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ANALYSIS OF POWER CONVERTER LOSSES
IN VECTOR CONTROL SYSTEM OF A
SELF-EXCITED INDUCTION GENERATOR

Mateo Basi¢ — Dinko Vukadinovi¢ — Miljenko Polié

This paper provides analysis of losses in the hysteresis-driven three-phase power converter with IGBTs and free-wheeling
diodes. The converter under consideration is part of the self-excited induction generator (SEIG) vector control system. For
the analysis, the SEIG vector control system is used in which the induction generator iron losses are taken into account.
The power converter losses are determined by using a suitable loss estimation algorithm reported in literature. The chosen
algorithm allows the power converter losses to be determined both by type (switching/conduction losses) and by converter
component (IGBT/diode losses). The overall power converter losses are determined over wide ranges of rotor speed, dc-link
voltage and load resistance, and subsequently used for offline correction of the overall control system’s losses (efficiency)
obtained through control system simulations with an ideal power converter. The control system’s efficiency values obtained

after the correction are compared with the measured values.
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1 INTRODUCTION

Induction generators, especially the squirrel-cage type,
have several significant advantages over other types of
electric generators, such as the conventional synchronous
generator [1]. In particular, they have the capability to
excite without an external reactive power source as well
as to generate power over a wide range of rotor speeds,
which led to their increased application in stand-alone
power generating systems of power up to 15 kW [2]. The
self-excitation of a squirrel-cage induction generator has
been known since the 1930s [3,4]. In its most basic form,
the self-excitation is achieved by means of a fixed ca-
pacitor bank connected across the stator terminals of an
induction generator, provided that the rotor is rotating
with appropriate speed. The main disadvantage of such
approach is that both the frequency and magnitude of
the generated voltage are highly dependent on the rotor
speed, the excitation capacitance, the machine’s param-
eters and both the value and power factor of the con-
nected load. Hence, if constant generated voltage is to
be achieved and maintained, the excitation capacitance
needs to be adjusted with respect to the rotor speed and
connected load. Today, this is mainly achieved by using
vector control systems in which the self-excited induction
generator (SEIG) is excited by means of a single capacitor
combined with a power converter. The basic configuration
of such system is shown in Fig. 1. It has to be noted, how-
ever, that only the rapid development of the microcon-
troller technology and high-speed semiconductor devices
such is the insulated-gate bipolar transistor (IGBT) since
the mid-1980s has made possible the effective application
of the vector control principles to induction machines.

In most SEIG vector control systems reported in lit-
erature certain power losses are, for the sake of conve-
nience, neglected during the development of the corre-
sponding control algorithm and also omitted from the
control system’s model. These losses can be divided into
prime mover losses, induction machine losses (iron losses,
stray losses, and friction and windage losses) and power
converter losses. Because these losses exist in the actual
system, not taking them into account leads, at the very
least, to overestimation of the actual system’s efficiency.
In general, to determine how well the model estimates
the actual system’s losses, it is necessary to compare the
losses obtained through simulations with the losses ob-
tained by measurements. For the system shown in Fig. 1,
when the total input power is measured at the induction
machine’s rotor, as is usually the case, then the prime
mover losses are not included in the power balance equa-
tion of the system and may well be omitted from the cor-
responding model. However, all other above mentioned
losses take place somewhere between the induction ma-
chine’s rotor (input power measurement point) and the
electric load (output power measurement point) so they
should be taken into consideration when estimating the
system’s losses or efficiency. In [5-7], it is shown that if
the SEIG iron losses are omitted from the corresponding
model, its efficiency is likely to be substantially overesti-
mated. Moreover, in [7], it is shown that by omitting the
iron losses from the SEIG vector control algorithm, highly
reliable vector control cannot be achieved and detuning
is likely to take place. Hence, to obtain an accurate SEIG
model and to achieve satisfactory control, the iron losses
should be included both in the SEIG model and in the
control algorithm. On the other hand, the stray losses and
the mechanical losses (friction and windage) contribute
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Fig. 1. Basic configuration of the SEIG control system

