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This paper presents a novel external secondary self-excitation capacitance and chopper 

resistance across the diode bridge rectifier in the rotor circuit to control the voltage and 

frequency of 3-phase, wound-rotor, slip-ring, induction generator (WRSRIG). The 

problem related to the excitation- capacitance from the rotor side is the required large 

excitation capacitance to enhance the generator performance in a wide - range. In the 

present proposed method, a dynamic excitation capacitance is used in the H-Bridge 

inverter circuit connected in series with a chopper resistance across a 3-phase diode bridge 

rectifier in the rotor circuit. The duty ratios of the H-bridge thyristor elements and the 

thyristor chopper element are varied to emulate the excitation-capacitance as well as 

external-rotor resistance values dynamically, and to be used as terminal voltage and its 

frequency control. The dynamic excitation-capacitance is used to control the terminal 

voltage, while the dynamic external rotor resistance is used to control the generator speed 

(frequency). To study the performance of the WRSRIG a dynamic model is presented in 

this paper in D-Q axes rotating synchronously in a reference frame. The dynamic model 

takes into account all the machine parameters, such as stator and rotor - iron core losses, 

stator and rotor - stray load losses, dynamic saturation of the magnetizing inductance, rotor 

harmonic losses generated due to switching action of the bridge rectifier, reduction voltage 

in the rotor circuit due to the over-lap phenomenon and rotor external resistance losses. 

The new proposed equivalent circuit of the WRSRIG will become an efficient method for 

studying the performance characteristics of the generator and to be used as a suitable tool 

for an algorithm of the vector control analysis. 
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1. INTRODUCTION

When the induction machine is driven with over 

synchronous speed by a prime-mover and a selected suitable 

value of capacitance is connected across the stator terminals in 

squirrel-cage induction machines or across rotor terminals in 

wound rotor slip-ring machines, the machine is called a self-

excited induction generator (SEIG). These SEIG's has been 

largely utilized in isolated or stand-alone generation system 

that used wind or hydro-power turbines [1-3]. In a given speed 

and excitation- capacitance, the building-up process of the 

terminal voltage is mainly determined by the saturated 

magnetizing inductance of the machine [4]. Both terminal 

voltage and frequency of the SEIG are varying with the load 

although the speed of the rotor remained constant. There have 

many research efforts on solving the problem of control of line 

voltage and frequency of the squirrel-cage induction generator 

[5-10]. But very little effort has been devoted to the utilization 

of wound-rotor, slip-ring, induction generator in isolated areas 

applications [1]. Different models of analysis of the WRSRIG 

have been used. The steady-state model includes the loop-

impedance method or nodal-admittance method [11-14]. The 

machine dynamical model, based on the generalized theory of 

induction machines [15, 16].  

However, the steady-state model cannot deal with the 

dynamic characteristics of the generator, while the dynamic 

models are considered the excitation capacitance in the stator 

side only. In all of these models, the iron core losses, the stray 

load losses, magnetizing saturation, harmonic loss, and the 

over-lap reduction voltage in the rotor circuit are not 

considered. This research paper proposed a novel voltage and 

frequency control circuit of WRSRIG, consisting of a chopper 

external resistance connected in series with H-Bridge inverter 

switched -excitation capacitance across diode bridge rectifier 

in the rotor circuit. 

A novel equivalent circuit is proposed in steady-state 

operation and D-Q axes dynamic model in the synchronously 

rotating frame. These equivalent circuit models can deal with 

studying transient and steady-state performance 

characteristics of the generator. In these models, all the 

machine parameters are included, such as iron core losses, 

stray load losses, magnetizing saturation, reduction voltage 

due to the over-lap phenomenon, and the harmonic losses. 

2. DYNAMIC MODEL OF THE WRSRIG

The proposed scheme of WRSRIG and its steady-state 

equivalent circuit is shown in Figure 1. The machine can be 

operated as an induction generator if the rotor is driven over 

synchronous speed by wind or hydro turbine. 

