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Abstract—This article proposes an inverse segmented motor 
drive (SgMD) utilizing dual active neutral point clamped (ANPC) 
inverters. In the proposed configuration, the neutral point current 
and common-mode (CM) voltage is topologically canceled, 
achieving zero total neutral point current and CM voltage under 
ideal conditions. Also, the zero total neutral point current 
minimizes the neutral point voltage imbalance in ANPC inverters. 
The mechanisms behind neutral point current and CM voltage 
cancellation in the proposed inverse SgMD are first introduced. 
The modifications to the motor windings for implementing the 
inverse SgMD are explained, showing that a standard motor can 
be readily adapted for the proposed configuration. A space vector 
modulation (SVM) scheme tailored for the proposed topology is 
presented, along with a carrier-based implementation. Simulation 
results validate that the proposed topology can achieve zero total 
CM voltage and neutral point current. It is also shown that the 
proposed inverse SgMD can reduce neutral point voltage 
fluctuation by about 90% and RMS current stress in the dc-link 
capacitors by about 43% compared to the conventional SgMD. 

 Keywords—ANPC inverter, multi-phase motor drives 

I. INTRODUCTION 
Multi-phase motor drives are gaining more attention in 

automotive and aerospace applications due to their higher 
reliability, scalability, and fault-tolerances [1]. Segmented 
motor drives (SgMDs), where dual inverters drive a multi-phase 
motor, has emerged as a promising multi-phase topology due to 
their simple implementation with conventional motor drives [2], 
[3]. It has been shown that SgMDs can reduce the voltage ripple 
in DC-link capacitor [3] and common-mode (CM) voltage [4].  

Due to the increasing demand for higher dc-link voltage, 
there is a growing interest in employing multi-level inverters for 
multi-phase motor drives [5]. Among many inverter topologies, 
active neutral-point clamped (ANPC) inverters are gaining more 
attention due their controllable loss distribution, reliability, and 
scalability [6]. However, the ANPC inverter family suffers from 
unbalanced neutral-point (NP) voltage in the split DC-link 
capacitors, caused by the NP current, which leads to oversized 
DC-link capacitors [5]. Furthermore, high voltage applications 
generally suffer from elevated common-mode (CM) voltages 
𝑣𝑣𝐶𝐶𝐶𝐶 , leading to increased electromagnetic interference (EMI) 
and CM current issues. Therefore, strategies to 1) reduce NP 
voltage unbalance (or fluctuation) in dc-link capacitors and 2) 
minimize 𝑣𝑣𝐶𝐶𝐶𝐶  in multi-phase motor drives with ANPC 
inverters are essential. 

Neutral-point voltage balancing (or NP voltage fluctuation 
mitigation) strategies have been extensively studied in the 
literature. These strategies can be classified into three main 
categories. The first approach is to add auxiliary circuits to force 
NP voltage balance [7], [8], [9], [10], [11]. However, these 
hardware-based methods make the system bulkier and less 
efficient due to the losses associated with the added circuits. It 
is also possible to reduce NP voltage fluctuation using advanced 
control schemes such as model predictive control [12]. A more 
popular method is to inject a zero-sequence voltage into the 
reference voltage [13], [14], [15] or to use redundant voltage 
vectors [5], [16], [17], [18]. However, modifying the PWM for 
NP voltage balancing can degrade the output voltage waveform, 
leading to an overall performance reduction. 

On the other hand, several approaches have been explored to 
mitigate 𝑣𝑣𝐶𝐶𝐶𝐶  and its impact on motor drives. One approach 
involves using EMI filters [19], although this often results in 
bulkier systems. A more common solution employs advanced 
PWM schemes with optimized sequences and alternative zero 
vectors [20], [21], [22]. However, such methods can 
compromise output voltage quality and reduce system 
efficiency. 
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Instead of reducing 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  separately, it is possible to 
address both in dual inverter topologies. The cancellation of 𝑖𝑖𝑁𝑁𝑁𝑁  
in dual T-type inverters was first investigated in [23]. Reference 
[24] expanded the work presented in [23] by applying it to dual 
NPC inverters and demonstrated the cancellation of both 𝑖𝑖𝑁𝑁𝑁𝑁  
and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation effect for a sine PWM (SPWM). 
However, it remains unclear whether this cancellation can be 
extended to other modulation schemes such as space vector 
modulation (SVM). Furthermore, motor winding modifications 
have not been investigated.  

