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Abstract

The conventional approach of predictive torque control (PTC) is frequently employed in the control of permanent magnet
synchronous motors (PMSMs) driven by a two-level voltage source inverter (2L-VSI). This technique offers low complex-
ity and reduced torque ripples in the low-speed region by minimizing the duty-cycle of the applied voltage vector (VV)
compared to the complete utilization of the DC-link voltage. However, it has its limitations, including slow torque dynam-
ics, restricted modulation index (MI), and an inability to select zero VV, which would be useful for minimizing ripples in
multilevel VSI drives. Additionally, it can lead to an unbalanced DC link due to the restricted VV selection, especially at
low MI. To address these limitations, a modified PTC based on space vector pulse-width modulation approach is proposed
for three-level neutral-point-clamped (3L-NPC) VSI-fed PMSM. The proposed 3L-PTC method can reduce torque and flux
ripples at low MI, improve dynamic response, and maintain a balanced DC link regardless of operating conditions. Intensive

numerical and experimental evaluations are carried out to validate the effectiveness of the proposed 3L-PTC.

Keywords DC-link balancing - Permanent magnet synchronous motor - Predictive torque control - Space vector PWM -

Three-level NPC inverter

1 Introduction

Over the past few years, there has been an increasing focus
on the application of predictive torque control (PTC) to
improve the performance of AC machines and effectively
regulate their torque, particularly in the case of permanent
magnet synchronous motors (PMSMs) [1-8]. PTC has
gained popularity as an attractive choice due to its inherent
simplicity, ability to optimize various factors using a unified
cost function, and straightforward integration into real-time
systems.

PTC can be primarily categorized into two main groups:
finite-control-set (FCS) PTCs, as referenced in [1, 9-11],
and continuous-control-set (CCS) PTCs, as discussed in [4,
12-17]. FCS-PTC operates in a manner akin to conventional
direct torque control (DTC), where a limited set of preferred
control actions are evaluated according to their specific
goals. In such cases, the output is in a discrete form and is
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directly applied to control the switching components of the
voltage source inverter (VSI). Nevertheless, FCS-PTC shares
a significant drawback with DTC; that is, it only applies a
single voltage vector (VV) within each control period (T),
leading to substantial torque and flux fluctuations [18-20].

On the other hand, CCS-PTC relies on pulse-width modu-
lation (PWM) to generate the switching patterns for the VSI.
This approach ensures a consistent switching frequency,
offering a notable advantage over FCS-PTC. Recent stud-
ies have brought about improvements in CCS-PTC, with
the goal of reducing variations in torque and flux in PMSM
drives [12—15]. Through an examination of the relationship
between the applied VV and electromagnetic torque, an
improved version of classical CCS-PTC has been introduced
to enhance the performance of PMSMs powered by a two-
level voltage source inverter (2L-VSI) [12]. Nevertheless,
the classical CCS-PTC still grapples with significant torque
and flux fluctuations due to the limitations of the applied
VV, potentially leading to unstable PMSM operation in
high-speed conditions [4].

Improvements in CCS-PTC can be realized by integrat-
ing multilevel inverters (MLIs) into PMSM drive setups, as
detailed in [21-23]. Among these MLIs, the most widely
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Fig. 1 Topology of 3L-NPC VSI-fed PMSM drives

recognized is the three-level neutral-point-clamped (3L-
NPC) VSI, as shown in Fig. 1. However, maintaining bal-
ance in the neutral point (NP) is necessary to optimize the
performance of PMSMs driven by the 3L-NPC VSI [24].
Deviations in the DC-link voltage can lead to NP voltage
imbalances, potentially causing premature failures of switch-
ing components and an increase in total harmonic distortion
(THD) in the output current and voltage [24, 25]. Addition-
ally, the traditional PTC method suffers from significant
torque and flux fluctuations due to limitations in applied
VVs, resulting in subpar performance in both steady-state
and transient operations.

