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Abstract
Thisworkwasmotivated by the urgent need for reliable electricity in remote areaswhere
conventional power distribution, and consequently access to healthcare, remains impractical. The
proposed system is a practical alternative to conventional synchronous generators commonly used in
off-grid applications, which have high implementation andmaintenance costs and potential risks in
healthcare applications due to the spark generated by the brushes.Wepropose the use of a self-
excited single-phase generator, derived froma three-phase inductionmachine, as a robust, low-cost,
highly reliable and safe solution for supplying electrical power tomedical applications in remote
locations. Thework presents amathematicalmodel based on the theory of symmetrical components,
which incorporates frequency variation and unbalanced systemoperation, alongwith an analytical
methodology to determine the capacitance values required for this application and all system
elements, including the definition of the sizing factorsKE andKM. The proposed approach allows for
rigorous designwithout relying on empirical procedures as commonly presented in the literature,
and is experimentally validated using realmedical loads.Our experimental setup incorporates
currentmedical devices, including three infusion pumps, a cardioverter-defibrillator, and a patient
monitoring device. Despitemodest voltage imbalances observed during steady-state operation, all
medical devicesmaintained adequate functionality during testing. The transient response during
load switching showed damped oscillations before returning to steady-state operation, demonstrat-
ing stable voltage and frequency behaviorwithout the use of active electronic control. The generator
demonstrated satisfactory voltage regulation and short-circuit self-protection capabilities without
the need for complex systems,making it economically viable for deployment in resource-constrained
environments. These results suggest that the proposed configuration offers a practical solution for
the electrification ofmedical facilities in regionswhere grid extension remains challenging or
prohibitively expensive.

1. Introduction

The need for low-cost power generation systems in remote locations represents a significant challenge,
especially in developing countries [1], directly impacting the health andwell-being ofmillions of people. In
Brazil, for example,many isolated communities are located in rural areas along lakes and rivers, oftenmore
than 500 kmaway fromurban centers. These riverside populations often lack regular access to essential public
services, including health, education, and sanitation. Consequently, to receivemedical care - centralized in
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municipal centers - residentsmust embark on long journeys that can last days orweeks, aggravating health risks
in emergency situations [2–4].

In these circumstances, autonomous power generation systems become essential to enable the operation of
criticalmedical equipment, vital for the timely diagnosis and treatment of commondiseases, as well as for safe
childbirth and neonatal care [5]. Among the potential solutions for off-grid power generation, where the costs
of extending transmission infrastructure is prohibitively high, synchronousmachines coupledwith combus-
tion engines are often used [6, 7].

In healthcare applications, where financial resources are limited, systems based on synchronousmachines
may becomeunfeasible due to the need for components for voltage regulation control and systemgrounding,
high acquisition costs, andmaintenance requirements due to the use of brushes and fieldwindings [8–10].
Beyond the high cost, these characteristics contribute to low supply reliability, as operational failures can lead
to power interruptions, potentially with fatal consequences in the healthcare area.

Among the potential research areas, we have the squirrel-cage three-phase inductionmachine (TIM),
which is of interest to scientific and industrial communities for applications in actuators or power generation
systems [6]. TIMs operating as a self-excited induction generator (SEIG) offers significant advantages in terms
of reliability, with a squirrel-cage rotor that eliminates brushes, slip rings, and fieldwindings, in addition to
operational advantages due to its robustness, simplicity of construction, lowmaintenance, high power density,
and low cost [11–13]. The use of TIMs remains viable and technically advantageous, alsowhen compared to
single-phase inductionmachines, due to their higher energy efficiency [14, 15], increasing the autonomyof the
system.However, SEIGs suffer fromunsatisfactory voltage regulation and frequency variations and are there-
fore only suitable for constant speed and load applications [16, 17]. The robust design [18, 19], combinedwith
lowermanufacturing costs, simplified operation, high efficiency, and inherent protection against overload and
short circuit [15, 20, 21],makes SEIGs themost suitable option formedical applicationswhen all the system
components are sized correctly.

In general,medical equipment requires single-phase power supplies. In the literature, we find the use of
SEIGs to power single-phase loads, and three of themain connections are proposed by Steinmetz [22, 23],
Smith [24, 25] and Fukami [10, 23, 26]. Otherworks present studies that demonstrate configuration variations
showing good applicability for this formof SEIGuse in single-phase configuration [27–31]. The Fukami con-
nection has beenwidely investigated and applied in power generation systems, due to its ability to improve
electrical performance through the use of capacitor banks [32, 33]. Some current and relevant works in the
literature use this topology as themain basis for study [6, 34, 35] adopting capacitor values or capacitance ratios
as proposed by Fukami in 1995.However, this type of connection has never been applied tomedical equipment
that requires certain restrictions on power supply. Furthermore, the literature only addresses empiricalmeth-
ods for defining excitation capacitors, which can be detrimental for loads that require specific power quality
levels. In this context, the study and evaluation of the use of self-excited induction generators in electrical sys-
tems gain relevance as a viable alternative that contributes to energy resilience, especially when seeking low cost,
simplicity, reliability, and safety.

