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Abstract – This paper deals with transient and dynamic analysis of a line-start radial synchronous 
reluctance motor (LSR-SynRM) with auxiliary stator capacitive winding (ASCW) suitable for direct 
drive industrial loads such as conveyor belts and centrifugal pumps. The machine which has been 
designed from an IE2-132S4 conventional foot mounted three-phase induction motor NEMA frame 
is modelled using Finite Element Method (FEM), then prototyped and tested for transient and 
dynamic capabilities. The stator slots house both main and auxiliary windings. The rotor 
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common end rings. The time step Finite Element Model (FEM) coupled to an external capacitive 
circuit is utilized to analyze the transient behavior of the  LSR-SynRM. To validate the numerical 
method, a testbed is set up for experimental measurements. The measured results evidenced that for 
any given capacitance value connected to the auxiliary winding, the LSR-SynRM successfully pulled 
into synchronism when started with no-load and with light load up to 25% of the full load. The 
results further proved that the LSR-SynRM with ASCW may be started at no-load or light load, and 
successfully be fully loaded after it has reached the synchronous speed and still be able to meet the 
IE4 efficiency, while operating with an excellent power factor.  
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I. Introduction 

       Nowadays, most of the industrial applications which 
require high reliability, ease of maintenance and 
simplicity are driven by line-start Induction Motors (IMs). 
The use of efficient electric drives systems is inevitably 
sought as the international standards for the minimum 
energy efficiency of electrical machines are tightening [1]- 
[2]. The LSR-SynRM can achieve higher efficiency than 
its corresponding IM due to lack of rotor copper losses in 
steady state [3]-[4]. The LSR-SynRM can either be 
designed with squirrel cage like IM rotors and flux barriers 
placed below the cage bars, or by filling the flux barriers 
with conducting bars [3]. The latter provides good 
synchronization due to high reluctance torque compared 
with the case of separate squirrel cage [3]. The presence 
of rotor slots in LSR-SynRM with separate squirrel cage 
may increase torque pulsations due to space harmonic in 
the airgap magnetic conductance introduced by the slot 
openings. Although, LSR-SynRMs designed with high 
saliency ratio may enhance the power factor, but they 
barely achieved the power factor of their counterpart IMs. 
To improve the power factor of LSR-SynRMs to a 

competitive level, the use of auxiliary stator capacitive 
winding was suggested in [5].  
       The dynamic model of a line-start synchronous motor 
with auxiliary reactive compensation winding was 
presented in [6]. The authors in [5] and [6] mostly focused 
on the dynamic model and transient simulations of salient 
pole line-start synchronous motor with auxiliary reactive 
compensation. Practical measurements and analysis that 
elaborate on the effect of auxiliary stator capacitive 
winding and mechanical load on the transient and dynamic 
capabilities of a line-start synchronous motor with 
auxiliary reactive compensation winding that meets the 
IE4 efficiency have not yet been reported. This paper 
presents new results and analysis that focused on the effect 
of capacitance value and mechanical load on transient and 
dynamic capabilities of a three-phase LSR-SynRM with 
ASCW. The results further ascertain that the LSR-SynRM 
is a strong contender to the IM in industrial direct drive 
motors that require high efficiency and excellent power 
factor and may start with no or light mechanical load. This 
paper is organized along these lines: section II reports on 
the ratings and specifications of the LSR-SynRM with 
ACSW. Section III discusses the effect of number of rotor 
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I. Introduction 

Power system consists of generation, transmission, and 
distribution elements. All the elements need to be 
protected from overcurrent in the event of short circuit to 
prevent electricity failure that will harm human beings. 
This is due to the overcurrent will produce a very high 
current exceeding the rated current capacity, hence it will 
overload the circuit and cause short circuit conditions [1]-
[3]. 

Statistics reveal that close to 200 workers lose their 
lives each year after being electrocuted. A 50 to 150 
milliamperes current flows in the body in one second may 
enough to cause death. Therefore overcurrent protection 
relay has to response fast enough to isolate the fault 
current. Both IEC 60255 standard and IEEE C37.112 
standard require the overcurrent relay to trip in a split of 
milliseconds [4]-[6]. 

The IEC 60255 has been adopted as a Malaysian 
Standard as recommended by the Working Group on 
Protection Relay Devices under the authority of the 
Industry Standards Committee on Generation, 
Transmission and Distribution of Energy, while IEEE 

C37.112 is a standard for relay characteristic curve which 
mainly used in North America [7]-[10]. 

Thus, this study is to model an overcurrent relay and 
analyze the relay performance in terms of tripping time 
during fault conditions. Three case studies were simulated 
in PSCAD software to observe the tripping time. The case 
includes a three-phase fault at different load location (1  
and 2) and at the transformer. Then the tripping time 
comparison between the IEC 60255 standard and IEEE 
C37.112 standard is analyzed and concluded. 

