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Abstract: This paper describes a method for the control of transient exhaust gas recirculation
(EGR) systems. Firstly, a state space model of the air system is developed by simplifying a
mean value model. The state space model is linearized by using linearization theory and
validated by the GT-Power data with an operating point of the diesel engine. Secondly,
a state feedback controller based on the intake oxygen mass fraction is designed for EGR
control. Since direct measurement of the intake oxygen mass fraction is unavailable on the
engine, the estimation method for intake oxygen mass fraction has been proposed in this
paper. The control strategy is analyzed by using co-simulation with the Matlab/Simulink and
GT-Powers software. Finally, the whole control system is experimentally validated against
experimental data of a turbocharged diesel engine. The control effect of the state feedback
controller compared with PID controller proved to be further verify the feasibility and
advantages of the proposed state feedback controller.
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1. Introduction

Increasing demands for more efficient engines and stringent limits on exhaust gas pollution require
more accurate control of engine operating parameters, especially under transient conditions. EGR is an
effective technology to reduce NOx emissions from diesel engines. The traditional EGR control can be
divided into open loop control and closed loop control. In open loop control, according to the current
conditions and the steady-state control MAP, the EGR valve opening is adjusted by the control system.
This control method is simple, but has low precision because the engine operation parameter variation
under transient conditions are not considered. In order to improve the control precision, the closed loop
EGR control system was developed and tested. The closed loop EGR control mainly includes two
categories, EGR valve opening control and EGR rate control. For the EGR valve opening control,
according to the MAP of EGR rate, the optimum EGR rate with certain conditions is calculated by the
control system. Based on the EGR valve opening MAP, the target EGR valve opening is calculated.
Finally, based on the target and actual EGR valve opening, the EGR valve is controlled by a PID
controller. This control mode is more common because it has good control effects under steady-state
conditions, but under transient condition, EGR valve opening cannot completely reflect the real EGR
rate, so it is unable to realize an accurate EGR rate control. For the EGR rate control, the EGR rate
estimation method based on the air flow is often used [1]. The target EGR rate is identified firstly by the
control system based on the EGR rate MAP, then the target air flow is calculated based on the air flow
MAP, finally, according to the desired and real air flow, the EGR valve is controlled by a PID controller.
In this control mode, it is assumed that the amount of intake gas does not change under certain conditions,
however, with the poor transient response of the turbocharger, the amount of intake gas will change a
lot during transient conditions which may lower the control precision of the EGR rate.

The traditional EGR control method without fully considering the properties of inertial components
under transient operation conditions makes the EGR system unable to operate with optimum behavior
under transient conditions, which may result in a deterioration of the transient emissions. Research on
transient EGR control has been presented in recent years [2—6], most of which control methods are based
on PID output feedback control algorithms. The EGR rate, excess air coefficient and intake oxygen
concentration are often adopted as feedback parameters. With the development of modern control theory,
more and more new control algorithm have gradually been applied in diesel engine air system control
(EGR control and variable geometry turbocharger or VGT control), such as model based predictive
control [7], linear quadratic gaussion control [8], and the nonlinear Sliding Mode Control [9], etc.
All these control methods improve the control precision and response properties of the controller.
The state feedback control is the most basic control form of modern control theory. Compared to the
traditional output feedback control, the state feedback control can effectively improve the performance
of the system [10].

For the transient EGR control of the turbocharged diesel engine, because the control object is complex
and the control requirements are very high, new control methods are needed. In this paper, a method
based on state feedback control is proposed to control EGR systems. Firstly, the dynamic model of the
air system is developed. Then according to the control requirements, the model is simplified. After that,
the model is linearized according to the linear theory. Using the data simulated by a calibrated GT-Power
model at a certain operation point, all these characteristics of the state space model (controllability,



Energies 2015, 8 5020

observability and stability), are analyzed. A state feedback controller based on the intake oxygen mass
fraction has been designed to control the EGR system. Since the intake oxygen mass fraction cannot be
measured directly, a method to estimate the intake oxygen mass fraction has been proposed in this paper.
The control strategy is evaluated by using a co-simulation with GT-Power and Matlab/Simulink. Finally,
the designed controller is tested on a light-duty turbocharged diesel engine with an EGR system. Compared
with the PID controller, the control effects of the state feedback controller are greatly improved and the
performance of the state feedback controller is verified by the experimental results.

