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Abstract 
 

The article describes the process of developing a turbogenerator for power plants of small and distributed power generation. The analysis 

of the component base for the turbogenerator was carried out, and thereof a comparative analysis of possible technical solutions was 

conducted. The work considered the installation variants of a turbogenerator in the exhaust system, an electric machine of a turbogenera-

tor, types of turbines of a generator. A mathematical model for computation of the output effective and geometric parameters of a turbo-

generator was described. The results of computational analysis were presented, and the parameters of the turbogenerator being developed 

were selected. Based on the results of the work done the conclusions were made 
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1. Introduction 

To date, the base of small and distributed power in the world is the 

diesel-generator and cogeneration plants. The main types of en-

gines of such power plants are piston diesel and gas internal com-

bustion engines. Currently, restrictions on harmful emissions for 

power plants are lower than those for automobile engines, but 

there are tendencies to tighten these requirements. A lot of re-

search has been done in this area, including the research of ex-

haust gases energy recovery systems. The application of recovery 

systems makes it possible to increase the overall efficiency of the 

entire plant, thereby reducing the unit cost of electric power and 

the specific fuel consumption, and reducing the harmful emissions. 

At the previous stage of work, a comparative evaluation of the 

existing research areas in the field of recovery systems was per-

formed, on the basis of which the field of the turbogenerators was 

chosen. The recovery systems are aimed at increasing the efficien-

cy of power units, and today they allow increasing the efficiency 

of power plants by 10-12%, which is significant, taking into ac-

count the price increase for hydrocarbon fuels and the tightening 

of environmental standards [1-4]. 

High-speed turbogenerator units can be used for most heat recov-

ery systems, both for heat engines and industrial heat. The gener-

ated electrical energy enters the grid or charges buffer energy 

storages to be used later [5]. 

 

Comparative analysis of possible technical solutions 

Within the research, a turbogenerator was chosen as the basic 

concept of the exhaust gas energy recovery system of small and 

distributed power plants. Then a comparative analysis of the re-

covery system components on the basis of a turbogenerator was 

carried out. The turbogenerator consisted of a turbine, an electrical 

machine, turbogenerator control components, and constructive 

elements. When developing the recovery system concept, several 

constructive solutions were considered:  

- disposition of a turbogenerator in the exhaust system; 

- types of turbine connection units; 

- types of electric machines. 

Disposition of a turbogenerator in the exhaust system 

The disposition of the turbogenerator can be implemented in two 

schemes: sequential and parallel. Each of the schemes has its ad-

vantages and disadvantages. 

The sequential scheme of a turbogenerator is the easiest, since the 

turbogenerator is installed inside the exhaust system, and the tur-

bine exhaust exit is in the exhaust pipe. This scheme makes the 

arrangement and installation of the turbogenerator easier, ensures 

the constant co-operation of the turbogenerator with the power 

plant, and eliminates additional hydraulic losses in the shutters, 

and therefore is more preferable. However, this system has a 

number of disadvantages, such as the inability to operate the pow-

er plant due to the system’s malfunction, the impossibility of per-

forming the necessary maintenance with the power plant operating, 

and also a possible expanding of the rotor speed beyond the per-

missible parameters along with a sudden drop in load. Therefore 

the bypass valve or emergency braking device installing is rec-

ommended. 

The parallel setting allows controlling the exhaust gas flow 

through the turbogenerator, controlling the power of the turbogen-

erator, performing maintenance on the operating unit, operating 

the power plant with the turbine generator switched off, and, in 

case of emergency, shutting off the exhaust gas supply to the tur-

bogenerator, thereby reducing possible damage and cost of repairs, 

and also increasing the efficiency and productivity of the power 

plant [6-8]. 

This scheme also has a number of disadvantages, such as the in-

crease in cost due to the need for high-temperature mass-size pa-

rameters, as well as the increase in the number of shutters, the 

design complexity and the increase in discharge resistance due to 

hydraulic losses. 