This article proposes an inverse SgMD with dual ANPC 
inverter, which achieves complete 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation 
using the two ANPC inverters. This results in zero total 𝑖𝑖𝑁𝑁𝑁𝑁  and 
𝑣𝑣𝐶𝐶𝐶𝐶 , dramatically minimizing the NP voltage fluctuation and 
𝑣𝑣𝐶𝐶𝐶𝐶  issues. The motor winding modification required for the 
proposed inverse SgMD is discusses in detail, showing that a 
conventional motor can be easily reconfigured for the proposed 
topology. This article reveals that 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation 
can be achieved with more general types of PWM schemes (e.g., 
SVM). A carrier-based implementation of SVM with 𝑖𝑖𝑁𝑁𝑁𝑁  and 
𝑣𝑣𝐶𝐶𝐶𝐶  cancellation is proposed for the inverse SgMD. 

The remainder of this article is as follows: Section II analyze 
the 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  of the ANPC inverter in a space vector 
perspective. Section III proposes the inverse SgMD and its 
operation to cancel both 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  in SVM. The 
modification of the motor winding for the proposed inverse 
SgMD is also discussed. The carrier-based implementation of 
the SVM that achieves zero 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  is presented in 
Section IV. The 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation performance of the 
proposed SgMD is validated in Section V, while Section VI 
concludes the article. 

II. NP CURRENT AND CM VOLTAGE IN SEGMENTED 
MOTOR DRIVES WITH DUAL ANPC INVERTERS 

A conventional SgMD is shown in Fig. 1(a), where two 
ANPC inverters, denoted as INV-1 and INV-2, are connected in 
parallel, sharing the dc-link. These dual ANPC inverters (i.e., 
INV-1 and INV-2) drive motor windings 1 and 2, respectively, 
as shown in Fig. 1(a). The voltage 𝑉𝑉𝑑𝑑𝑑𝑑  is the dc-link voltage, 
node 𝑁𝑁  is the NP of the dc-link, 𝑛𝑛𝑦𝑦 is the NP of motor winding 
𝑦𝑦, where 𝑦𝑦 is the inverter (or segment) number (𝑦𝑦 = 1 or 2). The 
current in phase 𝑥𝑥  (e.g., 𝑥𝑥  = 𝑎𝑎 , 𝑏𝑏 ) is denoted by 𝑖𝑖𝑥𝑥 , and the 
voltage of node 𝑋𝑋 with respect to node 𝑌𝑌  is given by 𝑣𝑣𝑋𝑋𝑋𝑋 . For 
example, the node of the INV-1’s 𝑐𝑐-phase is denoted as 𝑐𝑐1 (see 
Fig. 1(a)), and the voltage of the node 𝑐𝑐1 with respect to the node 
𝑁𝑁  (i.e., NP) is denoted as 𝑣𝑣𝑐𝑐1𝑁𝑁 .  

In this article, when it is necessary to differentiate between 
INV-1 and INV-2, a double subscript is used. For example, 𝑖𝑖𝑎𝑎 
refers to an 𝑎𝑎-phase current of either INV-1 or INV-2, while 𝑖𝑖𝑎𝑎2 
refers to the 𝑎𝑎 -phase current in INV-2. The same logic applies 
to voltage nodes. For example, while node 𝑏𝑏 refers to a genertic 
𝑏𝑏-phase node, node 𝑏𝑏1 refers to the 𝑏𝑏-phase node in INV-1. 

Each phase of an ANPC inverter can have three voltage 
switching states represented by the switching function 𝑠𝑠𝑥𝑥, where 
the phase 𝑥𝑥’s output voltage can be positive (i.e., 𝑠𝑠𝑥𝑥 = P), zero 

(i.e., 𝑠𝑠𝑥𝑥 = O), or negative (i.e., 𝑠𝑠𝑥𝑥 = N). In a three-phase ANPC 
inverter, different combinations of switching states result in 18 
active voltage vectors and 3 zero vectors, as shown in Fig. 2.  

Each switching state (e.g., [PPN] in Fig. 2) generates 
different NP current 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶 . The NP current 𝑖𝑖𝑁𝑁𝑁𝑁  

 
(a) 

 
(b) 

Fig. 1. Schematic of SgMD with dual ANPC inverters. (a) conventional 
SgMD. (b) proposed inverse SgMD with 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancelling effect. 
 

