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Modern system of adjustable electric drive are characterized by using in their construction semiconductor energy
transformers based on full-controlled power keys, because their usage opens wide range of possibilities for creating
high-efficient energy- and resource-saving devices. The process of designing the semiconductor energy transformer,
or the process of improving existent devices, determines well-grounded selection of their constituent elements and
circuit decisions. Herewith, special attention should be paid to accepted power losses in power keys and highly effi-
cient methods for their cooling. Carried-out analysis of the power loss components in power keys has showed, that
while designing the converters it is possible to assure minimum losses because of the ensuring such switching
speeds, which would ensure optimal trajectory of the key turning-offs and turning-ons. Energy losses are also highly
dependent on the passive safety system, which decreases possibility of turning transistor key to one of the breakdown
modes. As the loss energy in the power transistors is extracted from semiconductor crystal and dispersed as a heat,
important question is selection of the heat sink method. In this work it was presented the laboratory set-up, which
allows one to conduct the number of experimental researches, namely: evaluation of the influence of additional fields
used for formation the turning-on and turning-off trajectory of the power key on the dynamic energy losses; evalua-
tion of the influence of the transistor passive safety system on dynamic energy losses; investigation of transistors’
surge-protection methods effectiveness; investigation of the effectiveness of most popular t cooling systems used for
ransistor keys. The developed laboratory complex allows students to conduct experimental evaluation the operating
modes of the power IGBT’s which works as a part of semiconductor energy transformers.
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TPAH3UCTOPHUX KJIIOYIB Y CKJIAJII HAITNIBIIPOBIJIHUKOBUX NEPETBOPIOBAUIB EHEPTIi
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CyuacHi CUCTEMH PEryJIbOBaHOTO EJIEKTPONPUBO/IA XaPaKTEPU3YIOThCSI 3aCTOCYBAHHSAM HaIiBIPOBIIHUKOBHX TIe-
PETBOPIOBAYIB €HEprii Ha MOBHICTIO KEPOBAaHHMX CHJIOBHX KJIFOUaX, OCKUIBKH 1X 3aCTOCYBaHHS BIJIKPHBA€E IIUPOKI MO-
JKIIUBOCTI NPH CTBOPEHHI BUCOKOE(EKTHBHUX €HEPro- Ta pecypco3depiraodux npuctpois. IIpomec mpoexTyBaHHS
HAITIBIIPOBITHUKOBOTO TEPETBOPIOBaYa €HEpPril 4 JOOIMpAIIOBAHHS ICHYIOHUOTO BHMarae oOIpYHTOBaHOTO BUOOpY
CKJIaJJOBHX HOrO €JIEMEHTIB 1 CXEMOTEXHIYHHX PIlIeHb, PUYOMY OCOOJIMBY YyBary HeoOXiAHO NPUALIUTH 3a0e3re-
YEHHIO NPUHHATHAX TOTY)XHOCTEH BTPAT y CHJIOBUX KJII0YaX Ta BUCOKOEPEKTHBHUX METOMIB ix oxonomkeHHs. [Ipo-
BEJICHUH aHajli3 CKIAaJOBHX BTPAT MOTY)KHOCTI CHJIOBHMX KIIIOUIB IOKa3aB, IO MPU MPOEKTYBAHHI MEPETBOPIOIOYUX
MPUCTPOIB 3a0e3IeueHHs] MiHIMAJIIbHUX BTPaT MOXIIMBE 32 paXyHOK ()OPMYBaHHs HIBHJIKOCTEH MEepeMUKaHHS, SKi
OynyTh 3a0e3revuyBaTH ONTUMAJIbHY TPAEKTOPIiI0 BBIMKHEHHS! Ta BUMKHEHHsI Kilfoua. BTpaTtu eHeprii Takox CyTTEBO
3aJIeaTh BiJl CHCTEMH ITACUBHOI'O 3aXHCTY, sSIKa 3MEHIIIYE HMOBIPHICTb MONAaJaHHS TPAH3UCTOPHOTO KJII0Ya B OJIMH i3
pexxumiB ipo6oro. OCKIIBKH €Heprisi BTpaT CUJIOBHUX TPAaH3HCTOPIB BUIISIETHCS B HAIIBIIPOBIIHUKOBOMY KPUCTAJIl
Ta PO3CIIOETHCS Y BUTIIAI TEIUIA, BAKITMBUM IUTAHHIM € BUOIp crtoco0y #oro BifBeneHHA. Y poOOTi 300pakeHo Jia-
OOopaTOpHHUH KOMILIEKC, IO JO3BOJISIE MPOBOJUTH HU3KY €KCIIEPUMEHTAIBHHUX JIOCIIKEHb, a CaMe: OLIHKY BILIUBY
IOMATKOBUX KiJ ()OPMYBaHHS TPAEKTOPil BBIMKHEHHsI Ta BUMKHEHHS CHJIOBOT'O KITFOUa HA JUHAMIYHI BTpATH €HEPTIl;
OLIIHKY BIUIUBY CHCTEM IACUBHOTO 3aXHCTY TPAH3UCTOPIB Ha JMHAMIYHI BTPATH €HEPTii; TOCIiKeHHsI e()eKTUBHOCTI
3aCTOCYBaHHSI METO/IB 3aXUCTY TPAH3UCTOPIB BiJl EPEHANPYT; TOCIKeHHsI €()eKTUBHOCTI 3aCTOCYBaHHS HaiOLIbII
PO3IIOBCIOJKEHUX CHUCTEM OXOJIO/PKEHHsI TPaH3UCTOPHHUX KoUiB. Po3poOienuil nadopaTopHUl KOMIUIEKC J03BO-
JIUTH CTY/AEHTaM IPOBOJUTH €KCIEPUMEHTAIILHY OLIHKY pexxuMiB pobotu cuioBux IGBT y ckianai HamiBIpoBigHH-
KOBHUX IIE€pETBOPIOBAUIB €HEPTIi.