2. Dynamic Model

In this paper, the mean value model is developed by using the YC4E170-31 turbocharged diesel
engine as a prototype engine. Matlab/Simulink is used as the tool to build the model. The diesel engine
system consists of the intake manifold, exhaust manifold, turbocharger, EGR valve, intercooler, EGR
cooler and cylinder, as shown in Figure 1. Detailed descriptions of all these subsystems are given in the

following sections.

Intake manifold
m_, . Compressor
clrdpy

PaTa

\ o

Intercooler

EGR Cooler EGR Valve

Exhaust manifold PuT

Turbine
Figure 1. Block diagram of turbocharged diesel engine with HP EGR system.

2.1. Intake Manifold

Generally, the control volume method is used to build the intake manifold model. It is assumed that the
intake manifold temperature is constant, according to the conservation of mass and energy and the ideal
gas law, the gas mass, pressure, and air mass fraction of the intake manifold can be derived as [11]:

my = Mgy + 1y — 1y, (1)
YR
P = 7g(mc1Tcl +my, T, = mleT{) (2)

1

ity (B, =B+, (1-F)
F = 21( 2 1 cl 1
| " (3)
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where 1, is the gas flow rate through the compressor; 71,, is the gas flow rate through the EGR valve;
m,, 1s the gas flow rate into the cylinder; 1, is the gas flow rate through the intake manifold; m is the
gas mass in the intake manifold; T, is the outlet temperature of intercooler; 7}, is the inlet temperature

of EGR valve; V1 is the volume of the intake manifold; y is the specific heat ratio of the air in the intake
manifold; Ry is the gas constant of air in the intake manifold; F% is the air mass fraction of the unburned
air in the exhaust manifold; /1 is the total air-mass fraction in the intake manifold.

2.2. Exhaust Manifold

The exhaust manifold is modeled in the same way as the intake manifold:

1y = Mg =Ty, =Ty, (4)
. YR, . .
D, = 7g(me2]; —m, T, _mthz) (5)
2
. n, (F,—F,
£ = meZ( o 2) ©)
m,

where m_, is the mass flow of the exhaust from the cylinder; m,, is the mass flow of gas through the

turbine; m2 is the mass of gas in the exhaust manifold; 7e, 7> are the temperature of the gas exhaust from
cylinder, the gas in the exhaust manifold; Fe2 is the mass fraction of unburned air exhausted from
cylinder; 72 is the volume of the exhaust manifold.

2.3. Turbocharger

Turbocharger can be simplified as a first order inertia system with a time constant [12]:

.1
P =—(n,R-P) 7

tc

where nm is the turbocharger mechanical efficiency; 1« is a time constant associated with the structure
of the turbocharger. The output power of turbine can be estimated based on the first law of
thermodynamics [13,14]:

1-y
F =nginyc,,T, (1 -’ J (8)

Similarly, the flow of the compressor can be approximated by:

m. =

cl E
o [ncy _IJ ©)

where mt = p2/pa is the expansion ratio of turbine; mc = pi/pa is the boost pressure ratio of compressor;
Nt, Ne are the isoentropic efficiency of turbine and compressor respectively. The mass flow of the turbine
can be estimated based on the equation of continuity of gas steady flow [5]:
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o Acffpz
=R, v (P P,) (10)
1 p
—,0<2<0.5
V2 P> : . .
where vy, (p,,p,) = Aetr 1s effective flow area of the turbine nozzle.
2i(l—&],o.s <P
P, )2 P>

The outlet temperature of the compressor can be calculated as [15]:

1 ¥l
I, =T, 1+n— n’ -1 (11)

The EGR flow rate can be approximately calculated by a nozzle orifice equation, and can be

2.4. EGR Valve

simplified as follows:

_ Aegrp2

iy =—2=v_(p.p,) 12
JR (12)

1 p
—.,0<= <05
\/5 D, ) .
where \I’e( Dis Pz) = 5 s A =C, (uegr) A, 1s the effective flow area of the
i[l—ﬂj,o.s <P
D, D, b,

EGR valve, 4reris the reference flow area of the EGR valve; Ca(uegr) is the flow coefficient, which is the
function of the EGR valve opening rate; 7, is the temperature downstream of the EGR cooler.

