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The efficiency of the electrical GEN-SET (EGS) for speeds with diesel generator (~3000 rpm) and feasibility of 
high-speed generator with gas turbine (~30000 rpm) and permanent magnet synchronous generator is investigated. 
Three different configurations of power converter are considered. The paper given an answer to the question if a a 
full controlled rectifier should be employed or a version with diode rectifier is satisfactory? This is investigated also 
for high-speed generation. Different current forms for the three defined configurations with their harmonics and 
influence on generator is given. The efficiency of the overall system is here investigated and an optimal topology is 
selected. Since the EGS operates very often under low load which does not exceed in average more than 30 % of the 
rated permanent load, a new topology of converter of EGS with high efficiency and low cost is suggested and 
studied theoretically and experimentally in the paper. 
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1. Introduction 

Electrical GEN-SET (EGS), initially developed and produced 
mainly for military purposes, gradually found their use as power 
supplies for various machines and appliances to increase their 
mobility. They are used in building industry, agriculture, ground 
and air transport, health service and in other branches of industry. 
Quite indispensable are the EGS in civil defence, crisis 
management forces, and naturally in armed and security forces.  

EGS of the last and current generation are based on the 
technology with constant speed corresponding to the required 
fixed frequency  (50, 60 or 400 Hz). Such a structure is depicted in 
Fig. 1. The investigations of EGS operation in last years have 
shown, that the majority of sets operate under low load, which 
does not exceed more than 30 % of rated permanent load. 
Contemporary trends of future development in this field show, that 
the new generation of EGS will be based on some VSCF 
technology (Variable Speed-Constant Frequency). Constant speed 
sets with combustion engines driving brushless field excited 
synchronous generators will be soon replaced by optimally 
controlled variable speed diesel engine, driving robust permanent 
magnet generator (SGPM) equipped with power electronics 
frequency and voltage converters (see Fig. 2). For special 
purposes, as for example aircraft units and air defence systems, 
high speed gas turbine engines (50 000 RPM and more) with high 
speed SGPM and corresponding power electronics are under the 
development. 

The theoretical analysis, research, design and development of 
new generation of EGS evoke many problems in the field of 
mechanical and electrical engineering, power electronics and 
mechatronics. The main emphasis is given to the mutual 
cooperation of SGPM with the power electronics frequency and 
voltage converter. 
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Fig. 1. The block diagram EGS with constant speed of 
engine 
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Fig. 2. The block diagram EGS with varieble speed of 
engine 

 
 

2. The Concept of Variable Speed EGS 

Fig. 2 shows the EGS configuration with diesel engine, 
synchronous generator with permanent magnets (SGPM), 
AC/DC/AC converter and speed control unit. The diesel engine 
changes the speed according to the load of the set. The speed is 
hereby calculated according to the load of the EGS with main 
priority the minimum fuel consumption. The consequence of 
varying engine speed, both the output voltage and the frequency of 
the generator are variable and must be converted to the constant 
value required by the load (usually 3x 400V, 50 Hz). 

As a driving engine modern diesel engine is used. In the 
military use it means the unification of fuel, which is very 
important with respect to logistics. The diesel engine can be 
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replaced by a high-speed gas turbine for high power EGS 
applications. High-speed turbine has the benefit of a considerable 
size and weight reduction and higher power density. The typical 
high speed 40 kW EGS driven by gas turbine has the specific 
power output about of 200 W/kg, while the classical 40 kW one, 
driven by diesel engine, yields only 20 W/kg. In the low power 
application a switch to a fuel cell is expected. 

Synchronous generators with permanent magnets are suitable 
for such an operating regime. They allow to reach a greater 
number of poles and thus also higher frequencies even at low 
speeds. They are sufficiently robust, compact and simple. 
Together with the driving engine the generator can create one 
compact unit with advantageous measures and mass relations. 
Low maintenance costs, higher reliability and longer service life 
can be also expected. Due to the compact construction, high 
speeds can be reached for high-speed turbine. The construction 
and arrangement of a high speed (up to 100 000 rpm) SGPM is 
quite different. To decrease the centrifugal forces and the moment 
of inertia, the generator is usually composed of several permanent 
magnets discs, moving in gaps of the stator armature winding. The 
depicted high speed SGPM consists of 5 discs, each with 8 
permanent magnets poles. On both sides of discs stator armature 
windings are placed. At 60 000 rpm, the output voltage frequency 
kHz is converted by means of frequency converter to 50, 60, 400 
or other required value. At the power output 50 kVA and mass 
9 kg the specific power output of this SGPM equals to 
5.5 kVA/kg. Simplified diagram of a high-speed generator 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 and frequency 
proportional to the speed is then to be changed to the output power 
of the required controlled constant voltage and constant frequency. 
Fig. 2 showed the block diagram of power conversion with 
AC/DC/AC power electronic converter. The synchronous 
generator is connected to the rectifier. The variable voltage and 
frequency of the generator must be stabilized in the constant 
voltage and frequency by using a DC/AC converter to the three-
phase AC output e.g. 400 V/ 50 Hz. All power of EGS goes 
through power electronic converter and the output voltage of EGS 
must be independent of the EGS load and engine speed. 

