International Journal of Control Theory and Applications

ISSN : 0974-5572

= 7 © International Science Press
- |
e N Volume 10 + Number 11 - 2017

H_ Loop Shaping Controller design for regulating Air Fuel Ratio and
Speed of an SI Engine

T.Vivek?, K. Mohaideen Abdul Kadhar® and S. Baskar®

“Assistant Professor, Department of Mechatronics, E-mail: tvivek@tce.edu

¢ Professor, Department of Electrical and Electronics Engg., E-mail: sbeee @tce.edu.
“¢Thiagarajar College of Engineering, Madurai, Tamilnadu, India

b Associate Professor, Dr. Mahalingam College of Engineering and Technology, India
E-mail: mohaideen9683 @ gmail.com

Abstract: This paper discuss about developing Multi Input Multi Output (MIMO) Robust H_ controller for regulation
Air fuel ratio (A) and speed of an SI Engine based on H_Loop shaping approach in normal operating range. Mean
Value Engine Model has been used for validating the controller performance. Developed H_ controller is a 3x3
transfer function matrix of 13™ order. Robustness of the system is verified by testing the closed loop system with load
disturbance, Parameter variations and noise. Results show that under H, controller, SI engine performs better when
subjected to load disturbance, Parameter variations and noise.
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INTRODUCTION

Sl engine is a highly nonlinear system which demands a good controller design for regulating its output against
disturbances. Due to stringent emission norms of automotive standards it has become mandatory to maintain Air
fuel ratio(AFR) at stiochiometric value and regulate speed at constant value. SI Engine works in idle operating
mode and Normal operating Mode. This paper considers engine working in normal operating mode. Elbert
Hendricks et al. developed Mean value SI Engine model for control studies [1]. Christopher H onder et al. [2]
discuss about developing multivariable speed and Air fuel ratio control of ST Engine based on LQG/LQR method.
Hendricks et al. [3] describes developing H_ controller based on iterative process for controlling Air fuel ratio of
an SI engine. Dingli Yu et al. [4] validate Robustness of an engine model that is developed using RBF Neural
Networks.

After a short introduction this paper continues with section II describes governing equations of MIMO
Engine Model. Section III discusses about development of H Loop shaping controller. Section IV assess
Robustness of SI engine with load disturbance parameter variation and noise.
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ENGINE DYNAMICS

The Mean value Engine model of an SI engine consists of three sub systems. Fuelling sub system, crank shaft
dynamics and Manifold Air flow system. The three subsystems are governed by the following equations.

I. Fuelling Sub system

) 1. .
Myr =25 (= + Xring;)
e, = (1 = X)rig (1)

II. Crank Shaft Dynamics

.1 .
n= E(Hummf(t —7q) — P — Pp)
P, = n(ky + kon + k3n?) + n(—k, + ksn)p;
Pb - kbn3

where,

i = NinMipNiatlie
Nin(n) = ke(1 — kyn=03°
TIip(n) = kg + kop; — k1opi?
Nia = —ky1 + kya—ky352
Nig = e~ /20mue
Nmpe = Min(6y, 6,),45)
01 = Kiapi + k15 + Nay

0, = k16pi + k17 + N4y

= {4.7n, n < 4.8
47 7 4.7 x 4.8, otherwise,
III. Manifold Airflow System
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B1(a) =1 —cos (a— a,)
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1, otherwise

The relationship between Lambda and states of the state space model is given y equation 2.

Thap 1 Va

= (k1gpi + kqo)n (2)
f
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H_LOOP SHAPING CONTROLLER DESIGN

Controller Design

H_ loop shaping controller is well known for its effective methodology in designing robust controllers. In this
method, the plant is shaped by using a pre and post compensators namely W, and W, (i.e., G=W GW,),
respectively. Once the desired loop shape is achieved, a stabilizing controller (K ) is achieved by minimizing the
oo-norm of the closed loop system (||7_ ||,) from the disturbances d, and d, to the outputs z, and z,. The co-norm
of the closed loop system is given in the equation (3).

1 I -
y=2= Il = | - cxn i )
where, € represents the stability margin of the closed loop system, G is the shaped system, M is the co-prime
factor of the shaped system. Then, the final controller is constructed by combining the stabilizing controller (K.
with W, and W, as in the equation (4).

