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Abstract—The electric motor is one of the technological
developments which can support the production process. Not
only in the manufacturing, but also in the transportation sector.
The AC motor is divided into the synchronous and
asynchronous motor. One type of asynchronous motor which
widely used is the induction motor. In this study, the application
of the IFOC control method and the LQG speed control method
will be used to control the speed of an induction motor. The PID
algorithm is also used as a comparison. Tests were carried out
using MATLAB software. The speed variation and load
variation are tested to validate the controller performance. PID
is superior in terms of settling time and IAE. On the other hand,
LQG is better in energy consumption. In terms of IAE, LQG has
a higher value compared to PID by up to 56.67%. On the other
hand, LQG is superior in terms of energy, which is 8.38% more
efficient.
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I. INTRODUCTION

The electric motor is one of the technological
developments which can support the production process. Not
only in the manufacturing, but also in the transportation
sector. Base on the supply current, there are two kinds of an
electric motor which are AC and DC motor. Although the DC
motor is simpler in control, it uses a mechanical commutator
(brush) which causes high maintenance cost [1]. Therefore,
an AC motor is chosen.

The AC motor is divided into the synchronous and
asynchronous motor. One type of asynchronous motor which
widely used is the induction motor. The induction motor is
cost-effective in installation as well as in maintenance [2] [3].
The induction motors are mainly used and consume
approximately 60% of the total energy of the plant [4].

There are many methods of controlling the speed of an
induction motor, known as Variable Frequency Drive (VFD).
As can be seen in Fig.1, VFD can be done with a sensor
(sensored) or without a sensor (sensorless). The sensor
referred to here is a speed sensor. In this study, the sensor-
based control method will be used because the algorithm is
easier.

Sensored control itself is divided into scalar control and
vector control. Scalar control is simple, easy, and parameters
independent modeling [5-9]. On the other hand, the vector
control has high controlling performance and thus it is most
widely used [10-13]. There are two categories of vector
control methods, namely Field Oriented Control (FOC) and
Direct Torque Control (DTC). Both have their own
advantages and disadvantages. More specifically, the FOC
method is divided into Indirect Field Oriented Control

(IFOC). The IFOC method has been widely used as in [14-
15].
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Fig.1. Induction motor control classification [16]

The FOC and DTC methods are basically torque control,
so to perform speed control an additional speed control
method is required. There are also many speed control
algorithms for induction motor speed control, such as PID
[17], the fuzzy logic controller (FLC) [18-19], sliding mode
controller (SMC) [10], Artificial Neural Network (ANN) [20-
21], and the combination between conventional and artificial
intelligent method as can be found in [22-24].

In this study, the application of the IFOC control method
and the LQG speed control method will be used to control the
speed of an induction motor. The performance and energy
consumption will be analyzed. Tests were carried out using
MATLAB software. The PID algorithm is also used as a
comparison.

Il. MATERIAL AND METHOD

A. Induction Motor Control

In general, the block diagram of VFD components can be
seen in Fig. 2. The encoder is used as a speed sensor because
the control method used is the sensored base. In Fig. 2,
Torque Control is embedded in the inverter, so the controller
functions are as speed control. Speed data is required for both
torque control and speed control so that it is fed back to the
inverter and controller. The output of the controller is a torque
reference as a reference for the torque control of the inverter.
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Fig. 2. General component of IM VFD

Fig. 3 (a) shows the simulation circuit for induction motor
speed control in MATLAB Simulink. The torque control
method used is Vector Control, while the speed control
algorithms that will be used are PID and LQG. Fig. 3 (b)
shows the block for speed control algorithm selection, the
blue color is the PID block while the LQG block is white. Fig.
3 (c¢) shows the circuit in the LQG block which consists of the
LOR control and observer which is the Kalman Filter.

Scope2

e Vector Conto l e
m -

Signal 1 b Torque
selection

‘Signal Builder1 (N.m)

@ !

Induction Motor
50 HP /460 V.

2l voc
(780 V)

labe (A)
<Rofor speed (wm)>

<Electromagnetic torque Te (N'm}

Discrete,
Ts = 2e-05s.

powergui

(a) IM torque control

Speed b
=
Speed R
troll
Ret | controller 5
o/o- -Te
—P ref
Te
P speed
K LQG control

Group 1
o-4—— Signal 1 E
Signal Builder

Torque
step1

(b) Control selection

Scope3

KTs
z-1

int1

KTs r
i €

Ki Discrete-Time [ /KL i
Integrator w
K
2 ) >y
speed X-hat
—>{u

Observer

(c) LQG structure
Fig. 3. VFD of IM in MATLAB Simulation

B. LQG Design

LQG (Linear Quadratic Gaussian) control is one kind of
optimal control. It is the combination between LQR (Linear
Quadratic Regulator) and Kalman Filter [25]. LQG solves the
weakness of LQR control which requires the number of
sensors as the number of states and replaces them with an
observer, Kalman Filter [1]. This is very useful since not all
the states of the system can be measured. Replacing the
sensors with an observer also reducing the cost of the system.
However, it does not guarantee the robustness of the system
against uncertainties in operating conditions [26].

The block diagram of LQG control is shown in Fig.4.
Kalman filter used to estimate the state of the system based
on system output. The estimated state is sent to LQR control
as state feedback. Kalman Filter needs a system model to
estimate the state of the system; therefore, a system model is
needed. The system model is constructed base on
mathematical equations or modeling base on input-output
data of the system. The second method is also known as
black-box modeling [27].

