino was
adopted. Arduino provides extensive compatibility with various electronic modules and hardware.

This research contributes to demonstrating the use of Prony brake to assess the characteristic of
induction motor and to implement simple speed control combined with a VFD inverter. The rest of
the paper will be organized as follows. Section 2 will provide a review material and method used in
this research, including Prony Brake Dynamometer Testbed and Speed Control. Then, the hardware
implementation results will be discussed in Section 3. The last section is the conclusion.

2. Material and Method

Fig. 1 shows the research flow of the experimental study. The hardware assembly consists of an
induction motor, VFD inverter, an amplifier, an Arduino, and a Prony brake system. Next, find the
relation of voltage input and output frequency of the VFD inverter, which is used to set the control
algorithm. After that, torque and power measurements are taken. The final step is to do speed control
using the PI method. If the result is not good, the PI tuning is done until the best result is achieved.

2.1.Prony Brake Dynamometer Testbed

The motor shaft is coupled to a disk brake system, which is attached to the center of the adjoined
two levers on each side of the disk. Due to the brake caliper's installation and the brake hose's weight,
the two levers' positions will initially be tilted clockwise. The levers must be leveled before operating
the motor by adding weight balance to the opposite lever. During operation, the motor will produce
torque to spin counterclockwise at a predetermined speed, and the levers will experience force from
the spinning shaft and tilt towards the direction of spin. Loads will then be added to the lever opposite
the direction of the spin until the two levers are balanced with each other. The added weights will
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equal the amount of force exerted by the motor. The torque value can then be calculated using (1)
where 7 is the torque, F is the force, and r is the radius. The radius is the length of the point upon
which the force acts on the center pivot, measured at 34cm (0.34m). The resulting torque value will
be closely equal to the amount of torque the motor produced at that specific speed with no load. The
illustration can be seen in Fig. 2.

T=Fr (D

Assembly the hardware system
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and output frequency of the WFD
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Torque Measurement
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Power Measurement

l

Speed Control Test —
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Fig. 1. Research Flow
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T-motor t-load

Fig. 2. Torse measurement illustration

For speed acquisition, two small permanent magnets are stacked together on the disk, and a hall
effect sensor is positioned opposite the magnets to detect the presence of the magnetic field each time
they rotate. The signals from the sensor are then calculated by the microcontroller to obtain the motor’s
rotation speed in revolutions per minute (RPM). Soft braking is done by applying the brakes until the
motor’s speed decreases by 30 RPM, medium braking by 50 RPM, and hard braking by 100 RPM.
The measurements start at 150 RPM to avoid errors in low RPM readings when the load is applied
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and then increase with increments of 50 RPM until 700 RPM (maximum motor speed obtained from
the sensor is 720 RPM). At 150RPM, the hard braking load is not applied to avoid the speed dropping
below 100RPM as it could cause inconsistent speed reading at very low speeds. The testbed can be
seen in Fig. 3.

Fig. 3. Prony Brake Testbed

Measurements of motor electrical power are done using a digital multimeter, clamp meter, and
built-in voltage and current sensors from the VFD inverter. The electrical power is calculated using
(2). P is for power in Watt, V is for voltage in Volt, and I is for current in Ampere. The voltage and
current are measured both on the input and the output of the VFD to obtain the input and output
electrical power of the VFD and, subsequently, the motor’s electrical power. For the motor’s
mechanical output power, it follows (3), where B, is mechanical output power in kilowatts (kW), T is
the torque produced by the motor in Newton-meters (Nm), and RPM is the motor’s speed.

P=VI ()

2.2.Speed Control

This system utilized the VFD’s external control terminal Analog Voltage Input (AVI) to receive
control signals from Arduino by pulse width modulating (PWM). The terminal’s input control voltage
range is from OV to 10V. Since Arduino only output a maximum voltage of 5V, the output signal is
fed through a simple amplifier circuit using a Bipolar Junction Transistor (BJT) and an RC low-pass
filter circuit to produce a pure DC level signal. The circuit schematics can be seen in Fig. 4.

Fig. 4. Amplifier and Filter Circuit Schematic

Hari Maghfiroh (Induction Motor Torque Measurement using Prony Brake System and Close-loop Speed Control)



International Journal of Robotics and Control Systems
598 ISSN 2775-2658

Vol. 2, No. 3, 2022, pp. 594-605

The low pass filter cut-off frequency is calculated using (4), where the fe,;—off is the cut-off
frequency in Hz, R is the resistor value in Ohm (€2), and C is the capacitor value in Farads (F). The
cut-off frequency for this circuit is set to be 1Hz or lower as the intended output signal is a pure DC
signal. This circuit enables control of the VFD output, thus controlling the motor’s speed. The wiring
schematics of the testbed's control panel can be seen in Fig. 5, and the panel itself can be seen in Fig.
6.

