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Steady-state analysis of a hybrid power supply system using an induction generator 
with a shunt AC/DC converter 
 
Hybrid power supply systems (HPSSs) are considered as a good option for electric power supply of remotely located from the grid 
consumers due to significant fuel savings compared to diesel sets. Quick development and improvement of HPSSs may be achieved using 
specialized methodologies and programs. In the paper a schematic diagram is proposed and operation principles of a 400 V / 50 Hz 
HPSS were developed. The system’s main component is the master generating unit of the hydropower plant using a 250 kW induction 
generator (IG). The voltage of the system is controlled by the controller of the AC/DC power converter. The electrical frequency of the 
system is controlled by the speed controller of the hydropower turbine. A wind turbine, an energy storage system and a regulated dump 
load are connected to the IG through the AC/DC converter. Goal. The paper aims to develop a methodology for steady state 
performance analysis of the hydraulic turbine driven isolated IG operating in parallel through an AC/DC power converter with 
additional sources and consumers of active power. Methodology. The methodology for evaluation of performance characteristics of the 
IG operating in the proposed system has been developed. The methodology is based on the equivalent circuit of the system, equations of 
active and reactive power balance in the system and the superposition method. Results. The equations of frequency, voltage and power 
regulators of the system are given. The performance characteristics of the IG operating in the system supplying resistive and RL load in 
«constant voltage – constant frequency» mode are obtained. Novelty. The developed methodology is innovative in taking into account 
the control algorithms of the system. The comparative analysis of the IG’s performance operating in the stand-alone generating unit and 
in the generating unit connected to the proposed system is performed. Practical value. The developed methodology can be used for 
development and performance improvement of hybrid AC power systems. References 19, table 1, figures 4. 
Key words: hybrid power system, induction generator, superposition method, equivalent circuit. 
 
Гібридні системи електропостачання (ГСЕ) розглядаються як хороший варіант для електропостачання віддалених від 
мережі споживачів завдяки значній економії палива порівняно з дизель-агрегатами. Швидка розробка і вдосконалення ГСЕ 
можуть бути досягнуті за допомогою спеціалізованих методик і програм. В статті запропоновано схемне рішення та 
розроблено принципи роботи ГСЕ промислової напруги і частоти 400 В / 50 Гц. Система побудована на основі ведучого 
гідроелектроагрегата з асинхронним генератором (АГ) потужністю 250 кВт. Стабілізація напруги системи забезпечується 
силовим AC/DC перетворювачем, а стабілізація електричної частоти системи – регулятором частоти обертання 
гідротурбіни. Вітроустановка, накопичувач енергії і регульоване баластне навантаження підключаються до АГ через AC/DC 
перетворювач. Метою роботи є розробка методики розрахунку характеристик автономного АГ з гідротурбінним приводом, 
що працює паралельно через AC/DC перетворювач з додатковими джерелами та споживачами активної потужності. 
Розроблено методику розрахунку характеристик АГ запропонованої системи. Розроблена методика базується на основі 
еквівалентної схеми заміщення системи, рівнянь балансу активної і реактивної потужності та методу накладання. Наведено 
рівняння регуляторів частоти, напруги і потужності системи. З допомогою розробленої методики виконано розрахунки 
характеристик АГ за активного і активно-індуктивного навантаження споживачів при умові підтримання постійного 
значення напруги АГ і електричної частоти в системі. Створена методика має новизну в частині врахування алгоритмів 
керування системою. Проведено аналіз і співставлення характеристик АГ отриманих за його роботи в складі 
гідроелектроагрегата працюючого автономно і в складі запропонованої системи. Отримані результати можуть бути 
використані при розробці та для покращення технічних характеристик гібридних систем електропостачання змінного 
струму. Бібл. 19, табл. 1, рис. 4. 
Ключові слова: гібридна система електропостачання, асинхронний генератор, метод накладання, схема заміщення. 
 

Introduction. Isolated power supply systems and 
modern distributed generation systems are capable to 
operate off-grid thus ensuring elimination of interruptions 
in power supply during grid outages and blackouts. These 
systems can reduce the cost of construction and losses of 
both power transmission and distribution lines caused by 
power transmission to local consumers located remotely 
from power transmission lines [1-4]. Photovoltaic 
systems, wind turbines (WTs), hydropower turbine 
equipped generating units (HTGUs), geothermal power 
plants, etc. are often combined with each other in 
distributed generation and isolated power supply systems 
to improve their performance. Electric power generating 
systems using different renewable primary energy sources 
are called hybrid power supply systems (HPSSs). When 
necessarily to provide a more reliable power supply, 
diesel power sets may be integrated in the HPSSs. 

