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This study discusses the performance of the three-phase induction motor drive system using
the voltage-frequency (V/f) control method. A simulation model was established using
MATLAB/Simulink to analyze the behavior of the system under start-up, steady-state and
load disturbance conditions. The results show that V/f control can achieve acceptable steady-
state speed tracking, and the current waveform is stable and the harmonic distortion is low.
However, due to the open-loop structure, there is still a steady-state speed error. In addition,
the dynamic performance of the system is limited, and obvious torque oscillation and speed
deviation will occur during load disturbance. In general, V/f control provides a simple
and effective solution for basic motor drive applications, but its limitations in accuracy and
dynamic response indicate the need for a more advanced control strategy.
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Var d-axis rotor voltage A%

Var g-axis rotor voltage v

Greek characters

Ads d-axis stator flux linkage Wb
Ays g-axis stator flux linkage Wb
Adr d-axis rotor flux linkage Wb
Agr g-axis rotor flux linkage Wb
o air-gap flux Wb
W, electrical angular speed rad/s
oy rotor angular speed rad/s
Subscripts

FFT Fast Fourier Transform

FOC Field-Oriented Control

PWM Pulse Width Modulation

SPWM Sinusoidal Pulse Width Modulation

THD Total Harmonic Distortion %
V/if Voltage-to-Frequency

VFD Variable Frequency Drive

VSI Voltage Source Inverter
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1 Introduction

This chapter introduces the research background, engineering significance, and theoretical
context of V/f control for three-phase induction motor drives. It first explains the industrial
importance of induction motor speed control and the role of variable frequency drives, then
reviews the main control strategies with emphasis on the engineering value of scalar V/f
control. Finally, the key limitations of the basic V/f method and the existing research gap
are identified, which establish the motivation and objective of the simulation-based study

presented in this thesis.

1.1 Background and motivation

Three-phase induction motors are among the most widely used electrical machines in in-
dustrial applications due to their robust construction, low cost, high reliability, and minimal
maintenance requirements. They are widely used in manufacturing systems, pumping stations,
compressors, conveyor belts and heating, ventilation and air conditioning (HVAC) systems
and other occasions that require continuous and reliable operation. Due to the simple mechan-
ical structure and the need for carbon brushes or permanent magnets, induction motors are
particularly suitable for harsh industrial environments and large-scale deployment. Therefore,
induction motors account for a large part of the global industrial electricity consumption, and

their efficient operation and control have become a key engineering topic.

Traditionally, induction motors are directly powered by a fixed frequency power supply,
which limits their speed control ability and often leads to low energy utilization efficiency,
especially in variable load applications. With the continuous development of power electronic
devices and control technology, variable frequency drivers (VFD) can be widely used to
control the speed of the motor by adjusting the frequency and voltage of the power supply.
By matching the motor speed with the load demand, the frequency converter significantly
improves energy efficiency, reduces mechanical stress, and improves the overall system
performance. Therefore, the induction motor drive system based on frequency converters has
become a standard solution for modern industrial systems, which has been fully reflected
in many simulation and implementation studies focusing on speed control and performance
improvement (Singh, 2016; Aspalli, Asha & Hunagund, 2012).

The performance of an induction motor drive largely depends on the applied control strategy.
Broadly, control methods can be classified into scalar control and vector control techniques.
Scalar control, commonly referred to as Volts-per-Hertz (V/f) control, regulates the motor
by maintaining a constant ratio between the stator voltage and supply frequency in order to

preserve the air-gap magnetic flux. This method is based on the steady-state characteristics



of the induction motor, which is simple to implement, and the required motor parameter
information is extremely small. In contrast, vector control methods (such as magnetic
field orientation control (FOC) and direct torque control (DTC)) decouple torque from the
magnetic flux component, so as to achieve fast dynamic response and precise torque control.
However, these advanced methods are highly dependent on accurate motor models, coordinate
transformations and real-time parameter estimates, which increases the complexity and
computational burden of the system (Marino, Tomei & Verrelli, 2010; Y. Zhang, H. Yang &
Xia, 2016).

Although vector control technology has excellent dynamic performance, scalar V/f control is
still widely used in industrial applications. This is mainly because of its robustness, ease of
implementation and high cost-effectiveness, especially in applications with low requirements
for dynamic response. Comparative research shows that under steady-state conditions, V/f
control can provide satisfactory speed adjustment and stable operation, so it is suitable for
pumps, fans and other variable-speed drive devices that mainly operate under steady-state
conditions(Habbi, Ajeel & Ali, 2016). In addition, V/f control, as an important reference
method for understanding the behavior of induction motors, also lays the foundation for more

advanced control strategies.

In view of its continuous industrial significance and teaching value, it is reasonable to conduct
systematic simulation-based research on V/f control induction motor drive system. By
focusing on modeling, realization and steady-state performance analysis, this kind of research
can not only provide valuable insights into the actual working characteristics and limitations
of the scalar control induction motor drive system, but also establish a clear reference baseline

for the evaluation of more advanced control technology.

1.2 Induction Motor Drives and Control Strategies

This section introduces the basic working principle of induction motor drive and briefly
reviews the main speed control strategies. Among them, special attention is paid to scalar
V/f control, focusing on its practical advantages in industrial applications and its continuous

engineering significance.

1.2.1 Operating Principle of Induction Motors and Speed Control Methods

The operation principle of three-phase induction motor is based on electromagnetic induction.
When the three-phase alternating voltage is applied to the stator winding, a rotating magnetic
field will be generated in the air gap. The rotating magnetic field induces an electric current
in the rotor conductor, which generates its own magnetic field. The interaction between the

stator and the magnetic field of the rotor produces electromagnetic torque, which makes the
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rotor rotate at a speed slightly lower than the synchronous speed. This speed difference is

called sliding difference, which is a key factor in generating torque.

