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Pressure and Flow Based Control of a Turbocharged Diesel Engine
Air-path System Equipped with Dual-Loop EGR and VGT*

Sooyoung Kim, Hyomin Jin, Seibum Choi*

Abstract— This paper describes a pressure and flow based
control method of diesel engine air-path systems equipped with
dual-loop exhaust gas recirculation (EGR) and variable
geometry turbine (VGT). For the control of dual-loop EGR
systems, fraction states are usually controlled, but how to select
the control outputs is still controversial. In this paper,
considering availability and reliability of sensors, pressure and
mass flow states are selected as control targets instead of fraction
states. A robust nonlinear control method, input-output
linearization is applied for the states of intake manifold pressure,
exhaust manifold pressure, and fresh air mass flow rate in order
to satisfy the target emissions. The control performance is
verified by simulation based on the valid model of a heavy-duty
6000cc engine air-path.

I. INTRODUCTION

The increasingly strict environmental regulations for
diesel engines have forced the worldwide automotive
industries to develop environmental-friendly engine
configurations. Nowadays, a diesel engine is called ‘clean
diesel’ since its chronic problems such as emissions and noise
have been improved a lot while it keeps its advantages of good
vehicle performances as technology develops. For example,
exhaust treatment systems including diesel particulate filter
(DPF), diesel oxidation catalyst (DOC), and selective
catalytic reduction (SCR) have been applied for diesel engines
to cope with harmful emissions of a diesel engine. Besides,
exhaust gas recirculation (EGR) and variable geometry
turbine (VGT) systems are commonly equipped in most diesel
engines today. EGR system has a role to recirculate exhaust
gas into intake manifold, which reduces nitrogen oxides
(NOx), and VGT is for enhancing the engine performance
even in low-load conditions. In particular, the combination of
EGR and VGT in a diesel air-path system has the potential to
reduce emissions significantly since it can adjust fundamental
properties of combustion in the diesel engine. Gas
compositions in cylinders of the engine can be manipulated
with EGR and VGT so that advanced combustion modes such
as low temperature combustion (LTC) or homogeneous
charge compression ignition (HCCI) are realizable resulting
in significant improvement of emissions. Recently, dual-loop
EGR systems, using high pressure (HP) EGR and low pressure
(LP) EGR systems simultaneously, are applicable for the
effective utilization of EGR functions. Mostly, HP EGR has a
function to increase temperature in intake manifold of diesel
engines, and LP EGR recirculates clean EGR gas which came
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through after-treatment systems and the cooler to offer high
mass flow rate [8]-[12][14].

In accordance with the development of hardware
configurations, precise control of the air-path system which is
a highly-coupled system has been required. The well-known
coupling effect between HP EGR system and VGT, both of
which are driven by exhaust gas, is investigated in [6], and
recently, static couplings of the dual-loop EGR system are
dealt with in [8]. To handle control problems of the air-path
system effectively, various coordinated control methods of
VGT and EGR systems based on mathematical models have
been investigated. Many studies have been conducted on the
control of single-loop EGR (with only HP EGR) system
[1]-[7], but, for dual-loop EGR systems, which are too
complex systems to control precisely, there is not much
research on it.

The air-path control is focusing on reducing the
well-known hazardous substances of diesel engines, NOx and
particulate matter (PM) simultaneously, which are in a
trade-off relationship. Set-points determined from the target
emission are concerned with air to fuel ratio (AFR) and EGR
rate. Generally, AFR is related to the formation of PM, and the
EGR rate directly affects the production of NOx [2]-[6]. In
addition, it is suggested that intake manifold pressure should
be considered in the set-points for generating desired torque
and proper utilization of the turbocharger.