to a lesser extent to the overall induction machine losses
compared to the iron losses, especially when the induc-
tion machine is lightly loaded or operating with the rotor
speeds lower than the rated speed. Even at rated con-
ditions, the stray and mechanical losses only amount to
about 3% of the rated power [8,9], while the iron losses
alone can exceed 7% of the rated power [6,7]. As for the
power converter losses, they have not yet been properly
dealt with in the context of a vector controlled SEIG, es-
pecially for the case of aperiodic switching schemes, such
as the hysteresis switching, which are not uncommon in
induction machine vector control systems. Hence, the con-
tribution of the power converter losses in such systems is
yet to be determined. This represents the main objective
of this paper.

Isa

IRFO
controller

Most available power converter loss estimation meth-
ods assume a fixed switching frequency [10-14]. Loss es-
timation methods based on thermal measurements, al-
though applicable regardless of the switching scheme, re-
quire knowledge of thermal resistances and installation
of thermocouples, which is usually expensive and incon-
venient [15-18]. Model-based method presented in [19]
requires detailed knowledge of the IGBT and diode phys-
ical structure and involves extensive simulations, while
methods presented in [20,21] are device-specific and re-
quire applying a similar procedure to an IGBT-diode
pair when different gate-drive circuits, dc-link voltage and
junction temperatures are of interest. The methods pre-
sented in [22-26] have the potential for extension to ape-
riodic switching, but have only been tested for periodic
switching. A simple and promising method for estimat-
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Fig. 3. Operating principle of the classical hysteresis current con-
troller: (a) — hysteresis controller configuration and (b) — current
waveforms and upper IGBT switching signals

ing the power converter losses under hysteresis switch-
ing, which is used in this investigation, was first pre-
sented in [27]. This method requires only knowledge of
datasheet information of the IGBT module and three in-
puts, namely the dc-link voltage, the phase current and
the gate switching signals of the upper IGBT in the con-
verter phase leg. These inputs are easily accessible and
can be determined either experimentally or through sim-
ulations. At the same time, the method does not require
a complex IGBT-diode model, thermal measurements or
detailed knowledge of physical characteristics, and is in-
dependent of the switching frequency. The method was
validated by comparison to commercial software in [27]
and with calorimetric measurements in [28]. It was shown
that it has an average estimation error less than 8 %, in
both periodic and aperiodic switching schemes, which is
less than prior published estimation errors [14, 26].

Considering the above, the objectives in this paper are
first to calculate the power converter losses in the SEIG
vector control system using the algorithm presented in
[27] and [28], then to determine the dependency of the
power converter losses on various control system’s param-
eters and finally to use the calculated power converter
losses for offline correction of the calculated system’s effi-
ciency. Thus obtained efficiency values are to be validated
by comparison with the measured efficiency values.

2 SEIG VECTOR CONTROL SYSTEM
2.1 Basic Features of the Control System

The basic configuration of the SEIG vector control sys-
tem under consideration is shown in Fig. 1, whereas the
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scheme of the indirect rotor-flux-oriented (IRFO) con-
troller is shown in Fig. 2. The control system and the cor-
responding control algorithm are described and explained
in detail in [7] so here are given only their basic features.
The main components of the system are the induction
generator, the prime mover, the three-phase power con-
verter with IGBTs and free-wheeling diodes, the indirect
rotor-flux-oriented (IRFO) controller and the dc link con-
taining the exciting capacitor and resistive load. The dc-
link battery provides the initial voltage across the capac-
itor during the excitation process. As soon as the dc-link
voltage rises to a value higher than the battery voltage,
the battery is automatically switched off by means of a
diode. In Fig. 1, wy, tsa, tsb, tsc and ug. denote the rotor
speed, the stator phase currents and the dc-link voltage,
respectively, and represent the inputs to the IRFO con-
troller (Fig. 2). The outputs of the IRFO controller are
the gate switching signals for the power converter.

