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Abstract- The development of an equivalent circuit for a phase 

winding of a three-phase stator consisting of scalar electrical, 

vector electrical and vector magnetic sections facilitated the 

referral of scalar electrical voltages to the vector electrical 

section of the equivalent circuit due to the equality of scalar 

and vector current magnitudes. This resulted in voltages and 

current coexisting with magnetic variables on the magnetic 

axis of the phase winding, thereby showing that electrical 

variables can be presented as vector quantities on the 

magnetic axis of the phase winding. The vector electrical 

section of the equivalent circuit connected the scalar 

electrical section to the vector magnetic section, resulting in 

a single circuit for analysis of the electromagnetic system. The 

energization of all three windings of the three-phase stator by 

three-phase voltages produced resultant current, voltage, and 

magnetic vectors associated with a phase winding and a single 

vector voltage equation for all three windings. The absence 

of this single equivalent electrical circuit of the 

electromagnetic system and the results derived from it has not 

inhibited growth in the area of transient analysis and modeling 

of electrical machines, however, its introduction reveals the 

background of the various phenomena occurring in the 

machine and shows the development of current and voltage 

vectors in the electromagnetic system.  
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I.   INTRODUCTION 

ector analysis is widely used for the analysis, modeling 

and control of electrical machines. The method makes 

use of vector currents, voltages and magnetic variables and 

reflects the physical phenomena occurring in the machines. 

The application of the vector method to the modeling, 

analysis and control of electrical machines has many 

advantages over other methods, some of which are: a 

reduction in system equations, easier machine control, a clear 

conceptualization of machine dynamics and easier analytical 

solution of dynamic transients of machine variables [1]. 

However, the material presented by Kovacs [2]for the vector 

analysis of a three-phase stator requires an equivalent circuit 

to demonstrate the generation of vector currents and the 

production of vector voltages to clearly formulate the vector 

method.  

This paper presents the development of an equivalent 

circuit for an electromagnetic system consisting of scalar 

electrical, vector electrical and vector magnetic sections and 

shows the production of a vector current from its scalar 

counterpart that leads to the production of vector voltages on 

the magnetic axis of the system. A single voltage equation is 

also developed to represent all three windings of the 

three-phase stator.   

II.  RELATED WORK 

Vector analysis of electrical machines was developed by 

Kovacs and Racz[3] and is widely used in the modeling, 

transient analysis and control of these machines. The vector 

method has been documented in many books of reputed 

authors [4-7]and has been employed by Holtz [8-10] in the 

development of vector equations for electrical machines. 

However, the above application of the vector method in the 

analysis of electrical machines utilised vector currents, 

voltages and magnetic variables but did not represent them in 

an equivalent circuit of the machine.  

III.  EQUIVALENT CIRCUIT OF A PHASE WINDING OF 

A THREE-PHASE MOTOR STATOR 

A cross section of the stator windings of a two-pole, 

three-phase machine is shown in Fig. 1. The phase windings 

are shown to be displaced from each other by 120
0
 and the 

positive direction of current flowing through each winding is 

upwards through the non-primed side and downwards through 

the primed side. Using this convention of current flow 

through the windings, positive magnetic axes were 

developed for each phase winding, along which all 

magnetic quantities exists.  

The analysis of electromagnetic systems has traditionally 

been performed with the production of two circuits, a scalar 

electrical circuit for electrical analysis and a vector magnetic 

circuit for magnetic analysis [11] as shown in Fig. 2, where 

Va represents supply voltage,ia winding current, Ra 

resistance of winding aa', Laself inductance of winding 

aa',Rathe reluctance, Na number of turns in winding aa', and 

fluxϕaproduced by winding aa'.  

However, quantities in the electrical circuit affect 

quantities in the magnetic circuit and vice versa. As a result 

of the dependence of both electrical and magnetic variables 

on each other, the development of an equivalent circuit 

containing both electrical and magnetic quantities would 

prove to be very useful in the analysis of electromagnetic 

systems. Since the three-phase stator is an electromagnetic 

system, then the development of an equivalent circuit 

containing both electrical and magnetic quantities would be 

a powerful tool in the vector analysis approach of this 

electromagnetic system.  

V 
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Figure 1.  Traditional Electrical and MagneticEquivalent Circuits of Phase 
Winding aa’ of The Three-Phase Stator 

For this analysis, one phase winding of the three-phase 

stator, winding aa' was initially selected for analysis. This 

winding is represented in Fig. 3(a) by its center conductors 

and the currentiathrough the winding is in the positive 

direction. Fig. 3(a) is divided into two sections: electrical 

quantities are presented in the Scalar Electrical section and 

the other section containing the winding with its 

electricalscalarcurrentiaand magnetic variables, magnetic 

Field intensityHa, flux density Ba, flux ϕa, flux linkage λa 

and current vector iaall on the positive (+ ve) magnetic axis 

of winding aa'. The electrical scalar current ia, which leaves 

the Scalar Electrical section of the circuit flows through the 

winding and produces vector magnetic field 

intensityHaalong the positive magnetic axis of winding aa'. 

