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Transistor Clamped H-Bridge (TCHB) multilevel inverter (MLI) is receiving considerable research interest
because it can provide excellent outputs with a reduced number of switches and DC voltage sources compared to
traditional MLI topologies. This study investigates the application of a nearest level control (NLC) technique in a
three-phase TCHB inverter fed permanent magnet synchronous motor (PMSM) with a focus on improving power
quality and minimizing total harmonic distortion (THD). The proposed system is modeled in MATLAB/Simulink,
incorporating a field-oriented control (FOC) strategy with a proportional-integral (PI) controller for precise speed
regulation of the PMSM. The NLC technique is selected for its ability to reduce switching losses and improve
inverter efficiency. Key performance metrics, including THD, efficiency, and dynamic response, are analyzed
under various operating conditions. Results indicate that the NLC technique reduces THD to 4.73 %, achieving
smoother output waveforms and enhanced power quality. Additionally, the system demonstrates over 97 %
efficiency, reliable dynamic performance, and accurate reference speed tracking during real-life driving cycle
testing. These findings highlight the potential of the NLC-based TCHB inverter as a robust solution for high-
performance motor drives in electric vehicle (EV) applications.

1. Introduction

Multilevel inverters play a crucial part in modern power electronics,
offering advantages such as minimized harmonic distortion, decreased
electromagnetic interference, and enhanced efficiency [1-5]. Among
various MLI topologies, TCHB inverter is preferred because it can
generate high-quality output using fewer switches and DC voltage
sources [6,7]. This makes the TCHB inverter more suitable for applica-
tions like renewable energy systems and EVs that value affordability and
space [8]. Despite the advantages of TCHB MLIs, one of the major
challenges remains the effective control of the inverter to minimize total
harmonic distortion and enhance overall system efficiency [9,10].

The performance of MLIs heavily depends on the modulation tech-
nique used, as it influences the harmonics of current and voltage within
the system [11,12]. Some commonly used modulation techniques are
Pulse Width Modulation (PWM), Space Vector Modulation (SVM), and
Selective Harmonic Elimination (SHE) [13,14]. Although PWM and
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SVM are capable of generating high-quality output, they experience
substantial switching losses. However, the SHE method effectively
removes low-order harmonics but requires complex computations [7,
14].

The NLC technique offers a direct and advantageous option, espe-
cially for MLIs at higher levels. The NLC system minimizes switching
losses and improves efficiency through comparison of the reference
voltage with the available voltage levels and selecting the nearest one
[15,16]. The NLC method is applied and assessed in a MLI featuring an
asymmetrical cascaded H-bridges (A-CHB) setup [17]. Even in the
absence of filters, the results show a substantial reduction in THD.
Additionally, NLC method considerably minimizes switching losses at
higher levels [18]. The NLC technique was utilized in a 27-level A-CHB
inverter, as demonstrated in [19], where the results indicated that the
NLC method achieved the staircase output voltage with the lowest THD
of approximately 3 %. This approach has demonstrated encouraging
outcomes in decreasing THD and enhancing power quality [20,21].
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Understanding inverter losses and efficiency is crucial for designing
robust and cost-effective systems [1]. The primary causes of inverter
losses are conduction and switching losses, which have a direct effect on
the overall efficiency and thermal management requirements [22]. Ac-
curate loss models, which rely on the datasheet specifications for oper-
ational devices, are crucial for conducting realistic loss analysis.

The cascaded H-bridge (CHB) inverter has been extensively investi-
gated through academic research due to its highly modular and resilient
design, which makes it a popular selection for EV applications [23,24].
Fig. 1 represents the basic schematics of an EV car system, detailing the
interaction between key components such as the power source, inverter,
motor, and control unit. This provides a clear representation of the
system’s architecture, emphasizing the role of the TCHB MLI in driving
the PMSM motor. In the context of EVs, the TCHB inverter’s efficiency
and reliability are paramount. The TCHB topology, with its fewer
switches, offers a viable solution for high-performance motor drive ap-
plications [9,25]. Previous research has demonstrated the efficacy of
TCHB inverters in various applications, but their specific application in
EVs, particularly with a PMSM drive, has not been extensively investi-
gated [8,26]. This work investigates a three-phase TCHB inverter driven
PMSM system, as a part of the continuing study on developing novel
DC/AC inverter designs for EVs.

