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 The stability analysis is one of the most important elements to describe the 

performance of AC drive systems under both dynamic and steady-state 

operating circumstances. This is particularly essential because electric 

motors operate over a wide range of speeds and utilize complex control 

systems such as field-oriented control (FOC). This study establishes a small-

signal stability analysis (SSSA) in a 1-horsepower vector-controlled  

Y-connected three-phase induction motor (YCTPIM) drive during an 

insulated gate bipolar transistor short-circuits failure (IGBT-SCF). In the 

beginning, a vector control system that is based on the indirect rotor FOC 

(IRFOC) method is described for post-fault functioning of the YCTPIM 

while the IGBT-SCF is taking place. After that, a small-signal model of the 

system that has been provided is explored. This model is based on a voltage-

current model, and it is constructed by linearizing the non-linear dynamic 

equations of the system. During IGBT-SCF, an IRFOC strategy as well as 

SSSA operations are carried out on the 1-HP, 380 V, and YCTPIM. In this 

research, both analytical and simulation-based methodologies are applied. 
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NOMENCLATURE 

 

Superscripts 𝑠, 𝑒  : Stationary and rotating reference frames 

Superscripts 𝑓, ℎ : Faulty and healthy conditions 

Subscript 𝑜 : Steady-state value 

𝑝 : Differential operator 

𝑖𝑑𝑠 , 𝑖𝑞𝑠, 𝑖𝑑𝑟 , 𝑖𝑞𝑟 , 𝑣𝑑𝑠 , 𝑣𝑞𝑠, 𝑣𝑑𝑟 , 𝑣𝑞𝑟 : Stator and rotor currents and voltages 

𝑣1, 𝑣2, 𝑣3, 𝑣4 : Stator forward and backward voltages  

𝜏𝑒 , 𝜏𝑙 : Electromagnetic torque and load torque 

𝜓𝑑𝑟 , 𝜓𝑞𝑟  : Rotor fluxes  

|𝜓𝑟|, 𝜉𝑒  : Rotor flux amplitude and angle 

𝐿𝑑𝑠, 𝐿𝑞𝑠 , 𝐿𝑑, 𝐿𝑞  : Stator self and mutual inductances 

𝐿𝑟 : Rotor self-inductance 

𝐿𝑚𝑠 : Magnetizing inductance 

https://creativecommons.org/licenses/by-sa/4.0/
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𝑅𝑠, 𝑅𝑟 : Stator and rotor resistances 

𝛺𝑟 , 𝛺𝑒  : Rotor speed and angular speed 

𝑛𝑝 : Number of pole pairs 

𝐽, 𝐹 : Moment of inertia and viscous friction coefficient 

𝑥, 𝑢, 𝑦 : State, input, and output matrices 

𝑓, ℎ : Nonlinear function of the states and linear function of the outputs 

𝐴, 𝐵 : System matrix and input matrix 

[𝑘𝑠𝑖
𝑒𝑓

], [𝑘𝑠𝑣
𝑒𝑓

], [𝑘𝑠
𝑒ℎ] : Balanced and unbalanced transformation matrices during faulty and 

healthy conditions 

[𝑘𝑠
𝑓
], [𝑘𝑠

ℎ] : 2 to 2 transformation matrices during faulty and healthy conditions 
 

 

1. INTRODUCTION  

In low, medium, and high-power industrial applications, three-phase induction motor (TPIM) drives 

are the most often utilized AC drives. Its key advantages are its low cost and size, toughness, and roughness, 

as well as the absence of a brush and commutator [1]. Many industrial TPIM drives are intended to work well 

even when problems arise. Examples of such uses include electric vehicles, military equipment, and medical 

equipment. TPIM drives can function even when a slight malfunction occurs thanks to fault-tolerant control 

(FTC) techniques [2]–[5]. 

Different faults can occur in AC drives. Approximately 38% of faults in AC drive systems are related 

to power device faults [6]. Most AC drives use an insulated gate bipolar transistor (IGBT) as the power device. 

Although IGBTs are rugged, they suffer faults because of electrical, mechanical, and thermal stress. IGBT faults 

can be classified as open-circuit faults (OCFs) and short-circuit faults (SCFs). Insulated gate bipolar transistor 

short-circuit fault (IGBT-SCF) is one of the most common faults in AC drive systems. This type of fault 

significantly degrades the performance of the drive system and may lead to catastrophic failures [7]. 