 
Fig. 2. Space vectors of ANPC inverter where switching states of each phase 
are shown in brackets (e.g., [𝑠𝑠𝑎𝑎𝑠𝑠𝑏𝑏𝑠𝑠𝑐𝑐], where 𝑠𝑠𝑥𝑥  = P, O, N). Neutral point 
current 𝑖𝑖𝑁𝑁𝑁𝑁  generated from each voltage vector are shown in parenthesis. 
CM voltage 𝑣𝑣𝐶𝐶𝐶𝐶  generated from each voltage vector are color-coded (i.e., 
blue: 𝑣𝑣𝐶𝐶𝐶𝐶 = 1/3𝑉𝑉𝑑𝑑𝑑𝑑 , light blue: 𝑣𝑣𝐶𝐶𝐶𝐶 = −1/3𝑉𝑉𝑑𝑑𝑑𝑑 , red: 𝑣𝑣𝐶𝐶𝐶𝐶 = 1/6𝑉𝑉𝑑𝑑𝑑𝑑 , 
light red: 𝑣𝑣𝐶𝐶𝐶𝐶 = −1/6𝑉𝑉𝑑𝑑𝑑𝑑 , green: 𝑣𝑣𝐶𝐶𝐶𝐶 = 1/6𝑉𝑉𝑑𝑑𝑑𝑑 , light green: 𝑣𝑣𝐶𝐶𝐶𝐶 =
−1/6𝑉𝑉𝑑𝑑𝑑𝑑, yellow: 𝑣𝑣𝐶𝐶𝐶𝐶 = 0). 

 



associated with each switching state are shown in the parenthesis 
in Fig. 2, assuming  

 𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏 + 𝑖𝑖𝑐𝑐 = 0  (1) 

which is true for balanced three-phase system. The three zero 
voltage vectors (e.g., [PPP], [OOO], [NNN]) and six large 
voltage vectors (e.g., [PNN], [PPN], [NPN], [NPP], [NNP], 
[PNP]), results in zero 𝑖𝑖𝑁𝑁𝑁𝑁  and are indicated as “(0)” in Fig. 2. 
The total NP current of a SgMD is given by  

 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑖𝑖𝑁𝑁𝑁𝑁1 + 𝑖𝑖𝑁𝑁𝑁𝑁2  (2) 

where 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡  is the total 𝑖𝑖𝑁𝑁𝑁𝑁  in the SgMD, while 𝑖𝑖𝑁𝑁𝑁𝑁1  and 
𝑖𝑖𝑁𝑁𝑁𝑁2 are the 𝑖𝑖𝑁𝑁𝑁𝑁  of INV-1 and INV-2, respectively. 

The CM voltage 𝑣𝑣𝐶𝐶𝐶𝐶  is given by 

 𝑣𝑣𝐶𝐶𝐶𝐶 =
𝑣𝑣𝑎𝑎𝑎𝑎 + 𝑣𝑣𝑏𝑏𝑏𝑏 + 𝑣𝑣𝑐𝑐𝑐𝑐

3
 (3) 

and the 𝑣𝑣𝐶𝐶𝐶𝐶  values of each switching state are color-coded in 
Fig. 2. In an SgMD with two ANPC inverters, the total 𝑣𝑣𝐶𝐶𝐶𝐶  is  

 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑣𝑣𝐶𝐶𝐶𝐶1 + 𝑣𝑣𝐶𝐶𝐶𝐶2

2
 (4) 

where INV-1’s 𝑣𝑣𝐶𝐶𝐶𝐶  is given by 

 𝑣𝑣𝐶𝐶𝐶𝐶1 =
𝑣𝑣𝑎𝑎1𝑁𝑁 + 𝑣𝑣𝑏𝑏1𝑁𝑁 + 𝑣𝑣𝑐𝑐1𝑁𝑁

3
 (5) 

and 𝑣𝑣𝐶𝐶𝐶𝐶  in INV-2 is 

 𝑣𝑣𝐶𝐶𝐶𝐶2 =
𝑣𝑣𝑎𝑎2𝑁𝑁 + 𝑣𝑣𝑏𝑏2𝑁𝑁 + 𝑣𝑣𝑐𝑐2𝑁𝑁

3
 (6) 

where 𝑣𝑣𝑥𝑥𝑥𝑥𝑥𝑥  denotes the voltage at node 𝑥𝑥𝑥𝑥 with respect to node 
𝑁𝑁  (phase 𝑥𝑥 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐, and inverter number 𝑦𝑦 = 1, 2). 

III. PROPOSED INVERSE SEGMENTED MOTOR DRIVE WITH 
NP CURRENT AND CM VOLTAGE CANCALLATION 

A PWM sequence of a symmetric space vector PWM 
(SVM), synthesizing the reference voltage vector 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  

 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
∗ =

2
3

⋅ �𝑣𝑣𝑎𝑎1𝑛𝑛1
∗ + 𝑣𝑣𝑏𝑏1𝑛𝑛1

∗ ⋅ 𝑒𝑒
2𝜋𝜋
3 + 𝑣𝑣𝑐𝑐1𝑛𝑛1

∗ ⋅ 𝑒𝑒
4𝜋𝜋
3 � (7) 

where 𝑣𝑣𝑥𝑥1𝑛𝑛1
∗  is the reference voltage defined between INV-1’s 

output node and the motor neutral point 𝑛𝑛1is shown in Fig. 3(a). 
If INV-2 is synthesizing 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗ , the reference voltages should be 
replaced with the voltage defined between INV-2 and the motor 
neutral point 𝑛𝑛2 (e.g., replace 𝑣𝑣𝑎𝑎1𝑛𝑛1

∗  with 𝑣𝑣𝑎𝑎2𝑛𝑛2
∗ ). 