 

Types of turbine connection units 

1) Centripetal radial turbines 

A wide distribution in turbochargers of low power was obtained 

by centripetal radial turbines, which allow developing compact 

and fairly simple turbine units and have an acceptable price-

efficiency ratio.  
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The exhaust gases move along the radial branch pipe and enter the 

nozzle, where the exhaust gases expand and increase their speed. 

Nozzle is manufactured with guide blades with a tapered section 

where the exhaust gases expand and the gas flow rate increases. 

The relative speed of the gas depends not only on the expansion 

but also on the inertia forces, which in the centripetal turbine slow 

the gas flow in the blade channels of the impeller. To overcome 

the inhibitory effect of centrifugal forces when moving gas from 

the periphery to the center of the impeller, centripetal turbines are 

always reactive, with an average reactivity ρ = 0,45÷0,55. Small 

differences in gas pressure in the impeller (for small ρ) may not be 

sufficient to overcome the centrifugal forces, and then the relative 

velocity of the gas at the output can become zero. 

Another parameter of the turbine is the ratio of the flow area of the 

nozzle to its radius A/R, or Area/Radius. 

The effect of the turbine shell’s A/R on its performance is very 

significant. Actually, this parameter determines the amount of 

exhaust gas flow a turbine is capable to pass through. Using a 

smaller A/R value, it is possible to increase the airflow rate in the 

turbine shell, and it becomes possible to increase the turbine pow-

er in the low load range. However, the low turbine shell’s A/R has 

its disadvantages. Gases fall on the impeller almost along the tan-

gential trajectory, which significantly reduces the maximum flow 

of gases that can pass through the turbine wheel. In addition, at 

smaller values of A/R, the gas back pressure is increased before 

the turbine. 

 

Axial turbines  
When the exhaust gas flow through the turbine increases (for ex-

ample on diesel locomotive or marine engines), the axial turbines 

are to be used which, at high gas flow rates, can provide higher 

efficiency. This is due to the fact that for axial turbines designed 

for a low exhaust gas flow rate the turbine blades should be small 

because of the increase in losses. The cost of axial turbines is 

much higher, due to the complex manufacturing technology. For 

our research, the turbine generator power was up to 10 kW, and 

axial turbines will not be considered further. 

 

Types of electrical machines used 

During the development of the concept of a turbogenerator, an 

analysis of various types of electric machines was conducted, of 

which the synchronous machine with permanent magnets was 

chosen as the most preferable. High reliability and good handling 

allow using this type of electric machines in the industry, especial-

ly in the nodes with a wide range of speed regimes, and a high rate 

of start-up. 

Electric engines and generators of this type combine the best qual-

ities of alternating and direct current machines, which determines 

their advantages  

- a wide range of speed changes; 

- contactless and missing nodes that require frequent maintenance 

(of a collector); 

- a possibility to be used in an explosive and aggressive environ-

ment; 

- high overload capacity; 

- high energy performance (efficiency above 90%) 

- high specific moment; 

- control effectiveness; 

- availability for purchase; 

- long service life and high reliability due to the absence of sliding 

electrical contacts. 

The disadvantages are: 

- high cost, due to the use of expensive permanent magnets in the 

rotor design; 

- relatively complex structure of the electrical machine; 

- the need for an additional system for protection against short and 

turn-to-turn closure. 

Machines with permanent magnets have a high specific moment 

and long service life, have a high overload capacity and high en-

ergy and efficient performance, both in the motor and generator 

modes. Therefore, it was decided to use an electric machine with 

permanent magnets as an electric machine for a turbogenerator. 

 

Development of the simulation model of a turbogenerator 

After choosing the concept of a turbogenerator, it was necessary to 

conduct a computational analysis. Therefore a mathematical mod-

el of the turbogenerator was developed. The task of the project 

was to develop a turbogenerator for an internal combustion engine 

with a capacity of at least 100 kW. A turbogenerator must produce 

from 5 to 10 kW of electric power with a specific fuel consump-

tion reduction of at least 7% compared to the engine chosen. Ac-

cording to the research conducted, the recovery systems can con-

vert up to 12-15% of the exhaust power [6-8]. Therefore, a ZMZ-

409 engine with a capacity of 105 kW was selected, which will be 

used as a gas generator in testing the turbogenerator. 