The IRFO control algorithm is responsible for keeping
the dc-link voltage constant and equal to the reference
value regardless of the changes in both the load and rotor
speed. In the control system model, the copper and the
iron losses of a SEIG are taken into account, while the
power converter losses are neglected (ie the IGBTs and
diodes are modeled as ideal switches). In [7], the proposed
control system was verified both through simulations and
experimentally. Among other it was shown that the cor-
responding model enables significantly more accurate es-
timation of the actual losses and efficiency compared to
the conventional model. By application of the converter
losses estimation algorithm reported in [27] and [28], the
estimation accuracy of the overall system losses and thus
efficiency could be further improved. This particular vec-
tor control system was chosen for the analysis not only
because of its excellent control features and model accu-
racy but also because it involves hysteresis switching for
keeping the stator phase currents under control.

2.2 Hysteresis Current Control

Figure 3 shows the basic operating principle of the
current controller used in the considered control system.
It is, in fact, the classical hysteresis current controller
with a fixed hysteresis band. The control objective is to
keep the actual phase current within the hysteresis band
placed around the reference sinusoidal phase current, as
shown in Fig. 3b.

The phase current error Ai, ie the difference between
the reference phase current * and the actual phase cur-
rent ¢, represents the controller input signal whereas H
represents the specified fixed hysteresis band. If the cur-
rent error Ai is positive and equal to or greater than the
hysteresis band H, the gate switching signals S, = 1
and S; = 0 are generated, thus leading to an increase in
the phase current instantaneous value. Otherwise, if the
current error A¢ is negative and equal to or greater than
the hysteresis band H, the gate switching signals S, =0
and S; = 1 are generated at the output, thus leading
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to a decrease in the phase current instantaneous value.
Ideally, the stator current is always retained within the
specified hysteresis band limits, while actually the current
may temporarily cross the hysteresis band boundaries by
a maximum margin of H [29]. The hysteresis current con-
trol is relatively easy to implement and gives excellent
results both in steady state and during transients. On
the other side, it is characterized by variable and unpre-
dictable switching frequency, which, among other things,
makes the power converter losses more difficult to deter-
mine.

3 POWER CONVERTER LOSS ESTIMATION

3.1 IGBT and Diode Power Losses under Hys-
teresis Switching

The power losses in semiconductor switches such as
the IGBT or diode can be divided into conduction losses,
switching losses (turn-on and turn-off) and blocking
losses, where the latter are generally considered negli-
gible. Hence, with IGBTSs, turn-on, turn-off and conduc-
tion losses are considered, whereas with diodes, turn-on
losses are neglected so only turn-off and conduction losses
are considered. Total losses of the power converter under
consideration equal the sum of individual losses in the
IGBTs and diodes. However, it is a difficult task to de-
termine these losses accurately because of their depen-
dence on a number of parameters such as the switching
frequency, the amplitude and frequency of the phase cur-
rent, the dc-link voltage, the junction temperature, etc.
In the case under consideration, determination of the
power converter losses is made even more difficult by the
variable and unpredictable switching frequency.

The interplay between the phase current error, the
IGBT gate switching signals, the direction of the phase
current and the power (energy) losses in an IGBT-diode
pair is rather complex. For clarification, an example is
given in Fig. 4. To further simplify the analysis, only one
phase leg of the three-phase power converter is considered
(phase a) and the IGBTSs are replaced by switches. By
convention, the phase current is assumed positive when
flowing towards the SEIG.

In Fig. 4, T} and T5 denote the upper and the lower
IGBT in the phase leg, respectively, while D; and Do
denote the corresponding free-wheeling diodes. 77 and
D5 are responsible for conducting the positive current,
while 75 and D; are responsible for conducting the
negative current. 75 denotes the sampling time, while
ko,k1,...,ks denote the sampling instants. The phase
current flow for the sample k is indicated by a solid line
with an arrow, whereas the phase current flow for the
sample k — 1 is indicated by a dashed line with an ar-
row. Note that only a small fraction of a current cycle
is analyzed (total of eight sampling intervals). However,
it covers all combinations that lead to an increase in the

upper IGBT-diode power losses. By analogy, similar anal-
ysis could be applied to any other IGBT-diode pair of the
three-phase power converter.