Pre-fault operation, fault diagnosis, and post-fault operation are the three components that make up 

fault tolerance control in TPIM drives during IGBT-SCF. The post-fault operation of TPIM drives during 

IGBT-SCF involves two primary trends: the architecture of the power inverter and the post-fault control 

method. In order to run Y-connected three-phase motors following IGBT-SCF, several different power 

inverter topologies have been developed. These architectures are based on some hardware redundancy. If the 

Y-connected three-phase motor's neutral point (NP) can be accessed, a reconfiguration scheme can be 

presented by connecting the NP to a fourth leg of the inverter leg [8] or by connecting the NP to the middle 

point of the DC bank [9]. Both of these connections are possible if the NP is available. If the Y-connected 

three-phase motor's neutral point (NP) cannot be reached, a reconfiguration scheme can be presented by 

connecting the motor terminal of the faulted inverter leg to a fourth inverter leg [10] or by connecting the 

motor terminal of the faulted inverter leg to the middle point of the DC bank [11]. Both of these options are 

available in the event that the NP cannot be reached. The inverter architecture that was examined for this 

research for post-fault operation of the Y-connected TPIM (YCTPIM) during IGBT-SCF is based on [9], and 

it is depicted in Figure 1. 
 
 

 
 

Figure 1. Investigated inverter architecture in this research for post-fault operation of the YCTPIM during 

IGBT-SCF 
 

 

As can be observed in Figure 1, when the inverter topology that has been developed in this study is 

utilized, the motor operates as a two-phase motor. For the purpose of driving the two-phase motor, a number 

of different control strategies based on scalar control methods [12] and vector control methods [13]–[18] 

have been developed. Scalar control schemes are typically straightforward, making them suitable for 

implementation in real time because of their ease of use. Nevertheless, high-performance control of AC 
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drives is not an appropriate application for these strategies. In this scenario, field-oriented control (FOC) or 

vector control are the tactics that are going to be most effective. It has been suggested to operate the two-

phase motor using a variety of control strategies, some of which are based on indirect vector control 

techniques [13]–[17] and others on direct vector control techniques [18]. Due to the utilization of two 

different vector control systems, the procedure that is suggested in [13] is quite complicated and necessitates 

a high sampling frequency. The vector control method described in requires different strategies to be 

implemented depending on the type of fault that has occurred. The control techniques described in [15]–[18] 

are based on two imbalanced transformation matrices for the voltage and current components of the stator. 

The difficulty of the backward voltage computation is a drawback of these methods. 

It is required to evaluate the control qualities of the motor drive system over a broad range of speeds 

in order to execute complex control techniques like FOC. These strategies need a great deal of planning and 

preparation. The operation has a significant impact on the manner in which a motor drive system works. Over 

the course of the last few decades, numerous research articles on the subject of the stability analysis of TPIM 

drive systems have been published [19]–[23]. In [19], the instability of a TPIM that was being driven by a 

variable-frequency drive was shown. This presentation took into account the effect of TPIM parameters, but 

it ignored the effect of harmonics. The stability analysis of a rectifier-inverter TPIM drive has been carried 

out using the Nyquist stability criterion. This analysis neglects voltage harmonics. The analysis can be found 

in [20]. In [21], the authors show the stability of current-controlled TPIM drives achieved through the 

application of the transfer function technique. Islam et al. [22] present a basic small-signal stability analysis 

(SSSA) of a vector-controlled TPIM drive based on a voltage-flux-linkage model. This analysis was carried 

out in order to determine whether or not the drive is stable under small signals. It has been demonstrated  

in [23] how to calculate the SSSA of an open-loop TPIM drive while taking into account the effect of the 

inverter's dead time. As was said before, stability studies in TPIM drive systems have been extensively 

covered in the aforementioned body of research. However, research activities in this field have never veered 

their attention away from TPIM drives that are in good health. 

This work discusses the SSSA of vector-controlled YCTPIM drives while operating in an IGBT-

SCF environment. In order to achieve this goal, the voltage-current model is constructed from the d-q 

dynamic model, which is then stated in the rotating reference frame. The d-q motor equations are linearized 

around a steady-state operating point in order to get small signal equations. This is done so that the stability 

of the motor can be evaluated. Following the linearization process, code written in MATLAB is used to 

analyze the problematic YCTPIM drive's stability. The most important thing that this research has 

contributed is the creation of a linearized voltage-current model of the flawed YCTPIM drive and the use of 

this model to stability investigations. 
 

