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Context	
  
Forced	
  Induction	
  :	
  is	
  the	
  process	
  of	
  delivering	
  compressed	
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  to	
  the	
  intake	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  an	
  IC	
  engine	
  	
  

Supercharging	
  :	
  mechanically	
  driven	
  compressor	
  

Turbocharging	
  :	
  compressor	
  is	
  coupled	
  to	
  an	
  exhaust	
  gases	
  driven	
  turbine	
  



Exhaust	
  Gases	
  Energy	
  

in any commercially available turbocharger turbine. Such a low
value for the area ratio is rather unique and it is one of the primary
requirements to obtain a high performance turbine with minimum
entropy generation at the design conditions specified in Table 2.

3.2. Experimental setup

A prototype for the LPT was manufactured and tested at the
Imperial College London cold-flow test facility. The turbine wheel
was made out of Aluminium Al-6082 with 1.6 mm surface finish
whereas the turbine volutewasmade out of polycarbonatematerial
and manufactured by using a 3-D Fused Deposition Modelling
machine. The application of polycarbonates for cold-flow testing
turbine volute is a novel technique in turbomachinery research. The
main advantages are associated with reduced design lead time and
costs (cheaper than a die-cast metal unit).

The test rig layout is shown in Fig. 4. This is a state-of-the-art test
facilitywhich enables to obtain turbinemaps three/four timeswider
(with respect to pressure ratio) than thosewhich can be obtained by
using a compressor as loading device. Such a largewidth of themaps
can be obtained thanks to a bespoke eddy-current dynamometer

which enables to overcome the limitation of choking and surge
typical of a compressor device [26,27]. Extensive explanation about
the test-facility was previously published by the Imperial College
London Turbocharger Research Group3 and the reader is advised to
refer to it for further understanding of the test facility.

3.3. Performance parameters

The basic parameters which describe the behaviour of a turbo-
charger turbine can be grouped in a functional relation as:

f ðd3;N; _m; P01; P4; T01; T4;R; k;mÞ ¼ 0 (1)

By rearranging the terms of Eq. (1), the performance parameter
characteristics reduce to six non-dimensional groups:
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Commonly the characteristic dimension, d3 the gas constant, R
and the specific heat ratio, k are dropped from the non-dimensional
parameters as they remain constant for a given flow and geometry.
Eq. (2) thus simplifies into four main parameters which are given
below:
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where P01/P4 is the total-to-static pressure ratio, PR of the whole
turbine stage, _m

ffiffiffiffiffiffiffi
T01

p
=P01 is the pseudo non-dimensionalmassflow

rate (defined asmass flowparameter, MFP), ht-s is the total-to-static
efficiency and U3/Cis is the velocity ratio, VR. The total-to-static

Fig. 2. Available energy at exhaust exit.

Table 2
Turbine operating requirements.

Turbine power 1.0 kW
Turbine expansion ratio 1.1
Blade rotational speed 50,000 rpm
Total inlet temperature 1100 K

3 Imperial College Turbocharger Research Group website: www.imperial.ac.uk/
turbochargers.
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Electric	
  Turbo-­‐Compounding	
  System	
  

•  Utilization	
  of	
  exhaust	
  energy	
  for	
  additional	
  power	
  generation	
  
•  Conversion	
  to	
  mechanical	
  or	
  electrical	
  energy	
  
•  Useful	
  energy	
  is	
  stored	
  in	
  battery	
  packs	
  

Issue	
  :	
  	
  	
  	
  	
  Unexploited	
  waste	
  heat	
  up	
  to	
  30	
  –	
  40	
  %	
  only	
  partially	
  recovered	
  by	
  the	
  
	
  	
  	
  turbocharger	
  group	
  in	
  the	
  standard	
  engine	
  configuration	
  	
  

Application	
  :	
  	
  	
  	
  Installation	
  of	
  a	
  Power	
  Turbine	
  coupled	
  to	
  an	
  electric	
  generator	
  

Analysis	
  :	
   Conducted	
  by	
  assuming	
  as	
  varying	
  parameter	
  the	
  rotational	
  speed	
  	
  
of	
  power	
  turbine	
  shaft	
  ranging	
  from	
  60	
  krpm	
  to	
  110	
  krpm,	
  with	
  the	
  	
  
purpose	
  of	
  determining	
  the	
  interaction	
  between	
  the	
  PT	
  and	
  a	
  	
  
turbocharged	
  diesel	
  engine	
  at	
  different	
  loads	
  for	
  fixed	
  engine	
  speed.	
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Fig. 1. Powertrain layout. 

2.1. System operational logics  

The operational logics implemented in order to optimally manage the system are described in this paragraph. Due 
to the very different objectives searched, the “race” and the “qualifying” configurations of the system are 
characterized by different logics and will be treated separately. 

Race configuration: The battery SOC must be constant (within a certain tolerance) at the end of each lap. 
x Full load (maximum pedal angle): the MGU-K provides to the wheels all the power produced by the MGU-

H. The power flowing from the battery to the MGU-K has a feedback on the battery SOC, so that below a 
certain SOC threshold the logic limits the power supplied to the MGU-K.  

x Braking: part of the vehicle kinetic energy recovered by the MGU-K and converted into electric energy is 
directly delivered to the MGU-H to keep the turbocharger group at an imposed rotational speed; the 
remaining part is stored in battery. 

x Release: the energy required to keep the turbocharger group at an imposed rotational speed through the 
MGU-H is taken from the battery. 

x Acceleration after a release phase: in the first phase of the transient, as soon as the gas pedal is pressed, 
energy is taken from the battery and supplied to the MGU-H, to re-accelerate the turbocharger group; once 
the latter has reached its design speed, the MGU-H can receive energy from the turbocharger group; 
therefore, in the second phase the MGU-H provides electric energy directly to the MGU-K, which 
contributes to accelerate the vehicle. The battery state of charge plays a very important role: in fact, 
according to the SOC, it is possible to provide an increase of the power supplied to the MGU-K which 
contributes to the acceleration, by taking more energy from the battery.  