The synchronous speed of the induction motor is determined by the frequency of the power
supply and the logarithm of the stator pole. Therefore, the speed adjustment of the induction
motor can be effectively realized by changing the power supply frequency. However, it is not
enough to change the frequency, because it will directly affect the magnetic flux of the stator.
Improper adjustment of magnetic flux may lead to magnetic saturation at low frequency or
decrease in torque capacity at high frequency. Therefore, the induction motor drive system
in practical applications adopts the coordinated control of voltage and frequency to ensure

stable and efficient operation in a wide speed range.

In order to adjust the speed and torque of the induction motor, a variety of control strategies
have been developed. These strategies cover everything from classic scalar control methods
to advanced vector control and predictive control techniques. Modern high-performance
methods, such as direct torque control (DTC), model predictive control (MPC) and predictive
power control, achieve fast dynamic response and better transient performance by directly
adjusting variables related to torque and magnetic flux (Kumar, Igbal & Lenin, 2018; X.
Yang et al., 2019; J. Zhang et al., 2024). The continuous progress of these technologies has
significantly improved the dynamic performance, reduced the torque ripple, and enhanced the

robustness under parameter changes (El Ouanjli et al., 2019; Rkik et al., 2022).

1.2.2  Engineering Value of V/f Control

Despite the rapid development of advanced control strategies, scalar volt/hertz (V/f) control is
still a crucial and widely used method in industrial induction motor drive. The basic principle
of V/f control is to keep the ratio between the stator voltage and the frequency of the power
supply constant, so as to maintain the air gap magnetic flux at a near-constant level. This
method ensures a stable torque within the normal operating speed range, while avoiding

magnetic saturation and overcurrent.

From an engineering perspective, the main advantage of V/f control is its simplicity and
robustness. Unlike DTC or predictive control schemes, V/f control does not require complex
coordinate transformation, real-time torque estimation or detailed motor parameter identifica-
tion. This greatly reduces the computational complexity and implementation cost, making
V/f control particularly attractive in low and medium-performance applications based on
steady-state operation. In contrast, although advanced control strategies can provide better
dynamic performance, they often involve complex algorithms, high sampling frequencies, and

higher sensitivity to parameter changes (Kumar, Igbal & Lenin, 2018; X. Yang et al., 2019).
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In addition, recent literature emphasizes that advanced control methods are mainly suitable for
applications that require fast torque response and high precision, such as electric traction and
servo systems(J. Zhang et al., 2024). However, for industrial loads such as pumps, fans and
compressors, with moderate dynamic requirements and relatively stable operating conditions,
the additional complexity brought by advanced controllers. It may not bring corresponding
benefits. As pointed out by many review studies, the trade-off between control performance
and implementation complexity is still a key consideration in the design of the actual drive
system (El Ouanjli et al., 2019; Rkik et al., 2022).

Therefore, V/f control continues to serve as a reliable, cost-effective, and educationally
valuable control strategy. It provides a solid foundation for understanding induction motor
behavior and remains a benchmark against which advanced control techniques are evaluated.
This makes V/f control particularly suitable for simulation-based performance analysis, where
fundamental operating characteristics and steady-state behavior can be clearly observed and

systematically studied.

1.3 Research gap

Although scalar V/f control remains widely used in industrial induction mo control is still
widely used in industrial induction motor drives because of its simplicity and robustness,
a large number of studies have pointed out that it has several inherent limitations, which
will limit its performance under certain operating conditions. These limitations highlight the
necessity of systematic analysis of V/f control drivers, especially when evaluating steady-state

behavior and load-related performance.

One of the main limitations of traditional V/f control is its insufficient torque capacity at low
speed. During low-frequency operation, the voltage drop of the stator resistance becomes
significant relative to the applied stator voltage, resulting in a decrease in the air gap magnetic
flux, which in turn causes a decrease in torque output. Experiments and simulation studies
have confirmed this phenomenon. The study found that under the basic V/f control scheme,
the performance of the motor at low speed is poor, and the sensitivity to parameter changes
1s high (Kafle et al., 2019). Therefore, without additional compensation technology, it may
be difficult for the V/f-controlled drive system to maintain stable operation in low-speed and

high-torque applications.

Another well-documented limitation of V/f control is its limited ability to maintain accurate
speed regulation during load variations. Since scalar control does not directly regulate torque
or slip, changes in load torque lead to speed deviations that cannot be rapidly corrected. The

resulting steady-state speed error becomes more pronounced under dynamic load conditions,
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particularly in applications requiring consistent speed accuracy. Studies on multi-phase and
advanced induction motor configurations have shown that load-dependent speed error remains
a fundamental drawback of classical V/f control, even when current limitation or auxiliary

control loops are introduced (Kyslan et al., 2022).

In addition to torque and speed adjustment problems, harmonic distortion in stator current
is another major challenge related to V/f control induction motor drive. The use of pulse
width modulation (PWM) in the source voltage inverter will introduce harmonic components,
which may adversely affect the efficiency, thermal performance and noise of the motor. In
the absence of advanced harmonic suppression or magnetic flux optimization strategies,
traditional V/f control may lead to an increase in total harmonic distortion (THD), especially
under light load or low-frequency operation conditions. The recent improvement based on the
V/f control architecture, such as the dual V/f strategy adopted in the inverter-powered winding
rotor induction motor, shows that problems related to harmonics and magnetic flux still exist

and need to be carefully considered in the drive design process.(Nanda & Hari, 2023).

Despite these known limitations, many existing studies either focus on proposing enhanced
control schemes or directly transition to advanced vector-based methods. Consequently,
there is a relative lack of structured simulation-based investigations that clearly quantify the
steady-state limitations of basic V/f control using key performance indicators such as speed
regulation, current harmonic distortion, and flux stability. Addressing this gap through a
systematic modeling and performance analysis provides valuable insights into the practical
behavior of V/f-controlled induction motor drives and establishes a meaningful benchmark

for evaluating advanced control strategies.
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2  Method

This chapter introduces the operating principle and equivalent circuit of induction motor in
detail. In addition, this chapter also explains the working principle of scalal control, and uses

formulas to describe and detail the operation process in this simulation.