2.5. Coolers

There are two coolers in the whole system: the intercooler and the EGR cooler. Usually the pressure
drops across the coolers are neglected, and the temperatures after the coolers can be calculated by the
following equations [16]:

T =T (1770 )+ Ty (13)
Ty =T, (1-n. )+ N T (14)
where Tcool 1s the coolant temperature; nec, Nee are the cooling efficiency of the intercooler and the
EGR cooler.
2.6. Cylinder

As the research object is the air system of a diesel engine, the physical model of the cylinder can be
relatively simple. The cylinder is simply treated as a material exchange channel for the intake manifold
and the exhaust manifold. The dynamic characteristics of the cylinder are neglected, Assuming that the
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engine speed is as a known input, the mass flow into the cylinder can be calculated by speed density
equation [17]:
. _ NVp
my, = ———
le 120Rg7—{ T.lvol (15)

where Ne is the engine speed; Va is the cylinder displacement volume; nvoi is the volumetric efficiency
of the cylinder, which is a function of the engine speed and intake-exhaust pressure [18]. Regardless of
the residual gas retention, mass flow of exhaust gas from cylinder can be calculated as follows:

meZ =mle +mf (16)

The mass fraction of unburned air in the exhaust gas can be calculated with the assumption that the
fuel injected into the cylinder is completely burned:

e2

i (17)

where 1, is the mass flow of fuel; /; is stoichiometric air-fuel ratio.

The exhaust temperature 7e is affected by many factors which can be modeled by usually using steady
state date fitting method:

T, =T, +AT, }

AT, = f(N.¢,.F) (18)

where ¢, is the excess air coefficient.

2.7. Model of the Air System

Through the above analysis, the air system can be described by seven differential equations
(Equation (19)):
my = Mgy + 1y — 1y,
YR
b :7g(mcchl +y, T, _mleY;)
1

F _ mzl(Fz_E)"'mcl(l_Fi)

1

m,
mz :”:l]e;_mﬂ_mﬁ (19)
D, :_g(mezTe — iy, T, _mthz)
2
F _ mez (FeZ _Fz)

2
m,

=1
R=—M,R-FR)

tc

There are seven states corresponding to these seven differential equations, and these states describe
the mass, pressure and elements of the gas in the intake and exhaust manifold, and the dynamic
characteristics of the turbocharger.
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2.8. Model Simplification and Linearization
2.8.1. Model Simplification

The dynamic model given by Equation (19) is widely applied in analyzing the characteristics of air
systems. As this model is too complex, there will be many limits when using the model to design a
controller. Thus, the model should be simplified. According to the analysis of [19], it is more reasonable
to select the intake oxygen mass fraction as the control parameter for EGR control. The oxygen mass
fraction in the intake manifold and exhaust manifold can be calculated based on mass conservation:

(Xo,z _XO,l)mZI +(XO,air _Xo,l )mcl

X,, = - (20)
1
. X, — Xy, )i,
XO,Z — ( 0, ~ 0,2) 2 (21)
2

where Xo.ir 1S the oxygen mass fraction of air. The oxygen mass fraction of the exhaust gas can be
approximated by X, = (s X, — il / m,, , [1 is the stoichiometric oxygen fuel ratio. Assuming that

the temperature of the intake and exhaust gas not changed in transient condition, the intake and exhaust
flow m1 and m2 can be calculated by the ideal gas equation [20], the two states can be removed from
the model.

Selecting the state variables x = [p1, p2, Xo.1, Xo0.2, Pc] and the input variable u = uegr, the state space
equation of the air system can be derived as:

: K
p] = _Klpl +K2Cd (uegr)wepz +Y;+Pc
p, =K,p, —[K,C, (“egr)‘l’e + Ky, 1p, + K m,
- P K R
X0, =K,Cy(ug, )V, _2(X0,2 —Xo, ) +L+'_(Xo,air _Xo,1)
P [ncy _IJ P (22)
Xy, =K, PL(X, = Xy, )~ Ko, 2= (X, +1
02 =By ( 0.1 0,2) 71My ( o2t 1)
2 )2
-y
=Ky, (Fﬂty ]pz — KL,
where K; (j =1, ..., 9) can be assumed as a constant in a certain operating condition, the value of these

coefficient can be calculated from the following equations:

NV e RTA o RIN o NV R4
L ’ - 2 - 2 4 s - —
120Vl 2 Vl RgTzl 3 VlTacpJ 1201/27; | Vz RgTzl
A RT, R[T, N, M,Cn Ty Ay 1
_ g VK =& K, = p2t2 K =—

K6 7 [ ° 9
VZ V2 th RgTé th
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The intake oxygen mass fraction is chose as control object that means selecting Xo,1 as output variable,
the output equation is as follows:

v =Xo,1 (23)
2.8.2. Model Linearization

The state space equations of the air system consists of Equations (22) and (23) which can be
characterized as seriously nonlinear. A linearization model should be deduced by adopting the Taylor
approximation linearization method [21]. The model can be linearized in the vicinity of an operating
point (xo, uo), then the vector matrix of the linearized state space system can be described as follows:

Ax=AAx+BAu

Ay = CA x+ DAu (24)

where Ax = x —x0, Au=u—uo, and Ay =y —yo; A, B, C, D are the coefficient matrices of the state space
model, which can be derived as follows:

o0 g,

dp,  0p, OF, _i_

L N Oty

o, Op, i

A:(afJ |9 9 o o 9 ,B:(gj _| Ot ,

ox’ - op, 0p, 0X,, 0X,, OF, ou )y . of;

9% 9 9 9 Ol

op, Op, 0X 0,1 0X, 02 0

o & o o I L0 Lo
op, OF,

L —xg Uy

c:(agTJ —[0 0 1 0 0] ,D:(a—gj =0
X )y Youtlo OU )y

As the system is a single-input and single-output system, Au and Ay are scalar, 4 is a (5 x 5)
dimensional matrix, B is a (5 x 1) dimensional matrix, Cis a (1 x 5) dimensional matrix, D is a scalar.

3. Characteristics Analysis and Validation of the Model
3.1. Characteristics Analysis

Controllability, observability and stability are the three important features of the control system,
which will be analyzed in the following sections. Characteristics analysis of the state space model is
critical for the state feedback controller design, which is the basis for the optimal control. The operation
conditions of 1500 r/min, 25% load, and 20% EGR valve opening are chosen to build the calculation
model of the coefficient matrices with Matlab/Simulink. The relevant data simulated from the calibrated
GT-Power model can be input into the calculation model so that the coefficient matrixes 4 and B of the
operating point can be obtained:
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[ —130.64 8.91 0 0  1538.1] [ 1.02x10°
92.05 —212.84 0 0 0 —4.64%10°
A=[-399x10"° -825x10* —17.72 141 0013 | B=| —94.81
0.0047  1.80x10™* 50.84 -52.50 0O 0
0 2.32 0 0  -3333] 0

3.1.1. Controllability

The output equation mentioned above is a function of the intake oxygen mass fraction. The intake
oxygen mass fraction is a state variable of this control system. With the state of the air system controlled, the
output of the control system also can be controlled. According to the controllability criterion, the
system 1is completely controllable with the full rank of the controllability judgment matrix
[B AB A" B][10]. As the judgment matrix of the operating condition point is full rank, so the

system above is completely controllable.
3.1.2. Observability

Observability refers to the ability to estimate a state variable. The necessary and sufficient conditions
for linear time-invariant system that can be observed are that the observability matrix given by
[C CA CA""' 1" is a full rank matrix [10]. The rank of the observability matrix at the operating

point is 5, so the system is completely observable.
3.1.3. Stability

Stability is a prerequisite for the system to work normally. In the analysis and design of a control
system, the stability should be considered as a top priority. Based on the definition of the stability by the
Russian scholar Lyapunov, the necessary and sufficient condition of linear system stability described
by a state space is that all eigenvalues of the state matrix 4 be located on the left side of a complex
plane [10]. Using the eig command in MATLAB, we can get the eigenvalues of the matrix and the
eigenvalues of the state matrix, which are all on the left side of the complex plane, therefore, the air
system is asymptotically stable.

3.2. Validation of the Model

The linear state space model of the air system of the turbocharged diesel engine is built by
Matlab/Simulink. An AGT-Power model of the YC4E170-31 turbocharged diesel engine is also built
and validated based on the structure and operation parameters of the engine. Taking 1500 r/min, 25%
load, 20% EGR valve opening as the simulation and comparison operating point, by changing the EGR
valve opening, the changes of the five state variables (Ap1, Ap2, AXo.1, AXo.2, APc) simulated from the
two models are compared to validate the accuracy of the state space model.

Table 1 shows the simulation results. The table shows that near the operating point, when the EGR
valve opening changes 5%, the state space model has a relatively accurate prediction of the changes in
all five variables, and the evaluated error of the intake oxygen concentration changes even less than 1%.
When the EGR valve opening changes 10%, the calculated results of the state space model decrease
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linearly, and only the predicted value of the intake oxygen concentration change maintains a high
precision. It is shown that in a certain neighborhood of the operating point, the linear state space model
can accurately describe the system dynamic characteristics, and the further from the operating point one
is, the larger the prediction error is.

Table 1. Comparison results.