II. Network Model 
Fig. 1 shows the network for the simulation test, the 

network consists of one generator supplying the electricity 
using one 60MVA 132/33kV transformer. Then the 33kV 
network is being stepped down to 11kV using two 
30MVA transformers operating in parallel position. 
Finally, the 11kV network is connected to one 0.3MVA 
transformer to distribution level 415kV. R1-R12 are the 
overcurrent relays located in various locations in the 
system. Load 1 and load 2 are connected at 11kV bus and 
33kV bus respectively. To observe response time of the 
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  

II. Ratings and Specifications 
     The rotor of the LSR-SynRM presented in this article 
has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
accommodate eight bars of 10 mm x 10 mm each, while 
the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
lower and upper bars have equivalent resistance of 0.231 
x 10-3 Ω and 6.935 x 10-3 Ω at 20 OC, respectively. The 
LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
to zero when the rotor field aligns with the stator magnetic 
field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
diagram. Key ratings and specifications of the LSR-
SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
has 43 rotor bars skewed by one stator slot pitch.   
 
 

 
(a)                               (b) 

 

 
(c)                                (d)                    

     
Fig.1.  (a) Prototype stator with dual windings, (b) rotor of the IE2-

132S4 three-phase IM, (b) proposed LSR-SynRM’s  2D cross section: - 
a pole view, (d) proposed LSR-SynRM’s prototype rotor 

 
 

TABLE I 
RATINGS AND SPECIFICATIONS   FOR THE PROTOTYPE  LRS-SYNRM  

Description Unit  values 
Stator external diameter mm 210 

Stator bore diameter mm 150 
Rotor external diameter mm 149.3 

Core length  mm 160 
Airgap length  mm 0.35 

Pole pairs - 2 
Frequency Hz 50 

Rated current main winding A 13.88 
Rated current auxiliary winding A 6.5 

Slot fill factor main winding % 33.08 
Slot fill factor auxiliary winding % 9.33 

Current density A/mm2 5.68 
Number of stator slots - 36 

Number of upper rotor bars - 8 
Number of lower rotor bars  - 8 

Turns per coil main/auxiliary - 18/18 

 

 
 
Fig. 2.  Line-start radial synchronous motor’s topology and connection 

diagram 

III. Effect of Number of Rotor Bars   

A. Presence of field harmonics in squirrel cage IM and 
LSR-SynRM 

      The rotor bar current induces a magnetic field with a 
certain number of harmonic components. The field rotor 
harmonic orders are found by using the following [11]-
[12], 
 

𝑣𝑣𝑟𝑟 = 𝑥𝑥 𝑁𝑁𝑏𝑏
𝑝𝑝1

+ 1                                 (1) 

 
where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
fundamental pairs of poles. The rotor of the IE2-132S4 
conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
operations, odd and even space harmonics of order -20 or 
-21, +22 or +23, -42, +44 and so on. In contrast, the rotor 
of the proposed LSR-SynRM, which produce only during 
transient operation, odd space harmonics of order -3, +5, -
7, +9, -11, +13 etcetera. The two machines have the same 
stator NEMA frame and the same winding configuration. 
Therefore, the space harmonics produced by the stator 
slotting and the stator main, and auxiliary windings phase-
belts are the same in both machines, and they can be 
obtained as in (2) and (3) respectively [11]-[12].  
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require high reliability, ease of maintenance and 
simplicity are driven by line-start Induction Motors (IMs). 
The use of efficient electric drives systems is inevitably 
sought as the international standards for the minimum 
energy efficiency of electrical machines are tightening [1]- 
[2]. The LSR-SynRM can achieve higher efficiency than 
its corresponding IM due to lack of rotor copper losses in 
steady state [3]-[4]. The LSR-SynRM can either be 
designed with squirrel cage like IM rotors and flux barriers 
placed below the cage bars, or by filling the flux barriers 
with conducting bars [3]. The latter provides good 
synchronization due to high reluctance torque compared 
with the case of separate squirrel cage [3]. The presence 
of rotor slots in LSR-SynRM with separate squirrel cage 
may increase torque pulsations due to space harmonic in 
the airgap magnetic conductance introduced by the slot 
openings. Although, LSR-SynRMs designed with high 
saliency ratio may enhance the power factor, but they 
barely achieved the power factor of their counterpart IMs. 
To improve the power factor of LSR-SynRMs to a 

competitive level, the use of auxiliary stator capacitive 
winding was suggested in [5].  
       The dynamic model of a line-start synchronous motor 
with auxiliary reactive compensation winding was 
presented in [6]. The authors in [5] and [6] mostly focused 
on the dynamic model and transient simulations of salient 
pole line-start synchronous motor with auxiliary reactive 
compensation. Practical measurements and analysis that 
elaborate on the effect of auxiliary stator capacitive 
winding and mechanical load on the transient and dynamic 
capabilities of a line-start synchronous motor with 
auxiliary reactive compensation winding that meets the 
IE4 efficiency have not yet been reported. This paper 
presents new results and analysis that focused on the effect 
of capacitance value and mechanical load on transient and 
dynamic capabilities of a three-phase LSR-SynRM with 
ASCW. The results further ascertain that the LSR-SynRM 
is a strong contender to the IM in industrial direct drive 
motors that require high efficiency and excellent power 
factor and may start with no or light mechanical load. This 
paper is organized along these lines: section II reports on 
the ratings and specifications of the LSR-SynRM with 
ACSW. Section III discusses the effect of number of rotor 
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  

II. Ratings and Specifications 
     The rotor of the LSR-SynRM presented in this article 
has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
accommodate eight bars of 10 mm x 10 mm each, while 
the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
lower and upper bars have equivalent resistance of 0.231 
x 10-3 Ω and 6.935 x 10-3 Ω at 20 OC, respectively. The 
LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
to zero when the rotor field aligns with the stator magnetic 
field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
diagram. Key ratings and specifications of the LSR-
SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
has 43 rotor bars skewed by one stator slot pitch.   
 