Numerous space vector modulation (SVM) approaches
have been documented in the literature, with the aim of
reducing DC-link voltage fluctuations [26—29]. However,
these techniques entail complex calculations, necessitate
knowledge of the NP current, and often result in high THD
in output phase currents, along with noticeable torque and
flux variations. In a previous study [16], a novel NP bal-
ancing algorithm was introduced for three-level predictive
torque control (3L-PTC). This algorithm employs space vec-
tor pulse-width modulation (SVPWM) techniques to adjust
the duty cycles of reference three-phase pole voltages based
on DC-link voltage deviations. Notably, this proposed NP
balancing algorithm is straightforward, as it only requires
information regarding the upper and lower capacitor volt-
ages of the 3L-NPC VSI. It estimates new modulation refer-
ence signals based on the NP deviation status. This extended
research paper provides further elaboration on the theoretical
concepts of 2L.-VSI and 3L-NPC VSI, along with an in-
depth analysis of the improved steady-state and transient-
state performance of the proposed 3L-PTC method. Exten-
sive simulation and experimental results are presented to
validate the efficacy of the proposed 3L-PTC approach.

The rest of the paper is organized as follows. Section 2
provides a mathematical modeling of PMSM and a brief

comparison of 2L- and 3L-NPC VSIs. Section 3 presents
an overview of the PTC and the limitations of employ-
ing the conventional PTC in 3L-NPC VSI PMSM drives.
Section 4 extensively illustrates the proposed PTC with
DC-link balancing and its effectiveness in improving both
steady- and transient-state operations. Sections 5 and 6
discuss the various simulation and experimental results,
respectively. Finally, Section 7 presents the conclusions
of this paper.

2 System description

In this section, the modeling of PMSM is provided to
understand the relationship between torque, flux, and
applied VV. It is also important to highlight the differences
of 2L- and 3L-NPC VSIs in terms of their physical model
and their applicable VVs to investigate the limitation of
the conventional PTC for 3L-NPC PMSM drives.

2.1 Modeling of PMSM

To analyze the performance and control of the PMSM,
it is important to model it in different reference frames
(i.e., stationary reference frame [a—f], rotating reference
frame [d—q], and synchronous rotating reference frame
[f~f]), as shown in Fig. 2. Hence, one of the most effec-
tive methods for mathematically representing the PMSM
is through the voltage model. This model articulates the
relationship between stator voltage v, current i, and flux
Y. as outlined in (1):

q
t T

Fig.2 Phasor diagram of PMSM with flux, voltage, and current vec-
tors in different reference frames
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. d
Ve = Rls + EWS’ (H
where y, can be expressed as a function of i; and rotor flux
y, as expressed in (2):

v, =L +vy, )

where R and L represent the stator resistance and induct-
ance, respectively. The electromagnetic torque (7)) of the
PMSM can be calculated using the cross product of y, with
i, consideration of its pole pair (p,) as in (3):

Te =Pa¥s X is‘ €

2.2 Two-level VSI

The standard circuit topology of a 2L-VSI consists of two
switches in each phase leg, as shown in Fig. 3a. For exam-
ple, the upper and lower switching in a-phase are S,; and S,
respectively. These switching devices are typically controlled
using PWM technique with the help of seven VVs (i.e., six
large VVs V; =V, ¢ and one zero VV V). These VVs can be
represented by the switching state P or N for each phase, as
shown in Fig. 3a. The type of switching devices used are insu-
lated-gate bipolar transistors (IGBTs). The 2L-VSI produces
an output voltage waveform that approximates a square wave,
with only two voltage levels,+V,;/2 and -V, /2. As the output
waveform is not sinusoidal, it requires filtering to reduce the
THD. The advantage of the two-level VSI is its simplicity and
low cost, but it has a high harmonic distortion in the output
waveform.
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Fig.3 Circuit topology and space phasor diagrams: a 2L-VSI; b
3L-NPC VSI
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2.3 Three-level NPCVSI