The excitation capacitance connected across H-bridge 

inverter in the rotor circuit to control the stator terminal 

voltage by varying the duty ratio (Ɣ𝑖𝑛𝑣)  of the inverter
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switches. The effective external rotor excitation capacitance 

can be calculated as [17]: 

 

𝐶𝑟𝑒𝑓 = 𝐶𝑟 (2. Ɣ𝑖𝑛𝑣 − 1)2⁄  (1) 

 

where, Cr is the switched excitation capacitance in the rotor 

circuit. This capacitance appears in series with the external 

chopper resistance across the diode bridge rectifier in the rotor 

circuit. The frequency of terminal voltage can be controlled by 

varying the external resistance (Rex) in the rotor circuit. The 

chopper-thyristor switch is connected across the resistance. 

The effective - resistance appears across the bridge rectifier in 

the rotor circuit depending on the duty ratio (Ɣ𝑐ℎ)  of the 

chopper and can be calculated as [18]: 

 

�́�𝑒𝑓𝑓 = (1 − Ɣ𝑐ℎ)2 ∗ �́�𝑒𝑥 (2) 

 

In this method, the terminal voltage and its frequency can 

be controlled with a wide range of load variations. 

Due to the presence of leakage reactance's in the rotor 

windings of the WRSRIG, the commutation of currents among 

the rotor phases between the terminals of the bridge rectifier 

does not occur instantaneously. There is a period of current 

overlap between the phases. This leads to a reduction in the 

rectified voltage. The reduction voltage due to the over-lap can 

be obtained as: 

 

𝑉𝑑𝑟 = 3 ∗ �́�ℓ𝑟 ∗ 𝐼𝑑 𝜋⁄  (3) 

 

where, �́�ℓ𝑟  is the leakage reactance of the rotor per phase 

reflected onto the stator.  

Id is the rectified DC output current of the bridge rectifier. 

The current Id can be obtained in terms of the rotor phase 

current referred to the stator side (𝐼𝑟) as: 

 

𝐼𝑑 = √3 ∗ 𝐼𝑟 √2⁄  (4) 

 

Then from (3) and (4), the reduction voltage due to the over-

lap can be obtained as: 

 

𝑉𝑑𝑟 = 1.17 ∗ �́�ℓ𝑟 (5) 

 

Then the over-lap reactance (�́�𝑜ℓ) in the rotor circuit can be 

represented as: 

 

�́�𝑜ℓ = 1.17 ∗  �́�ℓ𝑟  (6) 

 

Due to the rectification process of the diode bridge rectifier, 

a harmonic loss is generated in the rotor circuit and can be 

represented by a resistance (�́�ℎ) per phase of the rotor circuit 

as [18]: 

 

�́�ℎ = [�́�𝑟 + (
1

2
) ∗ �́�𝑒𝑓𝑓] ∗ (

𝜋2

9
− 1) (7) 

 

where, �́�𝑟 is the rotor resistance per phase reflected onto the 

stator circuit. 

Stray load loss resistances (𝑅𝑠𝑠𝑠ℓ & �́�𝑟𝑠𝑠ℓ) of the stator and 

rotor circuits in the steady-state equivalent circuit of the 

WRSRIG can be calculated as [19]: 

 

𝑅𝑠𝑠𝑠ℓ = (𝜔𝑠. 𝐿ℓ𝑠)2 ∗  𝑅𝑠/[𝑅𝑠
2 + (𝜔𝑠. 𝐿ℓ𝑠)2] (8) 

 

𝑅𝑟𝑠𝑠ℓ =
𝑠. (𝜔𝑠ℓ. 𝐿ℓ𝑟

́ )
2

∗ �́�𝑟

(�́�𝑟)
2 =

𝑠2. (𝜔𝑠. 𝐿ℓ𝑟
́ )

2

�́�𝑟

 (9) 

 

where, 𝐿ℓ𝑠 and 𝐿ℓ𝑟
́ =stator and rotor leakage inductances. ωs is 

the angular speed of the stator terminal voltage. Rs and �́�𝑟 are 

stator and rotor winding resistances respectively. If the 

machine operates near the synchronous speed the slip (s) is 

very small and the rotor circuit stray load loss resistance (�́�𝑟𝑠𝑠ℓ) 

can be neglected. 

