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ABSTRACT: With the rapid integration of renewable energy sources, modern power systems are increasingly
challenged by heightened volatility and uncertainty. Doubly-fed variable-speed pumped storage units (DFVS-PSUs)
have emerged as promising technologies for mitigating grid oscillations and enhancing system flexibility. However, the
excitation converters in DFVS-PSUs are prone to significant issues such as elevated common-mode voltage (CMV)
and neutral-point voltage (NPV) fluctuations, which can lead to electromagnetic interference and degrade transient
performance. To address these challenges, an optimized virtual space vector pulse width modulation (OVSVPWM)
strategy is proposed, aiming to suppress CMV and NPV simultaneously through coordinated multi-objective control.
Specifically, a dynamic feedback mechanism is introduced to adjust the balancing factor of basic vectors in the
synthesized virtual small vector in real-time, achieving autonomous balancing of the NPV. To address the excessive
switching actions introduced by the OVSVPWM strategy, a phase duty ratio-based sequence reconstruction method
is adopted, which reduces the total number of switching actions to half of the original. A zero-level buffering scheme
is employed to reconstruct the single-phase voltage-level output sequence, achieving peak CMV suppression down to
ugc/6. Simulation results demonstrate that the proposed strategy significantly improves electromagnetic compatibility
and operational stability while maintaining high power quality.

KEYWORDS: Doubly-fed variable-speed pumped storage units; three-level excitation converter; common-mode
voltage; neutral-point voltage; virtual space voltage vector

1 Introduction

With the increasing proportion of renewable energy in the power system, traditional synchronous
units are unable to provide sufficient frequency support, resulting in a decline in the system’s rotational
inertia level and a reduction in system security [1]. To address this issue, pumped storage power stations
are regarded as large-scale energy storage systems with flexible power regulation capabilities and high
operational efficiency [2]. Among them, variable-speed pumped storage units, capable of operating in
multiple modes such as standstill, startup, steady-state, synchronous condenser, and shutdown, have become
vital for grid regulation due to their ability to switch modes rapidly in response to grid demands [3]. The
DFVS-PSU has emerged as a mainstream solution among various system configurations, typically employing
back-to-back two-level converters to excite the motor.
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With the increasing unit capacity of DFVS-PSUs, conventional two-level neutral point clamped con-
verters are gradually unable to meet the requirements of high voltage and large power. Consequently, the
neutral point clamped three-level converter (NPC-TLC) topology has attracted attention. The NPC-TLC
enables higher voltage output under standard device voltage ratings, improves output waveform quality,
and reduces harmonic content and voltage variation rates, enhancing the system’s overall power capability
and efficiency [4-6]. As such, the NPC-TLC is considered the future trend for DFVS-PSUs. However, while
enhancing performance, the NPC-TLC also introduces significant CMV and NPV fluctuation issues, posing
serious threats to electromagnetic compatibility and operational safety [7,8].

Currently, CMV suppression is primarily achieved through hardware solutions, which, despite being
simple and effective, result in increased system volume and cost, and are thus less feasible for large-scale
applications. In contrast, control-based methods offer lower costs and greater flexibility, making them a hot
research topic. In [9], a CMV reduction strategy based on space vector pulse width modulation (SVPWM)
was proposed by dividing the vector diagram into regions according to the modulation index. However,
its NPV balancing performance is inadequate in the high modulation range. In [10], the CMV reduction
was achieved via carrier-based pulse width modulation (CBPWM) with zero-sequence voltage injection, but
this method complicates algorithm design and zero-sequence voltage computation when NPV balancing
is also considered. Virtual space vector pulse width modulation (VSVPWM), as a modulation strategy for
selecting specific vectors, has demonstrated good dynamic performance in CMV reduction and active NPV
control through virtual vector design [11]. In [12], a hybrid modulation strategy combining ZCMV PWM and
phase-shifted DPWM is proposed, which demonstrates improved capability in suppressing leakage current.
However, it still fails to effectively regulate the NPV under low modulation indices. Additionally, selective
harmonic elimination pulse-width modulation (SHEPWM) [13] and finite set model predictive control
(FS-MPC) [14] have been applied to reduce CMV, demonstrating potential in software-based CMV mitiga-
tion, albeit with limitations in robustness and complexity. Despite these advancements, both CMV and NPV
issues need to be addressed simultaneously for reliable NPC-TLC operation.