This work proposes the use of a TIMoperating as a SEIG, based on the three-phase Fukami connection
[10, 23], as ameans to supply of single-phase power.Unlike previousworks [6, 21, 36], this article proposes a
methodology for defining the components of a low-cost generation system, in order to ensure the continuous
and reliable operation ofmedical equipment, whilemeeting the power quality standards specified by equip-
mentmanufacturers. Themain contributions offered by this work can be summarized as follows:

• Proposal for an off-grid power generation systembased on a SEIG operating as a single-phase generator to
provide healthcare in remote areas. Solution that exploits the robustness and passive self-protection
characteristics of the self-contained generator, increasing operational reliability in clinical environments,
reducingmaintenance requirements and the LevelizedCost of Energy (LCOE), compared to solutions
commonly employed in remote regions.

• The proposed system ensures stable voltage and frequency behaviorwithout the use of active electronic
control.

• Development of a predictivemathematicalmodel based on the Theory of Symmetrical Components,
allowing for the systematic analysis of unbalanced generator operation and reducing the reliance on
empirical procedures during the design and deployment of the system in the field.

• Practicalmethodology for sizing all system elements, including excitation capacitors,mainTIM rated
power, primemover, and the definition of the sizing factorsKE andKM. Enabling the reproduction of the
system for different power levels.
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• Experimental validation of the proposedmethodology using criticalmedical equipment, including infusion
pumps, a cardioverter-defibrillator, and amultiparameter patientmonitor.

2. Clinical requirements for ICUpower supply systems

IntensiveCareUnits (ICUs) rely on numerous electrically powered devices, including life-support systems,
ventilators, infusion pumps (syringe and peristaltic), cardioverter-defibrillators,multiparametermonitors,
point-of-care ultrasoundunits, and continuous renal replacement therapy equipment, whose collective power
consumption is relatively small compared to their clinical importance (table 1). Even brief power interruptions
lasting only seconds can lead to severe hypoxemia, cardiovascular instability, or critical loss of physiological
monitoring data [37]. Accordingly, international guidelines for healthcare facility electrification categorize
these devices as critical loads,mandating their continuous power availability through uninterruptible
pathways.Design standards thus require automatic transfer switches and energy storage systems capable of
maintaining an uninterrupted power supply for at least 48 h in tertiary-level hospitals [38].

The proposed system configuration reduces the chance of failures. First, the stator and rotor cage currents
must remain below the thermal limit under sustained fault conditions, avoiding insulation degradation, accel-
erated temperature rise in conductors, and thermal deformation of the rotor, all of which significantly reduce
generator service life; second, no arcing or hot spots can be created that could ignite fuel vapors or combustible
polymers inside the equipment enclosures. Furthermore, the capacitive self-excitation bankmust be dimen-
sioned so that a three-phase fault to ground forces the terminal voltage to collapse safely, avoiding ferror-
esonance or overvoltage transients during fault clearance. The proposed robust generation system significantly
reduces the risk of failures and has the terminal voltage collapsed during a short circuit, ensuring greater relia-
bility and safety in healthcare applications.

In addition to fault tolerance, power quality has a decisive influence onmeasurement accuracy and actuator
reliability. The infusion pumps listed in table 1, for example, use steppermotors driven by switched-mode
power supplies that tolerate 90-264Vrms, [39, 40]. Ventilators are evenmore sensitive: fan speed regulation
relies on the detection of reverse sinusoidal electromotive force and can desaturate if the total harmonic dist-
ortion (THD) exceeds 8-10%, distorting its waveform and introducing non-sinusoidal components that are
not correctly interpreted by the control circuit. Consequently, zero-crossing detection algorithms, speed esti-
mation routines, or Back-EMFfiltering processes operate outside their design conditions. Consequently, the
proposedTIM-based generatormust provide an output voltageVout determined by the equipment require-
mentswith low voltage variation, being±5%andTHD< 5% [38]

Finally, fire safety is intrinsically linked to generator efficiency: lower copper losses translate into cooler
surfaces, reducing the likelihood of ignition in oxygen-enriched atmospheres often present near ventilated
patients [41]. Empirical data from rural Brazilian health centers show that a 3 kWSEIGoperating at 83%effi-
ciencymaintains surface temperatures approximately 50 °Cbelow the autoignition limit of commonpoly-
meric enclosures [42]. The brushless design of the TIMavoids the operational sparks associatedwith
conventional synchronous generators, resulting frommechanical contact between brushes and slip rings.
Therefore, by combining prudent thermal designwith coordinated protection devices, the proposed power

Table 1.Medical equipment and its typical power ratings in intensive
care units.

