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ABSTRACT

In real-world automotive control, there are many constraints to be considered. In order to explicitly treat the constraints, we introduce a
model-prediction-based algorithm called a reference governor (RG). The RG generates modified references so that predicted future
variables in a closed-loop system satisfy their constraints. One merit of introducing the RG is that effort required in control
development and calibration would be reduced. In the preceding research work by Nakada ef al., only a single reference case was
considered. However, it is difficult to extend the previous work to more complicated systems with multiple references such as the air
path control of a diesel engine due to interference between the boosting and exhaust gas recirculation (EGR) systems. Moreover, in the
air path control, multiple constraints need to be considered to ensure hardware limits. Hence, it is quite beneficial to cultivate RG
methodologies to deal with multiple references and constraints. In this paper, we develop the RG algorithm based on gradient descent
method to allow for multiple references and constraints. We demonstrate the effectiveness of the presented RG algorithm in a transient
driving cycle experiment using a real engine, in which constraints are enforced on maximal boost pressure, turbine speed, compressor
surge and maximal and minimal EGR rates. The experiment implies that we have expanded the applicability of an RG to system with
multiple references compared to the previous work for only a single reference.
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technologies aimed at enforcing constraints are attracting attention. Figure 1. Control system with a reference governor (RG)

Control technologies that can take state variable and control input Among preceding research works related to RG, there were several

constraints into account include anti-windup control (AWC) [2] and application studies reported such as the application to a helicopter

reference governors (RG) [3]. The AWC control method takes [3], a high pressure steam condenser [4] andgagurbocharged
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engine control systems, in particular, catalyst temperature control [6]
and boost pressure control [7]. Applying the RGs to more complex
systems that include multiple control inputs and outputs as in air path
systems will require expanding them to cover multiple references.
This will undoubtedly make RG algorithms even more complex. In
such a case, the computational burden has to be kept under a level of
current engine electronic control units (ECUs). This paper therefore
proposes an online RG algorithm executable on the ECU to
simultaneously modify multiple references. By applying the
algorithm to the control of boost pressure and exhaust gas
recirculation (EGR) in a diesel engine air path system, we validate
the effectiveness of the present method.

SYSTEM CONFIGURATION

Figure 2 illustrates the structure of a diesel engine air path system. A
variable geometry turbocharger (VGT) is used to achieve the boost
pressure required for both particulate matter reduction and engine
power generation. At the same time, an EGR valve and a throttle are
used to recirculate some of the exhaust emissions to the intake and
reduce nitrogen oxides (NOx) emissions. The air path can be
described as an interactive system, since exhaust energy is
transmitted through the turbine shaft and the exhaust gas goes
through the EGR path to the intake path. We define the EGR rate in
the intake manifold as the ratio of the exhaust gas flow rate passing
through the EGR valve to the mixed gas flow rate into the cylinder.
The two variables, boost pressure and the EGR rate, have to be
controlled simultaneously due to their interference.

The constraints in the plant are presented below. First, boost pressure
is subject to an upper limit constraint due to the allowable maximum
cylinder pressure during turbocharging. The EGR rate is constrained
at upper and lower limits, since the upper one is for stable
combustion, and the lower for a NOx reduction requirement. There
are also a number of other constraints in reality (see Table 1).

EGR cooler -

EGRQ Exhaust manifold

valve Busied

Turbine gas
Intake throttle Cylinder
Intake manifold
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Boost pressure sensor Pim Compressor
Charge air cooler Air

Figure 2. Air path system of a diesel engine

STRUCTURE OF REFERENCE GOVERNOR

The entire structure of the RG algorithm is shown in Figure 3. By
repeating the iteration loop consisting of elements 1 to 3 in the figure,
we can calculate the modified references in real time. An overview of
the elements 1 to 3 is as follows

1.  Model-based future prediction: A model of the closed-loop
system surrounded by the dashed rectangle in Figure 1 is used
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to predict the future behavior of state variables over a prescribed
prediction horizon.

2. Calculation of an objective function: The predicted state
variables over the prediction horizon are used to calculate an
objective function that takes the constraint penalty into account.

3. Search for modified references: An iterative search for
modified references is carried out to minimize the objective
function. Since this paper considers a tracking control for the
two references, namely, boost pressure and the EGR rate, an
optimization algorithm on a planar space is required.

The next section provides details on these three elements in the
RG algorithm.
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Figure 3. Structure of the RG algorithm

PLANT MODELING

In this section, we consider modeling the diesel engine air path
system. Table 1 lists the main constraints on the plant. The
characteristics of constraints are categorized according to the
following characteristics.

1. Whether a constraint is on a single variable ((i) to (iii)), or is
affected by multiple variables (iv).

2. Whether a constraint is a time-driven event ((i) and (ii)) or a
crank angle-driven event dependent upon the engine speed (iii).

3. Among time-driven events, whether it (i) involves a fast
phenomenon (time constant of 1 second or less) through the
direct effect of gas flow, or (ii) involves a slower phenomenon
(time constant of more than 1 second) due to the effect of a
change in energy or a transfer of heat.