In DFVS-PSUs, NPV fluctuations can degrade output current quality and increase stress on switching
devices [15]. In [16], zero-sequence voltage injection was used to modify modulation waveforms for NPV
balancing. In [17,18], the switching duration of redundant small vectors was adjusted to balance NPV, but this
method performs poorly under high modulation indices and low power factor conditions. Model predictive
control (MPC)-based approaches in [19,20] optimized switching vectors through cost functions to control
NPV while achieving multi-objective control. A discontinuous PWM strategy in [21] effectively suppressed
low-frequency oscillations by decomposing modulation waves into positive and negative components and
introduced DC bias compensation for dynamic NPV balancing. However, no explicit formula for bias
compensation has been provided, limiting practical applicability. In [22], hybrid modulation algorithms
are introduced to mitigate neutral-point voltage imbalance by switching between VSVPWM and SVPWM
according to midpoint deviation and load current. Although this method proves effective, it significantly
increases control complexity.

In conventional NPC-TLC research, CMV suppression and NPV balancing are often handled separately,
leading to tradeoffs where mitigating one issue may aggravate the other. For instance, reducing CMV by
eliminating high-CMV redundant vectors restricts vector options for NPV control [23]. Similarly, zero-
sequence voltage injection, while effective for NPV, can increase CMV amplitude [24]. Therefore, a unified
control strategy that simultaneously addresses CMV suppression and NPV balancing is urgently needed.
Moreover, switching frequency must be maintained within acceptable limits in high-power applications to
ensure overall system performance.
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To address these challenges, this paper proposes an OVSVPWM strategy. Novel virtual small and
medium vectors with zero neutral point current are synthesized by selecting specific basic voltage vectors,
theoretically ensuring NPV balance. A real-time feedback mechanism dynamically adjusts the balancing
factor of basic vectors within virtual vectors, enabling self-balancing of NPV across the full modulation range.
A sector-based duty cycle optimization method minimizes switching frequency and losses. Additionally,
a zero-level buffering technique reorganizes single-phase output states to avoid non-zero level overlaps,
effectively suppressing CMV. Comprehensive simulations validate the effectiveness of the proposed strategy.

2 Structure of DFVS-PSU

Compared with conventional fixed-speed pumped storage units, DFVS-PSUs exhibit marked advan-
tages in efficiency, operational flexibility, grid support capabilities, and overall economic performance. These
attributes render them particularly suitable for addressing the increasing requirements of modern power
systems for enhanced flexibility and reliability. The configuration of a typical DFVS-PSU is depicted in Fig. 1.
The generating unit employs a wound-rotor doubly-fed induction generator (DFIG), wherein the stator is
directly connected to the grid via a transformer. The rotor, equipped with a three-phase excitation winding,
interfaces with a back-to-back power electronic converter, which in turn connects to the grid through
an additional transformer. During operation, the three-phase windings on the rotor generate a rotating
magnetic field at a specific electrical frequency. The interaction between this frequency and the rotor’s
mechanical speed results in a synchronous rotational magnetic field within the air gap of the machine. This
synchronous magnetic field induces an electromotive force in the stator windings at grid frequency, which is
subsequently transmitted to the power grid through the transformer. This system architecture facilitates AC
excitation, enhances the overall energy conversion efficiency of the unit, enables dynamic control of reactive
power, and allows for flexible adjustment of the generator’s power angle, thereby contributing to improved
system performance and grid stability.
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Figure 1: Structural diagram of DFVS-PSU
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Asa critical component of DFVS-PSUs, the excitation converter is essential for achieving high-efficiency
energy conversion and stable grid integration. With the rated capacity of individual units now reaching
the hundred-megawatt scale, converter systems face increasingly stringent requirements in terms of power
capacity, voltage level, and output power quality. Compared to traditional two-level topologies, the NPC-TLC
offers superior performance in terms of output voltage levels, harmonic distortion, voltage slew rate (du/dt),
and scalability, making it an ideal solution for large-scale energy systems. Its structure is illustrated in Fig. 2.
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Figure 2: Topology of the NPC three-level excitation converter

In the NPC-TLC topology, each phase (e.g., Phase A) consists of four power switches and two clamping
diodes, designated as i, Sx2, Sx3, Sxa (x = a, b, ¢), Dy and D,, respectively. The correlation between the output
voltage levels of Phase A and the switching states of the corresponding power switches is systematically
outlined in Table 1, where ‘1’ represents the on-state and ‘0’ signifies the off-state of the switch.