2.1 Overview of the Simulation Methodology

This study uses MATLAB/Simulink to study the performance of the three-phase induction
motor drive system based on the scalar V/f control strategy. The main goal is to model, realize
and analyze the behavior of the motor under different operating conditions, paying special

attention to its steady-state performance and dynamic response.

The whole simulation system consists of four main parts: induction motor model, voltage
source inverter (VSI), V/f control algorithm and load torque subsystem. The V/f control
strategy is used to maintain a constant ratio between the stator voltage and frequency, so
as to ensure that the air gap magnetic flux is roughly constant in the working range. Based
on the reference speed input, the controller generates corresponding voltage and frequency

instructions.

These reference signals generate a three-phase sinusoidal voltage through SPWM. The
generated switching signal controls the inverter and converts the DC input into AC output to
drive the induction motor. The motor model is realized by the dynamic representation method

in the dq coordinate system to accurately capture the electrical and mechanical behavior.

In order to evaluate the performance of the system, several key variables were measured and
analyzed, including rotor speed, electromagnetic torque, stator current and THD. Simulation
covers different operating scenarios such as motor start-up and load disturbance to evaluate

the robustness and effectiveness of the V/f control strategy.

2.2 Principles of induction motor

This section explains the fundamental principles of asynchronous motor operation, provid-
ing the physical and electromagnetic background for subsequent V/f control modeling and

simulation.

2.2.1 Structure of a Three-Phase Induction Motor

Three-phase induction motor is one of the most widely used AC motors in industrial applica-

tions. The motor is mainly composed of two electromagnetic components are stater and rotor,
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separated by a narrow air gap. The station is composed of stacked steel cores, and there are
three-phase distribution windings in the groove. When a balanced three-phase AC voltage is

applied, these windings will generate a rotating magnetic field in the air gap.

As shown in the figure 1, it is a single squirrel-cage model.The squirrel-cage rotor structure
allows induced currents to circulate within the rotor conductors without external electrical
connections, which contributes to the high reliability and durability of induction motors in

continuous industrial operation.
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Figure 2: Equivalent Circuit Diagram of an Induction Motor ( Trieu et al., 2024)

The per-phase equivalent circuit of the induction motor (Figure 2) provides a simplified
electrical representation of its steady-state behavior. It is used to describe the relationship
between voltage, current and magnetic flux in the motor. The stator resistance Ry and the
rotor resistance R, represent the copper loss in the stator and rotor windings respectively. The

leakage resistance X and X, reflect the leakage magnetic flux that does not participate in
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energy conversion, while the excitation resistance X, represents the excitation branch that is

responsible for establishing the air gap magnetic flux.

2.2.2 Basic Operating Principle

A three-phase induction motor operates based on the interaction between a rotating magnetic
field generated by the stator and the currents induced in the rotor. When a balanced three-
phase voltage is applied to the stator windings, a rotating magnetic field is produced, which

rotates at the synchronous speed given by:

_120f

P (1

ng

where n; is the synchronous speed (rpm), f is the supply frequency (Hz), and P is the number

of poles.

The rotor does not reach the synchronous speed but rotates at a slightly lower speed due to

the requirement of electromagnetic induction. This difference is quantified by the slip:

2)

where 7 is the rotor speed. The presence of slip enables the relative motion between the stator

magnetic field and the rotor conductors, which induces rotor currents.

The electromagnetic torque is produced by the interaction between the stator magnetic field
and the rotor currents. In a simplified form, the torque can be expressed as proportional to the
air-gap flux and rotor current:

Too< @1y 3)

where ¢ represents the air-gap flux and /, is the rotor current.

From the above relationships, it can be observed that the synchronous speed is directly
proportional to the supply frequency. Therefore, by varying the stator frequency, the motor
speed can be controlled. However, to maintain a constant air-gap flux and ensure stable torque
production, the stator voltage must be adjusted proportionally with frequency. This principle

forms the theoretical basis for the V/f control strategy discussed in the following section.

2.2.3 Dynamic Model in dq Reference Frame

To simplify the modeling and simulation of the induction motor, the three-phase variables are
transformed into a rotating dq reference frame using Clarke and Park transformations. This

transformation reduces the three-phase system into two orthogonal components and makes
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the dynamic analysis more convenient.

The transformation from the abc frame to the dq frame can be written as:

2 2 2
iy= 3 [iacose—kibcos (9—;) +i.cos (9—|—?ﬂ:)]

2 2 2
ig= —3 [iasine—f—ibsin (0—;) + i.sin (64—?)}

The stator voltage equations in the dq reference frame are given by:

4)

d ‘ 5)

The rotor voltage equations are expressed as:

dﬂ‘dr

dt
Ay
dt

Vdr = Rridr + - (we - wr))tqr

(6)

Vagr = Rriqr + + ((De - w”))t‘dr

The flux linkages in the dq reference frame are given by:

Ads = Lsids + Lmidr

Ags = Lgigs + Linigr o
Aa’r - Lridr +Lmids

Aqr = Lriqr + Lmiqs

The electromagnetic torque is calculated as:

3P

=55

Aa’siqs - Aqsids) (8)

The mechanical dynamics of the motor are described by:

dw,

J
dt

=T, — T, — Bw, )
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where R, and R, are the stator and rotor resistances, Ly and L, are the stator and rotor
inductances, L,, is the mutual inductance, , is the electrical angular speed, ®, is the rotor
angular speed, J is the moment of inertia, B is the friction coefficient, and 77 is the load

torque.

