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 Six-phase machine research has attracted a lot of attention lately, as seen by 

the large number of articles and case studies that have been written about it. 

Six-phase induction machines are prevalent due to their simplicity in 

construction. A fault-tolerance system is essential to guaranteeing machine 

operation that is both available and continuous in the event of a disruption or 

failure in the system. The operational topologies of dual three-phase (D3-IM) 

and symmetrical six-phase (S6-IM) induction machines were studied in this 

research. One open-phase fault (1OPF) is covered in the study, and different 

scenarios including the derating factor, neutral configuration, and maximum 

torque (MT) operational strategy are taken into account. Using MATLAB 

software, machine characteristics, machine equations, and Clarke's 

transformation show the fault-tolerant capability of each type of machine. 

Moreover, a MATLAB program is developed to assess post-fault voltage 

control limits, allowing for a comparison between current and voltage control 

limits. Simulated graph results depicting line-to-line voltages against 

synchronous and slip frequencies across all possible fault scenarios reveal 

distinct fault-tolerant capabilities between the two machine types. The 

comparative study shows that S6-IM offers better fault-tolerant capability than 

D3-IM based on both various synchronous and slip frequencies approaches. 
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1. INTRODUCTION 

Over the past 30 years, research into multi-phase motor drives has steadily advanced. A recent and 

prominent development involves configuring these drives as interconnected three-phase units, all operating 

within a single magnetic circuit [1]. Multi-phase drives offer several advantages over conventional three-phase 

drives, including the capacity to manage higher power by distributing it across multiple phases, reduced torque 

ripple, and improved reliability. Notably, in contrast to a three-phase system, the loss of a single stator phase 

does not hinder the machine's startup or operation. Additionally, multi-phase systems contribute benefits such 

as higher torque per ampere for machines of the same size, lower stator copper losses, and diminished rotor 

harmonic currents [2]. If the sets of windings consist of three-phase configurations, then the analyzed machine 

is categorized as a multiple three-phase winding machines. Presently, this configuration is widely favored in 

various applications due to its resemblance to well-established three-phase machine topologies [3]. 

Consequently, electrical vehicles (EVs) [4], aerospace systems [5], renewable energy generation [6], and 
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industrial high-power drives [7] are optimal for the implementation of these multi-phase drives. The 

advancement of the multi-phase domain is propelled by these particular industrial applications. The multi-phase 

concept, in turn, facilitates a decrease in the count of semiconductor switches and other components, potentially 

enhancing overall reliability. Nevertheless, in these applications, ensuring continuous operation is crucial, even 

in the face of potential failures in the inverter, motor/generator, and control system [8]. The higher number of 

phases in multi-phase motors provides additional degrees of freedom, enabling more sophisticated control 

strategies and potentially enhancing performance in various aspects compared to traditional three-phase motors. 

In various articles, problems connected with the faulted operation of the system with mechanical faults 

of the drive are presented and described. The main problem in the system is rotor and stator fault identification 

and compensation [9]. While, in multi-phase induction machines and even three-phase induction machine drive 

systems, some recent research efforts have been focused on the fault-tolerant machine design [10]-[13], fault 

detection [14], [15], and fault-tolerant control system [16], [17]. In recent years, fault-tolerant control systems 

have emerged as a highly active area of research for numerous investigators [18]-[20]. The primary objective 

of fault-tolerant control is to guarantee the continuous functionality of a system, even in the event of a fault. 

Three-phase drives remain popular in electrical drive applications due to their practicality [21]. However, these 

systems face certain limitations, such as high torque ripple during six-step switching and restricted current 

handling capacity of power switches [22]. In comparison, multi-phase drives offer notable advantages, 

including reduced current per phase without raising voltage, minimized DC harmonics, and enhanced overall 

reliability. Despite these benefits, operating induction machines is more complex than DC motors, lacking 

precision control due to coupled flux and torque components in their input current. Nevertheless, the intricate 

nonlinear dynamic performance of induction machines can be significantly enhanced using the indirect field-

oriented control (IRFOC) theory, enabling separate control of torque and flux. 

Another crucial consideration for multi-phase machines is the impact of DC-bus voltage limitations 

on the maximum achievable output torque under optimal current control with some phases open [23]. While 

previous studies have analyzed the DC-bus utilization of a multi-phase voltage source inverter (VSI) under 

balanced conditions [24], fault scenarios often involve optimal current control. Additionally, assumptions of 

complete decoupling between different subspaces may not hold, especially considering the influence of neutral 

configuration on low-order current/voltage harmonics [25]. To address these complexities, simple closed-form 

expressions are proposed to estimate the maximum line voltage determining the maximum achievable torque 

under various post-fault control strategies and neutral configurations. The same expressions are utilized to 

estimate the minimum required DC-link voltage magnitude based on the adopted post-fault scenario for the 

multi-phase induction machine. 