 

2. IRFOC OF THE YCTPIM DRIVE DURING IGBT-SCF 

FOC strategies are widely used in many modern high-performance AC drive applications, especially 

TPIM electric drives, due to their high accuracy. When compared to the traditional direct torque control 

(DTC) strategy, TPIM drives achieve high performance with a constant switching frequency and low torque 

ripples [24], [25]. In order to control the two-phase motor using the FOC strategy, two unbalanced 

transformation matrices have been presented and used in [15]. These matrices are (1) and (2). 
 

[
𝑖𝑑𝑠
𝑒

𝑖𝑞𝑠
𝑒 ] = [𝑘𝑠𝑖

𝑒𝑓
] [

𝑖𝑑𝑠
𝑠

𝑖𝑞𝑠
𝑠 ] = [

√3 𝑐𝑜𝑠 𝜉𝑒 𝑠𝑖𝑛 𝜉𝑒

−√3𝑠𝑖𝑛 𝜉𝑒 𝑐𝑜𝑠 𝜉𝑒

] [
𝑖𝑑𝑠
𝑠

𝑖𝑞𝑠
𝑠 ] (1) 

 

[
𝑣𝑑𝑠

𝑒

𝑣𝑞𝑠
𝑒 ] = [𝑘𝑠𝑣

𝑒𝑓
] [

𝑣𝑑𝑠
𝑠

𝑣𝑞𝑠
𝑠 ] = [

√3

3
𝑐𝑜𝑠 𝜉𝑒 𝑠𝑖𝑛 𝜉𝑒

−
√3

3
𝑠𝑖𝑛 𝜉𝑒 𝑐𝑜𝑠 𝜉𝑒

] [
𝑣𝑑𝑠

𝑠

𝑣𝑞𝑠
𝑠 ] (2) 

 

Using (1), (2), and assuming |𝜓𝑑𝑟
𝑒 | = |𝜓𝑟| and |𝜓𝑞𝑟

𝑒 | = 0, the RFOC equations of the two-phase motor can 

be achieved as (3)-(5). 
 

|𝜓𝑟| = 𝐿𝑞𝑖𝑑𝑠
𝑒 −

𝐿𝑟

𝑅𝑟
𝑝|𝜓𝑟| (3) 

 

𝜏𝑒 =
𝑛𝑝𝐿𝑞

𝐿𝑟
|𝜓𝑟|𝑖𝑞𝑠

𝑒   (4) 

𝛺𝑒 = 𝛺𝑟 +
𝑅𝑟𝐿𝑞

𝐿𝑟

1

|𝜓𝑟|
𝑖𝑞𝑠
𝑒 = 𝛺𝑟 +

𝑅𝑟

𝐿𝑟

𝑖𝑞𝑠
𝑒

𝑖𝑑𝑠
𝑒  (5) 

 

Where: 
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𝐿𝑞 =
√3

2
𝐿𝑚𝑠 (6) 

 

based on (1)-(6), the IRFOC scheme for post-fault control of YCTPIM drives during IGBT-SCF can be 

shown as Figure 2 [16]. 
 

[𝑘𝑠
𝑓
] =

√2

2
[
1 −1
1 1

] (7) 

 

In order to compare the presented IRFOC scheme  is shown in Figure 2 with the conventional 

controller, the block diagram of the conventional IRFOC scheme is shown in Figure 3 [15]: 
 

𝐿 =
3

2
𝐿𝑚𝑠 (8) 

 

[𝑘𝑠
ℎ] = √

2

3
[
1 −0.5

0
√3

2

] (9) 

 

[𝑘𝑠
𝑒ℎ] = [

𝑐𝑜𝑠 𝜉𝑒 𝑠𝑖𝑛 𝜉𝑒

−𝑠𝑖𝑛 𝜉𝑒 𝑐𝑜𝑠 𝜉𝑒
] (10) 

 

It is worth noting that the proposed IRFOC method of Figure 2 is based on a current control strategy. This 

control system unlike [15] has simple structure due to avoiding of calculating of the backward stator voltages. 
 