Equipment name

Active

power (W)
Reactive

power (vAr)

MultiparameterMonitor1 50–80 10–20

Defibrillator2 70–150 20–40

InfusionPump 3 20–30 5–10

Syringe Pump4 4–5 1–3

Feeding Pump5 1.5–2 < 1

Ventilator (basic)6 74 15–25

Ventilator (with
humidifier)7

149 30–50

PortableUS Scanner8 300–800 80–200

CRRT /DialysisMachine9 1300–1500 300–400

Pulse-Oximeter10 3–8 1–3

ECGMachine (12-lead)11 25–40 5–10

CPAP /BiPAPUnit12 60–150 15–40

3
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generation architecturemeets the requirements of uninterrupted operation and intrinsic fireproof behavior,
both essential for the protection of patients in resource-limited ICUs.

Corresponding brands/models for superscripts in the table 1: 1 AlfamedVITA; 2CardioStart; 3Medicatec;
4 FreseniusAgilia; 5 FreseniusAmika; 6HamiltonC6; 7 HamiltonC6+H-900; 8 GE/Philips (típ.);
9Diapact/Prismaflex; 10Hand-held; 11GE/NihonKoden; 12 ResMed/Philips;

3.Mathematicalmodeling of three-phase induction generatorwith single-phase
connection

Considering that the health area has specific and demanding operational conditions regarding voltage stability
and power conditions, this section presents the development of themathematicalmodel of the TIMoperating
as a single-phase generator as shown in figure 1.

3.1. Stator circuit
The symmetrical componentsmethod, based on Fortescue’s Theorem,was chosen tomodel the system, as it
operates in an unbalancedmanner due to the supply of single-phase loads by a three-phase generator. As shown
in figure 1, the generator is connected in a star configuration, and because it is an isolated and self-excited
generator, the symmetrical componentsmatrices for voltage and current are independent of the zero sequence
component, since there is no connection between the generator’s neutral and the load. Thus, the equations for
the phase currents are defined in terms of the positive andnegative sequence currents, I1p and I1n respectively,
being = e

j2
3 the phase shift between phases. Therefore, the stator currents in symmetrical components are

as follows:

· ·
· ·

· ·
( )

= +

= +

= +

I I I

I I I

I I I

1 1

1

A p n

B p n

C p n

1 1

2
1 1

1
2

1

The line voltages at the generator output,VAB,VBC, andVCA, can also be expressed in terms of symmetrical
components, using the phase currents defined by (1), as follows:

· · ·
· · · ·
· · ·

( )
= +
= +
=

V Z I j x I

V j x I j x I

V j x I Z I

2
AB e A cs B

BC cs B cs C

CA cs C e A

Ze corresponds to the equivalent impedance of the parallel arrangement of capacitorCpwith the load, and xcs
represent the reactance of capacitorCs, given by =xcs f C

1

2 r s
, where fr is the rated frequency of generation.

Therefore, the stator voltages in positive sequence (V1p) andnegative sequence (V1n) symmetrical compo-
nents are given by the followingmatrix:

( ) · ( ) ( ) ( )= + +V
I

Z jx
I

Z jx1
3

2
3

3p
p

e cs
n

e cs1
2 1 1

stator

Figure 1. Fukami conection for SEIG.
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( ) · ( ) ( ) ( )= + +V
I

Z jx
I

Z jx1
3 3

2 4n
p

e cs
n

e cs1
1 1

stator

3.2. Generator circuit
It is also possible to formulate the voltages generated in positive and negative sequence by using the equivalent
internal impedanceZg for each phase, which depends directly on themachine’s characteristics, observed in
figure 2.WithEg being the air gap voltage, fromfigure 1, we express the line voltages as a function of the
impedanceZg and phase currents from (1).

· · ( ) · · ( )
· · ( ) · · ( )
· · ( ) · · ( )

( )
=

=

=

V Z I Z I

V Z I Z I

V Z I Z I

1 1

1 1

5

AB g p g n

BC g p g n

CA g p g n

1
2

1
2

1 1
2

1
2

1

It is possible to express the internal generator voltages in their sequence components in the sameway as the
line voltages, as follows:

( ) ( ) ( )= + + =V V V V Z I
1

3
1 6p CA AB BC gp p1

2 2
1gen

( ) ( ) ( )= + + =V V V V Z I
1

3
1 7n CA AB BC gn n1

2
1gen

WhereZgp andZgn are thepositive andnegative sequence internal impedances, respectively.