The current 𝑖𝑖𝑁𝑁𝑁𝑁1 and voltage 𝑣𝑣𝐶𝐶𝐶𝐶1 generated by this PWM 
sequence is also shown in Fig. 3(a). Note that only half of the 
switching period (denoted 𝑇𝑇𝑠𝑠/2) is shown in Fig. 3. If INV-2 is 
also synthesize 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  using the same PWM sequence as the INV-
1, the 𝑖𝑖𝑁𝑁𝑁𝑁  generated by INV-2 (i.e., 𝑖𝑖𝑁𝑁𝑁𝑁2) is the same as that of 
INV-1 (i.e., 𝑖𝑖𝑁𝑁𝑁𝑁1). Since  𝑖𝑖𝑁𝑁𝑁𝑁1 and 𝑖𝑖𝑁𝑁𝑁𝑁2 are identical, there is 
no cancellation effect on the total NP current 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡, as shown 
in Fig. 3(a). Similarly, if both INV-1 and INV-2 synthesize 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  
using the same PWM sequence, 𝑣𝑣𝐶𝐶𝐶𝐶1  and 𝑣𝑣𝐶𝐶𝐶𝐶2  are also the 
same and there is no 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation.  

It is possible to reduce 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡  and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡  in the 
conventional SgMD using more advanced PWM techniques or 
control methods. However, such approaches increase the 
implementation complexity of the system and can degrade 
overall performances by using the available degrees of freedom 
to reduce 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. Therefore, it is advantageous to 
propose a topology-level solution that can inherently cancel both  
𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  in the SgMD, leading to zero 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡  and 
𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. 

A. Motor Winding Modification for Proposed Inverse 
Segmented Motor Drive 
The proposed inverse SgMD, shown in Fig. 1(b), can 

dramatically reduce both 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡  and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡  (theoretically to 
zero) by leveraging the canceling effect between INV-1 and 
INV-2. This cancelling effect is achieved by inverting the 
direction of motor windings 1 and 2, ensuring that motor 
currents flowing in opposite directions contribute to the same 
motor flux. Such a modification can be easily implemented by 
inverting the direction of a one set of three-phase winding.  

The cross-sectional view and winding’s phasor diagram for 
the conventional segmented motor are shown in Fig. 4(a). Each 
winding is denoted as 𝑥𝑥𝑦𝑦 , where 𝑥𝑥 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐 represents the phase 
of the winding and 𝑦𝑦 = 1,2  denotes the inverter number (or 
segment number). The three-phase motor windings connected to 
INV-1 are denoted as 𝑎𝑎1𝑏𝑏1𝑐𝑐1 while those connected to INV-2 
are denoted as 𝑎𝑎2𝑏𝑏2𝑐𝑐2. A winding with an apostrophe (e.g. 𝑎𝑎2

′ ) 
indicates the opposite winding direction from the original 
winding (e.g., 𝑎𝑎2). For example, the winding 𝑎𝑎2 enters the motor 
slot, while winding 𝑎𝑎2

′  comes out of the motor slot. 

The phasor diagram of both 𝑎𝑎1𝑏𝑏1𝑐𝑐1 and 𝑎𝑎2𝑏𝑏2𝑐𝑐2 windings for 
the conventional segmented motor is shown in Fig. 4(a). It is 
clear from the phasor diagram that the windings 𝑎𝑎1𝑏𝑏1𝑐𝑐1  and 
𝑎𝑎2𝑏𝑏2𝑐𝑐2 and aligned, as the phasor of winding 𝑥𝑥1 and 𝑥𝑥2 point in 
the same direction. This winding arrangement indicates that the 
currents in the winding 𝑥𝑥1  and 𝑥𝑥2  contribute constructively to 
the same motor flux. 

The cross-sectional view and winding’s phasor diagram for 
the proposed inverse segmented motor are shown in Fig. 4(b). 

  

(a) (b) 
Fig. 3. PWM sequence and switching states of INV-1 and INV-2 and 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 
and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. (a) conventional SgMD. (b) proposed inverse SgMD achieving 
zero 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. 
 

                  



The stator geometry of the proposed inverse segmented motor is 
identical to that of the conventional motor shown in Fig. 4(a). 
The only difference lies in the between the direction of the 
𝑎𝑎2𝑏𝑏2𝑐𝑐2  winding, as shown in Fig. 4(b). For example, the 
winding 𝑎𝑎2  in the conventional motor becomes winding 𝑎𝑎2

′  in 
the proposed segmented motor, as shown in Fig. 4(b).  