Table 1: Switching states corresponding to output voltage

Phase voltage S,; S.» Si3 S.¢ Level state

Ude/2 1 1 0 0 P
0 0 1 1 0 0
~ g2 o0 o0 1 1 N

As shown in Table 1, each phase of the NPC-TLC is capable of generating three voltage levels. Due to the
independence of the three-phase outputs, the system can produce 27 distinct switching states, each uniquely
corresponding to a space voltage vector. The magnitude and phase angle of each basic voltage vector can be
calculated using Eq. (1). These space vectors are divided into six main sectors, as illustrated in Fig. 3.

2 ) an
U= 3 (uao + o3 + ucoe’%) (1
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Figure 3: Space voltage vector of the NPC Three-Level excitation converter

3 Optimized Virtual Space Vector Pulse Modulation Strategy
3.1 Novel Voltage Vector Synthesis Rule

The synthesis of advanced virtual voltage vectors requires comprehensive consideration of three critical
parameters: NPV regulation, CMV suppression, and switching state optimization. In NPC-TLC, the presence
of a neutral-point current inevitably leads to fluctuations in the NPV, which may adversely affect system
stability and performance. Therefore, effective suppression or elimination of the neutral-point current is
essential to ensure NPV stabilization. Notably, different voltage vectors generate distinct neutral-point
currents, the specific relationships of which are detailed in Table 2.

Table 2: Classification of neutral-point currents for voltage vectors

Big vector Medium vector Positive small vector Negative small vector Zero vector

PNN(0) PON(iy) ONN(3,) POO(-1,) PPP(0)
PPN(0) OPN(,) PPO(i.) OON(—i.) NNN(0)
NPN(0) NPO(i;.) NON(i,) OPO(-i) 000(0)
NPP(0) NOP (i) OPP(i,) NOO(-1,) -
NNP(0) ONP(i,) NNO(i;) OOP(-i.) -
PNP(0) PNO(i.) POP(i,) ONO(-i) -

As with the neutral-point current, the magnitude of the CMV depends on the applied voltage vectors
of the NPC three-level inverter, as expressed in Eq. (2).

Ugo + Upo + U
Ucom = = ;0 = (2)
Let tao, Ubo, Uco denote the phase voltages at the output terminals of the converter. As derived

from Eq. (2), the magnitude of the CMV exhibits a direct proportional relationship with the algebraic sum
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of the three-phase output voltages. To achieve CMV amplitude suppression, it is necessary to prioritize
the selection of voltage vectors that result in lower phase voltage magnitudes. The corresponding CMV
amplitudes associated with each space voltage vector, as calculated by Eq. (2), are systematically listed
in Table 3.

Table 3: Common-mode voltage generated by voltage vectors

Vector type  Sector Space vector |4

000 0
II PPP, NNN Uqcl2
I POO, OON, OPO, NOO, OOP, ONO  uy4./6
II ONN, PPO, NON, OPP, NNO, POP  u4./3
Medium vectors PON, OPN, NPO, NOP, ONP, PNO 0
Large vectors PNN, PPN, NPN, NPP, NNP, PNP Ug./6

Zero vectors

Small vectors

According to the analysis above, the synthesis of novel virtual space voltage vectors requires holistic
consideration of multiple performance metrics and must follow technical requirements:

1. NPV Regulation: The modulation scheme should ensure that the average neutral-point current over each
fundamental carrier cycle is zero and exhibit robust dynamic regulation capability to effectively suppress
fluctuations in the NPV, thereby enhancing system stability;

2. CMV Suppression: The synthesized virtual vectors must inherently suppress excessive CMV, minimizing
detrimental effects on system electromagnetic compatibility and operational reliability;

3. Switching Actions Constraint: The proposed modulation approach should minimize the induction of
significant increases in the switching actions of power semiconductor devices, thereby avoiding excessive
switching losses and potential electromagnetic interference issues.