Karo4oBi ci1oBa: HamiBIIPOBiTHUKOBHH KITOY, J1a0OpaTOPHUIA CTEH|, IMHAMIYHI BTPATH, MBHAKICTh IEPEMHUKAHHS,
3axHCHI KOJIa, CHCTEMA OXOJIOKEHHSI.

PROBLEM STATEMENT. One of the most effec- construction the power electronic devices, main part of
tive world-recognized techniques for energy- and re- which are semiconductor keys. The transformation of
source-saving is commissioning of controlled electric- electric energy and control of its parameters in power
drive (ED) systems into all branches of industry. These electronics are carried out using rectifying diodes,
systems are characterized by implementation in their thyristors, transistors and hybrid power circuits. With
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the creation of bipolar transistors with isolated gate
(IGBT modules) and integrated control circuits for them
(drivers) the application area of the ED systems with
transistor converters became practically unbounded. So,
in early 90" a lot of companies made commercial tran-
sistor electric drives with power rate up to 350 kW
(0.4 kV), and in 1995-96 it appeared commercial proto-
types of the systems with rated power up to 1..1.5 MW.
Nowadays it is commonly used transistor electric drives
with the power rate of some megawatts and up to 10 kV
voltages [1].

The fully controlled power semiconductor keys
provide high values of such features as switching pow-
er, efficiency, dimensions and weight and also reliabil-
ity. Their usage in converters allows one to provide
economically efficient energy conversion and opens a
wide range of possibilities for creation the modern
converters.

The designing and creation of converters assumes
variable variants of optimality criterions [2]. Most typ-
ical criterions are minimum cost price along with high
technical parameters; or ensuring high technical pa-
rameters, as a rule, high efficiency; or ensuring con-
verter miniaturization. These requirements often are
interrelated, because huge losses are hard to be elimi-
nated in small-sized equipment. According to this,
depending on desired optimization criterion, the toler-
able power losses in power transistor keys (PTK)
could be determined basing on the following assump-
tions [2, 3]:

— limiting capability of transistor cooling system
with appropriate technical and economical parameters
(size, weight, cost) and taking into account maximum
estimated environment temperature and maximum al-
lowed PTK temperature;

— minimum possible losses to ensure high efficiency
or small size of the converter.