K=W KW, “)

The objective of the controller is to maintain Air fuel ratio and Speed. This is done by regulating mass fuel
flow rate, speed and manifold pressure. For the stationary point [.00170, 2.3899, 0.83548], the Lambda value to
be regulated is 1 and crank speed 2.3899. To achieve this, inputs fuel injection, spark timing and throttle angle of
plant are manipulated by controller. Fig. 1 shows the overall structure of control system.

()\, n, P,) (AI n, PI)
MIMO Controller ——=>{ Sl Engine >

Figure 1: Block Diagram of Closed Loop System
Operating Point

SI Engine has three states X = [rhf, n, pi], three inputs © = [n"lfl-, 6, 9] and three outputs y = [mf, n, pi].
The operating point are chosen for linearization X = [0,002,2,5,0,9]. A value of the engine is a function of

Hence the & value of is maintained at constant value of 1.0 by regulating [mf, n, Pi] .

_ International Journal of Control Theory and Applications I



T Vivek, K. Mohaideen Abdul Kadhar and S. Baskar

The linearised state space model is given by.

-4 0 0 1 0 0 1 0 0 0 0 O
A=[573800 -912.2 -3369|B=|0 2528 0 |C=(0 1 O[D=(0 0 O
0 —14.31 —-133.8 0 0 321.6 0 0 1 0 0 O

Conformity of the state space model to non linear equations was verified. This is done by giving incremental
input to the model and adding the obtained output with operating point. The same incremental input is given to
the non linear equations. Both the outputs were compared and found to be nearly same.

Weighting function selection:

W, and W, have been selected in such a way that the resulting loop shape provides load disturbance rejection in
the lower frequency region, robust stability and noise rejection at higher frequency region.

100

0
$+.001
100
W, = 0 O landW, =1
1 $+.001 2 3X3
100
0
$+.001

Fig. 2 shows sigma plot of the Nominal plant and shaped plant. From the figure it is inferred that sigma plot
of the shaped plant has higher gain at low frequencies and lower gain at higher frequencies.

Singular Values

""" Nomingl plant
Shaped plant
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Figure 2: Sigma plot of Nominal plant and Shaped Plant

The developed H_ controller resulted in an epsilon value of .4565(=.25) which guarantees robust stability.

Fig. 3. Shows Simulink Diagram of the Closed Loop System. Fig 4, Fig 5 and Fig 6 shows that the H.controller
performs well in maintaining states. Fig. 7 shows that lambda value is also regulated well.
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Figure 3: Simulink Diagram of closed loop system

Response of Closed Loop system

Step input for regulating Mass fuel flow rate, speed and Manifold pressure is given for the closed loop system
and its responses for mass fuel flow rate, speed, Manifold pressure and LLambda are given below.

w10® Mass rate of fuel flow
B | | |

Mass Rate of fuel flow

5 | | | | | | | | |
i] 2 4 5 g 10 12 14 16 18 20
Time

Figure 4: Mass fuel flow rate
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Figure 6: Manifold Pressure Vs Time
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Figure 7: Lambda Vs Time
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Robustness Verification

(a) Load Disturbance

A Saw tooth wave form of 1v and 5 Hz has been given as load variation. Fig 8. Shows Load disturbance signal.
From Fig. 9, Fig. 10, Fig. 11, Fig. 12 it is verified that the effect of disturbance is less than 0.1 in the mass fuel
flow rate,speed and manifold pressure signal.

Load Disturbance (Sawtooth)

Load disturhance

0.4 0B R] 1 1.2 1.4 16 1.8 2
Time

Figure 8: Load Disturbance signal

w1 Mdotf with Load Disturbance
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Figure 9: Mass fuel flow rate
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mpeed with Load Disturbance
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Figurel0: Speed with load disturbance

Manifold Pressure with Load Disturbance
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Figure 11: Manifold Pressure with load disturbance
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Larrbda with sawtooth disturbance
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Figure 12: Lambda response with sawtooth disturbance

(b) Noise Rejection

Noise signals of magnitude 1.0 at higher frequencies were added with feedback signals and its effect of influence
on the output has been studied. Fig 13 shows the noise signal.Fig 14, Fig 15, Fig 16shows the effect on the output
signal is less than 0.1v and this assures that developed controller ensures noise rejection.