 

 
 

Figure 2. IRFOC scheme for post-fault control of YCTPIM drives during IGBT-SCF 
 

 

 
 

Figure 3. Conventional IRFOC scheme  
 
 

3. SMALL-SIGNAL STABILITY ANALYSIS (SSSA) 

Stability analysis is a significant qualitative characteristic of electrical machine drive systems. This 

section discusses the SSSA of the presented system using root locus contours. At first, the dynamic model of 

the system is presented by nonlinear differential equations. Then, this model is linearized, and the 

corresponding state space form is derived. It is worth noting that the effects of inverter dead time, harmonics, 

motor parameter variations, the particular value of the load, etc. are not considered in this analysis. Using (1) 

and (2), the voltage and torque equations of the two-phase motor can be written as (11)–(17) [15]. 
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𝑣1 = 𝑅𝑠𝑖𝑑𝑠
𝑒 + 𝐿𝑞𝑠𝑝𝑖𝑑𝑠

𝑒 − 𝛺𝑒𝐿𝑞𝑠𝑖𝑞𝑠
𝑒 + 𝐿𝑞𝑝𝑖𝑑𝑟

𝑒 − 𝛺𝑒𝐿𝑞𝑖𝑞𝑟
𝑒   (11) 

 

𝑣2 = −
2

3
𝑅𝑠𝑖𝑑𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑝𝑖𝑑𝑠

−𝑒 − Ω𝑒 (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑖𝑞𝑠

−𝑒 (12) 

 

𝑣3 = 𝑅𝑠𝑖𝑞𝑠
𝑒 + 𝐿𝑞𝑠𝑝𝑖𝑞𝑠

𝑒 + Ω𝑒𝐿𝑞𝑠𝑖𝑑𝑠
𝑒 + 𝐿𝑞𝑝𝑖𝑞𝑟

𝑒 + Ω𝑒𝐿𝑞𝑖𝑑𝑟
𝑒  (13) 

 

𝑣4 = −
2

3
𝑅𝑠𝑖𝑞𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑝𝑖𝑞𝑠

−𝑒 + Ω𝑒 (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑖𝑑𝑠

−𝑒 (14) 

 

𝑣𝑑𝑟
𝑒 = 𝐿𝑞𝑝𝑖𝑑𝑠

𝑒 − (Ω𝑒 − Ω𝑟)𝐿𝑞𝑖𝑞𝑠
𝑒 + 𝑅𝑟𝑖𝑑𝑟

𝑒 + 𝐿𝑟𝑝𝑖𝑑𝑟
𝑒 − (Ω𝑒 − Ω𝑟)𝐿𝑟𝑖𝑞𝑟

𝑒  (15) 
 

𝑣𝑞𝑟
𝑒 = 𝐿𝑞𝑝𝑖𝑞𝑠

𝑒 + (Ω𝑒 − Ω𝑟)𝐿𝑞𝑖𝑑𝑠
𝑒 + 𝑅𝑟𝑖𝑞𝑟

𝑒 + 𝐿𝑟𝑝𝑖𝑞𝑟
𝑒 + (Ω𝑒 − Ω𝑟)𝐿𝑟𝑖𝑑𝑟

𝑒  (16) 
 

𝑛𝑝 (
𝑛𝑝𝐿𝑞

𝐿𝑟
|𝜓𝑟|𝑖𝑞𝑠

𝑒 − 𝜏𝑙) = 𝐽𝑝Ω𝑟 + 𝐹Ω𝑟  (17) 

 

Where: 
 

[
𝑖𝑑𝑠
−𝑒

𝑖𝑞𝑠
−𝑒] = [

𝑐𝑜𝑠2 𝜉𝑒 −
1

2
𝑠𝑖𝑛 2 𝜉𝑒

−
1

2
𝑠𝑖𝑛 2 𝜉𝑒 𝑠𝑖𝑛2 𝜉𝑒

] [
𝑖𝑑𝑠
𝑒

𝑖𝑞𝑠
𝑒 ]  (18) 

 

The dynamic model of the system can be expressed by the following overall nonlinear 

representation: 
 

{
𝑝𝑥 = 𝑓(𝑥, 𝑢)

𝑦 = ℎ(𝑥)
 (19) 

 

where, the states, the inputs, and the outputs are: 
 