Beyond current limits, voltage constraints are critical in defining machine performance, particularly 

concerning the maximum achievable speed and power. Despite this, discussions on voltage constraints in multi-

phase machines during open-phase fault (OPF) remain limited. Unlike current limits, voltage constraints in 

induction machines are influenced by specific machine parameters, necessitating an accurate method for 

parameter estimation to determine post-fault voltage limits effectively. This study aims to analyze the 

performance of multi-phase induction machine drive systems, with a focus on establishing the best approach 

for incorporating fault-tolerant features in multi-phase drives. The unique contribution of this research is in 

identifying post-fault current and voltage constraints for symmetrical six-phase induction machines (S6-IM 

and D3-IM) with configurations of single and dual isolated neutrals under 1OPF. Additionally, the impact of 

slip frequency (ωslip) and synchronous frequency (ωs) is assessed. Results reveal that, for the S6-IM considered 

here, the current constraint is generally reached before the voltage constraint in most fault cases, indicating that 

current limits primarily restrict post-fault operation. Conversely, in the D3-IM, voltage constraints are usually 

encountered first. Understanding these limits aids engineers in developing robust control systems, preventing 

machine failures, and prolonging machine life while ensuring safe and efficient operation.  
 
 

2. SIX-PHASE INDUCTION MACHINES DRIVE SYSTEM  

Over time, numerous fault-tolerant control strategies have emerged for multi-phase machines [26], 

including those with six phases [27]-[30]. Additionally, various controllers have been developed specifically 

for handling open-phase faults (OPF), such as scalar V/F [31], [32] direct torque control (DTC) [33], [34] and 

model-based predictive control (MPC) [35]. Despite the diversity of approaches, the majority of these methods 

rely on field-oriented control (FOC) [36], [37] where machine phase variables undergo transformation into 

either a stationary or rotating reference frame. This transformation, facilitated by a suitable matrix, is then 

regulated using controllers like proportional-integral (PI), proportional-resonant (PR), or predictive controllers. 

There are two main approaches to FOC: direct rotor FOC and indirect rotor FOC. These two approaches differ 

in how they determine the rotor angle. So, this paper will use indirect rotor FOC (IRFOC) as the controlling 

mechanism for the six-phase machines. 
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2.1. Six-phase machines windings 

The six-phase drive consists of a six-phase induction motor equipped with two independent three-phase 

winding sets (a1b1c1 and a2b2c2), each powered separately by two insulated-gate bipolar transistor (IGBT)-based 

two-level voltage source converters (VSC1 and VSC2). Windings 1 and 2 are connected in a star configuration, 

as shown in Figure 1(a), with the neutrals, n1 and n2, either kept isolated for a two-neutral (2N) setup or joined 

in a single-neutral (1N) configuration. Typically, the three-phase windings 1 and 2 are viewed as spatially 

displaced by an angle, denoted as , illustrated in Figure 1(b) for the S6-IM and Figure 1(c) for the D3-IM. The 

main types of six-phase machines are defined by  values:  = 60º for S6-IM and  = 0º for D3-IM. 

 

 

(a) 

 

(b) 

 

(c) 

 
 

Figure 1. Six-phase machine windings: (a) single and two neutrals connection, (b) S6-IM, and  

(c) D3-IM that spatially displaced by an arbitrary angle, γ between three-phase windings 

 

 

2.2. The limits of current 

For a healthy drive, the current limit is established based on the rated phase current, which is observed 

when the machine operates at its rated synchronous frequency (ωs) and rated slip frequency (ωslip). Under 

normal conditions, the machine’s operation is controlled by managing the α-β current components while 

ensuring that the x-y and zero-sequence components remain at zero. To evaluate machine performance 

following a fault, the derating factor, denoted as a, is applied. This factor represents the per-unit value of the 

modulus of the post-fault α-β current phasor, with a constraint that the maximum phase current post-fault does 

not surpass the rated phase current [34], formulated as (1). 

 

𝑎 =
|𝐼𝛼𝛽|

𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡

|𝐼𝛼𝛽|
𝑅𝑎𝑡𝑒𝑑

 (1) 

 

The derating factor, denoted as a, is used to evaluate the post-fault torque capacity of a machine with a specific 

fault while ensuring it remains within the standard current limit. A larger derating factor indicates that a higher 

maximum torque can be attained while still respecting the current limit restriction. 

 

2.3. The limits of voltage 

Recent studies, such as article [38], have examined the fault-tolerant control performance of three-

phase induction motor drives with respect to current and voltage constraints. For fault-tolerant multi-phase 

machines, research has explored DC-link voltage limitations under certain open-phase conditions to achieve 

optimal current in the remaining operational phases [24]. Furthermore, the maximum utilization of the DC-bus 

voltage within the linear modulation range for normal operation is defined when the peak line voltage matches 

the DC-bus voltage. In a star-connected six-phase machine, the voltage limit can vary depending on whether 

the neutrals are connected in a 1N or 2N configuration. 