It is evident from the phasor diagram of the proposed 
segmented motor (see Fig. 4(b)) that the windings 𝑎𝑎1𝑏𝑏1𝑐𝑐1 and 
𝑎𝑎2𝑏𝑏2𝑐𝑐2  are inversely aligned.  The phasor of winding 𝑥𝑥1  is 
opposite in direction to that of winding 𝑥𝑥2, while the phasor of 
𝑥𝑥1 aligns with that of the modified winding 𝑥𝑥2

′ , as shown in Fig. 
4(b). This winding arrangement ensures that the currents in 
windings 𝑥𝑥1 and 𝑥𝑥2

′  (instead of 𝑥𝑥2) contribute constructively to 
the same motor flux. For example, if 𝑖𝑖𝑎𝑎1 = −𝑖𝑖𝑎𝑎2 , the motor 
fluxes generated by 𝑖𝑖𝑎𝑎1 and 𝑖𝑖𝑎𝑎2 reinforce each other in the same 
direction in the proposed segmented motor. In contrast, in the 
conventional SgMD (see Fig. 1 (a) and Fig. 4(a)), the motor 
currents 𝑖𝑖𝑎𝑎1 = 𝑖𝑖𝑎𝑎2 produce the motor flux in the same direction, 
which is the opposite from the proposed inverse SgMD. 

B. Neutral Point Current Canacellation Mechanism of 
Proposed Inverse Segmented Motor Drive 
Since the motor winding’s directions are reversed in the 

proposed inverse SgMD, the voltage synthesized by the ANPC 
inverters must also be inverted. For example, if INV-1 

synthesizes 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
∗ , then INV-2 should synthesize 𝑉𝑉𝑎̅𝑎𝑎𝑎𝑎𝑎

∗ = −𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
∗ , 

generating voltages with opposite polarity, as shown in Fig. 2. 

For the proposed inverse SgMD, the PWM sequence is 
shown in Fig. 3(b), assuming that INV-1 synthesizes 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  and 
INV-2 synthesizes 𝑉𝑉𝑎̅𝑎𝑎𝑎𝑎𝑎

∗ = −𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
∗ , as shown in Fig. 2. Unlike the 

conventional SgMD case shown in Fig. 3(a), INV-1 and INV-2 
operate with different switching states. If fact, those switching 
states are the inverse of each other. For example, the switching 
state [OON] in INV-1 and [OOP] in INV-2 synthesize voltages 
of  equal magnitude but opposite polarity, as shown in Fig. 2. 
These switching state both produce 𝑖𝑖𝑁𝑁𝑁𝑁 = −𝑖𝑖𝑐𝑐 , as shown in 
Fig. 2. However, due to the reversed winding direction in the 
proposed inverse SgMD, 𝑖𝑖𝑁𝑁𝑁𝑁 = −𝑖𝑖𝑐𝑐  in INV-1 and INV-2 
results in opposite polarity currents (i.e., 𝑖𝑖𝑐𝑐1 = −𝑖𝑖𝑐𝑐2 ). As a 
result, 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑖𝑖𝑁𝑁𝑁𝑁1 + 𝑖𝑖𝑁𝑁𝑁𝑁2 = 0. The same logic applies to 
other switching states as well, leading to 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 = 0 throughout 
the PWM sequence, as shown in Fig. 3(b). Thus, the proposed 
inverse SgMD achieves complete cancellation of 𝑖𝑖𝑁𝑁𝑁𝑁 . 

C. Common-mode Voltage Canacellation Mechanism of 
Proposed Inverse Segmented Motor Drive 
The proposed inverse SgMD can also achieve zero 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 

as 𝑣𝑣𝐶𝐶𝐶𝐶1 and 𝑣𝑣𝐶𝐶𝐶𝐶2 always cancel each other, topologically. For 
example, when INV-1 operates in the switching state [OON], 
INV-2 operates in the switching state [OOP] for the same dwell 
time. The 𝑣𝑣𝐶𝐶𝐶𝐶  generated by the switching state [OON] in INV-
1 is 𝑣𝑣𝐶𝐶𝐶𝐶1 = −1/6𝑉𝑉𝑑𝑑𝑑𝑑 , while that generated by the switching 
state [OOP] of INV-2 is 𝑣𝑣𝐶𝐶𝐶𝐶2 = 1/6𝑉𝑉𝑑𝑑𝑑𝑑, as shown in Fig. 2. 
These voltages are equal in magnitude but opposite in polarity, 
resulting in 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑣𝑣𝐶𝐶𝐶𝐶1 + 𝑣𝑣𝐶𝐶𝐶𝐶2 = 0 . The same 
cancellation effect applies to all switching states, leading to 
𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 = 0 throughout the entire PWM sequence, as shown in 
Fig. 3(b). Thus, the proposed SgMD can achieve complete 
cancellation of 𝑣𝑣𝐶𝐶𝐶𝐶 . 