Case Number Items Au/% Api/Pa Apy/Pa AXoi/% AXoa/% APJW
GT-Power model;

. . 5 -984 —1462 —0.305 -0.402 —99.18
Simulation results
1.
Case | State space model, 5 —938 —1496 —0303 —0382 —104.3
Simulation results
Relative difference/% 0 —4.6 2.3 -0.8 —4.9 5.1

TP 1
GT-Power model; 10 —1783 -2822 —0.603 —0.815 —194.67
Simulation results

Case 2 State space model; 10 —1877 -2992 —0.605 —0.765 —208.6
Simulation results
Relative difference/% 0 5.3 6.0 0.35 —-6.2 7.2

4. State Feedback Controller Design
4.1. State Feedback Matrix Optimization

The linearized state-space equation of the air system can be described as Equation (24) and the control
variable Au is substituted by the state variable Ax:

Au=Av—-KAx (25)
where Av is the reference input vector of the system; K is (1 x 5) feedback gain matrix. The closed loop
equation of the state feedback system can be obtained as follows:

Ax=(A-BK)Ax+BAv

Ay=CAx (26)

The feedback matrix may affect the performance of a closed-loop system directly. Based on optimal
control theory, the quadratic optimal design method can be applied to calculate the feedback control gain
matrix. Assuming that the error vector is:

e(r)=Av(1)=4v(1) 27)
The general form of the quadratic performance index can be described as follows [22]:
1 1 ¢,
J = Ee(tf )Fe(tf)JrEL: [e(t)Oe(t)+Au(t)RAu(t)Jdt 28)

where the coefficients F, O, R are weighting matrices. Assuming that the target input vector Av(¢) = 0,
the actual output vector can represent the deviation of the system. As the terminal state of the system is
always required to reach equilibrium, when the terminal time # = oo, the system performance index
function can be simplified as follows:
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J :% j:[Ay(z)QAy(t)+Au(r)RAu(z)]dt (29)

Using the minimum principle, the optimal control law Au" (f) of the performance index can be
derived as:

Au"(t)=—-R"'B" PAx(1) (30)

where P is positive definite matrix, which satisfies the Riccati equations:
A" P+ PA+C"QC-PBR'B"'P=0 (31)

Let K= R 'B™P, suppose that the positive definite matrix P can be calculated, then the state feedback
gain matrix K also can be obtained. The feedback gain matrix K with the different weighted coefficients

0 and R around the operating point can be calculated and the system response under the initial state
Ax(t,)=[0 0 10 0 0]" isalso analyzed with the following results:

(1) O0=1, R=3 (for the system is SISO system, Q and R are scalar)

K=1[482x10"7 1.07x10° -0.41 -5.5x10"° -7.70x107], the performance index J is 1.47.
2) O=1,R=20

K=1[1.13x10"7 2.44x107 —-0.1 —1.8x10” —3.46x107], the performance index J is 2.38.
3) O0=1,R=30

K=1[7.75x10" 1.69x107 —-0.07 -1.3x10" -2.67x107], the performance index J is 2.53.

The output and input response curve are shown in Figure 2. From the optimal control results with
different weight coefficients R, it can know that when the weight coefficient Q remains unchanged, with
increasing R, the feedback matrix is smaller than before, and the response is also slower than before.
Considering the practical conditions, the value of the input should be between 0 and 1. When O =1,
R should be greater than 20. However, if R is too large, the response characteristics of the system also
become poor, so initially R = 30 is selected.

10 R=3 5 ——R=3
—_ R=20 | e R=2()
S —r=30 T 4 ——R=30
Y 1 = ]

[72] "]
S 6 %3—
= 4 £ 2
; -
& 2 |
= 2 S 14
= ] ]
O T T T M T M T v T M O M T T M T M T M T M
0.00 005 0.10 0.15 020 0.25 0.30 0.00 0.05 0.10 0.15 020 0.25 0.30
Time|s| Time|s]
(a) (b)

Figure 2. The optimal control results. (a) Output response; (b) Input response.
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4.2. Servo Compensator Design

When the system reference input Av(¢) is the unit step function, the unit step response curve of the
closed-loop system can be obtained, as shown in Figure 3. From the figure it can be seen that although
the closed-loop system is stable, the change of the output does not follow the change trend of the
reference input. The system has static errors.

0.5

0.4 -

0.3 1

0.2 1

Output step response

0.1+

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time[s]

Figure 3. The step response of the system.