PMSMs are gaining popularity in the use of light-duty EV applica-
tions. They are rapidly replacing DC and induction motors in the field of
variable speed drives [27]. Their high-power density, significant
low-speed torque, and enhanced overall efficiency are responsible for
these characteristics [28,29]. Recent studies, in reference [30], have
conducted thorough comparisons of PMSMs with different rotor con-
figurations for EVs using Finite Element (FE) analysis. To achieve the
best performance in EVs, it is essential to give preference to smooth
starting and operations, as well as effective usage of the direct current
(DC) bus voltage. As a result, there has been a significant amount of
scientific research conducted on PMSMs and their control methods [31,
32]. FOC is a widely adopted control method for PMSM drives [33,34].
It is a closed-loop control method that offers excellent dynamic perfor-
mance by decoupling torque and flux control. This technique has been
extensively studied and documented in references [35-37]. Various
methodologies for designing controllers for FOC drives were introduced
in references [38] and [39].

The PI controllers were employed for both the speed controller and
the current controllers. This control strategy ensures smooth starting,
efficient operation, and efficient performance over a wider speed range
[40].

The primary contribution of this research lies in the development
and implementation of an NLC technique for a three-phase TCHB
multilevel inverter. This approach addresses key challenges in reducing
THD and enhancing the efficiency of the inverter for EV applications.
Compared to conventional modulation methods such as PWM and SVM,
the proposed NLC technique offers significant improvements in power
quality and switching losses. While previous studies have explored
different modulation techniques and inverter topologies, there is limited
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Fig. 1. Basic schematics of EV cars with inverter.
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research specifically focused on the application of NLC for TCHB in-
verters with PMSM, particularly in EV systems. The integration of FOC
with NLC in this work further enhances the precision of speed control in
the PMSM, addressing performance issues related to torque ripple and
energy efficiency.

Furthermore, the use of the TCHB topology in EV applications,
especially in combination with PMSM drives, represents a relatively
underexplored area with significant potential [41]. This study’s primary
contributions include the evaluation of THD, efficiency, and dynamic
response under different operational conditions for a TCHB
inverter-driven PMSM system using NLC. Comprehensive simulations in
MATLAB/Simulink offer insights into system behavior and potential
real-world applicability. By demonstrating superior performance in
terms of power quality and system stability, this research positions the
NLC-based TCHB inverter as a promising approach for EV applications
and renewable energy integration. The remainder of this article is
structured as follows: Section 2 presents the proposed topology design,
including the design of the NLC-based TCHB inverter and its perfor-
mance analysis. Section 3 discusses the modeling of the PMSM and
proposed controller, followed by the Verification of Inverter System
Using FOC strategies for PMSM and comparison with relevant literature
in Section 4. Conclusions and future research directions are outlined in
Section 5.

2. Proposed multilevel inverter and its modulation strategy
2.1. TCHB multilevel inverter

The configuration of a 13-level TCHB-based cascaded multilevel
inverter is shown in Fig. 2. This inverter configuration utilizes three
TCHB cells and three independent DC voltage sources to generate a high-
quality output with a maximum of thirteen levels. To maintain consis-
tent increases in voltage, it is assumed that the DC voltage sources have
the same magnitudes, and significant capacitances (e.g., 2200 pF) are
used at the DC link.

Each TCHB inverter unit contains with a bidirectional switch made
up of four diodes and one transistor. This switch is added to a standard
H-bridge inverter to enhance its functionality. The bidirectional switch
offers the advantage of allowing current to flow in both directions,
therefore enabling the creation of five different voltage output levels: 0,
+1/2Vy4, and +Vg4 using a single TCHB inverter unit. The power
switches and diodes in this topology encounter distinct standing volt-
ages. For example, the four switches in the H-bridge (Si; — Si4) all have a
constant voltage equal to V. The idle voltage for every component of
the bidirectional switch, including diodes and switch S;s is equal to
+1/2Vy, for balance capacitor voltage conditions.

Table 1 presents a comprehensive overview of the five operational
modes available for a single TCHB inverter cell. When S;5 and either S;»
or Si, are switched appropriately, half of the output voltages are pro-
duced; number of TCHB cells is indicated by the letter ‘’. Total output
voltage (Vi) for a cascade of TCHB cells can be written as follows:

Vim = V1 +Vo+V3+..+V (@D)]

In general, the topology produces 4i + 1 output levels (where i de-
notes the amount of TCHB cells). By considering symmetry, a TCHB
inverter with identical voltage sources (v4.) and three units connected in
series configuration could generate 13-level output voltage (0, i%vdc, +
Vdc,:tl %vdc; :t2vdc, + 2%1/[15, :|:3Vd£).