3.3. Equivalent circuit
Toobtain the equivalent circuit representation of the single-phasemachine, we equate the positive sequences
(3) and (6) and negative sequences (4) and (7) of the generator and stator.

· ·

· · ( )

= +

+ + =

V V I
Z

j x Z

I
Z

j
x

3

2

3

3 3
0 8

p p p
e

cs gp

n
e cs

1 1 1

1

stator gen

· ·

· · ( )

= +

+ + =

V V I
Z

j
x

I
Z

j x Z

3 3

3

2

3
0 9

n n p
e cs

n
e

cs gn

1 1 1

1

stator gen

Figure 2.Machine equivalent circuit.
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Consequently, thematrix using the (8) and (9) is as follows:

·

·

·

·

·

( )=
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a b
c d

I

I

a j x Z
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Z x

Z
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1

1

3

2

3

3 3

3 3

3

2

3

e

e cs

e cs

e

The impedancesZgp andZgn, are part of the equivalent circuit, varying according to the slip s and themag-
netization reactance xm. In this way, the equivalent circuit is obtained by analyzing the path taken by the cur-
rents I1p and I1n for operation at rated frequency fr, observed in figure 2, which facilitates the analysis of the
machine circuit.

However, to include the effect of frequency variation according to load variation, the term =F
f

fr

which

represents the frequency variation per unit, where f is the frequency of the generated voltage, and the term
=

r
which represents the rotor speed per unit, withω being the rotor angular speed andωr = 2πfr the rated

angular speed, are included in the equivalent circuit.Withωs = 2πf being the generating angular speed, the slip
s is defined as = =s F

F
s

s
. Thus, the final result of the generator equivalent circuit is obtained as shown

in figure 3. Based on this equivalent circuit, the steady-state characteristics of the generator are calculated.
To determine the parameters of themagnetization branch of the equivalent circuit,Eg and xm, and also the

frequency variation F for each load, capacitance and rotor speed, we can analyze the total impedanceZ of the
circuit as seen by the current I1p [43, 44]. In off-grid systems, the terminal voltage is sustained by self-excitation
via capacitors, and the current I1pflows evenwithout an external voltage source. ApplyingKirchhoff’s Law,we
haveZ · I1p ≈ 0 since only the voltage Eg operates as a system source, which impliesZ≈ 0 for I1p ≠ 0, whereZ is
given by:

( ) ( )·
( )= +

+

+ +
Z

Z

F

jx

F
11

gp cs

Z

F

jx

F

Z

F

jx

F

Z

F

jx

F

Z

F

jx

F

2

3

3

gn cs e cs

gn cs e cs

2 2

2 2

By using the previous equation, it is possible to obtain twononlinear equationswith xm and F as variables
for each value of load, capacitance and rotor speed. Solving this equationwith the lqsnonlin function in
MATLAB, seeking to zero the real and imaginary parts ofZ, we find xm and F that characterize the behavior of
themachine for each specific operating point [43–45].

With xm and Fdetermined for power generation, we can identify the air-gap voltage Eg for each xm. The
curveEg x xm, and also all the TIMparameters used in this work, obtained through tests presented in [18, 46],
are presented inAppendix.WithEg obtained in figureA.1, and the other variable parameters determined for
each specific operating point, it is possible to analyze the generator characteristics using the following
equations:

( )
( )

( ) ( )
·

=

+ +
+

+

I
E

jx

12p
g

r

F

jx

F

1

1
cs

Zgn

F

jxcs

F

Ze
F

jxcs

F

Zgn

F

j xcs

F

Ze
F

1
2

2 3 2

2

3 2

Figure 3.Equivalent circuit with frequency variation.

6

Eng. Res. Express 8 (2026) 055302 BRomeiro et al



· ( )=
+

+
I I 13n

Z

F

jx

F
Z

F

Z

F

j x

F

p1
3 3

3

2

3

1

e cs

gn e cs

2

2

The load current is given by:
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jX j
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F
R
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cs

cp

2
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Finaly, the generator voltage and output power can be expressed as:

( · · ) · ( )= +V R j X F I 15out

· ( )=P I R 16out
2

Equations (15) and (16) are fundamental for the analysis and validation of the proposed generation system.
They enable the prediction of voltage bahaviour at the load connection point, while accounting for the inherent
imbalance of the configuration. This approachmakes it possible to assess whether the systemmeets the
necessary criteria for the safe and effective operation ofmedical equipment under various operating conditions.

4. Induction generator features formedical applications

4.1. Self-excitation phenomenon
The connection of a capacitor bankwith significant capacitance to the stator terminals, together with the
presence of remanentmagnetic flux density in the rotor iron and the driving of the primemover, triggers the
induction of an electromotive force (EMF) in the statorwindings of themachine [47, 48]. If themagnitude of
this EMF is sufficiently high, primary electric currentswill flow through the capacitor bank.