IV. CARRIER-BASED IMPLEMENTATION OF SVM FOR PROPOSED 
INVERCE SEGMENTED MOTOR DRIVE 

Section III discussed how the proposed inverse SgMD 
cancels both 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  achieving zero 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. 
The PWM and cancellation performance of the proposed inverse 
SgMD are well illustrated in Fig. 3(b). Using the SVM approach, 
switching functions (e.g., 𝑠𝑠𝑎𝑎2) can be generated to synthesize 
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  for INV-1 and 𝑉𝑉𝑎̅𝑎𝑎𝑎𝑎𝑎
∗ = −𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗  for INV-2. To ensure 
complete cancellation of 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶 , it is essential to 
generate adequate PWM sequences that enforce full 
cancellation. While it is possible to directly implement SVM 
with a PWM sequence selection algorithm to guarantee zero 
𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡  and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 , such an approach can be complex, and 
computationally demanding. Instead, this section develops that 
the same SVM algorithm can be realized through a carrier-based 
implementation [25]. 

Fig. 5 shows how PWM sequences for INV-1 and INV-2 can 
be generated using carrier-based method. The reference voltages 
(e.g., 𝑣𝑣𝑎𝑎1𝑁𝑁

∗ , 𝑣𝑣𝑏𝑏2𝑁𝑁
∗ ) are the voltages between node 𝑁𝑁  and the 

 

 

(a) 

 

 

(b) 
Fig. 4. Cross-sectional view and phasor diagram of segmented motor with 
two sets of three-phase windings (i.e., 𝑎𝑎1𝑏𝑏1𝑐𝑐1 and 𝑎𝑎2𝑏𝑏2𝑐𝑐2) . The winding with 
an apostrophe (e.g., 𝑎𝑎1

′ , 𝑏𝑏2
′ ) indicates winding coming out of the motor. (a) 

conventional segmented motor. (b) inverse segmented motor for proposed 
inverse SgMD. 

 



ANPC inverter’s outputs nodes (e.g., node 𝑎𝑎1 in Fig. 1), which 
are used for the carrier-comparison. 

 In sine PWM (SPWM), the reference voltage 𝑣𝑣𝑥𝑥1𝑁𝑁
∗  used in 

the carrier-comparison is the same as the reference voltage 
defined between the ANPC inverter’s output node 𝑥𝑥1  and the 
motor neutral point 𝑛𝑛1 (denoted 𝑣𝑣𝑥𝑥1𝑛𝑛1

∗ ), assuming the operation 
of INV-1 [24], [25]. The same approach applies to INV-2 by 
replacing 𝑣𝑣𝑥𝑥1𝑁𝑁

∗  with 𝑣𝑣𝑥𝑥2𝑁𝑁
∗ . 

The carrier-based SVM can be implemented by adding zero-
sequence component 𝑣𝑣𝑛𝑛1𝑁𝑁

∗  to the reference voltage 𝑣𝑣𝑥𝑥1𝑛𝑛1
∗ , such 

that the reference voltage for carrier comparison becomes 

 𝑣𝑣𝑥𝑥1𝑁𝑁
∗ = 𝑣𝑣𝑥𝑥1𝑛𝑛1

∗ + 𝑣𝑣𝑛𝑛1𝑁𝑁
∗  (8) 

for INV-1 (𝑥𝑥 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐) [24], where 𝑣𝑣𝑛𝑛1𝑁𝑁
∗  is given by 

 𝑣𝑣𝑛𝑛1𝑁𝑁
∗ = −

𝑣𝑣max1 + 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚1
2

 (9) 

 𝑣𝑣max1 = max(𝑣𝑣𝑎𝑎1𝑛𝑛1, 𝑣𝑣𝑏𝑏1𝑛𝑛1, 𝑣𝑣𝑐𝑐1𝑛𝑛1)  
 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚1 = min(𝑣𝑣𝑎𝑎1𝑛𝑛1, 𝑣𝑣𝑏𝑏1𝑛𝑛1, 𝑣𝑣𝑐𝑐1𝑛𝑛1).  
he same formulation applies to INV-2 by replacing the subscript 
1 with 2. Using these modified 𝑣𝑣𝑥𝑥1𝑁𝑁

∗ values, SVM can be 
implemented using carrier-comparison. However, simply using 
the modified 𝑣𝑣𝑥𝑥1𝑁𝑁

∗  does not guarantee zero 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡. 