 

 

3. MATHEMATICAL MODELLING OF SIX-PHASE INDUCTION MACHINES 

3.1. Vector space decomposition model 

Using the vector space decomposition (VSD) method and the generalized Clarke transformation 

matrix, the phase currents can be broken down into α, β, x, y, 0+, and 0- components, as represented by (2). 

 

[𝛼 𝛽 𝑥 𝑦 0+ 0−]𝑇 = [𝑇6] ∙ [𝑎1 𝑏1 𝑐1 𝑎2 𝑏2 𝑐2]
𝑇 (2) 

 

In this paper, the commonly utilized six-phase decoupling transformation matrices for S6-IM and D3-IM 

machines are employed, as provided in (3) [39], where  = arbitrary angle and 𝜃 = 2𝜋 3⁄ . 
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[𝑇6] =
1

√3
∙  

[
 
 
 
 
 
 

1 cos(𝜃) cos(2𝜃) cos(𝛾) cos(𝜃 + 𝛾) cos(2𝜃 + 𝛾)

0 sin(𝜃) sin(2𝜃) sin(𝛾) sin(𝜃 + 𝛾) sin(2𝜃 + 𝛾)

1 cos(2𝜃) cos(𝜃) − cos(𝛾) − cos(𝜃 + 𝛾) − cos(2𝜃 + 𝛾)

0 sin(2𝜃) sin(𝜃) sin(𝛾) sin(𝜃 + 𝛾) sin(2𝜃 + 𝛾)

1 √2⁄ 1 √2⁄ 1 √2⁄ 1 √2⁄ 1 √2⁄ 1 √2⁄

1 √2⁄ 1 √2⁄ 1 √2⁄ −1 √2⁄ −1 √2⁄ − 1 √2⁄ ]
 
 
 
 
 
 

  (3) 

 

Applying the established VSD framework, the voltage equations in the α-β subspace can be expressed 

as functions of machine parameters, along with stator and rotor flux, and stator, and rotor currents. In (4)-(7), 

the parameters Rr, Rs, Lr, Ls, and Lm represent the rotor resistance, stator resistance, rotor inductance, stator 

inductance, and magnetizing inductance respectively, with the symbol ^ indicating theoretical values of 

voltages and flux. Within the IRFOC strategy, rotor quantities cannot be directly measured and therefore must 

be estimated using the machine parameters, necessitating their removal from the voltage equations. By 

leveraging (8) and (9), the α-β voltages for the induction machine are defined in terms of machine parameters, 

stator currents, and operating conditions. 
 

𝑣̂𝛼𝑠 = 𝑅𝑠 ∙ 𝑖𝛼𝑠 +
𝑑

𝑑𝑡
𝜓̂𝛼𝑠 ; 𝜓̂𝛼𝑠 = 𝐿𝑠 ∙ 𝑖𝑎𝑠 + 𝐿𝑚 ∙ 𝑖𝑎𝑟  (4) 

 

𝑣̂𝛽𝑠 = 𝑅𝑠 ∙ 𝑖𝛽𝑠 +
𝑑

𝑑𝑡
𝜓̂𝛽𝑠 ; 𝜓̂𝛽𝑠 = 𝐿𝑠 ∙ 𝑖𝛽𝑠 + 𝐿𝑚 ∙ 𝑖𝛽𝑟  (5) 

 

0 =  𝑅𝑟 ∙ 𝑖𝑎𝑟 +
𝑑

𝑑𝑡
𝜓̂𝑎𝑟 + 𝜔𝑟𝜓̂𝛽𝑟 ; 𝜓̂𝛼𝑟 = 𝐿𝑠 ∙ 𝑖𝑎𝑟 + 𝐿𝑚 ∙ 𝑖𝑎𝑠 (6) 

 

0 =  𝑅𝑟 ∙ 𝑖𝛽𝑟 +
𝑑

𝑑𝑡
𝜓̂𝛽𝑟 − 𝜔𝑟𝜓̂𝛼𝑟 ; 𝜓̂𝛽𝑟 = 𝐿𝑠 ∙ 𝑖𝛽𝑟 + 𝐿𝑚 ∙ 𝑖𝛽𝑠 (7) 

 

𝑣̂𝛼𝑠 = (𝑅𝑠 +
𝐿𝑚

2∙𝜔𝑠∙𝜔𝑠𝑙𝑖𝑝

𝑅𝑟(1+
𝐿𝑟

2∙𝜔𝑠𝑙𝑖𝑝
2

𝑅𝑟
2⁄ )

) ∙ 𝑖𝛼𝑠 − (𝜎 ∙ 𝐿𝑠 ∙ 𝜔𝑠 +
𝐿𝑚

2∙𝜔𝑠

𝐿𝑟(1+
𝐿𝑟

2∙𝜔𝑠𝑙𝑖𝑝
2

𝑅𝑟
2⁄ )