Figure 4a shows the first sampling interval, kg — k1.
At ko, the gate switching signal S7 has changed from
1 to 0 (turn-off signal for the upper IGBT and turn-on
signal for the lower IGBT) because the phase current
error, Ai = % — i,, reached the negative value equal
to H. However, at the next sampling instant, ki, the
gate switching signal did not change because the actual
phase current was within the hysteresis band limits. Since
the actual phase current had a positive value at both
sampling instants and 77 has been turned off, the current
could only flow through Ds, which consequently lead to
a decrease in the phase current instantaneous value (the
energy previously accumulated in the stator inductance
Lg was dissipated on the stator resistance Rg). Note,
however, that within this sampling interval no power loss
occurred in the upper IGBT-diode pair.

The second sampling interval, kj—ks, is shown in
Fig. 4b. At k1, the gate switching signal S; was 0, while
at ko, the actual phase current reached the hysteresis
band limit so S; changed from 0 to 1 (turn-on signal
for the upper IGBT and turn-off signal for the lower
IGBT). The phase current had a positive value at ko
so 17 turned on and started conducting. This required
a certain amount of energy, ‘e the turn-on energy Er oy,
which consequently lead to an increase in the T switch-
ing losses (IGBT turn-on losses).

In Fig. 4c, it can be seen that at the end of the
third sampling interval (ks3), the gate switching signal
remained equal to 1 because the actual phase current
remained within the hysteresis band limits. In addition,
because the current retained the positive value, T7 was
conducting during this interval, which consequently lead
to an increase in the 77 conduction losses (E7 cond )-

At kg, the actual phase current reached the hystere-
sis band limit so the gate switching signal changed from
1 to 0, turning T} off. This required the turn-off energy
E7 o5, which consequently lead to an increase in the T}
switching losses (IGBT turn-off losses). Because the ac-
tual phase current had a positive value at ks, Do started
conducting (Fig. 4d).

Between k4 and ks, the phase current reversed direc-
tion and started flowing towards the converter. Because
the actual phase current remained within the hysteresis
band limits, there was no change in the gate switching
signal and the current was taken by T, (Fig. 4e). The
current commutation from a diode to an IGBT while
the corresponding IGBT gate is high causes a negligible
switching effect because the voltage across the IGBT or
diode is low compared to the dc-link voltage. Regardless,
within this sampling interval no power loss occurred in
the upper IGBT-diode pair.

At kg, the gate switching signal changed from 0 to 1.
Because T7 cannot conduct during the negative current
half-cycle, Dy turned on and started conducting (Fig. 4f).
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However, the diode turn-on losses are considered negligi-
ble so there was no increase in the upper IGBT-diode pair
power losses during this sampling interval.

At k7, the phase current was still within the hystere-
sis band limits so the gate switching signal remained un-
changed. Because the current had a negative value both
at k¢ and k7, D; was conducting during this interval
(Fig. 4g) so there was an increase in the D; conduction
losses (ED,cond )-

Finally at kg, the actual phase current hit the upper
hysteresis band limit, which caused the gate switching
signal to change from 1 to 0. The current had a nega-

tive value at kg, so D; turned off and the current was
taken by T (Fig. 4h). This required the turn-off energy
Ep.orr, which consequently lead to an increase in the Dy
switching losses (diode turn-off losses).

3.2. Algorithm for Power Converter Loss Esti-
mation

The conditions regarding the phase current direction,
the upper IGBT gate switching signal and the upper
IGBT-diode pair operating state which are related to
an increase in the upper IGBT-diode power losses are
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summarized in Table 1 (open circuits, short circuits and
fault conditions are not considered).