In the proposed inverse SgMD, INV-1 synthesizes 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
∗ , 

while INV-2 synthesizes 𝑉𝑉𝑎̅𝑎𝑎𝑎𝑎𝑎
∗ . If INV-1 and INV-2 share the 

same carrier, the PWM sequence for INV-2 would be [NNO]-
[NOO]-[NOP]-[OOP] during the half the switching period 
(𝑇𝑇𝑠𝑠/2). This PWM sequence of INV-2 cannot cancel the 𝑖𝑖𝑁𝑁𝑁𝑁1 
and 𝑣𝑣𝐶𝐶𝐶𝐶1 generated by INV-1, which uses the PWM sequence 
[OON]-[PON]-[POO]-[PPO]. To achieve complete cancellation 
of 𝑖𝑖𝑁𝑁𝑁𝑁1  and 𝑣𝑣𝐶𝐶𝐶𝐶1 using 𝑖𝑖𝑁𝑁𝑁𝑁2  and 𝑣𝑣𝐶𝐶𝐶𝐶2, the carrier signal for 
INV-2 must be inverted (or 180° phase-shifted) relative to INV-
1, as shown in Fig. 5(b). As a result, the PWM sequence for 
INV-2 becomes [OOP]-[NOP]-[NOO]-[NNO], which matches 
the PWM sequence for INV-2 shown in Fig. 3(b). This result 
confirms that the carrier-based implementation can achieve full 
cancellation of 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶 , as long as the carrier for INV-2 is 
inverted (or 180° phase-shifted) with respect to INV-1. Thus, it 
is shown that SVM with full 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation can be 
realized by modifying the reference voltage using (8) and by 
inverting the carrier used in INV-2. 

V. VALIDATION OF NEUTRAL POINT CURRENT AND 
COMMON-MODE VOLTAGE CANCELLATION OF PROPOSED 

INVERSE SEGMENTED MOTOR DRIVE 
A comparative simulation analysis was conducted to 

validate the effectiveness of 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  cancellation in the 
proposed inverse SgMD. The conventional SgMD was used as 
the baseline for this study. Both the conventional and the 
proposed SgMD systems, along with their respective SVM 
schemes, were implemented in the simulation software. The 
switching frequency 𝑓𝑓𝑠𝑠 was set to 20 kHz, and the fundamental 
frequency 𝑓𝑓𝑒𝑒 was 333.3 Hz. The dc-link voltage 𝑉𝑉𝑑𝑑𝑑𝑑 was 1100 
V. Additional SgMD system parameters are provided in TABLE 
I. The simulation results for 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  are shown in Fig. 6 
and Fig. 7 respectively. The results confirm the cancellation 
performance of the proposed inverse SgMD.  

The 𝑖𝑖𝑁𝑁𝑁𝑁  in ANPC inverter causes low-frequency voltage 
fluctuations at the NP of dc-link capacitors 𝐶𝐶1 and 𝐶𝐶2 (see Fig. 
1). In the cases of the conventional SgMD, 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 is not zero, 
as shown in Fig. 6(c). Consequently, the voltage of 𝐶𝐶1 and 𝐶𝐶2, 
denoted 𝑣𝑣𝐶𝐶1 and 𝑣𝑣𝐶𝐶2, fluctuate with a peak-to-peak amplitude 
of approximately 5.8 V, as shown in Fig. 6(a). In contrast, the 
proposed inverse SgMD cancels 𝑖𝑖𝑁𝑁𝑁𝑁  in INV-1 and INV-2, 
resulting in 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 = 0, as shown in Fig. 6(c). As a result, NP 
of the ANPC inverter does not experience low-frequency 
voltage fluctuations, as shown in Fig. 6(b). The small voltage 
ripple in 𝑣𝑣𝐶𝐶1  and 𝑣𝑣𝐶𝐶2  in Fig. 6(b) corresponds to high-
frequency switching ripple, which can be improved by 
increasing 𝐶𝐶1  and 𝐶𝐶2  , or by increasing 𝑓𝑓𝑠𝑠 . The peak-to-peak 

 
(a) 

 
(b) 

Fig. 5. Carrier-based implementation and switching functions of SVM 
used in proposed inverse SgMD. (a) switching functions of INV-1 (𝑠𝑠𝑎𝑎1, 
𝑠𝑠𝑏𝑏1, and 𝑠𝑠𝑐𝑐1) synthesizing 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

∗ . (b) switching functions of INV-2 (𝑠𝑠𝑎𝑎2, 
𝑠𝑠𝑏𝑏2, and 𝑠𝑠𝑐𝑐2) synthesizing 𝑉𝑉𝑎̅𝑎𝑎𝑎𝑎𝑎

∗ . 
 

