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Abstract— Dynamic performance of a three-phase 

synchronous reluctance generator with permanent 
magnet (PM) based on Winding Function Theory (WFT) 
is presented here in natural frame for a generator with 
distributed winding (DW stator). Based on WFT, the 
equations for the turn function, winding function and 
inductance of the generator were obtained considering 
the space harmonics. The calculated inductance model 
was the used to predict the dynamic behavior of the 
under various operating conditions. Such as no load 
and load and loss of load probability. Self-excitation is 
achieved via balanced three-phase capacitors 
connected across the stator windings as well as the 
permanent magnet flux. It is realized that the generator 
can simultaneously supply good voltage through its 
terminals, in both normal and transient conditions 
within its rating without any transients in its output 
variables. However, slight transient behavior is noticed 
in the output variables when the generator loses load. 
Verification of the generator equations was done in 
MATLAB/Simulink tool. 
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I.  INTRODUCTION  

The need for electrical energy globally cannot be over 

emphasized. Electrical energy promotes economic activities 

of countries, contributes, and facilitate learnings and have 

huge impact in governance.  

 

Different electric generators that can generate electricity 

exist. These generators include field excited machines and 

self-excited machines. Field excited generators are mainly 

used for centralized electricity generation, despite their high 

maintenance cost. In areas where the grid is not present, or 

situations where the grid supply cannot meet the demand, 

renewable energy technologies such as solar, geothermal 

and wind turbine are viable options for alternative energy 

technologies [1]. The self-excited generators are mainly 

employed for renewable energy technologies like wind 

energy conversion systems [2] and [3].  

 

The synchronous reluctance generators belong to the family 

of self-excited generators like the self-excited induction 

generator and permanent magnet synchronous generators. 

The key consideration for the use of self-excited induction 

generator for this purpose include cost and simplicity of 

construction. The self-excited induction generator is also 

rugged in construction and protected against excessive 

overload and short circuit fault. The generator also requires 

no external direct current supply for excitation and has 

better transient performance due to its damping winding 

features.  

 

A major drawback of this generator is the fact that it suffers 

from poor voltage and frequency regulation with changes in 

load and prime mover speed, hence requires voltage and 

frequency stabilizing circuit [4]. Due to this inherent 

bottleneck which calls for stabilizing circuit, the cost of 

installation of self-excited induction generator increases [5]. 

To overcome the problem of unstable voltage and 

frequency with varying load in self-excited induction 

generator, researchers shifted attention to synchronous 

reluctance machines, devoted mainly development and 

improvement of the rotor of the induction machine [6], [7]. 

Hence, the synchronous generator, possesses the 

characteristic of induction machine and synchronous 

machine. The working principle or operational steps of the 

self-excitation operation of reluctance generators is a well-

known phenomenon, which include the use of existing 

remnant flux and magnetic saturation like that of induction 
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generators [8], [9]. But most studies of the three-phase self-

excited reluctance generators use d-q reference frame 

techniques, which have been extensively researched [10], 

[4], and [11]. 

 

The chief benefit of the synchronous reluctance machine is 

that the output voltage and frequency is constant, which is 

because of the leading current produced by the excitation 

capacitor [3]; however, its output power is very small 

compared to the permanent magnet machine. This means 

that the size of the machine could be invariably large 

compared to the induction machine of the same rating by 

way of design. 

 

The first time a study in direct phase-variable model 

simulation of synchronous machines was reported in when 

Staton, Miller and Wood, work on saliency of the machine 

as a way of predicting machine performance during faults 

and unbalanced loading conditions [12].  Further work was 

done on the machine when the effect of saturation was 

introduced [13]. One general feature of the studies of [12] 

and [13] is that all neglected higher order harmonics. A 

study found in literature for synchronous reluctance 

generator in natural variable for a single-phase reluctance 

generator was also done by [14]. The study first, employed 

the winding function approach to calculate the inductance 

of the machine before furthering its finding on event of 

short circuit condition. 

 

 

According to [10], the rotor of synchronous reluctance 

generator can be configured to make provision for insertion 

of permanent magnet. This has been demonstrated for a 

gased rotor type in d-q referencing frame [3]. A notable 

work that simulated permanent magnet machine in natural 

variable model was done by Aliyu [15] for motor, and 

Arkadan and Demerdash [16] for three-phase generator. 