Consequently, the proposed strategy is required to effectively suppress CMV amplitude and accurately
regulate NPV, while simultaneously optimizing the switching actions to enhance energy conversion effi-
ciency and improve applicability in high-power scenarios. The synthesized virtual vectors within Sector I are
illustrated in Fig. 4.

- >
Uz Uzs: Uz,

Figure 4: Virtual space voltage vectors in Sector I
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{ Uzs1 = 2Uipoo) + 5 Us(ono) + 3 Uz(00N) 3)
Uzsz = 2 Us(poo) + 3 Us(opo) + 3 Usoon)
{ iozs1 = 3 (—ia) + 3 (=ip) + 5 (=ic) = 0 )
lozs2 = % (_ia) + % (_ib) + % (_iC) =0
Uzo = Up(000)
Uzm = Uiz + 3 Us(ern) (5)

UzL1 = Uizpnny
Uzrz = Uiy(ppn)
The novel virtual small vector is mathematically defined in Eq. (3), and the associated neutral-point
current generated within one carrier cycle is analytically characterized by Eq. (4).
The synthesis rules for the remaining novel virtual vectors are defined in Eq. (5).

The proposed strategy is implemented in the G-H coordinate system, with the duty cycles of virtual
vectors for each subsector in Sector I shown in Table 4.

Table 4: Vector duty cycle distribution in G-H coordinates

Subsector T,, T,. T,,
S1, S2 T, (1- Vg—Vh) TV, TV
S3, 54 T,(1-Vy) T,(1-Vy)  Ty(Vg + Vi-1)
S5 T2-Vg-V)  TVi Ty(Vg-1)
s6 T2-Vg-Vi) TV, Ty(Vi-1)

Specifically, Vy and V}, represent the projection components of the reference vector in the G-H
coordinate system. In this coordinate system, all other main sectors can be rotated and mapped to
Sector I to simplify the calculation process. Since the vector duty ratios in each Sector are completely
consistent with those in Sector I, it is only necessary to calculate the virtual vector duty ratios for the
subsectors within Sector I.

The proposed OVSVPWM strategy limits the CMV amplitude to u4./6 by eliminating high-CMV
amplitude Type II small vectors and zero vectors, retaining only low-CMV Type I small vectors. Except
for the novel virtual small vector, other virtual vectors do not generate a neutral-point current. Within a
carrier cycle, if the three basic small vectors of the virtual small vector are applied for equal durations, the
average neutral-point current is zero, ensuring NPV stability. Theoretically, this strategy achieves dynamic
NPV balance and CMV suppression, enhancing system stability and reliability.

3.2 Control Strategy for Neutral-Point Voltage Stabilization

Theoretically, the proposed virtual space vector can achieve NPV balance within the modulation
region. However, in practical operation, non-ideal factors such as dead-time effects, capacitance mismatches
between the upper and lower DC-link capacitors, and parameter inconsistencies among switching devices
may lead to NPV imbalance. Therefore, integrating an automatic NPV balancing mechanism into the
proposed modulation strategy is essential to ensure stable system operation.
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To quantitatively assess the extent of NPV fluctuations, the voltage fluctuation coefficients of the upper
and lower capacitors are defined as Au:

Au = ugq — Uger (6)

ugc1 and uqc, represent the voltages of the upper and lower DC-link capacitors, respectively.

Space vectors of the NPC-TLC under different NPV fluctuation conditions are illustrated in Fig. 5.

NPN_OPN PPN NPN OPN PPN

NNP ONP PNP NNP ONP PNP

(b) (©)

Figure 5: Characteristics of space vectors under different NPV fluctuation conditions: (a) Au = 0; (b) Au > 0;
(c) Au<0

Therefore, excluding the proposed novel virtual small vector, the fundamental vectors constituting all
other synthesized virtual vectors do not induce neutral-point current and are thus incapable of regulating
NPV. By contrast, the novel virtual small vector—formed through the coordinated synthesis of three fun-
damental small vectors with distinct neutral-point current characteristics—exhibits an inherent capability
for NPV regulation. This unique property renders it the essential mechanism for facilitating automatic NPV
balancing within the proposed modulation framework.