 

 
(a)                               (b) 

 

 
(c)                                (d)                    

     
Fig.1.  (a) Prototype stator with dual windings, (b) rotor of the IE2-

132S4 three-phase IM, (b) proposed LSR-SynRM’s  2D cross section: - 
a pole view, (d) proposed LSR-SynRM’s prototype rotor 

 
 

TABLE I 
RATINGS AND SPECIFICATIONS   FOR THE PROTOTYPE  LRS-SYNRM  

Description Unit  values 
Stator external diameter mm 210 

Stator bore diameter mm 150 
Rotor external diameter mm 149.3 

Core length  mm 160 
Airgap length  mm 0.35 

Pole pairs - 2 
Frequency Hz 50 

Rated current main winding A 13.88 
Rated current auxiliary winding A 6.5 

Slot fill factor main winding % 33.08 
Slot fill factor auxiliary winding % 9.33 

Current density A/mm2 5.68 
Number of stator slots - 36 

Number of upper rotor bars - 8 
Number of lower rotor bars  - 8 

Turns per coil main/auxiliary - 18/18 

 

 
 
Fig. 2.  Line-start radial synchronous motor’s topology and connection 

diagram 

III. Effect of Number of Rotor Bars   

A. Presence of field harmonics in squirrel cage IM and 
LSR-SynRM 

      The rotor bar current induces a magnetic field with a 
certain number of harmonic components. The field rotor 
harmonic orders are found by using the following [11]-
[12], 
 

𝑣𝑣𝑟𝑟 = 𝑥𝑥 𝑁𝑁𝑏𝑏
𝑝𝑝1

+ 1                                 (1) 

 
where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
fundamental pairs of poles. The rotor of the IE2-132S4 
conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
operations, odd and even space harmonics of order -20 or 
-21, +22 or +23, -42, +44 and so on. In contrast, the rotor 
of the proposed LSR-SynRM, which produce only during 
transient operation, odd space harmonics of order -3, +5, -
7, +9, -11, +13 etcetera. The two machines have the same 
stator NEMA frame and the same winding configuration. 
Therefore, the space harmonics produced by the stator 
slotting and the stator main, and auxiliary windings phase-
belts are the same in both machines, and they can be 
obtained as in (2) and (3) respectively [11]-[12].  
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  

II. Ratings and Specifications 
     The rotor of the LSR-SynRM presented in this article 
has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
accommodate eight bars of 10 mm x 10 mm each, while 
the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
lower and upper bars have equivalent resistance of 0.231 
x 10-3 Ω and 6.935 x 10-3 Ω at 20 OC, respectively. The 
LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
to zero when the rotor field aligns with the stator magnetic 
field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
diagram. Key ratings and specifications of the LSR-
SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
has 43 rotor bars skewed by one stator slot pitch.   
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𝑝𝑝1
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where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
fundamental pairs of poles. The rotor of the IE2-132S4 
conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
operations, odd and even space harmonics of order -20 or 
-21, +22 or +23, -42, +44 and so on. In contrast, the rotor 
of the proposed LSR-SynRM, which produce only during 
transient operation, odd space harmonics of order -3, +5, -
7, +9, -11, +13 etcetera. The two machines have the same 
stator NEMA frame and the same winding configuration. 
Therefore, the space harmonics produced by the stator 
slotting and the stator main, and auxiliary windings phase-
belts are the same in both machines, and they can be 
obtained as in (2) and (3) respectively [11]-[12].  
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  

II. Ratings and Specifications 
     The rotor of the LSR-SynRM presented in this article 
has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
accommodate eight bars of 10 mm x 10 mm each, while 
the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
lower and upper bars have equivalent resistance of 0.231 
x 10-3 Ω and 6.935 x 10-3 Ω at 20 OC, respectively. The 
LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
to zero when the rotor field aligns with the stator magnetic 
field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
diagram. Key ratings and specifications of the LSR-
SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
has 43 rotor bars skewed by one stator slot pitch.   
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where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
fundamental pairs of poles. The rotor of the IE2-132S4 
conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
operations, odd and even space harmonics of order -20 or 
-21, +22 or +23, -42, +44 and so on. In contrast, the rotor 
of the proposed LSR-SynRM, which produce only during 
transient operation, odd space harmonics of order -3, +5, -
7, +9, -11, +13 etcetera. The two machines have the same 
stator NEMA frame and the same winding configuration. 
Therefore, the space harmonics produced by the stator 
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belts are the same in both machines, and they can be 
obtained as in (2) and (3) respectively [11]-[12].  
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  