I
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Figure 13: Noise Signal
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Figure 14: Mass fuel flow rate with load disturbance and noise

International Journal of Control Theory and Applications




T Vivek, K. Mohaideen Abdul Kadhar and S. Baskar

Speed with Load Disturbance and Moise
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Figure 15: Speed with load disturbance and noise

Manifold Pressure with Load Disturbance and Moise
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Figure 16: Manifold Pressure with load disturbance and noise
(c) Parameter Variations

The state space model obtained for variations in decrease in 5% volumetric efficiency, 1% decrease in inertia
and increase of Engine displacement volume of 1% is given by
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—4 0 0 1 0 0 0
A=|575600 -919 —-336.8|B=]0 2439 0 —77.36
0 —15.62 -—141.5 0 0 3281 O

1 0 0 0 0 0
C=(0 1 0o|[D=|0 0 O
0 0 1 0 0 0

Fig. 17, Fig 18, Fig 19 shows the response of SI engine under parameter variations, Load Disturbance and
Noise. H, Loop Shaping controller ensures that the variation is less than 0.1.

w107 Widotf with Load Disturbance, Parameter Variations and MNaise
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Figure 17: Mass fuel flow rate
Speed with Load Disturbance, Parameter Yariations and Noise
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Figure 18: Speed with load disturbance, parameter variations and noise
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Manifold Pressure with Load Disturbance, Parameter Yariations and MNoise
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Figurel9: Manifold Pressure with load disturbance, parameter variations and noise

H_ LOOP SHAPING CONTROLLER

The developed H., Loop Shapingcontroller resulted in 13nth order 3X3 controller.The transfer function matrix of
the controller is given below.

—1.23e7%5s13 — 1.274512 — 4453 511 — 6.749¢%s%° — 5.521¢%95% — 2.556¢'%5% — 6.684e'*s7 — 9.065¢°5% — 5.114e'%s5 — 4.901e'%s* — 1.689¢%%53 — 1.964¢2°s% + 9.519¢%% s — 0.001336

Hyp =
" s13 + 3605512 + 5.056e%s!1 + 3.653e%%s10 + 1.512e125%99 + 3.583e'*s8 + 4.476e'6s” + 2.365e18s6 + 2.06e!%s% + 6.234e1%s* + 5.994e!%s3 — 1.481e!%s2 — 0.0001745s
= —1.408¢ %5513 - 1.452512 — 44785 — 5.604e%°5'0 — 3.594¢%s° - 1.192¢'%5® — 1.408e**s” + 2.528 + ¢165° + 8.39¢'%s° + 6.176¢2%s* + 4545¢2*s3 + 8.828¢%'s? — 5.633¢!1s +.0876
E $13 43605512 + 5.506€%s1! + 3.653¢99510 + 1.512¢125 + 3.583¢1*s8 + 4.476€1657 + 2.365¢1856 + 2.06e1%s° + 6.234e9s* + 5.994e1%s3 — 1.4810e10s2 — 0.0001745s
. 114479513 4 0.10465*2 — 10165'* — 3.673¢%5'0 — 4.099¢%95% — 1.966¢%5® — 4.569¢*s” + 5.165¢'65° — 2.467e'8s° — 2.613e%s* — 1.033¢%%s% — 1.401e?%s% + — 1.568¢%s — 0.01101
" 513 4 3605512 + 5.506e%6s11 + 3.653¢%9s10 + 1.512¢1259 + 3.583e1*s8 + 4.476e16s7 + 2.365¢18s6 + 2.06e1%s5 + 6.234e1%s* + 5.994e%s3 — 1.4810e1%s2 — 0.0001745s
HZ’I

_ —0.0014825%% — 152.7 512 — 4.549¢%5511 — 5.494¢"%51° — 3.502¢1s% — 1.29eM%s® — 2.713e1%57 — 3.016"%5° — 1.445¢2%5% — 1.247e%L5* — 3.777¢215% — 3.661 e!s? + B.541e'!s — 0.006068
- §13 4+ 3605512 + 55066511 + 3,653e%9s10 + 1.512e1259 + 3.583e1%s8 + 4.476e1557 + 2.365e85¢ + 2,06e19s° + 6.234e195* + 5.994e19s3 — 1.4810e10s% — 0.0001745s