Qualifying configuration: No feedback control on the battery SOC. 
x Full load (maximum pedal angle): the MGU-K supplies to the wheels its maximum power value (120 kW), 

taking energy in part from the batteries and in part from the MGU-H;  
x Braking: see race configuration. 
x Release: see race configuration. 
x Acceleration after a release phase: in the first phase of the transient, energy is taken from the battery and 

supplied to the MGU-H, to re-accelerate the turbocharger group up to its design speed; once the 
acceleration transient is exhausted, the turbocharger is at its design speed and the MGU-H delivers all its 
power produced to the MGU-K. The battery supplies the remaining power needed to operate the MGU-K at 
its maximum power.  
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the corresponding operating chart. In addition, the T/C turbine effi-
ciency is also estimated from the corresponding efficiency chart.
The corrected values of mass flow rate and speed are calculated
from Eqs. (13) and (14) at each time step, where the exhaust pres-
sure and temperature values correspond to the previous time-step.

The calculation procedure continues with the simulation of
power turbine and the methodology is the same with the turbo-
charger turbine except from the fact that power turbine speed is
a varying parameter.

The energy equilibrium and continuity law for the turbocharger
are provided from the following expressions respectively:

Powercompr ¼ PowerturbnmTC ð17Þ
_mturb ¼ _mcompr þ _mfuel ð18Þ

When the energy equilibrium for turbocharger is not satisfied
then the calculation procedure is repeated and the updated boost
pressure value is provided from the following equation of the en-
ergy balance:

pboost ¼
Powerturb

_mcomprcpairTair;in
ncomprnmTC þ 1

! "cair%1
cair

ð19Þ

If the continuity law is invalid for the turbocharger then the air
mass flow rate is recalculated for the next operating cycle accord-
ing to the following expression:

_mcompr ¼ _mturb % _mfuel ð20Þ

where _mturb is exhaust gas mass flow rate of the current operating
cycle. Therefore, a new operating point for compressor is estimated
and the simulation continues until there is a convergence between
the turbocharger operating points of two sequential engine cycles.

For the simulation of the turbocompound engine, an additional
exhaust manifold is adopted, which connects the exit of turbo-
charger turbine with the entrance of power turbine. Therefore,
the examined layout includes two exhaust manifolds correspond-
ing to high and low pressure values.

3. Test cases examined

The diesel engine considered herein is the downsized version of
a six-cylinder heavy-duty turbocharged truck engine having a bore
of 125 mm, a stroke of 140 mm and compression ratio of 16.5:1.
The engine is equipped with a common-rail fuel injection system,
which allows the variation of both injection pressure and injection
advance. In the present investigation both have been maintained at
the standard level. The maximum brake mean effective pressure of
the engine is 27 bar and the engine power has a maximum value of
334.13 kW at 1700 rpm engine speed. The effect of proposed tur-
bocompounding technology on engine performance has been
examined at various operating conditions. In the present analysis,
the examined engine loads are: 100%, 75% and 50% at 1700 rpm en-
gine speed. The required data for the standard engine without tur-
bocompounding and the corresponding T/C are provided in Tables
1 and 2 respectively. For the present investigation, the fueling rate
and the injection advance of the examined turbocompounded en-
gine have been maintained the same as for the non-turbocom-
pounded case (standard engine operation). It should be

mentioned that the efficiency of the electric generator coupled to
the power turbine was also assumed constant and equal to 95%.

At this point, it must be mentioned that the brake specific fuel
consumption (bsfc) of the electrically turbocompounded HD diesel
engine is calculated (in g/kWh) using the following relation:

bsfc ¼
_mf

PowerNET þ PowerGEN
ð21Þ

where _mf is the engine fuel consumption in g/h, PowerNET is the net
engine brake power output in kW and PowerGEN is the generated
electric power in kW. Hence, the percentage variations of bsfc and
net engine brake power are calculated according to the following
expressions:

bsfc variationð%Þ ¼ bsfcET % bsfcST

bsfcET
& 100% ð22Þ

PowerNET variationð%Þ ¼ PowerNET;ET % PowerNET;ST

PowerNET;ST
& 100% ð23Þ

where bsfcET and PowerNET,ET is the brake specific fuel consumption
and the net engine power for operation with electrical turbocom-
pounding (ET) system. In addition, bsfcST and PowerNET,ST is the
brake specific fuel consumption and the net engine power for oper-
ation without electrical turbocompounding (standard (ST) engine
operation).

4. Model calibration and validation

Before examining the various exhaust energy recovery tech-
niques with the simulation model, the simulation model has been
calibrated at a selected operating point. Unfortunately no experi-
mental data were available for turbocompounding. Therefore,
model calibration was conducted by using data for the non-down-
sized engine version, i.e. 27 bar bmep. After calibration, the model
predictive ability was assessed by comparing predicted engine per-
formance data with experimental ones for the entire engine oper-
ating range. As revealed, the simulation predicts with adequate
accuracy engine performance characteristics on the entire engine
operating range which encouraged its use for the present investi-
gation. Details for the model validation have been provided in a
previous paper [21].