 

 

 
(a) Schematic diagram of wound- rotor slip-ring induction generator 
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(b) Steady-state equivalent circuit of WRSRIG 

 

Figure 1. The proposed scheme of WRSRIG and steady-state equivalent circuit 

 

 
(a) D-axis model 

 
(b) Q-axis model 

 

Figure 2. Modified equivalent circuit of SEIG in D-Q axes of synchronously rotating reference frame 

 

In the proposed D-Q axes equivalent circuit shown in Figure 

2, the modified series equivalent of stator and rotor iron core 

resistances (Rssic & Rrsic) can be reflected as voltage drops in 

the stator and rotor circuits to take the effect of iron core losses 

without increasing the order of the system differential 

equations. These resistances as well as the equivalent dynamic 

inductance (Lm) can be calculated as [20]: 

 

𝑅𝑠𝑠𝑖𝑐 = 𝑅𝑠𝑖𝑐 . (𝜔𝑠. 𝐿𝑀)/[𝑅𝑠𝑖𝑐
    2 + (𝜔𝑠. 𝐿𝑀)2] (10) 

 

𝑅𝑟𝑠𝑖𝑐 = 𝑠. 𝑅𝑠𝑠𝑖𝑐 (11) 

 

𝐿𝑚 = 𝐿𝑀. 𝑅𝑠𝑖𝑐
2 /[𝑅𝑠𝑖𝑐

2 + (𝜔𝑠. 𝐿𝑀)2] (12) 

 

where, Rsic is the stator iron core resistance which can be 

calculated from the no-load test of the machine. Lm is the 

dynamic magnetizing inductance which can be found from the 

no-load test in terms of magnetizing current (Im), represented 

by a polynomial curve-fitting technique as: 

 

𝐿𝑀 = 0.04765 ∗ 𝐼𝑚
5 − 0.5129 ∗ 𝐼𝑚

4 + 2.18 ∗  𝐼𝑚
3

− 4.57 ∗ 𝐼𝑚
2 + 4.636 ∗ 𝐼𝑚 + 0.25 

(13) 

 

The parameters of stator and rotor voltages of the WRSRIG 

with excitation capacitors derived from the proposed circuit 

are shown in Figure 2 as: 

 

𝑣𝑠𝑑 = (𝑅𝑠 + 𝑅𝑠𝑠𝑠ℓ). 𝑖𝑠𝑑 +
𝑑𝜓𝑠𝑑

𝑑𝑡
+ 𝑅𝑠𝑠𝑖𝑐 . 𝑖𝑚𝑑

− 𝜔𝑠. 𝜓𝑠𝑑 

(14) 

 

𝑣𝑠𝑞 = (𝑅𝑠 + 𝑅𝑠𝑠𝑠ℓ). 𝑖𝑠𝑞 +
𝑑𝜓𝑠𝑞

𝑑𝑡
+ 𝑅𝑠𝑠𝑖𝑐 . 𝑖𝑚𝑞

+ 𝜔𝑠 . 𝜓𝑠𝑞  
(15) 

 

𝑣𝑐𝑑 = (�́�𝑟 + �́�𝑟𝑠𝑠ℓ + �́�ℎ + �́�𝑒𝑓𝑓). �́�𝑟𝑑 + 𝑅𝑟𝑠𝑖𝑐 . 𝑖𝑚𝑑 +

 
𝑑�́�𝑟𝑑

𝑡𝑑
− 𝜔𝑠ℓ. �́�𝑟𝑞 − 𝜔𝑠ℓ. �́�𝑟𝑞𝑜  

(16) 

 

29



 

𝑣𝑐𝑞 = (�́�𝑟 + �́�𝑟𝑠𝑠ℓ + �́�ℎ + �́�𝑒𝑓𝑓). �́�𝑟𝑞 + 𝑅𝑟𝑠𝑖𝑐 . 𝑖𝑚𝑞

+
𝑑�́�𝑟𝑞

𝑡𝑑
+ 𝜔𝑠ℓ . �́�𝑟𝑑 + 𝜔𝑠ℓ. �́�𝑟𝑑𝑜 

(17) 

 

where 𝜔𝑠ℓ is the slip speed=(ωs-ωr) rad./sec. (18) 

 

where, ωr is the rotor speed of the generator in electrical. 

rad./sec. ψsd, ψsq, �́�𝑟𝑑  and �́�𝑟𝑞  are the stator and rotor flux 

linkage in d-q axes, and defined as: 

 

𝜓𝑠𝑑 = 𝐿ℓ𝑠 . 𝑖𝑠𝑑 + 𝐿𝑚 . 𝑖𝑚𝑑 (19) 

 

where 𝜔𝑠ℓ is the slip speed=(ωs-ωr) rad./sec. (20) 