𝑥 = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7]𝑇 = [𝑖𝑑𝑠
𝑒 𝑖𝑞𝑠

𝑒 𝑖𝑑𝑠
−𝑒 𝑖𝑞𝑠

−𝑒 𝑖𝑑𝑟
𝑒 𝑖𝑞𝑟

𝑒 Ω𝑟]𝑇 (20) 
 

𝑢 = [𝑢1 𝑢2 𝑢3 𝑢4 𝑢5 𝑢6 𝑢7 𝑢8]𝑇 = [𝑣1 𝑣2 𝑣3 𝑣4 𝑣𝑑𝑟
𝑒 𝑣𝑞𝑟

𝑒 Ω𝑒 𝜏𝑙]𝑇 (21) 
 

𝑦 = [𝑦1 𝑦2 𝑦3 𝑦4]𝑇 = [𝑖𝑑𝑠
𝑒 𝑖𝑞𝑠

𝑒 𝑖𝑑𝑠
−𝑒 𝑖𝑞𝑠

−𝑒]𝑇 (22) 
 

based on (11)-(22), the nonlinearity 𝑓 and the linearity ℎ are given by (23) and (24), respectively. 
 

[
 
 
 
 
 
 
𝑝𝑥1

𝑝𝑥2

𝑝𝑥3

𝑝𝑥4

𝑝𝑥5

𝑝𝑥6

𝑝𝑥7]
 
 
 
 
 
 

= 𝑓(𝑥, 𝑢) =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐿𝑞𝑠(1−
𝐿𝑞
2

𝐿𝑟𝐿𝑞𝑠
)

(𝑢1 − 𝑅𝑠𝑥1 + 𝐿𝑞𝑠𝑢7𝑥2 −
𝐿𝑞
2

𝐿𝑟
𝑢7𝑥2 +

𝐿𝑞
2

𝐿𝑟
𝑥2𝑥7 +

𝐿𝑞𝑅𝑟

𝐿𝑟
𝑥5 + 𝐿𝑞𝑥6𝑥7)

1

𝐿𝑞𝑠(1−
𝐿𝑞
2

𝐿𝑟𝐿𝑞𝑠
)

(𝑢3 − 𝑅𝑠𝑥2 − 𝐿𝑞𝑠𝑢7𝑥1 +
𝐿𝑞
2

𝐿𝑟
𝑢7𝑥1 −

𝐿𝑞
2

𝐿𝑟
𝑥1𝑥7 +

𝐿𝑞𝑅𝑟

𝐿𝑟
𝑥6 − 𝐿𝑞𝑥5𝑥7)

1
1

3
𝐿𝑑𝑠−𝐿𝑞𝑠

(𝑢2 +
2

3
𝑅𝑠𝑥3 + (

1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑢7𝑥4)

1
1

3
𝐿𝑑𝑠−𝐿𝑞𝑠

(𝑢4 +
2

3
𝑅𝑠𝑥4 − (

1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑢7𝑥3)

1

𝐿𝑞(1−
𝐿𝑟𝐿𝑞𝑠

𝐿𝑞
2 )

(𝑢1 − 𝑅𝑠𝑥1 + 𝐿𝑞𝑠𝑥2𝑥7 +
𝐿𝑞𝑠𝑅𝑟

𝐿𝑞
𝑥5 −

𝐿𝑞𝑠𝐿𝑟

𝐿𝑞
𝑢7𝑥6 +

𝐿𝑞𝑠𝐿𝑟

𝐿𝑞
𝑥6𝑥7 + 𝐿𝑞𝑢7𝑥6)

1

𝐿𝑞(1−
𝐿𝑟𝐿𝑞𝑠

𝐿𝑞
2 )

(𝑢3 − 𝑅𝑠𝑥2 − 𝐿𝑞𝑠𝑥1𝑥7 +
𝐿𝑞𝑠𝑅𝑟

𝐿𝑞
𝑥6 +

𝐿𝑞𝑠𝐿𝑟

𝐿𝑞
𝑢7𝑥5 −

𝐿𝑞𝑠𝐿𝑟

𝐿𝑞
𝑥5𝑥7 − 𝐿𝑞𝑢7𝑥5)

1

𝐽
(−𝐹𝑥7 + 𝑛𝑝 (

𝑛𝑝𝐿𝑞|𝜓𝑟|

𝐿𝑟
𝑥2 − 𝑢8))