This vector magnetic field intensityHamust be produced by a 

current vector ia on the positive magnetic axis of winding aa', 

hence, it can be said that the electrical scalar current iaon 

passing through winding aa' produces current vector ia on its 

positive magnetic axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2: RTL schematic 

 

 

 

Fig. 3(b) consists of three sections: magnetic processes 

beginning and ending with current vector ia, a Scalar 

Electrical section as described earlier and a Vector 

Electrical section containing current vector iaseparating 

the above two sections. The vector electric current ia, on 

entering the Scalar Electrical section, produces a scalar 

current ia in the Scalar Electrical section, and the scalar 

electrical current iaon entering the Vector Electrical section, 

produces a vector electric current ia on the magnetic axis of 

winding aa' as shown in Fig. 3(b). Hence the magnetic axis 

of winding aa' completes the circuit making ia and |ia| of 

equal magnitudes.  

The equivalent circuit of the three-phase stator with phase 

winding aa' energized is obtained by replacing the Magnetic 

Processes of Fig. 3(b) with current transformer CT and 

reluctance Ra. as shown in Fig. 3(c). The turns ratio of current 

transformer CT is 1:NaandRais the reluctance to flux ϕa. The 

complete equivalent circuit of the three-phase stator with 

phase winding aa' energized as shown in Fig. 3(c) consists 

of three sections: the Scalar Electrical section, the Vector 

Electrical section and the Vector Magnetic section. The 

current vectoriaexists on the positive (+ ve) magnetic axis of 

winding aa' in the Vector Electrical section of the circuit, 

and the current transformer CT produces the 

magnetomotiveforce (mmf) Naiain the Vector Magnetic 

section that drives the fluxϕathrough the magnetic circuit 

reluctanceRa.  

The voltage equation in the Scalar Electrical section is 

given by: 

               dia 

                  Va = iaRa+La              (1) 

               dt 

The voltages in the Scalar Electrical section of Fig. 3 (c) 

can be referred to the Vector Electrical section of the circuit 

sinceia =|ia| resulting in:  

 

          Wk+1 = Wk+ 2 μ εkXk           (2) 

 

and producing the equivalent circuit of Fig. 4, with all 

voltages residing on the positive (+ ve) magnetic axis of 

winding aa'. Therefore the equivalent circuit of the 

three-phase stator with phase winding aa' energized has been 

represented by Vector Electrical and Vector Magnetic 

sections with current vector, voltage vectors and magnetic 

variables all existing on the positive (+ ve) magnetic axis of 

winding aa'. 
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Figure 3. Equivalent Circuit of Three-Phase Stator with Winding aa' Energized(a) Scalar Electrical and Scalar Electrical, Vector Electrical & Magnetic 

Sections (b) Scalar Electrical, Vector Electrical Sections and Magnetic Processes (c) Scalar Electrical, Vector Electrical and Vector Magnetic Sections [12, 

13] 
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Figure 4.  Equivalent Circuit of Three-Phase Stator with Winding aa' Energized with Vector Electrical and Vector Magnetic Sections  

 

IV.  RESULTANT CURRENT VECTOR 

If the phase windings aa', bb', and cc' of Fig. 1 are 

energized with currents ia, ibandicrespectively, then using 

the equivalent circuit developed in Fig. 3(c), current vectors 

ia, ib and ic would be respectively produced on magnetic axes 

aa', bb', and cc' as shown in Fig. 5. These three current 

vectors ia, ib and ic can be vectorially summed resulting in 

the resultant current vector ires[10],  

s(t) = V cos(2πfct).                       (3) 

whereaanda2
are unit vectors representing the position of 

the positive magnetic axes of windings bb' and cc' 

respectively and:  

, (4) 

If the three-phase stator is energized with three-phase 

currents of instantaneous values given by: 

ia=Imc
os

(wt-90
o)

  

ib=Imc
os

(wt-120
o
)(5) 

ic=Imc
os

(wt-240
o
) 

then, the resultant current vector is obtained by substituting 

Eq(5) into Eq(3) [10] and given by: 

 

Bi+1 = αIi + (1 − α).Bi                               (6) 

and the resultant current vector associated with phase 

windings is given by, where: 

 

G = ටGଶ+Gଶ(7) 

Resolving ipalong each magnetic axis yields the 

instantaneous values of phase current in Eq(5) [10]. The 

resultant current vector associated with phase windings in 

Eq(7) is of constant magnitudeIm and rotates at a constant 

angular velocity of rad/s around the stator.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Peak detection 
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V.  RESULTANT MAGNETIC AND ELECTRICAL 

VECTORS OF A THREE-PHASE STATOR 

The application of the equivalent circuit of Fig. 3(c) to 

each phase winding of the three-phase, two-pole stator 

shown in Fig. 1, whose phase windings are displaced from 

each other by 120
0
, and energized by three-phase voltages, 

produces the magnetic and electrical quantities of each phase 

winding along the phase magnetic axis as shown in Fig. 6.  