2.3 Scalar V/f Control Strategy

The basic principle of scalar V/f control is to keep the ratio between the stator voltage and the
frequency constant, so that the air gap magnetic flux is roughly constant. For the relationship
between synchronous rotation speed and frequency, please refer to Section 2.2.2. It can be
derived that the air gap magnetic flux of the induction motor can be approximately regarded

as proportional to the ratio of stator voltage to frequency, and:

Vi
oc =2 10
¢ 7 (10)

Therefore, to maintain a constant flux, the stator voltage must be adjusted proportionally with

the frequency. The basic V/f control law can be expressed as:
V,
-2 = constant (11)

Based on the voltage and frequency references obtained from the V/f control law, three-
phase sinusoidal voltage signals are generated to drive the inverter. These reference signals
determine the fundamental output voltage and frequency applied to the induction motor. The

three-phase reference voltages can be expressed as:

Va(t) = Vier sin(@et )
Vp(t) = Viersin (a)et - Z—n)
3 (12)
) 2r
Ve(t) = Vyersin (a)et + ?)

where V. is the reference voltage magnitude obtained from the V/f control law, and @, is

the electrical angular frequency defined as:

@0 = 2 fres (13)

These three-phase signals are balanced and phase-shifted by 120°, ensuring the generation
of a symmetrical rotating magnetic field in the stator. These reference voltages serve as the

input to the SPWM block, where they are compared with a high-frequency carrier signal to
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generate switching pulses for the inverter. The generation of switching signals for the inverter
is achieved using SPWM.

The carrier signal can be expressed as below. And V;,; is the amplitude of the carrier signal

and f, is the carrier frequency.
Viri(t) = Vi - triangular waveform( f;) (14)

The switching logic for each phase is defined based on the comparison between the reference

signal and the carrier signal. For phase a, the switching function is given by:

Salt) = = (15)

Similarly, the switching functions for phases b and ¢ are obtained using the corresponding

reference voltages vy (f) and v.(1).

The modulation index plays an important role in determining the amplitude of the inverter
output voltage.To ensure linear modulation and avoid overmodulation, the modulation index
is typically maintained between O to 1. It is defined as:
Vre f
m=—- (16)
Vtri
The generated switching signals are applied to a two-level voltage source inverter (VSI),
which converts the DC-link voltage into a three-phase AC output. The inverter output voltages

can be represented as:

Vdc

Van = 5 (254 —1)
v,

Vi = %(25,,— 1) (17)
Vdc

Ven = 7(250 —1)

where V. is the DC-link voltage and S,, S, and S, are the switching functions of each phase.

Through SPWM, the inverter produces a quasi-sinusoidal output voltage, which drives the
induction motor. This modulation technique allows effective control of the output voltage

magnitude and frequency, ensuring smooth motor operation and reduced harmonic distor-
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tion. In the simulation, the carrier frequency is selected to be significantly higher than the

fundamental frequency to ensure adequate resolution of the output waveform.
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3 Simulation

In this chapter, the simulation system will be introduced. Starting from the complete simula-
tion block diagram, to the control block diagram, and listing the changes in conditions and

the selected parameters during the simulation process.

3.1 Simulation Model in MATLAB/Simulink

This simulation is mainly implemented using MATLAB/Simulink. The simulation model
integrates the control algorithm, power electronic converter and motor dynamics into a unified
framework. It should be noted that the improvement methods mentioned in the next chapter

are not elaborated in this chapter.

3.1.1 Overall System Configuration

The system consists of a DC voltage source, a VSI, a three-phase induction motor, a control

subsystem, and measurement blocksas showed in Figure 3.
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Figure 3: MATLAB/Simulink model of the V/f controlled induction motor drive

The control subsystem generates the reference frequency and voltage based on the input
speed command. These signals are used to generate pulse width modulation gate signals,
which are applied to the inverter. The inverter converts the DC input into a three-phase AC

output to drive the induction motor. The motor responds to the applied voltage and load
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torque, generating mechanical output in the form of speed and electromagnetic torque. The
measurement module is used to show the key variables such as stator current, rotor speed and

torque to evaluate performance. A scope is also used during the measurement process.

3.1.2  Control Subsystem Implementation

The control subsystem is responsible for generating the reference signals required for the
inverter based on the input speed command. The implementation follows the scalar V/f control
strategy described in Section 2.3 and is realized using interconnected functional blocks in

Simulink. Figure 4 shows the detailed implementation of the control subsystem. The control
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Figure 4: Control subsystem of the V/f control implementation in Simulink

process begins with the speed reference input, which is first processed by a rate limiter to
ensure smooth acceleration and avoid abrupt changes in the system. The limited speed signal
is then converted into a reference frequency using a proportional relationship based on the
motor parameters. The reference frequency is applied to the scalar V/f controller, where the
corresponding voltage reference is generated according to the predefined V/f control law. At
low frequencies, a voltage boost is incorporated within the controller to compensate for the

stator resistance voltage drop and maintain sufficient air-gap flux.

Based on the obtained voltage and frequency reference values, three-phase sine signals are
generated within the control subsystem. These signals are phase-shifted by 120° and serve as
the modulation reference signal for the pulse width modulation generation stage. Subsequently,
these sine reference signals are compared with the high-frequency carrier waveform in the
modulation module. Then, the pulse width modulation gate signals are generated. These
switching signals are then transmitted to the voltage source inverter. The switching frequency
of the inverter is set to be much higher than the fundamental frequency to reduce the harmonic

distortion in the output voltage.
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3.1.3 Measurement and Data Acquisition

To evaluate the performance of the V/f controlled induction motor drive, several key variables
are measured and recorded during the simulation. The primary measured quantities include
rotor speed, electromagnetic torque, and stator currents. The rotor speed is used to assess the
accuracy of speed tracking and the dynamic response of the system. The electromagnetic
torque is analyzed to evaluate torque stability and transient performance under load variations.

The stator current is monitored to examine waveform quality and harmonic content.

In addition to time-domain signals, frequency-domain analysis is performed to evaluate
the total harmonic distortion of the stator current. /; is the fundamental component and I,

represents the harmonic components of the current.