The simulation model of a turbogenerator consists of two blocks, 

combined into one model. The first block is responsible for math-

ematical modeling and calculation of the geometric and power 

parameters of the turbine, the second block is responsible for cal-

culating the generator parameters. 

 

Turbine computation module 

The methods of calculation for radial-axial turbines were used for 

developing the turbogenerator turbine computation module. To 

calculate the parameters of the turbine, the preliminary effective 

parameters of the turbine wheel, the parameters of the exhaust 

gases (temperature, flow rate, gas constant, heat capacity, etc.) 

were set. Based on the source data, the calculation and determina-

tion of the geometric parameters of the turbine were carried out, 

and the effective parameters set at the beginning of the computa-

tion were corrected. 

 

Electric Machine Computation  

A modular mathematical model of Matlab was used to calculate a 

synchronous electric machine with excitation from permanent 

magnets. The computation unit is a model of a classical synchro-

nous machine with permanent magnets, in which the saturation of 

the magnetic circuit is not taken into account, since such machines 

have, as a rule, an increased air gap. 

The simulation model of a turbogenerator consisting of two com-

putation units allows calculating first the geometric and energy 

parameters of a turbine depending on the initial parameters of the 

exhaust gases and then calculating the parameters of a synchro-

nous electric machine to provide the required parameters of the 

turbogenerator. 

 

Computational analysis 

For computational analysis, the results of measuring the loading 

characteristics, change of EG pressure and expense-temperature 

parameters of the system of release of piston ICE were used as the 

initial data. 

Due to the fact that the turbogenerator was designed for operation 

at stationary power plants of small and distributed power, the tur-

bine parameters were calculated for the maximum rotations per 

minute that provide the maximum gas flow.  

The results of the analysis of the maximum rotations per minute of 

the internal combustion engine at full power allowed calculating 

the power of the turbogenerator. The performance diagram of the 

dependence of power on the parameters of the exhaust gases be-

fore and after the catalyst neutralizer is shown in Fig. 1. 
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Figure 1: Electric power of the turbogenerator before and after the 

catalyst neutralizer. 

 
To obtain this power, according to the calculated data, a turbine 

was used with the following parameters: 

- a diameter of a turbine wheel D1t = 53 mm 

- the outer diameter of the turbine D2t = 67 mm 

- bushing diameter of the turbine Dвт = 18 mm 

- blade height at the inlet b1t= 10 mm 

- number of blades Z = 9-12 

- the circumferential efficiency of the tur-

bine 
Ηu = 0.8 

- internal efficiency of the turbine ηi = 0.7 

- net efficiency of the turbine ηe =0.64 

2. Conclusions 

The conducted research at this stage allows studying modern 

trends of recovery systems, determining the level of technology 

in this field of research, choosing the directions of research and 

the optimal version of the turbogenerator. Based on the prelim-

inary computational analysis the technical shape was deter-

mined. 

To date, high-speed electric machines on magnetic (or gas) 

bearings can have rotational speeds at the turbo-rotor speed 

level. The use of rare-earth metals in the manufacture of elec-

tric machine rotors makes it possible to obtain high specific and 

effective indices. 

The study has shown that in the power range of turbines from 5 

to 10 kW, the use of radial centripetal turbines is most effective 

and economically feasible due to their lower cost at given typi-

cal sizes compared to axial turbines. 

The control system of the turbogenerator will be built on mi-

croprocessor blocks of industrial analogue-digital controllers 

due to their wide application, high speed of operation and relia-

bility. 

Based on the results of the analytical and computational studies, 

the technical appearance of the turbogenerator was determined 

and a schematic diagram was developed. Based on the devel-

oped conceptual scheme, in the course of further research, a 

three-dimensional model of a turbogenerator will be developed, 

the necessary calculations, design documentation, and a turbo-

generator will also be made.  
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