) ∙ 𝑖𝛽𝑠 ; 𝜎 = 1 −
𝐿𝑚

2

𝐿𝑠𝐿𝑟
⁄  (8) 

 

𝑣̂𝛽𝑠 = (𝜎 ∙ 𝐿𝑠 ∙ 𝜔𝑠 +
𝐿𝑚

2∙𝜔𝑠

𝐿𝑟(1+
𝐿𝑟

2∙𝜔𝑠𝑙𝑖𝑝
2

𝑅𝑟
2⁄ )

) ∙ 𝑖𝛼𝑠 + (𝑅𝑠 +
𝐿𝑚

2∙𝜔𝑠∙𝜔𝑠𝑙𝑖𝑝

𝑅𝑟(1+
𝐿𝑟

2∙𝜔𝑠𝑙𝑖𝑝
2

𝑅𝑟
2⁄ )

) ∙ 𝑖𝛽𝑠 ; 𝜔𝑠𝑙𝑖𝑝 = 𝜔𝑠 − 𝜔𝑟 (9) 

 

The voltages in the x-y and 0- subspaces can be calculated using currents and machine parameters. In 

contrast to the α-β subspace, the equations for the x-y and 0- voltages are much simpler, as they do not involve 

any rotor components, as shown in (10)-(12): 
 

𝑣̂𝑥𝑠 = 𝑅𝑠 ∙ 𝑖𝑥𝑠 + 𝐿𝑙𝑠 𝑥𝑦 ∙
𝑑

𝑑𝑡
𝑖𝑥𝑠 (10) 

 

𝑣̂𝑦𝑠 = 𝑅𝑠 ∙ 𝑖𝑦𝑠 + 𝐿𝑙𝑠 𝑥𝑦 ∙
𝑑

𝑑𝑡
𝑖𝑦𝑠 (11) 

 

𝑣̂0_𝑠 = 𝑅𝑠 ∙ 𝑖0−𝑠 + 𝐿𝑙𝑠 0− ∙
𝑑

𝑑𝑡
𝑖0− (12) 

 

The machine parameters Lls0- and Llsxy are the stator leakage inductance for 0- and x-y. 
 

3.2. Process of parameter estimation 

Figure 2 presents the comprehensive method for estimating machine parameters. The parameter 

estimation approach begins with the x-y subspaces, proceeds with the 0- subspace estimation for a six-phase 

induction machine in a 1N configuration, and concludes with the α-β subspaces. According to (10)-(12), the 

parameters Lls0-, Llsxy, and ωs represent the stator leakage inductance for the 0- subspace, x-y subspace, and the 

synchronous frequency, respectively. During post-fault operation, x-y and 0- currents can be expressed in terms 

of α-β currents, using coefficients K1-K8 as outlined in (13)-(15): 
 

𝑣̂𝑥𝑠 =  𝐴 ∙ 𝑖𝑎𝑠 + 𝐵 ∙ 𝑖𝛽𝑠 (13) 

 

𝑣̂𝑦𝑠 =  𝐶 ∙ 𝑖𝑎𝑠 + 𝐷 ∙ 𝑖𝛽𝑠 (14) 

 

𝑣̂0−𝑠 =  𝐸 ∙ 𝑖𝑎𝑠 + 𝐹 ∙ 𝑖𝛽𝑠 (15) 
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Based on α-β currents for the induction motor, it will be simplified the x-y and 0- voltage as in (16)-(21). 

 

𝐴 = 𝑅𝑠 ∙ 𝐾1 + 𝜔𝑠 ∙ 𝐿𝑙𝑠 𝑥𝑦 ∙ 𝐾2 (16) 

 

𝐵 = 𝑅𝑠 ∙ 𝐾2 − 𝜔𝑠 ∙ 𝐿𝑙𝑠 𝑥𝑦 ∙ 𝐾1 (17) 

 

𝐶 = 𝑅𝑠 ∙ 𝐾3 + 𝜔𝑠 ∙ 𝐿𝑙𝑠 𝑥𝑦 ∙ 𝐾4 (18) 

 

𝐷 = 𝑅𝑠 ∙ 𝐾4 − 𝜔𝑠 ∙ 𝐿𝑙𝑠 𝑥𝑦 ∙ 𝐾3 (19) 

 

𝐸 = 𝑅𝑠 ∙ 𝐾7 + 𝜔𝑠 ∙ 𝐿𝑙𝑠 0 ∙ 𝐾8 (20) 

 

𝐹 = 𝑅𝑠 ∙ 𝐾8 − 𝜔𝑠 ∙ 𝐿𝑙𝑠 0 ∙ 𝐾7 (21) 

 