Taking Sector I (S5) as an example, the virtual small vector Uy, is modulated by introducing a balancing
factor k to achieve NPV balancing control, as described by the fundamental principle in Eq. (7).

Uzst = (1= 2k) Uypoo) + kUsconoy + kUz00on) (7)

The neutral-point current associated with the novel virtual small vector Uy, over a single carrier cycle
is quantitatively described by Eq. (8).

iozsl = (1 - Zk) (_ia) +k (_ib) +k (_iC)
= (1-2k) (=ia) + k[(=ib) + (=ic)]
= (1 - 2k) (_ia) +k (ia)
= (3k-1) i,

(8)

Based on the derivations from Egs. (3), (4), and (8), it can be concluded that the fundamental small
vectors Ugono) and Uy oon) generate neutral-point currents of (—i,) and (—i.), respectively. According to
the balanced three-phase current relationship, their combined neutral-point current is equivalent to ,. In
contrast, the neutral-point current produced by U;poo) is (=i,). This demonstrates that the neutral-point
current induced by the novel virtual small vector U,,; depends solely on 7,, as expressed in Eq. (8). Therefore,
by appropriately adjusting the balancing factor k in real time to regulate the dwell times of constituent
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fundamental small vectors within the virtual small vector U, the neutral point current can be effectively
controlled, thereby achieving automatic NPV balancing.

The specific value of the regulation balancing factor k can be calculated in real-time using Eq. (9).

Q (Bk-1)-iy- T,
Cc C
kzlx(l-l-A'u'C)
3 ip- T,
where T, is the conduction duration of phase current i, within a single carrier cycle, and C denotes the
DC-link capacitance value.

Au =
)

To satisty the volt-second balance principle, the valid range of the balancing factor k must be con-
strained. Based on real-time detection of NPV fluctuations Au and phase current i, the constraint conditions
for the balancing factor k can be categorized into the following five cases:

1. When Au = 0, it indicates that u4.; = 44, and no NPV adjustment is required. Therefore, all vectors
maintain equal duty cycles with the balancing factor k = 1/3;

2. When Au > 0 and i,> 0, the condition u4c; > ugc2 requires increasing the duty cycle of vector Uy (poo) to
discharge the upper capacitor voltage while charging the lower capacitor voltage, thereby achieving NPV
balance. The valid range for the balancing factor k is (0, 1/3);

3. When Au > 0 and i, < 0, the condition ugc; > ugc, requires decreasing the duty cycle of vector U;(poo) to
discharge the upper capacitor voltage while charging the lower capacitor voltage, thereby achieving NPV
balance. The valid range for the balancing factor k is (1/3, 1/2);

4. When Au < 0and i, > 0, the condition u4; < uqc, requires decreasing the duty cycle of vector Ujpoo) to
charge the upper capacitor voltage while discharging the lower capacitor voltage, thereby achieving NPV
balance. The valid range for the balancing factor k is (1/3, 1/2);

5. When Au < 0 and i, <0, the condition u4.; < ugc, requires increasing the duty cycle of vector U;(poo) to
charge the upper capacitor voltage while discharging the lower capacitor voltage, thereby achieving NPV
balance. The valid range for the balancing factor k is (0, 1/3).

Based on the preceding analysis, the automatic NPV balancing mechanism is illustrated in Fig. 6.

3.3 Optimization of Switching States

The control method proposed in this study can effectively stabilize the NPV across the entire modulation
range. However, the original OVSVPWM strategy suffers from a significant increase in switching actions,
compromising its practical applicability.

Taking the subsector S5 as an example, this study implements an optimized reconstruction of the
switching-state sequence. Table 5 highlights the optimization effectiveness through detailed comparisons of
three-phase level transition processes and switching pulse signals before and after optimization. The analysis
reveals two primary issues in the unoptimized OVSVPWM strategy:

1. Increased switching actions: Before optimization, there are a total of 16 output-level transitions across the
three phases, with each transition involving the turn-on or turn-off of two switching devices, resulting
in a total of 32 switching actions.

