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1. Introduction 

Most engineering drive applications, such as robotics, use induction motors (IMs) with complex 

and unpredictable behaviors [1]. Feedback control algorithms have consistently improved system 

performance [2]-[9]. The development of high-performance control techniques for IMs has 

advanced quickly. IM control algorithms fall into two main categories: scalar control, which 

includes open-loop voltage/frequency control, slip frequency methods, and vector control. Scalar 

control methods are simple, cost-effective, and easy to design. In contrast, vector controllers are 

advanced devices that manage both the strength and direction of voltage or current. However, they 

are often costly [10]. IMs must operate across a wide range of speeds. Controlling their speed is 

difficult because the rotor and stator are directly connected. Vector control offers a solution to this 

challenge. It allows us to control an AC motor similarly to a DC motor, giving us similar 

performance. Generally, controlling an IM involves two loops: one loop to manipulate the current, 

and the other loop focuses on keeping track of the speed [11]. To enhance motor performance, we 

must eliminate harmonics in the inverter's output voltage and frequency [12]. Harmonics are 
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changes reveal that the proposed controller enhances the system's 
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inverter where the THD is decreased from 40.24% for SPWM method to 

13.67% for the SVPWM method. 
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multiples of the main frequency in electrical systems, generated by nonlinear loads, switching 

devices, and flux effects. They can lead to increased system losses by creating negative torque 

components. 

Inverters convert direct current (DC) to alternating current (AC) and are studied for 

performance based on voltage and frequency. Choosing the right number of levels, modulation 

methods, and inverter types is crucial for enhancing performance. Key goals include reducing Total 

Harmonic Distortion (THD), broadening the linear modulation range, minimizing switching losses, 

and simplifying installation. Sinusoidal Pulse Width Modulation (SPWM) and Space Vector PWM 

(SVPWM) are common modulation techniques [12]. In SPWMs, the inverter is viewed as three 

distinct push-pull driver stages, with each phase waveform produced independently. In contrast, 

SVPWM considers the inverter a single entity operating in eight states. SVPWM is preferred mainly 

because of its straightforward implementation, superior harmonics performance, enhanced DC 

voltage utilization ratio, lower switching losses, and ease of capacitor voltage balancing [13]. 

Researchers are examining inverter performance at different levels. There are two main types: two-

level inverters and multilevel inverters, with the latter capable of operating at various voltage levels 

[14]. More levels in the SVPWM inverter lead to more switching states and triangles, complicating 

the calculation of on-time periods for switching [13]. A three-level inverter features 27 switching 

states and has 24 triangles represented in its space vector diagram, whereas a five-level inverter 

displays 125 switching states and 96 triangles. Different inverters consist of diode-clamped, H-

bridge, and flying capacitor configurations [15]. The diode-clamped inverter, known as the Neutral 

point-clamped (NPC), is a preferred multilevel inverter design. 

This paper explores the use of two optimized Proportional-Integral (PI) controllers for an IM 

under varying load and speed conditions using MATLAB/SIMULINK. The main aim is to reduce 

THD through modulation algorithms. It also evaluates the performance of a five-level Sinusoidal 

Pulse Width Modulated (5LSPWM) inverter and a five-level Space Vector Pulse Width Modulated 

(5LSVPWM) inverter, both with a closed-loop vector control system for the IM. 

2. Vector Control 

The stator flux vector (φ̅s) of the IM can be obtained from measurements of current (is̅) and 

voltage (V̅s) according to stator voltage equation in the stationary reference frame as given by [16]: 

 
φ̅s = ∫(V̅s − is̅Rs)dt (1) 

Where Rs is the stator winding resistance. It is necessary to transform the measured stator currents 

form stationary abc system to αβo system by using Clarke transform as follows: 

 

[

Iα
Iβ
Io

] = M[

Ia
Ib
Ic

] (2) 

Where M is the transformation matrix and it's given by: 

M =
1

3
[
2 −1 −1

0 √3 −√3
1 1 1

] 

In the same way, the vector of the stator voltage in abc system is transformed to αβo system as 

follows: 

 

[

Vα

Vβ

Vo

] = M[

Va

Vb

Vc

] (3) 
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The developed torque (Te) is estimated by 