II. Ratings and Specifications 
     The rotor of the LSR-SynRM presented in this article 
has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
accommodate eight bars of 10 mm x 10 mm each, while 
the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
lower and upper bars have equivalent resistance of 0.231 
x 10-3 Ω and 6.935 x 10-3 Ω at 20 OC, respectively. The 
LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
to zero when the rotor field aligns with the stator magnetic 
field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
diagram. Key ratings and specifications of the LSR-
SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
has 43 rotor bars skewed by one stator slot pitch.   
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where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
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conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
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bars in the LSR-SynRM and squirrel cage IM. The time 
step finite element analysis (FEA) for ac transient solution 
is discussed in section IV. The testbed set up is introduced 
in section V, while section VI reports on the transient and 
dynamic analysis of the LSR-SynRM with ACSW. The 
analysis of performance behavior under steady state 
operation is reported in section VII. Key findings of this 
paper are summarized in   section VIII.  
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has copper bars which are inserted into the flux barriers as 
shown in Fig. 1(c) and (d). The upper flux barriers 
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the lower flux barriers accommodate eight bars of 16 mm 
x 12 mm each. Neglecting the end-ring connection, the 
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LSR-SynRM starts and accelerates mainly due to 
asynchronous torque. The current in rotor copper bars falls 
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field to produce a reluctance torque at synchronous speed. 
Fig. 1(a) shows the prototype stator with dual winding, 
while Fig. 1(b) shows the rotor of the IE2-132S4 
conventional three-phase IM. On the other hand, Fig. 2 
illustrates on the motor’s topology and connection 
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SynRM with ASCW are given in Table I. The rotor of the 
IE2-132S4 conventional three-phase IM shown in Fig. 1(b) 
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where x is any integer positive or negative number, Nb is 
the number of rotor bars, and p1 is the number of 
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conventional three-phase IM, beside the fundamental 
component, produces during transient and steady-state 
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𝑣𝑣𝑠𝑠 = 𝑥𝑥 (𝑁𝑁𝑠𝑠
𝑝𝑝1

) + 1                                 (2) 

 
𝑢𝑢𝑠𝑠 = 2𝑥𝑥 (𝜋𝜋

𝛽𝛽) + 1                                 (3) 

        
        Here Ns is the total number of stator slots, β is the 
phase belt angle, which is π/3 electric radian for a 36-stator 
slot, 3-phase, and 4-pole machine. The LSR-SynRM with 
ASCW and the squirrel cage IM, beside the fundamental, 
produce stator slot space harmonics of  order -17 , +19, -
35, +37 etcetera and the phase-belt space harmonics of  
order -5, +7, -11, +13, -17, +19, -23, +25, -29, +31, -35, 
+37 and so on. The field harmonics with a positive sign 
are moving in the same direction as the fundamental 
component and those with a negative sign are traveling in 
the opposite direction [12]. It should be noted that the 
auxiliary winding, once energized by capacitors, it  also 
produces stator slot and phase belt space harmonic having 
the same order numbers as the main winding’s field 
harmonics. 

B. Existence of Parasitic Torques 

        The field harmonic components derived from the 
rotor give rise to synchronous parasitic torques when 
interacting with the field harmonics emanated from the 
stator with the same order [12]-[13]. The interaction of the 
rotor slot field harmonics and stator winding phase belt 
harmonics are shown in Table II.  
 

TABLE II 
INTERACTION OF FIELD HARMONICS 

LSR-SynRM IM Interaction Interaction 

Rotor 
Harmonics 

Rotor 
Harmonics 

Stator 
Phase-Belt 
Harmonics 

Stator 
Slot 

harmonic 
+5 - -5 -17 
-7 - +7 +19 
-11 - +11 -35 
+13 - +13 +37 
+17 - -17 -53 
-19 - +19 +55 
-23 +23 -23 -71 
+25 - +25 +73 
  

         From Table II, it is noted that in the LSR-SynRM, 
all the rotor slot field harmonics that are not multiples of 
three, interact during starting and cancelation periods with 
the stator winding phase belt harmonics, thus causing  
synchronous parasitic torques at sub-synchronous speeds.  
On other hand, only the 23rd rotor bars harmonic order and 
the 23rd stator winding phase belt harmonic order 
interrelate in the squirrel cage IM. Another observation 
from Table II is that there is no interactivity between the 
rotor slot harmonic and the stator slot harmonic in the 
squirrel cage IM, but this is not the case for the LSR-
SynRM. In the later, the 5th rotor slot harmonic (17th order) 
interlinks with the 1st stator slot harmonic (17th), and they 
bring about synchronous parasitic torque at a certain sub-
synchronous speed. The same is observed for the 19th, 35th, 

37th, etcetera.  A fair comparison between the squirrel cage 
IM and the proposed LSR-SynRM on transient 
performance cannot be undertaken in this article. The 
squirrel cage IM has an advantage over  the LSR-SynRM 
because of its adequate  number of stator slot and rotor bar 
combination. For a 4-pole, 36-slot machine with a skewed 
rotor, the stator slot and rotor bar combinations should be 
36/25, 36/27, 36/28, 36/29, 36/30 and 36/43 [12]. For fair 
comparison on transient performance, both motors should 
have the same number of rotor bars as it is the case in [14].  

IV. Finite Element Analysis 
     A two-dimensional (2D) FEA is performed using the 
Maxwell ANSYS Electronics Desktop 2021R1 
electromagnetic package. The full-pitched three-phase 
main windings are excited by 3-phase sinusoidal voltage. 
The three-phase auxiliary windings are coupled to an 
external circuit having capacitors as shown in Fig. 3. Fig. 
4(a) to (d) show the effect of capacitance value on the flux 
density distribution in the iron core of the LSR-SynRM. 
Moreover, Fig. 5(a) to (d) show the no-load transient 
currents for the LSR-SynRM with ASCW.  
  