Designing according to the second variant allows
one to ensure significantly lower power losses in PTK
comparing to the first variant. This could be possible
because as the maximum calculated semiconductor
temperature under its hardest rated operating mode it is
recommended to take the value 25 °C lower than maxi-
mum allowed transient temperature. This leads to in-
crease PTK lifetime, and ensure safety factor in case of
converter overload.

Also it should be mentioned, that, besides designing
new converter it also could appear more local task to
improve existing device without cardinal change of its
scheme or construction (for example, in case of change
the type of power transistor key).

Thus, both designing and improving of the semi-
conductor energy converter demands grounded
choice of the power keys. Basing on previously said,
it is clear that it is necessary to pay special attention
to such questions, as ensuring acceptable power loss-
es in power keys and ensuring high-efficient cooling
methods.

The aim of the work is to develop laboratory set-up
for investigation transistor keys parameters, which al-
lows students experimentally estimate operating modes
of power IGBT’s which works as a part of semiconduc-
tor energy converters.

EXPERIMENTAL PART AND RESULTS
OBTAINED. As it is known [2, 4], the work of power
semiconductor keys is characterized by the presence of
losses, which could be separated to the losses under
transients during switching (dynamic losses), the losses
under switched-on or switched-off mode (static losses)
and the losses in input control circuit.

Static losses are related to the fact, that under
switched-on mode transistor direct voltage is minimal
and current is defined by load parameters. Under
switched-off mode transistor current is minimal and
it’s defined by its inner resistance, and voltage is con-
trolled by power source. According to this, this kind of
losses depends only on chosen semiconductor key type
and do not contribute significantly in the total power
losses.

Losses in output control circuit are related to the
value of charge, which is accumulated in input switch
capacity, and the value of control voltage, which is de-
termined for key switching. As the power IGBT control
current is relatively small, thus, by analogy to static
losses, the amount of these losses depends on chosen
transistor type and also do not contribute significantly in
the total power losses.

In its turn, dynamic key losses are related to the
fact that during transient processes transistor appears
for definite time under high voltage and significant
direct current state [S]. If the switching time is not
limited, a part of power losses in total losses during
switching could became significant. Usually, control
of IGBT switching speed is derived by serial connec-
tion of limiting (breachblock) transistor between out-
put driver node and key input circuit. At that, for keys
with high switching speed, among which are MIS- and
IGBT-transistors, the use of breachlock resistors under
high load current amplitudes is requirement for safe
work. Usually, minimal value of this resistor is shown
in reference information from manufacturer for each
type of power transistor.

The use of limiting resistor is a classical solution
for effective control of switching speed. However, in
some cases, for example, for limiting current and volt-
age surge under commutation of resistive-inductive
load, the additional unidirectional circuits are used [2],
which provide speed limit separately for switching-on
or switching-off, or simultaneously under switching-on
and switching-off. Besides brenchclock resistors the
problem of the limiting the switching speed could be
solved using drivers with separate control circuits for
switching-on and switching-off signals [6]. However,
in any case, limiting the switching speed leads to sig-
nificant increase of dynamic losses, which is especially
visible on the high frequencies of transistors switch-
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ing. Thereby, the analysis of the losses components of
power transistor keys has showed that during design-
ing the converters, ensuring minimal losses could be
derived by formation switching speeds, which will
ensure optimal trajectory of the key working point.
According to this, in order to provide experiments for
investigation the influence of IGBT control circuit on
dynamic losses, it was developed laboratory set-up,
with scheme shown in Fig. 1.
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Figure 1 — The scheme of laboratory set-up
for investigation the IGBT control circuit influence
on energy dynamic losses

