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Abstract
Modern engine exhaust restriction valves can be applied not 
only as retarders. A suitable pressure generation can assist the 
aftertreatment system (exhaust gas temperature management) 
and raw emission control as well. To provide these functionali-
ties the exhaust backpressure has to be controlled arbitrarily. 
In this paper a model-based controller design is demonstrated 
to minimize calibration effort. A first engineering principle 
based, mean-value, nonlinear model was described and con-
verted into linear parameter-varying (LPV) form. To satisfy 
the demands of the above applications the controller needs 
to be a high dynamic, stabilizing, tracking controller which 
is robust in the whole relevant engine operation range. The 
exhaust processes of the individual cylinders generate compa-
rable amplitude pressure oscillations to the expected control 
accuracy. To fulfill the above requirements and manage the 
challenge of the exhaust pressure waves an H-infinity control-
ler design method was chosen. In order to handle the satura-
tion of the control signal a high gain anti-windup was applied. 
Seeking for the lowest possible computational demand the 
controller order reduction was proposed based on Hankel sin-
gular values. Finally the controller performance was demon-
strated and evaluated in software-in-the-loop simulations.

Keywords
diesel engines, pressure control, Linear parameter-varying 
system (LPV), robust control, H-infinity control

1 Introduction
Commercial vehicle wheel brakes are not designed for 

continuous operation. After permanent application, especially 
descending with high load downhill, a brake power reduction 
occurs (widely known as “brake fade”) due to the overheating 
of the frictional surfaces. To avoid it since 1991 buses over a 
total weight of 5.5 t and trucks over a total weight of 9 t have 
to be equipped with an additional brake system, which oper-
ates independently of the service brake system (Hoepke and 
Breuer, 2006). On commercial vehicle diesel engines a widely 
used and cost effective endurance brake is the exhaust brake. 
These brake retarders are typically designed as butterfly valves 
and used for generating backpressure for the engine exhaust. 
The brake power can be increased by generating higher back-
pressure in the exhaust manifold but its value is limited by the 
valvetrain design. Consequently the exhaust manifold pressure 
has to be limited to avoid valvetrain failure. The overpressure 
limit is engine specific so it is an exhaust brake design param-
eter. Therefore several exhaust throttle design are required to 
limit pressure. For example: by means of a hole through the 
flap or an offsetted flap axle etc. See e.g. (Thompson and Flett, 
1994) and (Thompson and Baines, 1995). To fulfill the require-
ments as endurance brakes, exhaust throttles have only two 
states: fully opened and fully closed. Nowadays engine exhaust 
flaps could provide multiple functionality assisting the ful-
fillment of new requirements driven mainly by the more and 
more rigorous emission standards. Regulations came into force 
recently (Euro 6 and US EPA 13) include significant limita-
tions especially on soot and nitrogen-oxides which require the 
use of an aftertreatment system. To maintain high efficiency in 
engine exhaust aftertreatment systems it is desirable to avoid 
cooling by cold exhaust gases in low-load engine conditions 
and also rapid heating. A controlled exhaust backpressure can 
be used in this case to accelerate engine heat up and increase 
exhaust gas temperature at low loads by generating load and 
decreasing fresh-air charge. In high pressure exhaust gas recir-
culation systems the exhaust gas mass flow is driven by the 
pressure difference between the exhaust and intake manifold. 
The resulting conditions depend on the turbine and compressor 
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characteristics. With an exhaust backpressure controller the 
pressure drop on the EGR duct can be adjusted and higher 
recirculated exhaust gas mass flow rates can be reached. With 
an appropriate control of the engine exhaust manifold pressure 
the engine brake power can be adjusted arbitrarily. In this way 
the backpressure controlled exhaust brake operation can substi-
tute a service brake at moderate brake torque demands. This is 
called brake blending. So the exhaust throttle can be integrated 
into the service brake operation and can increase the lifetime 
of brake pads.

This paper deals with a model based exhaust pressure con-
troller design to ensure applicability on different engines and 
minimize calibration effort. In the next section the engine 
air path system with the exhaust throttle valve is described. 
In the third section a first engineering principle based, mean 
value, nonlinear model is defined which is converted into lin-
ear parameter-varying (LPV) form. In Section 4 the pressure 
oscillation in the exhaust manifold is analyzed which is a chal-
lenge of the controller design. In Section 5 the controller syn-
thesis method is demonstrated. The performance is evaluated 
with simulations on a heavy duty truck six-cylinder engine in 
Section 6, which leads to the concluding remarks in Section 7.