The machine is initially operated in pseudo-optimal power factor mode at 1400 rpm, using rated 

control voltage, ωslip, and ωs. The load is increased gradually until the phase current reaches its rated threshold 

while maintaining the flux current at 1.3 A. Measurements for control currents, voltages, and synchronous 

frequency are gathered over one fundamental cycle, and then exported to excel for parameter optimization. In 

Excel, Solver is employed to fine-tune machine parameters (Rs, Lls0, and Llsxy) by reducing discrepancies 

between observed and theoretical voltages in the 0- and x-y subspaces. Subsequently, parameters in the α-β 

plane (Lm, Rr, Llrαβ, and Llsαβ) are determined, assuming that the stator resistance (Rs) is consistent with that 

derived from the x-y subspace. Initial estimates are used to compute theoretical α-β voltages, and further 

optimization is conducted using excel solver. Unlike in the x-y subspace, α-β parameters are sensitive to the 

machine's operating conditions, particularly synchronous and slip frequencies. When ωs and ωslip are high, the 

magnetizing branch becomes dominant, while at lower ωs and ωslip values, the rotor branch exerts a more 

significant influence. To address these variations, optimization is performed under two distinct conditions: 

High ωs and ωslip (1400 rpm with rated iq = 3.3 A) and Low ωs and ωslip (350 rpm at no load, iq = 0.5 A), akin 

to locked-rotor and no-load tests. Finally, machine parameters from all subspaces are utilized to calculate 

theoretical voltages. 

 

3.3. Fault-tolerant strategy based on maximum torque (MT) 

Maintaining the nominal current limit is essential for the inverter, which is generally set to operate 

with a capped current value to protect the drive, even in fault conditions. When applying the maximum torque 

(MT) strategy during post-fault, the objective is to minimize the peak phase current in the remaining functional 

phases. Several methods are available to optimize post-fault currents; here, we adopt the approach outlined in 

[16], which relies on decoupled variables. The coefficient 'K' is used to define the relationship between non-

energy-converting currents and the α-β references. For a six-phase machine, optimization is required only for 

the x-y currents and the zero-sequence current, 0- as shown in (22)-(25), with zero-sequence 0+ set to zero, 

leading to K5 and K6 being equal to 0. 

 

𝑖∗𝑥 = 𝐾1 ∙ 𝑖∗𝑎 + 𝐾2 ∙ 𝑖∗𝑏 (22) 

 

𝑖∗𝑦 = 𝐾3 ∙ 𝑖∗𝑎 + 𝐾4 ∙ 𝑖∗𝑏 (23) 

 

𝑖∗0+ = 𝐾5 ∙ 𝑖∗𝑎 + 𝐾6 ∙ 𝑖∗𝑏 (24) 

 

𝑖∗0− = 𝐾7 ∙ 𝑖∗𝑎 + 𝐾8 ∙ 𝑖∗𝑏 (25) 

 

A non-linear optimization technique, specifically the generalized reduced gradient (GRG) method 

available in the “Solver” tool in MS Office Excel, is applied to optimize post-fault currents. For maximum 

torque (MT) modes, the optimization objectives are drawn from (26) and serve as the cost function, 𝐽𝑀𝑇, with 

the goal of maximizing torque. This involves maximizing the α-β phasor amplitude while adhering to the 

constraints listed in (27). 

 

𝐽𝑀𝑇 = 𝑚𝑎𝑥|𝐼𝛼𝛽|  (26) 

 
 𝐼𝑓𝑎𝑢𝑙𝑡 = 0 𝜖{𝐹𝑎𝑢𝑙𝑡𝑒𝑑 𝑝ℎ𝑎𝑠𝑒𝑠}  

𝑖0+= 0; min the max phase current ϵ {healthy phases} (27) 
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Tables 1 and 2 illustrate the connection between α-β, x-y, 0-, and 0+ currents across all fault scenarios and 

neutral configurations for the S6-IM and D3-IM, respectively. The implementation of coefficients K1-K8 in 

the equation signifies the influence of zero sequence current and x-y components on post-fault execution. 
 

 

 
 

Figure 2. Parameter estimation flowchart 
 
 

Table 1. Post-fault strategy based on x-y, 0-, and 0+ current components reconfiguration over 1OPF scenario 

during 2N and 1N for S6-IM 
Case Coefficients, K 𝛼 

K1 K2 K3 K4 K5 K6 K7 K8 

 Healthy 0 0 0 0 0 0 0 0 1 

Faulty phase (1N) 1OPF -0.648 0 0 -0.368 0 0 -0.497 0 0.771 
Faulty phase (2N) 1OPF -1 0 0 -0.333 0 0 0 0 0.500 

 

 

Table 2. Post-fault strategy based on x-y, 0-, and 0+ current components reconfiguration over 1OPF scenario 

during 2N and 1N for D3-IM 
Case Coefficients, K 𝛼 

K1 K2 K3 K4 K5 K6 K7 K8 

 Healthy 0 0 0 0 0 0 0 0 1 

Faulty phase (1N) 1OPF -0.667 0.577 1.732 0 0 0 -0.471 -0.817 0.500 
Faulty phase (2N) 1OPF -1 0 0 -0.333 0 0 0 0 0.500 

 

 

4. POST-FAULT PERFORMANCE FOR SIX-PHASE IM UNDER DIFFERENT OPERATING 

POINT 

It is important to keep in mind that based on operating points the maximum line-to-line voltage can 

vary, particularly ωs and ωslip. Understanding how line-to-line voltage varies with these parameters is 

important. The ωs is defined as shown in (28). 
 