         

         

TABLE I. SgMD SYSTEM PARMETERS 

Parameter Values Parameter Values 
rated power (kW) 380 number of pole pairs 4 
rated speed (RPM) 5000 stator resistance (Ω) 0.12 
switching freq. (kHz) 20 d-axis inductance (µH) 192.8 
fundamental freq. (Hz) 333.3 q-axis inductance (µH) 575.1 
dc-link voltage (V) 1100 rated torque (Nm) 726 
dc-link capacitance (mF) 1 PM flux (Wb) 0.2521 

 



voltage ripple in Fig. 6(b) is approx. 0.6 V, which is about 90% 
lower than the fluctuation observed in the conventional SgMD.  

Additionally, eliminating the low-frequency voltage 
fluctuation at the NP also reduces the low-frequency current 
flowing through the dc-link capacitors. Compared to the RMS 
current in the dc-link capacitors 𝐶𝐶1 and 𝐶𝐶2 in the conventional 
SgMD (i.e., 124.1 Arms), the proposed inverse SgMD exhibits 
approximately 70.3 Arms in these capacitors, reducing the RMS 
current stress by about 43.3%. Such a current stress reduction 
can substantially improve the lifetime and reliability of the dc-
link capacitors. 

The 𝑣𝑣𝐶𝐶𝐶𝐶  of the individual ANPC inverters in the 
conventional SgMD is shown in Fig. 7(a), and 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 is shown 
in Fig. 7(c). Since both INV-1 and INV-2 in the conventional 
SgMD synthesize the same output voltage, 𝑣𝑣𝐶𝐶𝐶𝐶1 and 𝑣𝑣𝐶𝐶𝐶𝐶2 are 
identical, as shown in Fig. 7(a). As a result, the conventional 
SgMD cannot cancel 𝑣𝑣𝐶𝐶𝐶𝐶 , leading to a non-zero 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡 , as 
shown in Fig. 7(c). On the other hand, in the proposed inverse 
SgMD, INV-1 and INV-2 synthesize voltages of equal 
magnitude but opposite polarity. Therefore, 𝑣𝑣𝐶𝐶𝐶𝐶1  and 𝑣𝑣𝐶𝐶𝐶𝐶2 
have opposite polarities, resulting in cancellation of 𝑣𝑣𝐶𝐶𝐶𝐶 , as 
shown in Fig. 7(b). Consequently, the proposed SgMD achieves 
zero 𝑣𝑣𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡, as shown in Fig. 7(c). 

VI. CONCLUSIONS 
The article proposes an inverse SgMD topology with dual 

ANPC inverters that is capable of achieving zero neutral point 
current 𝑖𝑖𝑁𝑁𝑁𝑁  and common-mode voltage 𝑣𝑣𝐶𝐶𝐶𝐶  through a 
cancelling effect. The required motor winding modification for 
the proposed inverse SgMD is discussed in detail, demonstrating 
that a conventional motor can be easily reconfigured for the 
proposed approach. The operating principle and the cancellation 
mechanism of 𝑖𝑖𝑁𝑁𝑁𝑁  and 𝑣𝑣𝐶𝐶𝐶𝐶  are explained using space vectors 

of ANPC inverters. A carrier-based implementation of the 
proposed space vector modulation (SVM) for realizing 𝑖𝑖𝑁𝑁𝑁𝑁  and 
𝑣𝑣𝐶𝐶𝐶𝐶  cancellation in the proposed inverse SgMD is also 
presented. Simulation studies confirm that the proposed inverse 
SgMD achieves zero total 𝑖𝑖𝑁𝑁𝑁𝑁  and total 𝑣𝑣𝐶𝐶𝐶𝐶  using the 
proposed carrier-based SVM scheme. In addition, due to the 
elimination of total 𝑖𝑖𝑁𝑁𝑁𝑁 , it is shown that the proposed inverse 
SgMD with SVM can reduce the neutral point voltage 
fluctuations (or imbalance) by approximately 90% — from 5.8 
V to 0.6 V — and reduce the RMS current stress in the dc-link 
capacitors by about 43% — from 124.1 Arms to 70.3 Arms — 
compared to the conventional counterpart. 
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(a) (b) (c) 

Fig. 6. Simulation result of dc-link capacitor voltages 𝑣𝑣𝐶𝐶1, 𝑣𝑣𝐶𝐶2 and total neutral point current 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 under SVM operation. (a) 𝑣𝑣𝐶𝐶1, 𝑣𝑣𝐶𝐶2 in conventional SgMD. 
(b) 𝑣𝑣𝐶𝐶1, 𝑣𝑣𝐶𝐶2 in proposed inverse SgMD with 𝑖𝑖𝑁𝑁𝑁𝑁  cancelation effect. (c) comparison of 𝑖𝑖𝑁𝑁𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 in conventional SgMD and proposed inverse SgMD. 
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