Since the study by [16], it is not clear in the literature 

whether any work has been carried out recently considering 

performance of the generator in natural variable frame 

considering loss-of-load of probability. This study shall 

consider the dynamic performance analysis of a self-excited 

three-phase cageless rotor reluctance generator with 

permanent magnet using the actual machine geometry for 

calculation of inductance and analysis of the machine 

instead of the use of traditional winding function, which 

uses Fourier model. In traditional winding function 

procedures where Fourier expression is employed, only the 

fundamental components of winding functions and only the 

average plus the second harmonic component of the inverse 

airgap functions are used. For accuracy, the effects of stator 

slots are included in a way all the harmonics are considered. 

A computer simulation of the developed model of the 

generator is done in the MATLAB/Simulink environment 

[17] and closely studied for different loading conditions. 

The results of these simulations are then analyzed. 

 

 

II. MATERIALS AND METHOD 

A. Machine Analysis based on Winding Function 

     The machine clock diagram is presented in Fig. 1 for a 

double layer full pitched 36 slots 4 poles distributed 

winding (DW) machine. A+ is the coil carrying current 

outward the paper from phase A. A- is the coil carrying 

current inward of the paper from phase A. B+ is the coil 

carrying current outward into the paper from phase B. B- is 

the coil carrying current inward of the paper from phase B. 

C+ is the coil carrying current outward the paper from 

phase C. C- is the coil carrying current inward of the paper 

from phase C. The machine coil arrangement has 12 coils 

placed in each of the three-phase. Under each pole region, 

the number of coils for each phase is 3.  The angle between 

adjacent slots is 20o, and the angle between two sides of the 

same coil is 180o. 

 

 
Fig 1. Clock diagram of the full pitched double layer 

distribution winding machine 

 

 
Fig 2. Coil winding partner for the double layer 4 pole, 36 

slots machine 

 

Now, consider the winding arrangement for the 4-poleslots 

machine in Fig2. The derived equations that described the 

actual turns and winding function of the machine for phase 

A is expressed as (1) and (2) respectively, using the 

machine geometry. The equations for phase B and C are 

http://www.jmest.org/


Journal of Multidisciplinary Engineering Science and Technology (JMEST) 

ISSN: 2458-9403 

Vol. 12 Issue 7, July - 2025  

www.jmest.org 

JMESTN42354552 17598 

similar when the stator angle is shifted accordingly by 2π/3. 

The Fourier expression is given in (3) 
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(2) 
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where for the phase C 

respectively. 𝐾𝑤  is the fundamental winding factor, 𝑁𝑐  is 

the number of turns of machine winding per phase, m is the 

number of phase. 

 

The MMF plot of the turn and winding functions are 

illustrated in Fig. 3 and 4 respectively. The plot describes 

the position of the machine windings in the stator from 

equations (1) and (2) respectively. The machine coil 

windings in the stator slot are well distributed, which 

implies the machine MMF in each phase have the same or 

regular pattern or shape. It is seen that the winding 

functions corresponding to the stator windings are defined 

as a function of stator angle according to their winding 

layouts in Fig 1. Fourier model expressed in equation (3) is 

used to obtain the sinusoidal part of the machine MMF.  

 
Fig.3 Turn function of the studied machine for the three 

phase 

 

Fig.4. Winding function of the studied machine (Actual and 

Fourier) 

The space harmonics order of the machine for phase A due 

to the winding arrangement is shown in Fig 5 using Fast 

Fourier Transform (FFT). The Fourier analysis showed that 

the air gap MMF produced by the machine. The two most 

significant space-harmonics are the fundamental 1st and the 

5th. The other harmonics are minimized. The is beneficial in 

terms of better machine utilization. The fundamental space-

harmonic amplitude is 27.3. The fundamental MMF wave 

amplitude and higher space-harmonic of order 𝑣 is gotten 

from the expression in equation (3). During normal 

operation, the machine starts with the first harmonic 

rotating in synchronism with the rotor magnetic field to 

produce electromagnetic torque. Since other harmonics are 

not significant, eddy current loss is also minimized.   

