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ABSTRACT

Multilevel inverters have been extensively employed in motor drive systems owing to
their capability to produce high-quality output voltage waveforms, reduce dv/dt stress, and
improve overall system efficiency. Among these, four-level topologies are particularly
attractive for medium-voltage applications because of their superior waveform quality, higher
voltage rating, and better suitability for high-power drives. However, conventional four-level
inverters often suffer from capacitor voltage imbalance, which can significantly degrade
output quality, induce harmonic distortion, and compromise drive reliability. The Four-level
Nested Neutral-Point-Clamped (4L-NNPC) inverter has emerged as a promising solution,
offering improved flying-capacitor (FC) voltage balancing under rated conditions.
Nevertheless, maintaining stable FC voltages remains challenging under dynamic operating
conditions, where irregular capacitor charging can lead to voltage drift, increased ripple, and
higher common-mode voltage, thereby reducing the overall performance of the drive.
Therefore, this paper proposes a high-performance control strategy to improve total harmonic
distortion (THD) and reduce common-mode voltage (CMV) in a field-oriented control (FOC)
medium-voltage induction motor drive fed by a 4LNNPC inverter. A voltage-balancing
control scheme is integrated to regulate FC voltages across a wide range of operating
conditions, ensuring reliable and efficient motor operation. Simulation results demonstrate the
effectiveness of the proposed strategies compared to conventional methods, confirming
enhanced voltage stability, lower THD, and reduced CMV, which collectively contribute to
superior drive performance and robustness.

Keywords: Common-mode voltage, Field-oriented control, four-level inverter, pulse width
modulation, total harmonic distortion (THD).

1. INTRODUCTION

Medium-voltage induction motor (IM) drives are widely employed in industrial
applications, including pumps, fans, compressors, conveyors, and traction systems, due to their
robustness, reliability, and cost-effectiveness [1]. With increasing demand for energy-efficient
and high-performance industrial systems, medium-voltage drives are expected to deliver
precise torque and speed control while minimizing power losses and voltage stress on
electrical components [2], [3]. In this context, multilevel inverters (MLIs) have emerged as a
key enabling technology, capable of generating high-quality voltage waveforms, reducing
dv/dt stress on motor windings, lowering total harmonic distortion (THD), and minimizing
switching losses compared to conventional two-level inverters [4], [5].
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Over the past decades, various multilevel inverter topologies, including Neutral-Point-
Clamped (NPC), Flying-Capacitor (FC), and Cascaded H-Bridge (CHB) inverters, have been
extensively studied [4], [5]. For medium-voltage drives, three-level NPC (3L-NPC) inverters
are commonly employed, offering a good compromise between complexity and performance
[2]. As voltage requirements increase, four-level (4L) inverter topologies have attracted
attention due to their superior output voltage quality, extended voltage range, and reduced
stress on switching devices. However, the conventional four-level NPC inverters often suffer
from DC-link capacitor voltage imbalance, which can degrade stator current quality, increase
harmonic content, and compromise drive reliability [6].

Recently, the four-level Nested Neutral-Point-Clamped (4L-NNPC) inverter combines
the advantages of NPC and FC topologies, introducing redundant switching states that
facilitate effective flying-capacitor (FC) voltage balancing and maintain high-quality voltage
waveforms [7]. Despite the aforementioned merits, the industrial adoption of the 4L-NNPC
remains challenged by technical issues. One of the technical issues lies in maintaining stable
FC voltages across a low-speed operation, and the requirement of reducing common-mode
voltage (CMV). The conventional space vector modulation (SVM) [8] the sinusoidal pulse
width modulation (SPWM) [9], and the space virtual-vector modulation (SVVM) [10] have
been introduced to control the FCs’ voltages. These methods are effective at the fundamental
frequency but suffer from serious voltage imbalance at low output frequencies. To get a
complete control of FC’s voltages, advanced VBC methods have been investigated [11].
However, the use of redundant states, multiple switching actions, as well as virtual or distant
vectors significantly deteriorates the total harmonic distortion and increases switching losses.
Moreover, they also result in a high CMV, which is undesirable in many industrial
applications. The work in [12] proposed a method for the 4L-NNPC inverter that minimizes
the peak CMV to £V/18, while [13] introduced an average zero-CMV (AZCMV) PWM
technique based on virtual vectors to reduce low-frequency CMV in four-level NPC inverters.
However, both methods rely heavily on distant space vectors, which inherently deteriorates
the output harmonic quality and leads to relatively high THD. Moreover, neither approach
incorporates a dedicated flying-capacitor or DC-link voltage-balancing strategy, making them
unsuitable for applications where stable capacitor voltages and high-quality waveforms are
required. Similarly, the works in [14], [15] present the carrier-based discontinuous PWM
methods that restrict the CMV to = V,/6; however, the issue of floating capacitor voltage
balancing is also not addressed, which limits the applicability of these methods in medium-
voltage drive systems.

