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The efficiency of the electrical GEN-SET (EGS) fmeeds with diesel generator (~3000 rpm) and fiiagibf
high-speed generator with gas turbine (~30000 r@ma) permanent magnet synchronous generator istigates.
Three different configurations of power convertsx aonsidered. The paper given an answer to thstiqguef a a
full controlled rectifier should be employed or ersion with diode rectifier is satisfactory? Thisnvestigated also
for high-speed generation. Different current forfos the three defined configurations with their thanics and
influence on generator is given. The efficiencythe overall system is here investigated and amtiopology is
selected. Since the EGS operates very often undelolad which does not exceed in average more 30 of the
rated permanent load, a new topology of converfeE®S with high efficiency and low cost is suggestnd
studied theoretically and experimentally in thegrap
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1. Introduction
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Electrical GEN-SET (EGS), initially developed antbguced
mainly for military purposes, gradually found thelse as power
supplies for various machines and appliances toe&se their
mobility. They are used in building industry, agitare, ground
and air transport, health service and in other diras of industry.
Quite indispensable are the EGS in civil defencesis
management forces, and naturally in armed and isgfoices. Fig. 1. The block diagram EGS with constant spded o

EGS of the last and current generation are basedhen engine
technology with constant speed corresponding to rerpuired
fixed frequency (50, 60 or 400 Hz). Such a striects depicted in
Fig. 1. The investigations of EGS operation in lgstrs have
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shown, that the majority of sets operate under load, which n e al ‘ i

does not exceed more than 30 % of rated permarcad. | conral SGPM AC/DC | DciAC »
Contemporary trends of future development in thaklfshow, that ‘ l:
the new generation of EGS will be based on some VSCF T
technology (Variable Speed-Constant Frequency). @ohspeed e" REGULATOR [J

sets with combustion engines driving brushlessd fiekcited
synchronous generators will be soon replaced byimagit
controlled variable speed diesel engine, drivinigusi permanent ) ] ) )
magnet generator (SGPM) equipped with power elpitso F|g 2. The blOCk dlagr&}m EGS W|th Varleble Spebd (o]
frequency and voltage converters (see Fig. 2). Bpecial engine

purposes, as for example aircraft units and aierttef systems,

high speed gas turbine engines (50 000 RPM and)maitte high

speed SGPM and corresponding power electronicsiader the 2. The Concept of Variable Speed EGS
development.

The theoretical analysis, research, design andla@vent of Fig. 2 shows the EGS configuration with diesel apgi
new generation of EGS evoke many problems in thél fof synchronous generator with permanent magnets (SGPM)

mechanical and electrical engineering, power ededats and AC/DC/AC converter and speed control unit. The diesaline
mechatronics. The main emphasis is given to theuahut changes the speed according to the load of theThetspeed is
cooperation of SGPM with the power electronics fiency and hereby calculated according to the load of the BGB main

voltage converter. priority the minimum fuel consumption. The consewee of
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replaced by a high-speed gas turbine for high po®w&S

applications. High-speed turbine has the benefa obnsiderable
size and weight reduction and higher power den3ihe typical

high speed 40 kW EGS driven by gas turbine hasspeific

power output about of 200 W/kg, while the class#@lkW one,
driven by diesel engine, yields only 20 W/kg. Ire ttow power
application a switch to a fuel cell is expected.

Synchronous generators with permanent magnets utiab e
for such an operating regime. They allow to reaclyreater
number of poles and thus also higher frequencien et low
speeds. They are sufficiently robust, compact aimpls.
Together with the driving engine the generator cagate one
compact unit with advantageous measures and maetsons.
Low maintenance costs, higher reliability and langervice life
can be also expected. Due to the compact consinjchigh
speeds can be reached for high-speed turbine. @hstraction
and arrangement of a high speed (up to 100 000 §&BM is
quite different. To decrease the centrifugal foraed the moment
of inertia, the generator is usually composed o€sH permanent
magnets discs, moving in gaps of the stator arreatimding. The
depicted high speed SGPM consists of 5 discs, euith 8
permanent magnets poles. On both sides of distw stemature
windings are placed. At 60 000 rpm, the outputagydt frequency
kHz is converted by means of frequency convertéso60, 400
or other required value. At the power output 50 k¥Ad mass
9 kg the specific power output of this SGPM equats
5.5 kVA/kg. Simplified diagram of a high-speed gexter driven
by the gas turbine can be seen in Fig. 3 [4].
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Fig. 3. The EGS with high speed gas turbine driven