Themagnetic flux resulting from these currents will act to sustain and reinforce the residualmagnetism
present in the rotor. Consequently, the currents induced in themachinewill increase progressively, a process
that feeds back positively, until the generator reaches a steady-state voltage [49].

In SEIGs, the terminal voltage is sustained by themagnetizing current, supplied by the capacitor bank.
When a load is connected to the generator, part of the available current is used to power the load, reducing the
magnetizing current and, consequently, the voltagemaintenance capacity.However,medical devices become
favorable for applications involving SEIG because they have low collective energy consumption - as presented
in section 2 -which is reflected in low currents demanded by these loads. This promotes a low reduction in the
magnetizing current circulating through the capacitor bank, allowing themagnetic flux level in the air gap to be
maintainedwithin an adequate range. As a result, after the load connection, the terminal voltage experiences a
minimal drop, stabilizing in steady state.

Thanks to the phenomenonof self-excitation, the generator set becomes significantlymore economical and
simplified, since it eliminates the need for voltage excitation sources and allows the use of squirrel-cage rotors.
The absence of complex electronic components and auxiliary circuits also contributes to cost reduction and
higher reliability of the system,making it a viable and attractive alternative for off-grid applications in the
health area.

4.2. Voltage regulation analysis
Based on themathematicalmodeling presented in section 3, and the TIMparameters, presented in table A1 of
Appendix, is possible to determine the variation of the terminal voltage as a function of the power supplied to
the load, observed in figure 4. For each new value assigned to the load and capacitances’ specification, the
systemof equations is solved, resulting in the corresponding output voltage. In this way, the curveVout versus
Pout is obtained,which faithfully represents the system response to the demand of different power values.

These curves provide essential information for evaluating voltage regulation in steady state, especially in
isolated systemswith sensitive loads, such as those used formedical applications. By observing the slope and
limits formedical applications, it is possible to identify the safe operating ranges, inwhich the voltage remains
within the admissible values for the connected equipment. Furthermore, the analysis for different capacitance

configurations (values ofCp andCs) allows us to observe that for a ratio of 62.6%—obtained by
C C

C

p s

p
–

betweenCs andCp as proposed in [26], better voltage regulation is obtained, which directly affects the system’s
ability to sustain the voltage under load.

Although the proposed topology inherently possesses a three-phase voltage imbalance in the TIM, this
condition does not affect the connected load.Medical devices are powered by a regulated single-phase voltage,
derived directly from the generator output, whichmustmaintain stable amplitude and frequencywithin the
limits specified by themanufacturers. Therefore,medical equipment is not exposed to three-phase voltage
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imbalance, which prevents thermal stress or aging of the components. The effects of voltage imbalances only
affect the generator itself,manifesting as small current asymmetries between the statorwindings, whichmust
remainwithin themachine’s nominal operating limits.

By analyzing the pointsVmin and Pmax, obtained for the best relationship betweenCp andCs, it is possible to
design a system that operates at the appropriate point of the desired output voltageVout, avoiding undersizing
and ensuring stability and safety throughout the operation.

This approach is advantageous because it allows the application of a low-cost system, enabling its use in
scenarios that require flexibility, such asmobile intensive care units (ICUs), where the energy demand can vary
depending on the connectedmedical equipment. The possibility of resizing the system in a practical and safe
way, as needed, reinforces the potential application of thismethodology inmobile and adaptable power genera-
tion systems.

4.3. Short-circuit behavior
Inmany conventional systems, a set of specific components and infrastructure are required. To avoid damage
to the synchronous generator and connected systems, fast circuit breakers, dedicated protection systems, and
additional control schemes are often necessary, increasing the cost, complexity, andmaintenance requirements
of the installation. Therefore, unlike conventional synchronous generators that provide continuous voltage
generation evenunder short circuits, in the proposed system, the dynamics of the TIM itselfmitigate the effects
of a severe fault, eliminating such requirements and contributing to increased accessibility, reduced total costs
and fire risk.

Different of conventional synchronous generators, the generation set proposed in this work has an intrinsic
characteristic of self-protection against short circuits [20, 21, 43, 50]. This process occurs naturally, without the
need for additional sensors, complexmeasurement systems, or dedicatedmicroprocessors for protection
detection and actuation.

This automatic protection is possible thanks to the natural behavior of the self-excited inductionmachine.
As the current required by the load increases, especially in fault situations such as a short circuit, the terminal
voltage progressively decreases [20]. This occurs because the abrupt increase in the load current causes a drop in
themachine’smagnetizing current, which is essential tomaintain themagnetic flux required for voltage gen-
eration [51]. As a result, the systemgives up and the output voltage collapses [20]. This behavior is highly
desirable in clinical environments, as it significantly reduces the risks of electric arcs, conductor overheating,
ignition of flammablematerials, and damage to connected equipment.Moreover, the absence of voltage during
the fault enhances the safety of patients and healthcare personnel, eliminating the need for complex protection
systems.