5. Results and discussion

In this section, the theoretical results, which were generated
under the aforementioned parametric investigation, are provided.
For the sake of brevity of space, predictions are given only at
1700 rpm engine speed since the corresponding results at
1300 rpm and 2100 rpm are quite similar. As already mentioned,

Table 1
Operating data for the standard engine without turbocompounding.

Load (%) _mfuel (kg/h) Injection advance (deg ATDC) pboost (bara) AF (%) pexh (bar) Texh (oC) Power (kW)

100 11.80 %8 3.08 24.41 2.66 585.40 334.13
75 8.90 %8 2.65 28.65 2.41 501.95 248.86
50 6.10 %7 2.23 35.11 2.24 420.20 165.91

Table 2
Operating data for the standard turbocharger.

Load (%) Effcompr (%) Effturb (%) NTC (krpm)

100 72.0 72.0 98.84
75 73.5 73.5 89.301
50 73.0 73.0 79.191
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The corrected values of mass flow rate and speed are calculated
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the turbocharger operating points of two sequential engine cycles.
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exhaust manifold is adopted, which connects the exit of turbo-
charger turbine with the entrance of power turbine. Therefore,
the examined layout includes two exhaust manifolds correspond-
ing to high and low pressure values.

3. Test cases examined
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a six-cylinder heavy-duty turbocharged truck engine having a bore
of 125 mm, a stroke of 140 mm and compression ratio of 16.5:1.
The engine is equipped with a common-rail fuel injection system,
which allows the variation of both injection pressure and injection
advance. In the present investigation both have been maintained at
the standard level. The maximum brake mean effective pressure of
the engine is 27 bar and the engine power has a maximum value of
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the varying parameter of the analysis is the power turbine speed,
which ranges from 60 krpm to 110 krpm and thus, all predictions
derived for the operational parameters of the electrically turbo-
compounded diesel installation are expressed as functions of the
power turbine speed.

At this point, it must be clarified that the operation of the power
turbine is strongly interrelated to the performance of the T/C sys-
tem and of the diesel engine. For this reason, the theoretical results
are presented and discussed herein in a sequence that strives to
shed light on the complex interconnections between power tur-
bine operation, T/C components performance and diesel engine
breathing, performance and efficiency.

5.1. Effect of power turbine speed on exhaust pressure at T/C turbine
inlet and on power turbine expansion ratio

The effect of power turbine speed on the calculated mean ex-
haust pressure at T/C turbine inlet (high-pressure manifold) is
shown in Fig. 3a for the electrically turbocompounded HD diesel
engine at 1700 rpm and at 50%, 75% and 100% of full load. In
Fig. 3a are given also the corresponding mean exhaust pressure

values at the entrance of T/C turbine, which were considered dur-
ing standard operation (i.e. without turbocompounding) at all
loads of the examined HD diesel engine and they have also already
listed in Table 1. As observed, the application of electrical turbo-
compounding on the specific HD diesel engine examined herein re-
sults in significant increase of mean exhaust pressure at the
exhaust manifold connecting the engine with the T/C turbine. Spe-
cifically, for the case of engine operation with electrical turbocom-
pounding, the average pressure value at the entrance of T/C turbine
is 3.5 bar, 4.5 bar and 5.5 bar at 50%, 75% and 100% of full load. Dur-
ing operation with electrical turbocompounding, the correspond-
ing absolute increase of T/C turbine inlet pressure compared to
standard engine operation is 1.26 bar, 2.09 bar and 2.84 bar at
50%, 75% and 100% load. The average expansion ratio of the T/C tur-
bine over the entire range of power turbine speed is 1.3, 2.0 and 2.8
at 50%, 75% and 100% load. Hence, it is observed a decrease of T/C
turbine expansion ratio for the operation of the examined HD die-
sel engine with electric turbocompounding compared to conven-
tional operation.

Fig. 3a. Effect of power turbine speed on mean exhaust pressure at T/C turbine inlet
(high-pressure manifold). Predictions are given for an electrically turbocompound-
ed HD diesel truck engine (black color lines) and the same engine without
turbocompounding (standard case – blue color lines) at 1700 rpm and at 100%, 75%
and 50% of full engine load. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Effect of power turbine speed on T/C compressor and turbine efficiencies.
Predictions are given for an electrically turbocompounded HD diesel truck engine
(black lines for compressor efficiency and red lines for T/C turbine efficiency) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3b. Effect of power turbine speed on its expansion ratio. Predictions are given
for an electrically turbocompounded HD diesel truck engine at 1700 rpm and at
100%, 75% and 50% of full engine load.

Fig. 5. Effect of the rotational speed of the power turbine on its efficiency.
Predictions are given for an electrically turbocompounded HD diesel truck engine at
1700 rpm and at 100%, 75% and 50% of full engine load.
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Fig. 4. Effect of power turbine speed on T/C compressor and turbine efficiencies.
Predictions are given for an electrically turbocompounded HD diesel truck engine
(black lines for compressor efficiency and red lines for T/C turbine efficiency) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3b. Effect of power turbine speed on its expansion ratio. Predictions are given
for an electrically turbocompounded HD diesel truck engine at 1700 rpm and at
100%, 75% and 50% of full engine load.