Today’s power ratings of HTGUs, WTs and diesel 
power sets used in HPSSs are generally in the range 
3-4 MW. WTs and HTGUs of this power range may be 
designed using permanent magnet generators, 

synchronous generators, doubly-fed and squirrel cage IGs 
[5-7]. The efficiencies of permanent magnet generators 
and synchronous generators are somewhat higher 
comparing to IGs, but IGs are simpler to service and 
repair. Moreover, due to lower price and lower 
maintenance costs, IGs are paid off sooner. 

The solution of problems related to the performance 
analysis and evaluation of indicators of efficiency of 
energy conversion of IGs driven by regulated prime 
movers, such as hydraulic turbines (HTs) and diesel 
engines (DEs), has been successfully carried out and 
reported in the literature [8-10]. At the same time it 
should be noted, that methodologies developed for the 
steady-state analysis of stand-alone IGs using IG 
equivalent circuit are not adapted for performance 
analysis of IGs operating in parallel with various electric 
power sources within off-grid HPSSs. The study of the 
performance characteristics of IGs interconnected to 
electromechanical systems is a more complex objective 
requiring the development of complex mathematical 
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models [11, 12]. Complex dynamic models are a powerful 
tool for scientific investigations but they require a lot of 
computational efforts and time for debugging. Therefore, 
development of static mathematical models and new 
universal methodologies suitable for performing such 
studies or revision of existing ones is up to date. 

The purpose of the article is to develop and test a 
methodology for steady state performance analysis of the 
induction generator driven by a hydraulic turbine of the 
master hydropower turbine equipped generating unit and 
operating in «constant voltage – constant frequency» 
mode in parallel through an electronic AC/DC power 
converter with sources and consumers of active power in 
the hydro-wind-battery hybrid power supply system 
supplying a three phase load. 

Configuration and operating principles of the 
HPSS. The proposed HPSS (Fig. 1) consist of a master-
HTGU with IG, a variable speed WT, an energy storage 
system (ESS) and a regulated dump load (RDL). The G2 
generator of the WT is connected to the IG G1 through 
AC/DC voltage source converters VSC1 and VSC2. Both 

RDL and ESS are connected to the IG G1 through the 
VSC1. Power VSCs allow performing smooth power 
control of the sources of electric energy [13, 14]. The ESS 
can be of different types: flywheel ESS, battery ESS, 
supercapacitor based, etc. [15, 16]. The HPSS of Fig. 1 
can operate both on-grid and off-grid. The HTGU consists 
of the IG G1, a regulated HT, the VSC1 converter and a 
bank of compensation capacitors (BCC) for self-
excitation of the IG when the HPSS is off-grid. If hydro 
energy is unavailable in the region, diesel engines (DEs) 
may be used instead of HTs. Regulation of the electrical 
frequency in the system is carried out by the speed 
controller of the HT or DE. The controller of the WT uses 
wind speed and rotational speed of the WT for output 
power control of the wind generator. The ESS is provided 
to reduce frequency overshoot in transient modes and to 
limit the active power of the IG G1 during short-term 
peak demand. The RDL is intended mainly to consume 
active power excess in the system when the ESS is fully 
charged. It can also be used for «frequency-responsive» 
spinning reserve regulation [17, 18]. 

 

 
Fig. 1. Schematic diagram of the hybrid power supply system 

 

Equations of frequency, voltage and power 
controllers are as follows. 

 AC voltage, DC voltage and HTGU speed 
controllers 

const* gU ;                             (1) 

const* dcU ;                             (2) 

const* e .                              (3) 
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The WT speed control is described in [17]. 

