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Abstract

In the field of marine application, natural gas fueled engine is a promising successor of Diesel engine, owing to lower
emissions and fuel cost. However, the marine application imposes vast requirements on transient responses, such as the fast
response to load demand during a ship maneuvering, rejection of large load fluctuation in rough weather condition, etc.
Moreover, engine can be coupled to a fixed pitch propeller (FPP), controllable pitch propeller (CPP) or electric generator
specifying various modes of operation. In respect that the gas engine combustion process differs from that in Diesel engine,
the load acceptance is subject to specific limitation due to a knock and misfiring phenomena. Thus, for the gas engine to be
efficient and safe propulsion unit, it is necessary to consider the problems related to transient response behavior and develop
countermeasures.

This paper employs mean value approach for constructing the engine model where non-linear dynamics are modelled
from the first principles using available non-linear characteristics of essential components. In order to capture the
particularities inherent to the gas engine, notably air throttle valve and fuel gas admission valve, the nonlinear model of
components has been developed and discussed in details. The nonlinear model is parametrized from the engine test data and
model fitness is then confirmed. Finally, the paper discusses the derivation of a linearized model of the target engine which
is necessary for transfer function model describing the transition from the inputs to the desired outputs. The transfer
functions constituent parameters can be readily obtained from the fully parametrized nonlinear model at any operating point,
thus facilitating study on engine control system and uncertainty of model parameters.
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Abbreviations

fep: compressor blade frequency [Hz]

N, : turbo-compressor speed [s71]

Np,;: compressor blade number [—]

n,: engine speed [s™1]

I,: engine moment of inertia [m/s? kg]
Q,: engine torque [Nm]

Q;: load torque [Nm]

Q;: indicating torque [Nm]

Qf: torque of friction force [Nm]

Q,: torque of pumping stroke [Nm]

Z.. number of engine cylinders [—]

V;: swept volume of cylinder [m?]

imep: mean indicating pressure [Pa]

ps: scavenging air manifold pressure [Pa]
P.: exhaust gas manifold pressure [Pa]
mg . fuel mass per cycle [kg]

Gyy: fuel valve mass flow [kg/s]

Fy,: effective fuel valve area [m?]

py: fuel gas pressure [Pa]

ky: fuel gas specific heats ratio [—]

T,: scavenging air manifold temperature [K]
T,: compressor outlet temperature [K]
T,: cooling water temperature [K]

G, air mass flow through throttle valve [kg/s]
G, air mass flow through engine [kg/s]
V, ,: air manifold volume [m3]

1, engine volumetric efficiency [—]

R, air gas constant [/ /(kg K)]

k,: air gas specific heat ratio [—]
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Gy, air mass flow trapped in cylinder [kg/s]
Gscp: SCavenging air mass flow [kg/s]

A,: scavenging effective area [m?]

Fy,,: projected area of the valve flap [m?]

pa: pressure of turbo-compressor [Pa]

u*: flow coefficient of throttle valve [—]

1,2 radius of throttle valve pipe [m]

7,,: radius of throttle valve flap [m]

p,: ambient air pressure [Pa]

T,: ambient air temperature [K |

Gy: fuel gas mass flow [kg/s]

m,,,: mass of exhaust gas in manifold [kg]

T,: exhaust gas temperature (before turbine) [K]
R,: exhaust gas constant [//(kg K)]

Cp.¢: specific exhaust gas heat (at constant pressure) [/ / (kg K)]
Cp.q: specific air gas heat (at constant pressure) [/ /(kg K)]
k.: exhaust gas specific heat ratio [—]

V, . exhaust gas manifold volume [m3]

H,,: lower calorific value of fuel [J/kg]

a;: turbine flow area correction factor [—]

A,: turbine effective flow area [m?]

1;c: compressor isentropic efficiency [—]

n;r: turbine isentropic efficiency [—]

Subscript “0” denotes value of variables at nominal operating mode of the engine
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1. Introduction

Gas-fueled engines (both pure gas and dual fuel) in the last decades have been recognized as a superior drive for shore-
based power generating plants, largely owing to their high efficiency, lower emissions and attractive fuel price as compared
to the Diesel engines. In last years, the gas-fueled engines are beginning to spread in the marine sector too, where
traditionally Diesel/HFO engines are commonly used. Especially, the application of gas engines on a Platform Supply
Vessels, Ferries and other coastal and inland vessels as a prime propulsion unit is highly beneficial due to the strict emission
regulation applied on coastal areas. Despite the benefits provided by the gas engines there is still an uncertainty about the
suitability of these engines for marine applications due to weak transient response prone to abnormal combustion
occurrence.