Fig. 5. Effect of the rotational speed of the power turbine on its efficiency.
Predictions are given for an electrically turbocompounded HD diesel truck engine at
1700 rpm and at 100%, 75% and 50% of full engine load.
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The increase of mean engine back-pressure (i.e. exhaust pres-
sure between engine and T/C turbine inlet), which accompanied
the application of turbocompounding technology, is primarily
attributed to the operation of the rotational power turbine, which
is opposed to the free flow of exhaust gases to the ambience. As
will be shown in following paragraphs, the reduction of T/C turbine
expansion ratio mainly at part loads as a result of the application of
electrical turbocompounding affects directly the efficiency of the T/
C turbine (Fig. 4) and thus, the rotational speed of the T/C shaft
(Fig. 6). In addition, it will be shown that the increase of exhaust
back-pressure and the reduction of T/C turbine expansion ratio af-
fect directly the supply of charge air (Figs. 7a and 7b)) to the diesel
engine by the T/C compressor and subsequently, affect the in-cyl-
inder air to fuel stoichiometric analogy and the combustion effi-
ciency and finally, the exhaust gas temperature (Fig. 8a) and the
net engine power (Fig. 9b).

In Fig. 3b is presented the effect of power turbine speed on the
expansion ratio of the power turbine. Theoretical results are given

for the turbocompounded HD diesel engine examined in the pres-
ent study at 1700 rpm and at 50%, 75% and 100% of full load. As ob-
served, the increase of power turbine speed results in a limited
increase of expansion ratio at all loads examined. Hence, it appears
that the increase of rotational speed facilitates the transformation
of exhaust gas thermal energy into useful mechanical power. Ex-
haust gases expand to the ambience in the power turbine. Hence,
the values of expansion ratio correspond also to the mean exhaust
pressure values at the inlet of the power turbine. These pressure
values are significantly lower compared to the pertinent values ob-
served in Fig. 3a at the entrance of the T/C turbine during turbo-
compounded operation. This means that the mean pressure
variation between the high-pressure exhaust manifold between
engine and T/C turbine and the low-pressure exhaust manifold be-
tween T/C turbine outlet and power turbine inlet is noticeable
ought to the initial expansion of exhaust gas in the T/C turbine.

Fig. 6. Effect of power turbine speed on turbocharger rotational speed. Predictions
are given for an electrically turbocompounded HD diesel truck engine (black lines)
and for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7a. Effect of power turbine speed on engine boost pressure. Predictions are
given for an electrically turbocompounded HD diesel truck engine (black lines) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7b. Effect of power turbine speed on average air to fuel ratio. Predictions are
given for an electrically turbocompounded HD diesel truck engine (black lines) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8a. Effect of power turbine speed on the mean values of exhaust temperature
at T/C turbine inlet and power turbine inlet. Predictions are given for an electrically
turbocompounded HD diesel truck engine (black lines for T/C turbine inlet and red
lines for power turbine inlet) and for the same engine without turbocompounding
(blue lines – standard case) at 1700 rpm and at 100%, 75% and 50% of full engine
load. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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The increase of mean engine back-pressure (i.e. exhaust pres-
sure between engine and T/C turbine inlet), which accompanied
the application of turbocompounding technology, is primarily
attributed to the operation of the rotational power turbine, which
is opposed to the free flow of exhaust gases to the ambience. As
will be shown in following paragraphs, the reduction of T/C turbine
expansion ratio mainly at part loads as a result of the application of
electrical turbocompounding affects directly the efficiency of the T/
C turbine (Fig. 4) and thus, the rotational speed of the T/C shaft
(Fig. 6). In addition, it will be shown that the increase of exhaust
back-pressure and the reduction of T/C turbine expansion ratio af-
fect directly the supply of charge air (Figs. 7a and 7b)) to the diesel
engine by the T/C compressor and subsequently, affect the in-cyl-
inder air to fuel stoichiometric analogy and the combustion effi-
ciency and finally, the exhaust gas temperature (Fig. 8a) and the
net engine power (Fig. 9b).

In Fig. 3b is presented the effect of power turbine speed on the
expansion ratio of the power turbine. Theoretical results are given

for the turbocompounded HD diesel engine examined in the pres-
ent study at 1700 rpm and at 50%, 75% and 100% of full load. As ob-
served, the increase of power turbine speed results in a limited
increase of expansion ratio at all loads examined. Hence, it appears
that the increase of rotational speed facilitates the transformation
of exhaust gas thermal energy into useful mechanical power. Ex-
haust gases expand to the ambience in the power turbine. Hence,
the values of expansion ratio correspond also to the mean exhaust
pressure values at the inlet of the power turbine. These pressure
values are significantly lower compared to the pertinent values ob-
served in Fig. 3a at the entrance of the T/C turbine during turbo-
compounded operation. This means that the mean pressure
variation between the high-pressure exhaust manifold between
engine and T/C turbine and the low-pressure exhaust manifold be-
tween T/C turbine outlet and power turbine inlet is noticeable
ought to the initial expansion of exhaust gas in the T/C turbine.