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (23) 

 

ℎ = [

𝑥1

𝑥2

𝑥3

𝑥4

] (24) 

 

As can be seen from (23), the presented system is a non-linear system, and a small signal model is derived to 

achieve the stability analysis of the system. At a steady-state operating condition, the corresponding 

perturbations in the state and input variables can be expressed by 𝑋 = [𝑋1 𝑋2 𝑋3 𝑋4 𝑋5 𝑋6 𝑋7]
𝑇 =
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[𝛿𝑖𝑑𝑠
𝑒 𝛿𝑖𝑞𝑠

𝑒 𝛿𝑖𝑑𝑠
−𝑒 𝛿𝑖𝑞𝑠

−𝑒 𝛿𝑖𝑑𝑟
𝑒 𝛿𝑖𝑞𝑟

𝑒 𝛿𝛺𝑟]𝑇 and 𝑈 = [𝑈1 𝑈2 𝑈3 𝑈4 𝑈5 𝑈6 𝑈7 𝑈8]
𝑇 =

[𝛿𝑣1 𝛿𝑣2 𝛿𝑣3 𝛿𝑣4 𝛿𝑣𝑑𝑟
𝑒 𝛿𝑣𝑞𝑟

𝑒 𝛿𝛺𝑒 𝛿𝜏𝑙]𝑇, respectively. In addition, the motor components after 

perturbation can be written as (25). 
 

𝑣1 = 𝑣1𝑜 + 𝛿𝑣1  ,   𝑣2 = 𝑣2𝑜 + 𝛿𝑣2  ,   𝑣3 = 𝑣3𝑜 + 𝛿𝑣3    ,   𝑣4 = 𝑣4𝑜 + 𝛿𝑣4   
𝑣𝑑𝑟

𝑒 = 𝑣𝑑𝑟𝑜
𝑒 + 𝛿𝑣𝑑𝑟

𝑒    ,   𝑣𝑞𝑟
𝑒 = 𝑣𝑞𝑟𝑜

𝑒 + 𝛿𝑣𝑞𝑟
𝑒    ,   𝑖𝑑𝑠

𝑒 = 𝑖𝑑𝑠𝑜
𝑒 + 𝛿𝑖𝑑𝑠

𝑒  ,   𝑖𝑞𝑠
𝑒 = 𝑖𝑞𝑠𝑜

𝑒 + 𝛿𝑖𝑞𝑠
𝑒     

𝑖𝑑𝑟
𝑒 = 𝑖𝑑𝑟𝑜

𝑒 + 𝛿𝑖𝑑𝑟
𝑒    ,   𝑖𝑞𝑟

𝑒 = 𝑖𝑞𝑟𝑜
𝑒 + 𝛿𝑖𝑞𝑟

𝑒    ,   𝑖𝑑𝑠
−𝑒 = 𝑖𝑑𝑠𝑜

−𝑒 + 𝛿𝑖𝑑𝑠
−𝑒    ,   𝑖𝑞𝑠

−𝑒 = 𝑖𝑞𝑠𝑜
−𝑒 + 𝛿𝑖𝑞𝑠

−𝑒  

𝜏𝑒 = 𝜏𝑒𝑜 + 𝛿𝜏𝑒   ,   𝜏𝑙 = 𝜏𝑙𝑜 + 𝛿𝜏𝑙    ,   Ω𝑒 = 𝛺𝑒𝑜 + 𝛿𝛺𝑒   ,   Ω𝑟 = 𝛺𝑟𝑜 + 𝛿𝛺𝑟  (25) 
 

Using (25), the stator and rotor d-q voltage equations and the electromagnetic torque equation can be written 

as (26)-(32). 
 