In gas-fueled engines abnormal combustion is characterized by a sudden pressure rise in some parts of cylinder charge
which is commonly referred to as knock. The likelihood of knock occurrence and its intensity depends on many operational
parameters of engine such as methane number of fuel, advance angle of ignition, air charge temperature, air excess ratio, etc.
In transient condition such as load acceptance, when the power of engine is adjusted by increasing the fuel gas admission
time through a port valve, the amount of combustion air, for a certain period of time, remains the same due to a turbocharger
delay and the engine runs temporarily with the reduced air excess ratio (rich mixture). In such a condition, the formation of
knock is likely to occur and as justified in [1] the formation of knock is expected for mixtures close to stoichiometric,
specifically for air excess ratio A < 2. Moreover for modern engine design the parameters are calibrated to provide highest
thermal efficiency of engine at reduced knock margin, this consequently leads to reduction in safety limits. In this respect,
the control organization of gas-fueled engines is more challenging than that in Diesel engines and requires not only
information about engine rotational speed but also knowledge of the air flow state. One of the solutions to this problem is to
include physical models of the relevant engine subsystems in the control system and using model-based feedback control to
compensate for slow dynamics of the turbocharger. Therefore the development of a proper dynamic model of engine is of
great importance.

2. Experiment and Measurement System

2.1 Experimental setup

The data necessary for simulation model identification were collected on an AYG20L engine designed by Yanmar. The
AYG20L is a four-stroke, high speed engine that operates on natural gas with a lean-mixture — Otto cycle. The air excess
ratio at nominal operating mode is kept in the vicinity of 2. The fuel gas is supplied into intake port through admission
valves installed at each cylinder. The gas is injected during the intake stroke and amount is controlled by admission time in
accordance with Engine Control Unit (ECU) command. The spark ignition (SI) system of each cylinder includes pre-
chamber and spark plug. Besides, the engine is equipped with a throttle valve between turbo-compressor and charge air
manifold. This valve is designated to keep air excess ratio above knock limit adjusting air pressure in the intake manifold
with respect to engine load. Its control system consists of a static map stored in ECU and the parameters of map are
available for adjustment.

The engine is directly coupled to an alternator, which in turn can be loaded by the ballast resistors. The main
specifications of the engine employed in this study are listed in the Table 1 whereas the Fig.1 shows a basic configuration of
the experiment and measurement system.

The measurement system includes pressure and temperature sensors across the engine key components such as air charge
receiver, exhaust gas receiver, throttle valve, etc. In addition the pressure sensors were installed on the cylinder No 6 (the
opposite to the flywheel) to provide readings of in-cylinder, inlet and outlet ports pressures synchronized with the crankshaft
angle with the resolution of 0.5°. The ignition timing was detected from the measured value of the spark plug current. Since
the engine, used in experiment is a mass-produced engine, there are no special devices to measure air or exhaust gas flow
installed on it. The exhaust gas mass flow, as well as, air mass flow necessary for estimation of air excess ratio A were
calculated on the carbon balance method based on measured exhaust gas composition. Last but not least, the small
commercial engines usually doesn’t include turbocharger speed sensor and experimental engine is not an exception to the
rule. However the turbocharger speed is important measure of compressor performance and is necessary parameter for
simulation model identification. In order to overcome this deficiency, a non-intrusive method of compressor speed
estimation was developed.
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Table 1. AYG20L engine specification
Four- stroke, Gas Composition Analyser
Engine type ['] Lean burn, Exhaust Line
SI / Pre-chamber
Cylinders [-] 6 (in line) —
[m]
ooo

Bore x Stroke [mm] 155 x 180
Power [kW] 434
Rated Speed [rpm] 1800 E

Crank An ’ | E

Sensor | Cyl. No 6 g =]
BMEP [bar] 14.0 Data me_z
Mean piston speed [m/s] 10.8 M_LW_%

Fig.1 Measurement system configuration

2.2 Compressor speed estimation

The modern medium and high speed commercial engines, as a rule, are not equipped with the turbo-compressor speed
pickup. However, the compressor is a source of vibro-acoustic field, the frequency spectrum of which includes frequency
component corresponding to compressor’s blade frequency, defined as follows:

fer = Mee Nig (1)

Thus the task of speed estimation comes to a measurement of compressor acoustic emission, calculation of a power
spectrum and determination of carrier frequency. Since the spectrum consists of frequency components multiple to the
desired frequency, the analysis interval has to be bounded within the frequencies of compressor’s operating range.
Furthermore the measured acoustic emission is the combination of useful signal and noise and the secure determination of
carrier frequency is a challenging task. Thus for spectral density estimation the Welch’s method was employed: that is, it is a
modified periodogram spectrum estimate in that, it reduces noise in the estimated power spectrum. Further, the effect of
“leakage” resulting from the Fourier’s transformation is effectively suppressed by application of the Kaiser-Bessel-Derived
(KBD) window. Finally, the validity of proposed method was confirmed through comparison of estimated speeds with that
obtained from the available compressor map, the results are shown in Fig.2.
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Fig.2 Compressor speed estimation based on noise emission analysis
It is worth to mention that the experience of utilization above described method confirmed its robustness and short
estimation time (the speed value is updated on interval less than 100 ms), which enabled the measurement of the compressor
speed in transient regime, as will be shown further. Also it set prerequisites for utilization of the developed non-intrusive
method of turbo-compressor speed pickup in engine control system.