Fig. 6. Effect of power turbine speed on turbocharger rotational speed. Predictions
are given for an electrically turbocompounded HD diesel truck engine (black lines)
and for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7a. Effect of power turbine speed on engine boost pressure. Predictions are
given for an electrically turbocompounded HD diesel truck engine (black lines) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7b. Effect of power turbine speed on average air to fuel ratio. Predictions are
given for an electrically turbocompounded HD diesel truck engine (black lines) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8a. Effect of power turbine speed on the mean values of exhaust temperature
at T/C turbine inlet and power turbine inlet. Predictions are given for an electrically
turbocompounded HD diesel truck engine (black lines for T/C turbine inlet and red
lines for power turbine inlet) and for the same engine without turbocompounding
(blue lines – standard case) at 1700 rpm and at 100%, 75% and 50% of full engine
load. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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5.2. Effect of power turbine speed on T/C components efficiencies and
on power turbine efficiency

The effect of turbocompounding technology on the efficiencies
of compressor and T/C turbine is shown in Fig. 4. Fig. 4 also pro-
vides the case of the standard engine without turbocompounding,
where compressor and T/C turbine have the same efficiency. As ob-
served from Fig. 4, the application of electrical turbocompounding
on the examined HD diesel engine results in an increase of T/C
compressor efficiency and in a decrease of T/C turbine efficiency
compared to the corresponding values of the standard T/C. As al-
ready mentioned in the description of compressor simulation,
compressor efficiency depends on T/C speed and mass flow rate.
In addition, according to aforementioned T/C turbine simulation
approach, T/C turbine efficiency depends on its expansion ratio,
which is directly related to T/C speed. Hence, the reduction of T/
C turbine expansion ratio mainly at 50% and 75% load due to engine
operation with the electric power generation system results in
reduction of T/C turbine efficiency compared to conventional en-
gine operation and through that, in reduction of T/C turbine gener-
ated torque and T/C shaft rotational speed (see Fig. 6 below). The
curtailment of T/C speed results in moderate reduction of charge
air mass flow rate through the pertinent reduction of boost pres-
sure (see Fig. 7a) leading thus, to the improvement of compressor
efficiency since less shaft power is required for attaining the same
compression power.

The increase of power turbine speed results in reduction of T/C
turbine efficiency whereas, the corresponding effect on compressor
efficiency is negligible at all loads examined. Compressor efficiency
is constant and equal to 76.5%, 77% and 77.5% at 100%, 75% and 50%
engine load respectively. The maximum decrease of T/C turbine
efficiency is approximately 2% and it is observed at partial engine
load. The reduction of T/C turbine efficiency with increasing power
turbine speed can be ascribed to the reduction of T/C turbine
expansion ratio mainly at 50% and 75% load with increasing power
turbine speed.

Fig. 5 depicts the variation of power turbine efficiency with its
speed. As evidenced, the effect of power turbine speed on its effi-
ciency varies with engine load. Specifically, the power turbine effi-
ciency increases with its speed at full engine load. However, at 75%
and 50% engine load, the power turbine efficiency increases ini-
tially and starts to reduce after a certain value of power turbine
speed. As witnessed from Fig. 5, the maximum value of power tur-
bine efficiency is equal to 79%. In a following paragraph, it will be
demonstrated that the values of power turbine speed, which corre-
spond to the maximum observed power turbine efficiency at each
examined load correspond also to the maximum bsfc reduction
(see Fig. 10 below) revealing thus, a direct relation between power
turbine efficiency and bsfc improvement.

5.3. Effect of power turbine speed on turbocharger speed

The influence of power turbine speed on T/C speed is shown in
Fig. 6, where the standard case without turbocompounding is also
included. As evidenced, the application of electrical turbocom-
pounding on the examined HD diesel engine results in reduction
of T/C speed at all loads examined. This observation can be attrib-
uted to the aforementioned reduction of T/C turbine efficiency
mainly at 50% and 75% load (Fig. 4), which was acknowledged dur-
ing engine operation with the turbocompounding system com-
pared to the standard operational case. The maximum reduction
of T/C speed due to the use of turbocompounding technology is al-
most 5 krpm. The increase of power turbine speed results in the
deterioration of the deviation of the T/C speed from its pertinent
value during standard engine operation at all loads examined. This
is ascribed to the moderate decline of the T/C speed with

Fig. 9b. Effect of power turbine speed on the percentage variation of net engine
brake power with reference to standard engine operation without turbocompound-
ing. Predictions are given for an electrically turbocompounded HD diesel truck
engine at 1700 rpm and at 100%, 75% and 50% of full engine load.

Fig. 8b. Effect of power turbine speed on the mean value of exhaust temperature
after power turbine. Predictions are given for an electrically turbocompounded HD
diesel truck engine at 1700 rpm and at 100%, 75% and 50% of full engine load.

Fig. 9a. Effect of power turbine speed on generated electric power. Predictions are
given for an electrically turbocompounded HD diesel truck engine at 1700 rpm and
at 100%, 75% and 50% of full engine load.
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5.2. Effect of power turbine speed on T/C components efficiencies and
on power turbine efficiency

The effect of turbocompounding technology on the efficiencies
of compressor and T/C turbine is shown in Fig. 4. Fig. 4 also pro-
vides the case of the standard engine without turbocompounding,
where compressor and T/C turbine have the same efficiency. As ob-
served from Fig. 4, the application of electrical turbocompounding
on the examined HD diesel engine results in an increase of T/C
compressor efficiency and in a decrease of T/C turbine efficiency
compared to the corresponding values of the standard T/C. As al-
ready mentioned in the description of compressor simulation,
compressor efficiency depends on T/C speed and mass flow rate.
In addition, according to aforementioned T/C turbine simulation
approach, T/C turbine efficiency depends on its expansion ratio,
which is directly related to T/C speed. Hence, the reduction of T/
C turbine expansion ratio mainly at 50% and 75% load due to engine
operation with the electric power generation system results in
reduction of T/C turbine efficiency compared to conventional en-
gine operation and through that, in reduction of T/C turbine gener-
ated torque and T/C shaft rotational speed (see Fig. 6 below). The
curtailment of T/C speed results in moderate reduction of charge
air mass flow rate through the pertinent reduction of boost pres-
sure (see Fig. 7a) leading thus, to the improvement of compressor
efficiency since less shaft power is required for attaining the same
compression power.