2 System description
The controlled system is a common rail, turbocharged 

and intercooled diesel engine. The engine was designed with 
a cooled high-pressure exhaust gas recirculation system 
(HP-EGR). The exhaust throttle valve was installed directly 
downstream of the turbine, which provides the minimum vol-
ume between the engine exhaust valves and the throttle flap to 
minimize pressure rise times. The layout of the test engine can 
be seen in Fig. 1.

3 Nonlinear and LPV model definition
3.1 Nonlinear state-space model description

Preliminarily a complete air path model of a diesel engine 
was validated and published in (Bárdos and Németh, 2013). 
The model presented below was derived from the referenced 
work by suitable simplifications.

As balance volume the exhaust manifold was chosen 
(marked with dashed line in Fig. 1). The effect of the turbo-
charger turbine was neglected because of the small pressure 
drop in relevant operation scenarios of the backpressure con-
troller in the engine map such as low load and idle conditions, 
as consequences of low engine and therefore low turbine mass 
flow rates. In an exhaust manifold a large heat transfer rate is 
assumed to take place. In this case the isothermal differential 
equation for the pressure as state variable is a good approxima-
tion as follows:

dp
dt

R T
V

em air em

em
eo et egr=

⋅
⋅ − − σ σ σ ,

where  pem  is the exhaust manifold pressure,  Rair  is the specific 
gas constant,  Tem  is the exhaust gas temperature,  Vem  is the 
exhaust manifold volume,  σeo , σegr  and  σet  are the mass flow 
rates out of the engine, through the EGR valve and through 
the exhaust throttle respectively. The exhaust gas recirculation 
valve in the above mentioned typical operation range of the 
backpressure controller is usually closed so  σegr  was neglected.

The exhaust gas mass flow rate is the sum of the engine 
intake gases and the injected fuel quantity:

σ σ σeo ei fuel= + .

Due to high amount of excess air the fuel mass flow rate 
is relative small compared to the intake air, especially at low 
engine loads. So  σfuel  was treated as zero. Therefore the use of 
the specific gas constant of the air as well as a constant exhaust 
gas temperature is a good simplification.

The engine can be modeled as a positive displacement pump 
so the induced gas mass flow rate into the cylinders is formu-
lated in the following form:

σ η ηei vol im e
d

vol
im

air im
e

dn V
i

p
R T

n V
i

= ⋅ ⋅ ⋅ = ⋅
⋅

⋅ ⋅ ,

where  ηvol  is the volumetric efficiency,  im  is the intake air 
density,  ne  is the engine speed,  Vd  is the engine displacement, 
i is the number of revolutions per cycle,  pim  is the boost pres-
sure,  Tim  is the boost temperature.

Fig. 1 Layout of the controlled system

(1)

(2)

(3)



203H-infinity Backpressure Controller for High Response Engine Exhaust Throttles� 2016 44 4

The engine volumetric efficiency was treated as a constant 
which is a good approximation for a commercial vehicle diesel 
engine due to the narrow engine speed range.

The mass flow through the exhaust throttle valve can be cal-
culated with the standard orifice equation based on (Guzzella 
and Onder, 2010):

σ ϕet d et et et act
em

air em

em

amb

c A p
R T

p
p

= ⋅ ( ) ⋅
⋅

⋅








, , ,Ψ

where  cd,et  is the discharge coefficient,  Aet (φet,act)  is the geo-
metrical area of the exhaust flap, which is a function of the 
actual flap position.

The flow function Ψ p
p
em

amb( )  is defined depending on the flow 
conditions for  pamb < pcr :
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where  κ  is the adiabatic exponent,  pamb  is the ambient pressure.
The critical pressure can be calculated as:

p pcr em=
+





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⋅
−2

1

1

κ

κ
κ

.

The geometrical area of a butterfly valve in function of the 
shaft position is nonlinear. Approximation formulas can be 
found in (Heywood, 1988). As a consequence of the nonlin-
ear behavior of the system the geometrical area of the throttle 
valve is only relevant in the range of fully closed flap posi-
tions. In this region the throttle area as a function of the throttle 
flap position can be approximated with a linear expression as 
defined below:

A A A Aet et act et et et act leakϕ ϕ
, , , ,

,( ) = − ⋅ +
0 0

where  Aet,0  is the geometrical area of the fully opened throttle 
valve and  Aleak  is the leakage area of the fully closed flap.