3. Mean Value Engine Model (MVEM)

3.1 Overview

Control of engines ensuring knocking free transient response is a key factor to increase efficiency and safety of
propulsion engines operating on gas fuel according to the Otto cycle. However, all internal combustion engines contain
significant nonlinearities which dominate their dynamic behavior, and the only way to design robust and efficient engine
control system is to use the dynamic model of the engine. In recent time the so called mean value engine models (MVEM)
has been successfully applied in a field of engines dynamic modeling. Thus in [2] the MVEM of SI gasoline engine has
been developed, further in [3] the mean value modelling approach was applied on a propulsion system with Diesel engine,
ﬁnallyglansen et al. have extended the mean value approach to Diesel engine with Exhaust Gas Recirculation (EGR)
system”.

Mean value engine models predict the values of engine thermodynamic states as well as mechanical dynamic states on
the basis of the engine cycle averaging. The main advantage of the MVEM modelling approach is that the model is
physically based and gives good dynamic description of engine behavior with sufficient steady-state accuracy. Owing to the
philosophy of mean value approach, the simulation model of the lean-burn gas engine can be easily developed taking into
account the particularities inherent to the engine. A generic MVEM for a turbocharged engine consists of four important
subsystems which describe behavior of the charge air manifold, the exhaust gas manifold, the acceleration of engine shaft
and the acceleration of turbo-compressor shaft. Besides, the particular attention has to be drawn to the important parts of the
model such as: the manifold pressure state with further attention to the throttle valve and the gas fuel admission valve. This
is because the charge air pressure determines instantaneous air mass flow to the engine including effect of the filling or
emptying of the intake manifold with air during throttle opening and closing. In turn, the fuel gas admission valve controls
engine power adjusting fuel gas flow to the engine. Thus the combined action of these two subsystems determines air/fuel
ratio which primarily affects the knock intensity. The detailed description of engine model constituent sub-models is
discussed in the subsequent chapters.

3.2 Engine rotational dynamics

In the case of propulsion system, the shaft speed responses to changes in load or to changes in speed ordered by the
governor are of prime interest. Thus, the simulation model construction starts from the state equation of engine shaft speed
n,which is based on the Newton’s second law and yields equation of torques balance:

d
27l = Qe sy ) = () @

The solution of this equation depends upon the explicit definition of constituent torque functions, that is the engine torque
Q. and load torque Q;. The load torque can either be provided by a propeller or alternator and for a detailed discussion on
these models see [5], [6]. The engine torque is composed of indicated torque Q;, friction losses torque Qf, and torque of

pumping losses Q-

Qe = Qi = Qpr = @y ®

For the calculation of cylinder friction, the typical approach consists of the use of empirical correlation with the relative
engine speed change and relative change of indicated mean effective pressure (imep):

0.5z,
er = —

imep N,
Krro ¥ K fnepe T e 4)
0

Torque of pumping stroke losses is considered proportional to charge air and exhaust gas pressures difference:
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_0.5z.V;

o (ps - pexh) (5)

Qp

The last remaining term in Eq.3, notably the engine indicating output Q;, can be found proportional to the fuel quantity
m; . supplied per cycle:

_ 0.5z.V; imep,

Q= Kpimf.cnc , Kpi (6)

2 mye,

Here it should be noted that a correction coefficient . (also referred to as relative thermal efficiency) is introduced in
Eq.6 to account for non-linearity between imep and admitted fuel quantity, as can be found in [7].

At this point, the discussion on MVEM has arrived to the first noteworthy difference of the developed model of gas
engine from that of Diesel engine, notably calculation amount of gas fuel supplied per cycle or in other words mathematical
model of gas admission valve. Assumptions that the valve opening and closing time is infinitesimal and pressure settle time
is negligible, allow to characterize the mass flow through the valve by a nozzle orifice equation:

2 kf+1

12 ks <ps>5 <ps> kg (pf>
Gy = Fry—ZL_ |2 SV (= . “Frp=f(2 ™
Y RT |k +1(\py ps v \ps

Here the effective valve area Fy,, is the empirical polynomial function of pressure ratio across the valve.
Thus the mass of gas supplied per cycle is determined by the ECU which controls the gas admission time dy;:

mflc = vadinj (8)