The increase of power turbine speed results in reduction of T/C
turbine efficiency whereas, the corresponding effect on compressor
efficiency is negligible at all loads examined. Compressor efficiency
is constant and equal to 76.5%, 77% and 77.5% at 100%, 75% and 50%
engine load respectively. The maximum decrease of T/C turbine
efficiency is approximately 2% and it is observed at partial engine
load. The reduction of T/C turbine efficiency with increasing power
turbine speed can be ascribed to the reduction of T/C turbine
expansion ratio mainly at 50% and 75% load with increasing power
turbine speed.

Fig. 5 depicts the variation of power turbine efficiency with its
speed. As evidenced, the effect of power turbine speed on its effi-
ciency varies with engine load. Specifically, the power turbine effi-
ciency increases with its speed at full engine load. However, at 75%
and 50% engine load, the power turbine efficiency increases ini-
tially and starts to reduce after a certain value of power turbine
speed. As witnessed from Fig. 5, the maximum value of power tur-
bine efficiency is equal to 79%. In a following paragraph, it will be
demonstrated that the values of power turbine speed, which corre-
spond to the maximum observed power turbine efficiency at each
examined load correspond also to the maximum bsfc reduction
(see Fig. 10 below) revealing thus, a direct relation between power
turbine efficiency and bsfc improvement.

5.3. Effect of power turbine speed on turbocharger speed

The influence of power turbine speed on T/C speed is shown in
Fig. 6, where the standard case without turbocompounding is also
included. As evidenced, the application of electrical turbocom-
pounding on the examined HD diesel engine results in reduction
of T/C speed at all loads examined. This observation can be attrib-
uted to the aforementioned reduction of T/C turbine efficiency
mainly at 50% and 75% load (Fig. 4), which was acknowledged dur-
ing engine operation with the turbocompounding system com-
pared to the standard operational case. The maximum reduction
of T/C speed due to the use of turbocompounding technology is al-
most 5 krpm. The increase of power turbine speed results in the
deterioration of the deviation of the T/C speed from its pertinent
value during standard engine operation at all loads examined. This
is ascribed to the moderate decline of the T/C speed with

Fig. 9b. Effect of power turbine speed on the percentage variation of net engine
brake power with reference to standard engine operation without turbocompound-
ing. Predictions are given for an electrically turbocompounded HD diesel truck
engine at 1700 rpm and at 100%, 75% and 50% of full engine load.

Fig. 8b. Effect of power turbine speed on the mean value of exhaust temperature
after power turbine. Predictions are given for an electrically turbocompounded HD
diesel truck engine at 1700 rpm and at 100%, 75% and 50% of full engine load.

Fig. 9a. Effect of power turbine speed on generated electric power. Predictions are
given for an electrically turbocompounded HD diesel truck engine at 1700 rpm and
at 100%, 75% and 50% of full engine load.
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increasing rotational speed of the power turbine. The previous T/C
speed reduction with increasing power turbine speed is higher at
part engine loads compared to the operation of the system at full
engine load. As shown in Fig. 6, the T/C speed decreases from
91.20 krpm to 88.00 krpm at full engine load. Furthermore, the T/
C speed is reduced from 83.50 krpm to 78.50 krpm at 75% engine
load and from 74.40 krpm to 69.20 krpm at 50% engine load.

According also to Fig. 6, the T/C speed increases with engine
load both for turbocompounded and non-turbocompounded diesel
engine operation. This is attributed to the increase of thermal en-
ergy of exhaust gases, which expand in T/C turbine, due to the in-
crease of fuel injected quantity with increasing engine load. Thus,
the higher thermal energy of expanding exhaust gases increases
the kinetic energy of T/C turbine blades resulting thus, in an in-
crease of T/C speed.

5.4. Effect of power turbine speed on boost pressure and on air to fuel
ratio

A major advantage of the simulation model used in the present
analysis is its ability to predict the effect of turbocompounding
application on engine boost pressure and air to fuel ratio. For the
turbocompounded diesel engine, the impact of power turbine
speed on engine boost pressure is given in Fig. 7a. Furthermore,
the values of boost pressure for the standard engine without turbo-
compounding are included in Fig. 7a. As observed, the application
of an electrical turbocompounding system to the examined HD die-
sel engine results in limited reduction of average boost pressure at
all loads considered. The lower boost pressures, which were ob-
served in the case of electrical turbocompounding compared to
conventional diesel operation, can be attributed to the aforemen-
tioned reduction of T/C speed (Fig. 6) as a result of the reduction
of T/C turbine efficiency mainly during part load engine operation.
The deviation between boost pressure values for the operational
case with electrical turbocompounding and the corresponding val-
ues for the standard operational case increases with increasing
power turbine speed at all loads examined. The aforementioned
deviation is more pronounced at part engine loads following the
influence of power turbine speed on T/C speed (Fig. 6). As evi-
denced from Fig. 7a, the maximum decrease of boost pressure
caused by the application of turbocompounding technique is
rather limited and is equal to 0.2 bar.