𝛿𝑣1 = 𝑅𝑠𝛿𝑖𝑑𝑠
𝑒 + 𝐿𝑞𝑠𝑝𝛿𝑖𝑑𝑠

𝑒 − 𝐿𝑞𝑠Ω𝑒𝑜𝛿𝑖𝑞𝑠
𝑒 + 𝐿𝑞𝑝𝛿𝑖𝑑𝑟

𝑒 − 𝐿𝑞Ω𝑒𝑜𝛿𝑖𝑞𝑟
𝑒 − (𝐿𝑞𝑠𝑖𝑞𝑠𝑜

𝑒 + 𝐿𝑞𝑖𝑞𝑟𝑜
𝑒 )𝛿Ω𝑒 (26) 

 

𝛿𝑣2 = −
2

3
𝑅𝑠𝛿𝑖𝑑𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑝𝛿𝑖𝑑𝑠

−𝑒 − (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) Ω𝑒𝑜𝛿𝑖𝑞𝑠

−𝑒 − (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑖𝑞𝑠𝑜

−𝑒 𝛿Ω𝑒 (27) 

 

𝛿𝑣3 = 𝑅𝑠𝛿𝑖𝑞𝑠
𝑒 + 𝐿𝑞𝑠𝑝𝛿𝑖𝑞𝑠

𝑒 + 𝐿𝑞𝑠Ω𝑒𝑜𝛿𝑖𝑑𝑠
𝑒 + 𝐿𝑞𝑝𝛿𝑖𝑞𝑟

𝑒 + 𝐿𝑞Ω𝑒𝑜𝛿𝑖𝑑𝑟
𝑒 + (𝐿𝑞𝑠𝑖𝑑𝑠𝑜

𝑒 + 𝐿𝑞𝑖𝑑𝑟𝑜
𝑒 )𝛿Ω𝑒 (28) 

 

𝛿𝑣4 = −
2

3
𝑅𝑠𝛿𝑖𝑞𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑝𝛿𝑖𝑞𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) Ω𝑒𝑜𝛿𝑖𝑑𝑠

−𝑒 + (
1

3
𝐿𝑑𝑠 − 𝐿𝑞𝑠) 𝑖𝑑𝑠𝑜

−𝑒 𝛿Ω𝑒 (29) 

 

𝛿𝑣𝑑𝑟
𝑒 = 𝐿𝑞𝑝𝛿𝑖𝑑𝑠

𝑒 − Ω𝑠𝑜𝐿𝑞𝛿𝑖𝑞𝑠
𝑒 + 𝑅𝑟𝛿𝑖𝑑𝑟

𝑒 + 

𝐿𝑟𝑝𝛿𝑖𝑑𝑟
𝑒 − Ω𝑠𝑜𝐿𝑟𝛿𝑖𝑞𝑟

𝑒 + (𝐿𝑞𝑖𝑞𝑠𝑜
−𝑒 + 𝐿𝑟𝑖𝑞𝑟𝑜

𝑒 )(𝛿Ω𝑟 − 𝛿Ω𝑒) (30) 
 

𝛿𝑣𝑞𝑟
𝑒 = 𝐿𝑞𝑝𝛿𝑖𝑞𝑠

𝑒 + 𝛺𝑠𝑜𝐿𝑞𝛿𝑖𝑑𝑠
𝑒 + 𝑅𝑟𝛿𝑖𝑞𝑟

𝑒 + 

𝐿𝑟𝑝𝛿𝑖𝑞𝑟
𝑒 + Ω𝑠𝑜𝐿𝑟𝛿𝑖𝑑𝑟

𝑒 − (𝐿𝑞𝑖𝑑𝑠𝑜
𝑒 + 𝐿𝑟𝑖𝑑𝑟𝑜

𝑒 )(𝛿Ω𝑟 − 𝛿Ω𝑒) (31) 
 

𝑛𝑝
2 (𝐿𝑞𝑖𝑞𝑠𝑜

𝑒 𝛿𝑖𝑑𝑟
𝑒 + 𝐿𝑞𝑖𝑑𝑟𝑜

𝑒 𝛿𝑖𝑞𝑠
𝑒 − 𝐿𝑞𝑖𝑑𝑠𝑜

𝑒 𝛿𝑖𝑞𝑟
𝑒 − 𝐿𝑞𝑖𝑞𝑟𝑜

𝑒 𝛿𝑖𝑑𝑠
𝑒 −

𝛿𝜏𝑙

𝑛𝑝
) = 𝐽𝑝Ω𝑟 + 𝐹𝛿Ω𝑟  (32) 

 

Where: 
 

𝛺𝑠𝑜 = 𝛺𝑒𝑜 − 𝛺𝑟𝑜 (33) 
 

in (26)-(33) can be arranged as (34). 