Table 1. Power loss conditions for the upper IGBT-diode pair

oo IGBT-diode
cgrrept gate switching operating
direction signal state
I(k) >0 S(k-1)=0& S(k)=1 IGBT turns on
I(k-1) >0 S(k-1)=1& S(k)=0 IGBT turns off
I(k-1) >0&I(k) >0 S(k-1)=1&S(k)=1 IGBT conducts
I(k-1) <0 S(k-1)=1& S(k)=0 Diode turns off
I(k-1) <0&I(k) <0 S(k-1)=1&S(k)=1 Diode conducts

The loss estimation algorithm used in this paper is
based on recognizing the power loss conditions shown in
Table 1. The algorithm relies on the following three in-
puts: dc-link voltage, phase current and gate switching
signals. In the IRFO control system under consideration,
all three required inputs are easily accessible. In fact, the
IRFO control algorithm itself requires measurement of
the phase currents and dc-link voltage so application of
the loss estimation algorithm does not require any addi-
tional sensors to be installed. Besides the three inputs,
the loss estimation algorithm requires only knowledge of
the available datasheet information of the IGBT module.
In particular, it requires at least four or five points to be
taken from datasheet graphs in order to approximate the
switching and conduction energies of the IGBT and the
diode in the form of polynomial functions. Switching en-
ergies are additionally scaled with respect to the actual
dc-link voltage. Although the loss estimation algorithm
does not account for power losses dependency on the junc-
tion temperature
a parameter in datasheet graphs so it would be more cor-
rect to say that the algorithm assumes T} as independent
of the actual operating conditions. In datasheet graphs
of the IGBT module SKM 100GB125DN, manufactured
by Semikron [30], the conduction energies are defined for
two different junction temperatures, ie T; = 25°C and
T; = 125°C, while the switching energies are defined only
for T; = 125°C. Hence, the latter value has to be used
for estimation of both switching and conduction ener-
gies. The datasheet graphs are approximated with second-
order polynomials whereas the corresponding coefficients
are determined using the MATLAB’s curve fitting func-
tion. The values of the polynomial coefficients are given
in Appendix A. In equations (1)-(5), Eron, Erofs and
E7 cona represent the IGBT turn-on, turn-off and conduc-
tion energies, respectively, whereas Ep ¢y and Ep cond

T}, this temperature is usually given as

represent the diode turn-off and conduction energies, re-
spectively. Ucg and I are the IGBT’s collector-emitter
voltage and collector current, respectively, whereas Up
and Ip are the diode’s forward voltage and current, re-
spectively. The initial values of Fr on, EToff, ET cond,

Ep.off and Ep cona are set to zero.

Er.on(k)=Eron(k—1)4+a1 I2(k) +az|Ic (k)| +az, (1)
Eropf(k)=Eropf(k—1)+b112 (k) +ba|Ic (k)| +bs, (2)
Epops(k)=Epofs(k—1)+c1Ip (k) +colIp(k)|+cs, (3)

ET,cond(k) - ET,cond(k - 1)+

Ucp(k)lc(k)|[t(k) — t(k —1)],
Ucr(k) = di1¢(k) + do| I (k)| + ds

(4)
ED,cond(k) = ED,cond(k - 1)+

Up (k)| Ip(k)|[t(k) — t(k —1)],
UD(k) = ell%(k) + €2|ID(k)| + €3 .

(5)

The proposed loss estimation method detects the
IGBT and diode operating states based on the phase
current direction and gate switching signal both at the
current and previous sampling instant (Table 1). In this
paper, the inputs for the algorithm are determined by
simulations in the MATLAB Simulink environment so
the sampling rate of the algorithm equals the sampling
time of the control system model, ie kTs — (k — 1)Ts =
T, = 1/28000s. By this, the actual current is assumed
constant during one sampling interval, which is a rea-
sonable assumption considering the low sampling time
value. The maximum converter’s switching frequency is
equal to 1/(27s) = 14 kHz. The total power losses of the
considered IGBT-diode pair are obtained by summing
the individual energies in equations (1)—(5) accumulated
during the selected time window (eg few cycles of the
phase current) and dividing the result by the time win-
dow. To obtain the total losses of the power converter,
the total power losses of the IGBT-diode pair are multi-
plied by a factor of six since there are six such pairs in
the considered three-phase power converter.