The circuit topology of a 3L-NPC VSI is more complex than
the 2L-VSI, as shown in Fig. 3b. It consists of four switches
in each phase leg (S,, S,», .3, and S,), typically controlled
using the PWM technique with more complexity than the con-
trol of the 2L-VSI. There are nineteen VVs (i.e., six large VVs
Vi1=Vie> six medium VVs V-V, six small VVs V-V,
and one zero VV V). These VVs can be represented by the
switching state P, O, or N for each phase, as shown in Fig. 3b.
The type of switching devices used are IGBTs, which can
produce an output voltage waveform with three voltage lev-
els,+V,/2, 0, and — V,; /2. The zero-voltage level is created
by connecting the NP of the DC-link capacitors to the mid-
point of the load (O). This results in a better approximation
of a sinusoidal waveform and lower THD compared to the
2L-VSI. This is particularly important in applications where
low harmonic distortion is required, such as in motor control
or grid-connected applications. However, the 3L-NPC VSI is
more expensive and complex to control, especially its neutral-
point voltage balancing, where these drawbacks are absent in
2L-VSI systems.

3 PTC fundamentals for PMSM drives

To better understand the main concept of the PTC for PMSM
drives, it is important to illustrate the relationship between 7,
slope and v, as well as the increment or decrement of y;, with
respect to ;.

3.1 Relationship between T, slope and v;

To examine the slope of T, it is crucial to calculate the varia-
tion in 7, over each T, as indicated in (4):

d d . d.
d_tTezpn<EWsXIs+std_tls)' (4)
As depicted in (4), the T, rate of change is governed by the
cross product of the rate of change of y and i, as well as the
rate of change of i; and y,. Consequently, (1) and (2) can be
reformulated as shown in (5) and (6), respectively:

d .

d_th =V - Rls’ (5)
d. 1 . d

d_tls = Z(vs - Rls - Ewr> (6)

Through the substitution of (5) and (6) into (4), it
becomes possible to estimate the 7, slope as shown in (7):
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With knowledge of i, y,, and y,, it becomes feasible to
regulate 7, toward a desired value by controlling v,.

3.2 Relationship between ¢ and v,

As shown in Fig. 4, to examine the relationship between
and v, the first section on the right-hand side of (7) must be
reconfigured. This rearrangement leads us to (8):

P D

s (W — L) = Ty X v, 8)

By substituting (8) into (7), we have a more simplified
equation for estimating the 7, slope, as expressed in (9):

Pn R Pn
AT, = szxy/,+ <_ZT6_ZWSXAW’>' 9)

In (9), the calculation of A7, is notably more straight-
forward compared to that in (7). When provided with the
magnitude of v, it is possible to deduce the voltage control
angle 6,, as outlined in (10):

R n
AT, + (zTe + Ly, x Ay/,)

0, = arcsin

10)

Zvsllwe|

Utilizing the angle 6, to regulate the direction of v, can
prove to be highly effective in minimizing AT,. Moreover,
the angle © — 6, can be employed to reduce the magnitude

of y,.

Proposed PTC-based SVPWM

o
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Fig.5 Control diagram of the proposed PTC for 3L-NPC VSI-fed
PMSM

3.3 Drawbacks of implementing conventional PTC
using 3L-NPCVSI for PMSM drives

As mentioned in the previous section, 3L-NPC VSI out-
performs 2L-VSI due to the increased degree of freedom in
selecting more VV and their corresponding switching states,
which contribute to ripple reduction particularly when the
PMSM is operating at low speeds. However, the restriction
of applied VV magnitude caused by the conventional PTC
results in large y; and 7, ripples, as the relationship between
the applied VV and y; can be derived from (5) as in (11):

Ay, =~ Av, =0.7%xV,,£0,. (11)

When utilizing the conventional PTC for 3L-NPC VSI-
fed PMSM, V, and V,, are responsible for 7, increment,
while Vg are used for T, decrement. However, due to the
absence of the V_, large torque and flux ripples are present in
the low-speed region. This is due to the restriction of applied
VV magnitude (V,,) to 70% of the maximum allowable v,.
Furthermore, the conventional PTC cannot operate in high-
speed regions unless an extra V,, is injected. The 7, dynamic
is also slower compared to the case if the maximum allow-
able v, is applied. Finally, NP balancing can be a challenging
task due to this limitation.