3.3 Charge air receiver

The engine charge air receiver is considered as a control volume which receives the air from the compressor through the
throttle valve; on the other hand the engine consumes air from the receiver. The resulting air masses balance determines the
rate of pressure change in the manifold and can be described by the ideal gas state equation:

dps _ R, T
a -, (Gey — Go) 9)

It is assumed that the temperature of air T in the receiver is constant and is governed by an intercooler as follows:
To =T, — (1 = dicG)(T, — Ty) (10)

In the case of four stroke cycle engine, the total mass of air G, passed through the engine is composed of air trapped in a
cylinder during pump stroke and air passed through during inlet/exhaust valves overlap. In turn the trapped air mass flow
G, 1s determined by the engine swept volume V;, engine speed and volumetric efficiency 7,:

0.5 z.Vspsnen
b=y = ) (11)
stta
The scavenging air mass flow G, through the engine can be considered similar to that through a restriction with area
equal to mean effective area 4, of valves overlap time-cross section:

X 2 ka+1
= Ds a (pe>E <pe) kq
Goep = A 2 =)= (= (12)
TV R, | ke + 1| \pg Ps
Gg = Gy + Gsep (13)

(307)



54

Last, but not least algebraic equation to complete description of the charge air manifold dynamics is that which is used to
describe the air mass flow G, past the throttle valve. This valve imposes high pressure loss and operates at high flow
velocity, thus the model for compressible flow through a nozzle orifice has to be used:

Gry = WF(a) —=

2 kq+1
|- @)
R,T. | ka+1|\pc pe

The mass flow through the air supply system “compressor-throttle-manifold” is affected by the valve flap set angle «,
controlled by ECU and pressure output p; of the turbo-compressor. The effective flow area of the valve is composed of two

variable parameters:
- the projected area of the valve flap at the center plane of the pipe Fy,

2 Zka

Fo(@) =7|(5)" = ()2cos(@)] (15)

- flow coefficient u, which depends on pressures ratio across the valve

“*=j£f(%) (16)

The pressure and temperature of air outflowing from the turbo-compressor can be found as a function of compressor
rotational speed n;. and efficiency 1;. in the following form as in 8):

k,

2 p % n z Fa"1
== ﬂ) “—1<“> +1
™ |G @

kg—1
1 &\ Ka
T.=T,|— (&) —1]+1 (18)
ic Pa
3.4 Exhaust gas receiver

The state of exhaust gas in the receiver can be described by the mass balance, the ideal gas law and the first law of
thermodynamics however no heat transfer is taken into account. Two differential equations can then be derived determining
mass and temperature of gas within the receiver and the pressure is the result of mass, temperature and volume,

respectively:

diey _ Go+ G — G
e~ e e (19)
dT, k, T, ( dm,,
— =——(G,C, ,Ts + GH, - G.k : )
dt me.GC.e ( a“p.als + f ufa) Moy elte + dt (20)
My, R,T,
De = _eree (21)

Ver

The exhaust gas mass flow rate G, can be estimated similarly to the scavenging air mass flow, considering turbine as a
nozzle:
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2 ke+1 1
_ i Pe | 2k () - (&)i—e ’ 22)
G = ot G = @l ike - 1[ Pe Pe

The accuracy of exhaust gas flow prediction is greatly improved if the correction coefficient a, for a turbine effective
flow area A4, is introduced to the model. It is adequately to describe the correction coefficient as a polynomial function of
the turbine pressure ratio p, /p,, those coefficients are selected to fit experimental data.

Making use previously obtained mass of gas supplied per cycle m ., the engine fuel mass flow rate is obtained:

Gf =0.5 Zcmflcne (23)

The energy balance Eq.20, applied on the exhaust gas receiver includes the energy of gas leaving a cylinder after
combustion. Since the MVEM approach considers only the cycle averaged values, the result of combustion — enthalpy
increase of intake air, is considered by the coefficient of fuel chemical energy proportion in the exhaust gas &,, which is the
function of the engine brake mean effective pressure (bmep):

2n
0.5 z.V;

$a = kg, In(bmep) + ke, = bmep = Q. (24)

3.5 Turbo-compressor rotational dynamics

In a turbocharged engine the transient dynamics of turbo-compressor speed is the most dominant dynamics with the
notable effect of turbocharger lag. Thus the rotational dynamics of turbo-compressor in terms of speed is modeled using the
Newton’s second law for rotating system:

dn
21l d_tc = Qt(Meer Des - r £) — Qc(Myey D,y v B) (25)

t

Making use the previously obtained thermodynamic states of the engine, the torques of compressor and turbine can be
obtained by considering the isentropic work required for air compression and isentropic work done by exhaust gas
expansion, respectively:

kq—1
Qc — Cp.aTaGtv (p_Z) ka -1
Znntcnic Pa (26)
ke—1
0y = CoeTeGemir (1 (p_o) e @7)
21Ny, Pe