In terms of the air-path control, selecting the control
targets is very crucial. Once a certain set-point for satisfying
environmental regulations or other engine performances is
given, we need to select the corresponding control states
which are measurable. Conventionally, for the single-loop
EGR and VGT system, intake manifold pressure and
compressor flow have been regarded as main control states for
control [2][4][5]. For the dual-loop EGR systems, which is a
higher order system than the single-loop system, how to select
governing control variables corresponding to the set-points is
not yet definitely settled. In most related studies, oxygen or
burnt gas fraction states with other intake manifold states are
considered [9]-[12][14]. In[11] and [12], estimation methods
of air fraction states or LP EGR flow rate are investigated.
Control algorithm for states including air fractions in
dual-loop EGR systems is designed using singular
perturbation methodology in [9], and another control method
using motion planning in [10]. However, in real applications,
sensors for measuring fraction states are not available on
production engines, and sensing speed of the sensor is
relatively slow compared to other sensors so it is not suitable
for transient control. Besides, fraction states are somewhat
secondary states determined by other primary states such as
pressure and flow in the air-path system. Hence, only pressure
and mass flow states are selected as control outputs in this

1493



study considering the sensor reliability and expandability of
the conventional controllers.

There exist three control inputs: valve positions of HP, LP
EGRs and vane position of VGT in the air-path system with
dual-loop EGR and VGT. Compared to the large coupling
property of HP EGR and VGT, the coupling effect of the LP
EGR loop is not that much. It is possible to control the LP
EGR valve separately. Hence, another good point of the
pressure and flow based control is that if we control only the
states of pressure and flow for the control of a dual-loop EGR
system, we can expand availability of the conventional
controllers from the single-loop EGR system to the dual-loop
system by adding a control algorithm for the LP loop only.

In this paper, a model-based nonlinear controller is
designed considering the complex nonlinearities of the
air-path system equipped with the dual-loop EGR and VGT.
One main characteristic of the dual-loop EGR system distinct
from the single-loop EGR system is that fresh air flow is not
the same as compressor flow any more. Fresh air flow and LP
EGR flow are mixed into the compressor flow, so a new model
for the fresh air flow rate only is suggested for implementing
an effective controller. The control states are p, (intake
manifold pressure), p,(exhaust manifold pressure), and w,,
(fresh air mass flow rate). These states can be easily measured
or estimated using sensors equipped on the production engine
such as manifold absolute pressure (MAP) and mass air flow
(MAF) sensors. By controlling p, , p, and simultaneously, it is
possible to manipulate HP EGR flow and VGT flow properly
to meet the emission goals [4][5][7]. If w,, is precisely
controlled, we can adjust not only the LP EGR rate but also
the total EGR rate.

This paper is organized as follows: in section II, main
equations of a plant model of the air-path system with
dual-loop EGR and VGT are described. In section III, control
principles and design process of the controller based on the
reduced order model for the system is represented. Finally, in
section IV, the control performance is validated through
simulations based on a valid engine model.

II. SYSTEM MODELING

The air-path system model is implemented based on the
specifications of a heavy-duty 6000cc diesel engine equipped
with dual-loop EGR system and VGT. The configuration of
the whole system is described in Fig. 1.

A. System Description

Different from the single EGR system, LP EGR loop is
included in the system. There are exhaust after-treatment
systems including DOC in the LP-EGR loop. After passing
through the after-treatment systems, the flow is divided into
two sub-flows: one is to the exhaust throttle through SCR and
the other is to the compressor inlet. Mass flow through the LP
EGR loop is mixed with fresh air mass flow through the intake
throttle in front of compressor inlet. Likewise, HP EGR flow
is mixed with the compressor flow in the intake manifold.
Then, combustion reaction occurs in cylinders generating new
exhaust gas at exhaust manifold. All the flows affect the rate of
physical quantities change such as pressure and temperature in
corresponding locations.

HPegr| /|

Measured: p. p,. W,
Control inputs: Wy, W;p.,, IV,

Fig. 1 The schematic of the air-path system with a dual-loop
EGR system and VGT

The variables p, , 7, , F, , and », stand for pressure,
temperature, burnt gas fraction, and volume inA . w, means
the mass flow rate through A . The subscripts, i, X, c, t, uc, dt
are intake manifold, exhaust manifold, compressor, turbine,
upstream of compressor, and downstream of turbine
respectively, which are main locations or components to
describe the system properties. With the LP EGR loop added,
the dynamics at compressor upstream and turbine downstream
carry an important meaning as much as intake and exhaust
manifolds. Note that in the case of a single-loop EGR system,
which does not have LP EGR loop, pressure or temperature
developed on compressor upstream and turbine downstream
can be regarded as constant. Model equations of the system
with dual-loop EGR are represented as (1)-(15).