In the above equations *
gU  is the RMS reference 

value of phase voltage of the IG; *
e  is the angular 

electrical frequency reference in the system; *
dcU  is the 

DC-side voltage reference of the VSC1; *
EXP  is the 

«frequency-responsive» spinning reserve reference 
regulated with the RDL controller; LP  – is the active 

power demand; WGP  is the output active power of the 

WT; *
ESP  is the output power of the ESS assumed to be of 

positive sign while discharging of the ESS; *
DLP  is the 

active power reference of the RDL; gI , *
max.gI , gNI  are 

values of actual, maximum reference and nominal RMS 
phase current of the IG; 1pk , 1ik , 2pk , 2ik , gIk  are 

positive constants; *
max , *

min , e  are values of 
maximum frequency reference, minimum frequency 
reference and actual angular electrical frequency in the 

system;   5,00 *
min

*
max

*  h ; *
.esdcI  is the input 

current reference of the ESS. 
It is clear from (4), that when the sum of the active 

power demand of the local load and spinning reserve 

reference *
EXL PP   is greater than the total output power 

of the WT and ESS and *
max

*
min   e , then 

*
EXDL PP  . When LESWGEX PPPP * , we have an 

excess of active power in the system. In this case, if 
*
max

*
min   e , the power of the RDL is equal to 

LESWGDL PPPP *  and the output active power of the 
IG is zero. If the electrical frequency in the system 

exceeds  *
max

*
min ...  limits and with current state of 

charge the ESS cannot perform frequency regulation, then 
the RDL performs this objective within the limits of its 
functional capabilities. 

When the ESS is charged, as can be seen from (5), if 

e *
min , the ESS controller limits the current value of 

the generator to the *
max.gI  value level or, if the e  value 

falls below *
min , it adjusts the e  value to the **

min h   

level. At the same time, in accordance with (3), the 
frequency of the HPSS of Fig. 1 is regulated by the speed 
controller of the HTGU. 

When the ESS is discharged and the output active 
power of the IG is sufficiently lower than its rated output 

and e *
min , then the ESS is being charged. At the 

same time, the value of the ESS power consumed is 

regulated by adjusting the value of the current *
.esdcI . If 

there is a frequency error such that *
max e , and the 

ESS is discharged, then the controller of the ESS adjusts 

the e  value to the **
max h   level. 

The methodology for performance analysis of the 
IG operating in the HPSS. To obtain performance 
characteristics of the HPSS, we will use shown in Fig. 2 
proposed equivalent circuit (EC) of the system where all 
components of the system of Fig. 1 are represented by 
equivalent impedances. 

 

 
Fig. 2. Equivalent circuit of the hybrid power supply system 

 

In Fig. 2 r1, r2, X1, X2 are the stator and rotor 
resistance and leakage reactance; r is the electrical 
angular speed of the rotor of the IG; Rm is the core loss 
resistance; F = e/eN is the per unit stator frequency of 
the IG; eN is the nominal angular frequency of the stator; 
Xm is the magnetizing reactance; RDL, RW, RE are 
equivalent resistances of RDL, WT and ESS. The values 
of reactances Xls, Xlr, Xcb, Xnlb, Xmb refer to the base (rated) 
frequency of 50 Hz. 

If we assume Ug = const and e = const the EC of 
Fig. 2 can be used for performance analysis of the IG 
operating both in the off-grid HPSS supplying local load 
with ZL impedance and on-grid with Zgr input impedance 
of the grid.  

To maintain the balance between power supply and 
demand for active and reactive power in the EC of Fig. 2, 

both real and imaginary part of the sum of admittances YS, 
Ym and YR must be zero 
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  eres  / . 

Let F = 1. Then from (6) the slip of the IG can be 
given by  
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and from (7) the magnetizing reactance of the IG can be 
obtained as  
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The air gap voltage of the IG Um can be determined 
from the Xm = Umb(Xmb) curve obtained from the 
synchronous speed test at rated speed.  

The rotor electrical speed, phase current, phase 
voltage and per-phase input admittance of the IG are 
computed using the following equations 

  er s   1 ;                         (10) 

Smph YUI  ;                          (11) 
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It should be noted that the EC of Fig. 2 allows us to 
analyze not all the operating modes of the HPSS of Fig. 1, 
but only those in which the condition e = const or 
r = const is valid. 

The methodology for performance analysis of the IG 
driven by the HT of the master-HTGU and operating in 
the proposed system of Fig. 1 is outlined as follows.  

At first, we will obtain the performance 
characteristics of the stand-alone IG. 