2.2. Nearest level control technique

For multilevel inverters, a simple yet efficient strategy is the NLC
methodology [40]. This system works by comparing the reference
voltage to all of voltage levels that are available, then choose the voltage
level the one nearest to the reference. This method generates gating
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Fig. 2. Three-phase TCHB inverter block diagram with output voltage waveform.

Table 1
Switching state of a single unit of TCHB inverter.

No. ON switches Output Voltage level
1 51,84 + Vac

2 S4.Ss +1/2v4

3 $1,8, Or Ss, S4 0

4 82,85 — 1/2vq4

5 S2,S3 = Vdc

signals by using comparators and logic gates, which are then sent to the
appropriate switches [42]. Due to its simplicity, the NLC approach
cannot successfully eliminate individual harmonics, making it unsuit-
able for systems with limited number of output levels [43].

XVdc
N Ln=(n1)+05 VL
@ ) f-=------------------------ 50
840 e o
3 [lelzeases f
5 % se2s .
5 - - - ’_a
3 2+ " Output
5 L2=15_ ] ,’\ Voltage(v)
§ 1 Li=o05 I.° Referencs
E -m-s Voltage(v™)
0 - >
, ‘ t
(@)

The NLC approach was initially proposed by [16], and ensures that
the output voltage closely approximates the reference voltage. The
round function, often known as the nearest integer function, is designed
to round numbers to the closest integer; for instance, round {1.6} =
2 and round {1.4} = 1. The nearest even number is used to round
half-integers, so round {1.5} = 2. When comparing the reference
voltage to the midpoint between two consecutive levels, the upper level
is picked if it is at or above the midpoint, and the lower level if it is below
the midway. The variable v4./2 . sets a maximum approximation error.
Fig. 3 illustrates the operational concept of the NLC method. To calcu-
late the nearest voltage level, use the formula:

(2)

The NLC method for calculating switching angles at any number of

V = Vg *roundys (V* /Vqc)

Inverter
v w Switching \:>Gating signals
Table

(b)

Fig. 3. Nearest level control technique (a) Level generation method (b) inverter switching logic.
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layers is based on:

6, = sin”! (i — 0'5) 3)
X

Where i = 1,2,3... 54, n is the number of levels and x =231
The waveform becomes almost sinusoidal as the number of levels
increases when the 6; get closer to one another, resulting in a waveform
that is almost sinusoidal. The modulation index M for symmetrical TCHB

MLIs can be determined using equation:

Vref
= 4
s * 0.5v4 @
Where v, is the reference amplitude and s is denoting the steps
number in a quarter wave .

2.3. Semiconductor losses and converter efficiency

The design and selection of converter circuits is significantly affected
by semiconductor losses. These losses have a significant impact on the
thermal management requirements, thus impacting on the total cost,
volume, and weight of the inverter. The main types of semiconductor
losses are static (conduction losses) and dynamic (switching losses).
Conduction losses arise from the resistance experienced when the
semiconductor devices are in the on-state, as well as the voltage drop
that occurs in the forward direction.

The conduction losses of a transistor (o.r) and a diode (o.p) at a
specific time (t) can be mathematically represented as:

{ oer(t) = [vr +Rr P (0)]ilt) .
Jc,D(t) = [VD +Rp l(t)}l(t)

Where vr and vp represent the voltage drops that occur when the
transistor and diode are in the on-state, while Ry and R), represent their
respective resistances in the on-state. The symbols p and i(t) represent
denote transistor amplification factor and instantaneous current through
the transistor or diode, respectively.