fcut—off = 1/27TRC (4)

35cm

AC Fower

|

USE Power i

i Arduina
o

o7 une VFD

) Power (Inverter)
‘ Supply DC

jeanay

aNz —|

|eanan
=]

wagz

avi GND

R

anz
Q
Q

Amplifi i —~
mpllfller & Filter - O O O
Circuit

Height: 15
Potentiometer sie

Ui vi wi GND

Hall Effect

Fig. 5. Control Panel Wiring Installation

Fig. 6. Control Panel

The automatic speed control is implemented following the torque and power measurements. For
this test, a simple Proportional-Integral (PI) control algorithm is preferred for its simplicity, flexibility,
and reliability [32]. The gains for this control were obtained via trial-and-error only. After several tests
and iterations, the gain values of the proportional control K, and the integral control K; are set to be
0.51 and 0.002, respectively. The resulting control characteristics are sufficient for the testbed
operations. The block diagram of the hardware system can be seen in Fig. 7, where the PI control
algorithm is programmed inside Arduino.

The test is done by assigning a setpoint speed and observing how the motor responds to the control
signal and how fast it achieves a steady state. Variable loads are then applied after the motor achieves

Hari Maghfiroh (Induction Motor Torque Measurement using Prony Brake System and Close-loop Speed Control)



International Journal of Robotics and Control Systems
ISSN 2775-2658 599
Vol. 2, No. 3, 2022, pp. 594-605

a steady state to observe how the controller responds to the load. The loads are applied in three levels:
soft, medium, and hard. Soft loading is done by applying 100gr weights at the loading lever, 150gr
for medium load, and 200gr for the hard load. Due to the construction of the testbed, attaching more
weights to the loading lever will squeeze the disk with the brake pads, thus slowing the motor’s
rotation. For this test, the setpoint value is set to be 400RPM.

Controll
Setpoint nirelier Plant
Speed RPM
Induction
—
Maotor
m
§
&
w
Feedback RPM
Sensor Holl
Effect

Fig. 7. Closed-Loop Control Diagram

3. Results and Discussion

For input power, measurements are done at the Line and Neutral terminal of the VFD. For the
output power, measurements are done at Ul and V1. The output power of the VFD will be the input
power drawn by the motor. The nameplate specification of the motor can be seen in Table 1.

Before the main testing of the testbed, initial testing for the Arduino control of the VFD output
is done to ensure that the circuit and control algorithm works as intended. The potentiometer is used
to modulate the PWM output of the Arduino control signal, then the output frequency of the VFD is
then observed on the built-in display as the value of the control signal from the microcontroller is
adjusted. PWM signal from the Arduino, V;,, is probed on the resistor leg series to the base terminal
of the BJT, and it shows a maximum value of 4.8V. The amplified voltage is then fed to the gate of
the MOSFET. The output voltage of the MOSFET, V,,, 5, is measured at the drain terminal and shows
a maximum value of 11V, which is then connected to the RC low-pass filter. The output of the filter,
Vout, attenuates the PWM signal to a maximum of 9.6V pure DC. The circuit's output voltage
successfully modulates the VFD's output frequency from OHz to 50Hz, the maximum output
frequency of the VFD. Fig. 8 shows the relationship between the VFD's voltages and output
frequency. The value of V;,,, V;,,0s, and V,,,; will increase linearly with the frequency.

Amplifier Circuit Output Voltage and

Table 1. Motor Specification VFD Output Frequency Graph

Power 0.18 kW 3

Voltage 220/380 % b

Current 1120065 A sig

Frequency 50 Hz % %

Speed 1400 RPM Lé e

Poles 4 é /
2
3 A
0

0 5 10 15 20 25 30 35 40 45 30
Frequency (Hz)

—\fin Vmos Vout

Fig. 8. Amplifier Circuit Output Voltage Graph
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3.1.Torque and Power Measurements

Results from the test show a minimum torque value of 0.13Nm at 150RPM with no load given
and a maximum torque value of 0.57Nm at 700RPM with the hard load. From Fig. 9, it is shown on
the scatter plot that the torque value of the motor increases as the load and speed increase. About the
motor’s specification, the minimum torque value is approximately 10% of the rated torque, and the
maximum torque value is approximately 45% of the rated torque.

Scatter Plot of Motor Torque Under
Various Loads

0,60

u.su & L ]
1] L L

= 0,40
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0,10

0,00
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Fig. 9. Motor Torque Graph Under Various Loads

In power measurements, input voltages Vi, measured using a multimeter show an average value
of 226V, and it does not change with the introduction of load or increase of speed. However, the
input current I;;,, values, measured using a current clamp meter, increase as the load and the speed
increase, as can be seen in Fig. 10. The minimum input current value acquired is 0.2A at 150RPM
and the maximum value of 1.2A at 700RPM with hard load applied. The calculation for the input
power has been done using (2). The resulting input power values can be seen in Fig. 11, with a
minimum value of 0.045kW at 150RPM with no load and a maximum of 0.271kW at 700RPM with
a hard load.