1. Set up the power factor of the load cosL, a k1×1 
column vector of the impedance of the local load ZL and a 
h1×1 column vector of trial values of the total reactive 

impedance of the BCC and VSC1 ig
esX  
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2. Find the elements of the air gap voltage matrix 
using magnetization characteristic of the IG and (9), 
phase current and voltage matrixes according to (11), 
(12), slip and input admittance matrixes of the IG 
according to (8), (13) using all combinations of elements 

of ZL and ig
esX  vectors 

 
11, hkhkum ig

mU ,   
11, hkhkiph ig

phI , 

 
11, hkhkuph ig

phU ,  
11, hkhks igS1 ,        (15) 

  .1
11, hkhky igY1  

3. Set the phase voltage reference of the IG and in 

each row of the ig
mU  (k = const, h = var) array determine 

the number of the column corresponding to the minimum 

deviation of the actual voltage from the reference 

const* gU . Save the found column numbers into a one-

dimensional array. Further, from the matrices (15), we 

form k1×1 column vectors of the air gap voltage ig,uc
mU , 

phase current ig,uc
phI , phase voltage ig,uc

phU , input 

admittance of the IG ucig,Y1 , slip ig,ucS1 , electrical 

angular speed of the rotor coig,
rW  and the total reactive 

impedance of the BCC and VSC1  ig,uc
esX  ensuring the 

performance with the least voltage error for each load 
value . 

4. From the ucig,
esX  vector we find the reactive 

impedance of the BCC  1, iXX ucig
esnl  , where the index 

i1 corresponds to the element with maximum impedance 
of the local load array    

11,max1 
khkL ziZ . 

5. Find the elements of the per-phase reactance, the 
phase current and the apparent power of the VSC1 arrays 
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efficiency array  PF ig,uc
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kFr – friction coefficient; PgN – nominal power of the IG. 
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Next, we will use the principle of superposition and 
compute the performance characteristics of the IG 
operating in the system of Fig. 1 by superposition of 
power curves of other elements and power curves of the 
stand-alone IG. The principle and method of 
superposition are applied to determine currents and 
voltages in linear circuits and sometimes for obtaining 
performance characteristics of AC systems with parallel 
power sources [19]. For the off-grid mode of the HPSS 
of Fig. 1 when the Fig. 2 EC is used, the relation 
between the active power of the IG and the active power 
of the load due to the power transmission losses 
neglected is linear. Other elements such as WT, RDL 
and ESS are represented in the EC by linear resistances. 
Therefore, the principle of superposition can be applied 
in this case. 

Assume the ESS is charged and the output power of 
the WT PWG is constant. First, let's add WT and RDL to 
the stand-alone HTGU with IG, assuming that ESS has no 
influence on the control of the RDL. Accordingly to (4) 

and (5) if *
max

*
min   e , this is possible under the 

condition that the ESS is not used or the ESS controller 

limits the current value of the IG when 0* ELP , i.e. 

when there is no excess of active power in the system. 
The said condition in the system of Fig. 1 will be satisfied 
if the charged ESS will not be discharged in the no load 
mode of the IG, that is, practically always in steady state. 
Taking into account the above assumptions, in the 
absence of a steady state power error, the power of the 
RDL will be given by 

   kPPkP DLEXDL
**  ,                   (21) 

where 

   
   










**

*
*

,

,0

EX
ig,uc
LWGEX

ig,uc
LWG

EX
ig,uc
LWG

DL
PkPPPkPP

PkPP
kP . 

6. Determine the active power of the IG when the 
RDL and WT are connected (ON) and the ESS is 
disconnected (OFF) from the HPSS 

      WGDL
ig,uc
L

WD
IG PkPkPkP  .           (22) 

7. The phase current of the IG when the RDL and WT 
are ON and the ESS is OFF can be obtained by 
interpolation of the relation between values of elements of 

the array of the real power of the load ucig,
LP  and the array 

of the phase current values ucig,
phI  of the stand-alone IG 

    kPkI WD
IG

WD
ph ,,inter ucig,

ph
ucig,

L IP .           (23) 

The next step is to add the ESS to the system and 
determine the following values. 

8. The ESS power provided there is no steady state 
power error 

   
   










,,

;,0
*

max.
*

max.

*
max.

g
WD
phg

WD
IG

g
WD
ph

ES
IkIPkP

IkI
kP    (24) 

where  *
max.

*
max. ,,inter gg IP WD

IG
WD
ph PI  is real power of 

the IG with ESS is OFF and *
max.gph II  . 