4 RESULTS AND DISCUSSION

The simulation results are obtained by using the
Simulink model of the IRFO control system shown in
Figures 1 and 2, whereas the experimental results are
obtained by using the control system’s laboratory setup.
The induction generator with the power rating of 1.5 kW
and with the rated stator phase current equal to 3.81 A
is used for the analysis (other parameters of the induc-
tion generator are given in Appendix B). The experi-
mental power converter consists of three IGBT modules
SKM 100GB125DN and hybrid dual IGBT drivers SKHI
22B, manufactured by Semikron [31]. A more detailed de-
scription of both the Simulink model and the laboratory
setup can be found in [7].

Figure 5 shows an example of energy increments in the
upper IGBT-diode pair during one cycle of the simulated
phase current, along with the corresponding phase cur-
rent waveforms and gate switching signals. The results
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Fig. 6. Upper IGBT-diode power losses as a function of load resis-
tance (simulations): (a) — — switching losses and (b) — conduction
losses

are obtained for the following parameters: n = 1200 rpm,
Uge = 350V, Rge = 22082 and H = 0.1 A.

In Fig. 5, during the negative half-cycle, the IGBT
switching and conduction energies remain unchanged.
However, during the positive half-cycle, there is a no-
table increase in these energies. Namely, a change in the
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gate switching signal value leads either to an increase in
the IGBT turn-on energy or to an increase in the IGBT
turn-off energy, depending on whether the gate switching
signal changes from 0 to 1 or the other way around. This
increase more substantial when the gate switching signal
value changes more frequently. When the gate switching
signal is equal to 1, there is an increase in the IGBT con-
duction energy. Otherwise, when it is equal to 0, there is
no increase in the IGBT conduction energy.

Similarly, diode turn-off and conduction energies re-
main unchanged during the positive half-cycle, while
there is a notable increase in these energies during the
negative half-cycle, again depending on the gate switch-
ing signal value.

Figure 6 shows the upper IGBT-diode switching and
conduction power losses as a function of the load re-
sistance value (ie, the load current). The results are
obtained by simulations for the following parameters:
n = 1200 rpm, ug. = 350 V and H = 0.1 A. The time
window equal to 8 cycles of the phase current is used for
calculation of the IGBT-diode losses.

Based on the results shown in Fig. 6a it can be con-
cluded that by increasing the load current (ie, by de-
creasing the load resistance), both the IGBT and diode
conduction losses are increased. It is understandably so
because when the load current is increased the current
flowing through the semiconductor switches is also in-
creased and so are the corresponding conduction losses.
On the other hand, the IGBT and diode switching losses
are decreased by increasing the load current, which sug-
gests a decrease in the switching frequency. For the con-
sidered load resistance values, the total switching losses
are dominant, especially for high load resistance values.
For example, at Rg. = 5002, the switching losses are
about 28 times greater than the conduction losses, while
at Rge. = 155€), they are only about 4 times greater. This
switching losses dominance is partly explained by the rel-
atively high value of the dc-link voltage since they are
scaled with respect to the dc-link voltage. Consequently,
by decreasing the load resistance value, the sum of the
switching and conduction losses in the IGBT-diode pair,
as well as in the whole power converter, decreases for the
case under consideration. Here it has to be noted that
due to its variability and unpredictability, the switching
frequency could not be considered as a parameter in the
presented analysis.

Using the loss estimation algorithm, the total losses
of the power converter are calculated over the follow-
ing ranges of the rotor speed, dc-link voltage and load
resistance: n = 900-1500 rpm, ug. = 200-350 V and
Ry. = 110-500 2.

The obtained results are shown in Fig. 7 where it can
be seen that the power converter losses are proportional
to the voltage for constant rotor speed, while they are
inversely proportional to the rotor speed for constant dc-
link voltage. Also, there is no significant variation in the
power converter losses with respect to the load resistance
for constant rotor speed and dc-link voltage, which is
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Fig. 8. Maximum efficiency curves obtained at: (a) — n = 900 rpm, ug. = 200V, (b) — n =

1200 rpm, ug. = 250 V, and (c) —

n = 1500 rpm, ugq. = 300 V

most likely due to the fact that any change in the load re-
sistance causes changes in the switching losses and in the
conduction losses which cancel each other out (Fig. 6).
However, the power converter losses are proportional to
the voltage for constant rotor speed and load resistance
value. This is explained by the fact that the switching
losses are proportional to the dc-link voltage (factor k,
in Appendix A), whereas the conduction losses are pro-
portional to the load current, ie to the dc-link voltage for
constant load resistance value. Hence, increasing the dc-
link voltage while keeping the load resistance unchanged
leads to an increase in both power loss components.