The shown laboratory set-up contains transistor con-
trol driver (/R 2104), scheme for connecting output
driver circuit to input transistor circuit (formation of the
determined scheme is ensured by connecting the ele-
ments of jumper control circuits, power transistor key
VI  (IRG4BCI10UD), and reverse gate VD
(VS-15ETHO6PBF). The voltage of power bus line of
the laboratory set-up is 24 volts. Laboratory set-up also
allows one to conduct investigation of the working
modes of power transistor with resistive-inductive and
active load, which is assured using contactor K /.1,
which eliminates the load inductance L,,.

In order to estimate the influence of IGBT circuit on
dynamical losses it may be used the proposed structural
scheme for connecting driver output circuit to transistor
input circuit. The use of this scheme allows one to in-
vestigate different circuits used for formation the tran-
sistor working point with different values of its compo-
nents (R; =240hm, R, =400 Ohm), which aimed to

limit the switching speed. In order to conduct experi-
mental research it should be done measuring of voltage
on the key (U, ) and current flows thru the key (/,;).

Latter could be done using shunt (R, ).

Currents and voltages, which were derived experi-
mentally, and computed power losses signals, for condi-
tions of switching transistor power key for the case of
switching-on gate resistance of 24 Ohms are shown in
Fig. 2,a, and for the case of switching-on gate resistance
of 400 Ohms are shown in Fig. 2,b.
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Figure 2 — Currents, voltages and power losses signals
for the case of IGBT switching with gate resistances
of 24 Ohms (a) and 400 Ohms (b)

According to experimental signals, shown in Fig. 2,
the energy of losses for one transistor key switching
during switching-on (e,,) and switching-off (e,;)

could be calculates as following [7]:

e, = j Pon ()5 €,y = j Py (), (1)

where p(¢t) is loss power, which is determined

as i(t)-u(t) (during calculation of e, integrating
limits are specified by direct current rise time, and
during calculation e, by direct current fall
time).

A calculation of an average loss power in a key
structure during switching-on (£ ,) and switching-off
(E,y ) during one working hour of transistor could be
done using following expression:

E,, =¢,,/3600; E,; =e,; 3600, )

where f is IGBT switching frequency, Hz.

The dependencies of dynamical energy losses for
different cases of additional circuit construction for
IGBT working with resistive-inductive load are shown
in Fig. 3, where it is shown the losses for switching-on
and switching-off for case of transistor one hour work
with limiting resistances of 24 and 400 Ohms.
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Figure 3 — The influence of additional circuits for IGBT
working point formation on dynamic energy losses
during switching-on (a) and switching-off (b)

Thus, developed laboratory set-up allows one to
provide estimation of dynamic power losses during the
work of transistor power keys. However, additional cir-
cuits, connected to IGBT, also significantly influence on
its switching trajectory [7]. As an example of such cir-
cuits it could be named transistor safety circuits, be-
cause, as it’s commonly known, power semiconductor
keys are subject to possible breakdown (electrical, as a
result of high voltage, or thermal, as a result of over-
heating because of high current) and if input voltage
which supplies key could be easily calculated, then
over-voltages which appears on a circuit’s stray induct-
ances, could be hardly predicted. According to this, in
order to decrease probability of appearing transistor key
in one of breakdown states, the necessary requirements
for designing the semiconductor energy transformers are
detailed design study, compact placing of power ele-
ments and minimization of electrical connection be-
tween them [8, 9].

In order to determine the influence of safety circuits
on IGBT dynamic losses lets analyze the methods for
over-voltage abatement in power energy converters. As
a rule, transistor key breakage mechanism could be di-
vided into breakage of transition “gate-emitter” and
breakage of transition “collector-emitter” [2, 8].