To overcome these limitations, this paper proposes a high-performance control strategy
for a medium-voltage IM drive fed by a 4L-NNPC inverter. A carrier-based PWM scheme is
combined with FOC and a voltage-balancing control method to enhance voltage stability,
reduce THD, suppress CMV, and improve overall drive efficiency. Unlike conventional PWM
approaches that mainly focus on steady-state performance or treat FC voltage balancing and
CMV reduction separately, the proposed method introduces an integrated control that
simultaneously achieves dynamic FC voltage regulation and CMV suppression over a wide
operating range. The proposed strategy offers a practical solution for industrial medium-
voltage drives, ensuring reliable, efficient, and high-performance operation.

The main contributions of this work can be summarized as follows:

e Development of a high-performance control strategy for a medium-voltage induction
motor (IM) drive fed by a four-level Nested Neutral-Point-Clamped (4L-NNPC) inverter,
integrating field-oriented control (FOC) for precise torque regulation.
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e Introduction of a carrier-based pulse-width modulation (PWM) scheme that
effectively reduces total harmonic distortion (THD) and suppresses common-mode voltage
(CMYV), enhancing overall drive efficiency and reliability.

e Implementation of a voltage-balancing control method to maintain stable flying
capacitor (FC) voltages across various operating conditions, preventing voltage drift and
ensuring high-quality output waveforms.

e Comprehensive simulation-based validation comparing the proposed approach with
conventional PWM and control techniques, demonstrating significant improvements in
voltage stability, current quality, harmonic reduction, and overall drive performance.

The remainder of the paper is organized as follows. Section 2 presents the modeling of
the four-level Nested Neutral-Point-Clamped (4L-NNPC) inverter and the medium-voltage
induction motor (IM) drive system, including flying-capacitor voltage characteristics and the
relevant mathematical formulations. Section 3 introduces the proposed high-performance
control strategy, detailing the carrier-based pulse-width modulation (PWM) scheme, and the
voltage-balancing method. Section 4 provides comprehensive simulation studies and
performance analysis. Finally, Section 5 concludes the paper by summarizing the main
findings and contributions and suggesting potential directions for future research.

2. FOUR-LEVEL NNPC INVERTER IN DRIVE SYSTEM

Fig. 1 shows the schematic diagram of the 4L-NNPC fed MV drive system. In which, the
rectifier system of MV drive can be modeled as a DC voltage source with a constant value of
V4. Each phase of the inverter has six IGBT devices (S1:-Ssx), two clamping diodes, and two
flying capacitors (x = a, b, and ¢). The rated voltage of the flying capacitor is one-third of the
DC-link voltage (V4/3).

The switching state S, of phase x is defined as:
Sx = S1x + Sox + S3x (D
The output phase leg voltage is:
14
Vio = ?d'sx (2

In 4L-NNPC inverter, four levels of phase leg voltage are generated: 0, V/3, 2V4/3, and
Vi, where V4 represents the total DC-link voltage. The switching state function 2 includes two
redundant states, 2a and 2b, while the switching state function 1 includes two redundant states,
la and 1b [12]. Although these redundant switching states produce the same output voltage,
they result in different device states, leading to varying impacts on the flying capacitor voltages,
as demonstrated in Table 1.