The expression for compressor torque includes isentropic efficiency 7;., which, for the compressor matched to the engine,
can be considered constant. Turbine efficiency 7;; is usually expressed as a function of normalized blade speed ratio, as can

be found in 9):
2
Ke—1
/ JT90<1—(§—2) e )\

el-e®) ™)

The casual signal paths, inputs and internal variables as well as the core governing equations elucidating relationships
between the sub-models are shown in Fig.3 and Table 2 respectively. The resulting model has five continuous states and set
of strongly nonlinear algebraic equations supplemented with empirical parameters. The important part of model
development is the model tuning and validity, both the steady-state and dynamic.

Nir = Nity — Cr
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Table 2. Core equations of the MVEM Pa APO
bc = f(n%c)
Pe
Ps Pe Ps Te
G =1 () o @70 ()
tv P tv R.T. P Ge
p
Ga = G (e, ps) + Gy <_e)
Ps
Ps
Gr = Gpy | — |dipin
f fv <pf> inj'te ca AN hc.
Po\ Pe Po
6o = Gu+ Gy = 4, (2) w(—)
T T [RT, \pe
pe — me.rReTe q
Ver
dpS RaTs
— = Gy — G
dt ‘/a.r ( tv a)
drT, k. CpeT, dme,
— = hetGy + Gr§ — C, o ToG —'——')
dt m”cp_e( (Gt Gy} = CpeTeCe ke dt
dm [
d:'r =G, + G — G,
dn, 1
dt = E(Qe(dinjﬁne) - Ql) z
dne. 1
dt — 2nl,, (Q:(Ge,pe) = Qe(Ger ) Fig. 3 Variables mutual relationships
4. Model Tuning and Validation

The tuning and validation of the model was done on test data obtained from the test bed engine which was run at two
speeds, notably 1500/1800 rpm, and at load ranges from 25% to 100 % of rated power. At first the model parameters were
adjusted to satisfy the steady-state performance of the engine, after that the transient test has been performed to check the
dynamic performance of the model. From the engine control point of view, the dynamic accuracy of the model is important,
however, the steady-state performance is also essential because in the last analysis it determines the reliability and stability
of the dynamic model.

The most of the empirical parameters in the engine model can be determined on basis of physical laws and design data of
engine. However, there are a number of parameters which have to be matched, in particular a flow coefficient in the throttle
valve model and an effective area in the fuel valve model.

41 Air throttle and fuel admission valve characteristics

In order to find the proper description of the flow coefficient the engine was run at different throttle valve flap angles
providing wide range of pressure ratios across the air throttle valve. Then, by rearranging the Eq.(14) the values of flow
coefficients were obtained. In the case of air throttle valve the dependence of flow coefficient on a pressure ratio is strongly
nonlinear as can be seen in Fig.4a, especially in the region where the pressure ratio close to unity. In order to catch this
nonlinearity, the following implicit function is proposed:

Ps _ 1—kyexp (— ﬁ) — ksexp (— ﬁ) (29)
k, ky

Pc
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The validity of the proposed model for the throttle valve and flow coefficient was confirmed by comparing measured air
mass flow with that calculated by Egs. (14, 15, 16 and 29). The results are reported in Fig.4b and it is clear that the
predictions of the model are fairly well.

In the case of the fuel admission valve the geometrical flow area doesn’t change in operation, moreover it is unknown, so
what is sought here is the effective flow area Ff,, which is the product of a flow coefficient and the geometrical flow area.
Here it should be noted that the gas pressure in the fuel line is changed proportionally to the air manifold pressure, this
implies that the pressure ratio is kept far from unity (strongly nonlinear region) in order to ensure stable and sufficient gas
flow into intake port. Following the same procedure as in the case of air throttle valve, the values of effective flow area are
obtained and depicted in Fig.5b, and the fuel pressure control curve is shown in Fig.5a. It is clearly evident that the both
characteristics can be approximated by simple linear functions of the following form:

br
Frp=fo+ fi—
Ps (30)
Pr = Co t+ C1Ps (31)
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The proposed model of fuel admission valve provides maximum error £5% of fuel flow estimation; the similar results
were also obtained in [10]. Last but not least remark regarding the model is that the fuel gas flow expressed by Eq.(7) can
now be considered as a function of air manifold pressure only.

4.2 Model stationary similarity

After tuning the empirical parameters and confirming similarity of the sub-models, the total engine model was evaluated
at steady-state and the predicted values were compared to that of actual engine values. The Fig.6 summarizes the
comparison of key engine performance parameters such as the charge air/exhaust gas pressures, exhaust gas temperature
across the turbine, fuel mass and air mass flows. As can be seen the developed model provides fairly well predictions.