Yoo 12
I

THD = (18)

The data acquisition process is implemented using measurement blocks and scope within the
Simulink model, which capture the required signals during simulation. These signals are then
exported for further analysis and visualization. The collected data forms the basis for the

performance evaluation presented in Chapter 4.

3.2 Simulation Parameters and Test Conditions

This section summarizes the parameters and operating conditions used in the MATLAB/Simulink
model to evaluate the performance of the V/f controlled induction motor drive. All parameters

used in the simulation are summarized in Table 1.

3.2.1 System Parameters

The electrical and mechanical parameters of the induction motor are defined according to
the machine specifications. These parameters include stator and rotor resistance, leakage
resistance and magnetization inductance, as well as ratings such as voltage, frequency and
power. In addition to the motor parameters, the simulation also contains key parameters
related to the inverter and control system. The DC busbar voltage is designated to provide a
stable input to the voltage source inverter. The switching frequency of PWM is selected much
higher than the base frequency to ensure sufficient waveform resolution and reduce harmonic

distortion.

The mechanical parameters of the motor, including the rotational inertia J and the viscous

friction coefficient B, are also included in the model to accurately reflect the dynamic charac-
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teristics of the system.

Table 1: Per-unit (pu) and SI unit parameters of the induction motor drive system

Category Parameter Symbol pu Value SI Value Unit
Electrical Parame- Rated power B, - 164 kW
ters
Rated line voltage Vi - 550 A%
Rated frequency fn - 60 Hz
Stator resistance R, 0.0139 ~0.026 Q
Rotor resistance R, 0.0112 ~0.021 Q
Stator inductance L 2.7842 ~0.12 H
Rotor inductance L, 2.7842 ~0.12 H
Magnetizing inductance L, 2.717 ~0.117 H
Mechanical Pa- Moment of inertia J - 0.2734 kg-m?
rameters
Friction coefficient B 0.0106 - -
Inverter and Con- DC-link voltage Ve - 750 A"
trol Parameters
Switching frequency Ssw - 2 kHz
Base frequency Jrase - 60 Hz
Number of pole pairs P - 2 -

3.2.2  Simulation Operating Conditions

The simulation is carried out under several operating conditions. To evaluate both the transient

and steady-state performance of the V/f controlled induction motor drive.

At the beginning of the simulation, the motor starts from standstill. The reference speed is set
to 1600 rpm, and the speed command is applied at t = 0.5 s. A rate limiter is included in the
speed reference path so that the motor accelerates smoothly from O rpm to the target speed,

which helps avoid unrealistic sudden acceleration and large transient oscillations.

The load torque is initially set to O N-m. A step load of 5 N-m is then applied atz = 1.0 s.
An additional load disturbance is introduced at t = 2.2 s. All of these is used to further
examine the speed recovery capability and electromagnetic torque response under changing

load conditions.
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4 Analysis

This chapter presents a detailed analysis of the simulated performance of the V/f controlled
induction motor drive under different operating conditions. The analysis focuses on rotor
speed response, electromagnetic torque behaviour, stator current waveform quality, harmonic
distortion, and the validation of the V/f control principle through inferred flux behaviour. A
small-scale simulation analysis of performance improvement was also conducted. Based on

these results, the main limitations of the basic scalar V/f strategy are identified and discussed.

4.1 Speed Response under Load Disturbance

This section presents and analyzes the rotor speed and reference speed of the simulation
system. It mainly adopts an open-loop scalar control method. It includes normal operating
speed and low-frequency operation. At the same time, simple slip compensation was also
carried out to improve some of the performance. To facilitate further research, a simple

comparison with a closed-loop control system was also conducted.

4.1.1 Open-loop control

Figure 5 shows the overall rotor speed response of the induction motor under the imple-
mented V/f control strategy. The reference speed is applied at ¢t = 0.5s, after which the rotor

accelerates smoothly from stop.
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Figure 5: Rotor speed response over the full simulation period

In the acceleration stage, between 0.7 s and 1.0, the rotor speed will fall behind for a short

time and follow the reference trend changes, that is, the rotor speed will be slightly lower



25

than the synchronization speed. This phenomenon is normal in the induction motor drive
system, because the generation of electromagnetic torque requires the stator to rotate the
magnetic field and there is a slip between the rotor. At the same time, a small fluctuation of
the rotor speed can be observed during this period, which is due to the transient mechanical

and electrical adjustment of the driving system.

And then the rotor speed reaches the reference value when about r = 1.3 s, and then enters a
relatively stable The fixed steady-state region. During this period, the speed remains close to
the reference value, with only slight fluctuations, indicating that the basic scalar V/f strategy

can provide acceptable steady-state speed adjustment under normal operating conditions.
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Figure 6: Zoomed speed response under load disturbances

At t = 1.6 s, a positive load torque was applied. Att= 2.1 s, a reverse load torque was
applied. As shown in the figure 5 6, immediately after the disturbance occurred, the rotor
speed responded by rising or falling, and then gradually recovered and reached a new stable

value.

This reaction indicates that the driver can still operate under load changes. At the same time,
it can be seen that the anti-interference ability of open-loop V/f control is limited because the

speed cannot be corrected immediately.

The occurrence of the above problems is closely related to the open-loop structure of scalar
V/f control. Since this controller maintains the preset voltage-to-frequency ratio and has no
direct speed feedback, it cannot fully compensate for the changes in rotor slip or sudden load
changes. Therefore, although this method achieves simple and reliable steady-state speed

regulation, its dynamic response is still weaker than the closed-loop control strategy.
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4.1.2 Low-Frequency Performance

In order to further evaluate the low-speed operation ability of the implemented scalal V/f
control strategy, an additional simulation test was carried out. The reference speed selected

for the test is 5 Hz in the operating state. The test results are shown in the figure.

