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L ecture Overview

= Turbocharger modeling _— |
= Turbine & Compressor R ' Uody \ s
= Causality diagram A
= |nputs, outputs

= Maps and operation

=t TURBINE
et anas SECTION

Source: https://auto.howstuffworks.com/turbo2.htm

= Turbocharged internal combustion engines
= Engine power modeling

= Naturally aspirated (NA) Vs
turbocharged (TC) engines

= Benefits of turbocharging
= F1 electrified turbocharger
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Turbocharger

LI 7 E%, 1 TURDHNE
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IMET § HETSSM \
AW _ T.—T.+T
tc dt — 1t I¢ + ext

Source: https://auto.howstuffworks.com/turbo2.htm
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Turbine

Power SAN P Tusne
; [l L

A g\ n DUITLET

WL
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GG BLET TURBINE

SECTION

pressure

>
position

Source: https://auto.howstuffworks.com/turbo2.htm
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Turbine — Causality Diagram

Upng U3 P3 P4 Wt
Inputs

turbine (fluid- and thermodynamics)

Outputs *
Iy =94 | My 15

Inputs
* ¥3:  Temperature before the turbine [K] eerveessaeeseaenessnes s s,
* p3:  pressure before the turbine [Pa] M. — P3 _ Pboeft
* Py pressure after the turbine [Pa] ot Ps  Pafee
. @, Turbinespeed [rad/s] | e

* Uypg: Variable nozzle geometry control input [—]
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Turbine — Causality Diagram

Uing | V3 p3 P4 Wi
Inputs l l l
turbine (fluid- and thermodynamics)
Outputs "
Iy =94 | My 15
Outputs

 U4: Temperature of the flow exiting the turbine [K]
* m;: Mass flow through the turbine [Kg/s]
« T;: Torque generated by the turbine [Nm]
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Turbine — Outputs

o Temperature of the flow exiting the turbine

1-k

194_=l93' [1_Ut<1 _HtT

o Mass Flow through the turbine

mt — P3
Pref,0

o Torque produced by the turbine

)
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Turbine — Outputs derivation

dE . : : :
Open system T Hy, — Hoye — Wi +Q
. . dE
o Turbine does not store energy over time = i 0

o Turbine is assumed to be adiabatic (no heat transfer) = | Q = 0

______________________________________________________________________________

______________________________________________________________________________

Isentropic relation = _ _
(k1) Turbine exit temperature

Y3 _ (P * _ H(K;D 9 =9 [1 (1 1;;ck)]

Vais D4 ‘ ¢ =V3- [1=m-\1 -1,
ghm—
Isentropic efficiency Turbine power produced
93 — ¥, . [ 1;]
nt:ﬁg—ﬁus Pe=my-cp-U3- |1 -1, |-
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Turbine — Outputs

o Temperature of the flow exiting the turbine

1-k

o=y |1-Gy (1 %

o Mass Flow through the turbine

mt — P3
Pref,0

o Torque produced by the turbine

)
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Turbine — Efficiency Map

o I,=IT Input
t — 44
ol - Output
© IT, = IL,> I},
A simplified N, ia
turbine
0 ' ) =

0 ©) 1.0 1.2

Tt - Wt

Cpe = \/2 . Cp . 193 . [1 . Hgl—K)/K] ﬁ 611,5 —

Cus

» Since the turbine efficiency mainly depends on the angle of incidence of
the inflowing gas, the turbine blade speed ratio ¢,,. is used as variable.
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Turbine — Efficiency Map

Variable Geometry

o o
(o] [# 5]

Efficiency
L=
Y

Source: https://www.dieselnet.com/tech/air_turbo_vgt.php
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Turbine — Outputs

o Temperature of the flow exiting the turbine

1-k

9, = 5 - ll—m-(l — 1%

o Mass Flow through the turbine
, [ﬁ
mt — P3 . ref.0 @
Pref,0 U3

o Torque produced by the turbine

)
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Turbine — Mass Flow Map

Input
Output

@, =const.

throttle approximation

( Ay =1)

throttle approximation
A, <1)

Vil

—-
1.0 @) Iy
—_—

» For control purposes, the mass flow behaviour of fluid-dynamic turbines
can be modeled quite well as orifice - compressible flow through a valve.

 |If the turbine is a Variable Nozzle Turbine (VNT) or Variable Geometry
Turbine (VGT), the mass flow and its maximum value depend on the
nozzle position (as it is for the compressible flow through a valve).
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Turbine — Mass Flow Map