Table 1. Switching states of 4L-NNPC inverter [12]

Device state Flying capacitor voltage
Sy | State
Sie | S | Su | Su | Sun | Sa Veix Vecax
3 3 1 1 1 0 0 0 No change No change
Charging (i>0)
2 1 1 1 h
5 a 0 0 0 Discharging (i<0) No change
. P . L
% 0 | | 0 0 1 D1scharfg1ng.(1 0) Dlschar.g1ng.(1>0)
Charging (i<0) Charging (i<0)
s L
| la | 0 0 1 1 0 (.Zhargln.g @ .O) (.Zhargm.g (1>.0)
Discharging (i<0) Discharging (i<0)
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Device state Flying capacitor voltage
Sy | State
Sie | S | S | Sae | Sse | S Ve Vo
Discharging (i>0
w . o 0o | 11 0|1 No change ischarging (1-0)
Charging (i<0)
0 0 0 0 0 1 1 | No change No change

The inverter output currents, corresponding to the motor stator currents, are governed
according to the motor flux and torque/speed through a field-oriented control (FOC) scheme.
The overall control structure of the 4L-NNPC inverter-fed medium-voltage drive is illustrated
in Fig. 2, where an indirect field-oriented control (IFOC) strategy is employed [16]. In this
framework, the motor flux and speed are managed by the outer control loops, while the dq-axis
components of the stator currents are regulated by the inner current controllers. The output of
IFOC controller generate the stator reference voltages vas, Vis, Ves for modulation scheme.

Phase ¢ )
Phase b)
A+ Phase a )
Sla
S c Las
Va2 2"
T b ibs /
S3a .
V2 e
S5a
S6a —
v - J
J
Fig. 1. The 4L-NNPC fed MV drive system
. ) Vabc* N PWM R J@
A
T. IFOC | Las Ups Les 4L-NNPC M \
—» P VasVisVes
D W,
U

Fig. 2. Control system diagram of the 4L-NNPC inverter fed MV drive

The space vector diagram (SVD) of 4L-NNPC inverter can be deduced from:
S(SarSpSc) =5 (Sq + @Sy + a2s) 3)

with @ = e/2™/3. As illustrated in Fig. 3(a), there are 64 space vectors in the four-level SVD
(4L-SVD) of 4L-NNPC inverter.
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The common-mode voltage CMV (V,,,) is defined as the voltage between the neutral (N)
and the middle point of the DC link source (G) [15]:
2 14 2 14
Vem = [5(Sa+ Sy +5) — 1] 2= (2F - 1) 4)
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Fig. 3. (a) Full space vector diagram of 4L-NNPC inverter. (b) Reduced-CMV space
vector diagram of 4L-NNPC inverter

where total switching function of a vector is defined as:

F=S,+5S,+S, (5)

In (5), F is defined as the total switching function. All switching vectors, total switching
functions and the corresponding CMV values can be listed in Table 2. In which, the reduced
CMYV (RCMYV) vectors are defined as CMVs —Vi/6, —Vi/18, +V4/18, and +V4/6 [15], with the
corresponding F'= {3, 4, 5, 6}, as shown in the RCMV SVD in Fig. 3(b).

3. PROPOSED SCHEME

3.1. Carrier-based PWM Scheme for 4L-NNPC inverter

The average reference stator voltage vector V,..; = V;, e’ @t can be expressed in abc frame
as follows:

Vs Vi cos (wt)
V, = [Vbs = |V, cos (wt — 21/3) (6)
Ves Vncos (wt + 2m/3)

Let N denote the motor neutral point, the average offset voltage Vo5 (Vvo) defined between
points N and O, is added to the phase reference signals to obtain the average phase-leg voltages:

Vs + Voff
Vio = Vps + VOff @)
Vcs + Voff

For carrier-based PWM in the 4L-NNPC inverter, these voltages are normalized by V4/3,
giving the reference control signals:
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Vare f- Vd/ 3
Vyo = Vbref' Va/3 )
Vcre f- Vd/ 3
Thus, the normalized modulating signals become:

Varef Vas t Vory \/ngOS(wt) " ors
Uxref = [vbref] = |Vbs T Vosr| = ﬁmcos((ut —2m/3) + Vorrs ©)
Veref Ves + Vory \/§mcos(wt +2m/3) + Vorr

where {vg,, Vps, Vos} are the normalized average reference stator voltages, and the
modulation index m is:
Vin
Va/V3 (10)
In a sampling period, Vy,¢f is a constant and can be decomposed into two components:
{La, Ls, L.} are the base voltages, and {e,, e, e.} are the normalized average two-level switching

voltages. The total base voltage (F.) and total active voltage (Fr) in two-level space vector
diagram (2L-SVD) are defined as:

Fp=Ly+L,+ L Fr=e;+e,+e. (11)
For RCMYV operation of the 4L-NNPC inverter, the total switching function must satisfy:
F =F, + F; = {3,45,6} (12)
Accordingly, the four-level SVD is categorized into three RCMV-compatible 2L-SVD
types:
* 2L-SVD Type 1 (F;, = 4): active vectors satisfied Fz = {0, 1,2} = F = {4, 5, 6}.
* 2L-SVD Type 2 (F;, = 2): active vectors satisfied F = {1, 2,3} = F = {3, 4, 5}.
* 2L-SVD Type 1 (F;, = 3): active vectors satisfied Fz = {0, 1, 2,3} = F = {3,4, 5, 6}.

As illustrated in Fig. 4, region identification is performed using (d;): mid — min = 2, (d>):
max — mid = 2, and (ds): max — min = 1, in which:

max = max(Vgs, Vps, Ues); Mid = mid(Vys, Vps, Ves); Min = min(Vgs, Vps, Ves)(13)

These conditions divide the reference vector space into 13 regions, as illustrated in Fig. 4,
with corresponding base vector assignments summarized in Table 2. Once the region and its
associated SVD type are determined, the 2L switching components are computed as:

eq Varef — La
ex = €| = |Vbrer — Lp (14)
€c Veref — L¢

The offset value is selected according to the SVD type:

* 2L-SVD Type 1 (F;, =4): e, = —min(ey, ep, e.).

* 2L-SVD Type 2 (F;, =2): e, = 1 —max(ey, ep, e.).

* 2L-SVD Type 1 (F, = 3): e, = [min(ey, ep, e.) + max(eq, ep, e.)]/2.
The modified 2L-modulating signals are then computed as:

eq te,
ep + e,
e.te,

(15)

€xref =
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Fig. 5. Two-level PWM implementation

which are compared against carrier waveforms to generate the corresponding two-level
switching pulses. Finally, the switching states of the 4L-NNPC inverter are synthesized using
these modulating signals together with the selected base states.
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Table 2. Region identification rule

2L-SVD Type Condition L
Min = Veg 220
1 mid — min > 2 MIN = Vs 022
min = Vs 202
mMax = Vs 200
2 max — mid > 2 max = Vps 020
max = ves 002
max —min < [ - 111
Vas > Vis > Ves 210
Vbs = Vas =~ Ves m
3 . Vbs = Ves = Vas m
max —min > 1 —
Ves > Vbs > Vas 012
Ves > Vas > Vs 102
Vas > Ves > Vs 201

3.2. Voltage Balancing Control of Flying Capacitors

This section explains how appropriate redundant switching states can be chosen for
generating intermediate voltage levels. As listed in Table 1, two redundant state pairs (1a, 1b)
and (2a, 2b)-are available for these levels. The choice among these states should contribute to
maintaining the voltage balance of the flying capacitors (FCs).