As can be seen the system behavior is not continuous due 
to the valve mass flow dependence on the flow conditions. To 
define the model as compact as possible a nominal hybrid mode 
was chosen in order to obtain a unique model structure. The 
backpressure controller operates mostly at sonic flow speeds so 
according to the nominal hybrid mode the mass flow through 
the valve is:
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Due to its comparable rise times with the balance volume 
pressure rise time the inclusion of the actuator dynamics is inev-
itable. It was defined as a first order lag in the following form:

d
dt T T
et act

et
et act

et
et dem

ϕ
ϕ ϕ,

, ,
,= − +

1 1

where  Tet  is the time constant and  φet,dem  is the position demand.
For controller design the model was written in state space 

form as:

d
dt
x f x d g x d u= ( ) + ( ), , ,

where the state vector is:

x =   ∈p
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, ,

,
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2

the input vector is the throttle valve position demand:

u =  ∈ϕ
et dem,

,

the measurable disturbance vector is:

d = [ ] ∈n p
e im
, .
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2

With the above defined notations the state space model can be 
defined as followings:
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The measured and performance outputs are respectively:
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3.2 Conversion into linear parameter-varying state 
space model

To design an H-infinity controller which can handle the 
nonlinear behavior of the system in the whole engine map 
and guarantee robustness the linear parameter-varying state 
space model is a suitable form. This structure was successfully 
applied in diesel engine air path modeling e.g. see (Jung and 
Glover, 2003). H-infinity controller synthesis can be specified 
with separated actuator dynamics from the controlled plant. 
Therefore only the first state equation in (15) was converted 
into the LPV form.
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The linear conversion from the flap valve position to the 
valve area can be calculated by an algebraic function. Seeking 
the simplest model structure as an input the throttle area was 
chosen (u = [Aet]). A review of Eq. (22) reveals that only the 
exhaust manifold pressure enters the state equation in a non-
linear way. Therefor it has been considered as a parameter: 
 =  pem . The boost pressure and the engine speed are meas-
urable disturbance inputs to the plant which multiply the first 
part of Eq. (22). Therefore they have been defined the product:
w = [pim ∙ ne]. So the model was defined in the following form:

d
dt
x

+ + ,
1

= ( ) ( ) ( )A x B w B uρ ρ ρ
2

in which the parameter dependent matrices are given as:
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Note that the A matrix is equal to zero because the state vari-
able was considered as a parameter so a quasi-LPV model was 
specified. The performance output:

z x w ut C D D( ) = + ( ) + ( )11 11 12
ρ ρ .

The measured output:

y x w ut C D D( ) = + ( ) + ( )21 21 22
ρ ρ .

So the state space matrices become:

C D ==



















1

1

0 0

0 0
; .

4 Pressure fluctuations in the exhaust manifold
The above nonlinear and LPV state-space model is a mean-

value model. The exhaust gas mass flow out of the cylinders 
was considered as a constant flow from one single source. In 
fact, the exhaust stroke of individual cylinders is shifted in 
time and the mass flow rate from the exhaust valves changes 
in a wide range. In this way periodic pressure oscillations 
(even 0.5 bar amplitude) arise in the exhaust manifold which 
can be compared to the expected accuracy of the backpressure 
controller. This exhaust frequency, namely the Engine Firing 
Rate (EFR), can be calculated with the following formula. For 
details see (Shah et al., 2010).

EFR n
i
ze= ⋅ ,

where z is the number of engine cylinders. Based on vehicle 
measurements a power spectral density plot were made at dif-
ferent engine speeds, which is depicted below.

It can be seen in Fig. 2 that the measurement returns the 
expected base harmonics frequencies calculated by Eq. (30). 
It can also be seen that the magnitude of the higher order har-
monics is neglectable (except at 700 RPM). The highest power 
spectral density values are reached at 1800 RPM and 2000 
RPM. Note that their magnitude values are depicted divided by 
six and three to ensure readability. The above described non-
linear model was linearized with the Jacobian method around a 
typical operation point: 1500 RPM (the engine speed range is 
between 700 and 2000 RPM and this speed is frequently used 
during the operation of the backpressure controller) pem = 3 bar 
and  φet,act = 92 %. The Bode plot of the system can be seen on 
Fig. 3. The cut-off frequency of the plant is 230 Hz (marked 
with arrow). Therefore the system dynamics overlap the excita-
tion frequencies of the pressure oscillations. Thus it cannot be 
filtered so a rejection of the pressure oscillations effect of the 
control input signal is needed. The proposed controller which 
can handle this problem is described in the following section.