 
Fig.3.  Maxwell circuit of the three-phase auxiliary windings coupled to 

external capacitive circuit 
 
 

 
                           (a)                                                    (b) 

 
                           (c)                                                  (d) 

Fig.4. Flux density distribution on no-load, (a) 0 µF (b) 90 µF (c) 120 
µF, (d) 160 µF 
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     (a) 

 
    (b) 

 
   (c) 

 
         (d) 

Fig. 5. Starting three-phase current at no-load, (a) 0 µF (b) 90 µF (c) 
120 µF, (d) 160 µF 

      Although the core losses are considered in the model, 
the skin effects are disregarded in the FEA for ac 
magnetic-transient solution. Due to the symmetry of the 
motor, only a pole-pitch is considered in the FEA.  The 
flux density distribution plots were obtained at locked 
rotor, and they lie in the plane of the model (x, y). The 
vector boundary condition with zero vector potential was 

set to the outer region of the machine’s model. The edges 
of the 2D Cartesian-coordinate area were modelled with 
Master boundary condition on the x-axis and Slave 
boundary condition on the y-axis. A total number of 1868 
elements were obtained for the one-pole pitch machine’s 
geometry. Element Length Based mesh operation was 
applied on the rotor core and stator core geometries with 
minimum edge length of 0.0005 mm and 0.00085 mm 
respectively, and a maximum edge length of 0.0235 mm 
and 0.0103 mm respectively. Moreover, the Surface 
Approximation mesh operation was applied on the phase 
coil and rotor bar geometries. The coils had a minimum 
and maximum edge lengths of 0.00206 mm and 0.0052 
mm respectively. Each upper rotor bar had a minimum and 
maximum edge lengths of 0.0023 mm 0.0125 mm 
respectively. On the other hand, each lower rotor bar had 
a minimum and maximum edge lengths of 0.0048 mm 
0.0202 mm respectively. The simulation’s stop time and 
time-step size were 0.2 sec and 0.001 sec respectively.  
       From  Fig. 4,  it is noted that the localized magnetic 
saturation on the stator back iron reduces with the increase 
in capacitance value. This is due to the decrease in 
magnetizing current that causes  the magnetic saturation 
to also descrease wth the increase in capacitance value [9].  
       The effect of capacitance value is noticeable on the 
transient current characteristics of the LSR-SynRM with 
ASCW. With no-capacitance in the auxiliary winding, the 
rms steady-state current in phase B on no-load is about 
8.41A. With a 90µF per phase connected to auxiliary 
winding, the rms steady-state current in phase B on no-
load drops to 4.83 A. The trend continues when larger 
capacitance values are connected to the auxiliary winding.  
With capacitance values of 120µF and 160µF per phase, 
the rms steady-state currents in phase B on no-load are 
4.49 A and 4.05 A respectively. The FEA results in Fig. 5 
(a) to (d) evidenced that starting and the steady state rms 
values of current in the main windings decrease with an 
increase in auxiliary capacitance value. It should be noted 
that the maximum required capacitance value is dictated 
by the permissible maximum current that the auxiliary 
winding may carry without overheating and the 
permissible magnetic saturation level in the magnetic core 
of the machine.  

V. Experimental Set-Up 
      A 7.5 kW induction motor fed from a Siemens 
SINAMICS four-quadrant energy recovery ac drive was 
employed to load the LSR-SynRM with ASCW, and a 
DR-3000-P type torque sensor with the range from 0 to 
200 Nm was utilized to measure the mechanical power, 
speed, and torque of the rotating shaft. Signal output is 
transmitted directly from the shaft to a PC through a USB 
interface. Fig. 6 shows the experimental setup rig photo.  
       The Dranetz PowerVisa 4400 three-phase power 
analyzer, equipped with eight independent channels, was 
made use to measure the voltage, current, input power and 
power factor, and the Hantek DSO4004C Series six 
channels digital oscilloscope was employed to store and 
analyze the voltage and current waveforms. The start and 



ISSN: 2600 - 7495         eISSN: 2600-9633         IJEEAS,   Vol. 6,   No. 1,   April 2023

Transient and Dynamic Analysis of a Line-Start Radial Synchronous Reluctance Motor with Auxiliary Capacitive Winding

5

 
Transient and Dynamic Analysis of a Line-Start Radial Synchronous Reluctance Motor with Auxiliary Capacitive 

Winding 
 
 
stop operations of the LSR-SynRM was made possible by 
start and stop buttons incorporated in a motor controller. 
A variable ac power supply was used to vary the motor 
voltage during no-load and locked rotor tests. Fixed 
capacitors arranged in delta configuration, were connected 
either in series or parallel to provide different capacitance 
values. 
 

 
Fig. 6. Experimental setup rig photo 

 
     To determine the magnetizing inductance, the 
machines was fed at rated frequency and rated voltage 
with the load removed from the shaft. The rotor dc 
resistance and total leakage inductance referred to the 
stator main winding were determined using the locked 
rotor test, while the stator main and auxiliary winding 
resistances were determined using the conventional dc 
test. The per phase equivalent parameters of the LSR-
SynRM without reactive compensation are depicted in 
Table III. It should be noted that the total leakage 
reactance and rotor resistance in Table III were referred to 
the stator main winding.  