𝜔𝑠 = 2𝜋𝑓 (28) 
 

When operating up to the base speed, the frequency (f) matches the rated frequency when the maximum value 

of ωs is reached. For a 50 Hz induction machine, the peak ωs equals 314 rad/s. Conversely, ωslip depends on 

factors such as the rotor time constant, iqs and ids as detailed in (29). 
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𝜔𝑠𝑙𝑖𝑝 =
1

𝜏𝑟
.
𝑖𝑞𝑠

𝑖𝑑𝑠
 ; 𝜏𝑟 =

𝐿𝑟

𝑅𝑟
 (29) 

 

The maximum slip frequency can be determined as a function of iqs, ids up to the rated condition, and the 

derating factor, a as specified in (30) and (31). 
 

|𝑖𝑑𝑞𝑠
′| ≤ 𝑎|𝑖𝑑𝑞𝑠|𝑟𝑎𝑡𝑒𝑑

  

√𝑖𝑑𝑠
′2 + 𝑖𝑞𝑠

′2 ≤ 𝑎|𝑖𝑑𝑞|𝑟𝑎𝑡𝑒𝑑
   ;   𝑘 = 𝑎|𝑖𝑑𝑞𝑠|𝑟𝑎𝑡𝑒𝑑

 (30) 

 

√𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑
2 + (𝜏𝑟 . 𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

. 𝜔𝑠𝑙𝑖𝑝)
2

≤ 𝑘      ∴ 𝜔𝑠𝑙𝑖𝑝 ≤ √
𝑘2−𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2

𝜏𝑟
2.𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2      

               𝜔𝑠𝑙𝑖𝑝𝑚𝑎𝑥 = √
𝑎2|𝑖𝑑𝑞𝑠|𝑟𝑎𝑡𝑒𝑑

−𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑
2

𝜏𝑟
2.𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2 = √
𝑎2(𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2+𝑖𝑞𝑠𝑟𝑎𝑡𝑒𝑑
2)−𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2

𝜏𝑟
2.𝑖𝑑𝑠𝑟𝑎𝑡𝑒𝑑

2  

                   = √(𝑎𝜔𝑠𝑙𝑖𝑝𝑟𝑎𝑡𝑒𝑑)
2
− (

1−𝑎2

𝜏𝑟
2 ) (31) 

 

Yet, the maximum slip frequency, 𝜔𝑠𝑙𝑖𝑝𝑚𝑎𝑥, is only valid under the condition specified in (32). 
 

𝛼𝑚𝑖𝑛 ∙ 𝐼𝑠𝑟𝑎𝑡𝑒𝑑
> 𝐼𝑑𝑟𝑎𝑡𝑒𝑑

 (32) 
 

 

5. RESULT AND DISCUSSIONS 

The performance of an electrical machine is influenced not just by current limits but by voltage 

constraints also. These voltage limits are connected to the inverter’s ability to provide the required voltages to 

the machine, which are primarily determined by the design of the inverter, the winding configuration of the 

machine, and the DC-link voltage. Once the post-fault currents are determined, the voltage necessary to 

produce these currents is affected by both the derating factor and the machine's parameters, as shown earlier in 

Tables 1 and 2. Table 3, on the other hand, summarizes the machine parameters used for the S6-IM and D3-

IM models. With the given voltage equations and machine parameters, the voltages for the machine’s 

decoupled subspaces can be computed based on the post-fault currents and operating conditions. The post-fault 

phase voltages can be derived by applying the inverse Clarke transformation to the components vα-β, x-y, 0+0-. The 

post-fault line-to-line voltages are calculated by finding the differences between these phase voltages, enabling 

the determination of the maximum line-to-line voltage under different fault operating scenarios. Therefore, the 

results will be presented in two sections, based on the voltage limit relative to ωs and ωslip approach. 
 