Output voltage values obtained from the multimeter, Vpp, and the built-in display, V;p, show
noticeable differences between the two measurements due to the difference in precision. As seen in
Fig. 12, the minimum Vg, value is 59V at 1S0RPM, and it does not change with the introduction of
load. Maximum Vg, value is 207V at 700RPM. For Vppp, the readings show some fluctuations but
are very much tolerable, as can be seen in Fig. 13. It shows a minimum voltage reading of 72.05V at
150RPM and a maximum of 218.06V at 700RPM. Vp shows fluctuating values but ultimately
consistent numbers when various loads are applied and increases the value when the motor speed
increases. The output current of the VFD is equivalent to the current drawn by the motor when
operating. As with the input current of the VFD, the current drawn by the motor also increases as the
load and speed of the motor increase. The minimum current drawn by the motor is 0.1A at ISO0RPM
with no load, and a maximum current value of 0.4A at speeds above 300RPM when medium to hard
loads are applied, as can be seen in Fig. 14. The similarity in values shown at different speeds and
loading is due to the accuracy limitations of the current clamp meter used and the limitation of loads
applied to the motor for the test procedure. Stronger loads will yield higher values of current drawn
and torque produced by the motor. Calculating the power drawn by the motor uses the voltage values
acquired from the built-in display as they are more consistent and show no fluctuations. It results in
a minimum value of 0.006kW at 150RPM with no load and a maximum of 0.083kW at 700RPM
with hard load, as seen in Fig. 15.

The mechanical power output of the motor has been calculated using (3), and the results show a
minimum value of 0.002kW and a maximum value of 0.042kW. The maximum mechanical output
value acquired from this test is only 23.34% of the rated power. The graph of the mechanical power
to the motor speed can be seen in Fig. 16.
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3.2.Speed Control

The speed control test result with no load application shows a rise time of 7s, and the controller
achieves a steady state in 24s. The controller oscillates with a 75% overshoot from the setpoint value
and a 47% undershoot before it reaches a steady state at 400RPM. The transient response graph can
be seen in Fig. 17. Load application is also made on an open-loop control system for comparison. The
open-loop system can achieve a setpoint speed of 400RPM in 7s. However, after a 150gr weight is
applied in the 34™s, it cannot maintain setpoint speed and drops to about 300RPM, as seen in Fig. 18.

On the closed-loop PI control, soft loading is done on the 28"s, and the controller can recover the
speed in 12s with 12.5% overshoot, as can be seen in Fig. 19. Medium loading is done on the 34™%s,
and it recovers in 8s with 9% overshoot as can be seen in Fig. 20. Hard loading is done on the 28's,
and it experiences speed reading error as it approaches steady state on 46s. This causes the controller
to recalculate the speed error and undershoots by 13.25%%, then overshoots by 7% before finally
achieving a steady state on the 52", as seen in Fig. 21.

Results from this test show that, contrary to the open-loop control, the closed-loop control system
using a simple PI control can maintain a setpoint speed after the load is applied to the motor. The
average time to achieve an initial steady state is 25s, the average rise time of 7s, and the average
steady-state time after loading is 14.67s. The results and control characteristics from this test could be
greatly improved by modeling the control system and tuning the PID gains more accurately. A better-
optimized RPM reading algorithm and sensor could mitigate error spikes when reading the motor’s
rotational speed.

1000 Transient Response of The Speed Control Control Respons Against Load
(Open-Loop)
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4. Conclusion

The Induction motor torque measurement using the Prony brake system and close-loop control of
it is already done. Results from the test show a minimum torque value of 0.13Nm at 150RPM with
no load given and a maximum torque value of 0.57Nm at 700RPM with the hard load. The input
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power values are the minimum value of 0.045kW at 150RPM with no load and a maximum of
0.271kW at 700RPM with the hard load.

oo COntrol Response Under Hard Load (Closed-Loop)
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ime (s

Fig. 21. Closed-Loop Control Response Under Hard Load

The mechanical power output of the motor has been calculated, and the results show a minimum
value of 0.002kW and a maximum value of 0.042kW. The motor cannot maintain the setpoint speed
after loading in the open-loop control system. Meanwhile, the closed-loop control system has been
successfully implemented, and the motor can return the speed to the setpoint value after loading, with
an average settling time of 14.67 seconds. Further improvements to the control could be made by
modeling the system and better tuning the PI control or using different control methods.
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