Over-voltage at transition “gate-emitter” could ap-
pear as a result of driver breakage or breakthroughs on
communication line between driver and transistor. To
avoid such problem it’s enough to insert over-voltage

limiter between gate and emitter (as a rule, for the value
of 18 V); the gate capacity itself would decrease dU/dt
down to values, which are suitable for limiter, moreo-
ver, for most transistors the breakage of the gate could
appear under voltage not less than 35.45 V, which
means that there is significant reserve for over-voltage
pulse suppression. The only mandatory requirement is
that limiter should be installed as close to transistor as it
possible. Thus, the use of safety system for transient
“gate-emitter” do not influence significantly on dynamic
losses value.

In its turn, to protect transient “collector-emitter”
there are two main ways: active and passive. Active way
requires such kind of transistor control, when voltage
surges minimizes; to this way it belong the active pro-
tection and the gradual switching-off. The easiest way
to ensure active protection is gradual switching-off of
the transistor. As a rule, in order to generate gradual
switching-off it should be installed resistor of high nom-
inal value between driver input circuit and transistor
gate. As result, the long-term gate capacity discharge
mode takes place, and, as result, the switching-off speed
is lower. In this case dynamic losses would be signifi-
cantly dependent on the nominal value of gate resistor,
which was described previously.

The active protection principle itself has more com-
plicated schematic solutions for the case of protection
power key from over-voltage [9]. Under active protec-
tion (active clamping) it should be assumed such circuit,
where redundant voltage from collector-emitter circuit
transfers to the gate, and, as a consequence, transistor
opens. Active protection, as a rule, connects when it is
needed, and, as a result, do not lead to increase of dy-
namic losses in rated operating mode, however, it infe-
rior to passive protection because of its speed and sim-
plicity of implementation.

Passive protection, in difference to active, is always
connected, independent on its need at the moment. This
type of protection could be represented in two ways [8]:
decrease of dU/dt and over-voltage limiting. To the first
way it belongs different types of snubbers, and to the
second way — varistors and limiters. As this type of pro-
tection is always powered, it influences significantly on
switching, and, as a result, leads to significant power
losses.

Basing on conducted analysis of power transistors
protection methods, we may conclude, that the pas-
sive protection methods influence most significantly
on dynamic losses. According to this, it was devel-
oped laboratory set-up basing on scheme presented in
Fig. 4, aimed to conduct experiments for investiga-
tion the influence of passive protection methods on
IGBT dynamic losses. The presented laboratory set-
up contains transistor control driver (/R 2104), power
transistor key VT (IRG4BCI0UD) and wheeling di-
ode VD (VS-15ETHO6PBF), physical models of stray

inductances (L, L,,) and transistors safety circuits
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scheme, connected to collector and emitter of semi-
conductor key (formation of necessary scheme is
provided by connection the elements of safety cir-
cuits using jumpers). Power bus of the laboratory set-
up is powered by 24 V.

Figure 4 — The scheme of laboratory set-up
for investigation the IGBT passive protection methods

The presented laboratory set-up, besides investigation
the influence of protection circuits on dynamic losses,
allows one to conduct research on the effectiveness of the
power transistor protection from over-voltage while
working with resistive-inductive and inductive load,
which is provides by use of contact K /.7, which is used
to eliminate load inductive component L, .

In order to provide the possibility of investigation
the protection from over-voltage methods for power
transistors, in laboratory set-up it was installed physical
models of stray inductances, which could be eliminated
from the circuit using contacts K /.2 and K 1.3. As a
passive protection method it is used the coupling
scheme of snubber circuits, which allows one to conduct
investigations of the effectiveness of the use of RC- and
RCD-circuits, varistors (RU1, RU2) and TVS-diodes,

also known as suppressors (D2, VD3).

Thus, the presented structure of laboratory set-up al-
lows one to provide the experimental investigations of
the following working modes of the converter: stray
inductance is absent (mode #1), stray inductance includ-
ed before collector of the transistor (mode #2), stray
inductance included after emitter of the transistor (mode
#3), stray inductances are included before collector and
after emitter of the transistor (mode #4).