This passive self-protectionmode is verified in figure 4, where it can be observed that, as the load resistance
value decreases, the current supplied increases up to themaximumpower supplied, and after that the voltage
tends to collapse. This behaviormakes the system extremely safe and reliable.

Figure 4.Output voltage variationVoutwith increasing load powerPout.
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5. Sizingmethodology

This section presents themethodology for sizing a low-cost power generation systemusing aTIM to power a
medical center in remote locations.

To ensure reliable system sizing, it is essential to determine the active and reactive power of themedical
equipment set. These parameters directly influence the load on both the generator and the system’s capacitors

Table 1 presents examples ofmedical equipment commonly found inmedical stations, alongwith their
typical active and reactive power values. Based on these values, the generator set used in this work is sized to
accommodatemaximumpower demands of 320W for active power, to be supplied by the TIMand prime
mover, and 90 var for reactive power, which serves as the basis for sizing the capacitor bank.

5.1.Definition of induction generator
The safe selection of the TIM rated power to be used in the off-grid generation set is essential to ensure voltage
stability, especially in critical applications such asmedical equipment support systems. For this purpose, a
sizing factorKE is proposed, defined as the ratio between themaximumoutput power of the system

=P 1800max W—extracted directly from the critical point of theVout versusPout curve (figure 4)—and the rated
power of themachinePTIM = 3000W:

( )= =K
P

P
1.66 17E

TIM

max

Thus, once theKE factor has been determined for a specific topology, it becomes possible to apply it to the
dimensioning of systemswith other powers, as long as the same configuration conditions andmachine class are
respected. From this factor, the criterion is established that, in order to ensure safe operation and avoid demag-
netization regimes, the TIMpower to be used in the systemmust obey the following relationship:

· ( )P P K 18TIM load E

The definition of the factorKE is therefore based on the identification of the point of theVout versusPout
curvewhere the desiredminimumvoltage (in the assumption 220V for sensitive equipment) is reached. This
point is considered themaximum safe power that can be extracted from themachine for the adopted capaci-
tance configuration (Cs 62.6%greater thanCp), being independent of the rated power of themachine. Thus, the
definition ofKE is associatedwith the ratio between the rated power of themachine and its defined operational
limit.

In addition, this approach is generalizable. Therefore, once the factorKE for a specific topology is deter-
mined, it becomes possible to apply it to the dimensioning of systemswith other power ratings, provided that
the same connection conditions andmachine class aremaintained, as well as the same relationship between the
magnetizing capacitancesCp andCs. This occurs because the behavior ofmagnetization, voltage regulation and
response to the load follow the same physical principle, characterized by the equations of the equivalent circuit
presented in section 3 and by the electromagnetic characteristics of themachine.

On the other hand, formachines belonging to other classes (differentmagnetic saturation levels or effi-
ciency), the numerical value ofKE changes.Nevertheless, the procedure to obtain the factor, based on themath-
ematicalmodel and the analysis of theVout×Pout curve, remains fully applicable. Thus, the proposedmethod
enables the systematic determination of an appropriate sizing factor for differentmachines, avoiding empirical
approaches commonly used in industrial practice.

5.2.Definition of primemover
The primemover, responsible for supplying themechanical energy that will be converted into electrical energy
by the TIM,must delivermechanical power at the shaft exceeding the rated power of the generator, to ensure
optimal performance of the engine (diesel os gasoline) and compensate for inherent system losses, including
bothmechanical and electrical losses associatedwith the generation process.

Theminimumpower required by the primemover,Pmec, can be expressed as:

· ( )P
P

K 19mec
TIM

TIM
M

where ηTIM is the efficiency of the inductionmachine (typically between 85%and 92%), andKM (value between
1.2 and 1.5) is the safetymargin factor thatmust be applied to ensure that the primemover does not operate
close to itsmaximum load in steady state, which could compromise the reliability and useful life of the system.
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5.3.Definition of capacitors
The capacitorsmust provide the reactive power required tomagnetize the generatorQTIM , and also the reactive
power required for the loads connected to the systemQload [52].

The empirical definition of the excitation capacitor bank can lead to several critical operational problems.
For example, if the capacitance is undersized, the generatormay not reach the self-excitation condition, result-
ing in insufficient and unstable terminal voltage. On the other hand, excessive capacitance can cause over-
excitation, leading to high output voltage levels,magnetic saturation, increased harmonic distortion, and
potential damage to both the generator and connectedmedical devices.