The typical conduction losses for the transistor P, r(t) and the diode
P.p(t) can be determined as:

27

P.r(t) = 2%7 / [{vr +Rr 7(t) }i(t) | d(wt)

(6)

2n

Poolt) = 5. [ [0+ Ro i)i0)d(w0)

0

The contributions from each transistor and diode in the current path
can then be added up to find the total average conduction losses P,(t),
where Nygnsior and Npjge are the numbers of transistors and diodes,
respectively:

27

Pc (t) = / [{NTra.n.sitor(t) *PC.T(t)} + {NDiode (t) *Pc.D(t)}} d(a)t) (7)

0
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Switching losses occur during the turn-on (t,,) and turn-off (t.s)
periods of the semiconductor devices. The energy losses during turn-on
(E,n) and turn-off (Ey) can be expressed as:

®

Where vy, and I represent the device’s off-state voltage and current,

respectively, and | represents the device current measured immediately
before it turns off. Calculation of total switching power losses (Ps,) over
a given time period T is as follows:

Nawitch

PSW :% Z {(Nan*Eon)+(Noff*Eoff)} (9)
Where N,, and Ny, are the number of turn-on and turn-off events of
a switch in a cycle.
Total semiconductor losses of this proposed TCHB MLI are the
combined conduction and switching losses of all semiconductor devices
employed, expressed as:

Ptotal,loss = Pc (t) + Psw (10)

To determine the inverter efficiency (1), the output power P, is
used:

]10/0 _ ( Pout

T ) % 100% an
P total_loss T P out)

The output power P, can be calculated using:

3VDC Iline
P, = V3 * — % 12
¢ 2z of (12)

Considering power factor (pf) of connected load is approximately 0.8
lagging, with a connected load, the resulting efficiency of the system is
about 98 % using Eq. (13).

P,
(%) = ( 1;’“‘) * 100% 13)

in
3. PMSM modeling and control technique

The steady state and dynamic modelling of the PMSM from [44] are
being expressed as:

Ve = Ria +pyy — oy, 14)
Vg = Rila +pw, — oy (15)
wq = Lala + w; (16)
Wy = Laig 17)

diq _ vq — Rg + oLl

dar La as)
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diq _ Vg — Rsiq + a),Ldid — w,y/f
dt Ly

19)

Egs. (14) and (15) are transformed into Egs. (18) and (19). The
equation for the electromagnetic torque of PMSM is:

3 9.

T, = S [wy+ (La—Lq)ialig (20)
3 .

T, = Enpy/flq (21)

In the above equations, the variable y; represents the permanent
magnet flux, p :% is the derivative operator, R, indicates per phase
stator resistance, rotor speed is ,, and n,, L, stands for no. of pole pairs
and stator inductance respectively.

3.1. Control structure of the system

Fig. 4 shows the implementation of vector control, also known as
field-oriented control, on a PMSM drive that is fed by a TCHB inverter.
This control system comprises a dual closed-loop configuration, with
one loop dedicated to current control and the other to speed control.
Within a rotating coordinate system, the three-phase currents are
transformed into the iz and i; components using the Clarke and Park
transformations. The contrast between the g-axis current i; and the
reference current i; derived from the speed loop is analyzed using a PI
controller in the current loop. This output, combined with decoupling
compensation, provides the reference voltage v; for the g-axis.

The d-axis adopts control method employs a reference current of ijj =
0. These processes take place during normalization, where the reference
voltage is restricted to ensure that the PMSM operates within the linear
modulation range. Then, by using inverse Park transformation, refer-
ence voltages vzand V; in the rotating coordinate system are converted
into vy, and V3 components in the af frame.

The components V., and v, represent the instantaneous values of
the reference voltages v,.s. The voltage vectors produced by the cascaded
inverter are used to synthesize these reference voltages, which will then
be modulated. At the end of the modulation algorithm is utilized to
implement the switching sequence on cascaded inverter, resulting in
simultaneous double closed-loop vector control of both current and

Results in Engineering 25 (2025) 103949
speed.

The flow diagram illustrates in Fig. 5 shows the control structure of a
closed-loop system for driving a PMSM using a TCHB inverter. First, the
system receives a speed reference, which is compared to the motor’s
actual speed data from an encoder. The resulting error feeds into a PI
controller, adjusting the i; current reference. The i; current is then
compared with the sensed i; value from the current sensor, with the
error feeding into a secondary PI controller. For the iy component, the
system maintains a zero reference, and the difference between this and
the sensed iy current feeds into another PI controller to ensure optimal
torque production.