Fixed Geometry

1.6
. 4| KP39 (fixed geometry)
1.2

1.0

. i i gt
++_._|_...r"" —t
T za0 u=430mis
0.8 «"'ﬂw 340

0.6 210

0.4 1y

Mass Flow, kgls - vVK/kPa 100

0.2
10 12 14 16 18 20 22 24 26 28 3.0

Expansion Ratio

Source: https://www.dieselnet.com/tech/air_turbo_vgt.php
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Turbine — Mass Flow Map

Variable Geometry

1.6
. M.
= 14 L Al u = 380 mis
m Elﬂ - - I-: T - -:. -.\.- PR & — i I_'\:
& 1.2 f‘f ol = e 430 mis :;q.-;
¥ | 14 | 300 230 mis '
T 10 #F10 280 | e 4D%
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-E'l ¢ ra;-“11':]' L ——— 240
= D'E 14 :'-I. ':"--l- f 280 . N —_ | Eﬂ%
3 f i 390 mis
= i# /’ﬁn e 340
2 5| ¢ e |, therm.-
: e - = ——t=T2mn | Fa0mis  min.
W 0.4 | 1407 f},.ﬂ a0 3 mech.-
= 140 1?““'_‘ 220 260 310 mis MM
0.2
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Expansion Ratio

Source: https://www.dieselnet.com/tech/air_turbo_vgt.php
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Turbine — Variable Geometry Turbine (VGT)

(
: \} * Narrow
' / : Vane Opening
. 4—/ High Torque at
- Low Revs

At Low Engine Speed
- low mass flow

- low pressure

- low turbine power

Narrow inlet area

—-> Better incidence

- Increased efficiency
- Increased power

\ Wide
Vane Opening:
High Torque at

High Revs

Volvo 5-cylinder Common Rail Diesel VOLVO
Volvo Car Corporation

At High Engine Speed
- high mass flow
—> high pressure

Wide inlet area
- Avoid choke!

Source: https://www.intmarketing.org/en/automotive/113-variable-turbine-geometry.html
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Compressor

COMPRESSOR TURRINE
SECTION HOUSNG |
COMPRESSOR - : ’

HLEE S Yl g TURRKE

L1
‘ fiae BILET TURBINE

R OISCHARGE SECTION

COMERESLOR
AMEBIENT AlR
IFLET

Source: https://auto.howstuffworks.com/turbo2.htm
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Compressor

A
pressure

COMPRESSOR
SECTION

COMPRESSOR
LI

>
position

Power

CORIFRESS0R
AR DISCHARTGE

COMERESLOR
AMEBIENT AlR

0
IMET MEEE S5 00

WHEEL

Source: https://auto.howstuffworks.com/turbo2.htm
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Compressor — Causality Diagram

JPQ }?91 ]Pl l We
Inputs

compressor (fluid- and thermodynamics)

Iﬁc — 9, \ m,. | T.

Outputs

Inputs

* p1: Pressure before the compressor [Pa] :|_ L = P2 _ Pajtc
* p2: Pressure after the compressor [Pa] PiC '
 ¥4: Temperature before the compressor [K]
* w.: Compressor speed [rad/s]
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Compressor — Causality Diagram

JPQ }?91 ]Pl l We
Inputs

compressor (fluid- and thermodynamics)

Outputs Il9C — 9, \ -r?zc | T,
Outputs
« ¥.: Temperature of the flow exiting the compressor [K]

* m.  Mass flow through the compressor [Kg/s]
« T,: Torque absorbed by the compressor [Nm]|
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Compressor — Outputs

o Temperature of the flow exiting the compressor

o Mass Flow through the compressor
. P1 19ref,0 .
m - . .
¢ Pref,0 d 1 He

o Torque absorbed by the compressor
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Compressor — Outputs derivation

dE . : : :
Open system Frie Hi,, —Hyye —W.+0Q
: dE
o Compressor does not store energy over time = i 0

0

o Compressor is assumed to be adiabatic (no heat transfer) = | Q

Isentropic rezlatll)on n Compressor exit temperature
K—
1 1 Nc
gi—

Isentropic efficiency Compressor power absorbed
9545 — O . e 1
77c=19wﬁ Pczmc-cp-ﬁl-ll'[c" —1|-—
2 1 | Nc
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Compressor — Outputs

o Temperature of the flow exiting the compressor

o Mass Flow through the compressor
e = P PRI ()
Pref,0 U4

o Torque absorbed by the compressor

P mgcp- ["T—l 1] 1
Tc—w—— 5 .HC — . —
C Cc nC
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Compressor — Mass Flow & Efficiency Map

Ne=const.
surge line

®, =const.