Experimental investigations assumes measuring
voltage signal on a key (U,,) and current signal thru

the key (/,;). The latter could be done using shunt
(R, ). Evaluation of the effectiveness of presented

over-voltage protection methods could be done on the
basis of the following criterions: relative over-voltage
value during IGBT switching-on and switching-off

(Au,, , Au,; ), time of switching-on and switching-off

on

(2,05 Lo ), dynamic energy losses per one hour of con-

verter work (E,, , E,q ).

The experimental signals of current, voltage and
IGBT dynamic power losses under the presence of stray
inductance before collector of transistor and when pro-
tection RCD circuit and TBS-diode are included in the
circuit are shown in Fig. 5. The results are presented for
the case of energy converter work with resistive-
inductive load.
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Figure 5 — Current, voltage and IGBT power loss
signals under stray inductance on the collector
of the key (a) and while protection RCD-circuit (b)
and TVS-diod (¢) are included in the circuit

Analysis of derived results leads to conclusion, that
the use of additional protection schemes for semicon-
ductor keys allows one to solve the task of decreasing
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the voltage of the “collector—emitter” transition. How-
ever, along with this it could be observed significant
deterioration of such commutating parameters, as
switching-on and switching-off times (Fig. 6), which, in
its turn, leads to increase the energy losses while transis-
tor is in switching mode (Fig. 7).
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Figure 6 — Dependence of IGBT switching-on (a) and
switching-off (b) times on the type of protection circuit

Mode | 1|
#1

Mode 1
#2

Mode L
#3

Mode ]
#4

T »
E ., Bm/200

on>

400

400
b)

Figure 7 — Dependence of the losses under IGBT
switching-on (a) and switching-off (b) on the type
of protection circuit
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The experiments aimed to investigate the effective-
ness of IGBT circuits for over-voltage protection were
conducted for energy converter work with resistive-
inductive load (Fig. 8). It also should be mentioned, that
over-voltage value under IGBT turning-on does not
dependent on the protection scheme, and it is deter-
mined only by the placement of stray inductance.
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Figure 8 — The effectiveness of using the IGBT
protection circuits

Thus, laboratory set-up allows one to conduct re-
search both for investigation the influence of the most
wide-spread methods for protection power transistor
keys from over-voltage on IGBT dynamic energy loss,
and for the effectiveness of their use.

Considering, that the energy of loss of power tran-
sistor key releases in semiconductor crystal and
spreads as a heat, which should be abstracted from p—n
barrier, another important question is the grounding
the way for heat abstraction [2]. As it is known, the
heat channel abstracts from a small volume of semi-
conductor crystal, in which it appears, penetrates thru
number of layers of different materials used for manu-
facturing thermal compensators (tungsten, molyb-
denum), thru fillers (silver, tin), the basement (copper),
cooler (aluminum, silumin), and abstracts to environ-
ment. Each from these layers has its own heat transfer
parameters and resists to thermal flow penetration,
which leads to temperature difference between semi-
conductor structure and each from these layers. Ther-
mal calculation, taking into account thermal parame-
ters of all layers types, is quite complicated multivari-
able problem. Thus, practically it used some simplifi-
cations, which allows one to conduct numeric evalua-
tion of allowed working modes of PTK.

Usually, in order to increase output capability, with
given maximum temperature of a structure, they try to
decrease total heat resistance [3]. In semiconductor
power devices the main part among total heat resistance
is the resistance “cooler-environment”, which could
reach 70-80 %, resistance “structure-body” is 15-25 %,
and the rest is resistance “body-cooler”.

Resistance “body-cooler” is unstable and depends on
the body type, contact area, application force between
body and cooler, type of the heat-conducting interlaying
between body and cooler. The use of heat-conducting
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material decreases resistance “body—cooler” to
3-5 times, and including electric isolating interlaying
increases this resistance to 4-8 times [2].