 

 (4) 

where 𝑁𝐶 is the number of turns of coil,  𝐼 is the alternating 

current rms value,  𝑣 is harmonic order number. 
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Fig.5. Harmonic order of the studied machine for phase A 

 

According to Winding Function Method for an AC 

machine, the self-inductance of phase 𝑋 can be calculated 

as: 

(5) 

 

The term 𝑔𝑒𝑓𝑓 is the effective air-gap length, 𝑁𝑌 is the turns 

function,µ𝑜is the permeability of free space,𝑙𝑠  is  the stator 

stack length,  𝑟𝑠  is the effective radius of the stator bore. 

The effective air-gap length can be given as (6). 

 

   (6) 

𝐾𝐶  is the Carter air-gap Correction factor which was 

introduced in 1920s by F.W. Carter to provide solution to 

the problem of slot effect. 

The expression for inverse airgap with Carter’s 

modification, considering only the first-time varying 

harmonic is expressed as (7). 

 

(7) 

where 

𝑔1 is the air gap at pole face, 𝑔2  is the air gap at depth 

between poles, 𝛽is the ratio of pole arc to pole pitch. Fig.6 

illustrates the position of 𝑔1 and  𝑔2 is the rotor air gap. 

 

 
Fig. 6 A machine air gap structure to illustrate the air gap at 

pole and depth 

 

Equation (5) shows that the winding expression of any 

stator winding does not change with rotor position, but only 

with stator circumferential angle Ѳ𝑠 and can be easily 

calculated from the turn function 𝑁𝑌 by subtracting the 

average of the turn function from itself [14]. This winding 

function equation for calculation of the machine 

inductances are used to develop a MATLAB program for 

simulation. The plot is presented as shown in Fig. 7 for 

phase A of the machine only.  The machine also has 

waveform close to the traditional sinusoidal form. 

 

 
Fig. 7 Self- inductance of the studied machine for phase A  

B. Dynamic Analysis of the Machne based on Direct-

Phase Variable Model 

To present the models that described the dynamic 

behaviour of the machine in natural, the machine 

inductance model is needed. Consider the the machine 

geometryin Fig 8. The modeling wil begin with the most 

fundamental component of the permrnent magnet machine. 

The magnets are assumed to be a single phase, rather than 

as multiple phases. The inductances will be calculated for 

the case in which the two coils, A and B, are treated as 

distinct coils, and ones which are connected in series [15]. 

 
Fig. 8: A basic full pitch machine 

 

The turn function can be expressed as (8) for the stator 

circumference angle, Ѳ𝑠  from 0 to 2π, with 𝑁 as number of 

turns. 
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The self  inductance of A is calculated as (9) 
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Analyzing the inductance expression in (9) with effective 

airgap elements gives the final equation for A in equation 

(10). 
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Similarly, the  inductance for between  for B is calculated 

as (11). 
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Also, analyzing the inductance expression in (11) with 

effective airgap elements gives the final equation for B in 

equation (12). 

 

2

2

8

1




eff

ssoc
B

g

lrN
L 








 (12) 

 

where 

 

1 and 2 are elements of effective air gap given as: 

 

   (13) 

 

   
     (14) 

 

  (15)  

     

 

The self-inductance of each stator phase winding A and B 

will reach a maximum value whenever the rotor d-axis 

aligns with the axis of the phase winding because the 

reluctance of the linkage flux path is minimum. This 

minimum reluctance condition occurs twice during each 

rotation of the rotor so that the stator self-inductances are 

represented by a constant component and a single periodic 

component, the higher harmonics neglected. is the 

constant component of the magnetizing inductance of the 

stator winding, is the amplitudes of the second 

harmonics of the magnetizing inductance. 

 

 

To achieve a sinusoidal field, each of the stator windings is 

shifted in space relative to the others by 2π/3. The self-

inductances of the stator for phase B and C are given in 

(17) to (19). 

 

 

(17) 
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(19) 

where lsL is the stator leakage inductance. 

 

The mutual inductance between each of the stator windings 

can be written as (20) to (26). 
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The stator inductance can be given in matrix form in 

equation (27) for phase A, B and C 
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This inductance is related to the voltage equation of the 

machine given in equation (28), which is later presented in 

(29) for the purpose of simulation. 
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acV
is the per phase capacitor voltage, which is generated 

using equation (30). 
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where C is the capacitance of the capacitor. 
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, which is the rotor speed. 

 

SI  is the stator three phase current given as:
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SR is the stator three-phase resistance, given in matrix 

form as (32). 
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E is permanent magnet three-phase emf produced, given 

as 
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m is the permanent magnet constant flux. 