2. Implementation difficulty: Before optimization, the three-phase output levels cannot achieve symmetri-
cal output, making it impossible to implement the proposed strategy using traditional dual-modulation
wave methods.
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Figure 6: NPV automatic control flowchart

Table 5: Comparison of output levels and switching pulses before and after optimization in subsector S5

Output Before optimization After optimization
phase
A P-0O—-P-0-P P—-0O-P
(1100)—(0110)—(1100)—(0110)—(1100) (1100)—(0110)—(1100)
B N-O-»N-O-P-0-N-0O-N P-O—-N-O-P
(0011)—(0110)—(0011)~(0110) — (1100)-(0110)—(0011)—(0110) —~(1100)
(1100)—(0110)—(0011)—(0110)—(0011)
C N-O—-N-0O-N O->N-0O
(0011)—(0110)—(0011)—(0110)—(0011) (0110)—(0011)—(0110)

To address this, the phase duty ratio method is introduced. This method is predicated on the principle
that, provided the switching duration of each phase remains invariant, the resultant impact on the three-
phase converter output remains equivalently unaltered.

Based on this principle, the specific process for switching state optimization is as follows: first, the
durations of identical output levels for each phase within one carrier cycle in Fig. 7a are accumulated. Then,
the traditional double-pulse modulation method is employed to sequentially output the rearranged switching
states in the order of P-O—N. The optimized sequence is shown in Fig. 7b. The optimized switching states
yield symmetrical output, reduce implementation complexity, and limit the number of level transitions per
carrier cycle to 8, thereby reducing the number of switching actions by 16, as illustrated in Fig. 7 and Table 5.
Although the sequence of output levels is rearranged, their respective durations remain unchanged. Thus,
the output performance of the converter is not compromised. The optimized switching states corresponding
to each subsector within Sector I are shown in Fig. 8.
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3.4 Common-Mode Voltage Suppression

The initial modulation strategy exclusively utilizes Type I small vectors, characterized by minimal CMV

amplitude,

and [ONN]—are reintroduced,

PPO]

[

resulting in a marked increase in CMV magnitude, as illustrated in Fig. 8. Consequently, even after achieving

to effectively suppress CMV. However, during the switching state optimization process, certain
NPV balance and switching sequence optimization, the issue of CMV suppression remains to be addressed.

Type II small vectors with relatively higher CMV amplitudes—such as

As shown in Fig. 8, Type-II small vectors are typically composed of two phases with identical non-zero
voltage levels and one phase at the zero level (e.g., PPO, ONN). To completely eliminate the influence of

Type-II small vectors and achieve CMV suppression, it is necessary to avoid the superposition of identical

of phase B is modified from P-O—N to N-O-DP, thereby preventing the overlap of two non-zero phase

non-zero voltage levels in two phases. Taking subsector S5 in Sector I as an example, the output level sequence
levels. The specific process of Phase B output level inversion is as follows:

as shown in Fig. 9a. Their

Assume the original dual modulation waves of Phase B are my; and my;,

L.

Ty — my;, shown

T — my; and my);

in Fig. 9b. All phase modulation waveforms are computed within the DSP.

complementary modulation waves are calculated as m;

The calculated modulation signals for each phase are transferred from the DSP to the FPGA via

2.

the address bus and compared with the carrier signal. The comparison results between the Phase
B modulation signals and the carrier are illustrated in Fig. 9b. After comparing the complementary
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modulation signals of Phase B with the carrier, the pulse state 1100 maintains the same effective duration
as the original N-level, 1001 corresponds to the original O-level duration, and 0011 matches the original
P-level duration. This step is implemented within the FPGA.
3. The final output pulses of Phase B undergo logical inversion within the FPGA, as illustrated in Fig. 9c.