 

Table 3. Machine parameters for S6-IM and D3-IM 
Machine parameters Converter parameters 
𝑅𝑠 = 12.532 𝛺 

𝑅𝑟 = 5.776 𝛺 

𝐿𝑙𝑟 = 78 𝑚𝐻 

𝐿𝑚 = 420 𝑚𝐻 

𝐿𝑙𝑠 𝛼𝛽 = 6 𝑚𝐻 

𝐿𝑙𝑠 𝑥𝑦 = 3.634 𝑚𝐻 

𝐿0 = 6 𝑚𝐻 

𝜔𝑠𝑙𝑖𝑝_𝑟𝑎𝑡𝑒𝑑 = 29.04 𝑟𝑎𝑑/𝑠 

𝑉𝑟𝑎𝑡𝑒𝑑 = 280 𝑉 

𝑓 = 50 𝐻𝑧 

 
 

5.1. Voltage limits in relation to synchronous frequency, ωs 

Under healthy operating conditions, both machine types operate at 1 per unit (p.u.), indicating that 

none of the phases are experiencing faults. The line-to-line voltages are normalized against the maximum 

healthy line-to-line voltage for each six-phase machine type. As a result, the voltage limits differ according to 

the neutral configuration: S6-IM-1N has a limit of 1 p.u., while S6-IM-2N is limited to 0.866 p.u.; both D3-

IM-1N and D3-IM-2N have a voltage limit of 1 p.u. It remains unclear whether the voltage limit will be reached 

prior to the current limit, as the latter could become a limiting factor during post-fault operations. To fully 

understand the post-fault capabilities of the S6-IM and D3-IM, it is crucial to consider both the current and 

voltage limits. Consequently, this study explores the post-fault voltage limits for each induction machine type. 

Figures 3(a)-3(c) illustrates the voltage limits in terms of line-to-line voltages at different values of 𝜔s for the 

S6-IM machine, while Figures 4(a)-4(c) does the same for the D3-IM machine, both assuming rated current 
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and ωslip. The vertical dashed line in the graphs marks the rated speed, and the horizontal dashed line indicates 

the voltage limit. All results are based on the post-fault strategy described in Tables 1 and 2. 
 

 

  

(a) (b) 

 
(c) 

 

Figure 3. Voltage limit under different ωs at rated ωslip and rated current for S6-IM:  

(a) healthy condition, 1OPF under (b) 1N, and (c) 2N configurations 
 
 

  
(a) (b) 

 
(c) 

 

Figure 4. Voltage limit under different ωs at rated ωslip and rated current for D3-IM:  

(a) healthy condition, 1OPF under (b) 1N, and (c) 2N configurations 
 

 

Figure 3(a) illustrates the results for healthy operation under different ωs at rated ωslip and rated current 

of the S6-IM, while Figures 3(b) and 3(c) illustrate the line-to-line voltages for 1OPF with one neutral (1N) 

and two neutrals (2N), respectively. As shown in Figure 3, it is clear that in 1OPF scenarios, whether under 1N 

or 2N configurations, the current limit is reached before the voltage limit. Special attention should be given to 
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the 1OPF with 1N, where the maximum line-to-line voltages almost hit the voltage limit, potentially due to the 

impact of the 0- subspace. 

Figure 4(a) displays the results for a healthy-operated D3-IM, while Figures 4(b) and 4(c) illustrate 

the line-to-line voltages under 1OPF with 1N and 2N configurations, respectively. The results shown in Figures 

4 demonstrate that the voltage limit of D3-IM is reached before the current limit. This indicates that the D3-

IM is primarily determined by voltage limitations at different ωs when operating at rated ωslip and rated current. 

In summary, the S6-IM generally operates within the current limit during most fault scenarios. On the 

other hand, the D3-IM is entirely controlled by the limitation of voltage across all fault scenarios. One can 

agree that D3-IM is less aggressive to the machine windings for not working at the current limits; despite this, 

D3-IM seems to be not able to work at higher speeds. The S6-IM, however, can maintain higher speeds under 

OPF conditions, making it advantageous in various situations. Comparatively, the S6-IM is considered to have 

the best fault-tolerant capability based on its voltage limit across different ωs at rated ωslip and current. This 

indicates that the post-fault behavior of the S6-IM is largely governed by the current limit. 

 

5.2. Voltage limits in relation to slip frequency, ωslip 

From the α-β voltage equations discussed in section 3, it is evident that voltage depends on current, 

operating conditions, and machine parameters which are primarily influenced by ωslip and ωs at rated current. 

To comprehensively analyze the post-fault performance of each induction machine, it is essential to evaluate 

the voltage limits across various operating conditions. Tables 4 and 5 provide the maximum slip frequencies 

for the S6-IM and D3-IM, respectively, considering 2N and 1N configurations under 1OPF scenario. 
 