 

 

The electromagnetic torque is derived in (37) using co-

energy method. 
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And the power output is: 

 

pfIVP saco **3           (38) 

 

The inductive load equation per phase is given as (39). 

 

pf
is the  machine power factor. 
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where 

aLR is the per phase resistive load. The load current is 

found as a state variable in (40). 
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The active power and reactive power equation are 

expressed in (41) and (42) respectively. 

 

pfIVP aLacA **3                         (41)
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III. RESULTS AND DISCUSSION 

The simulation results presented in this section were 

obtained using MATLAB/Simulink to observe the 

performance of the system under the following 

conditions including no-load, variable loading and. 

Inductive and resistive load of 400 Ω, 30 mH was 

used. The generator relates to a balance star‐connected 

bank capacitor, and the value of the capacitor is 80 μF 

per phase. A constant permanent magnet flux of 0.8 

was used at 0.8 power factor. The analysis was done 

with unsaturated value of inductance. The machine 

parameters for the simulation can be found in [15]. 

a) Performamnce Result of SG with PM on no-load 

Condition 

In Fig 9 to 11, the voltage buildup of the three-phase 

generator is illustrated. The profile for phase A is shown in 

Fig 9. The profile for phase B and C are shown in Fig 10 

and 11 respectively. The excitation capacitor value of 80 µF 

was applied in this arrangement with PM excitation flux 

value of 0.8 Wb. The results show the generator phase 

voltage to be above 220 volts. The voltage level is 

commendable since the generation is operating on no load 

condition. This is because, when load is added, the 

generator voltage is expected to drop. Fig. 12 shows the 

generator power output, which is 1600 W. The power 

output also shows a smooth and a more stable condition. 

 
Fig. 9: Phase A voltage the generator on no load condition 

 

 
Fig. 10: Phase B voltage the generator on no load condition 

 
Fig. 11: Phase C voltage the generator on no load condition 

 

 
Fig.12 Power output of the generator on no load condition 

 

b) Performamnce Result of SG with PM on sudden 

addition and removal of load Condition 

 

The effect of varying loading conditions for the generator 

on voltage, power output, excitation capacitor current, 

active, and reactive power, and load voltage at constant 

power factor of value of 0.8 and excitation capacitor of 80 

uF is shown in Fig 13 to Fig.19.The generator was first 

started on no load. It runs till 0.5 sec; then suddenly a load 

of 400 Ω was applied at 0.8 power factor. The generator 

initially experienced a hike in voltage when there was no 

load added. Then, there was voltage downfall on addition of 

load. This lasted to 2 sec when the load was removed. A 

climb in the power output was also seen to be about 1800 

W when there was no load. The power output drops to 1400 

W after the load was added. This is shown in Fig.16. Under 

the same excitation conditions, it was found that the 

capacitor current, active, and reactive, as well as the load 

voltage were very sensitive to the variation in the load 

values. The measured no-load phase-current of the 

capacitor of the generator, the active and reactive power 

and the load voltage is illustrated in Fig 17 to Fig. 19. 

 
Fig.13 Phase A voltage the generator on load disturbance 
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Fig.14 Phase B voltage the generator on load disturbance 

 

 

 
Fig. 15 Phase C voltage the generator on load disturbance 

 

 

 
Fig.16 Capacitor current of the generator on load 

disturbance 

 

 
Fig.17 Active power of the generator on load disturbance 

 

 
Fig.18 Reactive power of the generator on load disturbance 

 

 

 
Fig.19 Load voltage of the generator on load disturbance 

 

CONCLUSION  

This study has carried out dynamic performance analysis 
of a self-excited three-phase cageless rotor reluctance 
generator with permanent magnet based on winding function 
theory using the actual geometry of the machine for 
calculation of inductance and analysis of the machine 
instead of the use of traditional winding function, which 
uses Fourier model. The calculation also involves the 
harmonic content of the machine, where all the harmonics 
are considered including the fundamental components of 
winding functions. The expression of the machine 
inductance developed based on winding function theory was 
used to carry out the dynamic simulation of the machine in 
natural variable frame. Effect of load variation was studied, 
and the machine performance changes as the load is varied.  
The simulation was made using MATLAB/SIMULINK. 
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