T

REVAN
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My

My

[0) (0]
0110 N 0110
0011

(a)

T, < Ts >
7. T
7
My Tty My et
T-my, Ts-mbz
0 0 \
1100 1100 (0) T (0]
T001 T00T N foro 10 BTN
0011 0011 0011
(b) (©)

Figure 9: Phase B level inversion principle: (a) Before optimization; (b) Transition state; (c) After optimization

Based on the above analysis, while the proposed strategy’s switching-state output exhibits greater

complexity compared to conventional modulation methods, this complexity is solely reflected in soft-
ware implementation. The strategy can be fully realized using standard converter hardware platforms
incorporating DSP + FPGA architectures. Therefore, it does not significantly increase equipment costs.

The phase corresponding to level inversion in each major Sector is detailed in Table 6.

Table 6: Phase with voltage level inversion for each sector

Sector A B C

N=1 P—-N N-P P—-N
N=2 N-P P-N P-N
N=3 P—-N P—-N N-P
N=4 P-N N-P P-N
N=5 N-P P->N P->N
N=6 P-N P-N N-P

In Fig. 10, the P and N states of each phase are interleaved, with the O state acting as a buffer, effectively
preventing the generation of Type II small vectors. Since Type I small vectors are used to synthesize
virtual vectors, each phase naturally passes through the O state between P and N within a single sampling
period. This ensures that non-zero switching states do not occur simultaneously across phases, as transitions
between P and N are mediated solely by O, inherently eliminating Type II small vectors and significantly

reducing CMV.
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Figure 10: Optimized switching sequence for CMV suppression: (a) Before optimization; (b) After optimization

According to the principle of the phase voltage duty ratio method, as long as the duty ratios of each
phase voltage level remain unchanged before and after adjustment, the effect of the three-phase output
voltage on the converter remains equivalent within a single carrier cycle. Therefore, the previously proposed
strategy—dynamically adjusting the duty ratio of the virtual small vector to achieve autonomous NPV
regulation—remains effective without compromising output performance.

4 Simulation Analysis

The NPC-TLC system was simulated in MATLAB/Simulink, with specific parameters listed in Table 7.
In this study, various modulation indices (MI) were selected to perform a comparative analysis of output
performance indicators among several mainstream space vector pulse width modulation strategies, including
the space vector pulse width modulation (SVPWM), the TVSVPWM, and the OVSVPWM.

Table 7: Simulation parameters

Parameters Value
DC voltage 7000 V
DC-link capacitance value 9e-2 F
Load resistance 100 Q
Filter inductor 5e-3 H
Filter capacitor le-4 F

Switching frequency 2kHz

As shown in Fig. 11, both modulation strategies enable the NPC-TLC system to produce stable outputs.
The phase voltage, line voltage, and phase current waveforms are regular and sinusoidal, indicating normal
system operation.

The comparison of THD under different PWM strategies is shown in Table 8. Due to the use of more
basic vectors in constructing virtual vectors, the THD% of the OVSVPWM strategy is higher than that of
the SVPWM and TVSVPWM strategies. However, it remains within an acceptable range.

As shown in Fig. 12, significant differences exist in the amplitude of CMV among the three modulation
strategies. When using SVPWM and TVSVPWM, the output CMV amplitude reaches 2333.3 V(u4./3). In
contrast, the OVSVPWM strategy reduces the CMV amplitude to 1166.6 V(u4./6), which is only half that of
SVPWM and TVSVPWM. These results clearly demonstrate the superior performance of the OVSVPWM
strategy in suppressing CMV amplitude, effectively mitigating the impact of CMV on the system, and
enhancing electromagnetic compatibility and operational reliability.
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Figure 11: Three modulation strategies’ steady-state output waveforms (a) SVPWM, MI = 0.3; (b) TSVPWM, MI = 0.3;
(c) OVSVPWM, MI = 0.3; (d) SVPWM, MI = 0.8. (¢) TVSVPWM, MI = 0.8; (f) OVSVPWM, MI = 0.8

Table 8: THD% under different PWM strategies for NPC-TLC converter

Stratage MI=03 MI=05 MI=08 MI=1

SVPWM 6.79 3.98 2.71 2.58
TVSVPWM 7.35 4.09 3.85 3.09
OVSVPWM 8.77 7.94 6.58 4.72
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Figure12: Output CMV amplitudes of SVPWM, TVSVPWM, and OVSVPWM strategies over the full MI (a) SVPWM;
(b) TVSVPWM; (c) OVSVPWM