Haa

—0.001697513 — 17552 — 53445511 — 6.636e"851° — 4.358e'!s® — 1.658e'*s® — 3.617e10s7 — 4.161e'%s® — 1.998e2°s5 — 1.116e?1s* — 3.581e20s% + 4.668 e?!s? + 9.568e'’s + 0.1064
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0.0001379s + 14.19 52 + 3.995e%s'! + 43717510 + 2.334e1%5% + 6.337e125® + 8.017e'*s7 + 3.096e'0s° — 9.361e7s% — 1.661e'%s* — 8.102e1%s° — 1.253 2°s% — 3.461el%s — 001415
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Har = 513 4 3605512 + 5.506e%6s 11 + 3.653e%9510 + 1.512¢125% + 3.583e14s8 + 4.476e16s7 + 2.365e1856 + 2.06€19s5 + 6.234e1%s* + 5.994¢1%s3 — 1.4810e1052 — 0.0001745s
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2 s13 4 3605512 + 5.506e%0s11 + 3.653e%9510 + 1.512e125° + 3.583e 1458 + 4.476e1657 + 2.365¢1856 + 2.06e19s5 + 6.234e19s* + 5.994e1%s3 — 1.4810e'052 — 0.0001745s

p —1.298¢ %513 — 71752 — 6.053e%s'! — 1.818e%%s%0 — 1.95¢15% — 9.32¢*35% — 2.191e*0s7 — 2.515¢%s% — 1.2¢%055 — 1.035¢?'s* — 3.138Be?'s® — 3.046¢%'s? + 6.768¢'*s —0.01177
33 =

$13 4 3605512 + 5.506e%0s11 + 3.653e%9510 + 1.512¢125° + 3.583e 1458 + 4.476e'657 + 2.365¢1856 + 2.06€1%s5 + 6.234e9s* + 5.994e1%s3 — 1.4810e19s% — 0.0001745s
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Hardware in Loop Simulation and Rapid Controller Prototyping

Hardware in loop Simulation

Hardware in loop simulation of SI Engine was done using NI PXI system. The PXI system consists of NI PXIe-
1082 chassis with NI PXIe-8820 controller and data acquisition cards such as NI PXIe-6341 and NI PXI 6704.
NI PXlIe-6341 X series Multifunction DAQ card can acquire analog inputs from 16 channels at the maximum
rate of 500 KSa/s. It also has 2 Analog outputs and 4 counters. NI PXI 6704 Analog output card has 16 voltage
output channels and 16 current output channels and 8 digital I/O lines. Analog inputs are obtained via SCB-68A
terminal unit and Analog outputs are obtained via CB-68 LP terminal unit. Fig 21. Show the photographic view
of the overall setup.
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Figure 21: Photographic view of the overall setup
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Rapid Controller Prototyping

NI Compact RIO is one of the hardware platforms that combine the power of Processor and FPGA technology.
While processors run computations in sequence FPGAs can run computations in parallel.cRIO consists of NI
cRIO chassis 9014, Analog input Modules cRIO-9215, Analog current output Modules NI-9265 and Digital I/O
Modules NI-9472.Rapid controller prototyping needs one time critical loop that implements controller running
on real time target .The set point for regulating three output variables are given in cRIO.

Analog input such as Speed, Lambda and Manifold pressure are obtained using cRIO-9215. Output from
PID Controller such as fuel injection, spark timing and throttle angleis sent through NI 9265. MIMO H infinity
loop shaping PID Controller is implemented using cRIO as 3X3 matrix.

Parameter of Engine

The simulations are carried out for a 1275cc British Leyland engine for which data have been reported[24],
[25].The values of the parameters used in the simulations are:

I=(2m/60)x 0.5 kg  Om?, 7=0.25,X = 0.22, V,=646 x 10, H=4.3x 104, V,= 1.275, R=287 x 10, T;= 308,
T =297, P= 1.013, k = 1.673, k, =0.272, k, = 0.0135, k, = 0.969, k, = 0.206, k.=0.558, k, =0.392, k, = 0.9301,
k,=0.2154, k ,=0.1657, k, =1.025 k ,=4.5 .k =2.5 k ,=47.31,k =2.6214, k  =-56.55, k ,=57.34,K,=0.952,

k,,=0.075, k,,=7.32Pa/NTa .

CONCLUSION

In this work H” Loop Shaping controller has been developed for regulating AFR and Speed of an SI Engine.
Robustness of the controller is evaluated for Load disturbance, Parameter Variations and noise. The results show
that the variation in the output is very less under the above influences. But the developed controller resulted in a
3X3 Transfer function matrix of order 13.In the future work it is proposed to develop fixed structure controller
using H” Loop Shaping approach.
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