TABLE III 
EQUIVALENT PARAMETERS   OF THE LSR-SYNRM 

Description Unit  values 
Resistance of main winding Ω 0.6 

Resistance of auxiliary winding Ω 2.12 
Total leakage reactance  Ω 8.16 

Rotor resistance  Ω 0.583 
Core loss resistance   Ω 101.7 

Magnetizing reactance Ω 24.49 
   

VI. Transient and Dynamic Analysis 

A. Effect of Capacitive Winding on Synchronization 
Capability 

        Fig. 7(a) to (d) show the effect of capacitance value 
and mechanical load on the starting and synchronization 
capabilities of the LSR-SynRM with ASCW. The 
experimental measurements were conducted at name plate 
voltage and frequency of 380 V and 50Hz, respectively.  
At starting, the frequency of the rotor current is high and 
equal to the frequency of the supply. The current 
amplitude is distributed between the upper and lower cage 
bars in inverse proportion to their impedances. Since the 

lower cage bars have high leakage inductive reactance at 
starting, and their equivalent impedance is many times that 
of the upper cage bars, the current in the lower cage bars 
is smaller than that in the upper cage bars. The torque 
during starting is developed mainly by the current flowing 
through the upper cage bars. As the LSR-SynRM with 
ASCW starts to accelerate, the frequency of the rotor 
current starts to decrease, this results in the reduction of 
the rotor leakage inductive reactance, and an 
augmentation of current in the lower cage bars. 
 

 
                                                (a) 

 
                                                (b) 

 
                                                 (c) 

 
                                                             (d) 
 

Fig.7. Speed of RLS-SynRM at start-up with different mechanical 
loads, (a) 0 µF (b) 90 µF (c) 120 µF, (d) 160 µF 
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      Consequently, the acceleration torque is mainly 
developed by the current flowing through the lower cage 
bars. The total starting and accelerating currents of the 
whole rotor cage bars are divided between the upper and 
lower cage bars in inverse proportion to their resistances, 
and, since the equivalent resistance of upper cage bars is 
almost thirty times the equivalent resistance of the lower 
cage bars, the current in the upper cage bars becomes 
smaller than that in the lower cage bars. The rotor current 
falls to zero at synchronous speed, and the LSR-SynRM 
with ASCW develops only reluctance torque. 
       It is noted from the experimental results in Fig. 7(a) 
to (d) that there is failed synchronization when the LSR-
SynRMs started with a load torque of 10 Nm, which 
corresponds to 30% of the full load. With failed 
synchronization, the LSR-SynRM with ASCW operates at 
steady-state as an induction motor with a slip of ± 7.5%. 
For successful synchronization and for any given value of 
capacitance, the time duration from start to steady-state is   
± 1sec. The effect of capacitance value is not significant 
on the synchronization capability of the LSR-SynRM with 
ASCW.   

B. Effect of Capacitive Winding on Starting and steady-
state Currents 

        Fig. 8(a) to (d) depict the measured transient currents 
on no-load for different values of capacitance values. 
Although the effect of capacitance value was not 
significant on the synchronization capability of the LSR-
SynRM with ASCW, it was well noted on the starting and 
steady-state current characteristics as shown in Fig. 8(a) to 
(d). It was well established in [9] that when there is no 
capacitor connected to the auxiliary winding of an IM, the 
current in the auxiliary winding is zero. Its flux linkage is 
also zero, therefore making the mutual reactance between 
the main and auxiliary windings inexistant. The no-load 
current is totally magnetizing, and the magnetizing 
reactance is dependent only on the inverse airgap length 
[9]. When the no-load current increases, the magnetic 
saturation factor increases, so the magnetizing reactance 
decreases. Both the airgap length and saturation factor 
have an effect on the magnetizing reactance [9]. Once a 
set of capacitors is connected to the auxiliary winding, an 
excitation current will flow through it. In this case, there 
is a flux linkage associated with the auxiliary winding. A 
common mutual reactance occurs due to the mutual 
coupling of the main and auxiliary windings non-airgap 
flux components (leakage flux) [15]. The presence of 
capacitors in the auxiliary winding increases the 
magnetizing reactance, while decreasing the no-load and 
magnetizing currents, thus improving the power factor [9]. 
      The measured results in Fig. 8 show that with no-
capacitance in the auxiliary winding, the rms values of the 
starting and steady-state currents on no-load are about 
37.7A and 9.2A respectively. A no-load steady-state 
current of 9.2A for a motor having a rated current of 13.88 
A is quite high. The LSR-SynRM requires a huge amount 
of magnetizing current to develop the necessary reluctance 

torque. The starting current drops by 15% and the steady-
state current by 38% when a capacitor of 90 µF per phase 
  

 
       (a) 

 
      (b) 

 
  (c) 

 
   (d) 

Fig.8. Starting current characteristics on no-load, (a) 0 µF (b) 90 µF (c) 
120 µF, (d) 160 µF   

is connected to auxiliary winding. With a capacitor of 120 
µF per phase connected to auxiliary winding, the starting 
current drops by 32% and the steady-state current by 48%. 
The starting current drops by 43% and the steady-state 
current by 63% with a capacitor of 160 µF connected to 
the auxiliary winding. The LSR-SynRM with the highest 
capacitance value has achieved very low starting and 
steady-state currents. The decrease in starting and steady 
state currents when the capacitance value increases was 
also noted in FEA results reported is Section III of this 
paper. The results from experimental measurements 
corroborated the results from numerical method.   
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C. Analysis of Dynamic Responses 

      This subsection deals with transients related to 
dynamic responses when the LSR-SynRM with ASCW is 
synchronized and the mechanical load, is gradually 
changed. The dynamic responses for shaft torque of the 
LSR-SynRM with different capacitance values connected 
to auxiliary winding are shown in Fig. 9(a) to (d).  
 