 

�́�𝑟𝑑 = �́�ℓ𝑟 . 𝑖𝑟𝑑 + �́�𝑜ℓ. �́�𝑟𝑑 + 𝐿𝑚. 𝑖𝑚𝑑 + �́�𝑟𝑑𝑜 (21) 

 

�́�𝑟𝑞 = �́�ℓ𝑟 . 𝑖𝑟𝑞 + �́�𝑜ℓ. �́�𝑟𝑞 + 𝐿𝑚. 𝑖𝑚𝑞 + �́�𝑟𝑞𝑜 (22) 

 

𝑖𝑚𝑑 = 𝑖𝑠𝑑 + �́�𝑟𝑑 (23) 

 

𝑖𝑚𝑞 = 𝑖𝑠𝑞 + �́�𝑟𝑞 (24) 

 

where, �́�𝑟𝑑𝑜 and �́�𝑟𝑞𝑜=the residual rotor linkage fluxes in the 

D and Q axes, respectively. 

 

�́�𝑐𝑑 = ∫ (
�́�𝑟𝑑

𝐶𝑟𝑒𝑓

+ 𝜔𝑠𝑙 . 𝑣𝑐𝑞) 𝑑𝑡 + 𝑉𝑐𝑑𝑜 (25) 

 

�́�𝑐𝑞 = ∫ (
�́�𝑟𝑞

𝐶𝑟𝑒𝑓

− 𝜔𝑠𝑙 . 𝑣𝑐𝑑) 𝑑𝑡 + 𝑉𝑐𝑞𝑜 (26) 

 

where, �́�𝑐𝑑𝑜  and �́�𝑐𝑞𝑜  are the initial voltages of the rotor 

excitation capacitor in the D-Q synchronously rotating frame? 

 

𝑖𝑚 = √𝑖𝑚𝑑
2 + 𝑖𝑚𝑞

2  (27) 

 

𝑣𝑐𝑚 = √�́�𝑐𝑑
2 + �́�𝑐𝑞

2  (28) 

 

where, im is the maximum magnetizing current and vcm is the 

maximum capacitance voltage.  

The electromagnetic torque generated by WRSRIG is 

calculated as: 

 

𝑇𝑒 = (
3

2
) . (𝑃𝑝). (𝐿𝑚). (𝑖𝑠𝑑 . �́�𝑟𝑞 − 𝑖𝑠𝑞 . �́�𝑟𝑑) (29) 

 

The active output power of WRSRIG is calculated as: 

 

𝑃𝑡 =
3

2
[𝑣𝑠𝑑 . 𝑖𝑠𝑑 + 𝑣𝑠𝑞 . 𝑖𝑠𝑞] (30) 

 

The reactive output power can be calculated as: 

 

𝑄𝑡 =
3

2
[𝑣𝑠𝑞 . 𝑖𝑠𝑑 − 𝑣𝑠𝑑 . 𝑖𝑠𝑞] (31) 

 

The machine power factor can be calculated as: 

 

𝑃. 𝐹 = cos ϕ =
𝑃𝑡

√𝑃𝑡
2 + 𝑄𝑡

2
 (32) 

The minimum capacitance in the external rotor circuit is 

needed to generate the rated terminal voltage at no-load and 

rated machine speed conditions derived from the steady-state 

equivalent circuit of the WRSRIG in Figure 1 as: 

 

𝐶𝑟𝑒𝑓(max) = 1 [𝜔𝑟𝑐
2 . (𝐿𝑚 + 𝐿ℓ𝑟 + �́�𝑜ℓ)]⁄  (33) 

 

𝐶𝑟𝑒𝑓(min) = 1 [𝜔𝑟𝑚
2 . (𝐿𝑚 + 𝐿ℓ𝑟 + �́�𝑜ℓ)]⁄  (34) 

 

where, ωrc=the machine cut-off or minimum rotor speed in 

(electrical rad./second). 

ωrm is the maximum (above synchronous speed) allowable 

machine speed in electrical radian/second. 

The minimum, or maximum excitation capacitance depends 

on the maximum or minimum generator rotor speed (ωr) in 

electrical rad./sec. 

 

𝜔𝑟𝑐 = 𝜔𝑠. (1 − 𝑆𝑚) (35) 

 

𝜔𝑟𝑚 = 𝜔𝑠. (1 + 𝑆𝑚) (36) 

 

where, ωs=the machine synchronous-speed or angular-

frequency in electrical. rad./esc. 