 
Te =

3

2

P

2
(φsαiβ − φsβiα) (4) 

Where 

 
φsα = ∫(V̅α − iα̅Rs)dt (5) 

 
φsβ = ∫(V̅β − iβ̅Rs)dt (6) 

And 

 
|φs| = √φsα

2 + φsβ
2  (7) 

The magnitude of the reference vector  Vr is calculated as 

 
Vr = √Vα

2 + Vβ
2 (8) 

While its orientation θ is given by [17]: 

 
θ = tan−1

Vβ

Vα
 (9) 

The modulation index m is given by [18]: 

 
m =

√3 Vr

Vdc
 (10) 

3. Optimized PI Controller 

This section outlines the design of a simple and effective proportional-integral (PI) controller 

for an IM system. The PI controller is a common method in control systems, using two inputs: the 

error and the accumulated process to generate a control signal for performance regulation [19]-[21]. 

The PI controller control law is defined as follows: 

 

u(t) = Kpe(t) + Ki ∫e(t)dt

t

0

 (11) 

Where 

u(t) : Control Law 

e(t) : Error 

Kp : Proportional Gain 

Ki : Integral Gain 

The PI controller has a simple structure, but proper tuning is essential for performance. Instead 

of trial and error, we can optimize the tuning of its design variables [22]-[25]. Swarm optimization 

finds optimal values for the design variables of various industrial and control engineering problems 
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[26]-[32]. In this scenario, the swarm bipolar algorithm (SBA) determines the optimal values for the 

PI controller's design variables.  

The SBA is a swarm optimization method presented by Kusuma and Dinimaharawati in 2024 

[33]. It divides individuals into two equal sub-groups and starts by spreading them across the search 

space [34]. The algorithm employs four strategies to find optimal solutions: 

1. Move towards the best member of the entire group. 

2. Move towards the best member of each sub-group. 

3. Move towards the midpoint of the best members from both sub-groups. 

4. Move randomly towards selected members of the other sub-group. 

The effectiveness of the SBA relies on its procedural implementation, mathematically 

formulated between Eq. (12) and Eq. (21), starting with the initial solution in Eq. (12) and updating 

the best members in Eq. (13) remembers, respectively [35]. 

 pi = pl + r1(pu − pl) (12) 

 pb = {
pi, f(pi) < f(pb)

pb, else
} (13) 

 
psb1 = {

pi, f(pi) < f(psb1)  ∧ 1 ≤ i ≤
Npop

2
psb1, else

} (14) 

 
psb2 = {

pi, f(pi) < f(psb2)  ∧
Npop

2
< i < Npop

psb2, else
} (15) 

Where 

𝑁𝑝𝑜𝑝 : population size 

𝑖 : index for swarm member 

𝑝𝑖 : swarm member 

𝑝𝑃𝐵 : finest swarm member 

𝑝𝑃𝑆𝐵 : finest sub-swarm member 

𝑝𝑙 : lower boundary 

𝑝𝑢 : upper boundary 

𝑓(. ) : cost function  

𝑟_1 : random number [0,1] 

Equations (16) to (20) describe four search strategies to find the best solution: 

1. Equation (16) directs each swarm member toward the best overall member. 

2. Equation (17) focuses on finding the best member within a smaller group. 

3. Equation (18) seeks the midpoint between the two best members of smaller groups. 

4. Equation (19) involves searching for a randomly chosen member from another smaller group 

[36].   

 pi(t + 1) = r1(pb − r2pi(t)) + pi(t) (16) 
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pi(t + 1) = {
r1(psb1  − r2pi(t)) + pi(t),     1 ≤ i ≤

Npop

2

pi(t) + r1(psb2  −  r2pi(t)),   
Npop

2
 ≤ i ≤ Npop

 (17) 

 
pi(t + 1) = r1 (

ssb1+ssb2

2
 − r2pi(t)) + pi(t) (18) 

 pi(t + 1) = pi(t) + r1(pk − r2pi(t)) (19) 

Where 

i : index for iteration 

pk : swarm member randomly chosen 

r1 : random number [1,2] 

The Integral Time of Absolute Errors (ITAE) as given in Eq. (20) [2] is employed as a cost 

function to optimize the two PI controllers to ensure robust and stable performance of the IM. 