 
 
3. The Efficiency Investigation 

Power electronic converter decrease the total efficiency of EGS 
and next an answer the natural question by how much is given. 
The EGS system with VSCF technology can be considered as 
comparatively sophisticated mechatronic system, consisting of 
mechanical part, electromechanical energy conversion part and 
power electronics. The system of EGS presents multipart power 
transformation from the oil energy to the electric power. The 
natural question arises: what is an efficiency of such system? In 

order to solve fundamental research problems of EGS with 
variable speed it was decided to build a experimental model of 
6 kW, consisting of the chosen driving diesel engine of 7.6 kW, 
synchronous generator with permanent magnets, power electronic 
converter with diode rectifiers and output filter, according to the 
block diagram (Fig. 2).  

To be shown the distribution losses and advantages of EGS 
with variable speed at first is shown the results of EGS efficiency 
with constant speed. The losses distribution measurements of EGS 
system according to Fig. 1 with diesel engine of 7.6 kW bring 
following results that are shown in Fig. 4 and Fig. 5.  
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Fig. 4. Efficiency of EGS with constant speed for 20% 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 EGS efficiency 
is cca 11% (Fig. 4) and for 100% nominal load the EGS efficiency 
is cca 32 % (Fig. 5). The losses of a diesel engine are: 80 % for 
20 % of the nominal load and are 60 % for nominal load. The 
efficiency of EGS with constant speed as well as fuel consumption 
(Fig. 6) is variable according to the load of power.  

It is possible to say the top efficiency of EGS can be achieved if 
the engine power is the same as power required by the load. The 
new concept of EGS with variable speed of engine can achieve 
better efficiency because the engine with feedback control 
generates just the right power that is required by the load. Such 
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concept can always operate with efficiency nearly 32 % like EGS 
with constant speed for nominal load. Fig. 6 shows the difference 
in the fuel economy for constant and optimally variable speed of 
diesel engine according to the load. The maximum fuel economy 
is for low load.  

 

0

0,2

0,4

0,6

0,8

1

1,2

0 20 40 60 80 100

P[%]

fu
el

 c
on

su
m

pt
io

n 
[l/

kW
h]

constant speed

variable speed

 
 

Fig. 6. Fuel economy for constant and a optimum variable speed 
of diesel engine 

 
 

The top efficiency (32%) of EGS with constant speed and 
nominal load cannot be achieved by using a concept EGS 
according to Fig. 2, because power electronic converter decreases 
total efficiency of EGS by converter losses. Converter also adds 
extra losses in the synchronous generator of the EGS system. 
Fig. 2 shows the system configuration of a synchronous generator 
to connect with a AC/DC rectifier. The natural question arises: 
should be a full controlled rectifier employed or a version with 
diode rectifier is satisfactory? Does the high speed generation 
change anything in the investigation? The losses in the generator 
and converter depend on selected type of converter. Three 
different configurations of power converter are investigated in the 
paper. The first type is the fully controlled AC/DC rectifier 
drawing a sinusoidal current (configuration A, Fig. 7). The second 
type (B) is connected with the uncontrolled AC-DC rectifier with a 
large capacitor filter at the output. This topology draws non 
sinusoidal current from the generator with the large current peak. 
The third type (C) is uncontrolled rectifier with an inductive filter. 
Here the current form with commutation is considered too (due to 
the fact that a commutation time by high frequencies of the 
generator can not be neglected).  
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Fig. 7. Different configuration of power electronic converter 