As soon as the steady-state similarity is confirmed, only a limited number of parameters, affecting the dynamic response
have to be tuned. These are engine and turbo-compressor moments of inertia, volumes of air and exhaust gas receivers,
governor coefficients.
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Fig. 6 Comparison of actual engine parameters with model predictions for operation at 1500/1800 rpm speeds

4.3 Model dynamics similarity

Besides of the engine inherent dynamic, the parameters of control loops have a significant influence on the total system
dynamic. In the engine under consideration, the speed is stabilized by a PID feedback governor which adjusts fuel gas
admission time djp;. The air manifold pressure is controlled by a PID feed-forward governor which adjusts the angular
position of throttle valve flap depending on the alternator power. It is difficult to determine the governor coefficients, as
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adjusted on the engine, with accuracy. Thus the parameters of the control loops were identified from the measured transient
responses.

Fig.7 shows the engine parameters transient transition, measured and predicted, as a result of alternator power step
increase. At the initial state the engine was run at 1800 rpm delivering 50% of rated power, then the alternator power was set
to 75% of rated (step increase) and the dynamics of the engine parameters were measured.

From the Fig.7a some discrepancy can be observed between measured and simulated control inputs. This is, perhaps, the
result of rough identification control loops parameters. Further it can be concluded, that the simulated response of air
manifold pressure lacks somewhat dynamic overshoot. This difference between reality and model could be attributed to
unaccounted dynamics of air mass acceleration or uncertainty of turbo-compressor mass moment of inertia and manifolds
volumes. At the same time prediction of engine speed and turbo-compressor speed transients stay in good agreement with
the experiment, these imply that a reasonable prediction of the engine dynamics has been realized.
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Fig. 7 Engine responses to the alternator power step increase

5. The model utilization

The developed nonlinear model of the lean-burn gas engine can be used for the simulation of the dynamic behavior of
different drive systems. However, the model is of special interest for purpose of control system design — so called “design
by simulation”. Following the controller design, the strategies found are tested using model simulation — Software in the
Loop (SIP) approach. In this way, the global stability of the control system can be confirmed over a wide operating range
without the need for extensive actual engine experiments.
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51 Control systems study

In this chapter the performance difference of three different types of governors is considered. The structural diagrams of
governors are depicted in Fig.8. In Fig.8a and 8b conventional speed governors are presented. These types of governors
found wide spread in maritime application owing to their simplicity and performance. The input is the engine speed
deviation and the output is a correction of fuel mass supplied per cycle. The governor in Fig.8a has a classical PID structure
with three tuning parameters, notably proportional gain, integral gain and differential gain. The governor on Fig.8b is the
proportional governor with stabilizing PI feedback. This kind of structure is typical for Woodward PG or PGA type
governors. The tuning parameters are proportional gain, internal feedback gain and time constant.

The gains adjustment for above mentioned governors can be done by various techniques satisfying various performance
criteria. The details can be found in [11], [12] and are out of scope in this paper. However the performance criteria for the
Diesel engine and the lean-burn gas engine are somewhat different. This is because gas engine combustion process is
sensitive to air-to-fuel ratio; in turn the air-to-fuel ratio variation in transient process is a common phenomenon due to the
turbo-compressor lag. The last cause, in fact, determines the application of additional control loops, like the air throttle
valve, to diminish the effect of turbo-compressor lag.

The air-to-fuel ratio A is a dimensionless variable defined as the ratio between the actual and the stoichiometric air-to-fuel
ratio L,, namely

A= Ga
o (32)

The air mass flow G, is primarily determined by the air manifold pressure which in turn is a function of throttle valve flap
position and turbo-compressor speed. The fuel mass flow Gy is the function of the fuel admission time d;,;. When the engine
load rapidly increases, the speed governor responds very fast, immediately increasing the fuel mass flow. However the
turbo-compressor speed buildup delays due to inertia and the air mass flow does not follow fuel mass flow which eventually
leads to a temporal operation on a rich gas-air mixture and may provoke knocking. In this respect introduction of an
additional input, notably turbo-compressor speed, to control structure may improve transient response playing role of a fuel
limiter. This concept is realized as a MIMO (multi input — multi output) speed governor, structural diagram of which is
depicted in Fig.8c. The standard PI engine speed governor is supplemented with the Proportional turbo-compressor speed
governor, and their combined action generates the control signal.

ik
e [ @3 201
1as

a) Classical PID governor

e Q<

=1 ]
s
_>D

b) Woodward-type P+PI governor

7'y
o
/lﬂi
Y

> &)
A
%‘

(314)



el @Y

i LR RIS B 158 H 35 (R 2T FE) REamE 6l

¢) MIMO type governor (two input one output)