To verify the effectiveness of the proposed strategy in suppressing CMV amplitude, the CMV RMS
values of the three modulation strategies over the full modulation range are shown in Fig. 13.
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Figure 13: RMS of CMV under three modulation strategies over the full MI (a) SVPWM; (b) TVSVPWM; (c)
OVSVPWM

As shown in Fig. 13, the proposed strategy achieves the lowest root mean square (RMS) value of CMV
across the entire MI range, with an average of merely 531.69 V. In comparison, the average RMS values for
SVPWM and TVSVPWM reach 1210.72 and 1408.64 V, respectively, which fully demonstrates the superior
performance of the proposed strategy in CMV amplitude suppression.

Similarly, to verify the effectiveness of the proposed strategy in NPV control, simulations were con-
ducted to evaluate the NPV fluctuations of the three modulation strategies across the full MI range. As
shown in Fig. 14, the results demonstrate that while all three modulation strategies can effectively control
NPV throughout the modulation range, the proposed OVSVPWM strategy delivers superior performance
in NPV control.
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Figure 14: Output NPV amplitudes of SVPWM, TVSVPWM, and OVSVPWM strategies over the full MI (a) SVPWM;
(b) TVSVPWM; (c) OVSVPWM

To further verify the dynamic NPV control performance of the three modulation strategies, simulations
were conducted with the DC-side capacitors initially set to asymmetric voltages (ujc; = 3600 V, ugc,
=3400 V), and NPV control was activated at ¢ = 1s. As shown in Fig. 15, all three strategies achieve dynamic
NPV balancing, but there are significant differences in convergence speed under high modulation indices.
Notably, while SVPWM and TVSVPWM maintain a constant CMV amplitude of 2333.3 V (u4./3), the
OVSVPWM strategy successfully suppresses the CMV amplitude to 1166.6 V(u4./6) while achieving faster
NPV balancing. These results conclusively demonstrate OVSVPWM’s dual advantages in both dynamic
voltage regulation and CMV amplitude suppression.

To evaluate the dynamic performance of the three modulation strategies under varying load condi-
tions, Fig. 16 presents the transient characteristics of NPV, i,, and CMV when the resistive load undergoes a
step change from 100 Q to 50 Q. The results demonstrate that while all three strategies maintain a normal
output of voltage and current during load transients, the proposed OVSVPWM strategy exhibits superior
NPV regulation capability and lower CMV amplitude (limited to u4./6). These findings further validate the
effectiveness and advantages of OVSVPWM in practical operating conditions.
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Figure 15: Dynamic response of NPV and CMV (a) SVPWM, MI = 0.3; (b) TVSVPWM, MI = 0.3; (c) OVSVPWM,
MI = 0.3; (d) SVPWM, MI = 0.8; () TVSVPWM, MI = 0.8; (f) OVSVPWM, MI = 0.8
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Figure 16: Simulation results of NPV, i,, and CMV during load variation (a) SVPWM, MI = 0.3; (b) TVSVPWM, MI
=0.3; (c) OVSVPWM, MI = 0.3; (d) SVPWM, MI = 0.8. (¢) TVSVPWM, MI = 0.8; (f) OVSVPWM, MI = 0.8

5 Conclusion

This paper proposes an optimized OVSVPWM strategy aimed at addressing the issues of excessive CMV
amplitude and NPV balancing control in the NPC-TLC topology of doubly fed wind power systems. The
strategy introduces a real-time feedback mechanism to adjust the balancing factor dynamically, achieving
self-balancing control of the NPV. To overcome the increased switching actions and implementation
complexity brought by this strategy, a switching sequence optimization method based on phase duty ratio is
employed, combined with a zero-level buffering technique to effectively suppress CMV amplitude and reduce
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switching losses. Simulation results demonstrate that, compared with conventional modulation strategies,
this method significantly improves system performance by effectively suppressing NPV fluctuations, limiting
the CMV amplitude within u4./6, and enhancing overall system efficiency, showing strong engineering
practicality and application potential.
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