5 Control design
5.1 Control aims and requirements

The control requirements which must be fulfilled by the 
engine exhaust backpressure controller were initially laid down 
as follows:
1.	A stabilizing controller is needed at every engine opera-

tion point and condition that can occur in the presence of 
model uncertanties and disturbances.

2.	Easy applicability and low calibration effort on various 
engines.

(22)

(26)

(24)

(23)

(25)

(27)

(28)

(29)

(30)
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3.	The overshoots should be below 0.2 bars to avoid poten-
tial engine damage caused by a too high backpressure 
level.

4.	The steady state error must be below 0.2 bars.
5.	The closed loop system response time must be as close as 

possible to the open loop system response time.
6.	The control activity must be minimized to avoid damage 

to the bearings of the flap valve as well as actuator drive 
mechanism failure.

7.	The actuator saturation must be adequately handled by 
the controller.

8.	The complexity of the control algorithm should be low 
enough to allow its application in an embedded envi-
ronment, where the clock rate of the applied single core 
processor is in the range of 40-50 kHz and the available 
memory is below 64 kbyte.

5.2 H-infinity controller synthesis
A two degree of freedom closed loop interconnection system 

was considered for the formulation of the H-infinity control-
ler synthesis problem based on the suggestions in (Szimandl 
and Németh, 2014) and (Bokor et al., 2012). The structure is 
depicted in the figure below, where  r  denotes the reference 

input,  u  is the control input, and  ze  is the performance output. 
The structure of the controller includes the  Ky  feedback and  
Kr  pre-filter part, so the controller made up of two parts as
K = [  Kr   Ky  ] .

Wcmd K r Gact Gnom We

K y

Try

Wu

Wm 1 Wm 2

∆ m

r u Aet pem

de

−
− ze

zu

−
− ze

zu

Fig. 4 H∞ controller design structure

Although the pressure waves from the exhaust processes of 
the cylinders are in fact non-modeled dynamics of the plant, the 
effect of these pressure waves can be treated as a disturbance on 
the output of the plant. Therefore its effect on the control input 
is parametrized by the controller as  u = KS0d = K(I + PK)−1 d .
For details see (Zhou et al., 1996) and (Bárdos et al., 2014). 
So the controller must be synthesized with the minimal gain 
from the pem to the control input in the frequency region of the 
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Fig. 2 Exhaust pressure power spectral density plot at different engine speeds
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possible EFR. To avoid high control activity and potential actu-
ator and flap mechanism damages the actuator weighting func-
tion was chosen as a third order high pass Butterworth filter with 
a cut off frequency of 30 Hz as follows:  Wu

s
s s e s e

= ⋅
+ ⋅ + ⋅ +

10

377 7 11 4 6 7 6

3

3 2
. .

. 
The required transfer function from the reference to the exhaust 
manifold pressure has been defined as a first order transfer 
function:  Try s= ⋅ ⋅( )⋅ +

1

1 5 2 1π .  Wcmd  describes the magnitude and 
the frequency dependence of the reference command generated 
by the normalized reference signal  r . Allowing a step refer-
ence input and targeting a maximum backpressure of 5 bars 
constant transfer function  Wcmd = 5 ∙ 105  was defined. The 
actuator dynamics were treated as a first order transfer func-
tion as defined above: Gact s= ⋅ +

1

0 025 1.
. The input multiplicative 

uncertainty Wm
s

s1

0 2

188 5
= +

.

.
 and  Wm2 = 0.003  model was applied 

to deal with the unmodeled dynamics (mainly the exhaust pres-
sure oscillation) of the plant, resulting in 20% uncertainty at 
frequencies above 30 Hz. In order to meet requirements to 
keep steady state errors below 0.2 bars the performance out-
put weighting function was defined as  We s= ⋅

+ ⋅ +
1

0 2 10

1

159 15 15
. .

. To 
derive the robust performance of the closed loop system and 
synthesize the controller the above structure was reformulated 
in the LFT form. In this way the so-called  Δ − P − K  structure 
was reached as depicted in Fig. 5.