Both current outputs from the PI controllers undergo
transformations-first through an inverse Park (d-q to o-p) and then an
inverse Clarke (a-p to a-b-c) transformation-generating voltage refer-
ences. These references guide the NLC to create switching pulses for the
TCHB inverter, which then powers the PMSM. The encoder and current
sensors provide continuous feedback, ensuring the system dynamically
adjusts for accurate tracking and minimized oscillations, reinforcing the
closed-loop structure.

a. Park Transformation

The quantities in the two-axis orthogonal stationary reference frame
are converted into rotating reference frame quantities through the Park
transformation, as illustrated in Fig. 6(a). This transformation is repre-
sented by the following equations:

ig = i, * cos(0) + i, * sin(0) (22)

ig = i * cos(6) — ixsin (0) (23)

Where,

ig, iy are rotating reference frame quantities

iy, iy are orthogonal stationary rotating reference frame quantities
o is the rotation angel

b. Inverse Park Transformation

The quantities in the rotating reference frame are converted back to

the two-axis orthogonal stationary reference frame using the Inverse

Inv. Park Trans Inv. Clark Trans

iq

Park Trans
d-q
a-b-¢

@.

Encoder ™

d-g a-f
o-p a-b-c
Va I/h VC
NLC
Technique

Qe Switching Sign@
. Ut

L |
C1

o=@

Vdc

S3 S4 r 3 x
ﬂ} o
T N

3¢ TCHB

Fig. 4. Field Oriented Control Block Diagram of TCHB MLI fed PMSM System.
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Fig. 6. Transformation vector diagram (a) Park transformation (b) Inverse Park transformation (c) Inverse Clarke transformation.

Park transformation, as illustrated in Fig. 6(b). This transformation is
represented by the following equations:

Vo = Vq * cos(0) — v * sin(6) (24)
Vi = Vg * €os(0) + vqxsin (0) (25)
Where,

Va, Vp are orthogonal stationary reference frame quantities
V4, Vq are rotating reference frame quantities
c. Inverse Clarke Transformation

The conversion from the two-axis orthogonal stationary reference
frame to the three-phase stationary reference frame is achieved using the
Inverse Clarke transformation, as illustrated in Fig. 6(c). This trans-
formation is represented by the following equations:

Vo= Vyu (26)
yy = Yat V32 @7
2
y = e = V3xY 28)
2
Where,

Va, Vp, V. are three-phase quantities
Va, Vp are stationary orthogonal reference frame quantities

4. Verification of inverter system using FOC strategies for PMSM

The MATLAB/Simulink software is used to simulate FOC. The NLC
modulation technique is employed for generating the gate pulse for
TCHB MLI. Table.2 shows the system parameters considered in simu-
lation of closed loop system.

During the simulation of field-oriented control, two cases are taken
into account: dynamic speed change with a constant reference torque,

Table 2
Simulation Parameters Used for System Design.
Parameter Value
TCHB MLI Vdel> Vdc2s Vde3 120 v
Switching frequency 10 kHz
Reference frequency 50 Hz
PMSM Number of poles: P 3
Rated Speed: N; 2000 rpm
Stator resistance: R; 0.0918 Q
d-axis and g-axis inductance: Ly, L, 0.975 mH
Rated torque: T 20 Nm
Magnet flux linkage: 0.1688 Wb

and dynamic torque change with a constant reference speed.

4.1. Simulation with dynamic speed

The dynamic response of the PMSM drive fed by the TCHB inverter
under closed-loop control using FOC during dynamic speed changes is
depicted in Fig. 7(a)-(d). Fig. 7(a) illustrates the speed of the PMSM
increasing from 300 rpm to 500 rpm at t = 0.1 s, further increasing to
1000 rpm at t = 0.2 s, then decreasing to 700 rpm at t = 0.3 s, and
subsequently rising to 1100 rpm and 1500 rpm att = 0.4 sandt = 0.5 s,
respectively. The corresponding i; response, torque response, and stator
current of the system are depicted in Fig. 7(b), (c), and (d), respectively.
The load torque is directly proportional to the electromagnetic torque
and remains constant at 10 Nm. The g-axis current (i;) and the elec-
tromagnetic torque (T.) exhibit similar responses, with different mag-
nitudes. During speed changes, the current waveforms in the stator
winding experience a sudden increase in magnitude with a low fre-
quency over a very brief period, as shown in Fig. 7(d). The torque also
changes and quickly returns to its reference value.

Fig. 7(a) clearly illustrates that the TCHB inverter-fed PMSM drive
accurately tracks the reference speed changes (both of increasing as well
as decreasing) without any noticeable oscillations. Additionally, Fig. 7
(d) depicts that the stator current remains consistent during variations in
reference speed.