4. Converter Effect on EGS Efficiency 

Fig. 8 shows the experimental model EGS. As mentioned 
above, the model is consisting of the chosen driving diesel engine 
(1), SGPM (2), AC/DC/AC converter (3) and filter (4). The diesel 
is HATZ 1D40 with the power output (7,6 kW at 3600 rpm; 
3.6 kW at 1500 rpm). SGPM is designed with 14 rotor poles and 
12 stator slots and output its nominal parameters are: 10 kVA; 
440 V/ 300 Hz/ 3000 rpm/ 14.5 A. The output voltage and 
frequency of SGPM corresponds with variable speed of diesel 
engine. The output voltage is varying in the range from 170 to 
450 V at the variable frequency from 100 to 300 Hz. The function 
of power converter with uncontrolled rectifier and DC/DC 
converter is apparent from Fig. 9. The DC/DC converter is 
designed as step up chopper connected in serial with diode 
rectifier. If the output DC voltage of the diode rectifier is less than 
570 V then the chopper increases the voltage. The output DC 
voltage is transformed to the AC voltage by using a 3-phase 
DC/AC inverter to the 3x400/230 V, 50 Hz. 

 
 

 
 

Fig. 8. The photo of EGS experimental model 
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Fig. 9. The schematic circuit of AC/DC/AC converter 
 
 

The analyses and measurement of AC/DC/AC converters shown 
that the total converter efficiency is 81 % and losses in the power 
converter are distributed as shown in Fig. 10. The analyses show it 
that the losses are created mainly in the switching elements and 
transformers of the DC/DC converter. The total efficiency of EGS 
is decreasing from 32% for nominal load to 28% by losses in the 
electronic converter. The PWM rectifier instead of diode rectifier 
and DC/DC converter can increase the efficiency to the 88 %. 
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Fig. 10. Results of AC/DC/AC efficiency and distribution losses 
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Converter with uncontrolled rectifier also adds extra losses of 
the EGS system. Current harmonics of converter create extra 
losses injected into generator. The oscilloscopic records of current 
spectrum of generator that was loaded by three phase uncontrolled 
rectifier with output capacitor according are shown in Fig. 11 for 
two output frequency of generator (50; 300 Hz).  

 

 

 
 

Fig. 11. The harmonics of current for 50 and 300 Hz 
 
 

Harmonics of current can be expressed analytically by means of 
equation 1, where k = 1, 2, 3... 

( ),16±⋅k · · · · · · · · · · · · · · · · · (1) 

The losses in the generator depend on the selected type of 
converter. The shape of the current drawn by the power converter 
has influence on the losses of the generator. Harmonics of 
different current waves are expressed analytically. To simplify the 
solution (e.g. from the Fig. 7, eventuality C without neglecting the 
commutation) the current is expressed by Fourier analysis 
equation (2). Equation (3) describes the influence of diode 
conduction δ on the current is(t) with connection of uncontrolled 
rectifier and inductor L. (e.g. from the Fig. 7, eventuality B). 
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The amplitude of the h-harmonics of the current is(t) is 

described by equation (4). This equation is showing a functional 
relation between amplitude of h-harmonic current is(t) and the first 
harmonic of current is(t).  
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Diode conduction angle δ is dependent on the size of the 
capacitor and so for the higher capacity value the current has 
higher current peaks and charging time of capacity is getting 
shorter. Increases in value of capacity create higher harmonics 
distortion. Results of capacitor effect eventuality C for harmonics 
spectrum of current is shown in Fig. 12.  
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Fig. 12. Capacitor effect of a current is(t) 
 
 

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

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

Does the high-speed generation change anything in the 
investigation?  
 

5. The loss analysis of high-speed SGPM 

The influence of the converter on efficiency of the generator is 
much higher for the application with gas turbine and high-speed 
synchronous generator with permanent magnet than for low speed. 
It is necessary to perform the loss analysis of synchronous 
generator based on the current form drawn by electronic converter 
and current harmonics present. Different circuit topology of 
electronic converter creates different current shape of the 
generator with different harmonics and therefore different losses 
in the generator. The details of the current of generator according 
the converter topology were given Fig. 7. The model of high-
speed SGPM with rectifier is suggested and verified in [2] and the 
equivalent model of generator is shown in Fig. 13. This model 
allows analyzing influence of a different circuit of electronic 
converters on the overall efficiency of generator for every speed 
of the engine.  
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Fig. 13. The equivalent circuit of high-speed SGPM a) for the 
fundamental time harmonics b) for the higher time harmonics 
 
 
The cupper losses ∆WCU of generator are expressed by resistor 

Rs,CU, which is not function of the generator speed ω. Results of 
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this calculation is given in Fig. 14. The cupper losses are 
calculated only for the stator. The value of Rs,CU is here constant. 
The iron losses ∆WFE of generator are expressed by resistor Rs,FE 
connected in parallel with inductance Ls and leakage inductance. 
∆WFE is a function of the speed ω of the generator and therefore 
the value of Rs,FE is varying (Fig. 14).  
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Fig. 14. The losses as a function of the generator speed  
 