Each magnetic or electrical phase variable can now be 

summed vectorially to produce the resultant of that variable 

[10]. Hence, the resultant magnetic field intensity Hres, flux 

densityBres, flux ϕres, flux linkage λres, current vector ires, 

and supply voltage Vresare given by the vector addition of 

their phase variables shown on the magnetic axes of Fig. 6. 

Applying the method utilized earlier to determine the 

resultant current vector associated with a phase winding to 

the above mentioned magnetic and electrical resultant 

vectors, the resultant magnetic and electrical vectors 

associated with a phase winding are given by:  

The error between the actual running speed of the motor 

and the reference value is calculated and the control 

mechanism is executed by using a PI controller in this case.  

The control signal is then given to a PWM generator which 

then produces the required gating signals that are to be given 

the 6 IGBT switches. The switches act according to the gate 

pulses given to them and the speed of the motor is controlled 

to the required value. The function of the proportional term 

of the PI controller is to consider the current size of the error 

value only at the time of controller calculation, and the 

integral term of the PI controller eliminates offset and sums 

up the complete controller error history up to the present 

time, starting from when the controller was first switched to 

automatic.  

Sinusoidal pulse width modulation as shown in Fig 6.is 

employed in the circuit to turn on the switches. The extent, to 

which the dc voltage is boosted via the Z source network i.e. 

the boost factor, is decided by the modulation index of the 

pulse width modulation used.In an outer loop controlled 

induction motor drive, the actual rotor speed is compared 

with its commanded value, and the error is processed through 

a controller usually a PI controller and a limiter are used to 

obtain the slip-speed command. The limiter ensures that the 

slip-speed command is within the maximum allowable 

slip-speed of the induction motor. The slip-speed command 

is added to electrical rotor speed to obtain the stator 

frequency command. Thereafter the stator frequency 

command is processed as in an open loop drive. In the closed 

loop induction motor drive the limits on the slip speed, boost 

voltage and reference speed are externally adjustable 

variables. The external adjustment allows the tuning and 

matching of the induction motor to the converter and inverter 

and the tailoring of its characteristics to match the load 

requirements.  

When only phase winding aa' of the three-phase stator is 

energized, the self inductanceLaof that winding is given by:  

La=Ll+Lm(8) 

where L1and Lmare the leakage and magnetizing 

inductances respectively of phase winding aa'. However, 

when the three-phase stator is energized with three-phase 

voltages, the mutual inductance between stator phase 

windings is −Lm 2 and both self and mutual inductances are 

included in the flux linkage of the phase winding resulting 

in: 

Three phase induction motors are the most widely used in 

various industrial applications because of the following 

properties - self starting property; elimination of a starting 

device; robust construction; higher power factor and good 

speed regulation. But the induction motor is a constant 

speed machine which makes its applications pretty much 

limited. To increase the areas of application of the induction 

motor, its speed has to be controlled by varying the supply 

frequency. The advantage of speed control of the induction 

machine is that it can save the energy spent by the machine. 

For example, a speed reduction of about 20% can improve 

the energy savings upto 50% in a centrifugal pump. This 

means that an energy inefficient motor can be replaced by a 

variable speed machine given an efficient control system. The 

base speed of an induction motor is directly proportional to 

the supply frequency and the number of poles. Now since the 

number of poles is fixed in the motor design, the best way to 

control the speed of the motor is to vary the supply frequency. 

The torque developed by the motor is directly proportional to 

the ratio of the applied voltage and the supply frequency. The 

torque is kept constant by varying the applied voltage and the 

supply frequency and by keeping their ratio to a constant 

value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.Figure6. Architecture of AES core 

 

The torque speed characteristics also denote that: 

1.The starting current requirement is lower.  

2. The stable operating point of the motor is increased. 

The motor can be run at 5% of the synchronous speed 

upto base speed instead of running the motor from the 

base speed itself.  

3. The acceleration and deceleration of the motor can be 

controlled by controlling the change of the 

supplyfrequency of the motor with respect to time. 