The generator output power with variable voltage fraquency
proportional to the speed is then to be changéde@utput power
of the required controlled constant voltage andstamt frequency.
Fig. 2 showed the block diagram of power converswith
AC/DC/AC power electronic converter.
generator is connected to the rectifier. The végialwltage and
frequency of the generator must be stabilized i@ tonstant
voltage and frequency by using a DC/AC convertehto three-
phase AC output e.g. 400V/50 Hz. All power of E@8es
through power electronic converter and the outpliage of EGS
must be independent of the EGS load and enginalspee

3. The Efficiency Investigation

Power electronic converter decrease the totalieffay of EGS
and next an answer the natural question by how nisigiven.
The EGS system with VSCF technology can be congidese
comparatively sophisticated mechatronic system,sisting of
mechanical part, electromechanical energy convergiart and
power electronics. The system of EGS presents pauttipower
transformation from the oil energy to the electpower. The
natural question arises: what is an efficiency uwdhssystem? In

The synchronous

order to solve fundamental research problems of BGh
variable speed it was decided to build a experialemiodel of
6 kW, consisting of the chosen driving diesel ergaf 7.6 kW,
synchronous generator with permanent magnets, pel@etronic
converter with diode rectifiers and output filtegcording to the
block diagram (Fig. 2).

To be shown the distribution losses and advantagesGS
with variable speed at first is shown the resuftEGS efficiency
with constant speed. The losses distribution measents of EGS
system according to Fig. 1 with diesel engine df KWW/ bring
following results that are shown in Fig. 4 and FEg.
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Fig. 4. Efficiency of EGS with constant speed fop@of
nominal load
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Fig. 5. Efficiency of EGS with constant speed for
nominal load

For example: for 20 % of the nominal load the EG&iency
is cca 11% (Fig. 4) and for 100% nominal load ti&SEefficiency
is cca 32 % (Fig. 5). The losses of a diesel engimee 80 % for
20 % of the nominal load and are 60 % for nomimadl The
efficiency of EGS with constant speed as well & d@nsumption
(Fig. 6) is variable according to the load of pawer

It is possible to say the top efficiency of EGS banachieved if
the engine power is the same as power requiredhdyod. The
new concept of EGS with variable speed of engine azhieve
better efficiency because the engine with feedbaoktrol
generates just the right power that is requiredhgyload. Such



concept can always operate with efficiency neaf\?8like EGS
with constant speed for nominal load. Fig. 6 shtvesdifference
in the fuel economy for constant and optimally ahlé speed of
diesel engine according to the load. The maximueh &conomy
is for low load.
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Fig. 6. Fuel economy for constant and a optimunabée speed
of diesel engine

The top efficiency (32%) of EGS with constant spesedl
nominal load cannot be achieved by using a condepS
according to Fig. 2, because power electronic caewelecreases
total efficiency of EGS by converter losses. Coraedlso adds
extra losses in the synchronous generator of th& E@tem.
Fig. 2 shows the system configuration of a syncbusngenerator
to connect with a AC/DC rectifier. The natural quastiarises:
should be a full controlled rectifier employed owersion with
diode rectifier is satisfactory? Does the high speeneration
change anything in the investigation? The lossehéngenerator
and converter depend on selected type of convefithree
different configurations of power converter aredstigated in the
paper. The first type is the fully controlled AC/D@ctifier
drawing a sinusoidal current (configuration A, Fiy. The second
type (B) is connected with the uncontrolled AC-DCtifesr with a
large capacitor filter at the output. This topolodyaws non
sinusoidal current from the generator with the éacgrrent peak.
The third type (C) is uncontrolled rectifier with arductive filter.
Here the current form with commutation is considei@ (due to
the fact that a commutation time by high frequesncad the
generator can not be neglected).
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Fig. 7. Different configuration of power electroronverter