 
ITAE = ∫ t|e(t)|dt

t=tsim

t=0

 (20) 

Where tsim is the simulation time. 

4. Multi-Level PWM Inverter 

Inverters are power electronics device that are utilized to convert the DC power to AC power at 

a level of the desired output voltage and frequency level. Multilevel inverters (MLIs) supply energy 

to IMs and offer advantages over traditional two-level inverters, such as reduced harmonic 

distortion, lower voltage variations (dv/dt), improved output performance, and lower switching 

frequencies [37]-[39]. More levels improve the output voltage waveform, producing a sinusoidal 

voltage without costly filters or bulky transformers [14]. The performance of multilevel inverters 

depends on the PWM algorithm, with Sinusoidal PWM (SPWM) and Space Vector PWM 

(SVPWM) being two commonly used options [40]-[41]. Various PWM designs for Multilevel 

Inverters (MLI) include H-bridge cascaded, flying capacitors, and diode-clamped inverters [42]. 

Choudhury et al. (2018) [43] presented a comparative study to examine the impact of the cascaded 

H-bridge and diode clamped MLIs on the THD. Diode clamped inverters use diodes to reduce the 

voltage stress of power devices whereas H-bridge cascaded inverters use the strings of single phase 

full bridge inverters which are linked in series to construct the phase legs of multilevel with separate 

dc sources. Based on Fast Fourier Transform (FFT), it was found out that the corresponding THD 

value was relatively low for diode-clamped as compared to H-bridge cascaded. Based on this result, 

the diode-clamped inverters with two PWM MLIs are described in the following subsection, 

including the 5LSPWM inverter and the 5LSVPWM inverter.  

4.1. Five-Level SPWM Inverter 

In the 5LSPWM inverter, each one of the three sinusoidal reference signals are compared with 

four triangle carrier signals [44] as shown in Fig. 1. The four comparators generate trigger pulses for 

eight IGBT transistors as shown in Fig. 2 and the response's voltage output line is shown in Fig. 3. 

4.2. Five-Level SVPWM Inverter 

The space vector diagram of the five-level inverter is shown in Fig. 4 [45]-[47]. It comprises six 

diagrams representing three-level inverters. These three-level diagrams are then broken down into 

six diagrams for two-level inverters. Choose one hexagon from the options to find the right 
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reference voltage [48]. Once the hexagon is chosen, the reference voltage vector is adjusted to align 

with that hexagon's center. Then, the rotate of the angle θ which is based on the number of the sector 

number is determined as shown in Table 1. This will allow converting the vector of voltage into an 

equivalent Sector 1 vector. The normalized value of the space vector (v′) can be computed 

using the (α, β, o) coordinate system as follows: 

 vα
′ = v′cosθ′ − v′sinθ′/√3 (21) 

 vβ
′ = v′sinθ′2/√3 (22) 

 

Fig. 1. Sinusoidal reference signals 

 
(a) Triggering circuit (b) Switching circuit 

Fig. 2. Five-level SPWM invertor 

The space vector  v′  is transformed into the matrix as given in Eq. (23) [49]: 

 

[

VD

VE

VF

VG

] =

[
 
 
 
 
floor (vα

′ ) floor (vβ
′ )

ceil (vα
′ ) floor (vβ

′ )

floor (vα
′ ) ceil (vβ

′ )

ceil (vα
′ ) ceil (vβ

′ ) ]
 
 
 
 

       (23) 
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Fig. 3. Line voltage of five-level SPWM inverter 

 

Fig. 4. Five-level SVPWM diagram 

In order to convert the vectors to the original sector, the vectors in Eq. (23) are multiplied as 

shown in Eq. (24). 