 
Parameter Rs,FE characterize iron losses of stator as a function of 

the speed of the generator and h-harmonics of the current 
(Fig. 15a). For example: the losses of the 5th harmonics of the 
current are 1.2x higher then losses due to the fundamental time 
harmonic of the current. The iron losses in the rotor Rr,FE are 
dependent only on the higher time harmonics (Fig. 15b).  
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Fig. 15. The losses a) Rs,FE and b) Rr,FE as a function of the speed 
and h-time harmonics of current 

 
 
The losses by harmonics of current are having influence on 

decreasing efficiency of the generator as shown in Fig. 16. The 
efficiency of generator as a function of the speed and electronic 

converter configuration (based on produced current harmonics) 
from the Fig. 7 is here calculated. As expected, the efficiency of 
generator with circuit C (uncontrolled rectifier) is the lowest. The 
best efficiency is achieved with the controlled rectifier. This 
circuit  (A) of electronic converter can increase efficiency of EGS 
by more then 5 % compared to circuit C.  
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Fig. 16. The losses as a function of the generator speed  
 
 
As was possible to see from previous loss analyses, the losses 

caused by high harmonics of the generator current are function of 
power electronic topology. Current harmonics of different 
converter have a different influence on decreasing efficiency of 
the generator. Fig. 17 verifies the results from the previous 
paragraph and shows that the converter influence on the generator 
losses is higher for high-speed generator concept.  
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Fig. 17. The loss as a function of the generator speed 
 
 
6. Suggested solution of electronic converter 

As mentioned in the introduction, EGS operates very often 
under low load that does not exceed in average more than 30 % of 
the rated permanent load. Higher efficiency may be achieved by 
using a new topology of electronic converter [3] of EGS rectifier, 
which has lower costs, then topology with controlled PWM and 
higher efficiency then uncontrolled rectifier. This new 
configuration of power electronic converter for EGS is based on 
the idea of the efficiency control as a function of the load. Their 
primary benefit is the price and possibilities to operate with 
maximum efficiency. 

 
� For low load will be apply controlled rectifier with high 

efficiency and low effect on generator losses will be used.  
� For high loads a uncontrolled diode rectifier that is very 

cheep will be used. Diode rectifiers usually operate with low 
efficiency and their effect on generator losses is higher. 
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Fig. 18. The new generation of EGS electronic converter 
 
 
The topology of electronic converter of EGS with variable 

speed of engine is shown in the Fig. 18 [3]. Result of analysis of 
efficiency of high-speed SGPM according Fig. 16 with the new 
topology of electronic converter of EGS brings Fig. 19.  
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Fig. 19. Generator efficiency of EGS with electronic converter of 
new topology 

 
 
The main handicap of concept EGS with VSCF technology is 

higher initial costs then EGS with constant speed. These initial 
costs can be higher by 30 % according to kind of power electronic 
converter. This new topology of converter offers a compromise 
between the cost and efficiency.  

For example: The efficiency with assumption of low permanent 
EGS load (30% of nominal load) with PWM rectifier is 32  % and 
with uncontrolled rectifier is only 28%. The cost of converters is 
shown in Fig. 20. The new solution brings increasing virtual 
efficiency of EGS with variable speed from the 28% to 31%. The 
efficiency is lower than the topology with PWM rectifier but the 
cost is much lower.  
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Fig. 20. The cost comparison of: A-full controlled rectifier; B-

uncontrolled rectifier and C-new type electronic converter  

7. Conclusions 

Higher efficiency of EGS may be achieved by using a concept 
EGS with optimum variable speed. The optimum speed is hereby 
determined according to the EGS load with the minimum fuel 
consumption. The losses in the generator and converter depend on 
the selected type of converter. Three different configurations of 
power converters have been investigated. The first type is a fully 
controlled AC-DC rectifier drawing a sinusoidal current from the 
generator. The second type is connected with the uncontrolled 
AC/DC rectifier. The third circuit structure is similar to the 
previous one and combines the advantage of uncontrolled rectifier 
(price, costs) and controlled rectifier (efficiency). The suggested 
solution of electronic converter can brings lower cost than 
controlled converter and higher efficiency of EGS system in 
comparison with the uncontrolled rectifier. 
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