4 Proposed PTC With DC-link balancing

In this section, a detailed explanation of the proposed PTC
method is provided, with a primary emphasis on achiev-
ing balanced DC-link voltage in the 3L-NPC VSI. This
enhancement aims to improve the performance of the PMSM
in both steady-state and transient operating conditions. A
schematic control diagram illustrating the proposed PTC-
based SVPWM for PMSM driven by a 3L-NPC VSl is given
in Fig. 5. The figure reveals that the DC-link balancing
algorithm modifies the reference voltages for the SVPWM
without any dwelling time calculation of VVs. Therefore,
the proposed scheme is considered a simple approach for
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maintaining excellent performance of the PMSM under a
balanced DC-link.

4.1 Torque ripple reduction and fast dynamics

As outlined in the preceding section regarding the limitation
of the conventional PTC, which is summarized in (11), the
proposed PTC does not apply any restriction on V,,. Alter-
natively, it utilizes all types of VVs available in the space
vector diagram of 3L-NPC VSI (Fig. 3b). This concept is
originated from the principle of DTC, which controls AC
motors using Vg and V_ in the low-speed regions and other
VV types in medium- and high-speed regions. Therefore, the
proposed PTC adjusts V,, according to the operating condi-
tion of the PMSM, as expressed in (12):

05%xV, <0, or

Ay/szAvS={V gy : (12)

From (12), it can be summarized that half V,, is used
in the low-speed region to maintain minimized torque and
flux ripples, while the full V,, is essential for keeping the
PMSM rotating in a stable condition during medium- and
high-speed regions. In addition, the full V,, can be useful for
improving the dynamic performance of the PMSM during
transient-state operation.

4.2 SVPWM and DC-link balancing

Numerous modulation approaches based on SVM have been
introduced to tackle the fluctuations in the DC-link voltage.
While these algorithms achieve balanced DC-link capaci-
tor voltages, they often require extensive computation of
dwelling times’ applied VVs, increasing system complexity
and resulting in increased 7, ripples. To mitigate these draw-
backs, a simple yet effective DC-link balancing algorithm is
proposed for 3L-NPC VSI-fed PMSM. The main advantage
of the proposed algorithm is that it is based on SVPWM,
which is flexible and does not require calculation for dwell-
ing time for each applied VV. It also maintains a constant
switching frequency due to the help of a PWM carrier. As a
result, system performance can be improved with minimized
ripples and reduced THD.

In Fig. 6, we have a depiction of the a-phase reference
voltage (v",,), offset voltage (v,,), and pole voltage (v",,)
utilizing the SVPWM approach. The figure illustrates that v,
switches the line frequency of v*,, three times. To compute
v',, it is necessary to express v from the PTC block in a
polar form relative to the PMSM rotor position, as described
in (13):

@ Springer
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Fig.6 Representation of a-phase reference voltage v, offset voltage
v,, and a-phase reference pole voltage v*,, using the SVPWM scheme

| Ve and vy are measured I

| Vdc_err. = Vo1 — Vo2 I
Yes Tosemod) = T I Yes

Tovetmody = Tave — 1—((Umin —Vmas) / Vic) ” Tavemody = Tave + 1—((Umaz— Unin)/ Vic)

Fig. 7 Flowchart of the proposed DC-link balancing algorithm

Table 1 PMSM specifications

Parameter Value (Unit)
Rated power 5 (kW)
Rated current 17.23 (A)
Rated torque 27.3 (N m)
Rated speed 1750 (rpm)
Stator resistance 0.158 (Q)
d-axis inductance 7.29 (mH)
g-axis inductance 7.25 (mH)
Moment of inertia 0.00666 (kg m?)
Permanent magnet flux 0.264 (Wb)
Pole pair 4

o j(6,+A6,)
Vabes = |VS| e ’ (13)
where v°,, . represents the three-phase reference voltages.