According to Fig. 7b, the aforementioned reduction of boost
pressure, which was observed in the case of engine operation with

electrical turbocompounding system compared to the standard
case (Fig. 7a), results in reduction of air to fuel ratio at all loads
examined. Hence, the operation of the proposed turbocompound-
ing system downplays the in-cylinder air availability affecting thus
negatively the combustion efficiency.

The deviation of air fuel ratios between the case of turbocom-
pounded engine operation and conventional diesel operation in-
creases moderately with increasing power turbine speed at all
loads considered following the aforementioned effects of power
turbine speed on T/C turbine efficiency, T/C speed and boost pres-
sure. The maximum reduction of air to fuel ratio with respect to
standard operational case is 2.5 and is observed at 50% load.

5.5. Effect of power turbine speed on exhaust temperature at T/C
turbine inlet (high-pressure exhaust manifold), on power turbine inlet
(low-pressure exhaust manifold) and on power turbine outlet

Fig. 8a illustrates the influence of power turbine speed on the
average exhaust temperature at the entrance of the T/C turbine
and at power turbine inlet. Theoretical results are also given for
the mean values of exhaust temperature at the entrance of the
T/C turbine, which were considered for diesel engine operation
without turbocompounding (standard case) at all loads examined.
As observed, the application of the proposed electric power
generation system results in significant increase of exhaust gas
temperature at T/C turbine inlet compared to conventional diesel
operation due to the aforementioned deterioration of air to fuel ra-
tio and the subsequent exacerbation of combustion efficiency. The
average increase of exhaust gas temperature at T/C turbine inlet
between electrical turbocompounding and conventional diesel
operational mode is approximately 103.5 !C, 90 !C and 74 !C at
100%, 75% and 50% load respectively.

As witnessed from Fig. 8a, exhaust gas temperatures both at T/C
turbine inlet and power turbine inlet increase with increasing
power turbine speed at all loads examined. This is attributed to
the aforementioned deterioration of air to fuel ratio (Fig. 7b) with
increasing power turbine speed, which results in exacerbation of
fuel combustion efficiency and thus, to the increase of exhaust
gas temperature at the entrance of T/C turbine and subsequently,
to power turbine inlet. It is noteworthy to mention that the tem-
perature drop during the expansion at T/C turbine ranges from
75 !C to 124 !C.

The relative influence of power turbine speed on the average
exhaust temperature at the power turbine exit is presented in
Fig. 8b. The average temperature drop during the exhaust gas
expansion at the power turbine ranges from 68 !C to 131 !C. As
witnessed, there is a considerable temperature rise at the exit of
the power turbine with its increasing speed. Specifically, the in-
crease of exhaust gas temperature with increasing power turbine
speed varies from 32 !C at 100% load to 42 !C at 50% load. The
load-dependent effect of power turbine speed on its outlet gas
temperature can be related to the pertinent load-contingent varia-
tion of power turbine efficiency with its rotational speed, which is
already shown in Fig. 5.

5.6. Effect of power turbine speed on generated electric power and on
net engine power

The variation of the generated electric power with power tur-
bine speed is shown in Fig. 9a. As observed, the gains in generated
electric power are enhanced with increasing engine load due to the
higher thermal energy availability of exhaust gases, which expand
in the power turbine. The increase of power turbine speed results
in a continuous increase of generated electric power at full load.
At 75% load, produced electric power initially increases with
increasing power turbine speed up to a certain value and then

Fig. 10. Effect of power turbine speed on bsfc percentage variation with reference
to standard engine operation without turbocompounding. Predictions are given for
an electrically turbocompounded HD diesel truck engine at 1700 rpm and at 100%,
75% and 50% of full engine load.
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the varying parameter of the analysis is the power turbine speed,
which ranges from 60 krpm to 110 krpm and thus, all predictions
derived for the operational parameters of the electrically turbo-
compounded diesel installation are expressed as functions of the
power turbine speed.

At this point, it must be clarified that the operation of the power
turbine is strongly interrelated to the performance of the T/C sys-
tem and of the diesel engine. For this reason, the theoretical results
are presented and discussed herein in a sequence that strives to
shed light on the complex interconnections between power tur-
bine operation, T/C components performance and diesel engine
breathing, performance and efficiency.

5.1. Effect of power turbine speed on exhaust pressure at T/C turbine
inlet and on power turbine expansion ratio

The effect of power turbine speed on the calculated mean ex-
haust pressure at T/C turbine inlet (high-pressure manifold) is
shown in Fig. 3a for the electrically turbocompounded HD diesel
engine at 1700 rpm and at 50%, 75% and 100% of full load. In
Fig. 3a are given also the corresponding mean exhaust pressure

values at the entrance of T/C turbine, which were considered dur-
ing standard operation (i.e. without turbocompounding) at all
loads of the examined HD diesel engine and they have also already
listed in Table 1. As observed, the application of electrical turbo-
compounding on the specific HD diesel engine examined herein re-
sults in significant increase of mean exhaust pressure at the
exhaust manifold connecting the engine with the T/C turbine. Spe-
cifically, for the case of engine operation with electrical turbocom-
pounding, the average pressure value at the entrance of T/C turbine
is 3.5 bar, 4.5 bar and 5.5 bar at 50%, 75% and 100% of full load. Dur-
ing operation with electrical turbocompounding, the correspond-
ing absolute increase of T/C turbine inlet pressure compared to
standard engine operation is 1.26 bar, 2.09 bar and 2.84 bar at
50%, 75% and 100% load. The average expansion ratio of the T/C tur-
bine over the entire range of power turbine speed is 1.3, 2.0 and 2.8
at 50%, 75% and 100% load. Hence, it is observed a decrease of T/C
turbine expansion ratio for the operation of the examined HD die-
sel engine with electric turbocompounding compared to conven-
tional operation.