Assume the difference between the FC voltage and it’s rated value is defined as:
Ac, () = vc, (O —Vy/3 (16)

where x = {a, b, ¢}, and k= {1, 2}. The principle of proposed voltage balancing control is
to prioritize balancing the capacitor with the largest voltage deviation. At each control interval,
the absolute voltage deviations |Ack,x (t)| of the two flying capacitors are compared, and the
capacitor exhibiting the largest deviation is selected for the balancing action. A variable p, is
defined to determine which capacitor has the larger deviation and therefore requires higher
balancing priority:

px = max{|ac,, )], |Ac,, O]} (17)

Once the target capacitor is identified, the control algorithm evaluates the capacitor
function f;,, which is the product of the capacitor voltage deviation and the phase current as:

ACLx(t) X i (t) if px = |AC1,x(t)|
Aczlx(t) X i (t) if px = |A62,x(t)|

The sign of this function determines whether the capacitor is currently charging or
discharging. Then, the algorithm selects an appropriate redundant state to balance capacitor
voltage as in Table 3. For example, assume that S, = 2, and C;, has priority over Cy. In this
case, feix = D¢, (£) X i (£) =0, a switching state must be selected in which, Cix is

feix = (18)

discharged. Hence, the switching state 2b is selected. Similarly, if f;, < 0, a redundant
switching state must be selected where Ci. is charged, and switching state 2a is selected.
Combine the carrier-based PWM with the VBC algorithm, flow chart of the proposed scheme
is presented in Fig. 6.
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Fig. 6. Flow chart of the proposed scheme
Table 3. Logic table of voltage balancing control
Sy Condition State
1 feix =0 1b
fCix <0 la
2 feix =0 2b
fCix <0 2a

4. SIMULATION RESULTS

The operating performance of the proposed 4L-NNPC motor drive is evaluated using both
the conventional SPWM method and the modified carrier-based PWM strategy under various
operating conditions. For all simulations, the dc-link voltage of the 4L-NNPC inverter is set to
7000 V. Each flying capacitor is rated at 2333 V and designed with a capacitance value of 2200

pF. The carrier waveforms are triangular signals generated at 5 kHz. The indirect field-oriented

control (IFOC) is implemented with a reference rotor flux magnitude of 8.35 Wb and a rated
rotor speed of 1189 rpm. The remaining system parameters are summarized in Table 4.

Table 4. Simulation parameters

Parameter Value
Motor rated power 1250 hp
Pole pairs 3
Rated voltage 4160 V
Rated speed 1189 rpm
Rated torque 7490 Nm
Stator resistance 021 Q
Rotor resistance 0.146 Q
Stator leakage inductance 5.2 mH
Rotor leakage inductance 5.2 mH
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Parameter Value
Magnetizing inductance 155 mH
Moment of inertia 22 kg.m
Switching frequency 5 kHz

4.1. Steady-state performance

Fig.7(a) illustrates the rated-speed operation of the 4L-NNPC motor drive system
employing the conventional IPD-PWM scheme under rated conditions, whereas Fig. 7(b)
corresponds to the operation with the proposed scheme. In both cases, the rotor speed (N) is
accurately regulated at its reference value (N*) of 1189 rpm by the speed controller.
Simultaneously, the motor develops an electromagnetic torque Te of approximately 7490 Nm
to satisfy the load torque (7},) requirement. Nevertheless, noticeable torque ripples are observed
with the IPD-PWM scheme. In particular, the peak-to-peak electromagnetic torque ripple
reaches 462 Nm for the [IPD-PWM method, whereas it is reduced to 340 Nm when the proposed
scheme is applied. This improvement is mainly attributed to the enhanced voltage waveform
quality achieved by the proposed PWM, which provides a more uniform switching distribution
and reduces low-order harmonic components affecting the torque.

Regarding output quality, the line-to-line voltage THD and stator current THD obtained
with [PD-PWM are 24.5% and 1.81%, respectively. In contrast, the proposed scheme achieves
lower THDs of 24.2% for the line voltage and 1.22% for the stator current. The reduction in
current THD is more pronounced due to the filtering effect of the motor inductance, while the
improved voltage waveform results from more effective utilization of redundant switching
states in the proposed modulation scheme.