The open loop Volts/Hz control of an induction motor is far 

the most popular method of speed control because of its 

simplicity and these types of motors are widely used in 

industry. Traditionally, induction motors have been used 

with open loop 60Hz power supplies for constant speed 

applications. For adjustable speed applications, frequency 

control is natural. However, voltage is required to be 

proportional to frequency so that the stator flux remains 

constant if the stator resistance is neglected. 
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VI. CONCLUSIONS 

Vector analysis is widely used for the analysis, 

modeling and control of electrical machines. The 

methodmakes use of vector currents, voltages and magnetic 

variables but does not represent them in an equivalent 

circuit of the machine. This paper presents the development 

of an equivalent circuit for an electromagnetic system 

consisting of scalar electrical, vector electrical and vector 

magnetic sections and shows the production of a vector 

current from its scalar counterpart that leads to the 

production of vector voltages on the magnetic axis of the 

system. Resultant current, voltage and magnetic variable 

vectors associated with a phase winding of a three-phase 

stator are also developed together with a single vector 

voltage equation of the system. 

REFERENCES 

[1] A. Sixsmith, N. Johnson, and R. Whatmore, “Pyroelectric IR sensor 
arrays for fall detection in the older population,”Journal of Physics 

IV(Proceeding), vol. 128, pp. 153-160, Sep. 2005. 

[2] T. Pallejà, M. Teixidó, M. Tresanchez, and J. Palacín, “Measuring 
gait using a ground laser range sensor,” Journal of Sensors (Basel), 

vol. 9,no. 11, pp. 9133-9146, Jan. 2009. 

[3] Y. Zigel, D. Litvak, and I. Gannot, “A method for automatic fall 

detection of elderly people using floor vibrations and sound-proof of 

concept on human mimicking doll falls,” IEEE Transaction on 
Biomedical Engineering, vol. 56, no. 12, pp. 2858-2867, Dec. 2009.  

[4] M. Tolkiehn, L. Atallah, B. Lo, and G.-Z. Yang, “Direction 
sensitive fall detection using a triaxial accelerometer and a 

barometric pressure sensor,” Conference Proceeding of IEEE 

Engineering in Medicine Biology Society, vol. 2011, pp. 369-372, Jan. 

2011.  

[5] Y. T. Ngo, H. V. Nguyen, and T. V. Pham, “Study on fall 
detection based on intelligent video analysis,” International 

Conference on Advanced Technologies Communication, pp. 
114-117, Oct. 2012. 

[6] E. Auvinet, F. Multon, A. Saint-arnaud, J. Rousseau, and J. Meunier, 

“Fall Detection with Multiple Cameras : An Occlusion-Resistant 
MethodBased on 3-D Silhouette Vertical Distribution,” IEEE 

Transaction on Information Technology in Biomedicine, vol. 15, no. 

2, pp. 290-300,2011. 

[7] S. Gasparrini, E. Cippitelli, S. Spinsante, E. Gambi, and U. 

Politecnica, “A Depth-Based Fall Detection System Using a 
Kinect® Sensor,”Journal of Sensors, vol. 14, pp. 2756-2775, 2014. 

[8] F.Driessen,“Throughput Exploration and Optimization of a Consumer 
Camera Interface for a Reconfigurable 

Platform,”http://parse.ele.tue.nl/tools/usbcam/papercameraFD.pdf. 

[9] P. S. Ong, Y. C. Chang, C. P. Ooi, E. K. Karuppiah, and S. M. Tahir, 
“An FPGA Implementation of Intelligent Visual Based Fall 

Detection,” International Journal of Computer, Information, Systems 
and Control Engineering, vol.7, no.2, pp. 199-204, 2013. 

[10] H. Rabah, a. Amira, and a. Ahmad, “Design and implementaiton 

of a fall detection system using compressive sensing and 
shimmertechnology,” 24th International Conference on 

Microelectronics (ICM), pp. 1-4, Dec. 2012. 

[11] M. Kepski and B. Kwolek, “Fall Detection on Embedded Platform 
Using Kinect and Wireless Accelerometer,” Proceedings of the 

13th International Conference on Computers Helping People with 
Special Needs, vol.2 , pp. 407-414, 2012.  

[12] S. Gupta and S. G. Mazumdar, “Sobel Edge Detection Algorithm,” 
International Journal of Computer Science and Management 

Research, vol. 2, no. 2, pp. 1578-1583, 2013.  

[13] D. S. December, “Zynq-7000 All Programmable SoC Overview,” 
Xilinx’s publication, DS190, pp. 1-21, 2013.  

[14] Hong. T. K. Nguyen, C. Belleudy, and Tuan Van Pham, “Power 
Evaluation of Sobel Filter on Xilinx Platform,” IEEE Faible Tension 

FaibleConsommation (FTFC) Conference, pp. 1-5, 2014. 

 

http://parse.ele.tue.nl/tools/usbcam/papercamerafd.pdf./