4. Converter Effect on EGS Efficiency

Fig. 8 shows the experimental model EGS. As meation
above, the model is consisting of the chosen dyidiesel engine
(1), SGPM (2), AC/DC/AC converter (3) and filter (Zhe diesel
is HATZ 1D40 with the power output (7,6 kW at 36@m;
3.6 kW at 1500 rpm). SGPM is designed with 14 rqgoles and
12 stator slots and output its nominal parametees B0 kVA,;
440 V/ 300 Hz/ 3000 rpm/ 14.5A. The output voltagaed
frequency of SGPM corresponds with variable spekdiiesel
engine. The output voltage is varying in the rafrgen 170 to
450 V at the variable frequency from 100 to 300 Hze function
of power converter with uncontrolled rectifier ardC/DC
converter is apparent from Fig. 9. The DC/DC conveite
designed as step up chopper connected in seridd diibde
rectifier. If the output DC voltage of the diodetiBer is less than
570 V then the chopper increases the voltage. Thtpud DC
voltage is transformed to the AC voltage by usin@-phase
DC/AC inverter to the 3x400/230 V, 50 Hz.
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Fig. 9. The schematic circuit of AC/DC/AC converter

The analyses and measurement of AC/DC/AC convertersrsh
that the total converter efficiency is 81 % andskssin the power
converter are distributed as shown in Fig. 10. dinayses show it
that the losses are created mainly in the switcleilegnents and
transformers of the DC/DC converter. The total efficy of EGS
is decreasing from 32% for nominal load to 28% tmsEs in the
electronic converter. The PWM rectifier insteaddaide rectifier
and DC/DC converter can increase the efficiency ¢d88 %.
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Fig. 10. Results of AC/DC/AC efficiency and distributimsses



Converter with uncontrolled rectifier also adds axwsses of
the EGS system. Current harmonics of converter ereatra
losses injected into generator. The oscilloscopiords of current
spectrum of generator that was loaded by threeephiasontrolled
rectifier with output capacitor according are shawrfig. 11 for
two output frequency of generator (50; 300 Hz).
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Fig. 11. The harmonics of current for 50 and 300 Hz

Harmonics of current can be expressed analytitsllyneans of
equation 1, where k =1, 2, 3...
(kB+2),
The losses in the generator depend on the selégped of
converter. The shape of the current drawn by theepeonverter
has influence on the losses of the generator. Haiggaoof
different current waves are expressed analytica@llysimplify the
solution (e.g. from the Fig. 7, eventuality C withoeglecting the
commutation) the current is expressed by Fouriealysis
equation (2). Equation (3) describes the influerafe diode

conductiond on the current(t) with connection of uncontrolled
rectifier and inductor L. (e.g. from the Fig. 7 eetuality B).
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The amplitude of the h-harmonics of the curregt) is
described by equation (4). This equation is shovangnctional
relation between amplitude of h-harmonic curigftt and the first
harmonic of curreni(t).

Diode conduction angled is dependent on the size of the
capacitor and so for the higher capacity value ¢haent has
higher current peaks and charging time of capaisitygetting
shorter. Increases in value of capacity create drigrarmonics
distortion. Results of capacitor effect eventualitfor harmonics
spectrum of current is shown in Fig. 12.
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Fig. 12. Capacitor effect of a currart)

The analyses show, that the effect of convertergemerator
losses is much less than 1% of total EGS losséscan be
neglected for low generator speed.

The result of loss converter analyses and measutetimat was
mentioned above show that the uncontrolled AC/Ddifrecand
DC/DC chopper together create 7% of total EGS los$es.
results of losses of PWM rectifier are more positand the total
losses are reduced from 7% to 4% of EGS losses.

Does the high-speed generation change anything hs
investigation?

—

5. The loss analysis of high-speed SGPM

The influence of the converter on efficiency of tenerator is
much higher for the application with gas turbinel drigh-speed
synchronous generator with permanent magnet thrdoviospeed.
It is necessary to perform the loss analysis ofcksanous
generator based on the current form drawn by e@leittrconverter
and current harmonics present. Different circuipdiogy of
electronic converter creates different current shagf the
generator with different harmonics and thereforffedint losses
in the generator. The details of the current ofegator according
the converter topology were given Fig. 7. The moadglhigh-
speed SGPM with rectifier is suggested and verifie[2] and the
equivalent model of generator is shown in Fig. TBis model
allows analyzing influence of a different circuif electronic
converters on the overall efficiency of generatmr dvery speed
of the engine.

Rcu,1 Rcu,h

Lsigma Lsigma

b)

Fig. 13. The equivalent circuit of high-speed SG&Mor the
fundamental time harmonics b) for the higher tiraentonics

The cupper lossedW,, of generator are expressed by resistor
Rs.cu which is not function of the generator speedResults of



this calculation is given in Fig.14. The cuppersses are
calculated only for the stator. The valueRafzy is here constant.
The iron losseglWie of generator are expressed by resi®os:
connected in parallel with inductantg and leakage inductance.