4.2. Simulation with dynamic torque

The dynamic response under closed-loop control using FOC during
dynamic torque changes is shown in Figs. 8(a)-(d) for the PMSM drive
fed by the TCHB inverter. Fig. 8(a) shows the torque of the PMSM
decreasing from 10 Nm to 20 Nm att = 0.1 s, increasing to 30 Nm att =
0.2 s, decreasing again to 10 Nm at t = 0.3 s, and then increasing to 15
Nm and 40 Nm at t =0.4s and t = 0.5 s, respectively. The corre-
sponding speed response, i; response, and stator current are depicted in
Fig. 8(b), (c), and (d), accordingly. The reference speed, which stays
constant at 1000 rpm, is closely followed by the actual speed. Fig. 8(d)
demonstrates that the stator current adjusts according to the torque
changes to maintain constant speed.

Fig. 9 illustrates the effectiveness of the NLC modulation technique
in minimizing THD, achieving a current THD of 4.73 %. This reduction
in harmonic distortion signifies a substantial enhancement in the
waveform quality of the TCHB MLI-fed PMSM drive, making it highly
suitable for electric vehicle applications where minimal power losses
and high-quality output are essential. The NLC technique’s advantage
lies in its ability to reduce switching losses and optimize inverter effi-
ciency. Though the NLC technique is effective in reducing switching
losses and improving inverter efficiency, it faces several limitations.
Voltage balancing issues may also occur, as imbalances across the DC
sources or capacitors can lead to incorrect switching and reduced per-
formance. The NLC method performs best under stable operating
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Fig. 7. Waveform of the TCHB inverter fed PMSM drive system with variable speed (a) Speed (b) Torque (c) I, current and (d) Stator current.
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Fig. 8. Waveform of the TCHB inverter fed PMSM drive system with variable torque (a) Torque (b) Speed (c) I, current and (d) Stator current.

conditions, and dynamic changes in load or input voltage can introduce

quantization errors,

resulting in higher THD. Overcoming these limita-

tions will be essential for optimizing the technique in practical hardware

applications.

The performance of the TCHB inverter-fed PMSM system is further
demonstrated in Fig. 10, where efficiency metrics are presented across

different operating speeds. The results indicate that the system’s effi-
ciency is notably higher in the high-speed region, primarily due to
reduced core losses and improved inverter performance. This trend re-
flects the system’s suitability for high-speed applications, such as elec-
tric vehicle drives, where maintaining efficiency at various speeds is
crucial. However, ensuring consistent efficiency under load variations
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will be vital for real-world implementation, especially when considering
practical applications in renewable energy or EV systems.

To assess the real-world applicability of the proposed inverter system
for EVs, an urban drive cycle was employed to evaluate its performance.
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Fig. 11 illustrates the drive cycle trajectory and the system’s precise
tracking of the reference, demonstrating the inverter’s ability to respond
dynamically to the fluctuating demands of an urban driving environ-
ment. This result underscores the system’s suitability for real-world EV
applications, validating its capacity for accurate speed and torque
tracking, as required for efficient and reliable EV operation.

4.3. Comparison with relevant literature studies

This research assesses the performance of the proposed NLC method
implemented in a three-phase TCHB inverter compared to other
methods existing in the literature. The comparison focuses on two main
performance metrics, THD and the number of levels generated to
demonstrate how the NLC method enhances system efficiency and
power quality.

Several studies have investigated alternative modulation strategies
for TCHB inverters, such as SHE. While SHE is effective at selectively
removing harmonics, its performance deteriorates outside a narrow
modulation index, leading to a higher THD. In [45], a 13-level sym-
metrical TCHB inverter using SHE method achieved a THD of around
6.77 %. In contrast, this research shows that the NLC-based approach
lowers THD to 4. 7 %, even across a broader range of operation, indi-
cating superior harmonic performance and more consistent power
quality.

Other studies [8] also explore techniques like Carrier Based Pulse
Width Modulation (CBPWM) and Space Vector Pulse Width Modulation
(SVPWM), where author shows how SVPWM reduced THD compare to
CBPWM around 13.12 % from 29.17 % voltage THD for same switching
frequency, though it based on 5-level output. Another study using
Phase-shift Pulse Width Modulation (PDPWM) for three-phase TCHB
MLI uses total of 30 switches to generate 9-level output, achieves voltage
THD of 9.30 % [46]. The NLC method, however, operates at lower
switching frequencies, which not only helps maintain the better THD but
also significantly reduces switching losses, making it a more efficient
solution in high-power applications.