 
                                           (a) 

 
                                               (b) 

 
         (c) 

 
         (d) 

Fig.9.  Dynamic responses: -torque characteristics, (a) 0 µF (b) 90 µF 
(c) 120 µF, (d) 160 µF 

 
       In Fig. 9(a), the mechanical load is gradually applied 
from 1.75sec until 80% of the full load is attained at 3sec, 
and the load is kept constant for about 2.3sec before it is 

gradually removed. Elsewhere in in Fig. 9 (b), the 
mechanical load is gradually applied from 2.6sec until 
80% of the full load is attained at 3.8sec, and the load is 
kept constant for about 2.4sec before it is gradually 
removed. In Fig .9 (c) and (d), the loads are applied at 
2.6sec and 1.7sec respectively, and they are kept constant 
for about 1.6sec and 2sec respectively.   
       The time responses from no-load to 80% of the full 
load are 1.25sec, 1.2sec, 0.7sec and 1.5sec for 0 µF, 90µF, 
120µF and 160µF, respectively. On the other hand, the 
time responses from 80% of full load to no-load are 1sec, 
1.7sec, 1.5sec and 2sec for 0 µF, 90µF, 120µF and 160µF, 
respectively. The attendance of capacitors in the auxiliary 
winding circuit has compensated the LSR-SynRM’s 
magnetizing capability. The motor does not need to draw 
more magnetizing current from the power grid to develop 
the same amount of torque. The effect of capacitance value 
is also noticed in the LSR-SynRMs’ time responses. An 
optimal value of auxiliary capacitive winding is required 
for a minimum time response. This can be achieved by 
means of an appropriate design optimization approach, 
which is not the scope of this paper. The measured results 
in Fig. 9 (a) to (d) evidenced that the torque quality is also 
influenced by the capacitance value in the auxiliary 
circuit.  
         With 80% of full load connected to the shaft, the 
torque ripples are 52.1%, 36.7%, 41.08% and 35.24% for 
capacitance values of 0 µF, 90µF, 120µF and 160µF, 
respectively. The torque ripple is high when the LSR-
SynRM operates with zero value of capacitor in the 
auxiliary. The torque ripple drops when capacitors are 
introduced in the auxiliary winding. The pattern in torque 
ripple drop is not uniform. The machine with 120µF 
capacitor has high torque ripple than the machine with a 
capacitor value of 90µF. Therefore, an optimization 
approach is required to obtain the optimal value of 
capacitors that will provide fast dynamic response and  
minimum torque ripple during steady state operation. 

VII. Performance Under Steady-State 
Operation 

       The comparison of performance indexes is depicted 
in Tables IV and V. It should be noted that the 
experimental results in Tables IV and V were obtained 
under steady state condition. The current in the rotor cage 
bars is zero, and the rotor copper losses are also zero. Only 
the stator winding losses exist. In this paper, the skin 
effects are not considered in the analysis, and the winding 
ac losses are disregarded. From the results in Tables IV 
and V, it is evident that the capacitance value had an 
impact on both the main and auxiliary winding copper 
losses. Although the current flowing in the auxiliary 
winding is totally magnetizing, but it produced heat due to 
joules losses as these losses depend on the magnitude of 
the current and not on its phase angle.  
      The efficiency was determined indirectly according to 
the IEC 60034-2-1 standard test method 2-1-1B by the 
summation of separate losses [7]-[8].  In this paper the test 
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was conducted at different load points between no-load 
and 80 % of the rated torque for nominal frequency of 50 
Hz. The  residual losses 𝑃𝑃𝑅𝑅𝑅𝑅 were determined for each load 
point by subtracting from the input power 𝑃𝑃𝑖𝑖𝑖𝑖 , the output 
power 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 , the constant losses 𝑃𝑃𝑐𝑐, the stator primary 
(main) winding losses 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜 = (3𝐼𝐼𝑠𝑠𝑠𝑠

2 𝑅𝑅𝑠𝑠𝑠𝑠) and the stator 
auxiliary winding losses 𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜 = (3𝐼𝐼𝑠𝑠𝑎𝑎

2 𝑅𝑅𝑠𝑠𝑎𝑎) [9]. The 
residual and constant losses for the three-phase LSR-
SynRM with auxiliary capacitive winding were 
determined using (4) and (5) respectively. 
 
𝑃𝑃𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑃𝑃𝑐𝑐 − 3[(𝐼𝐼𝑠𝑠𝑠𝑠

2 𝑅𝑅𝑠𝑠𝑎𝑎) + (𝐼𝐼𝑠𝑠𝑎𝑎
2 𝑅𝑅𝑠𝑠𝑎𝑎)]        (4) 

 
𝑃𝑃𝑐𝑐 = 𝑃𝑃0 − 3[(𝐼𝐼𝑠𝑠𝑠𝑠0

2 𝑅𝑅𝑠𝑠) + (𝐼𝐼𝑠𝑠𝑎𝑎
2 𝑅𝑅𝑠𝑠𝑎𝑎)]                      (5) 

 
Where, 𝑃𝑃𝑖𝑖𝑖𝑖  is the electrical input power and 𝑃𝑃𝑜𝑜 is the 
steady state active power on no-load. The constant losses 
are defined using (𝑃𝑃𝑟𝑟𝑜𝑜𝑜𝑜 + 𝑃𝑃𝑓𝑓𝑓𝑓), where  𝑃𝑃𝑟𝑟𝑜𝑜𝑜𝑜  and 𝑃𝑃𝑓𝑓𝑓𝑓  are the 
rotational and iron losses respectively. Here the constant 
losses were obtained at name plate voltage in contrast to 
induction motors where the constant losses were obtained 
for various terminal voltages [10]. In this paper, the LSR-
SynRM is designed from a three-phase induction motor 
NEMA frame. Eq. (6) was used to obtain the rotational 
losses, which is generally used for conventional small and 
medium-sized induction motors [1].  
 