Subsequently, the inclusion of v, into the system
becomes necessary to enhance the modulation index (MI),
thereby enhancing the PMSM’s performance at high-speed
operations and diminishing the THD in the output wave-
forms [30]. Note that v, can be computed by taking into
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Fig. 8 Comparative simulation evaluation during torque dynamics from 2 to 10 N m at 300 rpm: a 2L-PTC; b 3L-PTC1; ¢ 3L-PTC2 [16]; d proposed 3L-PTC
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Table 2 Comparative simulation evaluation at 300 rpm and change in
torque load from 2 to 10 N m

Technique Item T',=2Nm T ,=10Nm
2L-PTC T, jippe N'm) 253 2.46
Vs sippre (WD) 0.029 0.03
i, THD (%) 56.87 13.87
3L-PTC1 T, sippe N'm) — 1.37 1.2
Vs sippte (WD) 0.027 0.026
i, THD (%) 48 11.19
3L-PTC2 [16] T, yippe N'm) — 0.93 0.88
Vs sippte (WD) 0.025 0.024
i, THD (%) 47.43 10.23
Proposed 3L-PTC T, Nm)  0.79 0.74
Wy rippe (WD) 0.013 0.012
i, THD (%) 23.78 5.36

Fig.9 Hardware experimental setup

g LD sy
——Balancing code is activated R
s [0.1WH div
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Te [10Nm/ div]
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N TV L PRSP
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. ~0.2 s~
T ‘a(mod) [2divi

AN AR

" a sardin i

Fig. 10 Investigation of the proposed 3L-PTC capability in balancing
the DC-link voltages at 300 rpm with light torque load of 2 N m
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account the maximum and minimum values of v

abe AS given
in (14):
max(vzbm) + min(vzbcs)
Von = — : (14)
2
V:;bcn = VZbcx + Vsn- (15)

After adding v, tov" ., V" ., can be obtained as in (15):

For simplification, v" ,,, should undergo a normalization
process and be expressed in relation to the reference modula-
tion signals 7° , ., as specified in (16):

abc»
T, =1+@xV,  [vs). (16)

To equalize the DC-link voltages, ", should be modi-
fied into T*abc(mod) in accordance with the difference between
C, and C, voltages v and v, respectively, as shown in
the flowchart for the DC-link balancing algorithm depicted
in Fig. 7.

Considering a microcontroller, a PWM carrier is designed
as a counter with a peak value (C,) based on the switching
frequency. Therefore, T*abc(mad) needs to be divided into dual
reference signals T*ubc(,mm,)1 and T*abc(mod)Z in order to reduce
the complexity of generating the PWM switching signals for
the 3L-NPC VSI by reducing the required PWM carriers
from dual to single PWM carrier (Carr.) [24]. Tkabc(mod)l and
T*abc(mod)2 are generated as expressed in (17):

. * * _ * _
lf(Tabc( mod ) < CP) { Tabc( mod )l 0’ abc(mod )2 Tabr( mod ) }
* _ * _ '
{ Tabc( mod )l — Tabc( mod) CP’ Tubc( mod )2 CP }
a7

Finally the switching signals are generated by comparing
T speimoayt A4 T 4pomoayy With Carr., as shown in (18):

if(T;bc( mod )1 > Carr') {Sahcl = l’Sabc3 = 0}
else {Sabcl = O’ Sabc3 = 1}

else

(18)

Note that S, and S5 are turning ON and OFF in a
complementary manner with S, , and S, ,, respectively.

5 Simulation verification

Simulation trials are conducted using the PSIM tool devel-
oped by Powersim to assess how the proposed 3L-PTC
performs in comparison to the conventional PTC using
2L-VSI (2L-PTC), conventional PTC using 3L-VSI with-
out DC-link balancing algorithm (3L-PTC1), and conven-
tional PTC using 3L-VSI with proposed DC-link balancing
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Fig. 11 Comparative experimental evaluation during torque dynamics from 2 to 10 N m at 300 rpm: a 2L-PTC; b 3L-PTC1; ¢ 3L-PTC2 [16]; d

proposed 3L-PTC

algorithm (3L-PTC2) [16]. The PMSM specifications are
summarized in Table 1. The applied DC-link voltage is set
at 300 V with correspondence to the base speed of 875 rpm.
T, is set as 100 ps to ensure proper execution of all functions,
and the switching frequency is set as 10 kHz. These simula-
tion results are provided to test the low-speed region with
large torque step from 2 to 10 N m, as shown in Fig. 8. The
figure reveals that there is no issue associated with the DC
link in 2L-PTC. However when 3L-PTCl is implemented,
a large deviation occurs in the DC link due to the restriction
of selecting the VVs. To mitigate this outcome, the DC-
link balancing algorithm is implemented in 3L-PTC2. As
aresult, v, . is almost zero even during torque transient.