The connection topology used follows themethod proposed by Fukami [26], which suggests connecting
three capacitors in a star configuration to themachine terminals, as proposed in figure 1. Since the capacitors
have different values, we can express the required reactive power provided by the unbalanced three-phase bank
as:

· ( )= +Q Q Q3 20A TIM load

whereQA is the average reactive power available for each phase of the three-phase system.
Assuming operation at 60Hz, the losses associatedwithmodern capacitors can be neglected. Thus, the

voltage across each capacitor can be expressed as ·=V X IC C CA A A
, where XCA

is the capacitive reactance given

by · ·=XC f C

1

2A
A
.With this simplification, it becomes possible to determine the required capacitanceCA so

that the reactive power supplied to the system is satisfied, considering:

· · ( )= =
+

=Q V I
Q Q

V
V

X3
21A C C

TIM load
C

C

C
A A A

A

A

By rearranging ( 21), it is possible to determine theminimumcapacitance value, C A min , required for each
phase of the capacitor bank, as follows:

· · ·
( )=C

Q

f V3 2
22A

TIM

out
min 2

Todetermine theminimumcapacitance value C A min required to initiate self-excitation, it is first necessary
to calculate the reactive power required by the TIM—using its specifications (table A1 inAppendix) –. Con-
sidering the power factor ( ) =cos 0.77, the phase shift anglef ≈ 39.65� is obtained.WithPTIM = 3.0 kW, the
reactive power is calculated as · ( )= =Q P tan 2.486 kvarTIM TIM . Considering the output voltage
Vout = 220 V and assuming a systemoperating at frequency f, theminimumvalue of the excitation capacitance
can be determined by (22), resulting in = µC 45.4 FA min .

In this way, we can dimension the correct value ofCA according to the reactive power of the loadQload,
through (23), which provides flexibility for sizing the system:

· · ·
( )= +C C

Q

f V3 2
23A A

load

out
min 2

As detailed in [26], the capacitor valuesCs are selected tominimize voltage regulation, withCs being 62.6%
greater thanCp. Therefore the values ofCp andCsmust satisfy the following condition:

·
( )

+C C
C

2

3
24

s p
A

With values close toCA, the unbalanced three-phase bank is capable of supplying all the reactive power
demanded by the system components,maintaining good voltage regulation and awide operating power range,
allowing resizing according to the needs of the equipment to be connected.

6. Experimental results

In figure 5, we observe the induction generator coupled to a inductionmotor, which acts as the primemover of
the system. In addition, the experimental setup includes aCFW500 frequency inverter, residual current switch,
circuit breakers, 220-380V autotransformer and associated capacitor bank, usingCA = 53 μF according to the
dimensioning proposed in section 5.3 following (23) and (24). The load profile includes the following
equipment: 1 Alfamed brandmultiparametermonitor,model Vita 400a; 1Mindray brand cardioverter,model
Beneheart 3D; 3Terumobrand infusion pumps,model TE-LM830.

Once the generator was excited and reached steady-state operation, the full loadwas applied, and potential
interferences related to equipment operationwere analyzed. The evaluation focused on voltage and current
profiles, voltage regulation at the load, and the system’s behavior under unbalanced operating conditions.
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6.1. Transient analysis
Figure 6 shows the phase to neutral voltage and current waveforms in the generatorwindingswhen load is
connected. The load insertion occurs near t= 4.193 s,marked by the vertical shaded area.

It can be seen that, before the load is applied, the three-phase voltages present awell-defined sinusoidal
oscillation, with symmetrical amplitudes and a value of 242.7Vrms, as depicted in figure 7, which validates the
methodology described in the previous section.However, when the load is connected, a disturbance in the
voltagewaveform is observed. The voltage of one of the phases where the load is connected (phase A)undergoes
damped oscillations before returning to a new steady state, with 224.2Vrms,meeting the operational limits of
medical equipment. This behavior demonstrates the transient response of the generator to a sudden load
variation.

When the load is inserted, there is an increase in current in all phases, accompanied by transient oscilla-
tions. Three-phase currentsmaintain a sinusoidal profile similar to that of voltages, withmoderate amplitude
andwhich respects the operating limits of eachwinding of themachine. Figure 7 shows the value of the current
supplied to the loadwith stability after the transient regime.

Figure 8 shows the variation in the system’s output frequency under no-load operating conditions and after
load connection. It can be observed that, before load application, the frequency remains stable at 60.12Hz,
demonstrating the stability of the primemover drive.

Figure 5.Proposed system: (a) simplified systemdiagram; (b) experimental setup.