 

[
 
 
 
 
VD

′

VE
′

VF
′

VG
′ ]
 
 
 
 

= [

VD

VE

VF

VG

] [
uα

uβ
] (24) 
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Table 1.  Sector selection 

Sector Angle (𝛉) New (𝛉′) Vector 𝐮𝐚 Vector 𝐮𝐛 

1 ( 0,
π

3
 ) θ′  = θ [1  0  0] [1  1  0] 

2 (
π

3
 ,
 2π

3
) θ′ =  −θ +

2π

3
 [1  1  0] [1  1  0] 

3 (
2π

3
 , π) θ′ =  θ −

2π

3
 [0  1  0] [0  1  1] 

4 (π ,
 4π

3
 ) θ′ =  −θ −

2π

3
 [0  0  1] [0  1  1] 

5 (
4π

3
 ,
 5π

 3
) θ′ = θ +

2π

3
 [0  0  1] [1  0  1] 

6 (
5π

3
 , 2π) θ′ = −θ [1  0  0] [1  0  1] 

 

The triggering circuit provides 24 pulses to 24 IGBT switch as shown in Fig. 5.  

 

Fig. 5. Five-level SVPWM triggering circuit 

5. Results and Discussion 

In this section, the two multilevel inverter strategies including five levels SVPWM inverter and 

the five levels SPWM inverter are investigated to provide three phase voltage to the IM. The 

Simulink model of the VC strategy of IM is shown in Fig. 6. The model parameters are summarized 

in Table 2, [50]. 

Two PI controllers were used to control the IM. The first PI controller is used as a speed 

controller by estimating the required torque from the error between the desired speed and the actual 
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speed. The second PI controller is used to estimate the required orientation of the reference space 

vector. The two controllers' parameters are optimized based on the SBA with a cost function 

(ITAE=0.4365) and summarized in Table 3. The generated line voltage with its THD for the three 

multilevel inverter strategies is shown in Fig. 7.  The harmonic content that is generated in the 

voltage waveforms produced by the two MLIs is reported in Table 4. The speed response, stator 

currents, and the rotor angle are shown in Fig. 8, Fig. 9, Fig. 10 respectively. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Vector control scheme of three phases IM 
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Table 2.  Three Phase Induction Motor 5.4 Hp (4kW) 400 V, 50Hz 

Parameters Symbols Values 

Mutual inductance Lm 0.1722 H 

Stator resistance Rs 1.405 Ω 

Rotor resistance Rr
′  1.395 Ω 

Rotor inductance Lr
′  0.005839 H 

Stator inductance Ls 0.005839 H 

Friction factor F 0.002985  N.m.sec 

Motor inertia J 0.0131  kg.m2 

No. of poles P 4 

Table 3.  Gains of PI controllers 

Gain Torque Controller 
Vector Orientation 

Controller 

kp 0.5 0.02 

ki 5 2 

 

 
(a) 

 
(b) 

Fig. 7. (a) THD of voltage's output line of the five levels SVPWM inverter, (b) THD of voltage's output line 

of the five levels SPWM inverter 

Table 4.  Comparison among harmonic content in various multilevel inverter 

Multilevel Inverter %THD 
Five levels SVPWM 13.67 

Five levels SPWM 40.24 
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Fig. 8. Speed response 

 

Fig. 9. Stator currents 

 

Fig. 10. Rotor angular position 

Based on Table 4, it can be observed that circuit using SVPWM show lower THD compared to 

those using SPWM where the THD is decreased from 40.24% for SPWM method to 13.67% for the 
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SVPWM method. However, a SVPWM inverter requires more steps to compute the duty cycles and 

establish the optimal sequence of switching for performance. 

6. Conclusion 

This paper presents an improved method for controlling multilevel PWM inverters in three-

phase IM systems using two Proportional-Integral (PI) controllers to enhance output quality and 

stability. To address the harmonics distortion problem, the paper investigated the impact of two five-

level diode-clamped PWM inverters: Space Vector PWM (SVPWM) and Sinusoidal PWM 

(SPWM). Simulations in MATLAB/Simulink were used for analysis. The obtained results show that 

the optimized PI controllers based on SBA improves the motor performance for various operation 

conditions. Moreover, the comparison study shows that the five-level SVPWM scheme performs 

better in terms of reducing the threshold harmonic distortion (THD) of the output line voltage than 

the five-level SPWM inverter. These insights are valuable for motor control and power electronics. 

Future research possibilities include real-world applications and exploring a seven-level SPWM 

inverter. 
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