In order to further evaluate the low-speed operation capability of the implemented V/f control
method, additional low-frequency simulation tests were conducted. The reference rotational

speed selected for the tests was 5 hertz. The test results are shown in the figure 7.
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Figure 7: Rotor speed response under low-frequency operating condition

After applying the reference value at t = 0.5 s, the rotor accelerates to a speed of 150 rpm,
accompanied by obvious instantaneous overtuning. The first peak reached about 170 rpm,
and then the speed gradually stabilized at a level close to the reference value. When load
disturbance is introduced at t = 1.6 s, the rotor speed drops sharply to nearly 110 rpm and
slowly rises. A large overregulation was observed near ¢ = 2.1 s. At this time, the rotation

speed rose to about 225 rpm, and then gradually returned to the stable state area.

Compared with the rated frequency, the low-frequency response shows greater velocity
deviation, stronger oscillation and poorer anti-interference ability. This phenomenon is caused
by the increase in the influence of the voltage drop of the stator resistance in the range of

5 Hz, which reduces the effective air gap magnetic flux and weakens the torque capacity.

The above results confirm that the basic scalar V/f method can still maintain the speed tracking
ability in the low frequency band, but its transient performance and stability have decreased

significantly.
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4.1.3 Performance Improvement with Slip Compensation

In order to find a way to improve the steady-state velocity accuracy of the basic scalar V/f
control strategy, a simple slip compensation is carried out in this study. Figure 8 shows the
speed response of the rotor with slip compensation under the same operating conditions as

the previous speed analysis.
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Figure 8: Rotor speed response with slip compensation
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Figure 9: Slip compensation

As shown in the figure 8, after the initial acceleration stage, the compensation system can
more accurately follow the reference speed. During the process of increasing the speed, the

rotor speed still experiences oscillations, but when the speed approaches the rated range, the
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tracking error gradually decreases. As shown in the figure 9, since the frequency range of slip
compensation is between positive and negative 0.2, in general, the differences on the overall
operation result graph are not significant. From the operation results, the trend of the rotor
speed before and after compensation is the same, and there is a certain improvement in the

value.

Compared with the basic V/f control results given in Section 4.1.1, slip compensation improves
the steady-state speed accuracy and to some extent reduces the influence of the slip related
to the load. However, in acceleration and disturbance conditions, there are still transient
oscillation phenomena. This indicates that slip compensation is effective in improving speed
regulation, but it cannot completely overcome the limited dynamic performance of the open-

loop scalar control structure.

4.1.4 Simple comparison with closed-loop control

For comparison, a simple PI-based closed-loop speed control structure is adopted in the
system. As shown in Figure 10, the rotor speed follows the reference slope curve from
t = 0.5 s to about t = 1.3 s, but there is still obvious oscillation in the acceleration stage.
When the speed reaches close to the rated area of 1600 rpm, the response is closer to the

reference value.
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Figure 10: Rotor speed response with PI-based closed-loop control

When load disturbance is introduced at about = 1.6 s, the rotor speed only has a small
deviation and quickly recovers to the reference value. There was a second transient near
t = 2.1 s. At this time, the rotor speed was overtuned first, and then stabilized again. Compared

with open-loop control, the closed-loop system provides better speed adjustment performance
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and recovers faster after disturbance.

However, the oscillation phenomenon in the boost stage and the over-tuning phenomenon
that still exists near t = 2.1 s indicate that the response of the system has not been completely
attenuated. Because in this study, closed-loop control is not the main focus. Here, a simple PI-
based closed-loop strategy is only adopted, which slightly improves the steady-state accuracy
and anti-interference ability, but the adjustment of the controller still needs to be further

optimized.

4.2 Electromagnetic Torque Performance

Figure 11 shows the electromagnetic torque response of the induction motor under the
implemented V/f control strategy. Torque performance can be analyzed in the start-up stage,

the steady-state operation stage and the anti-interference response stage.
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Figure 11: Electromagnetic torque and load torque over the full simulation period.

In the start-up stage (as shown in Figure 12), the electromagnetic torque will have a large
oscillation, and the peak value exceeds =2000Nm. This strong transient phenomenon is
caused by the initial electromagnetic interaction between the stator rotating magnetic field
and the rotor current when the motor starts from a stationary state. At this time, the sliding
difference is close to 1, which will produce a large induction rotor current, thus producing a
high torque response. Since the electromagnetic state has not yet stabilized, both positive and

negative torque peaks are observed before the oscillations gradually decrease.

When the rotor speed is close to the reference value, the slip difference decreases, and the
torque enters a relatively stable steady-state region after about = 1.3 s. During this period, the
electromagnetic torque fluctuates up and down around an almost constant average. Some small

high-frequency fluctuations can still be observed, which are mainly caused by the inverter
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Figure 12: Zoomed view of the electromagnetic torque during the start-up stage.

switching effect and the harmonic component introduced by the SPWM-based voltage source

inverter.

Att = 1.6s, a positive load torque is applied. The electromagnetic torque increases rapidly to
balance the additional mechanical demand. A short transient oscillation appears immediately
after the disturbance, followed by gradual settling to a new operating point. This reaction
indicates that the driver can adapt to changes in load, although this transient is not completely

undamped.
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Figure 13: Zoomed view of the electromagnetic torque response under load reversal

When the time ¢ = 2.1, a more significant transient phenomenon will occur, at which time
the load torque is reversed, as shown in Figure 13. The direction of electromagnetic torque
changes rapidly and produces a large negative peak, followed by a gradually decreasing oscil-

lation. This overtuning is caused by the sudden reversal of mechanical operating conditions
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and the lack of direct torque feedback in the scalar control structure.

The open-loop V/f control only adjusts the ratio of voltage to frequency, and does not directly
control the torque through the feedback loop, so the electromagnetic torque largely depends
on the instantaneous electromagnetic state of the motor. Therefore, during start-up and sudden
load disturbance, the system will have obvious transient oscillation and limited damping

ability.

4.3 Stator Current and Harmonic Performance

Figure 14 shows the current of the three-phase stator during the whole simulation. The change
process of current is also divided into the start-up stage, the steady-state operation stage and

the disturbance response stage.
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Figure 14: Three-phase stator currents over the full simulation period.