 

 (34) 

 

Now, the perturbed system state equations are achieved after linearization and are shown in the typical form 

as (35).  
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𝑝𝑋 = 𝐴𝑋 + 𝐵𝑈 (35) 

 

 

4. SIMULATION RESULTS 

In this section, two simulations are carried out to investigate the performance of the system. 

Simulations are performed using MATLAB code. The parameters of the YCTPIM are listed in Table 1. In 

the first simulation, a comparison study between the proposed IRFOC method and the conventional IRFOC 

method for the YCTPIM drive during IGBT-SCF has been performed. Based on Figure 2, Figure 4(a) depicts 

the simulation results of the proposed IRFOC method. Figure 4(b) also depicts the simulation results of the 

conventional IRFOC method based on Figure 3. For a fair comparison in both simulations of Figure 4, the 

NP of the YCTPIM is connected to the middle point of the DC bank. The simulation results in Figure 4 are 

all obtained for the IGBT-SCF in leg "C." In Figure 4, the reference rotor speed decreases from 150 rad/s to 

90 rad/s, and the reference rotor flux is 1 wb. The rotor flux, torque, stator line currents, speed, and zoom of 

speed signals are shown in Figure 4. Figure 4 shows that you can cover their references by using both 

controllers, speed and flux. Based on Figure 4, using both strategies, the rotor flux and speed are always 

stable during the decelerating process. However, according to this figure, using the proposed IRFOC method 

results in lower rotor flux, torque, and speed ripples compared to the conventional IRFOC method. As shown 

from the stator line currents, using the controller presented in this paper, the two-phase motor currents after 

the IGBT-SCF are balanced compared to the conventional controller. 

 

 

Table 1. Parameters of the YCTPIM 
Frequency (Hz) Rs (Ω) Rr(Ω) Ls = Lr (H) Lms (H) J (kg.m2) 

50 10.44 14.64 0.613 0.398 H 0.016 

 

 

     
(a) 

 

     
(b) 

 

Figure 4. Simulation results of the comparison between the proposed IRFOC method and the conventional 

IRFOC method for the YCTPIM drive during IGBT-SCF: (a) proposed IRFOC method and (b) conventional 

IRFOC method 

 

 

In the second simulation, SSSA is carried out on the YCTPIM during IGBT-SCF under no-load and 

load conditions. The system matrix (𝐴) is considered, and the eigen values are obtained at each steady-state 

operating condition. Figure 5 shows the variation of the Eigen values for the faulty drive system over the 

whole range of speeds. The maximum permissible load is shown in Figure 5(a), 𝜏𝑙 = 0 𝑁.𝑚 and Figure 5(b),  

𝜏𝑙 = 1.9 𝑁.𝑚 (maximum permissible load during two-phase mode). The expanded view of Figure 5 that is 

close to the imaginary axis is also illustrated in this figure. As shown in Figure 5, all eigenvalues have 

negative real parts, and hence the presented system is asymptotically stable. As shown, the stability analysis 

has been carried out at different rotor speeds and under no-load and load conditions. The SSSA has been 

completed based on these operating conditions. It can be mentioned that variations of the motor parameters,  

a particular value of the mechanical load, and harmonics may lead to instability of the drive system. 
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(a) 

 

 
(b) 

 

Figure 5. Locus of the eigen values for the faulty drive system over the whole range of speed:  

(a) 𝜏𝑙 = 0 𝑁.𝑚 and (b) 𝜏𝑙 = 1.9 𝑁.𝑚 

 

 

5. CONCLUSION 

In this study, the SSSA of vector-controlled YCTPIM drives during IGBT-SCF is analyzed and 

discussed. An IRFOC system that operates during IGBT-SCF and is based on a current controller for 

YCTPIM drivers is initially shown. Following this step, the dynamic voltage-current model of the two-phase 

motor is linearized, and the state-space model that corresponds to it is obtained. After that, the linearized 

version of the model is utilized so that the system matrix may be obtained. This matrix is utilized in the 

investigation of the system's stability by means of root locus contours. The SSSA has been carried out at a 

variety of speeds, taking into consideration both no-load and load scenarios. Simulation research is carried 

out with the help of MATLAB code. The small-signal model of the system that has been provided can be 

improved as a future study by taking into consideration the impacts of inverter dead time, harmonics, motor 

parameter fluctuations, a specific value of the load, and other factors like these. 
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