Nevertheless, y,, T,, and i, have large ripples. Therefore,
the proposed 3L-PTC maintains almost zero v, ,,,. with
minimized ripples in y,, 7,, and i,. This is due to the mer-
its in maintaining minimized torque and flux ripples dur-
ing steady-state operation and fast dynamic response. The
mechanism of the proposed 3L-PTC method is by control-
ling the V,, according to the desirable operated conditions.
Compared to 3L-PTC2, the proposed 3L-PTC has reduced
torque and flux ripples from 0.93 to 0.79 N m and from
0.025 to 0.013 Wb, respectively.

The major DC-link deviation caused by the 3L-PTC1 is
a serious problem for reliability of DC-link capacitors of
the 3L-NPC VSI and for PMSM performance. Therefore,
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Fig. 12 Comparative experimental evaluation during speed transient
from 50 to 875 rpm: a 2L-PTC; b 3L-PTC2 [16]; ¢ proposed 3L-PTC

a DC-link balancing is essential to maintain a reliable and
robust performance of PMSM, as achieved by 3L-PTC2 and
the proposed 3L-PTC.

A summary of a comparative simulation evaluation is pre-
sented in Table 2. The table shows the torque ripple (7, ;).
flux ripple (W, ,,)- and phase current THD (i,, yyp) of the
four PTC methods during torque transient from 2 to 10 N m
at 300 rpm. These results show that the proposed 3L-PTC
has the smallest 7, ;. ;. and ¥ ,,,,.., lowest i, pyyp, and quick-
est torque dynamics.

@ Springer

YR TELEDYNE schor
ottt

]
n [300rpm/ div] 7

T e onm/ div N o
mewwmwm WWWWNWWWWMW

/

/Ia[SA/dw] |
i P AR l\{\n *1‘“{ }i’ ‘“".“I‘Jif“\-.“ﬁ{'*.'#(»r'h',"w
<02 s~
(a)
e ey

-

N [300rpmi div]
~ —

T e ftonmi aiv

-

o

[

I S VO VS WY WSS SR
AN Vide_err. [50V/ div]

/a[5A/dl il *
L WA ”U"W“»‘*f”m'”“ A A i M f

"

0.2 s>

()

o e

N [300rpmi divi —
N —

Teptonmiav = __—>

WW\MWWWWWWMMM

— I\

AN Vde_err. [50V/ div]

ja (541 div

o AN N/Nk« \ f\ \m A \./\‘ uﬂy,.’J,\:\"-,‘» J‘rJ\'d,"\' JW\ y)‘/ ':E 4«\‘ i\[\:M; At W'WWMM
0.2 s>

©

Fig. 13 Magnified comparative experimental evaluation during speed
transient from 50 to 875 rpm: a 2L-PTC; b 3L-PTC2 [16]; ¢ pro-
posed 3L-PTC

6 Experimental validation

To assess and evaluate the performance of PMSM under
four PTC methods, a hardware experimental setup is real-
ized, as shown in Fig. 9. This experimental setup consists
of a 5 kW PMSM, which is mechanically coupled with an
IM acting as mechanical load. A single microcontroller
(DSP TMS320F28335) from Texas Instruments is utilized
to execute the control algorithm, including PTC methods. A
PC is used to control the system by using Code Composer
Studio software. The experimental results are captured with
the help of an oscilloscope. Finally, 2L-VSI and 3L-NPC
VSI are employed to conduct a fair evaluation.
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Table 3 Comparative experimental evaluation at 300 rpm and change
in torque load from 2 to 10 N m