O
Input
Output
I | >
! J i, (kgls)

Camillo Balerna | 07/11/2017 | 24



Compressor — Mass Flow & Efficiency Map

52

91mm EFR (91574)

" QR

by BorgWarner

40 ¢
34

28 ¢

Pressure Ratio px/pul-]

224

10 + N + v . v - N v v N v - - . . - b
000 004 0le 012 0.6 020 024 028 on 036 0.40 044 048 052 056 060 064 068 o2
- - P —
95 rn
Corrected Mass Flow muea =mv T, [Ty Pree /P [kQ/S]

Source: http://www.enginelabs.com/engine-tech/power-
adders/understanding-compressor-maps-sizing-a-turbocharger/ Camillo Balerna | 07/11/2017 | 25



Compressor — Operational Limits

m, T

Fluid-dynamic
instabilities destroy the
regular flow pattern
—> possible back-flow

mechanical limit

Maximum speed
allowed to avoid
mechanical damages
—> centrifugal forces

surge limit
I

Behaviour at zero
(or very low) speed
—> blocking orifice

choke limit

Flow reaches
sonics conditions
- choked orifice

| — =

0 —
blocking N M. (kgls)
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Formula 1 — Turbocharged Engine

Source: https://sport.sky.it/formulal/2017/03/21/formula-1--il-dizionario--power-unit-ed-elettronica.html
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Internal Combustion Engine

Engine Power can be approximated as following:

Assume constant
engine speed w,

o Engine Power coming from the fuel combustion:

Pcomb,fuel = €comb ° Pf = €comp " Hi "Meyel ki - Meyel

o Engine Power coming from the pistons mechanical friction:

Pfric zﬁ

o Engine Power coming from the gas exchange:

We
Ppump = (pintake - pexhaust) ) Vd ) E ~ k3 ) (pintake o pexhaust)
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Internal Combustion Engine

o Engine Power, neglecting the friction and assuming p;,,take = Pexhaust:

Pengine ~ kl ) mfuel + k3 ) (pintake _ pexhaust) ~ kl ) mfuel

o Air to Fuel Ratio is defined as following:

_ Mgir . 1 Arp =1 . _ Mgir

o Engine Air Mass Flow is approximated as following:

Pintake . We
Rair ) ﬁintake 4im

Mair = Vi - Aot = kg - Dintake

|

/vNAélbarélookW

Pengine X mfuel X Myir X Pintake
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Turbocharged Engine

o Engine Power, neglecting the friction and for a specific msy,;:

Pengine ~ kl ) mfuel + k3 ) (pintake _ pexhaust)

C intake
— j_

exhaust T

f-\

Ppump,NA ~ 0 kW

\
oo
\

w, = 10000 rpm
Vy=1.61L
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Engine Response

P engine
Pengine,req

Naturally Aspirated

intake exhaust

time
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~ormula 1 — Engine Response

How and how fast is the engine power response of a conventional
turbocharger compared to an electrified turbocharger (e.g. F1) ?

1)
2)

)
6)
7)
8)

Jﬁl

O
C intake | () | exhaust T
Turbocharger

Press throttle pedal
More fuel injected

Turbocharger speed increases
Compressor mass flow increases
More air - more fuel can be injected
More Engine power

[

C
-

MGU-H

intake

exhaust

—

T

oo0]

e

\

Electrified Turbocharger

Press throttle pedal

More fuel injected & MGU-H positive
Turbocharger speed increases faster

(= MGU-H & exhaust temperature)
Compressor mass flow increases

More air - more fuel can be injected

More Engine power
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Formula 1 — Engine Response

Electrified Turbocharger

P engine

Pengine,req

time
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IDSC Open Lab 2017

ETH:zirich
|

Open Lab 2017 i

Date:

Thursday, 9. November, 2017
Time:

18:00 - 20:00

Location:

ML Building

Sonneggstrasse 3, 8092 Zurich

Opening: '

MLE 12

-
" Open Lab 2017

Various locations

Institute for Dynamic Systems and Control
Prof. R. DAndrea, Prof. E. Frazzoli, Prof. Ch. Onder, Prof. M. Zeilinger
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IDSC Open Lab 2017

ML K37.1

Formula 1 Power Unit

Efficient control algorithms are designed for the hybrid
electric propulsion system of the Formula 1 car, in
order to achieve the fastest possible lap-time.
(Presentations in English or German)

Mauro Salazar, maurosalazar@idsc.mavt.ethz.ch |
Camillo Balerna, balernac@idsc.mavt.ethz.ch

http://www.idsc.ethz.ch/research-guzzella-
onder/research-projects/Formulal.html
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