Fig. 3a. Effect of power turbine speed on mean exhaust pressure at T/C turbine inlet
(high-pressure manifold). Predictions are given for an electrically turbocompound-
ed HD diesel truck engine (black color lines) and the same engine without
turbocompounding (standard case – blue color lines) at 1700 rpm and at 100%, 75%
and 50% of full engine load. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Effect of power turbine speed on T/C compressor and turbine efficiencies.
Predictions are given for an electrically turbocompounded HD diesel truck engine
(black lines for compressor efficiency and red lines for T/C turbine efficiency) and
for the same engine without turbocompounding (blue lines – standard case) at
1700 rpm and at 100%, 75% and 50% of full engine load. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3b. Effect of power turbine speed on its expansion ratio. Predictions are given
for an electrically turbocompounded HD diesel truck engine at 1700 rpm and at
100%, 75% and 50% of full engine load.

Fig. 5. Effect of the rotational speed of the power turbine on its efficiency.
Predictions are given for an electrically turbocompounded HD diesel truck engine at
1700 rpm and at 100%, 75% and 50% of full engine load.
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Fig. 1. Powertrain layout. 

2.1. System operational logics  

The operational logics implemented in order to optimally manage the system are described in this paragraph. Due 
to the very different objectives searched, the “race” and the “qualifying” configurations of the system are 
characterized by different logics and will be treated separately. 

Race configuration: The battery SOC must be constant (within a certain tolerance) at the end of each lap. 
x Full load (maximum pedal angle): the MGU-K provides to the wheels all the power produced by the MGU-

H. The power flowing from the battery to the MGU-K has a feedback on the battery SOC, so that below a 
certain SOC threshold the logic limits the power supplied to the MGU-K.  

x Braking: part of the vehicle kinetic energy recovered by the MGU-K and converted into electric energy is 
directly delivered to the MGU-H to keep the turbocharger group at an imposed rotational speed; the 
remaining part is stored in battery. 

x Release: the energy required to keep the turbocharger group at an imposed rotational speed through the 
MGU-H is taken from the battery. 

x Acceleration after a release phase: in the first phase of the transient, as soon as the gas pedal is pressed, 
energy is taken from the battery and supplied to the MGU-H, to re-accelerate the turbocharger group; once 
the latter has reached its design speed, the MGU-H can receive energy from the turbocharger group; 
therefore, in the second phase the MGU-H provides electric energy directly to the MGU-K, which 
contributes to accelerate the vehicle. The battery state of charge plays a very important role: in fact, 
according to the SOC, it is possible to provide an increase of the power supplied to the MGU-K which 
contributes to the acceleration, by taking more energy from the battery.  

Qualifying configuration: No feedback control on the battery SOC. 
x Full load (maximum pedal angle): the MGU-K supplies to the wheels its maximum power value (120 kW), 

taking energy in part from the batteries and in part from the MGU-H;  
x Braking: see race configuration. 
x Release: see race configuration. 
x Acceleration after a release phase: in the first phase of the transient, energy is taken from the battery and 

supplied to the MGU-H, to re-accelerate the turbocharger group up to its design speed; once the 
acceleration transient is exhausted, the turbocharger is at its design speed and the MGU-H delivers all its 
power produced to the MGU-K. The battery supplies the remaining power needed to operate the MGU-K at 
its maximum power.  
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� For positive displacement compressors, pressure ratio is almost independent on the engine’s 
rotational speed: therefore, good performances can be achieved even at low rotational speeds and 
when accelerating from low speeds. 

� The turbocharger on the other hand provides increasing pressure ratios as the engine speed 
increases: inlet pressure may be either insufficient at low speeds or too high at high speeds. 

� The turbocharger is more reliable; installation and maintenance are easier. 

� The turbocharger weighs less and is smaller than a supercharger, other things being equal  
(in particular, for the same pressure ratio and air flow rate). 

� Pressure ratio is approximately up to 3 for a turbocharger and up to 2 for a Roots compressor. 

� During transient response, turbochargers do not respond as fast  
as mechanically driven compressors (turbo lag), due to the time  
needed for the exhaust system and turbocharger to generate  
the required boost.  
Inertia, friction, and compressor load are the primary contributors  
to turbo lag.  
The mechanically driven compressor has a faster response  
because its rotational speed is directly coupled to the engine’s speed. 

Internal Combustion Engines 46 

Supercharging vs. turbocharging 

Time [s] 
To

rq
ue

 

Mechanically driven 

Turbo 

Naturally Aspirated 

Image source: R. della Volpe, Macchine, Liguori Editore, Napoli, 2011 

PT = PC

At	
  steady	
  state	
  :	
  

dω
dt = 0

Pel = 0.
.

Electric	
  motor	
  mounted	
  on	
  the	
  turbocharger	
  shaft	
  improve	
  	
  
the	
  turbo-­‐charger’s	
  dynamics	
  only	
  if	
  	
  the	
  angular	
  acceleration	
  
of	
  the	
  electrically	
  assisted	
  turbocharger	
  exceeds	
  that	
  of	
  the	
  baseline	
  turbocharger.	
  	
  
	
  

Turbo-­‐Compound	
  



Other	
  possible	
  energy	
  uses	
  



       Thank you  
for your attention 