9. Real power of the IG when RDL ,WT and ESS 
are ON 

       kPPkPkPkP ESWGDL
ig,uc
L

WDE
IG  .     (25) 

10. Equivalent impedance of the per-phase load of 
the IG when RDL ,WT and ESS are ON 

   
   
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1
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1

2*

















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VSCL

g

ESWGDL

L

WDE
L

 (26) 

where WDE
VSC1R  is the column vector of the per-phase 

equivalent resistances of the VSC1  

11. Repeat steps 2–5 using the WDE
LZ  array instead 

of the ZL array. As a result, we get new k1×1 air gap 

voltage array WDE
mU , phase current array WDE

phI , phase 

voltage array WDE
phU , input admittance array of the IG 

WDEY1 , slip array WDES1 , electrical angular speed array 

of the rotor WDE
rW , total per phase reactance of the BCC 

and VSC1 array  WDE
esX , and reactance array of the 

VSC1 when RDL ,WT and ESS are ON  WDE
VSC1X . 

Compute the elements of the following arrays for the 
«full» HPSS (RDL ,WT and ESS are ON). 

12. The per phase impedance array and phase 
current array of the VSC1 

      11 kRkjXkZ WDE
VSC

WDE
VSC1

WDE
VSC  ;         (27) 

     kZkUkI WDE
VSC

WDE
ph

WDE
VSC 11 / .            (28) 

13. The real power array, reactive power array and 
apparent (total) power array of the VSC1  

     kRkUkP WDE
VSC

WDE
ph

WDE
VSC 1

2

1 /3 ;         (29) 

     kXkUkQ WDE
VSC

WDE
ph

WDE
VSC 1

2

1 /3 ;         (30) 

       21
2

11 kQkPkS WDE
VSC

WDE
VSC

WDE
VSC  .      (31) 

14. The power factor array  PFWDE
IG  and efficiency 

array  WDE
IGEF  of the IG are determined from (19), (20) 

using Y1WDE, WDE
phI , WDE

phU , WDE
mU , S1WDE arrays 

instead of Y1ig,uc, ig,uc
phI , ig,uc

phU , ig,uc
mU , S1ig,uc arrays. 

Results. The performance analysis of the 250 kW IG 
operating both in the stand-alone HTGU and in the 
HTGU of the HPSS of Fig. 1 was carried out using the 
explained above methodology with values of the power 
factor of the load 1 (Fig. 3) and 0.9 (Fig. 4). It was 

set 1.0* EXP  p.u., PWG = 0.3 p.u., 1* gU  p.u. and 

1*
max. gI  p.u. 
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Fig. 3. Characteristics of the hybrid power supply system with resistive load 

 
Fig. 4. Characteristics of the hybrid power supply system with RL-load 

 



Electrical Engineering & Electromechanics, 2024, no. 2 73 

As can be seen from Fig. 3 and Fig. 4, the 
characteristics of the IG under resistive and RL local load 

are much similar. Since *
EXWG PP  , then during 

operation of the HTGU with IG in the HPSS running on 
low (0…0.2 p.u.) load, there is excess of active power 
generated in the system, which is consumed by the RDL, 
the real power of the IG G1 is zero, and the electrical 
rotor speed is near to the synchronous speed. When the IG 
current value reaches 1 p.u., the linear increasing in power 
of the ESS is observed and due to this the current and 
active power values of the IG stay at the nominal level. 
The power factor and efficiency values of the IG remain 
unchanged while there is excess of active power 
generated. The rotor speed within the load power range 
corresponding to 1 p.u. IG current value is constant 
as well. 

Differences between Fig. 3 and Fig. 4 refer only to 
the characteristics of the VSC1 converter. Since the VSC1 
converter for voltage control of the IG load, in addition to 
the compensation of the reactive power of the IG, must 
compensate under RL local load its reactive power, 
accordingly the values of the phase current and apparent 
power of the VSC1 are much greater than while supplying 
the resistive load. As can be seen from Fig. 3 and Fig. 4, 
when the value of the real power component of the load 
PL is 1 p.u. and the IG is operating in the stand-alone 
HTGU, then the ratio of currents and apparent powers of 
the VSC1 obtained under resistive and RL-load is 1:4.7. 
When the IG is operating in the HPSS of Fig. 1, this ratio 
is 1:2.8. 