The basic method to eliminate static errors is to insert an integrator in the forward path between the
control object and the error comparator. That is a servo compensator, as shown in Figure 4. The
characteristic equation can be described as follows:

Au=-KAx+KgE

. 2
E=Av—-y=Av-CAx (32)

where & is the output of the integrator, it is a scalar; K1 is integral gain, it is also a scalar.
Taking & as the system state variable, the dynamic characteristics of the system can be described as

follows [23]:
Ax| |A-BK BK,||Ax| |0
& = C 0 : + ) Av (33)

State observer L]

Figure 4. Structure diagram of the compound system.
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Figure 5 shows the step response curves of the system with the servo compensator. From the figure,
it can be seen that as the gain |K ,| increases, the output response curve rise time is shorter and the

response is quicker. When |K ,| exceeds a certain value, overshoot would appear, and there is no longer

a significant change on the system adjustment time. Therefore, K1 = —1.2 can be set temporarily.

1.2 0.00 KI=-1.8
g 1.0 I © — K [=-1.2
g 2 -0.05- —KI=-0.6
2 0.8 g
s g
§ 0.6 = -0.10 1
£ 0.4 z
= .4 -
= =
> KI=-1.8 S -0.151
o 0.29 —KI=-12 =
0.0 T T T T T T T KII:_O'6 -0.20 T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Time|s] Time|s]
(a) (b)

Figure 5. Step response curves of the system with the servo compensator. (a) Output step
response; (b) Input step response.

4.3. State Observer Design

When state feedback is adopted to control a certain system, it is necessary to use sensors to measure the
state variables in order to provide feedback, but sensors are usually used to measure the output. Many
intermediate state variables are inconvenient or cannot be measured in practice. A state observer for state
control variable reconfiguration is presented here. From Figure 4, the dynamic equation of the state
observer can be developed as follows:

Ax=(A-K,C)A%+BAu+K, Ay (34)

The state observation error equation is:
Ax=(A-K C)A% (35)
and its solution is:
AZ(1) =" VA %(0) (36)

It is possible to adjust the eigenvalues of the state observer system matrix 4 — K.C by properly
designing the reconstruction of the state variable with the gradual equivalent index. That the controlled
object is completely observable is a necessary and sufficient condition for the matrix A — KeC that has
arbitrary desired eigenvalues. Based on the above description, the system is observable under the
operating point conditions and it is possible to realize the state observer design. To design a state
observer, the general assumption is Av = 0, then there is Au=— K A x. The system state equation can
be described as follows:
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Ax=(A-BK)Ax+BK(Ax—AX) (37)
Based on the Equations (35) and (37), we can get:

Ax| | A-BK BK Ax
I - (38)

AXx 0 A-K C || Ax
When completing the design of state feedback matrix K, the pole placement method can be adopted
to design the observer feedback matrix K.. Assuming that the initial state of the composite system is
[Ax(0) A%(0)]'=[0 0 10 0 0 0 0 5 O O] . Figure 6 is the response curve of the
compound system under the given initial state when the pole matrix of the observer is 1.2 E. It can be

seen from Figure 5 that the reduction speed of the error is two times faster than the response speed of
the system which satisfies the basic requirements.

The observation and state feedback system with servo compensator is shown in Figure 4. For state
feedback control based on the observation state Ax, there is Au = -KAx + K&, the dynamic equation

of the composite system is shown as below:

Ax A ~-BK BK,|[Ax] [0
AX|=|KC A-KC-BK BK, | A%|+|0|Av
13 —C 0 0| &| |1
39
Ax 39)
Ay=[C 0 0] A%
g
where K is a (1 % 5) dimensional matrix, Ke is a (5 % 1) dimensional matrix.

10

j AX3
g 84 CITOT]
T
= 07
> -
£
w44
o0
= )
=
o 27

O T T T T T T T T T

0.00 0.05 0.10 0.15 020 0.25 0.30

Time]|s]
Figure 6. Response curve of the compound system under the given initial state.

Figure 7 is the step response of the system. It can be seen that the estimate value Ax, is quickly
approaching the actual value of the system state Ax,.The control effect of the observer state Ax, and the
system state Ax, show almost no difference, which further demonstrates that the designed state observer

can meet the basic requirements.
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Figure 7. Step response of the compound system. (a) numerical changes of Axs;
(b) numerical changes of Au.