Sm=the machine slip at maximum torque or maximum 

power. The slip is positive when the machine rotates under 

synchronous speed, and it is negative when the machine 

rotates above synchronous speed. 

 

 

3. RESULTS AND DISCUSSION 

 

The dynamic simulation model of the WRSRIG system has 

been developed in Matlab / Simulink. The experimental setup 

consists of DC. Motor coupled with the WRSRIG system. The 

DC motor is a separately excited type and used as a prime-

mover to the WRSRIG. 

The WRSRIG is driven at a above synchronous speed, and 

then a capacitor and external resistance are connected with 

their chopper and H-bridge inverter at the rotor side. The 

specifications of the WRSRIG are given as follow: 

3-phase, wound rotor slip-ring, delta-connected, 220 V, 

induction machine with the following data: 

 

𝑃𝑜𝑢𝑡 = 1500 𝑊, 𝑁𝑠 = 1500 𝑟. 𝑝. 𝑚, 𝐼ℓ = 6.6 𝐴, 𝑃𝑝 = 2, 

cos 𝜙 = 0.8 

 

𝑅𝑠 = 5.1 Ω, �́�𝑟 = 3.5 Ω, 𝐿ℓ𝑠 = 16 𝑚𝐻, 𝐿ℓ𝑟 = 24 𝑚𝐻, 𝐿𝑀 =
0.28 𝐻 

 

𝑅𝑠𝑖𝑐 = 300 Ω at rated voltage, 𝐽 = 0.03 𝑘𝑔. 𝑚2, 𝐷 =

0.003 
𝑁.𝑚

(
𝑟𝑎𝑑

𝑠𝑒𝑐
)

,  𝐶𝑟(𝑚𝑖𝑛) = 30 𝜇𝐹 

 

Figure 3 shows the Matlab and experimental results for the 

starting-up condition of the generator terminal voltage. Figure 

4 shows the Matlab and practical results of the steady-state 

terminal voltage of the WRSRIG. From these figures, there is 

a very close agreement between the simulation and practical 

results, which indicates the validity of the proposed dynamic 

simulation model. The accurate results of the dynamic model 

are obtained due to considering into account the iron core 

losses, stator and rotor stray load losses, the dynamic 

saturation in magnetizing inductance, and the rotor over-lap 

and harmonic losses. 
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Figure 3. Experimental result (a) and Matlab simulation 

result (b) of building–up generator terminal voltage at the no-

load condition 

 

 
(a) 

 
(b) 

 

Figure 4. Experimental result (a) and Matlab simulation 

result (b) of the steady-state generator phase voltage 

 

Figures 5 and 6 show the Matlab results of WRSRIG 

electromagnetic torque and per phase output active power of 

the generator. The results show the harmonic torque and 

harmonic power loss due to the rectification process of the 

diode bridge rectifier; a harmonic loss is generated in the rotor 

circuit. Figure 7 shows the terminal phase voltage due to a 

sudden disconnection of the excitation capacitance from the 

rotor circuit. This indicates that the generator cannot be 

operated without specific excitation capacitance. 

 
 

Figure 5. Matlab result of electromagnetic torque 

 

 
 

Figure 6. Matlab result of active power per phase 

 

 
 

Figure 7. Practical Phase voltage due to sudden 

disconnection of excitation capacitance 

 

 

4. CONCLUSIONS 

 

A comprehensive dynamic model of WRSRIG has been 

considered in this work takes into account the iron core losses, 

stator and rotor stray load losses, the dynamic saturation in 

magnetizing inductance, and the rotor over-lap and harmonic 

losses without increasing the number of state-space 

differential equations. The WRSRIG equivalent circuit is 

modified to deal with all machine parameters without losing 

the accuracy of performance calculation. The duty ratio of the 

thyristor chopper in the rotor circuit is used to control the 

electromagnetic torque as well as the frequency (rotor speed) 

of the generator. The duty ratio of the H-bridge inverter is used 

to vary the effective excitation capacitance in the rotor circuit 

to control the terminal voltage of the generator. 
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The proposed control circuits and the corresponding 

dynamic and steady-state equivalent circuits can be used as an 

efficient method of studying the performance characteristics 

for this type of induction generator. 
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