The heat resistance “cooler—environment” depends
on the type of a cooler and an environment. The most
frequently used are air coolers (radiators). As cooling
environment it usually used air, oil or water. Compara-
tive heat-transfer of a system, where as an cooling en-
vironment used air, oil and water characterized by re-
lation 1:10:100, which means, that the best heat ab-
straction while transferring from the cooler metal to
cooling water.

Effective decrease of total heat resistance could be
reached while blowing the construction. The most
intensively resistance decreases under blowing speed of
6 m/s. Under blowing speed higher than 12 m/s the
decrease of resistance is slight, and in order of
general economy speeds higher than 12 m/s are not
used.

To investigate the effectiveness of IGBT cooling
systems it was developed laboratory set-up with the
scheme, shown in Fig. 9.
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Figure 9 — Scheme of laboratory set-up for investigation
the IGBT cooling systems

Presented set-up contains transistor control driver
(IR 2104), three transistor power keys VTI-VT3
(IRG4BC10UD) and wheeling diode VD
(VS-15ETHO6PBF), three thermoelectric temperature
sensors tyr;-tyrs. The voltage of laboratory set-up power
bus is 24 V.

The presented laboratory set-up allows one to inves-
tigate the heating of a power transistor key structure
working without cooling system, with natural cooling
system, and with forced cooling system. The natural
cooling system determines installation on the transistor
heatsink surface the radiator which is vertically orient-
ed, including dielectric layout between them. In its turn,
the forced cooling system, as well as natural cooling
system, contains radiator installed on transistor heatsink
surface, which is vertically oriented, including dielectric
layout between them, and a fan, which provides direct
blowing of the radiator surface. In order to control load
current the laboratory set-up has possibility to install

ammeter. The heat measurement could be done in-
stalling thermoelectric sensors.

Experiments for IGBT heating modes investigation
were conducted for the case of the work of impulse en-
ergy converter with resistive load (Fig. 10).

t,°C
60
40 1

20 ¢

Figure 10 — Dependence of IGBT temperature on the
load current: 1 — without cooling system; 2 — using
natural cooling system; 3 — using forced cooling system

Thus, laboratory set-up allows one to investigate
heating modes of power transistor keys which are part
of energy transformers, and estimate the effectiveness of
the most popular cooling systems.

It also should be mentioned, that presented laborato-
ry set-ups meet requirements of the conception of small-
sized laboratory set-ups [10]. According to this concep-
tion, laboratory equipments should meet the following
requirements: safety, visualization of investigated ob-
jects and processes, small-size, compliance to modern
requirements and maximum closeness to industrial
equipment.