∆

r
w

ed

u

ze
zu

y

r̃

Fig. 5  Δ − P − K structure for controller design

Using the weighting functions of the nominal performance 
and the robust stability specifications a sub-optimal  H∞ con-
troller was designed. With the 2-Riccati solution method an 8th 
order controller was reached with  γ = 0.995. In order to meet 
the requirements and design the lowest possible order controller 
the Hankel singular value based order reduction procedure was 
applied. The lowest order controller which showed no appreci-
able performance deviance from initial 8th order controller was 
5th order. Figure 6 shows the resulted controller transfer func-
tion from the exhaust manifold signal to the control input. Note 
that in the critical frequency region of the pressure oscillations 
(possibly EFR frequency region) a suppression occurs.

To reject the effect of the measurable disturbance the follow-
ing feedforward control was specified:

The controller was implemented with the algebraic linear 
function

u f f =
( )
( )

B
B

w1
.

ρ
ρ

2

as depicted in Fig. 7. It ensures the conversion from the throttle 
area to the actuator position demand.

f A
A A A

Aet act
et et leak

et
( ) = =

− + +
ϕ

,

,

,

0

0

5.3 Saturation handling
In order to handle the saturation of the throttle valve actua-

tor a high gain anti-windup was applied similar to (Szimandl 
and Németh, 2014) and (Kothare et al., 1994). The anti-win-
dup compensation is provided by subtracting the difference 
between the actual and the saturated control signals through a 
high gain matrix to the controller input.

Fig. 6 Controller transfer function from  pem  to control input

(31)

(32)
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r Aet ϕet,dem pem

w

Fig. 7  H∞ control structure

5.4 Controller performance evaluation
To evaluate the controller performance the reduced 5th order 

controller was implemented in MATLAB/Simulink environ-
ment in discrete time with 1 ms sample time and numerical 
simulations were carried out. 1500 RPM engine speed and 
1 bar boost pressure was adjusted as a frequently used engine 
operation point during exhaust backpressure generation. The 
test sequence contains a step of the maximum 5 bar backpres-
sure to evaluate the settling time and 0.5 bar steps up and down 
to check the overshoot/undershoot behavior of the system and 
accuracy. The test results can be seen in Fig. 8.

A pressure oscillation was measured in a real engine and, after 
extracting its mean value, it was added to the simulated mean-
value exhaust manifold pressure signal. This “noisy” signal was 
lead to the controller to accurately simulate a real engine. It can 
be seen that the backpressure signal settles without steady-state 
error and without over or undershoot. The pressure rise follows 
the preliminarily prescribed first order behavior. The effect of 
the pressure oscillation still disturbs the control input signal, but 
due to the rejection effect of the controller transfer function in 
the relevant region (see Fig. 6) the peak to peak steady state 
actuator demand chattering is below 8%.

6 Conclusion
This paper deals with a linear parameter-varying (LPV) 

model based H-infinity control of commercial vehicle diesel 
engines exhaust backpressure. The motivation of this work 
is the possible new applications of backpressure controlled 
exhaust throttle valves, e.g.: brake blending, exhaust gas tem-
perature management, exhaust gas recirculation (EGR) sup-
port. A second order control-oriented, nonlinear model was 
derived and converted in LPV state-space form. One system 
state, the exhaust manifold pressure was considered as schedul-
ing variable. The model input is the throttle area which is con-
verted by a linear function to throttle position demand which is 
the input of the actuator. Caused by the exhaust processes of the 
individual cylinders pressure oscillations arises in the exhaust 
manifold signal. The amplitudes of the pressure waves are com-
parable to the expected accuracy. The oscillation frequency is 
overlapped by the system cut-off frequency which was a chal-
lenge through the controller design. Based on the LPV model 
a 8th order H-infinity controller was synthesize. The controller 
order was reduced to 5 by Hankel singular value based model 
reduction to meet low computational demand requirements. To 
handle actuator saturation a high gain anti-windup was applied. 
Controller performance was tested in a software-in-the-loop 
(SIL) test which demonstrates the fulfillment of almost every 
preliminary requirements and the rejection of the pressure 
waves effect, modest control activity. Nevertheless 8 can 
hardly be fulfilled at the present level of controller complexity 
despite of the controller order reduction procedure.
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Fig. 8 Controller performance during a test cycle
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