Technique Item T',=2Nm T ,=10Nm
2L-PTC T, sippre N'm)  5.64 7.23
Vs ripple (WD) 0.047 0.049
i, THD (%) 76.82 22.32
3L-PTC1 T, ippre N'm) 436 4.99
Yy rippie (Wb) - 0.044 0.043
i, THD (%) 72 16.98
3L-PTC2 [16] T, yippe N'm) ~ 5.88 6.73
Vs sippre (WD) 0.040 0.041
i, THD (%) 71.85 15.34
Proposed 3L-PTC T, (Nm)  2.15 2.34
Wy rippe (WD) 0.028 0.027
i, THD (%) 53.56 12.71

To verify the effectiveness of the proposed 3L-PTC
method in balancing the DC-link voltages, a new experi-
mental result is conducted as shown in Fig. 10. The figure
reveals that the proposed balancing algorithm is effective in
such critical case when the PMSM is operating in the low-
speed region of 300 rpm with light torque load of 2 N m.
The v, ,,, is minimized due to the modifications of T e
as indicated in the flowchart in Fig. 7. The proposed method
clearly maintains a small torque and flux ripples in addition
to balanced voltages of the DC link.

There are two experimental environments to test the oper-
ation of the PMSM under PTC methods. The first one is con-
ducting a constant speed operation at 300 rpm with a large
step change in 7, from 2 to 10 N m, as shown in Fig. 11.
It is shown that 2L-PTC has the fastest torque dynamics
with 0.9 ms. This is because of the environment of 2L.-VSI,
which utilizes VVs that have the same magnitude as large
VVs in the 3L-NPC VSI. Nevertheless, T, ;. and ¥ .,
are the largest, as shown in Fig. 11a. On the other hand, the
3L-PTC methods, including the proposed one, have better
performance compared to 2L-PTC in terms of 7, ,,,,, and
Vs ripple- However, the 3L-PTCI has a serious impact on the
DC link, where the v, ,, deviates widely. The proposed
3L-PTC offers the best performance among the four tech-
niques, with the smallest 7, ;. and y; .., and fast dynam-
ics owing to its simple yet robust control.

The second set of experimental validation is during speed
variation from 50 to 875 rpm, as shown in Fig. 12 and its
magnified version in Fig. 13. During this critical experimen-
tal environment, which may lead to the failure of the DC-
link capacitors, the 3L-PTC1 method is excluded. Therefore,
this test aims to assess the robustness of the DC-link balanc-
ing algorithm during speed variation. Among the three PTC

methods, the proposed 3L-PTC offers almost zero steady-
state vy, ,,,. in the low-speed region and minimum during
speed and torque transient. In addition, 7, and i, ryp are
substantially improved.

Finally, a comparative summary of the experimental
results is presented in Table 3. The table shows the 7,

ripple

ripple>
Vs ripple> a0d i, pyp Of the four PTC methods during torque

dynamics from 2 to 10 Nm at 300 rpm. These data show that
the proposed 3L-PTC has the smallest 7, ,,,,;, and y ;...
and lowest i, ryp With very quick torque dynamics. As a
result, the proposed 3L-PTC could be among the best alter-
natives for PMSM drives.

7 Conclusion

Based on theoretical, numerical, and experimental eval-
uations, the proposed 3L-PTC method is found to be a
superior solution for controlling PMSMs compared to the
2L-PTC and other 3L-PTC techniques analyzed in this
paper. The proposed 3L-PTC method offers a multitude of
benefits, such as reduced torque and flux ripples, improved
dynamic response, and a well-balanced DC link, irre-
spective of operating conditions. Simulation results have
shown that the proposed method outperforms the other
tested methods in terms of torque ripples, flux ripples,
and phase current THD and has faster torque dynamics.
Experimental results likewise confirm the effectiveness
of the proposed method, with its quick torque dynamics,
reduced torque and flux ripples, and a balanced DC link
even during critical operating conditions. Therefore, the
proposed 3L-PTC method is highly recommended for vari-
ous industrial applications for maintaining reliable and
high-performance PMSM drives.
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