CONCLUSIONS. It was proposed the laboratory
complex, which allows one to conduct a series of exper-
imental investigations, namely: estimation the influence
of additional circuits for power key working point for-
mation on dynamic energy loss; estimation of the influ-
ence of transistors passive protection systems on dy-
namic energy loss; investigation of the efficiency of use
the transistor protection methods against over-voltages;
investigation of the efficiency of the most wide-spread
cooling systems for transistor keys. Presented laboratory
complex will allow students to conduct experimental
estimation of power IGBT working modes which works
as a part of semiconductor energy converters for the
tasks of their further designing or improvement.
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CoBpeMEHHBIE CHCTEMBI PETYIHPYEMOTrO AJIEKTPOIPHBOJA XapaKTEPU3YIOTCS MPUMEHEHHUEM IOIYIPOBOIHUKOBBIX
npeoOpa3oBaTereil SHEPTHY Ha MOJHOCTHIO YIPABISIEMBIX CHIIOBBIX KIIFOUaX, IIOCKOJIBKY UX MPUMEHEHHE OTKPBIBACT IIIU-
POKHE BO3MOKHOCTH TIPH CO3JaHHH BBICOKOA((EKTUBHBIX SHEPro- U pecypcocdeperaronux ycTporicts. [Iporecc mpoek-
THUPOBAHHMS TOITYIIPOBOTHUKOBOTO MPE00pa3oBaTelisi SHEPI UM WK JO0Pa0OTKH CYIIECTBYIOIIEr0 TpeOyeT 000CHOBaHHOTO
BBIOOpA COCTABIISIIOIINX €r0 AIEMEHTOB U CXEMOTEXHUYECKHX PEIICHUH, IIPHYeM 0co00e BHUMaHNE HEOOXOUMO YIETUTh
o0ecriedeHHI0 TIPHEMIIEMBIX MOIIHOCTEN MMOTEPh B CHIIOBBIX KITIOYaX U BBICOKOA((EKTHBHBIX METOJIOB MX OXJIAXK/ICHHSL.
[IpoBeneHHBIN aHaIU3 COCTABIISIONINX IIOTEPh MOIIHOCTH CHJIOBBIX KITIOYEH ITOKa3all, YTO IPH IPOSKTUPOBAHUH Mpeolpa-
30BaTENbHBIX YCTPOMCTB 0OECTIeueHne MUHUMAJIbHBIX MOTEPh BO3MOXKHO 33 cHeT )OPMHUPOBaHHSI CKOPOCTEH TepeKITtoye-
HUSL, KOTOpble OyayT OOecreunBaTh ONTHMAJbHYIO TPASGKTOPHIO BKIIOYEHUsI M BBIKIIOYEHHs Kitoda. [lorepu sHepruu
TaKKe CYIIECTBEHHO 3aBHCAT OT CHCTEMBI NMACCHBHOM 3allUTHI, KOTOpas YMEHbIIAeT BEPOSITHOCTh MOMNaJaHMs TpaH3U-
CTOPHOTO KITIOYa B OIMH U3 PEXUMOB 1po0osi. [TockoIbKy 3HEprust MoTeph CUIIOBBIX TPAH3MCTOPOB BBHIJEISETCS B MONY-
MIPOBOTHUKOBOM KPHUCTaJLIE U pacCerBaeTCs B BHIE TEIUIa, BAYXKHBIM BOIIPOCOM SIBIISIETCS BRIOOP criocoba oTBoza Terma. B
pabote mpezacTaBieH J1IaOOpaTOPHBIA KOMIUIEKC, MTO3BOJISIIOIINK MPOBOANT PsiJi AKCIIEPHUMEHTAIBHBIX HCCIEAOBaHUH, a
WMEHHO: OLICHKY BJIWSHUS JIOTIOJHUTENBHBIX Iiened (POPMHUPOBAHHS TPASKTOPUU BKIIIOUYEHUS M BBIKIIOUEHHUS! CUIIOBOIO
KJII0Ya Ha JJMHAMUYECKUE TTOTEPH SHEPTHH; OLEHKY BO3ACHCTBHS CUCTEM MACCHBHOM 3alllUThl TPAH3UCTOPOB HA JIHAMU-
YecKHUe MOTEePH DHEPTUH; UccienoBaHus Y(PpHEeKTUBHOCTH ITPUMEHEHHSI METOIOB 3allUThl TPAH3UCTOPOB OT NepeHampsiKe-
HUI; uccaenoBanus 3((GEeKTUBHOCTH MPUMEHEHHs HauOoJiee paclpOCTPaHEHHBIX CHCTEM OXJIKAEHUS TPaH3UCTOPHBIX
Kiroueld. PazpabotaHHbIi 1a00paTOPHBIA KOMIUIEKC MO3BOJUT CTYIEHTaM IMPOBOIUTH 3KCHEPHUMEHTAIBHYIO OLIEHKY pe-
»uMOB paboThI cwioBbiX IGBT B cocTaBe MosynpoBOIHUKOBBIX MpeoOpa3oBaTeneil SHEPTr Ui

KaroueBsbie c1oBa: MoixynpoBOJHUKOBBIN KITIOY, J1a0OpAaTOPHBIA CTEHA, IMHAMUYECKHE IOTEpH, CKOPOCThH Iiepe-
KJIFOUEHUS, 3alUTHBIE [IETTH, CHCTEMa OXJIaXKACHHSI.
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