It is observed that both schemes maintain low FC’s voltage ripples, approximately 2% of
the rated capacitor voltage. This indicates that the capacitor voltage balancing mechanism
operates effectively in both cases under rated conditions. However, the proposed method
significantly reduces the common-mode voltage (CMV). Specifically, the peak-to-peak CMV
is limited to 1178 V, compared to 1975 V under the conventional IPD-PWM scheme. This
reduction is achieved by selecting switching states that constrain the CMV level, thereby
limiting the CMV amplitude.
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Fig. 7. Steady-state waveforms under rated-speed operation with (a) Conventional
IPDPWM, (b) The proposed scheme

58



Enhanced control of Four-level NNPC inverter for medium-voltage drive applications
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Fig. 8. Steady-state waveforms under low-speed operation with
(a) Conventional IPDPWM, (b) The proposed scheme

Fig. 8 presents a comparison of the low-speed performance of the system under the
conventional IPD-PWM and the proposed scheme. Although both schemes successfully
regulate the rotor speed at 300 rpm and meet the load torque requirement, the IPD-PWM
results in pronounced torque oscillations with a peak-to-peak ripple of 1112 Nm, whereas this
value is significantly reduced to 470 Nm with the proposed approach. Moreover, the proposed
scheme reduces the stator current THD from 5.09% to 2.40%. Although the proposed method
slightly increases the FC’s voltage ripple from 10.2% to 12.9%, it effectively maintains the
average capacitor voltage close to its reference value. In contrast, the IPD-PWM leads to a
noticeable reduction of the capacitor voltage below the rated value.

4.2. Dynamic simulation

Fig. 9 illustrates the dynamic performance of the proposed scheme. Att =5 s, a step
increase in the load torque from 0 to 7490 Nm is applied while the rotor speed is maintained at
its rated value of 1189 rpm. After the load change, the actual rotor speed remains well regulated,
exhibiting only a brief transient response. Under no-load conditions, the developed
electromagnetic torque is approximately zero.

At the step time, the electromagnetic torque rapidly tracks the reference with only a slight
overshoot. During this transient, the 4L-NNPC maintains stable line-to-line voltages that are
unaffected by the load torque variation. In contrast, the stator current magnitude increases with
the torque demand. In addition, the floating capacitor voltages are regulated around 2333 V,
with ripple amplitudes increasing proportionally to the load current. Overall, these results
confirm that the proposed control strategy satisfies both the FOC control requirements and the
output waveform objectives of the 4L-NNPC under dynamic operating conditions.
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Fig. 9. Dynamic performance of the proposed scheme
5. CONCLUSION

This paper proposes a high-performance control strategy for a field-oriented controlled
medium-voltage induction motor drive fed by a four-level neutral-point clamped inverter. The
proposed approach integrates a modified carrier-based PWM scheme with an effective flying
capacitor voltage balancing mechanism to simultaneously improve output waveform quality
and mitigate common-mode voltage. The effectiveness of the proposed strategy has been
validated under steady-state, low-speed, and dynamic operating conditions. Simulation results
demonstrate that the proposed method significantly enhances the overall drive performance
compared with the conventional IPD-PWM scheme. In particular, the stator current THD is
noticeably reduced, while the electromagnetic torque ripple is substantially suppressed, leading
to smoother torque production and reduced mechanical stress on the motor shaft. Although a
moderate increase in floating capacitor voltage ripple is observed in certain operating
conditions, the proposed strategy successfully maintains the average capacitor voltages close to
their reference values, thereby ensuring stable inverter operation and long-term reliability.
Moreover, a considerable reduction in peak-to-peak common-mode voltage is achieved, which
effectively alleviates insulation stress and bearing-related issues in medium-voltage motor
drives. Overall, the proposed control strategy satisfies both motor control objectives and
inverter-side performance requirements, offering a robust for medium voltage drive
applications. The improved THD, reduced CMV, and enhanced voltage balancing capability
make the proposed approach well suited for high-performance and industrial drive systems.
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