Fig.8 The considered speed governors

In the simulation, the engine transient performance to 25% load step increase, with all type controllers was investigated.
The results are reported in Fig.9. The parameters of governors were modified in order to reduce engine speed drop and also
improve speed recovery time, and the same time constraint was imposed on air-to-fuel ratio drop. From the figure it is
clearly seen that introduction of additional input signal favorably affects the transient performance of the engine, notably
both the engine speed drop and recovery time has been reduced with no penalties in terms of air-to-fuel ratio. At the same
time it should be noted that the governor’s gains adjustment is a tough task since the number of parameters, criteria and
constraints are large and both control loops appeared to have mutual ambiguous influence on transient performance. In fact
‘design by simulation’ approach is very time consuming. Thus it is necessary to consider the modern, rigorous theoretical
methods of control systems design. However, the methods of modern control theory require the model to be linearized and
represented in a state space form. Despite the fact that the developed engine model is strongly nonlinear, the constituent
variables hold explicit functional relationships with the dynamic variables. This creates prerequisites for deriving linearized
model analytically as discussed in the next paragraph.
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Linearized state space engine model
In order to find the requisite small signal response, the nonlinear engine model should be linearized in the vicinity of an
arbitrary operating point, and then the vector matrix of the linearized state space system can be described as follows:

6x = Adx + Béu
6y = Céx + Déu

11 13 15 17
Model Time, sec

b) Engine speed response

(33)
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Where dx denotes vector of incremental system states, §y denotes the vector of incremental system outputs and du
denotes the vector of incremental system inputs. A and B are the Jacobian matrixes evaluated on functions describing the
system at the desired operating point.

In order to use the linearized model it is, of course, necessary to find the values of the matrix elements at the desired
linearization point and this can be done numerically. However the analytical approximation, true within a certain range, can
also be obtained employing the method of small increments'”. The advantage over a numerical solution is that it bound up
with an initial equation from which some insight can be gained.

In compliance with the method of small increments, the composite nonlinear function is transformed to a linear
combination of constituent variables as follows:

- Arbitrary nonlinear function:

F=cfi(xy) ... fu(xp) (34.1)
- is decomposed by applying logarithm:
In(F) = In(c) + In(f,(x,)) + -+ + In(f;, (x)) (34.2)
- then, partial differentiation is performed:
dF _0fite) dxy  O0fa(xn) dxn (34.3)
F 0xy  fi(x1) 0xy  fr ()

- introducing coefficient of influence and substituting small increment for differential, the resulting linearized function
is obtained:

_ aﬁ(xl) X dF - AF
' ox;  fi(x)' F F (34.4)

OF = ki6xy + -+ k,0x,

For the sake of simplicity and illustration the application of the introduced method, the nonlinear equation of air mass
flow through the throttle valve will be linearized hereinafter.

At first let’s consider the standard linearization technic such as the Taylor series expansion keeping first-order term only.
The air mass flow G, = f(p., ps, @) is the nonlinear function of three variables, and its small perturbation AG,, =
Gry(Per Ps» @) — Gep(Peys Psy» @o) can be obtained as below:

Ap, + Apg + Aa (35)
apc pC aps pS

Al = da

Then, introducing relative values of partial derivatives and variables, one may obtain:

aGtv&Apc _6Gy,

= 0
Gevy ODc Pey O Pe
(36)
6Gyy 686Gy 6Gyy
6Gyy, = 57, op. + 5, ops + 5a oa

At the same time the throttle valve air mass flow is expressed by the explicit function as Eq.(14) and following the
method of small increment, linearization yields:
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. pe (m)
Gy = WF(a Y(—
w = W Fp(a) R.T., 2
[}
In(Gy,) = In(w) + In(F,) + In(pf) — 0.5In(R,T,.) + In(¥)
(] (37)

0Gey O 0Fy Opc O

Gtvo Ho Ftvo pco lPO
U
Gy, = 6 + 8Fy, + Spc + 6¥

Further, some constituent variables are not yet independent, for instance valve flap projection area F;,, which also holds
functional relationship with flap angle a, thus applying again the method of small increments yields:

Fu(@) = [(1)" = ()?cos(@)]
U

2
. (W——Ft> o mn(%)] 5 (38)

KFyy

Finally, the linearized equation of the air mass flow through the throttle valve transforms to:
8G, ~ (1 — Ky — Ky K, )6p, + (K, K, + Ky)8ps + Ki, 6a (39)

Now, if the terms of Eq.(39) are compared with the corresponding terms of Eq.(36), one may find similarity in that the
relative values of partial derivatives in the Taylor series expansion correspond to the influence coefficients of the method of
small increments. But in the last case the coefficients are bound up with the original nonlinear equation and their values can
be easily evaluated at arbitrary operating point of the engine.