Mg is a function of the spees of the generator and therefore

the value oR; e is varying (Fig. 14).
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Fig. 14. The losses as a function of the genesgteed

ParameteR; e characterize iron losses of stator as a functfon o

the speed of the generator and h-harmonics of tmeernt
(Fig. 15a). For example: the losses of the 5th baios of the
current are 1.2x higher then losses due to thedmeatal time
harmonic of the current. The iron losses in theor®  are
dependent only on the higher time harmonics (Fatp)1
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Fig. 15. The losses a)R:-and b) Ree as a function of the speed
and h-time harmonics of current

The losses by harmonics of current are having émibe on
decreasing efficiency of the generator as showfign 16. The
efficiency of generator as a function of the spaad electronic

converter configuration (based on produced curtearmonics)
from the Fig. 7 is here calculated. As expected, dfiiciency of
generator with circuit C (uncontrolled rectifier)tlse lowest. The
best efficiency is achieved with the controlled tifezr. This

circuit (A) of electronic converter can increasiiceency of EGS
by more then 5 % compared to circuit C.
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Fig. 16. The losses as a function of the genesgteed

As was possible to see from previous loss analybeslosses
caused by high harmonics of the generator curnenfuenction of
power electronic topology. Current harmonics of fetiént
converter have a different influence on decreasfiigiency of
the generator. Fig. 17 verifies the results frone threvious
paragraph and shows that the converter influench@mgenerator
losses is higher for high-speed generator concept.
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Fig. 17. The loss as a function of the generateedp

6. Suggested solution of electronic converter

As mentioned in the introduction, EGS operates wveitgn
under low load that does not exceed in average thare30 % of
the rated permanent load. Higher efficiency mayablieved by
using a new topology of electronic converter [3|ESGS rectifier,
which has lower costs, then topology with contlRWM and
higher efficiency then uncontrolled rectifier. Thisiew
configuration of power electronic converter for E@Sbhased on
the idea of the efficiency control as a functiontioé load. Their
primary benefit is the price and possibilities tpemte with
maximum efficiency.

» For low load will be apply controlled rectifier \withigh
efficiency and low effect on generator losses bélused.

» For high loads a uncontrolled diode rectifier thatvery
cheep will be used. Diode rectifiers usually openaith low
efficiency and their effect on generator lossdsdgher.
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Fig. 18. The new generation of EGS electronic caeve

The topology of electronic converter of EGS withrighble
speed of engine is shown in the Fig. 18 [3]. Restulinalysis of
efficiency of high-speed SGPM according Fig. 16hwiihe new
topology of electronic converter of EGS brings Hif.
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Fig. 19. Generator efficiency of EGS with electmoonverter of
new topology

The main handicap of concept EGS with VSCF technpoleg
higher initial costs then EGS with constant speHikse initial
costs can be higher by 30 % according to kind efgrcelectronic
converter. This new topology of converter offereampromise
between the cost and efficiency.

For example: The efficiency with assumption of Iparmanent
EGS load (30% of nominal load) with PWM rectifier32 % and
with uncontrolled rectifier is only 28%. The codtamnverters is
shown in Fig. 20. The new solution brings incregsiirtual
efficiency of EGS with variable speed from the 28981%. The
efficiency is lower than the topology with PWM ridier but the
cost is much lower.

Fig. 20. The cost comparison of: A-full controllesttifier; B-
uncontrolled rectifier and C-new type electronioeerter

7. Conclusions

Higher efficiency of EGS may be achieved by usingpacept
EGS with optimum variable speed. The optimum spsdtkereby
determined according to the EGS load with the mimmfuel
consumption. The losses in the generator and ctanéepend on
the selected type of converter. Three differentfigonations of
power converters have been investigated. Thetfipt is a fully
controlled AC-DC rectifier drawing a sinusoidal @t from the
generator. The second type is connected with thentrolled
AC/DC rectifier. The third circuit structure is sian to the
previous one and combines the advantage of undiatn@ctifier
(price, costs) and controlled rectifier (efficiejcyrhe suggested
solution of electronic converter can brings lowesstc than
controlled converter and higher efficiency of EG$stem in
comparison with the uncontrolled rectifier.
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