 

Table 4. Maximum slip frequency, ωslip of S6-IM 

based on neutral connections for 1OPF scenario 
Case Max ωslip (rad/s) 

Healthy  29.4 

Faulty phase (1N) 1OPF 21.43 

Faulty phase (2N) 1OPF 10.73 
 

Table 5. Maximum slip frequency, ωslip of D3-IM 

based on neutral connections for 1OPF scenario 
Case Max ωslip (rad/s) 

Healthy  29.04 

14.52 

14.52 

Faulty phase (1N) 1OPF 

Faulty phase (2N) 1OPF 
 

 
 

In post-fault control, the flux current, ids is maintained at its rated value of 1.3 A for both S6-IM and 

D3-IM machines. The synchronous frequency, ωs is set to 314 rad/s as defined in (28), with iqs reflecting the 

torque as described in (29). The slip frequency limit, ωslip represents the current constraint for the post-fault 

machine, ensuring the maximum phase current does not exceed the rated phase current. Consequently, the 

maximum slip frequency, ωslipmax calculated using (31), determines the current limit for 1OPF conditions. On 

the other hand, the voltage limit is influenced by the neutral configurations. Notably, in scenarios analyzing 

voltage against ωslip, medium line-to-line voltages often surpass large line-to-line voltages. This phenomenon 

is mainly attributed to the impact of the x-y and 0- components, leading to uneven ωslip effects on line-to-line 

voltages. Figures 5 and 6 illustrate these voltage constraints as line-to-line voltages across different ωslip 

scenarios at rated ωs and current for S6-IM and D3-IM, respectively. In these figures, the vertical dashed line 

indicates the rated values for various fault conditions, with the derating factor, a representing the current limit, 

while the horizontal dashed line denotes the voltage limit. 

Figure 5(a) illustrates the outcomes of healthy operation for S6-IM, whereas Figures 5(b) and 5(c) 

display the line-to-line voltages under 1OPF scenario with 1N and 2N configurations, respectively. Under rated 

ωs, it is observed that, the current limit of maximum line voltages is reached before the voltage limit. Notably, 

for 1OPF under 1N for S6-IM, the maximum line-to-line voltages nearly reach the voltage limit due to the 

influence of the 0- subspace same as results in section 5.1. Figure 6(a) illustrates the results for a healthy-

operated D3-IM, while Figures 6(b) and 6(c) depict the line-to-line voltages under 1OPF with 1N and 2N 

configurations, respectively. Upon analysis of the results for the D3-IM, it is observed that under fault scenarios 

with 2N, the maximum line-to-line voltages reach the current limit first. Conversely, for fault scenarios where 

D3-IM is configured with 1N, the maximum line-to-line voltages hit the voltage limit before reaching the 

current limit. In conclusion, D3-IM with 2N is primarily influenced by the limitation of current, while with 1N, 

voltage becomes the limiting factor. 

In summary, S6-IM predominantly operates within the current limit during most fault scenarios. 

Conversely, D3-IM is consistently controlled by the demonstrates superior fault-tolerant capability based on 

its voltage limit under different ωslip at rated ωs and current. Overall, voltage limitation helps to control the 

damage due to overcurrent [39]. By using this control method instead of the current control, synchronization 

instability can be avoided. This instability is typically caused by the limitations on how long the current can 

remain at a saturated level. In contrast, voltage control does not impose such constraints in various situations. 
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So, it can be said that S6-IM is the best fault-tolerant capability based on post-fault performance for both 

approaches which are by using rated ωslip as explained in section 5.1 and rated ωs. 

 

 

  

(a) (b) 

 
(c) 

 

Figure 5. S6-IM voltage limit under different ωslip at rated current and ωs during  

(a) healthy condition, 1OPF under (b) 1N, and (c) 2N configurations 
 

 

 

 
(a) (b) 

 
(c) 

 

Figure 6. D3-IM voltage limit under different ωslip at rated current and ωs during  

(a) healthy condition, 1OPF under (b) 1N, and (c) 2N configurations 
 

 

6. CONCLUSION 

This study investigated how post-fault conditions affect the maximum line-to-line voltage in S6-IM 

and D3-IM at various synchronous and slip frequency operating points. A simulated line graph was used to 

show the maximum line voltage versus synchronous frequency under different fault scenarios, helping to 
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determine whether voltage or current will be the limiting factor first. It was observed that the S6-IM is generally 

controlled by the current limit when synchronous frequency varies, while the D3-IM is entirely governed by 

voltage limits under all fault conditions. Similarly, when slip frequency varies, the S6-IM is likely controlled 

by the current limit, whereas the D3-IM remains controlled by the voltage limit in all scenarios. It should be 

noted that, the S6-IM is considered to have the best fault-tolerant capability based on its voltage limit across 

different ωs and ωslip approaches. The post-fault performance of the S6-IM is mainly governed by the current 

limit, whereas for the D3-IM, it is predominantly influenced by the voltage limit across all fault conditions. So, 

this makes the D3-IM less aggressive on the machine windings due to not reaching the current limits, it is 

unable to operate at higher speeds. Moreover, one of the most important components of fault tolerance in motor 

systems is being able to keep voltage within safe bounds when fault conditions occur. To ensure safe and 

reliable operation under various failure scenarios, a well-designed, fault-tolerant motor system should 

incorporate efficient control techniques and safety systems. 
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