B. Pressure Dynamics

Based on the ideal gas law with mass flow, pressure
dynamics are described as (1)-(4). The equations are under the
assumption that the temperature of which the dynamics is
relatively slow is not changed in same operating points.

. Ry
b= (T A TW i =TIV, (M

1

X

b= (T =T =TH) 2

puc = V_y(]—:lVVair +T‘dtVVLPegr _TcVVc) (3)

uc

. _Ry
Pau= V_(T;CW; _TdtVVLPegr _T"’”’W;"’) @

dt
where y and R are the specific ratio and ideal gas constant,
respectively. Note that DPF is not contained in the
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after-treatment systems of this system so we assume the
pressure drop through the after-treatment system in LP-EGR
loop is negligible stated as p,, ~ ppoc -

C. Temperature Dynamics

Temperature dynamics are described as (5)-(6). Note that
the dynamics speed of temperature is much slower than that of
other primary states.

RT,
i : I:VV;(j/T;c _7;)+WHPegr(7/THPegr _]-l')j) (5)
. RT
To=— = WOT-TO+W 0T ~Tip) ] ©

D. Power Dynamics

Power balance of a turbocharger mathematically described
as (7).

b= i(—Pc +1,F) )

t
tc

where 2, P, 7, ,n, arethe power generated by the compressor,

the power delivered by the turbine, a turbocharger time
constant, and mechanical efficiency respectively.
The equation of the turbine power can be estimated by (8).

u
P=ne,T, 1—(%) W, ®)

Where 7, is the turbine efficiency and ¢, the specific heat at
constant pressure.

E. Burnt Gas Fraction Dynamics

Burnt gas fraction is defined as the fraction of burnt gas of
total gas composition. When m, , m, .., and A, stand for

mass of burnt gas, air in A, and stoichiometric ratio
respectively, burnt gas fraction dynamics in intake, exhaust
manifolds and compressor inlet are derived as (9)-(11) [14].

E=YE Ews @ R W, ©
m. m.

1 1

. W wW,+w /4
F=—feF-—*“ "LTF+-L(1+4) (0

mx mx mx
: 1
b= [ Em B W =EH, | 0D

i~ i _air mx My _air
where F, = —, F = —,
mi mx

and F;w — uc uc_air

F. Flow Equations

Compressor flow which mainly affected by the pressure
ratio across the compressor and the compressor power is
represented in (12).

n. F,
W, = p (12)

T c =

uc-p ¥
)
Py

Where 5, is the compressor efficiency and y the specific heat

ratio.
The behavior of EGR flows controlled by valves such
as Wyp,,, and W,,,,. can be described using the orifice equation

(13)-(14).

7+l

2 2 paal
WHPegr = AHpr\/Wj:_I)[(PRHP)V _(PRHP) 7 j

po
where PR,, = max &, (LT
po \r+l

(13)
2 +1
WLPegr =ApDu \/% ((PRLP ); _(PRLP )yyj
e
where PR,, =max &, (ijyl
Pa \r+1
(14)

In (13)-(14), the parameters of Pr,, and PR, represent the
pressure ratio across the flows, and 4, , 4,, the effective
areas of the flows which are determined by the valve positions
each.

To describe the behavior of fresh air flow in the dual-loop
EGR system, which is distinct from compressor flow, a new
model for the air flow rate in dual-EGR systems is designed as
(15) using the orifice equation. In (15), we assumed that the
position of intake throttle is fixed so the effective area 4,, is
constant.

2 2!
2y P | [ Puc |7
W. =4. =7 || fue | | Luc
air atrpa RZ—; (}/_1) (pa J (pa J

(15)

Based on (1)-(15), the 10" order plant model (full order
model) of the air-path system is implemented and will be
validated in the next section.
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III. CONTROLLER DESIGN

A. Control Principles

Air to fuel ratio®

EGR rate?