Table 1. Constraints in the air path system

Single variable (iv)Multiple
Category [Time-driven event (ili)Crank angle- variables

(i)Fast response |(ii)Slow response driven event

*EGR rate +Compressor - Missfire +Compressor]

. _.|* Boost pressure outlet temperature |- Cylinder surge

(Constraint

-Exhaust pressure |- Exhaust gas pressure

- Turbine speed temperature

The above points are used to divide the constraints into the four
categories as shown in Table 1. It is important to develop an RG
algorithm that covers all of those categories (i) to (iv). In this paper,

we select the boost pressure P, , the EGR rate Z

im

EGR>

the exhaust

pressure (the pressure inside the exhaust manifold) P, , and the
turbine speed N, constraints from category (i). In addition, the

compressor surge constraint is considered category (iv). Categories

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/sae-2017-01-0586
http://www.avadocuments.com/doc/sae-2017-01-0586

Shirai et al / SAE Int. J. Commer. Veh. / Volume 10, Issue 1 (May 2017) 293

(i1) and (iii) are single-variable constraints and omitted here for the
sake of simplicity, because they can be extended in the same manner
as the category (i). Unlike the categories (i) to (iii), the surge
constraint in the category (iv), is affected by multiple variables. To
handle this, we need to deal with a constraint on multi-dimensional
space in the RG algorithm as described below.

Figure 4 outlines the surge constraint. The surge limit line / is defined
on a planar space of G, and P , where G is the air flow rate, P, =
P,/P _is a pressure ratio, P, is the compressor outlet pressure and P,
is the ambient pressure. The surge occurs in the operating region on
the upper-left of . It depends on both G and P, so these two
variables should be considered simultaneously. For the sake of
simplicity, this paper assumes the ambient pressure P is constant,
and models the compressor outlet pressure P; rather than P,
Operating point Surge
limit]

Surge
P, |region

Normal region

Ga

>
-
Figure 4. Schematic diagram of compressor surge

We introduce a discrete time plant model described by

x(k + 1) = Ax(k) + Bu(k) + Ed(k),
0

wherex=[P, Z .. P, N, G P,]" € RS is the state vector, u = [t
Uy, Mthr]r € R’ is the input vector whose elements are, in order, the
VGT, the EGR valve and the throttle positions. d = Usp € R is the
fueling command. k represents discrete time. 4 € R, B € R and
E € R®! are coefficient matrices. Note that although Equation (1) is
written as a linear dynamical model, the characteristics of actual
engines vary according the operating region. Therefore, the matrices
A, B and E are described as functions of engine speed N, and the
fueling Usorr In the RG, Equation (1) is used as the future prediction

model. Since the future values of N, and u et ATC unknown over the

prediction horizon, they are assumed to be constant over it.

In this paper, we utilize a PI controller as the feedback controller in
Figure 1. By applying the PI controller to the plant model, we
obtain the closed-loop system. In the RG design described in the
following section, a model of the closed-loop system is used to
predict the future behavior of state variables over a prescribed
prediction horizon.

REFERENCE GOVERNOR DESIGN

This section introduces an objective function involving a constraint
penalty over the prediction horizon, and designs an RG algorithm to
minimize the function. In particular, the surge constraint, which
depends on two states, is taken into account by expanding the
one-dimensional penalty as in [6, 7] to a multi-dimensional one
(two-dimensional in this case).
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Constraint Penalty on Multi-Dimensional Space
Constraint penalties on a prediction horizon are examined below. As
shown in Figure 5, the constraint penalty in [7] is given as the area of
a single predicted trajectory over its constraint. Now, we extend the
constraint penalty to a two-dimensional one to deal with the surge
constraint, which depends on two states.

Future prediction

Constrained
variable
Constraint penalty

~
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Time
Figure 5. Constraint penalty for a single variable
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Figure 6. Definition of constraint penalty in 2-dimensional plane

Figure 6 is a conceptual diagram of the two-dimensional constraint
penalty. Here, x € R? is a vector from a prescribed operating
condition A to the intersection C projected along the axis of air flow
rate G Similarly, y € R? is a vector from A to B along the axis of
pressure ratio P . The surge limit line / in the graph is approximated
as a straight line near the operating condition A. Then, the distance
h between the operating condition A and the surge limit line / is a
possible candidate for the constraint penalty. Considering the area
of triangle ABC yields h = [|x|[[[y|l/y/llx|I? + [|¥][?. In the
denominator on the right-hand side, x and y vary in time, which
could cause a division by zero in online calculation. As an
alternative, the norm of the vector v =x + y, namely

lvll = /lIxl1? + llyll?, is therefore considered. Although ||v|| could
have a value larger than the distance 4, it is expected that by
minimizing the alternative ||v|| the distance 4 can be minimized as
well without causing a division by zero. In this paper, ||v|| is
regarded as the constraint penalty for the surge constraint.

Note that the constraint penalty calculation above gives a low
computation burden, since a straight line approximation is introduced
near the operating condition of the surge limit line. Of course, a
complex calculation such as evaluating the area between a more
complicated surge curve and a predicted trajectory could be a
possible choice, when constraints with more complex shapes are
handled or more rigorous constraint penalties are evaluated.
However, such cases may lead to a significantly increased
computation burden. Hence, it is necessary in reality to determine a
method of calculating constraint penalties by considering the
trade-offs between the allowable computation burden on ECUs and
the evaluation accuracy for constraint penalties.
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