During the startup phase, the current fluctuates significantly, and the current amplitude rises
rapidly. The waveform deviates significantly from the ideal sine wave shape. This transient
distortion is caused by the strong electromagnetic interaction between the stator and the rotor
when the motor starts from a stationary state. At this stage, the sliding rate of the rotor is
very high, and the electromagnetic state is not stable, resulting in temporary imbalance of the

three-phase current and significant fluctuations in the waveform.

When the rotor speed approaches the reference value, the stator current gradually stabilizes.
Around ¢t = 1.3, the driver enters a steady-state. As shown in Figure 15, the three-phase
current becomes symmetrical and takes on an approximately sinusoidal shape. The phase

deviation of the three-phase current is approximately 120°, proving that the three-phase
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Figure 15: Zoomed view of three-phase stator currents under steady-state conditions.

operation is balanced.

And when a load torque is applied at r = 1.6s, the current amplitude increases to meet the
additional electromagnetic torque requirements. Shortly after the load step operation, there
is a brief transient disturbance, followed by the current returning to a stable equilibrium
state. At¢ = 2.1s, when the load torque reverses, a similar but more significant disturbance is
observed. At this time, the current waveform shows obvious amplitude changes and temporary

oscillation distortion, and then stabilizes again.

The Fourier transform is accomplished by analyse the phase A current. The figure shows
the Fourier transform spectrum of the stator current. A significant peak is observed at the
fundamental frequency of approximately 52.00 hertz. Besides the fundamental frequency
component, there are several higher-order harmonics, mainly distributed at higher frequencies.
The total harmonic distortion of the stator current is calculated to be 3.29%. This relatively
low THD value indicates that under steady-state conditions, the current waveform is close to

an ideal sine signal.close to the ideal sine signal.

Although the steady-state current waveform is close to a sine wave, it is not completely ideal.
There is a small amount of harmonic distortion in the inverter power supply drive system.
The harmonic components are mainly concentrated in the higher frequency range, and their
magnitudes are significantly smaller than those of the fundamental wave components. Under
normal steady-state operation, the SPWM inverter can generate acceptable current waveform

quality and the distortion degree is relatively low.
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Figure 16: FFT spectrum of the stator current under steady-state operation.

However, during the startup phase and during sudden changes in load, this current deviation
will significantly increase. Because the current is not directly regulated by the feedback

mechanism but directly responds to rapid electromagnetic state changes.

4.4 Flux Behaviour and Validation of the V/f Control Principle

In the current simulation model, the magnetic flux in the air gap was not directly measured.
Its variation can be inferred from the described speed and stator current responses. During the
acceleration phase, the rotor speed continuously increases, while the stator current remains
within a reasonable range. Thus, it can be seen that during the process of magnetic flux
accumulation, the electromagnetic state of the machine is well controlled. In the steady-state,
the rotor speed is highly consistent with the reference value, while the stator current remains
balanced and approaches a sine wave shape. So, we can get that the magnetic flux in the air

gap is approximately constant.

And when a load disturbance is occurred, the amplitude of the stator current will change, and
then generating the required electromagnetic torque. However, after a brief transient change,
the system will return to a stable working state. It can be seen that the V/f control method

adopted not only maintains acceptable magnetic flux conditions in the case of load changes.

However, at low frequencies, the voltage drop of the stator resistance becomes quite significant
compared to the applied stator voltage. In this case, even if the rated voltage and frequency
ratio are maintained, the effective air-gap magnetic flux may decrease, which will reduce
the torque capacity and deteriorate the low-speed performance. Because the current control

structure does not include low-frequency voltage compensation, it cannot guarantee the
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constancy of the magnetic flux at full speed.

Furthermore, due to this simulation is lack of direct flow or torque feedback. The ability
of controller to accurately adjust the internal electromagnetic state during transient events
is limited. This also explains the speed and torque deviations observed in the disturbance

response discussed earlier.

4.5 Limitations of the Basic V/f Control Strategy

Based on the above section, it can be seen that the V/f control method used in this study can
accomplish the task. At the same time, the results also clearly reveal some inherent limitations

of its existence.

It can be seen from the speed response diagram that the first limiting factor is the steady-state
speed error. That is, after the end of the transient stage, the rotor speed is not exactly the same
as the reference value. In this structure, the rotor speed depends directly on the sliding related
to the load and cannot be actively corrected through feedback. The system has an obvious
decrease in speed when the positive load torque is applied, and there is an oscillation overclock
when the negative load torque occurs. It can also be said that the dynamic performance is
weak in the face of sudden load disturbance. This shows that the interference suppression
ability of this method is limited, and the transient recovery speed is relatively slow. There are
fluctuations in the torque and current in the dynamic process of simulation. A large torque

peak will occur during start-up and load reversal, accompanied by temporary power loss.

At low frequency, the basic V/f principle will become less accurate. Because in this frequency
range, the voltage drop of the stator resistance becomes quite significant, so even if the rated
voltage-to-frequency ratio is maintained, the effective air gap magnetic flux may also decrease,
which will weaken the low-speed torque capacity. It should also be pointed out that there is
a certain degree of idealization in this study. Because the simulation system is completely

based on MATLAB/Simulink simulation under limited operating scenarios.

Therefore, the control system achieves simple implementation and acceptable steady-state
operation effect, but the speed accuracy is limited, and the dynamic performance is poor under

different conditions.
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5 Conclusions

This chapter summarizes all the above work contents, lists the key results obtained during the
process, and summarizes the limitations of this research based on the results. Finally, it also

lists the possible improvement directions for this research in the future.

5.1 Summary of the Study

This study evaluates the performance of three-phase induction motor drivers using V/f control
methods through modeling and simulation based on MATLAB/Simulink. Its main purpose is
to analyze the performance of the motor under different operating conditions and find out the

practical limitations of the basic scural control strategy.