When comparing control strategies, this research incorporates FOC
for the PMSM drive. Other control techniques, like Direct Torque Con-
trol (DTC) and scalar control, while popular, are less precise. DTC, for
instance, often results in higher torque ripples and less smooth operation
[47]. A comparative study shows that Model Predictive Current Control
(MPCC) for PMSM has larger current ripple than FOC, and FOC has
batter performance based on dynamic conditions [48].

In contrast, FOC provides highly accurate motor control, ensuring
smooth reference speed tracking without significant oscillations.
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Fig. 11. Performance evaluation (a) Drive cycle trajectory and (b) The system’s tracking.
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Table 3
Summary of recent modulation technique applied to TCHB MLI.
Modulation Inverter THD Observations
Technique Type (%)
SHE [45] 13-Level 6.77 % Effective in narrow range but THD
TCHB increases outside narrow
modulation range
CBPWM [8] 5-Level 29.17 Higher THD compared to SVPWM,
TCHB % which offers better performance
SVPWM [8] 5-Level 13.12 Improved THD reduction over
TCHB % CBPWM
PDPWM [46] 9-Level 9.3 % Achieved with 30 switches;
TCHB moderately high THD
Model Predictive 13-Level 10.22 Though it uses 15 switches for 13-
Control (MPC) TCHB % level, it still has high voltage THD.
[49]
ANN based 5-Level 14.48 ANN technique provides lower THD
Modulation [50] TCHB % content at output compared with
PSO technique, but higher than NLC
NLC (Proposed 13-Level 4.73 %  NLC maintains low THD across a
Method) TCHB wide modulation range, superior
harmonic performance.
Table 4
Summary of control techniques applied to PMSM motor drive.
Control Motor Results Observation
Technique Type
MPCC [47] PMSM Higher current  Greater ripple compared to FOC,
ripple less precise
DTC [48] PMSM Higher torque Less smooth operation, especially
ripple under dynamic conditions
FOC [29] PMSM Accurate, Ensures smooth reference tracking
stable and stable torque without ripples

Additionally, torque variations are managed effectively to maintain
stable speed [29], which highlights the combined strength of the FOC
and NLC methods in providing dynamic and steady-state performance.

Tables 3 and 4 summarizes the benefits of NLC and FOC integration
in achieving superior performance in THD reduction, efficient power
quality, and precise motor control, especially for high-efficiency
applications.

Overall, this comparison demonstrates that the NLC-based TCHB
inverter, paired with FOC, surpasses other controllers and modulation
techniques in minimizing THD, reducing switching losses, and deliv-
ering precise motor control. This system is particularly suitable for ap-
plications requiring high power efficiency and superior performance,
such as in EV and renewable energy systems. Future research should aim
at experimentally validating these findings and exploring additional
advanced control strategies to further enhance system performance.

5. Conclusions

This research demonstrates the effectiveness of the NLC technique in
a three-phase TCHB multilevel inverter designed for EV operations. The
NLC method achieves a notable reduction in THD, achieving a THD of
4.73 % under stable operating conditions, which is significantly lower
than typical values in conventional systems without NLC. Additionally,
the application of NLC results in an overall system efficiency improve-
ment, achieving over 97 % efficiency at optimal speed and torque con-
ditions, contributing to enhanced power quality and reduced energy
losses. Simulation results confirm that the TCHB inverter, coupled with
the NLC technique, delivers excellent performance in handling dynamic
speed and torque variations in PMSM drives. The system demonstrated
smooth reference speed tracking with a response time of <0.04 s,
showing minimal oscillations and efficiently adjusting to torque varia-
tions to maintain consistent speed. This capability indicates the system’s
potential for dynamic adaptability required in EV applications.
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Furthermore, the integration of FOC provides precise control of the
PMSM, minimizing torque ripples and ensuring superior dynamic and
steady-state performance. Despite the promising results, the system’s
performance under extreme operating conditions, such as high-speed or
high-torque scenarios remain unexplored. Future research should focus
on investigating other control strategies, including MPC or machine
learning based control to enhance adaptability and efficiency of the
overall system. Moreover, extending the study to examine the impact of
power quality in grid-connected applications and exploring the inte-
gration of renewable energy sources could open new potential applica-
tion of the TCHB inverter.
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