Emission targets

<

Desired torque

1
Boost pressure*

Fig. 2 The set-point transformation

Fig. 2 shows the set-point transformation to get the desired
values of control states. From the target emissions and desired
values of torque, the desired values of AFR, EGR rate, and
boost pressure are determined as a set-point. Then, desired
values of fresh air flow rate and total EGR flow rate can be
computed from the set-point. This procedure implies that
combustion variables such as EGR rate or AFR are not usually
measurable so these variables should be transformed into
variables of flow or pressure, which can be treated in the
air-path system for control. In turn, p,, p, , and W, are

air
selected as control outputs for feedback control, which can
satisfy with the target values of flow and pressure.
Consequently, we can achieve the emission targets by
controlling p;, p,,and W, . The diagram of the whole control
system is described in Fig. 3.

PP W,
i A 4
PR ) < 2 .
(.-lu-*hw/)i pri ( \IGTmpm 4
EGRrare’ | Setpoint | P | Controller |HPinpur Plant
—>h(ms’])]w‘&_.“ Transformation ”vmd (/O linear.) P input (Full model)
—r— g
YY
~
5% order

model

Fig. 3 Principle of the air-path control

Except the set-point transformation block, the system has the
look of a general MIMO (multi-input multi-output) feedback
control system. The controller, which is developed based on
the reduced-order model, controls the full model. The control
inputs computed from the controller have the dimension of
flows, not the valve positions. The commands of flows are
transformed into position commands in an inverse model of
the orifice equation, and the position commands actuate the
engine plant.

B. The Control-oriented Model

For the controller design, we implement the 5" order
model of the air-system with dual-loop EGR and VGT as
(16)-(20) under the assumptions as follows:

- Burnt gas fraction states, which are difficult to measure
and not directly coupled with other dynamics, are
omitted.

- Transition of temperature of which dynamics is
relatively slow is ignored.

- Temperatures of all flows in the same location are in the
same level.

b=k (VVc AW pegr — kepi)

(16)
px :kZ(VVex_WHPegT_VV;) (17)
puc':kZ(VI/air_'—VI/LPegr_W;) (18)
pdt =k4(VV1_VVvLPEgI‘_VV;M) (19)
1 H
B=—|-P+nne, T 1-| 2= | W,
th px
(20)
RT, RT RT
wherek, =—+, k, =—=, k, =—*,
4 4 Vie
RT
k4: dt,k_ﬂvNVd

v, ° 120RT,

In (16), the cylinder flow , can be represented as k,p;, by
the speed-density equation where 7,, 7, , N are volumetric
efficiency, displacement volume, and engine RPM.

In general, model simplicity is in a trade-off relationship
with model accuracy. The more complicated the model is, the
more information it can have in it. However, when considering
real applications, implementation of the controller in an
electronic control unit (ECU) would be very difficult when the
order of the model where a controller is developed is too high.
Besides, it is clear that we are not be able to use all the
accurate information about states or parameter from the plant
in real applications. The control-oriented model is also needed
in verifying robustness of the suggested controller. Hence, a
control-oriented 5" order model of the air-path with dual-loop
EGR and VGT is introduced consisting of only primary states
of the system.

In the reduced order model, less information is available
for identifying system parameters such as compressor
efficiency and turbine efficiency. These two parameters have
enormous effects on the whole air-path system because they
are directly related with turbocharger dynamics. Fraction
states and temperature dynamics are also ignored in the
reduced model.