In the study, the simulation of an induction motor drive system was completed, including
induction motor, voltage source inverter, scalar V/f controller and measurement subsystem.
This control strategy can be implemented to maintain a constant voltage-to-frequency ratio,
so as to maintain the stability of the air gap magnetic flux within the normal operation range.
The performance of the system is evaluated by analyzing key variables (including rotor speed,
electromagnetic torque, stator current and harmonic distortion). The simulation covers start-
up, steady-state operation, load disturbance and low-frequency operation of 5, thus providing
a more comprehensive assessment of the driver’s performance under normal and extreme

conditions.

In view of the limitations of the basic V/f method, slip compensation and PI-based closed-loop
speed control were further studied in the process. The effects of these two methods on speed
accuracy, interference suppression and transient recovery are analyzed and compared with the

original open-loop response.

5.2 Key Findings and Study Limitations

The above simulation results draw some important conclusions about the performance of
the V/f controlled induction motor driver and the effectiveness of the proposed improvement
method.

The basic scalal V/f control method can achieve acceptable steady-state speed tracking under
normal operating conditions. The speed of the rotor will follow the reference value, with only
a slight deviation, although there is still a steady-state error due to the open-loop structure of
the control system. The dynamic performance of the basic V/f strategy is limited. When the
load changes, the rotor speed will have obvious speed drop, overshoot and oscillation until it

reaches a new stable state, which indicates that its ability to suppress interference is weak.
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The electromagnetic torque has obvious transient characteristics. A large oscillation phe-
nomenon will be observed during the start-up and load reversal process, which indicates that
the attenuation of the torque response is insufficient under the open-loop scalalar control struc-
ture. Under steady-state conditions, the stator current is still almost sine wave and balanced.
The harmonic analysis shows that the total harmonic distortion rate is 3.29%, indicating that
the waveform quality is not bad, but the true situation of power loss during transient events

will be more obvious.

In the low-frequency test, the basic V/f strategy has the problem of decreased speed adjustment
performance, increased transient deviation and slowed recovery speed. This is caused by
the reduction of the effective air gap magnetic flux. Improved research shows that slip
compensation can effectively reduce the steady-state speed error caused by load-dependent
slippage, and PI-based closed-loop control further improves the inhibition ability and recovery
speed of interference. In the tested method, the closed-loop strategy provides the best overall

speed adjustment performance when approaching the rated operating point.

It should also be noted that this study is completely based on MATLAB/Simulink simulation
and has not been verified experimentally. In addition, the slip compensation gain and PI
parameters are selected based on simulation adjustment rather than system optimization.
The tested scenario is still limited to several representative operating conditions, and the
broader load curve, parameter uncertainty and the non-ideality of the inverter are not covered.
Therefore, the current results provide a structured evaluation of the basic V/f strategy and its

simple improvement method, but still need further practical verification.

5.3 Future Work

According to the problems and limitations in this study, the future work can be carried out
from the following aspects to do the further improvement. To improve the performance of the

induction motor drive system.

Since this study relies on MATLAB Simulink, real experimental verification can be carried
out in the future to confirm the accuracy of the simulation results. The impact of actual factors
such as sensor noise, inverter, parameter changes and measurement delay on the system can
be studied.

The current system control method can also be improved. The current idea is to further
optimize the slip compensation gain and PI controller parameters. Observe whether the
oscillation phenomenon that still exists in the deceleration stage is reduced, and whether the

damping performance of the system under interference conditions is improved.
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Further research on more advanced closed-loop control strategies to further improve transient
response and steady-state accuracy. For example, magnetic field direction control or direct
torque control can adjust torque and magnetic flux control methods. In addition, future
research can consider more operating conditions. For example, ultra-low operation, a wider
range of load conditions, parameter sensitivity and the thermal effect of stator resistance.

More detailed harmonic analysis under dynamic conditions can also be incorporated.

These suggestions will be effective directions for conducting improvement research.
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Appendix I Complete MATLAB/Simulink Model of the V/f

Controlled Induction Motor Drive

Figure 17 shows the complete MATLAB/Simulink implementation used in this study. The
model includes the scalar V/f control block, SPWM gate signal generation, DC voltage source,
voltage source inverter, three-phase induction motor, load torque disturbance inputs, and

measurement blocks for speed, electromagnetic torque, and stator currents.

The reference speed is applied at t = 0.5s. A positive load torque step of 1 p.u. is introduced
att = 1.6s, followed by a load reversal step at t = 2.1s. The measured outputs are used for

the speed, torque, current, and harmonic analyses presented in Chapter 3.
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Figure 17: Complete MATLAB/Simulink model of the V/f controlled induction motor drive



	Introduction
	Background and motivation
	Induction Motor Drives and Control Strategies
	Operating Principle of Induction Motors and Speed Control Methods
	Engineering Value of V/f Control

	Research gap

	Method
	Overview of the Simulation Methodology
	Principles of induction motor
	Structure of a Three-Phase Induction Motor
	Basic Operating Principle
	Dynamic Model in dq Reference Frame

	Scalar V/f Control Strategy

	Simulation
	Simulation Model in MATLAB/Simulink
	Overall System Configuration
	Control Subsystem Implementation
	Measurement and Data Acquisition

	Simulation Parameters and Test Conditions
	System Parameters
	Simulation Operating Conditions


	Analysis
	Speed Response under Load Disturbance
	Open-loop control
	Low-Frequency Performance
	Performance Improvement with Slip Compensation
	Simple comparison with closed-loop control

	Electromagnetic Torque Performance
	Stator Current and Harmonic Performance
	Flux Behaviour and Validation of the V/f Control Principle
	Limitations of the Basic V/f Control Strategy

	Conclusions
	Summary of the Study
	Key Findings and Study Limitations
	Future Work

	References
	Appendices
	Appendix Complete MATLAB/Simulink Model of the V/f Controlled Induction Motor Drive