4.4. Intake Oxygen Mass Fraction Estimation

Based on the measured values of the output variables and control variables, the state variables are
estimated by the state observer. Generally, an EGR valve is equipped with a position sensor, so the
opening of the EGR valve is easily measured. A Universal Exhaust Gas Oxygen (UEGO) sensor can be
used for the measurement of oxygen concentration. For various reasons [4], it is not appropriate to install
an UEGO on the intake manifold, so the intake oxygen mass fraction needs to be obtained by other

means. According to the mass conservation, intake oxygen mass fraction can be expressed as follows:

O,airmcl + XO,egr
Xo, =

mcl + m21

m,,

(40)

where Xo.eer is oxygen mass fraction in the EGR flow. By the definition of EGR rate R, = 1, /(m,, +1h1,,) ,
the Equation (40) becomes:

XO,l :(I_Re)XO,air +ReXO,egr (41)

Assuming that the fuel is burned completely, oxygen mass fraction coming out of the cylinder can be
calculated as:
m,—ml )X, +m,X
Xo’e — X()’ggr — ( cl f O) .O,alr : 21“% O,egr
1., + 1y, + 1,

(42)

The oxygen mass fraction through the EGR valve can be estimated based on the definition of excess
air coefficient ¢, =m_, /m.l, as:

Xo (8, -1)
XO . — O, air a
,egr 1 43
g+l (43)

Substituting Equation (43) for Equation (41), Equation (41) becomes:
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1+%
Xoy=Xow | 1-R——=" (44)
B ,air c 1
v

The excess air coefficient of diesel engine is greater than 1 and far greater than 1//o, so Equation (44)
can be simplified as:

Xo1 = Xoar (1 & j (45)
9,

Table 2 gives the comparison results of the GT-Power simulation and the calculation by
Equation (45) with 1500 r/min, 25% load. It can be seen from the table that within the normal operating
range of the diesel engine, the intake oxygen mass fraction can be relatively accurately estimated by
Equation (45) with a prediction error of less than 1.23%.

Table 2. Calculated oxygen mass fraction results.

Egr Rate/% Excess Air  Excess Oxygen Oxygen Mass Fraction Oxygen Mass Fraction Error/%
Coefficient Coefficient Calculated by GT-Power/% Estimated Value/%

0 2.39 2.39 23.30 23.30 0.00
6.2 2.15 222 22.59 22.63 0.17
12.7 1.91 2.03 21.68 21.75 0.35
16.5 1.78 1.92 21.05 21.14 0.43
21.6 1.61 1.77 20.08 20.18 0.50
25.2 1.51 1.67 19.32 19.41 0.46
28.8 1.41 1.57 18.47 18.53 0.34
31.1 1.35 1.50 17.88 18.10 1.23

According to Equation (45), the intake oxygen mass fraction can be obtained by calculating the EGR
rate and the excess air coefficient. If the pressure atboth ends of the EGR valve, the valve opening and
the exhaust cooling temperature are all known, the EGR mass flow can be calculated by Equation (12).
Similarly, if the engine speed, the pressure and temperature of the intake gas can be measured, the mass

flow of gas into the cylinder can be predicted by Equation (15). There exists the relationship in the
intake manifold p, = R,T, (i, +riy, —mn,,) / V., , by this equation, the air mass fraction can be easily

calculated. Finally, if the fuel flow is known, the excess air ratio and EGR rate can be predicted using
the respective definitions.

4.5. Control Algorithm Validation

Matlab/Simulink is adopted to establish the EGR system controller and a GT-Power and
Matlab/Simulink co-simulation is used to validate the control algorithm. Figure 8 is the calculation
results of the intake oxygen mass fraction with different sampling frequency. The EGR valve opening is
from 20% to 40% in 8 s. It can be seen from the figure that the estimation results conform well to the
simulation data. When sampling step is less than 45° CA, the oscillation of the calculation results is small,
and the calculation result has a high accuracy, but if the sampling frequency is too high, the amount of
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storage resources and computational cost will be large. We therefore choose 30° CA as the sampling
step length.

32 45 23.0 p
L — \'? .
= 28 36 X T —30
R ¥ £ 25y —5’
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z 24 27§ § - —50
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Figure 8. Oxygen mass fraction estimation. (a) EGR mass flow and EGR valve opening;
(b) Oxygen mass fraction.

The step response of the control system is shown in Figure 9. When a step change occurs in the target

oxygen mass fraction, the intake oxygen mass fraction can quickly follow the change of the target value
through the adjustment of the control system.

225 —— GT simulated data
6\? \ Calculated data
= 2224 Target value
S |
g 719l \
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=
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=
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=)

21.0 — 11—
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Time|s]
Figure 9. Step response of the control system.