𝑃𝑃𝑟𝑟𝑜𝑜𝑜𝑜 = (3
𝑠𝑠)

2
𝐷𝐷𝑓𝑓𝑒𝑒𝑜𝑜

4 × 104                    (6) 
 
      In (6),  𝐷𝐷𝑓𝑓𝑒𝑒𝑜𝑜 represents the stator external diameter 
which value is given in Table I.  The total losses are 
calculated using (7), and the efficiency at each of the load 
points is determined as in (8). 
 

∑ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑓𝑓𝑓𝑓 + 𝑃𝑃𝑟𝑟𝑜𝑜𝑜𝑜 + 3[(𝐼𝐼𝑠𝑠𝑠𝑠
2  𝑅𝑅𝑠𝑠) + (𝐼𝐼𝑠𝑠𝑎𝑎

2  𝑅𝑅𝑠𝑠𝑎𝑎)]      (7) 
 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑖𝑖𝑖𝑖−∑ 𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠
𝑃𝑃𝑖𝑖𝑖𝑖

                            (8)   

TABLE IV 
STEADY-STATE PERFORMANCE INDEXES   AT NO-LOAD 

Indexes Unit  0 µF 90 µF 120 µF 160 µF 
𝐼𝐼𝑠𝑠𝑠𝑠 A 9.2 5.7 4.8 3.4 
𝐼𝐼𝑠𝑠𝑎𝑎 A 0 3.1 4.2 5.7 

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜 W 152.3 58.5 41.5 18.4 
𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠𝑜𝑜 W 0 61.2 111.1 206.6 

𝑃𝑃𝑓𝑓𝑓𝑓  W 150.4 175.1 183.2 194.9 
𝑃𝑃𝑅𝑅𝑅𝑅  W 96.5 92.9 91.3 86.4 
𝐸𝐸𝐸𝐸𝐸𝐸 % 29.4 21.6 19.2 14.7 
𝑃𝑃𝑃𝑃 - 0.199 0.564 0.715 0.774 

      

      Due to high flux density fluctuations mainly caused 
the rotor anisotropy, the iron losses are high compared to 
an induction motor of the same size. Under no-load 
operation, the efficiencies are very low, especially for the 
machine with the highest auxiliary capacitance value. This 
is due to high auxiliary winding copper and iron losses 
recorded on no-load. These losses increase when the 

auxiliary capacitance value increases. As expected, the 
LSR-SynRM with the highest auxiliary capacitance value 
has achieved better power factors of 0.774 and 0.922 
lagging, on no-load and 80% of the full load respectively, 
and it has also met the IE4 efficiency at 80% of the full 
load, despite having high auxiliary winding copper losses 
and iron losses.   
 

TABLE  V 
STEADY-STATE PERFORMANCE INDEXES   AT  80 % OF FULL-LOAD 

Indexes Unit  0 µF 90 µF 120 µF 160 µF 
𝐼𝐼𝑠𝑠𝑠𝑠 A 11.1 7.9 7.2 6.8 
𝐼𝐼𝑠𝑠𝑎𝑎 A 0 3.1 4.2 5.7 

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜 W 221.8 112.2 93.3 83.2 
𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠𝑜𝑜 W 0 61.2 111.1 206.6 

𝑃𝑃𝑓𝑓𝑓𝑓  W 150.4 175.1 183.2 194.9 
𝑃𝑃𝑅𝑅𝑅𝑅  W 106.8 99.21 97.4 94.2 
𝐸𝐸𝐸𝐸𝐸𝐸 % 82.5 83.2 83.9 85.1 
𝑃𝑃𝑃𝑃 - 0.616 0.753 0.862 0.922 

      

VIII. Conclusion  
       This paper analyzed the transient and dynamic 
performance of a line-start radial synchronous reluctance 
motor with auxiliary capacitive winding. The analysis was 
based on both finite element analysis and experimental 
measurements. The results evidenced that the presented 
motor is suitable in applications that may not require to 
start with a huge mechanical load, such as conveyor belts 
and centrifugal pumps. Not only the proposed motor has 
proved to have good starting and dynamic capabilities, but 
it has also reduced starting and steady state no-load, and 
load current compared to machine without auxiliary 
capacitive. The results further evidenced that the proposed 
motor can operate with very excellent power factor while 
achieving the IE4 efficiency. An optimization approach 
may be required to determine the optimal value of 
capacitors to be employed in the auxiliary winding. Future 
work may include to design the proposed motor with same 
number of rotor bars than its counterpart three-phase 
induction motor for fair comparison as far as transient and 
dynamic performances are concerned.  
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