Figure 6. Insert load.
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At the instant of load connection, a short-duration transient occurs, characterized by small frequency oscil-
lations associatedwith the electromechanical coupling between the SEIG and the applied load. This behavior is
expected and is directly related to the distribution ofmechanical and electrical power in the system, aswell as
the dynamics of themagnetizing current supplied by the capacitor bank.

After the transient, the frequency stabilizes rapidly, remaining close to 60 Hz, with values of 60.05 Hz under
load and 60.04Hz in prolonged steady state. This variation remainswithin acceptable limits for powering sensi-
tivemedical equipment, as discussed in section 2.

Although small transient frequency variations are observed during load events, the systemdemonstrates
self-regulation capability, ensuring steady-state frequency stability, an essential aspect for clinical applications
in isolated environments.

Figure 7.RMSvoltage and current.

Figure 8.Output frequency.
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Figure 9 represents the removal of the load from the system close to t= 10.126 s and shows that the voltages
and currents gradually return to their no-load values, without abrupt oscillations or significant instabilities.

6.2. Steady-state analysis
After the load is applied, the generator reaches a new equilibrium state, characterized by a permanent and stable
regime. Figure 10 illustrates the behavior of the output voltages in the three phases, showing small variations
between them, but remainingwithin the recommended operational limits for the TIMused.

The harmonic analysis, through fast Fourier transform (FFT), of the output voltage of phaseA to neutral is
presented in figure 11.

Figure 9. Load removed.

Figure 10. Steady-state operation of the TIM supplying a single-phase load.
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The total harmonic distortion (THD) for the voltage applied to the load can be calculated as:

( ) = × ==THD % 100 4.23%v
V

Vout

n n2
2

1
. The voltagewas evaluatedwithmedical equipment operating under

normal operating conditions.
The value demonstrates that the distortion levels in the voltage applied to the load remained below the

limits discussed in section 2, which reinforces the quality of the energy supplied. These results indicate that the
interaction between the SEIG and the non-linearmedical loads did not result in excessivewaveformdistortion.
This result demonstrates that the excitation capacitance and inherent electromagnetic characteristics of the
induction generator provide sufficient stiffness to limit harmonic propagation, even under active switching
conditions of (Switched-Mode Power Supplies) SMPS-based equipment.

6.3. Cardioverter operation
Of all the devices tested, the cardioverter was the onewith potential to affect the generator’s performance;
accordingly, amaximumdischarge of 360 Jwas used to characterize its impact. The cardioverter’s unique
loading and unloading behaviorwas examined, as shown in figures 12 and 13, respectively.

At the beginning of loading (figure 12), there is a small gradual increase in load current, and an insignificant
drop in generated voltage, which does not impact the operation of the system in steady state, and also does not
present abrupt variations of transients.

The same is observed in figure 13, wherewe have the end of the loading process gradually andwithout
significant variations. Thus, all voltages and currents return to their normal steady-state operation levels.

Figure 11. FFTof the phase A to neutral voltage.

Figure 12.Beginning of cardioverter loading.
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After the charging process, the dischargewas performedwith the paddles in the equipment’s tray for testing
purposes. This operation did not demonstrate any impact on the voltage and current supply of the generator,
which is attributed to the internal electronic circuits of the equipment itself. These stability characteristics are
fundamental for the reliability of the system.

7. Conclusion

Thiswork presented an innovative solution for providing reliable single-phase power tomedical equipment in
remote healthcare settings by utilizing a self-excited generator derived froma three-phase squirrel cage
inductionmachine. Through comprehensivemodeling, systemdesign, and experimental validation, the study
demonstrates that this approach ensures voltage stability, robust fault protection, and operational reliability
without the need for complex or costly components. The component sizingmethodology presented in section 5
proved effective in determining the excitation capacitance values that ensure reliable generator operation,
avoiding under-excitation conditions, overvoltage phenomena, high levels of harmonic distortion, and other
undesirable operating regimes. Furthermore, the proposedmethodology is replicable and can be applied to
systemswith different power demands, allowing components to be properly sized according to the specific
power requirements of themedical loads to be supplied, without relying on empirical adjustments.

The results indicate that the proposed system is practical, cost-effective, and capable ofmaintaining the
proper functioning of criticalmedical devices under load transients,maintaining power quality requirements,
making it a viable option for enhancing healthcare access in resource-constrained and off-grid environments.
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TableA1.TIM specifications.

Parameter Value
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Service Factor 1.25

Efficiency (ηTIM) 89.5%

Rated Frequency ( fr) 60 Hz

Rated Speed 1745 rpm
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Current (Δ/Y) 11.4/6.61A

Stator resistance (r1) 0.9911Ω
Rotor resistance (r2) 1.2697Ω
Stator inductance (x1) 6.04Ω
Rotor inductance (x2) 6.04Ω

FigureA.1.Air-gap voltage as a function of themagnetizing reactance.
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