As the result of linearization, the engine model can be represented in state space form as Eq.(33), where:

T
8x = [ne, N, D5, My Tel", 8y = 8x, Su = [6din]" ba, ‘SQZ]

(a7 0 a13 a4 Qs
0 ayz 423 G4 Qs
A=|a31 Q3 Qg3 QAzs QAszs
A4 0 a43 Qus Qs
las; 0 ass ass dss (40)
b1y 0 bys
0 b, O
B=|0 b3, O
by; O 0
[bs; 0 0

The important question remained — what is the trust region of the linearized model? This question can be answered if the
responses of original nonlinear model be compared with that of linearized model. Fig.10 shows the comparison of key
variable responses to 10% load input. Clearly, the linearized analytical model conforms the original nonlinear model of the
engine and this implies that it can be used for control system investigation and development.
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Fig. 10 Linearized model comparison

5.3 Analysis of system robustness

Needless to say that the simulation model is just an approximation of the real physical system, and, in any case, the
parameters involved in such an approximation are often subject to variation and uncertainty. It is therefore important, in the
analysis stage, to assess the sensitivity of the system stability and performance to parameter variations. This can be done by
the analysis of a system response function behavior to variation of specific model parameter in frequency domain. The
system response function is defined as a ratio of desired output to control input, and from the state space description of the
system it can be readily obtained, namely

1)

W(s) =<2 = C(sI—A)"'B+D (41
du

With respect to the lean-burn gas engine the desired system output to be investigated is, beyond dispute, air-to-fuel ratio.

However, it does not readily available as the system state and has to be obtained by manipulating the available states. This

easily can be done considering the Eqgs.(32, 23, 13) and following the method of small increments, the transformation
yields:

61 = (KGa_ne - 1)8ne +0 Sntc + (KGa_ps - Kfv_ps)‘sps + KGa_pe((STe + Sme.r) - (Sdinj (42)

Thus the obtained relation of air-to-fuel ratio with state variables is reflected in matrices € and D, namely
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M1 0 Az Ay Ay -1 00
0 0 O 0 0 0 0 0
C=(0 0 O 0 0| D=0 0 O (43)
0 0 O 0 0 0 0 0
l 0 0 O 0 0 J l 0 0 OJ

The response function behavior in frequency domain is conveniently represented by the Bode plot, substituting complex
frequency iw for Laplace operator s in Eq.(41) and expressing the magnitude in decibels:

H = 201log,o|W (iw)], db (44)

As was observed from engine experiments, one of the important sub-system influencing engine steady-state and transient
performances is the air throttle valve and its flow coefficient represents the major uncertainty of the air mass flow
calculation thus, directly affecting air-to-fuel ratio estimation. The model robustness is investigated varying the throttle
valve flow coefficient by +25% with respect to the base characteristics as shown in Fig.11a. The Bode plots are reported in
Fig.11b. The upper plot shows the air-to-fuel ratio response to throttle valve flap angle H(1/a), and lower plot shows the
response to fuel admission time H(2/diy;).

The performed investigation confirmed the importance of the throttle valve characteristics on the engine transient
behavior. Although the stability is not violated, the reduced flow coefficient (Set 1) introduces oscillations to the response
characteristic and at the same time improves the recovery time of air-to-fuel ratio in response to the fuel admission time.
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Fig.11 Control system sensitivity

6. Conclusions

The developed model, presented in this paper, has proven to be suitable for the simulation of the dynamic behavior of the
lean-burn gas engine drive system. The model is fully parametrized and its structural design can be easily modified for
another engine type, and also modifications necessary to introduce additional components, for instance EGR system or
Exhaust Bypass Valve, are of small complexity.
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Furthermore the developed model is especially suitable for control system design by simulation, which was utilized to
compare three different governor models. The performed investigation showed that introduction of additional input signal,
notably turbo-compressor speed, favorably affects the transient response. At the same it was noted that “design by
simulation” methodology lacks rigorous theoretical method of controller pre-design and sensitivity/uncertainty study.

In order to improve the ‘design by simulation’ methodology, the companion linearized state-space model was derived
analytically utilizing the method of small increments. The parameters of the derived state space system bound up with the
original nonlinear model, thus extending the control system design tool: following the transition of engine model to the
desired operating point, the coefficients of state space system matrices are obtained, and then the control system design and
sensitivity study are performed, and finally the strategies found are tested on nonlinear engine model. This process can
conveniently be repeated at any operating point of the engine providing that the global stability and performance of control
system are ensured.

Last but not least, the developed state-space model can be used for developing physically based algorithms of the control
loop thus enhancing accuracy of the lean-burn gas engine control. This is the subject for further study.
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