At the same time, the values of the current and 
apparent power of the VSC1 during the operation of the 
IG in the «full» HPSS running under PL = 1 p.u. load 
power when the load is resistive are 1.7 greater than 
during stand-alone operation of the HTGU and 
approximate to each other under RL-load. The power 
factor of the IG operating in the stand-alone HTGU in the 
entire load range, except for no load point, is greater than 
the power factor of the IG operating in the HPSS of 
Fig. 1. The maximum efficiency value of the IG operating 
in the stand-alone HTGU and in the HPSS of Fig. 1 was 
0.947, and the maximum power factor value of the IG was 
0.91 and 0.88 in stand-alone mode and for in system 
operation, respectively. These values correlate well with 
specifications of serial induction machines. 

Simulation parameters and characteristics. 
IG G1. Rated power / voltage / frequency / poles / 

(connection) – 250 kW / 400 V / 50 Hz / 4 / (Y); 
resistance of the stator / rotor winding, mΩ – 7.7 / 7.7; 
stator / rotor leakage reactance, mΩ – 33 / 33; core loss 
resistance, Ω – 42.3; friction coefficient, N∙m∙s/rad – 
0.015. The magnetization characteristic of the IG is given 
in the Table 1. 

Tablе 1 
Magnetization characteristic of the IG G1 

Phase current, A 20 27 54 105 141 191 290 421 592 836
Phase voltage, V 99 110 154 201 221 243 265 287 310 331

 

WT, RDL, ESS, VSC1, load, BCC, inductors. The 

output power of the WT is 0.3 p.u.; *
EXP = 0.1 p.u.; the 

ESS is charged and limits the current value of the 

generator to the 1 p.u. value; losses in the VSC1 converter 
and inductors are neglected; the local load is symmetrical 
resistive or RL with a power factor of 0.9; the per phase 
capacity of the BCC is 2.2 mF. 

Base quantities of power, voltage, current, speed 
and frequency for Fig. 3, 4 data. 250 kW = 1 p.u. of 
power; 230 V = 1 p.u. of voltage; 418 A = 1 p.u. of current; 
1500 rpm = 1 p.u. of rotational speed; 50 Hz = 1 p.u. of 
frequency. 

Conclusions. The methodology for steady state 
performance analysis of the induction generator driven by 
a hydraulic turbine of the master hydropower turbine 
equipped generating unit and operating in «constant 
voltage – constant frequency» mode in parallel through an 
electronic AC/DC power converter with sources and 
consumers of active power in the hydro-wind-battery 
hybrid power supply system supplying a three phase load 
has been developed. 

Known methodologies for steady state performance 
analysis of isolated hybrid power systems using induction 
generators and regulated static energy converters are 
dynamic model based and thus are quite complex in use 
and modification. In contrast to known methodologies of 
steady state performance analysis of self-excited 
induction generator and parallel operated induction 
generators, superposition method and interpolation of 
characteristics are used to take into account additional 
power sources and consumers with preset control 
algorithms in the developed methodology. With the 
developed methodology it is possible to calculate 
performance of the system under study for an arbitrary 
output voltage reference thanks to the parametric analysis 
of this system provided in the methodology. 

Approbation of the developed methodology was 
carried out on the isolated power system using a 250 kW 
induction generator. The obtained characteristics of the 
induction generator operating in the system differ from 
the characteristics of the stand-alone hydropower turbine 
equipped generating unit and depend on the 
characteristics and control algorithms of the additional 
sources and consumers of active power of the system. It 
was shown that, when the system supplied a local load 
with nominal real power component, the reduction of the 
power factor of the load from 1 to 0.9 led to an increase in 
the values of the apparent power and input currents of the 
AC/DC converter by 4.7 times in the stand-alone mode of 
operation of the hydropower turbine equipped generating 
unit and 2.8 times when the unit operated in the system. 
Due to this a significant increase in the installed capacity 
of the AC/DC converter both for stand-alone operation 
mode of the hydropower turbine equipped generating unit, 
and for its operation in the system supplying RL-load, is 
required in contrast to operation with resistive load. The 
obtained values of the maximum power factor and 
efficiency of the induction generator correlate well with 
the technical characteristics of serial asynchronous 
machines. 

Further improvement and development of the 
outlined methodology can be carried out thanks to a more 
accurate calculation of losses and consideration of new 
modes of operation and circuit solutions of hybrid power 
systems. 
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