Some researchers use the first method to get the system
model such as [28-30]. On the other hand, [31] and [32], use
the second method by taking data from the input-output of the
system to find the system model. In the first method, system
parameters are required; therefore, it not suitable for
hardware implementation where no parameters of the system
are ready. In this research, the second method of modeling is
chosen. The flow diagram of the LQG control design process
is depicted in Fig. 5.
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I11. RESULTS AND DISCUSSION

The tests are performed on the speed variation and load
variation. As a comparison, testing was also carried out using
the PID method. The tolerance of the speed control is + 2%.
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A. Speed Variation Test

A speed variation test is performed to know the
performance of the control method used in tracking the given
speed set-points. In addition, to find out how fast the system
is stable when starting from the initial condition and speed
changes. Fig. 6 shows the simulation results of the speed
variation testing. There are 3 graphs: a velocity graph, an
Integral of Absolute Error (IAE) graph, and an energy graph.
IAE is used as a control system performance parameter.
Meanwhile, energy, obtained from the measurement of DC
inverter input, is used as an indicator of energy consumption
resulting from the control method used.

Fig. 6 (a) shows that the speed response of the two control
methods can track the speed set-point well. Based on the
graph, PID has a faster rise time in speed changes than the
LQG method. However, it seems that the two of them reach
the set-point almost simultaneously. While the quantitative
results can be seen in Table 1-3.

Table 1 shows the results at the first set-point, 50 rad/s.
PID excels in settling time and 1AE. On the other hand, LQG
has less overshoot (OS) and energy than PID. The response
of the 80 rad/s set-point is summarized in Table 2. At this
second set-point, the results are the same as the first response,
namely, PID is superior in terms of settling time and 1AE
while LQR is superior in terms of overshoot and energy. In
the reduced speed, Table 3, LQR is only superior on the
energy side compared to PID. The calculation of the
parameter value of the settling time for the 80 rad/s and 60
rad/s set-points is from 3 seconds and 6 seconds, respectively.
Meanwhile, the IAE and Energy values are accumulative
from the beginning, 0 seconds.

TABLE I. RESULT AT SET-POINT 50

Control Settling % OS 1AE Energy (J)

Algorithm Time (s)

PID 1.3 59.56 13.82 58,275

LQG 15 54.09 22.14 48,416
TABLE Il. RESULT AT SET-POINT 80

Control Settling % OS 1AE Energy (J)

Algorithm  Time (s)

PID 3.95 84.07 19.70 103,320

LQG 4.34 82.64 35.52 90,176
TABLE Ill. RESULT AT SET-POINT 60

Control Settling % US I1AE Energy (J)

Algorithm  Time (s)

PID 7.04 57.46 23.34 135,400

LQG 7.44 58.24 44.35 114,880

B. Load Variation Test

The second test is load variation. This test aims to
determine the performance of the motor speed control system
when loaded and load changes. In electric vehicle
applications, this test can reflect conditions where road
conditions are up and down.

The results of the load variation test can be seen in Fig.7.
It can be seen in the addition and reduction of load that the
speed changes. From the speed graph, Fig. 7 (a), the
overshoot (OS) and undershoot (US) of the LQG method on
load changes are greater. Meanwhile, from the IAE
perspective, Fig. 7. (b), the IAE of PID is smaller than LQG
as in the speed variation test results. LQG is still superior in
terms of energy. The complete results are summarized in
Table 4. Table 4 shows that PID is superior in all criteria
except energy. Undershoot data is retrieved when the load is
added, while overshoot data is retrieved when the load is
reduced.

TABLE IV. RESULT OF LOAD VARIATION

Control Settling %US % OS 1AE Energy
Algorithm Time (s) )

PID 1.59 68.40 70.53 26.98 171,700
LQG 161 68.87 70.80 34.99 166,470

The test results are quite varied, but in general, PID is
superior in terms of settling time and IAE, while LQR is
superior in terms of energy. To be able to conclude
quantitatively, the results of the first and second tests are
averaged on the 1AE and Energy sides as shown in Table 5.
Then the IAE and Energy percentages are calculated with the
PID value as the basis so that the PID value is made 100%.
From this, in terms of IAE, LQG has a higher value compared
to PID by up to 56.67%. On the other hand, LQG is superior
in terms of energy, which is 8.38% more efficient.
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Fig. 7. Load variation test result
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TABLE V. PID AND LQR COMPARISON RESULT

Control IAE % IAE Energy %
Algorithm @) Energy
PID 25.16 100 153,550 100
LQG 39.67 156.67 140,675 91.62

In the process of designing the control system, PID is very
easy and simple. However, it cannot be optimized to save
energy consumption because it does not have an objective
function like LQG. LQG is included in the optimal control
which has an objective function and can minimize control
energy. However, the algorithm is more complex. Therefore,
the choice is based on the requirement, whether looking for a
simple and easy one or having an objective function as well.
The addition of objective functions to PID can be done by
combining it with other methods such as Artificial Intelligent
(Al.

IV. CONSLUSION

The design and simulation of speed control of induction
motor using the LQG method have been done. Both
performance and energy are analyzed and compared with
conventional PID control. LQG control is more complicated
compare with PID. The speed variation and load variation are
tested to validate the controller performance. PID is superior
in terms of settling time and IAE. On the other hand, LQG is
better in energy consumption. In terms of IAE, LQG has a
higher value compared to PID by up to 56.67%. On the other
hand, LQG is superior in terms of energy, which can save
energy by up to 8.38% compared to PID.
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