Finally, the calculated power converter losses are used
for correction of the IRFO control system maximum
efficiency curves obtained by using the corresponding
Simulink model, described in [7], in which the power con-
verter is assumed ideal.

The maximum efficiency curves are obtained by setting
the induction generator magnetizing flux to an optimum
value for each of the considered operating regimes. This

means, without going into details, that the flux factor
ky, shown in Fig. 2, had to be manually adjusted for
each considered regime. For validation purposes, both the
uncorrected and corrected maximum efficiency curves are
compared with the experimental curves and the results
are shown in Fig. 8.

It can be seen that the corrected maximum efficiency
curves very well represent the experimental curves. How-
ever, while it is normal to expect the corrected curves
to be placed slightly above the experimental curves, thus
leaving enough space for the stray and mechanical losses
if they were to be considered, it seems that in some cases
small parts of the corrected curves are placed slightly
below the experimental ones. This indicates at the pos-
sibility of overestimation of the power converter losses.
The overestimation of the power converter losses can
be partly due to the fact that the actual semiconductor
junction temperature is in most cases significantly lower
than the one assumed in the loss estimation algorithm,
which is in fact only 25 °C lower than the maximum junc-
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tion temperature defined in the IGBT module datasheet
(Tjmaz = 150°C). Higher assumed value of the junc-
tion temperature means higher assumed power converter
losses. Besides this, the accuracy of the loss estimation
algorithm also depends on the accuracy of extraction of
the necessary data points from the datasheet as well as
on the accuracy of the datasheet graphs.

Similar results were obtained for other combinations
of the rotor speed and dc-link voltage within the con-
sidered respective scopes, ie n 900-1500 rpm and
uge. = 200-350 V.

5 CONCLUSIONS

The proposed approach provides highly accurate es-
timation of the maximum achievable system’s efficiency
over wide ranges of rotor speed, dc-link voltage and load
resistance for the case of a vector controlled SEIG. It
also provides insight into power converter losses depen-
dency on various control system parameters. The case
analyzed in this paper addresses hysteresis switching but
the analysis could be easily extended to periodic switch-
ing schemes. The considered loss estimation algorithm is
fairly easy to implement, can be used for both periodic
and aperiodic switching schemes, and has the reported av-
erage estimation error less than 8 %. The obtained results
show that the power converter losses have a higher con-
tribution to the overall system’s losses when the SEIG is
lightly loaded and, consequently, in such cases they have
a greater impact on the overall system’s efficiency. It is
shown that this impact can be far from negligible, so in
order to obtain an accurate approximation of the actual
system’s losses or efficiency it is mandatory to account
for the power converter losses.

Appendix A

Polynomial coeflicients in equations (1)—(5)

a1 =0, as = 0.1265k, , az = 0.637k,,
by =0, by = 0.0461k,, b3 = 0.539%,
=0, o = 0.0477ky, 3 =0.591k,,
di = —0.012421, dy = 0.24562, ds = 0.54143,
e1 = —0.0080535, ey =0.1176,  e3 = 0.4652.

where k,, is the scaling factor equal to dc-link voltage to
datasheet dc voltage ratio, ie ky, = Ug./Ucc .

a1, by and c; are set equal to zero because the corre-
sponding datasheet functions can be considered linear in
the area of interest (ie, for currents less than 10 A).

Appendix B

Induction generator parameters
P, =15kW, U, =380V, p=2,Y, [, = 381A,
N 1391 rpm, L7, 0.4058 H, L, = 0.01823 H,
L., =0.02185 H, R; = 4.293Q (at 20°C),
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R, =3.866% (at 20°C), T, = 10.5 Nm,
J = 0.0071 kgm?, ¥,,, = 0.845 Wb, n = 78 %.
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