5. Experimental Verification

A light-duty diesel engineYC4E170-31 was applied for the experimental evaluation as shown in
Figure 10. The control system designed above was implemented on a bypass controller, which

communicates with the ECU by the CAN bus. The following experiments are carried out to verify the
designed control system.
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Figure 10. Test bench of YC4E170-31 diesel engine.

(1) The diesel engine operates at a constant speed of 1500 r/min, the power is increased from 10% to
35% in 1 s, the loading duration time is 3 s. In this process, the control system adjusts the EGR valve
opening to maintain a constant intake oxygen mass fraction, with a target of 21.3%. Two different control
algorithms, state feedback control and PID control, are applied in the control system, and all the control
parameters have been optimized.

Figure 11 shows the response curves of the two control algorithms. From the changes of the intake
oxygen mass fraction and the EGR valve opening, it can be seen that the control precision of the two
kinds of control strategies are very similar, but the state feedback controller can provide a faster dynamic
response and less overshoot than the PID controller. Figure 11c is the response of the NOx emissions.
The NOx emissions under the control of the state feedback controller not only can give a smaller
overshoot than under the PID controller, but also result in a lower emission level. Therefore, the state
feedback controller is much better than the PID controller in both the control process and the control
effect. Figure 11d is the comparison of the calculated intake oxygen mass fraction value and the
measured intake oxygen volume fraction value in the PID controller control process. From the figure
it can be seen that the two parameters not only have the same change trend, but also have a
linear relationship.

(2) The diesel engine operates at 1500 r/min, 25% load, the target intake oxygen mass fraction has a
step change from 23.3% to 21.3% in 1 s. Two different control algorithms, state feedback control and PID
control, are used in the control system, in order to contrast the responses of the two control algorithms.

Figure 12 shows the step response of the control algorithm under steady operating conditions. It can
be seen from the change trends of the intake oxygen mass fraction and the EGR valve opening that
the two algorithms both can achieve accurate tracking of the target value and no overshoot, but the state
feedback controller has a shorter adjustment time. The shorter the adjustment time, the quicker the
change of the NOx emissions and the lower the NOx emissions in the whole control process. Therefore,
the control performance of the state feedback controller is better than the PID controller with the step
input. Figure 12d is the curve of the calculated value of the intake oxygen mass fraction and the
measurement value of the intake oxygen volume fraction under the adjustment of the PID controller.
It shows that the calculated value can accurately track the actual value with the step input.
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Figure 11. Comparison of the two kinds of control algorithm under constant speed loading
conditions: (a) Intake oxygen mass fraction; (b) EGR valve opening; (¢) NOx; (d) intake
oxygen volume fraction and intake oxygen mass fraction.
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Figure 12. Comparison of the two kinds of control algorithm under steady state conditions:
(a) Intake oxygen mass fraction calculated results; (b) EGR valve opening; (¢) NOx;
(d) comparison.

6. Conclusions and Future Work

In this paper, a novel approach to control a diesel engine EGR system has been proposed. This
approach is based on the theory of state feedback control. The state space model was established and
validated against a GT-Power model. A state feedback controller based on the intake oxygen mass fraction
was designed and the formula of the intake oxygen mass fraction was developed. The designed state
feedback controller was validated by the simulation and experimental results. The following conclusions
are obtained:

(1) The calculated results of the state space model showed a +7% difference from the simulation
results from the calibrated GT-power model, which means that the designed state space model
can accurately describe the dynamic characteristics of the system.

(2) The intake oxygen mass fraction is a function of EGR rate and the excess air coefficient.
This conclusion was verified by the simulation results. The calculated results showed a +0.5%
evaluated error, which means that the estimation method proposed in this paper can be used to
accurately estimate the intake oxygen mass fraction.

(3) It can be seen from the experimental results that compared to the PID controller, the state
feedback controller proposed in this paper can achieve a more rapid dynamic response and
smaller overshoots in transient control. The designed EGR control system can meet well the
control requirements of diesel engine EGR systems in steady and transient conditions.

The state feedback controller of the EGR system has been developed and validated in this paper.
Because the state space model is based on a high pressure EGR and fixed geometry turbine, the controller
is suitable for turbocharged diesel engines fitted with high pressure EGR systems and fixed geometry
turbine, not VGT. In future work, the method described in this paper will be used to design a controller
for engines fitted with VGT and/or LP EGR systems. In addition, this controller will be further verified
under different operating conditions. The impact of all other variations of operating conditions on the
performance of the controller and the control methods will also be investigated in future efforts.
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