In this study, compressor efficiency in the reduced model
is assumed to have two constant values: one is for relatively
high load conditions and the other for low loads. Likewise,
turbine efficiency in the reduced model is assumed to have
constant values in the same VGT vane positions. In addition,
exhaust temperature is assumed to have only two constant
values, and the other states omitted in the reduced model are
assumed to be constant. The reduced order model shows
poorer model accuracy than the full model mainly caused by
parameter errors described in Fig. 4.
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Fig. 4 Parameter errors between the full and reduced models

The full model and reduced model are validated for steady
state with experimental data under operating conditions as
follows: 1400 rpm/377.7 Nm, 1400 rpm/529.4 Nm, 1800
rpm/460.6 Nm, and 1800 rpm/329.0 Nm. The results are
shown in Fig. 5

C. Controller Design

We will apply input-output linearization for the three
states, and the error terms are defined as:

=p; _pid
e,=p, —pxd (21
Walr W;lrd

where the superscript ‘d’ stands for desired value. The time
derivatives of (21) are described in (22) using the control
oriented model equations (16)-(20). Note that the dynamics of
fresh air flow 7, is derived from the time derivative of (15)

air

where p,.is the only variable.

intake pressure (Pa)

time(s)
0.2
Q)
=)
= 015
2
e
g 0.1
=
=
£ S S S )
= 0.05}- Experiment
a2 Full M
= " Reduced M
0 20 40 60 80 100 120 140 160 180 200
time(s)

Fig. 5 Model validation (for steady state)

e =k (VVc _kepi)+klul _pzd =—Ae

&, =k, (W, —u,—u,)~ p =—e,
__k( an+u3_VI/c).“ (22)
- 1
r 1b—os (Pué ) bos erd ~Ae,
=2r rop,
r-1
where a=A, p, ——— 27/ ,b=1- Puc

\/ﬁ P,

Equation (22) stands for the error dynamics of the control
states. Using the input-output linearization, we can manipulate
the error dynamics to be converged. Here 4, 4, , and 4, are the
gains determining the convergent speed of the error dynamics.
The corresponding control laws are derived as:

LU= _(VVc _kepi)_kl_lﬂ‘lel +k1_1pid

w, =W, —u, +k;' Le, —k;' p!
w==2Pe gy W @
kyac
-1 1
where c=| Z—p (p“c) bo5
=2r r P,

The final controller has the form of a controller consisting of
feedforward terms and a feedback term with constant gain. In
(23), u,,u, ,and u, stand for control inputs of HP EGR, VGT,
and LP EGR respectively. «,, u, adjust intake and exhaust
pressures simultaneously with keeping the system balanced.
While the combination of u and u«, is determining the
amount of turbocharged flow into the intake manifold, », will
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control mass flow rate of LP EGR to maintain desired flow
rate of fresh air into the compressor inlet.

IV. SIMULATIONS

To verify the controller, the simulation is carried out based
on the full model. The desired values of the control states are
obtained experimentally from the engine test bench. The
engine is operated on the conditions where desired loads (in
Nm) are varied by the dynamometer and RPM is either 1800
or 1400. The results are shown in Fig 6-8 where the simulation
conditions are the same as those of Fig. 5.

Referring to Fig. 6-8, even though the controller is
developed on the reduced order model, it shows high tracking
performance. The intake pressure and fresh air flow, in
particular, track the desired trajectories with few overshoot or
oscillatory behaviors. For the exhaust pressure, which does
not determine certain engine performances, the control
performance is not as good as the other states, but the steady
state errors are in an acceptable range [13]. The maximum
error in steady states is 2.88% for intake pressure, 1.70% for
fresh air rate, and 6.54% for exhaust pressure. The largest
error of exhaust pressure occurs near 200sec. which is caused

by poor accuracy of the reduced order model at the condition.
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Fig. 6 Intake manifold pressure for the controller
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Fig. 7 Exhaust manifold pressure for the controller
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Fig. 8 Fresh air flow rate for the controller

V. CONCLUSION

This paper deals with a pressure and mass flow based
control method of the air-path system with dual-loop EGR and
VGT. Without taking the fraction states, which are hard to
measure in real applications, the control performance is
verified with the simulation on a valid model. The future

works will include the experimental verification of the control
system. The estimation methods of exhaust pressure also can
be investigated. With the estimation methods, the whole
system can be validated through HILS (hardware in the loop)
tests or experiments. Besides, research can be done about the
expansion of the conventional controller which was for the
single-loop EGR system using the principle of a pressure and
flow based control.
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